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Chapter 1

Chapter 1
Introduction and Outline
For understanding the present and forecasting the future climate, it is essential to disentangle
natural from anthropogenic-related variability. This requires annual to multi-decadal resolution
climatic archives from time intervals where anthropogenic climate forcing is absent. Marine
sediments can offer such archives, providing the accumulation of sediments is sufficiently rapid
and the techniques used to analyze the records are of sufficiently high resolution. This thesis
aims to (1) improve our knowledge on existing geochemical methods for detailed reading of
the marine archives, and (2) apply the geochemical toolbox to an area that meets the demands
for high-frequency climate research and that, additionally, contains sediments comprising
records of large-scale, northern-hemisphere, climate patterns: Nile delta sediments in the
eastern Mediterranean.

1.1

The Mediterranean basin, circulation, and climate

The Mediterranean Sea, bounded by the Eurasian and African continents, is only connected
to the world oceans through the narrow and shallow (~284 m) Strait of Gibraltar (Figure
1). The Mediterranean basin itself is subdivided in an eastern and western basin, separated
by the shallow (~330 m) Strait of Sicily (Figure 1). The restriction of the Mediterranean Sea
limits the direct communication of the Atlantic thermohaline circulation (THC) with the
western Mediterranean basin (Cacho et al., 1999), and, by inference, the direct influence of
the Atlantic THC on the eastern basin is nearly absent. Water buoyancy (temperature and
salinity) and environmental properties (e.g. nutrients) within the eastern Mediterranean are
therefore primarily driven by the bordering climatic systems. The restriction of the basin
and the residence time of water masses of ~100 years (Rohling and Bryden, 1992) produce
an almost immediate and often amplified response to climatic forcings. The sediments within
the Mediterranean thus offer an excellent archive of changes in the paleoceanography and
paleoclimate in the area.
The characteristic Mediterranean climate, dry-hot summers and wet-mild winters, results
from the location of the basin at latitudes where the northern Hadley and Ferrel Cells
meet (Figure 1). In summer, the sub-tropical high-pressure band of the Hadley Cell moves
northward into the Mediterranean, as a result of high boreal summer insolation, causing dry
and warm conditions. At the same time the northward location of the narrow, low-pressure
belt around the equator, the Intertropical Convergence Zone (ITCZ), enhances rainfall in
the Nile River catchment (Figure 1). This maximizes Nile discharge into the Mediterranean
during the summer months (Hurst, 1952). Hence, the monsoon system indirectly influences
the Mediterranean hydrology, particularly during this time. In winter, the Hadley pressure cell
moves southward increasing the impact of the mid-latitude Ferrel Cell and related moisture9
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Figure 1. Compilation of northern-hemisphere atmospheric patterns influencing the Mediterranean area. The
Intertropical Convergence Zone (ITCZ) is shown in its summer location. H = high sea-level pressure, L = low
sea-level pressure.

bearing Westerlies in the Mediterranean. Low pressure conditions over the Mediterranean
occur during winter as a result from the high heat capacity of the seawater (Lolis et al.,
2002). At these times, cold outbreaks of polar air may thus intrude the Mediterranean. These
originate from high pressure areas at higher latitudes in the northern hemisphere, such as the
Siberian High (Saaroni et al., 1996) (Figure 1).
The dry summers, combined with the relatively cold winters, drive the anti-estuarine
circulation of the Mediterranean (Figure 2a, b). Evaporation exceeds the input of freshwater
through precipitation and river runoff in the basin. This results in a steady increase in the
salinity of the inflowing Atlantic seawater, being ~36.5 at the Gibraltar Strait, to more than
39 at the eastern corners of the Mediterranean (Wüst, 1961). In winter, these highly saline
water masses are cooled. This buoyancy loss causes occasional downwelling in the Rhodes
Gyre (Figure 2b), which forms Levantine Intermediate Water (LIW), settling between ~200
10
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Figure 2. (a) Simplified circulation patterns in the Mediterranean, based on Pinardi & Masetti (2000). 1 =
Intermediate Water formation in Rhodes Gyre, 2 = Aegean Deep Water formation, 3 = Adriatic Deep Water
formation, 4 = Gulf of Lions Western Mediterranean Deep Water formation. Star symbols indicate locations
of cores used in this thesis. (b) Cross-section of overturning circulation patterns in the Mediterranean Sea in
winter, based on Wüst (1961).

– 600 m depth (Wüst, 1961) (Figure 2b). LIW spreads over the entire Mediterranean basin
and is an important component of the water mass flowing out into the Atlantic at Gibraltar
(Pinardi and Masetti, 2000) (Figure 2b). Before completion of the Egyptian high Aswan Dam
in 1964, Nile discharge had a severe impact on LIW formation. The rate of LIW formation
increased 30 % after obstruction of Nile outflow (Skliris and Lascaratos, 2004), indicating the
sensitivity of the Mediterranean overturning circulation to Nile discharge. Deep water masses
in the Mediterranean form by mixing of LIW with colder, but less saline, water masses in
the northern part of the Mediterranean basin. This deep-water ventilation occurs in the Gulf
of Lions for the western Mediterranean and the Adriatic- and Aegean Seas for the eastern
Mediterranean (Pinardi and Masetti, 2000) (Figure 2a, b).
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The interplay of climate and Mediterranean oceanography in the past is stored in its
sedimentary archives. This is best illustrated by the repeated deposition of organic-rich
layers called sapropels (Kidd et al., 1978) in the eastern Mediterranean. The tilt of the earth’s
axis (obliquity), rotational motion of earth’s axis (precession), and the shape of earth’s orbit
around the sun (eccentricity) vary cyclically. These orbital parameters modify the quantity
and distribution of solar insolation on the earth’s surface (Milankovitch, 1941), which, in
turn, alters climate (i.e. orbital forcing of climate). The geological record shows that during
precession minima, when summer solar insolation was maximal in the northern hemisphere,
the ITCZ strengthened and extended more northward (e.g. Gasse, 2000). Therefore
monsoonal rainfall in northern Africa increased, which influenced the Mediterranean
hydrology via the River Nile (Rossignol-Strick et al., 1982; Rossignol-Strick, 1985) and
possibly other, now inactive, river systems (Rohling et al., 2002a). During these periods
(such as ~10 – 6 kyr BP, i.e. sapropel S1), buoyancy gain of eastern Mediterranean surface
water caused water column stagnation and subsequent oxygen depletion in the deep sea (e.g.
Rohling, 1994; De Lange et al., 2008). The northern borderlands of the Mediterranean Sea
also experienced enhanced moisture precipitation, reinforcing water column stratification
in the basin, during these intervals (Rohling and Hilgen, 1991). The restricted circulation
was likely accommodated by increased organic matter production through nutrient input
by river outflow, shoaling of the nutricline (Rohling and Gieskes, 1989), and/or nutrient
regeneration from the sea floor under anoxic conditions (Slomp et al., 2002). Ultimately, the
reduced circulation and enhanced productivity formed organic-rich layers, sapropels, which
are distinctly different from the organic-poor marls that are presently deposited. Sapropels
are often laminated, as they formed under anoxic bottom water conditions circumventing
bioturbation. These well-preserved sediments form therefore unique, high-frequency climatic
records. For that reason this thesis will to a large extend focus on these intervals.

1.2

High-frequency climate in the Mediterranean and Nile regions

High-frequency (interannual to multi-decadal) climatic variability is primarily related to
rearrangements and changing intensities of earths atmospheric pressure cells. For example,
the trajectory of the Westerlies is dependent on the difference of sea-level pressure at the
Azores High and Icelandic Low (Figure 1), also called the North Atlantic Oscillation
(NAO) (Hurrell, 1995). At times that this pressure gradient is high, i.e. positive-NAO, the
trajectory of the moisture-rich Westerlies is directed into northern Europe. In that case, the
Mediterranean experiences relatively dry winters, whilst this is the opposite during negativeNAO phases. These NAO phases alternate on interannual to decadal timescales (Hurrell,
1995). Similarly, the Arctic Oscillation (AO) defines the pressure state in the arctic region. A
strong polar vortex (positive-AO) locks cold air around the arctic. However, during negativeAO the potential for cold outbreaks into Europe, including the northern Mediterranean, is
greater (Thompson and Wallace, 1998). Phases of negative-AO may thus enhance deep water
formation in the Mediterranean during winter. This is supported by the strong correlation of
reoccurring cool conditions in the Aegean Sea (Rohling et al., 2002b) and near the Adriatic
Sea (Goudeau et al., 2014) concurrent with a higher intensity of the Siberian High, which
may be linked to negative-AO phases (Lamy et al., 2006).
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An often-proposed external forcing of high-frequency climate fluctuations is variable activity
of the sun (i.e. solar forcing). The actual change in sun’s total energetic output is however
rather small, e.g. <0.1 % for the 11-yr cycle (Bard and Frank, 2006). Additional mechanisms
are proposed to explain the climatic response to such small chances. For instance, a larger
response in the ultraviolet spectrum to solar forcing influences the stratospheric heating
through ozone production (Haigh, 1996), and variable cloud formation through galactic
cosmic rays (Gray et al., 2010). Regardless of the mechanism, numerous records of climatic
variability are correlated to solar forcing during the last ~11.5 kyr (i.e. the Holocene). These
records include ENSO (Marchitto et al., 2010), NAO (Luterbacher et al., 2004), the Indian
summer monsoon (Fleitmann et al., 2003), the Asian monsoon (Wang et al., 2005), and Nile
outflow (Ruzmaikin et al., 2006). However, these climate records also show cyclicities shorter
than 11 years (the shortest solar cycle), which may result from the autogenic-nature of climate
oscillations. Possibly on longer timescales the direct influence of solar forcing on climate is
stronger and may therefore be more apparent in these records.

1.3

Study location, geochemical methods, and proxies

The sediments analyzed in this thesis are recovered from the Nile delta cone (star symbols
in Figure 2a). The high sediment loads that are brought in by the Nile River culminate in
sedimentation rates that are at least an order of magnitude higher than the ~2-3 cm/kyr in
the open Mediterranean Sea (see Schilman et al., 2001; Hamann et al., 2008; Castañeda et
al., 2010). Sampling these sediments in a 0.5-cm resolution provides thus climate records with
multi-decadal to centennial resolutions, particularly when the sediments are well preserved,
e.g. during sapropels. In this thesis these 0.5-cm intervals are usually measured by techniques
as Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and ICP-mass
spectrometry (ICP-MS) after a total digestion treatment, and/or X-Ray Fluorescence (XRF)
with glass beads. In addition geochemical scanning techniques are used, by XRF and Laser
13
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Interannual to decadal variability within the (sub)tropical Hadley Cells in northern Africa is
influenced by wind systems arriving from both the Indian and Atlantic Ocean (Camberlin,
2009). Changes in rainfall on the eastern site of Africa, such as the Horn of Africa, have been
linked to sea surface temperature (SST) variability in the western Indian Ocean (Tierney
and deMenocal, 2013). In contrast, western African precipitation is suggested to be linked to
tropical Atlantic SST’s (Shanahan et al., 2009). The Pacific ocean-atmospheric phenomenon
El Niño Southern Oscillation (ENSO) is probably directly or indirectly teleconnected to
African monsoonal rainfall. El Niño events (i.e. anomalously warm eastern Pacific SST’s)
generally correlate to increased rainfall in eastern Africa (Camberlin, 2009) and reduced
rainfall in western Africa ( Janicot et al., 2001). However, the direct influence of ENSO may
have been relatively minimal for East Africa as the Indian Ocean SST’s were potentially the
primary drivers for East African rainfall on decadal timescales (Tierney and deMenocal,
2013). Considering all these pressure systems involved, a complex interplay arises to describe
the modern-day North African climate system. Similarly, the Nile catchment is also influenced
by both Atlantic and Indian Ocean moisture, being affected by western Indian Ocean SST’s,
tropical Atlantic SST’s, ENSO, and possibly even NAO (Feliks and Ghil, 2010). Hence, these
signals may all be indirectly communicated to the eastern Mediterranean via River Nile.

Ablation-ICP-MS (LA-ICP-MS), that can potentially increase the sampling resolution to
mm and even μm intervals, corresponding to (sub-)annual resolutions. The latter geochemical
techniques are relatively novel tools for this type of application. Part of this thesis is therefore
dedicated to validate and calibrate these methods.
The climatic and environmental reconstructions in this thesis are based on the chemistry of
the sediment material itself and calcareous shells of foraminifera found in these sediments.
The changes in the measured geochemical parameters (i.e. proxies) are controlled by processes
as river input, organic matter production, and oxygen content in the water column. As
these environmental changes are ultimately driven by climate, these proxies can be used to
reconstruct climatic variability in the past.
Sediments consist of a mixture of organic, biogenic (carbonate, opal shells), and terrestrial
detritus. Terrestrial sediments such as clays, silts, and sands, are transported to marine systems
through rivers (fluvial) and winds (aeolian). These can originate from different types of rocks
with variable chemical compositions. For example, Mediterranean sites, distal from deltas, are
influenced by Ti-rich aeolian material arriving from the North African continent. However,
during periods with abundant North African vegetation, e.g. during sapropel intervals, the
dust fluxes were reduced, traceable by lower Ti/Al ratios in the sediment (Wehausen and
Brumsack, 1999).
The depositional environment (e.g. oxic, anoxic) also contributes to the elemental composition
in sediments. Some trace elements (as Mo, V, U, Ni, Zn, Cu, and Re) are immobilized and
scavenged into the sediment under low concentrations or absence of oxygen in bottom waters
and/or sediment pore waters (e.g. Brumsack, 2006; Tribovillard et al., 2006; Jilbert et al., 2010).
Therefore, these elements can be used to reconstruct fluctuations in oxic to anoxic conditions
in water masses and sediments.
Post-depositional diagenetic processes in sediments predominantly affect organic matter
decomposition, but also redistributes (trace)elements. For sapropels, for instance, the upper
part generally suffered post-depositional oxidation such that the interval with high organic
matter content is now much thinner than initially when deposited (De Lange et al., 1989; Van
Santvoort et al., 1996; Thomson et al., 1999; De Lange et al., 2008). This can be recognized
using Ba, a proxy for organic matter arriving at the seafloor (i.e. export-productivity). Ba and
productivity are linked through biogenic Ba (barite) enrichment in decaying organic matter
settling through the water column (e.g. Dymond et al., 1992). As Ba is not susceptible to postdepositional oxidation, it is regarded a superior indicator of initial organic matter fluxes for
Mediterranean sediments (Van Santvoort et al., 1997). Diagenesis can obscure initial sediment
composition, and the relating signal of climate forcing. The sediments in the Nile delta
accumulated relatively rapidly, which may have circumvented or at least limited the effects of
post-depositional diagenesis.
Organisms that produce carbonate shells within the water column are transported to the
seafloor after they die. The chemical composition within these shells contains information on
the environment that the organism lived in during formation of their shell. The stable oxygen
isotope ratio of 18O to 16O (δ18O) in carbonate tests responds to the temperature and the
14

1.4

Thesis scope and synopsis

The geographical location, its sensitivity to subtle climate variability, and the preservation
of relevant paleo-proxies in its sediments make the outer Nile delta an ideal area to study
high-frequency climatic variability. Moreover, the geochemical methods that are used allow
exceptionally high-detail climate reconstructions of the eastern Mediterranean. This thesis
aims to refine our understanding on geochemical scanning techniques that can significantly
improve sampling resolutions. This will be discussed in the first two chapters (Chapters 2
and 3). Furthermore, application of the various geochemical tools are used to improve our
knowledge on Nile discharge, Nile delta sedimentation, and the effect of climate boundary
conditions on Mediterranean overturning circulation (Chapters 4 through 7). Dependent on
the sedimentation rates of the cores, the material allowed reconstructions for ages down to
130.000 years ago (i.e. late Quaternary).
The core material used in this thesis was sampled discretely in a 0.5-cm resolution, which –
compared to many other studies – can be regarded as high resolution. XRF core-scanning
can measure in similar or higher resolutions than 0.5 cm, and can do so non-destructively,
more rapidly, and to lesser expense. Consequently, many studies rely just on these XRF corescan data, although, substantial element-specific analytical deviations may occur in such data
due to physical sedimentary properties (e.g. grain size, surface roughness, interstitial water
content). The high discrete sampling resolutions of the core material allowed a high-resolution
comparison between results from XRF scanning and two conventional methods: ICP-OES
after total digestion and XRF-beads. The results of this comparison are discussed in Chapter 2.
The XRF-scan data concord generally well with those from the conventional methods for most
elements. However, in several discrete intervals large deviations occur that appear to be related
to high water content and distribution. The formation of a water film under the covering foil,
and subsequent absorption of X-ray radiation of light elements, is an issue known to occur
during XRF scanning (Tjallingii et al., 2007). However, this chapter shows that the variability
in the water-film thickness underneath the plastic foil is highly variable, causing significant
apparent variability in all elements from Al to Fe. The unverified use of these elements in
ratios can thus lead to deviations in the paleoenvironmental interpretation. It is shown how to
recognize erroneous element (ratio) variability using Cl intensities, and a method is proposed
for correcting XRF core-scan data using conventional analytical data of a few discrete samples.
LA-ICP-MS line-scanning, after a resin-embedding procedure, is another increasingly
used method to measure the geochemistry of sediments in high spatial resolution (up to
μm) ( Jilbert et al., 2008). Nevertheless, a general methodological study validating the use of
the LA-ICP-MS for (semi-)quantitative line-scan analysis of resin-embedded sediments
15
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isotopic composition of the seawater. The latter is influenced by ice volume, freshwater input,
and local evaporation/precipitation (e.g. Rohling and Bigg, 1998). River freshwater has in
general a lighter δ18O than seawater. The δ18O in the carbonate of foraminifer Globigerinoides
ruber, which lives in the uppermost water column, can therefore trace variability in river
discharge if the studied site was under influence of river outflow, such as in the path of Nile
discharge (Fontugne et al., 1994; Almogi-Labin et al., 2009).

is currently lacking. Therefore, in Chapter 3 the LA-ICP-MS line-scanning is tested by
producing artificial (laminated) sediments embedded in epoxy resin. Our LA-ICP-MS data
demonstrate close correspondence to off-line analyzed values, and high consistency between
most common sedimentary matrices such as carbonate, quartz, and clay. These results indicate
that the presence of different phases, i.e. Ba in aluminosilicates and carbonates, can result in
differing measurement yields, which may cause variable accuracy. Comparison of LA-ICPMS line-scan data to parallel sub-samples in natural sediments, analyzed by conventional
methods, shows that LA-ICP-MS results are generally accurate. However, using non-matrixmatched calibration standards, such as NIST SRM 610, may induce deviations from ‘true’
values during LA-ICP-MS measurements. Consequently, in case such deviations are detected,
it is recommended to use a simple protocol for further data correction, in which binnedmean LA-ICP-MS values are calibrated to a parallel series of discrete samples analyzed by
conventional techniques.
In Chapter 4 the geochemical toolbox is applied to a site that has been under continuous
Nile influence throughout the Holocene. A multi-proxy study is done on high-resolution
variability in Nile discharge and sapropels during the Holocene. The combination of sampling
resolution and high sedimentation rates allowed recognition of (multi-)centennial variability
in Nile discharge, export-productivity, redox conditions at the seafloor, and total organic
carbon in the sediment. It appears that Nile discharge during the early to middle Holocene
was dominated by Indian Ocean moisture transport. This is indicated by a similar timing (~9.5
ka) as well as similar solar-induced multi-centennial oscillations in Nile discharge, relative to
contemporaneous Indian Ocean-derived monsoon records (Fleitmann et al., 2003). These solar
signals in Nile discharge also influenced paleo-environmental conditions (i.e. productivity and
bottom water redox conditions) during sapropel S1 formation.
The Nile discharge and the sedimentary record from the eastern side of the Nile delta cone,
as presented in Chapter 4, is compared to other sites in the delta in Chapter 5, so as to check
the consistency of these records. Moreover, differences between sites in the delta and their
paleoenvironmental implications are highlighted. For this comparison, new high-resolution
geochemical and palynological data have been produced for the central area in Nile delta.
Information for the western side of the delta has been taken from published data (Revel et
al., 2010, 2014). This data compilation shows that the focus point of the Nile plume varied
considerably across the delta. At 13 – 11.5 cal. kyr BP, Nile discharge was low and runoff
was predominantly directed to the western part of the delta. Sediment material arriving in
the delta during that period was dominated by Ethiopian Highland material, indicating dry
conditions in the source area of the Blue Nile. Nile discharge increased from ~11.5 cal. kyr
BP, and was high across the whole delta from ~10 – 6.5 cal. kyr BP. During this time, the
relative contribution of Blue-Nile sediment decreased, likely due to an increased vegetation
cover causing diminished erosion in the Ethiopian Highlands. After ~6.5 cal. kyr BP, Nile
discharge gradually decreased. This decrease was more abrupt in the western side of the delta
and became more gradual towards the east as the shrinking Nile runoff was directed there. It
is speculated that the middle to late Holocene response of northeast African vegetation to
precipitation was nonlinear.
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LA-ICP-MS trace metal profiles are used in Chapter 7, to assess the impact of contrasting
climatic boundary conditions (ice volume, sea level, insolation) during known past intervals
of enhanced productivity and anoxia in the eastern Mediterranean. Sapropels S1 and S3 are
deposited during respectively Marine Isotope Stages (MIS) 1 (Holocene) and 5a (~83 kyr BP).
MIS 5a is a time interval with distinctly larger ice sheets and thus also lower sea level relative
to MIS 1. In this comparison it is demonstrated that S3 was more anoxic than S1, S3 had
shallower Mn- and Fe-redoxclines in the water column than S1, and S3 bottom waters were
less frequently ventilated than S1. These deviations are shown to be related to an enhanced
orbitally-forced monsoon intensity stimulating stronger eastern-Mediterranean water-column
stratification through the inflow of freshwater, by e.g. River Nile, during S3. This effect may
have been amplified by increased restriction of the basin due to lower sea level and resulting
enhanced susceptibility of the water column to stratification during sapropel S3. The LA-ICPMS data reveal that high-frequency reventilation events occurred in both sapropels, which
can be coupled to high-frequency climatic forcings of the Siberian High and Nile discharge.
This suggests that these climatic systems varied on similar sub-Milankovitch timescales during
MIS 5a as in MIS 1.

17
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Chapter 6 zooms out from the Nile delta, to broaden the focus on the fundamental
mechanisms involved in the overturning circulation of the Mediterranean. It has been
suggested that sea-level variability might affect eastern Mediterranean overturning circulation
(Matthiesen and Haines, 2003), which has only been sparsely studied ever since. Hence, in
this chapter it is investigated what the effect of sea-level change is on eastern Mediterranean
overturning for the last 130.000 years, by combining proxy data and box modeling. These data
reveal that rapid sea-level rise can reduce overturning circulation in the eastern Mediterranean,
which likely contributes to sapropel formation. This mechanism acts principally in addition
to the primary process of excess-evaporation. Impacts of other controlling factors of
Mediterranean overturning (e.g. temperature, net evaporation) are, similar to sea-level rise,
expected to be higher at larger rates-of-change. Northern hemisphere cold events were
therefore probably important for reduced Mediterranean overturning circulation. That is,
because more rapid monsoon enhancement and temperature increase occurs immediately after
these events, relative to the change that would have been imposed by insolation alone.

Chapter 2

methods to improve quality and reproducibility of highresolution paleoenvironmental records
Rick Hennekam and Gert J. de Lange

Published in Limnology and Oceanography: Methods 10, 991-1003, 2012

Abstract
X-ray fluorescence (XRF) core-scanning is a convenient non-destructive tool to rapidly assess
elemental variations in unprocessed sediments. However, substantial analytical deviations
may occur in such data due to physical sedimentary properties. The consequences of these
artifacts on element intensities are important for paleoclimatic studies, but as yet have not
been adequately studied for high resolution (≤1-cm interval) records. We have done a high
resolution comparison between results from XRF scanning and from two more conventional
methods: XRF with beads and inductively coupled plasma optical emission spectrometry
(ICP-OES), both on discrete samples. Our XRF scan data concord reasonably well with
those from the conventional methods for most elements. In several discrete intervals large
deviations occur that could have been attributed to major paleoceanographic events. However,
these deviations appear to be mainly related to water content and distribution. We show
that the variability in the water film thickness underneath the plastic foil is highly variable,
causing significant apparent variability in all elements from Al to Fe. The unverified use of
these elements in ratios can thus lead to deviations in the paleoenvironmental interpretation.
Erroneous element (ratio) variability can, however, be recognized and corrected using
conventional analytical data of a few discrete samples. The antipathetic behavior of Ca to K
or Ti, and their similar behavior to water absorption, leaves their ratios relatively unaffected
at variable water film thicknesses. Hence, Ca/K and Ca/Ti ratios are recommended for a
preliminary down-core overview of sedimentary variability and for stratigraphic correlations
between unprocessed marine cores.
19

Chapter 2

X-ray fluorescence core scanning of wet marine sediments:

2.1

Introduction

During the last decade X-ray fluorescence core scanning (from hereon ‘XRF-scan’) has
been reported to be a fast and convenient tool for a wide variety of research topics such as:
sedimentological and paleoceanographic studies (e.g. Labeyrie, 2000; Peterson et al., 2000;
Arz et al., 2003; Jaccard et al., 2005; Thomson et al., 2006; Tjallingii et al., 2010), turbidites
(Rothwell et al., 2006), and manganese nodule provinces (Cronan et al., 2010). In addition, it
has been used for rapid stratigraphic and time scale calibrations (Norris and Röhl 1999; Röhl
and Abrams 2000; Röhl et al., 2000, 2001; Pälike et al., 2001). Such XRF-scanning analyses
are generally done directly on the wet marine sediments in split-core sections. However, a wet
sediment surface is not an ideal substrate for XRF analyses. Compared to conventional XRF
techniques additional artifacts may occur due to sediment surface mineral inhomogeneity,
grain size, surface roughness, interstitial water content, and water film formation under the
covering plastic foil. All of these influence XRF measurements in a generally unpredictable
way, leading to analytical deviations ( Jansen et al., 1998; Ge et al., 2005; Kido et al., 2006;
Böning et al., 2007; Tjallingii et al., 2007). Conventional XRF techniques circumvent these
problems by using dry, powdered and homogenized samples, which are either fused to glass
beads or compressed to powder pellets creating a perfectly flat, homogeneous, and reproducible
surface (Potts 1987). Results from conventional XRF techniques are, therefore, superior to
those from XRF core scan measurements. However, speed, cost, and high sampling resolution
still makes the XRF scan technique an attractive tool for comparative paleoceanographic and
sedimentological studies, provided that some of the analytical deviations can be limited or
quantified.
Deviations related to sediment surface inhomogeneity are reduced for XRF-scanning by
choosing a larger irradiated sample area ( Jansen et al., 1998; Ge et al., 2005; Richter et al.,
2006). A relatively large irradiated area in combination with a carefully flattened surface,
which is covered with a thin covering foil, diminishes the effects of surface unevenness ( Jansen
et al., 1998; Richter et al., 2006). Nonetheless, the XRF core scan method is principally most
useful for sediments that consist of fine particles (clays and silts), while sand-sized or coarser
particles can cause serious sample inhomogeneity and surface roughness problems ( Jansen et
al., 1998; Richter et al., 2006).
The pore water in the sediment not only dilutes the solid phase, but also absorbs the X-ray
radiation of the sample resulting in lower intensities of the target elements as well as lower
measurement precision and accuracy with a poorer detection limit (Ge et al., 2005; Phedorin
and Goldberg 2005). This absorption predominantly influences weaker fluorescence energies,
which in accordance with Moseley’s law relate primarily to elements with a lower atomic
number such as aluminum and silicon (Tjallingii et al., 2007). Furthermore, the cohesive
and adhesive properties of pore water may result in a water film to form between sediment
surface and covering foil. This phenomenon artificially increases the detected water content
in a XRF core scan and increases the undesirable effect of absorption by water (Kido et al.,
2006; Tjallingii et al., 2007). Although the general effects of water content on XRF scan
measurements have been studied (Ge et al., 2005; Kido et al., 2006; Tjallingii et al., 2007),
the effects of water content and water film formation for high resolution (≤1-cm per sample)
studies have not been done in detail. This is particularly important in shallow core-top
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This study explores XRF scan results for sediments in the top of a piston core and in a box
core taken at the same site. In addition, the sediment composition of both cores has been
measured in high resolution (≤1-cm per sample), using a conventional XRF technique with
glass beads (from hereon ‘XRF-bead’) and inductively coupled plasma optical emission
spectrometry (ICP-OES), both on discrete samples. We will discuss results and variations
therein for all elements that are generally used in paleoclimate studies (Al, Si, K, Ca, Ti, Mn,
Fe, Sr, Zr and Ba). Commonly, the effects of physical core properties have been reported for
intensities of elements, although ratios of elements are usually applied for paleoenvironmental
studies. We will therefore also emphasize results for elemental ratios. Selected element profiles
needed to illustrate our findings are shown in figures, whereas all other data can be found
in the Additional Material. We report XRF-scan measurement discrepancies and relate these
to physical properties while presenting an extensive review on the effects of these properties
on XRF-scan results. The physical properties include interstitial water, water film, grain size,
sediment inhomogeneity, and matrix effects. In some recent XRF-scan studies, conventional
analytical results on a few discrete samples (‘quantitative data’) have been used to transform
XRF-scan counts to concentrations or to verify the XRF-scan elemental composition (e.g.
Jaccard et al., 2009; Kujau et al., 2010; Moller et al., 2012). These quantitative data sets are,
however, never used for correction of the XRF-scan qualitative data. We show how to select
the best intervals to take a few discrete samples for a conventional quantitative method by
using the qualitative XRF-scan data. Furthermore, we demonstrate how to use these low
resolution quantitative data to correct and improve all the high resolution XRF-scan profiles
of Al to Fe, thereby also improving all ratios including these elements.

2.2

Materials and Procedures

Cores – Box core PS008BC (34 cm in length) and piston core PS009PC (690 cm in length)
were taken during the PASSAP cruise with R/V Pelagia to the Eastern Mediterranean,
approximately 100 km southwest of Haifa, Israel, at 32°07.7’N, 34°24.4’E and 552 m water
depth. This area is known to be largely influenced by Nile sedimentation (Venkatarathnam
and Ryan, 1971; Almogi-Labin et al., 2009). It is reported that in the area up to 85% of the
sediment consists of clay, while most of the remainder is silt (Hamann et al., 2008).
Sampling and Analyses – X-ray fluorescence scanning was performed with an Avaatech
XRF core scanner at the Royal Netherlands Institute for Sea Research (NIOZ). The splitcore surfaces were first flattened and covered with a thin (4 μm) Ultralene film to avoid
contamination of the measurement prism of the core scanner (Richter et al., 2006). The archive
halves of the box core and the piston core were completely scanned with a 1-cm resolution,
and with an irradiated area of 1 cm2. The Avaatech core scanner has been updated with a
new detector in August 2009, resulting in more efficient element count rates. As PS009PC
was measured in 2008 and PS008BC in 2011, the instrumental setup for both cores was
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sediments which not only have a relatively high water content but also major changes therein.
Consequently, such shallow sediments show large absorption effects in the XRF core scan
data, which limits the value of these data for paleoenvironmental interpretations.

Table 1. Instrumental setup of the Avaatech XRF core scanner for measuring the target elements of this paper
for sediments of cores PS009PC and PS008BC. A new detector was installed between the measurement of
PS009PC and PS008BC.
Analyzed elements
Al, Si, K, Ca, Ti, Mn, Fe a
Br, Sr, Zr
Ba

Tube voltage
(kV)
10
30
50

PS009PC (2008)
Count time (s)
30
30
120

PS008BC (2011)
Count time (s)
10
20
60

a

Al, Si, K, Ca, Ti, Mn, and Fe are elements considered as ‘light’, which in this chapter refers to their relatively low
atom numbers of respectively: 13, 14, 19, 20, 22, 25, and 26. The elements Br, Sr, Zr and Ba are considered ‘heavy’,
with respectively atom numbers of: 35, 38, 40 and 56.

slightly different (Table 1). As a consequence, the measured intensities for PS009PC and for
PS008BC can differ up to an order of magnitude.
After XRF scanning of the whole PS009PC core, two segments of 100 cm each were selected
for high resolution sub-sampling and subsequent XRF-bead and ICP-OES analyses. The first
segment (Segment A), at 0-100 cmbss, consists of soft to fluid visibly homogeneous mud.
The second segment (Segment B), at 270-370 cmbss, consists of silty clay with a pronounced
gradual color change from brown to more greyish brown. Segment B shows a strong increase
in carbonate content, with a concordant decrease in most other elements (closed-sum effect).
The two segments of PS009PC and box core PS008BC were sub-sampled with 0.5-cm
resolution, resulting in a total of 468 samples. The water content of all samples was determined
by weighing the sample prior to and after freeze-drying.
All samples were prepared for XRF-bead analysis by powdering and homogenizing of the
dried samples using an agate mortar. Approximately 600 mg of sample powder were mixed
with 3600 mg lithium tetraborate (Li2B4O7), pre-oxidized at 500°C with NH4NO3 and fused
to glass beads (as described in Schnetger et al., 2000). Analyses of the glass beads were done
with a Phillips PW 2400 X-ray spectrometer at the Institute of Chemistry and Biology of
the Marine Environment (ICBM) in Oldenburg. Replicate measurements, geostandards and
in-house standards show that the analytical precision and accuracy for major elements was
better than 2%, while for reported minor and trace elements the precision and accuracy was
better than 6%. The concentration of the element sulfur is only semi-quantitative due to its
partial loss during sample preparation (being a volatile element).
The powdered sediment samples of Segments A and B were also partially (1 every 3 samples,
thus 1.5-cm resolution, 133 samples in total) measured for their major and minor element
concentrations using ICP-OES. Preparation was done by dissolution of the samples with an
HClO4-HNO3-HF acid mixture. Final solutions were analyzed in 1 M HCl (Reitz et al.,
2006). Measurements were done at Utrecht University with a Perkin Elmer Optima 3000.
Laboratory and international standards show an analytical error better than 5% for all target
elements.
The grain size percentages of the fractions <63 µm, between 63-150 µm, and >150 µm of
all samples were acquired by weighing the wet sediment sample, subsequent washing of the
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The total organic carbon content of a selection of samples from Segment A and Segment B
(generally 1 every 5 samples, 2.5-cm resolution, in total 110 samples) were determined with a
thermal combustion elemental analyzer (Fisons NA1500 NCS). Prior to analysis the inorganic
carbon (carbonates) was extracted from 1 g of sample by mechanical shaking of the sample
with 25 ml of 1 M HCl (twice for respectively 4 and 12 hours), and subsequently two times
rinsing with deionized water for removal of all dissolved substances. After oven drying at 75
°C, the samples were ground to powder in an agate mortar. International standards (Atropine
and Acetanilide) as well as replicate samples were used to check accuracy and precision of the
method, being both better than 3%.
Data processing – In this chapter, XRF-scan data will be presented as unprocessed intensities
(counts) and log-ratios. The XRF-scan results will be directly compared to concentrations and
log-ratios of elements measured with XRF-bead and ICP-OES. Log-ratios are favored over
regular ratios to avoid the undesirable asymmetrical properties of ratios, while log-ratios of
intensities and concentrations also tend to correlate in a straightforward linear function. In
addition, log-ratios allow the application of multivariate statistics (Aitchison and Egozcue
2005; Weltje and Tjallingii, 2008). Inherent to using three different analytical techniques and
associated instrumental capabilities, not all elements have been measured by each technique
(e.g. Br only with the XRF-scan, Si only with XRF-bead and XRF-scan).
For correlating XRF-scan data (1-cm resolution) to XRF-bead data (0.5-cm resolution), the
latter data have been averaged per 2 samples, thus creating the same 1-cm depth resolution. To
permit a more direct comparison to XRF-scan data done on wet sediment, all XRF-bead and
ICP-OES data have been re-calculated using the sediment water content so as to represent
data relative to wet sediment too.
Element data in paleoceanographic studies are generally (for XRF-bead and ICP-OES data)
normalized to Al to account for fluctuations in terrigenous content caused by carbonate flux
variability. In this paper such normalization is generally done to Ti, because the relatively light
element Al is more susceptible to deviations due to absorption, and is therefore less accurately
detected by XRF core scanners (see also Thomson et al., 2006). As Sr is mainly associated with
biogenic carbonate, this element will be normalized to Ca.
As Cl is the most abundant dissolved element in seawater, the Cl intensities of the XRF core
scanner will be used as a proxy for water content. This not only relates to the interstitial water
content, but also to the water film between the covering plastic foil and the sediment surface
(Tjallingii et al., 2007). Assuming that the minimum XRF-scan Cl intensities relate to merely
interstitial water content, the counts per water % at these depths were used to convert pore
water profiles to XRF-scan Cl counts.
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sample with water over a 63 µm and 150 µm sieve, oven drying at 75 °C, and re-weighing of
the respective retained fractions. The grain size percentages were calculated relative to the total
dry sediment using the water content determined on parallel samples.

Correction method – The ratio of residual intensity (Ie) to the initial intensity (I0) of a specific
X-ray energy which traversed through a homogeneous medium and was partly absorbed is
described by the Lambert-Beer law (Hubbell, 1982):
						

Ie = I0 exp(-µx)				

(1)

where x is the thickness of the medium and µ is the X-ray energy specific attenuation
coefficient of the medium. The interstitial water content and water film (together from hereon
referred to as ‘total water content’) form an absorbing medium for the weaker fluorescence
energies in XRF core scanning. Since the total water content is recorded in the XRF-scan
Cl intensities, it can be stated that the ratio of Ie to I0 and Cl intensities (Icl) will follow an
exponential function (Tjallingii et al., 2007). In this case the µ of Eqn (1) should be replaced
by µcl, which can be considered as being the effective attenuation coefficient of the specific
X-ray by the total water content (Cl intensities), resulting in an equation for I0:
						

I0 = Ie exp(µcl Icl)				

(2)

During XRF core scanning Ie (counts) and Icl (counts) are measured. The value for µcl
(counts-1) can empirically be derived by plotting I0 of an element to the concentrations derived
by a conventional method such as XRF-bead, and altering the µcl value until an optimal
linear correlation (maximum R2) is reached between I0 and the XRF-bead concentrations.
To simulate a common paleoceanographic research approach, we will use only a few XRFbead data points (33 samples) to obtain our µcl values. In addition, for an optimal correction
of calcium its µcl will be derived by comparing the data points of XRF-scan Sr/Ca (Sr/I0)
to XRF-bead Sr/Ca, because for this core the effects of the total water content on calcium
are more clearly visible in its ratio to strontium (see Supplementary Material). The element
specific µcl values can subsequently be used to correct the whole XRF-scan element profiles as
exemplified for core PS009PC. To evaluate the results of the corrections, the corrected XRFscan profiles will then be compared to the complete XRF-bead profile of the same core. In this
core, 22 XRF-bead samples were selected at regular 10-cm intervals and 11 more XRF-bead
samples (respectively at 2, 5, 8, 13, 26, 54, 56, 292, 309, 314, 328 cm) were selected at depths of
peaks and dips in XRF-scan Cl intensities.
The thin (4 μm) Ultralene film is known to absorb partially the XRF intensities for lower
fluorescence energies (Kido et al., 2006; Tjallingii et al., 2007). However, as the Ultralene foil
is thought to have a constant thickness, the limited absorption by the film will merely cause
a constant intensity decrease of the influenced elements (Al, Si, Cl) over the whole depth
domain. Therefore, any correction for this foil absorption is irrelevant.

2.3

Assessment

Conventional XRF-bead and ICP-OES analyses that we have done on the same samples
produce nearly identical results. These results will be used here as ‘reference’ authentic data to
be compared to the XRF-scan data. Accordingly, observed deviations are attributed to artifacts
occurring in the XRF-scan elemental detection. Such deviations are larger for the relatively
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Interstitial water and water film – Relatively high water contents (~57%) are observed in the
more shallow sediments of Segment A in core PS009PC and of core PS008BC, whereas
slightly lower values (~40%) are found in the less shallow sediment of Segment B in core
PS009PC (Figure 1). Elements which are predominantly present in pore water (Cl, S
and Br) show similar patterns, especially in Segment A and PS008BC where overall water
content is highest (Figure 1). However, the variability observed in these elements deviates
from that of the actual sedimentary water content. This mismatch is thought to result from
the formation of a thin water film under the covering plastic foil (Tjallingii et al., 2007). In
addition, Br has been reported to be a good proxy for marine organic matter (TOC; Ziegler
et al., 2008), and S for sedimentary pyrite content (Passier and De Lange 1998). Clearly, such
correspondence is not observed between XRF-scan Br and S intensities and respectively TOC
and ICP-OES S-values. This discrepancy is related to the presence of interstitial water and
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Figure 1. For piston core PS009PC Segments A and B (left) and box core PS008BC (right) down-core
variations are shown of: (a,g) Cl of XRF-scan. (b,h) Water content of Seg. A and B and PS008BC. (c,i) S of
XRF-scan. (d,j) S of XRF-bead, and of ICP-OES for Seg. A and B. (e,k) Br of XRF-scan. (f ) Total organic
carbon concentrations for Seg. A and B. Grey shaded areas highlight water-rich peaks as indicated by the
elements Cl, S and Br. The mismatch between water content and dominant pore water elements (Cl, S and Br)
relates to the formation of a thin water film of highly variable thickness under the covering foil.
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light elements (see Table 1) than for the more heavy elements. Deviations are thought
to be primarily due to (1) Interstitial water and water film, (2) Grain size, (3) Sediment
inhomogeneity, and (4) Matrix effects.
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Figure 2. Variability of the grain size fractions <63 μm, 63-150 μm, and >150 μm, in weight % of dry
sample, of: (a) Piston core PS009PC Seg. A and B. (b) Box core PS008BC. The vertical dashed lines indicate
boundaries of the relatively coarse interval from 295 to 310 cm.
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Figure 3. For piston core PS009PC Segments A and B (left) and box core PS008BC (right) down-core
variations are shown of: (a,j) Cl of XRF-scan. (b,k) Al of XRF-scan. (c,l) Al of XRF-bead, and of ICP-OES
for Seg. A and B. (d,m) Ti of XRF-scan. (e,n) Ti of XRF-bead, and of ICP-OES for Seg. A and B. (f,o) Fe of
XRF-scan. (g,p) Fe of XRF-bead, and of ICP-OES for Seg. A and B. (h,q) Ba of XRF-scan. (i,r) Ba of XRFbead, and of ICP-OES for Seg. A and B.
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The effects of the pore water and water film can be most clearly seen in the light elements
Al and Si (shown only for Al; Figure 3). In contradiction to Tjallingii et al. (2007) relatively
large effects are seen also in elements K to Fe (e.g. Ti and Fe; Figure 3). The absorption effect
of the variable water film thickness is the main cause for this apparent variability, as indicated
by the total water content (Cl intensities; Figure 3 and Table 2). The relatively light elements
show lower intensities when the Cl intensity is high, whereas the effect on more heavy
elements is small to absent (e.g. Ba; Figure 3 and Table 2). Comparing the variability of XRFscan and reference data, that is compatible in Segment B (290-320 cmbss), but deviating in
Segment A (5, 52, and 75 cmbss); we conclude that observed deviations correspond to 20-50%
divergence. The generally better signal-to-noise ratio of the XRF-scan data of Segment B is
probably related to the lower pore water content, with consequently also a less pronounced
and less variable water film. However, Segment B also contains more prominent ‘real’ element
variability. The XRF scan seems to reproduce the larger shifts in element content rather well,
resulting in a better correlation with the reference data (Figure 3 and Table 2).
The log-ratios of elements influenced by the total water content show considerable
unauthentic variability (Figure 4 and Table 3). All element ratios (except Ca/K) and variability
therein are strongly related to Cl intensities and have a low correlation to the reference-data
ratios measured by XRF-bead, especially in Segment A and PS008BC (Figure 4 and Table
3). The ratios show pronounced peaks at intervals with high water contents, when an element
that is more susceptible to absorption by the total water content is involved as a denominator.
In contrast, the ratios show large dips when the numerator is more susceptible to absorption
by the total water content. For example, by introducing Ti as a denominator to Ba, which in
itself is not influenced by water content, will cause the XRF-scan Ba/Ti ratio to be highly
dependent on the total water content (Figure 4 and Table 3). The XRF-scan Ca/K ratio is
an exception, showing high correlation to the XRF-bead ratio, and low correlation to the Cl
intensities. The antipathetic geochemical behavior of the elements Ca and K is probably an
important reason for this high correlation. This effect may be enhanced not only by the higher
analytical precision of the XRF scanner for these elements (Tjallingii, 2006), but also by the
nearly identical atomic numbers of K (19) and Ca (20). The magnitude of the water absorption
effect on XRF-scan elements is predominantly dependent on the atomic number, as in
agreement with Moseley’s law. Elements with nearly identical atomic numbers may, therefore,
behave similarly to the water effect. For comparison, the ratios of Ca/K and Ca/Fe show both
relatively high correlations to the reference data (Table 3). Nonetheless, the absorption effects
by a thicker water film have clearly more influence on the Ca/Fe ratio, probably as a result of
the less identical atomic numbers of Ca (20) and Fe (26) (Figure 4). On the contrary, the ratio
of the geochemically antipathetic elements Ca/Ti (with similar atomic numbers of 20 and 22)
show high correlation with reference data, while the ratio of the geochemically comparable
elements K/Ti (with similar atomic numbers of 19 and 22) show a much lower correlation to
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of a variable water film in particular. The high variability of the water film thickness over very
short depth intervals is conspicuous. In comparison, the pore water variability is a relatively
constant background signal. The observed Cl variability suggests possible doubling of the total
water content over only a few centimeters. This water film thickness variability, as deduced
from Cl XRF-scan, does generally not correspond to any changes in the physical and chemical
composition of the sediment (Figures 2, 3).

the reference data, indicating the importance of the antipathetic behavior (Table 3). It seems
that for the XRF-scan ratios of Ca/K and Ca/Ti very reliable results can be obtained, without
making corrections, even if geochemical variability is low as in Segment A. Hence these ratios
are very suitable to correlate sediments in (marine) cores, including those with water-rich
intervals, such as found in the top 35 cm of PS009PC and PS008BC (Figure 5). Accordingly,
the sediment correlation of the box core to the piston core would have been similar, either
Table 2. Correlation coefficients (R2) for linear regression of element XRF-scan counts to respectively XRFbead wet weight %, XRF-bead dry weight %, and chlorine XRF-scan counts.
Element
XRF-scan
Al

Si

K

Ca

Ti

Mn

Fe

Sr

Zr

Ba
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Segment/
Core
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC

R2 element XRF-bead
wet wt.%
+0.04
+0.76
+0.38
-0.04
+0.03
+0.68
+0.44
-0.11
+0.17
+0.88
+0.75
-0.36
+0.52
+0.89
+0.94
+0.08
+0.22
+0.93
+0.55
0.00
+0.25
+0.62
+0.32
+0.58
+0.26
+0.96
+0.72
-0.01
+0.87
+0.98
+0.99
+0.46
+0.48
+0.24
+0.70
+0.60
+0.29
+0.91
+0.81
+0.01

R2 element XRF-bead
dry wt.%
+0.02
+0.71
+0.08
0.00
+0.01
+0.74
+0.31
+0.06
+0.23
+0.83
+0.42
-0.25
+0.52
+0.87
+0.92
+0.12
+0.18
+0.94
+0.60
+0.15
+0.24
+0.67
+0.37
+0.59
+0.21
+0.92
+0.79
0.00
+0.87
+0.99
+0.99
+0.37
+0.36
+0.12
+0.36
+0.44
+0.32
+0.89
+0.80
+0.01

R2 Cl XRF-scan
counts
-0.87
-0.60
-0.67
-0.86
-0.89
-0.66
-0.77
-0.89
-0.83
-0.49
-0.62
-0.87
-0.29
+0.12
-0.03
-0.81
-0.72
-0.49
-0.27
-0.86
+0.04
0.00
+0.10
-0.18
-0.64
-0.32
-0.05
-0.63
0.00
+0.39
+0.01
+0.01
+0.01
+0.01
-0.07
-0.08
+0.07
-0.23
-0.15
-0.05

(f)
(g)
(h)

Log(Fe/Ti)bead

2.4
2.2
2
1.8
1.6

(i)

Log(Ba/Ti)bead

-2.8

(j)

-3.2

(k)

-3.6
0

20 40 60 80 100 280 300 320 340 360
Depth (cm)
Cl total
XRF-scan
Cl pore water
Cl high

0

-1

2.8
2.6
2.4
2.2
2
1.8

0.8
0.4
0
-0.4
-0.8

(r)

2.2 (s)
2.16
2.12
2.08 (t)
2.04

-3.4
(u)
-3.5
-3.6
-3.7
(v)
-3.8
0
10
20
30
Depth (cm)
XRF-bead
ICP-OES
Coarse interval

Log(Ti/Al)scan

Log(Ca/K)scan

Cl (cnts · 103)
Log(Ti/Al)bead

-0.6
-0.8
-1
-1.2
-1.4

Log(Ca/Fe)scan

1

2
1
0
-1

-4

2

1.8
1.6
1.4
1.2
1

-1.2
-1.6
-2

-2.4
2.8
2.6
2.4
2.2
2

Log(Fe/Ti)scan

(e)

4
3.6
3.2
2.8
2.4
2

-1.8
-2
-2.2
-2.4
-2.6
-2.8

Log(Ba/Ti)scan

(d)

Log(Ca/K)bead

Log(Ca/Fe)bead Log(Ca/K)bead

4
3
2
1
0

5
4
3
2
1

Log(Ca/Fe)bead

Log(Ti/Al)bead

(c)

-2.2 (m)
-2.24
-2.28
-2.32
-2.36 (n)
-2.4
(o)
1.2
1
0.8
(p)
0.6
0.4
-0.4 (q)

Log(Fe/Ti)bead

(b)

-2
-2.1
-2.2
-2.3
-2.4
-2.5

4
3
2
1
0

Log(Ca/K)scan

0

Log(Ca/Fe)scan

20

Log(Ti/Al)scan

(a)

40

Depth (cm)
0
10
20
30
280
240
200 (l)
160
120
80

Log(Ba/Ti)bead

0

PS008BC

Depth (cm)
20 40 60 80 100 280 300 320 340 360

Log(Fe/Ti)scan

60

PS009PC
Segment B

Log(Ba/Ti)scan

Cl (cnts · 103)

PS009PC
Segment A

Chapter 2

based on XRF-scan or XRF-bead Ca/K and Ca/Ti ratios. Naturally, for sediments devoid of
carbonate, thus low Ca content, e.g. lacustrine sediments, a different elemental ratio may be
more appropriate. However, for most wet marine cores the ratio of Ca/K and Ca/Ti are very
suitable for correlation.

Figure 4. For piston core PS009PC Segments A and B (left) and box core PS008BC (right) down-core
variations are shown of: (a,l) Cl of XRF-scan. (b,m) Ti/Al of XRF-scan. (c,n) Ti/Al of XRF-bead, and of
ICP-OES for Seg. A and B. (d,o) Ca/K of XRF-scan. (e,p) Ca/K of XRF-bead, and of ICP-OES for Seg. A
and B. (f,q) Ca/Fe of XRF-scan. (g,r) Ca/Fe of XRF-bead, and of ICP-OES for Seg. A and B. (h,s) Fe/Ti of
XRF-scan. (i,t) Fe/Ti of XRF-bead, and of ICP-OES for Seg. A and B. (j,u) Ba/Ti of XRF-scan. (k,v) Ba/Ti
of XRF-bead, and of ICP-OES for Seg. A and B.
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Table 3. Correlation coefficients (R2) for linear
regression of XRF-scan log-ratios to respectively
XRF-bead log-ratios and chlorine XRF-scan
counts.
Ratio
XRF-scan
Ti/Al

Si/Ti

K/Ti

Ca/K

Ca/Ti

Ca/Fe

Mn/Ti

Fe/Ti

Sr/Ca

Zr/Ti

Ba/Ti

30

Segment/
Core
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC
Seg. A
Seg. B
Seg. A+B
PS008BC

R2 ratio XRF- R2 Cl XRFbead
scan counts
+0.02
+0.84
+0.11
+0.62
+0.01
+0.78
-0.11
+0.79
-0.82
+0.06
-0.39
+0.00
+0.42
-0.64
-0.41
-0.86
+0.44
-0.51
+0.05
-0.01
+0.78
-0.30
-0.14
-0.75
+0.81
+0.04
+0.99
+0.34
0.00
+0.97
-0.01
+0.52
-0.02
+0.86
+0.30
+0.99
+0.98
-0.01
+0.37
-0.28
+0.70
-0.16
+0.98
+0.23
-0.04
+0.97
-0.76
+0.13
+0.60
+0.21
+0.94
+0.36
+0.78
+0.36
+0.62
-0.15
+0.12
+0.74
+0.53
+0.37
+0.56
+0.61
+0.38
+0.90
+0.03
+0.78
+0.89
+0.53
+0.53
+0.44
+0.43
+0.91
+0.26
+0.81
+0.69
+0.47
+0.67
+0.07
-0.20
+0.84
+0.21
+0.73
+0.76
+0.45
+0.64
+0.11
+0.04
+0.81

Grain size – Being in a zone of significant
but distal Nile sedimentation, the grain size
content of the cores is generally fine (Figure
2). Most of the material (>99 dry weight %)
is <63 µm in Segment A and PS008BC and
can thus be classified as being silts/clays. The
grain size is therefore of minor influence on
the XRF-scan data for these two sections. In
Segment B a clear increase of coarser material
is visible, especially between 295 cmbss to 310
cmbss, with grain sizes >150 µm reaching up
to 15 dry weight % (Figure 2). Fine-grained
sample material has been reported to be
suitable for XRF analyses when the fraction is
<74 µm (Potts 1987), consequently some grain
size effects might be expected for the latter
intervals.
The effects of grain size variability seen in
Segment B seem absent or minor in the
unprocessed XRF-scan intensities shown,
respectively Al, Ti, Fe and Ba (Figure
3). However, in the interval with most
pronounced grain-size change, i.e. at 295-310
cmbss, a significant decrease is observed in Ca
XRF-scan data, but not in the Ca reference
XRF-bead/ICP-OES data (Supplementary
Material Figure 1). Moreover, at this interval
also XRF-scan ratios of Ti/Al, Fe/Ti and Ba/
Ti show clear deviations from the reference
data ratios (Figure 4). These differences might
relate to grain size variability and concordant
changes in surface roughness. However, after
correction for the total water content most of
the XRF-scan deviations in this coarse interval
are absent, indicating that the XRF-scan
deviations are primarily a result of the water
absorption effect (Figure 6). Consequently,
results for this interval clearly indicate that
coarser sediments can enhance the adsorption
of water to the covering foil, producing
a thicker water film, thereby indirectly
influencing XRF-scan intensities of light
elements.
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Figure 5. Correlation of the top part of Segment A in core PS009PC to box core PS008BC by means of
XRF-scan data (left) and XRF-bead data (right) using: (a,c) Ca/K. (b,d) Ca/Ti. The antipathetic geochemical
behavior of Ca to respectively K and Ti, as well as the similar atomic numbers of Ca to K and Ti, and the high
analytical precision of these elements make XRF-scan Ca/K and Ca/Ti very reliable ratios for core correlations
of wet (marine) sediments.

Sediment inhomogeneity – High amplitude and high frequency variability of XRF-scan results,
compared to conventional techniques, have previously been observed (e.g. Löwemark et al.,
2011). It is assumed that this variability is generally caused by the ultra-thin (µm – mm)
XRF penetration depth (=’analysis’) in combination with the natural inhomogeneity of
such small sample. In XRF-bead and ICP-OES these effects are negligible (see above).
Despite the relatively large irradiated area of 1 cm2 used for the XRF-scans in this study, the
inhomogeneity effects, that are inherent to XRF core scanning, remain relevant. Such effects
can be recognized and thus analytical results can be improved by doing a replicate analysis on
a non-overlapping trajectory (see also Weltje and Tjallingii, 2008).
Apart from the sediment inhomogeneity, the analytical precision is known to cause significant
noise (Tjallingii et al., 2007). The analytical uncertainty of light elements as Al, and Si, but
also heavy elements as Ba (being at the edge of the 50 kV spectrum), can be significantly large
(up to ± 10 % of the mean), depending on the intensities (Tjallingii, 2006). Therefore, when
variability is very low, as in Segment A and PS008BC, no high correlation can be expected for
these elements in the (corrected) XRF-scan data to the reference data (Table 2, 4).
Matrix effects – The attenuation and enhancement of specific element intensities in XRF
analysis due to the presence of other elements, is known as the matrix effect (e.g. Potts, 1987).
The total water content can be seen as part of the XRF-scan matrix. For example, O and
Na are large absorbers for the Si Kα fluorescence energy, but also relatively large for the Kα
fluorescence energies of other elements up to Fe (Potts, 1987). Therefore attenuation effects of
sea water can be expected for these elements.
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Figure 6. Correction of XRF-scan results. For piston core PS009PC Segments A and B down-core variations
are shown of: (a) Cl of XRF-scan. (b) Unprocessed and corrected Fe of XRF-scan. (c) Fe of XRF-bead. (d)
Unprocessed and corrected Fe/Ti of XRF-scan. (e) Fe/Ti of XRF-bead. (f ) Unprocessed and corrected Sr/Ca
of XRF-scan. (g) Sr/Ca of XRF-bead. (h) Unprocessed and corrected Ba/Ti of XRF-scan. (i) Ba/Ti of XRFbead.
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Correction method – In this study the largest deviations of the XRF-scan data to the reference
data are caused by the interstitial water and predominantly by the variable water film thickness.
Particularly in high resolution studies with low elemental variability, the variable water film
thickness can cause relatively large, but unauthentic variability for all elements up to Fe. For

Element XRF-scan Segment
corrected
Al
Seg. A
Seg. B
µcl = 0.0000790
Seg. A+B
Seg. A
Si
Seg. B
µcl = 0.0000469
Seg. A+B
Seg. A
K
Seg. B
µcl = 0.0000330
Seg. A+B
Seg. A
Ca
Seg. B
µcl = 0.0000303
Seg. A+B
Seg. A
Ti
Seg. B
µcl = 0.0000277
Seg. A+B
Seg. A
Mn
Seg. B
µcl = 0.0000217
Seg. A+B
Seg. A
Fe
Seg. B
µcl = 0.0000150
Seg. A+B

R2 element XRF-bead
dry wt.%
0.00
+0.57
+0.54
0.00
+0.74
+0.43
+0.33
+0.82
+0.56
+0.78
+0.95
+0.96
+0.36
+0.87
+0.84
+0.28
+0.70
+0.39
+0.34
+0.89
+0.92

Table 4. Correlation coefficients (R2) for linear
regression of corrected element XRF-scan counts to
XRF-bead dry weight % for the elements from Al to
Fe of core PS009PC. The correlation coefficients that
increased after correction are in bold. The empirically
derived µcl values (counts-1) are indicated in the first
column.
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Studies by Kido et al. (2006) and Böning et al. (2007) report that high Ca values can increase
the matrix effects on Fe, Ti and K by XRF scanning performed with an XRF microscanner.
Part of the emitted X-ray fluorescence of Fe and Ti can be absorbed by high Ca percentages,
while increasing Ca X-ray fluorescence can cause excess excitation for K. Interference of K
by a varying Ca has also been observed by Kujau et al. (2010) for the Avaatech core scanner
and was partially solved by normalization to total counts in that study. However, in our study
no excess influence of this matrix effect has been observed, even in the interval of Section B
where Ca is very high (up to 58 dry weight % CaCO3). The data actually show that ratios
of Ca/Ti and Ca/K measured by XRF core scanning are very similar to the reference data
ratios (Figure 4 and Table 3). For K it has also been reported by Croudace et al. (2006) that
high water content can influence K by absorption of the Kα fluorescence of K by sea water Cl
atoms. Although water absorption effects were shown to definitely influence the K intensities
(among the elements that were influenced), the Cl content itself does not seem to excessively
affect K intensities. This is for instance indicated by the similar effect of the water on K
(atomic number 19) and Ca (atomic number 20). If excess Cl matrix effects on K would occur,
then false peaks are expected in XRF-scan Ca/K ratios at high Cl intensities, which are not
observed it this study (Figure 4).

such studies it is, therefore, essential to correct the data for these water effects prior to their
paleoenvironmental interpretation.
When XRF-scan profiles are corrected for variable total water content, the results significantly
improve, and correspond much better to the reference data (Figure 6, Table 4, 5). The improved
quality of the XRF-scan data, corrected with Eqs. (2), is clearly expressed by higher correlation
coefficients for the elements Al to Fe, especially for the total Segment A and B data set (Table
4). Correction of the XRF-scan intensities also greatly improves the ratios in which elements
susceptible to water absorption effects are used (Figure 6 and Table 5). In fact, down-core
profiles for such elemental ratios are much more similar to the authentic ‘reference’ elemental
ratios.

2.4

Discussion

In general, XRF core scanning is a convenient tool for obtaining high resolution
paleoenvironmental data; rapidly producing reasonable results for most elements. However,
for sediments with high water content in particular, potential adversary effects are caused
by mainly an uneven distribution of the water. Recognition of and correction for the
consequences of such water distribution on the results obtained are important for advanced
high resolution paleoenvironmental interpretations.
A large suite of potentially useful paleo-indicators, commonly expressed as elemental ratios,
can be acquired with XRF core scanners (Croudace et al., 2006; Rothwell et al., 2006), but
many of these contain a relatively light element (Ti, Ca). Using a log-ratios calibration
model can solve part of the XRF-scan problems related to measurement geometry, sample
inhomogeneity, core irregularities and water film formation (Weltje and Tjallingii, 2008).
However, the use of (log-)ratios cannot solve the absorption effects of large variability in pore
water and water film thickness. The amount of absorption by the total water content differs
for all elements from Al to Fe, causing unauthentic variability in wet core parts, even when
elemental ratios are used. For high resolution paleoceanographic interpretations using XRFscan data, therefore, it is not only necessary to recognize these effects, but also to rigorously
assess methods to efficiently amend for these artifacts. Comparing a large high resolution
data set obtained from conventional XRF-bead and ICP-OES analyses with a large data set
of XRF-scans done on the same sediment intervals, we clearly recognize effects of a variable
water film in particular. Subsequently, a method has been developed to correct the XRF-scan
data. The loss of intensity of an X-ray energy relates, in accordance with the Lambert-Beer
law, exponentially to the thickness of a medium that it penetrates, which in this case relates to
the total water content (Cl intensities). The effective attenuation coefficient of the total water
content can empirically be derived by using a few quantitative conventional measurements (e.g.
ICP-OES, ICP-MS, XRF-bead), and altering the attenuation coefficient in such a way that an
optimal correlation of XRF-scan to the conventional quantitative data is obtained, implying
an optimal correction. The correction function acquired by the use of this low resolution XRFscan and conventionally measured data can subsequently be applied to correct the complete
high resolution XRF-scan data set.
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Si/Ti

K/Ti

Ca/K

Ca/Ti

Ca/Fe

Mn/Ti

Fe/Ti

Sr/Ca

Zr/Ti

Ba/Ti

2.5

Segment
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B
Seg. A
Seg. B
Seg. A+B

R2 ratio XRFbead
+0.28
+0.30
+0.16
+0.19
+0.13
+0.60
+0.59
+0.20
+0.82
+0.82
+0.99
+0.97
+0.88
+0.99
+0.98
+0.84
+0.99
+0.98
+0.59
+0.94
+0.78
+0.42
+0.76
+0.72
+0.09
+0.86
+0.80
+0.09
+0.74
+0.88
+0.20
+0.65
+0.85

Table 5. Correlation coefficients (R2) for linear
regression of corrected XRF-scan log-ratios to XRFbead log-ratios of core PS009PC. The correlation
coefficients that increased after correction are in
bold.
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Ratio XRF-scan
corrected
Ti/Al

Comments and recommendations

XRF-scan data of water-rich core sections in particular should be routinely compared to Cl
intensities, in a way comparable to checking the core surface for any disturbances such as
unevenness, and presence of cracks or gaps (Löwemark et al., 2011). If enhanced Cl levels
correspond to simultaneous dips in the light elements (those with atom numbers from Al
to Fe; see Table 1), then enhanced caution is needed. Imputable XRF-scan intervals should
be validated by taking a few discrete samples for a conventional analytical technique. These
conventional data can subsequently be used to correct the XRF-scan profiles.
The comparison of an XRF-scan elemental data set to Cl intensities only works for marine
sediments, as the Cl-content in lacustrine sediments is usually extremely low and thus not
useful as water proxy. In lacustrine sediments, Rayleigh/Compton scattering intensities may
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serve as proxy for the water content (Phedorin and Goldberg, 2005) in a similar way as Cl
intensities for marine sediments.
For a preliminary down-core impression and for stratigraphic correlations between marine
cores, generally the XRF-scan ratios of Ca/Ti and Ca/K appear to be useful, even when
variability in concentrations is low and water content and water film thickness variability is
relatively high.
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The light elements Si, K and Ca show the same effects of the total water content in Segment
A of core PS009PC and in PS008BC, as shown by Al, Ti and Fe (Supplementary Material
Figure S1). When the Cl intensities are high, these elements have lower intensities. The
heavier elements Sr and Zr respond similar to Ba, being barely influenced by the total water
content.
The element Ca seems less influenced by the water content in Segment A and B. Nonetheless,
slight dips in Ca can be observed at high Cl intensities in Segment A. Moreover, Ca intensities
in core PS008BC are clearly anti-correlated to Cl intensities. The Ca intensities in Segment
B show that at lower water percentages and in particular if large true variability occurs the
relative effects of water film variability are less important or become partly obscured. This is
also clearly indicated by Mn, which shows large ‘true’ variability in Segment A and PS008BC;
the water absorption effect on Mn is minor relative to this true variability.
The ratios of all elements (except Ca/Ti) are highly influenced by the total water content
and show relatively low correlation to the authentic elemental ratios of the reference data,
especially in Segment A and PS008BC (Supplementary Material Figure S2). Pronounced
peaks/dips are shown at intervals with high Cl intensities. The ratios of Sr/Ca and Zr/Ti
indicate, similar to Ba/Ti, that by introducing the Ca and Ti as a denominator these heavy
elements become greatly dependent on the total water content. The relatively similar atomic
numbers of Ca and Ti, correspondingly to Ca and K, result in an XRF-scan Ca/Ti log-ratio
that has a good correlation with the reference data log-ratio.
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Supplementary Material Figure S1. For piston core PS009PC Segments A and B (left) and box core PS008BC
(right) down-core variations are shown of: (a,n) Cl of XRF-scan. (b,o) Si of XRF-scan. (c,p) Si of XRF-bead.
(d,q) K of XRF-scan. (e,r) K of XRF-bead, and of ICP-OES for Seg. A and B. (f,s) Ca of XRF-scan. (g,t)
Ca of XRF-bead, and of ICP-OES for Seg. A and B. (h,u) Mn of XRF-scan. (i,v) Mn of XRF-bead, and of
ICP-OES for Seg. A and B. (j,w) Sr of XRF-scan. (k,x) Sr of XRF-bead, and of ICP-OES for Seg. A and B.
(l,y) Zr of XRF-scan. (m,z) Zr of XRF-bead, and of ICP-OES for Seg. A and B. Note: to make a more direct
comparison between XRF-scan and conventional data irrespective of sediment water content, all XRF-bead
and ICP-OES data have been recalculated so as to be relative to wet sample weight % (see Methods section).
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Supplementary Material Figure S2. For piston core PS009PC Segments A and B (left) and box core PS008BC
(right) down-core variations are shown of: (a,n) Cl of XRF-scan. (b,o) Si/Ti of XRF-scan. (c,p) Si/Ti of XRFbead. (d,q) K/Ti of XRF-scan. (e,r) K/Ti of XRF-bead, and of ICP-OES for Seg. A and B. (f,s) Ca/Ti of
XRF-scan. (g,t) Ca/Ti of XRF-bead, and of ICP-OES for Seg. A and B. (h,u) Mn/Ti of XRF-scan. (i,v) Mn/
Ti of XRF-bead, and of ICP-OES for Seg. A and B. (j,w) Sr/Ca of XRF-scan. (k,x) Sr/Ca of XRF-bead, and
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Calibrated ultra-high-resolution line-scan analysis of resinembedded sediments using laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS)
Rick Hennekam, Tom Jilbert, Paul R. D. Mason, Gert J. de Lange, and Gert-Jan Reichart

Chapter 3

(In Revision for Chemical Geology)

Abstract
The increasing use of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICPMS) line-scanning for producing ultra-high-resolution (μm-scale) geochemical records from
resin-embedded laminated sediments calls for independent testing of this approach. Therefore,
we produced artificial (laminated) sediments embedded in epoxy resin to test deep ultra-violet
(193 nm) LA-ICP-MS line-scanning as a semi-quantitative tool for high spatial resolution
geochemical studies. Our LA-ICP-MS data demonstrate close correspondence to off-line
analyzed values, and high consistency between most common sedimentary matrices such as
carbonate, quartz, and clay. For Ba (in a log-ratio to Al) in the clay matrix we recognized that
the presence of different phases, i.e. Ba in aluminosilicates and carbonates, seemed to result
in differing yields (elemental fractionation), which may cause variable accuracy. Nevertheless,
we show that for most elements the LA-ICP-MS line-scanning can faithfully record
the alternating geochemical profiles of our artificial laminations. We also analyzed resinembedded natural sediments for comparison of LA-ICP-MS line-scan data to parallel subsamples measured for a suite of elements by conventional elemental analyses. In general, the
results from LA-ICP-MS line-scans correspond nicely with these conventional analytical
‘reference’ values and have high reproducibility. The results for Ca, V, Mn, Fe, Co, Sr, Mo, Ba,
and U (in log-ratios to Al) suggest that these elements can be analyzed semi-quantitatively.
We show that using non-matrix matched calibration standards such as NIST SRM 610, may
induce deviations from ‘true’ values during LA-ICP-MS measurements. Consequently, we
recommend a simple protocol for further data correction in which binned-mean LA-ICPMS values are calibrated to a parallel series of discrete samples analyzed by conventional
techniques.
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3.1

Introduction

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) has become
a widely accepted analytical tool for geological samples, but also for samples in many other
research fields (see Durrant and Ward, 2005). LA-ICP-MS measurements show generally low
detection limits, good precision, and linear calibration graphs over several orders of magnitude
and at high spatial resolution (μm-scales) (e.g. Perkins et al., 1991; Jarvis and Williams, 1993;
Perkins et al., 1993; Günther et al., 1998). These analytical capabilities make LA-ICP-MS
potentially also very suitable for detailed line-scan sampling across sample surfaces ( Jarvis and
Williams, 1993) such as laminated sediments.
Laminated (varved) sediments provide one of the highest possible temporal resolutions for
establishing detailed paleoclimate records (Pike and Kemp, 1996). Unfortunately these
sediments are frequently unconsolidated and sampling them while preserving the laminations
can be cumbersome. Fluid-displacive resin embedding has been established as an adequate
method to preserve the laminated structure of the sediment (Pike and Kemp, 1996; Lotter
and Lemcke, 1999; Jilbert et al., 2008). An auxiliary benefit of resin embedding is that samples
can be directly measured by LA-ICP-MS line-scanning ( Jilbert et al., 2008). This method has
been successfully applied to reconstruct past variability in the marine environment (e.g. Jilbert
et al., 2010; Jilbert and Slomp, 2013; Lenz et al., 2014). Nevertheless, a general methodological
study validating the use of the LA-ICP-MS for (semi-)quantitative line-scan analysis of resinembedded sediments is currently lacking.
Many studies have discussed the difficulties of quantitative analysis by LA-ICP-MS on more
homogenous materials, with the principal limitation being elemental fractionation (e.g. Fryer
et al., 1995; Günther et al., 1997; Mank and Mason, 1999; Guillong and Günther, 2002;
Kroslakova and Günther, 2007). This elemental fractionation in LA-ICP-MS analyses is
caused by: (1) non-stoichiometric sampling by the laser (Cromwell and Arrowsmith, 1995;
Eggins et al., 1998), (2) selective transport of aerosols formed during the laser ablation
(Cromwell and Arrowsmith, 1995; Košler et al., 2005), and (3) incomplete vaporization/
atomization/ionization of the aerosols within the ICP (Kroslakova and Günther, 2007). These
effects are minimized when the matrix of the calibration standard is similar to the matrix of
the analyte. Laminations however can consist of the repeated alternation of potentially rather
different matrices. Therefore, this impact on analytical accuracy and precision during LA-ICPMS line-scan measurements needs to be established.
This study aims to validate the use of LA-ICP-MS for geochemical analyses of resinembedded sediments, with a focus on line-scan analysis. The study is divided into three
sections. Firstly, we prepared and analyzed resin-impregnated homogenized samples
(‘standards’), consisting of commonly occurring sediment matrices spiked with selected
elements. We compare data by LA-ICP-MS to those by conventional techniques, across
a range of concentrations. Secondly, we produced synthetic resin-embedded laminated
sediments using the spiked sediments to explore accuracy and precision of LA-ICP-MS linescanning on sub-mm spatial scales. Various parameters (repetition rate, spot size, and scanning
rate) of the LA-ICP-MS line-scan set-up were varied. Thirdly, we expanded the study to
investigate a wider range of elements in natural sediments. Specifically, we investigated
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3.2

Material and methods

3.2.1

Resin-embedded standards: Homogenized pellets

We selected calcite, quartz, and clay (aluminosilicates) as matrices for a series of resinembedded homogenized pellet standards. Specifically, calcite (CaCO3; Merck Millipore,
99.95 Suprapur) and quartz (SiO2; Merck Millipore) were used, while a finely ground
montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2.nH2O)) sample was used as a pure clay
end-member. For spiking of the sedimentological matrices, a standard-addition matrix (SAM)
was prepared. This SAM consists of a mixture of powders: V2O5, MoS2, BaCO3, and Al2O3.
These powders were added in weight ratios of 1: 1: 10: 100, of V, Mo, Ba, and Al respectively.
We focused on these four elements to keep the spiked standards relatively simple in terms of
their matrix, while including a wide atomic mass range to allow recognition of mass-induced
biases if present. Moreover, in paleoclimatic studies these elements are commonly used as
redox indicator (V and Mo) and as an export-productivity proxy (Ba) (e.g. Jilbert et al., 2010).
The sedimentological matrices and the SAM were ground separately in an automated mill at
least three times (for quartz, six times), in order to obtain a sufficiently small grain size (≤ 1
μm) for LA-ICP-MS analysis and mix the individual compounds of the SAM mixture.
Subsequently, the SAM was added to the sediment matrices in ten different quantities.
This produced a set of thirty standards with a range of concentrations (Table 1). For
homogenization purposes all thirty standards were milled again three times.
A homogenized pellet of each standard was then embedded in epoxy resin. For embedding
we used the low viscous Spurr Epoxy Resin, which usually results in good impregnation of
sediments ( Jilbert et al., 2008; Lotter and Lemcke, 1999; Pike and Kemp, 1996) and contains
negligible metal concentrations (Shaheen and Fryer, 2011). Perspex blocks (dimensions:
~50 mm x ~30 mm x ~1.5 mm) with ten holes were used as recipients for the standards. For
each of the three matrices the ten standards were put in one of these Perspex blocks, which
were closed at the bottom using tape (Figure 1; Step 1A). Subsequently, the standards were
embedded in a vacuum chamber for optimal infiltration of the resin. The resin was released
from a syringe by the use of a three-way valve connected to the vacuum chamber (Figure 1;
Step 2A). Tape was used to retain the resin on top of the standards (Figure 1; Step 3A). After
applying the resin, the samples were left for 48 h before curing them in an oven at 60 °C for
48 h. After a mild abrasion and polishing of the surface at the bottom of the Perspex blocks
(Figure 1; Step 4A) the polished surfaces of those standards were used for LA-ICP-MS
analyses.
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potential artifacts induced by using a non-matrix matched calibration standard (NIST SRM
610 glass). For this purpose, trace metal-rich sediments from the Levantine Basin in the
eastern Mediterranean were resin-embedded and analyzed by LA-ICP-MS. These LA-ICPMS line-scan measurements were compared to those on parallel sub-samples measured with
conventional analytical techniques.
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Table 1. The intended addition of target elements (excluding the natural occurences of these elements within the matrices themselves) of this study in the resin
embedded sediment standards in calcite, quartz, and clay matrices (first column). XRF-bead, SN-ICP-OES, SN-ICP-MS values that were measured for these
same spiked sediment samples after >6 times grinding in an automated mill (second, third and fourth columns). The reference values (fifth column) are mean
values of these methods (if element was available); the standard deviations are indicated. Values under the detection limits of the methods are zero.
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Three-way valve

Step 3A

Step 3B

Step 4A
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Tape

Micro drill

1 cm

Step 5B

Figure 1. Steps involved in production of resin-embedded homogenized pellet standards (Steps 1A – 4A) and
production of resin embedded synthetically laminated standards (Steps 1B – 5B). Details are given in sections
3.2.1 and 3.2.2

3.2.2

Resin-embedded standards: Synthetic laminations

3.2.3

Resin-embedded eastern Mediterranean sediments

Synthetically laminated sediment standards were prepared in a small plastic vessel. First, a
selected powder standard (Table 1) was spread over the surface of this vessel, resin-embedded
in the vacuum chamber, left for 48 h, and cured in an oven (Figure 1; Steps 1B-3B). After
abrasion and polishing of this sample, a resin-embedded block was produced of a single
(spiked) matrix. A microdrill was used to form a sequence of grooves in this resin block
(Figure 1; Step 4B). The first three steps were then repeated with another selected sediment
standard (Table 1) to fill-up the grooves, forming the artificial laminations (Figure 1; Steps
1B-3B repeated). These synthetic laminations were revealed subsequently after careful abrasion
and polishing (Figure 1; Step 5B). We prepared two synthetically laminated standards: (1) a
sequence of laminations with the same matrix (calcite), but an order of magnitude difference
in SAM concentrations, and (2) a sequence of laminations with a different matrix (calcite and
quartz), but similar SAM concentrations (the used spiked sediments are indicated in Table 1).
Aluminum trays of 20 cm length were used to sample sediments from an open piston core
(MS21PC) from the eastern Mediterranean Sea. We focused on the interval of an organic-rich
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layer (sapropel S1), which is generally known to contain a well-preserved sapropel, enriched
in trace metals (e.g. Warning and Brumsack, 2000). The samples in the aluminum trays were
resin-embedded through a deionized water-acetone-epoxy resin-exchange procedure in an
argon-filled glove box for redox-sensitive element preservation (see for details Jilbert et al.,
2008). The resin-embedded sediment was cut perpendicular to the sedimentation plane, then
cut to form blocks that fit the ablation chamber (~5 cm), and polished.
Several blocks were selected for further LA-ICP-MS line-scan analysis. Selection was done
to capture (parts of ) the trace metal excursions during sapropel formation observed for
discrete (0.5-cm) samples from the same depth-interval. The latter measurements were done
by conventional bulk geochemical techniques: solution nebulization-ICP-optical emission
spectroscopy (SN-ICP-OES) and SN-ICP-MS. To directly compare methods, 0.5-cm binned
means of the equivalent depth-intervals for the LA-ICP-MS measurements were calculated.
3.2.4

LA-ICP-MS measurements and processing

A 193 nm wavelength COMPex 102 ArF excimer laser ablation system (Lambda Physik,
Göttingen, Germany) connected to an Element 2 ICP-MS (Thermo Scientific, Bremen,
Germany) was used for all LA-ICP-MS analyses at the University of Utrecht. The use of an
UV laser beam has been proven to significantly reduce elemental fractionation effects during
the ablation process compared to infrared lasers (Günther et al., 1997). Therefore, an UV laser
can be considered more suitable for quantitative analyses, especially if non-matrix-matched
quantification of silicates is desired (Kuhn and Gunther, 2004). The coupled Element 2 is a
double focusing sector field ICP-MS. The development of fast acquisition sector field ICPMS systems, such as the Element 2, allow LA-ICP-MS measurements with high mass
resolution, and more similar acquisition capabilities to quadrupole ICP-MS instruments
(Latkoczy and Gunther, 2002; Pisonero et al., 2009). The measurement frequency of the ICPMS for all isotope spectra of this study was ~2.5-3 Hz.
Samples were placed into a He-flushed ablation chamber for LA-ICP-MS analysis. The
ablation chamber is mounted on top of a movable stage that can steadily move in any direction
at variable speeds. For line-scanning the stage was moved perpendicular to the (synthetic)
laminations of the resin-embedded sediment samples, commonly at a speed of 0.0275 mm
s-1. In general the laser parameters were kept constant at a pulse repetition rate of 10 Hz,
spot diameter Ø of 80 μm, and energy density of ~8 J cm-2. Laser input at the ablation site
(fluence) was monitored daily before tuning the ICP-MS for optimal sensitivity following the
procedure of Wang et al. (2006). The measurement frequency and scanning rate (i.e. movement
speed of the stage) resulted in a constant shift increment of ~10 μm per measurement (i.e. an
ICP-MS cycle of all elements). Added to the laser spot diameter this resulted in an overall
sampled interval of ~90 μm per ICP-MS cycle, with an 80 μm overlap with the previous and
subsequent measurement. During some experiments the pulse repetition rate, spot diameter,
and scanning rate were varied, so these spatially sampled intervals per ICP-MS cycle can
differ. Typical settings used for the ICP-MS and laser are indicated in Table 2.
LA-ICP-MS data were processed following the guidelines of Longerich et al. (1996). In
short, the mean background values were obtained from the mean of intensities of a ~30 s
interval before the start of the laser ablation measurement. These values were subtracted from
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ICP-MS type
RF Power
Plasma gas
Auxiliary gas
Carrier gas
Skimmer cone
Sampler cone
Measurement frequency
Isotopes

Thermo Scientific Element 2
1300 W
Ar (16.00 l min-1)
Ar (0.85 l min-1)
Ar (0.67 l min-1) and He (0.75 l min-1)
Aluminum
Nickel
~2.5-3 Hz
27
Al. 29Si, 34S, 44Ca, 51V, 97Mo, 137Ba

Laser type
Wavelength
Fluence
Spot size diameter
Repetition rate
Scanning rate

COMPex 102 (ArF Excimer, Lambda Physik)
193 nm
8 J cm-2
80 μm
10 Hz
0.0275 mm s-1

the raw analyte intensities. The sensitivities of the isotopes (in this study relative to 27Al)
were calculated by measurement of an external standard (NIST SRM 610). Subsequently
the background-corrected analyte intensities were corrected for the relative sensitivity of the
specific isotope and its natural abundance. NIST SRM 610 reference values were taken from
Jochum et al. (2011), while the natural abundances of the isotopes were taken from Berglund
and Wieser (2011). Because the yield of ablated material varies during LA-ICP-MS, data
are commonly reported as ratios of the analyte element to an internal standard. In our resinembedded homogenized pellets the internal standard was Ca, Si, or Al, depending on the
matrix (respectively calcite, quartz, clay). For the resin-embedded synthetically laminated
sediments the internal standard was Ca for the sequence of laminations with a calcite matrix,
while Al was used for the sequence of laminations consisting of an alternation of calcite and
quartz. We prefer to present the data as ratios because on μm- to mm-scales no internal
standard with a known concentration is available during LA-ICP-MS line-scanning of
natural samples. We report log-ratios to avoid the asymmetrical properties of normal ratios
(Aitchison and Egozcue, 2005). This makes log-ratios more suitable for multivariate statistics
and calibration, being successfully used in an earlier calibration study of X-Ray Fluorescence
(XRF) core scanning to conventionally measured concentrations (Chapter 2; Weltje and
Tjallingii, 2008).
In order to report precision (Relative Standard Deviation, RSD) of the LA-ICP-MS
measurements of the resin-embedded homogenized pellet samples, we repeated spot analyses
three times at different sites for the same standard. For line-scan analyses of the synthetic
laminations the precision was based on the RSD of the LA-ICP-MS measurements within a
spatial interval of line-scanning on the same spiked matrix. These spatial intervals are clearly
indicated in the relevant figures. Accuracies of the analyses are reported as deviations (in
absolute percentages) of the LA-ICP-MS log-ratio values to the reference log-ratio values;
thus, lower percentages relate to better accuracies.
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Table 2. Typical LA-ICP-MS settings for measurements on resin embedded samples. For some experiments
some parameters were varied (i.e. spot size, repetition rate, scanning rate).

3.2.5

Bulk geochemical measurements: SN-ICP-MS, SN-ICP-OES, and XRF-bead

Subsamples from all standard powders after addition of the SAM and homogenization were
measured by more traditional techniques: SN-ICP-OES, SN-ICP-MS, and XRF analysis
on glass beads (XRF-bead). This was done to assess contamination during the milling stage
(Durrant, 1992), and to provide reference data for the LA-ICP-MS study.
Before analyses by SN-ICP-OES and SN-ICP-MS, aliquots of all thirty produced spiked
sediment standards were totally digested (following Reitz et al., 2006). Approximately 125 mg
of sample was digested in a Teflon vessel using HF and an HClO4-HNO3 mixture. The vessels
were closed and left overnight on a hot plate at 90 °C. Samples were then dried on the hot
plate at 160 °C. During this step Si is lost, as it forms a SiF4 azeotrope with water. Thereafter,
25 ml of ~1 M HNO3 were added and the closed vessels were left on the hot plate at 90 °C
for another night. All samples were subsequently measured for major and minor elements with
a Spectro Ciros Vision ICP-OES at Utrecht University. Each series of samples contained at
least two blanks and two reference samples (ISE 921). After ICP-OES measurements, the
samples were further diluted to measure major, minor, and trace element compositions with
a Thermo Scientific X-Series 2 ICP-MS at Utrecht University. Analytical precision and
accuracy for both techniques was better than 5% for the target elements (Al, V, Mo, and Ba).
The sediment standards were also measured by XRF analysis on fused glass beads. Preparation
and analysis with a Philips PW 2400 X-ray spectrometer were done at the Institute of
Chemistry and Biology of the Marine Environment (ICBM) in Oldenburg, Germany. The
protocol of Schnetger et al. (2000) was used for preparation of the fused glass beads by mixing
~700 mg of sample with 4200 mg Li2B2O7, and pre-oxidation at 500 °C with NH4NO3.
Replicate analyses of in-house standards and international reference standards show that the
precision and accuracy of the measurement was better than 6% for the target elements. For one
of the artificial standards (quartz; ~0.5% added Al; Table 1) insufficient material was present
for an XRF-bead measurement.
The eastern Mediterranean sediment samples were also measured by SN-ICP-OES and
SN-ICP-MS following the same procedures as above. For the SN-ICP-OES measurements
all samples were measured with a 0.5-cm resolution. In addition, a selection of samples (~2cm resolution) was measured by SN-ICP-MS. For some SN-ICP-OES measurements, in the
eastern Mediterranean sediment samples, Mo values were below detection limit. Consequently,
in these samples, we only use SN-ICP-MS measurements for Mo calibration to the LA-ICPMS measurements.

3.3

Results and discussion

3.3.1

Reference values for LA-ICP-MS analyses

The measurement of the spiked artificial sediment standards by traditional analytical methods
(SN-ICP-OES, SN-ICP-MS, and XRF-bead) show similar results (Table 1) that are
predominantly within respective uncertainty intervals. Some offsets in accuracy were observed
between analyses and the intended standard addition values (Table 1). In the case of Al and
Ba in the clay-matrix samples, the relatively high values are thought to be due to the fact that
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Figure 2. Plots of LA-ICP-MS spot analyses on the resin embedded homogenized-pellet standards to their
reference values. Log-ratios of target elements are shown with Ca, Si, and Al as denominators for respectively
the calcite (a), quartz (b), and clay (c) standards. 1:1 correlation lines are also plotted.

these elements are also present in the clay itself. Offsets of other elements could be due to
contamination or selective removal of components during milling as a result of adherence to
the walls of the mill. Nevertheless, because results of the conventional analyses are similar
within analytical uncertainty, we consider these values most reliable and henceforth use
averages of these values as benchmark values for the LA-ICP-MS analyses (Table 1, right
column).
3.3.2
Homogenized pellet standards
3.3.2.1 LA-ICP-MS on resin-embedded homogenized pellet standards

LA-ICP-MS spot analyses of the resin-embedded sediment standards are compared to their
reference log-ratio values (Figure 2). The standards with a calcite matrix show good accuracy
and high precision with linear regressions close to y = x and R² values of 1.00, for the elements
(in their log-ratios to Ca) analyzed here. Deviations of the LA-ICP-MS-based values from
the reference values never exceed 3 %. Triplicate LA-ICP-MS analyses show high internal
consistency with mean RSD’s below 3 % for all elemental log-ratios.

49

Similarly, the LA-ICP-MS measurements of the quartz matrix-based standards show linear
correlations with high correlation coefficients to their reference values. The log-ratios of the
LA-ICP-MS measurements lie on average within 6 % of the reference values for V/Si, Mo/
Si, and Ba/Si, and within 12 % for Al/Si. The mean RSD’s are below 3 % for all elemental logratios in these LA-ICP-MS measurements.
For the clay (montmorillonite) matrix, V/Al and Mo/Al also show linear correlations
with high correlation coefficients, with on average LA-ICP-MS values within 3 % of the
reference values, and mean RSD’s <1 %. However, for Si/Al and Ba/Al the mean deviations
from the reference values are relatively large, at ~43 % for Si/Al and ~15 % for Ba/Al. The
reproducibility of the LA-ICP-MS log-ratios of Si/Al and Ba/Al are respectively <15% and
<4 %. The regressions indicate linear behavior with high R2 values for Si/Al and Ba/Al, but
with deviating slopes (from y = x) of respectively ~0.8 and ~1.2.
3.3.2.2 Inter-matrix comparison and deviant behavior of Si/Al in the clay matrix

Milling appears to have contaminated some standards (e.g. minor amounts of Ca are present
in quartz standards, and Si in calcite standards, see Table 1). One benefit of this contamination
is that the spiked sediment standards contain a measurable amount of each element in all
samples. This allows log-ratios of the elements (Si/Al, Ca/Al, V/Al, Mo/Al, and Ba/Al) to be
plotted for each standard (Figure 3). The log-ratios to Al for V, Mo, Si, and Ca show linear
correlation with high accuracy over several orders of magnitude, independent of the matrix.
Interestingly the Si/Al of the clay standard seems to fit well to this linear regression, despite
the apparently poor fit when the clay-standards are plotted alone (Figure 2). This might
indicate that the low range of log-ratios of Si/Al in the clay standards (0 to 0.5) is insufficient
to demonstrate a proper linear regression, observed across a wider range of concentrations.
Hence, we regard the presented LA-ICP-MS results for Si/Al of the clay-based resinembedded homogenized pellet standards as tentative, until tested across a wider concentration
range.
3.3.2.3 Deviant behavior of Ba/Al in the clay matrix: influence of variable chemical phases?

In the spiked clay standards Ba is present in (at least) two phases: (1) Ba related to the
aluminosilicates (henceforth Ba-clay) evidenced by high Ba values in the un-spiked clay
standards (Table 1), and (2) BaCO3 artificially added for spiking of the standards. Ba (in a logratio to Al) shows its largest deviation against the 1:1 line for the standards with only minor
addition of BaCO3, which implies that most Ba is present as Ba-clay. After several standard
addition steps the BaCO3-Ba contribution exceeds that of Ba-clay, leading to lower deviation
from the reference values. We speculate that the relative sensitivity of Ba under LA-ICPMS (measured intensities per concentration) differs between the two compounds. Therefore,
depending on the relative proportion of either of the two phases, elemental fractionation
during LA-ICP-MS sampling can lead to variability in the Ba/Al values as observed in Figure
2 and Figure 3.
To further test this hypothesis we modeled the theoretical Ba/Al ratio of the spiked clay
standards using differing sensitivities of Ba-clay and BaCO3 (Figure 3b). For this purpose we
assumed the Ba related to the aluminosilicates to be ~1500 ppm (based on the reference value
of the pure clay samples) and calculated the relative proportions of Ba-clay and BaCO3 in
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Figure 3. (a) Plots of LA-ICP-MS spot analyses on the resin embedded homogenized-pellet standards to their
reference values for all matrices combined. Log-ratios of target elements are shown with Al as a denominator
for all matrices. 1:1 correlation lines are also plotted. (b) Plot of log(Ba/Al) produced by LA-ICP-MS spot
analyses on the resin embedded homogenized-pellet standards to their reference values for all matrices, but
with different relative sensitivity assigned to Ba-clay in the clay standards (i.e. Ba/Al-clay model).

each standard. We then adjusted the relative sensitivity of Ba-clay to obtain log(Ba/Al) closest
to the reference values (y ≈ x). This yielded a relative sensitivity (concentration/LA-ICPMS intensity) for Ba-clay of ~1.52 higher than the sensitivity obtained by NIST SRM 610,
implying that for Ba-clay a specific LA-ICP-MS yield relates to a higher Ba concentration
compared to NIST SRM 610 or BaCO3. The resulting log(Ba/Al) model shows increased
accuracy for the values of the clay-based standards (Figure 3b). The modelled Ba/Al in the
clay standards show some remaining offsets compared to the spiked calcite- and quartzbased standards, hence the influence of sample matrix on estimated values of Ba/Al cannot be
excluded.
Variable sensitivities for Ba-clay and BaCO3 were not observed for the conventional SN-ICPMS measurements (Table 1), and thus we conclude that these effects are laser induced.
Elemental fractionation during LA-ICP-MS may principally occur during aerosol formation,
aerosol transport, and/or aerosol interaction with the ICP (see Pisonero et al., 2009 and
references therein). Possibly the Ba-clay and BaCO3 form different aerosols during laser
ablation that subsequently behave differently during transport to the ICP and/or in the plasma
of the ICP. The low second ionization energy of Ba potentially results in a relatively large
production of doubly charged Ba ions in the ICP (e.g. Gray and Williams, 1987), which could
also affect the amount of Ba+ detected in the MS at m/z 137 and 138, if aerosol dependent.
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3.3.3
Resin-embedded synthetically laminated standards
3.3.3.1 LA-ICP-MS analyses of the synthetic laminations

LA-ICP-MS line-scanning of the synthetic laminated sediments was performed for five
laminae ‘couplets’ over ~7.5 mm. We investigated standards consisting of synthetic calcite
laminations (Figure 4a) and those with alternating calcite and quartz laminations (Figure
4b). The dotted lines on the figure indicate the expected ‘theoretical’ reference values for these
laminations, which are evident from their geochemical signature.
The laser scans of the laminations follow the reference values for all elemental log-ratios. Most
elemental log-ratios show minor deviations from the reference values and low RSD’s (Figure
4).
The transition between two consecutive layers of different composition leads to a mixing zone
of the geochemical signals of those layers during line-scanning. At ~10 μm shift increment per
measurements and 80 μm spot size of the laser this mixing zone should theoretically involve
~8 measurements. For most elements this mixing zone is indeed observed to involve 8-10
measurements as expected (Figure 4).
The log-ratio of Ca/Al in the synthetically laminated standard, containing both calcite and
quartz laminae, shows a clear tailing signal in the quartz layers (Figure 4b). This kind of
memory effect could take place anywhere within the LA-ICP-MS system, but are suspected
to be due to re-suspension of material (in this case Ca-rich) at the sample surface itself,
transfer line, and/or ablation chamber (Mason and Mank, 2001) or deposition/re-suspension
in the ICP-MS system, e.g. at the sampler and skimmer cones ( Jenner et al., 1990). Regardless
of the cause, a similar smeared signal is not observed for Si during the transition from the
quartz to the calcite matrix layers, in which Si concentrations are also reduced by ~2 orders
of magnitude, but not to such low values as Ca/Al. The intensity of these memory effects may
more severely affect Ca compared to Si. The ICP-MS isotope intensity profiles (on log-scales)
after the cessation of ablation (Figure 4c) show, similarly, that 44Ca returns to background
values in ~7 s, while 29Si returns to background intensities in ~2 s. The cause of this discrepancy
is unknown, but could relate to the different properties (e.g. electrostatic behavior) of the
Ca-aerosols relative to the Si-aerosols after ablation. Sample chamber design is known to
influence flush-out time of the ablation aerosols (Gurevich and Hergenroder, 2007), so these
memory effects can possibly be reduced by optimizing sample cell geometry.
The time to return to the background values for 97Mo, 51V, and 137Ba closer resembled 44Ca
than 29Si (Figure 4c) in the set-up used. This potentially indicates that memory effects can
be an issue for Mo, V, and Ba at transitions from layers enriched in these elements to layers
devoid (i.e. close to background values) of these elements. However, this is difficult to assess
in our synthetic samples as for V, Mo, and Ba high concentrations (relative to the background
values) are maintained in all laminations.
3.3.3.2 Optimization of laser parameters for line-scan analysis

Figure 5 shows the results of LA-ICP-MS line-scanning with variable parameters (repetition
rate, spot size, and scanning rate) for the sequence of synthetically laminated standards with
a similar calcite matrix (Figure 5a-5c) and a variable calcite-quartz matrix (Figure 5d-5f )
52

Chapter 3
Figure 4. Geochemical LA-ICP-MS line-scan profiles of two representative laminations in the synthetically
laminated standards. (a) Sequence of synthetic laminations with the same matrix (calcite), but an order of
magnitude difference in SAM concentrations (log-ratios to Ca). (b) Sequence of synthetic laminations with a
different matrix (calcite and quartz), but similar SAM concentrations (log-ratios to Al). Dotted lines indicate
theoretical reference values for the laminated standards. The deviations from the reference values and Relative
Standard Deviations are given. Line-scan direction (top to bottom) is indicated. (c) Isotope counts measured by
the ICP-MS after laser was stopped (grey line). The background signals are also indicated (dashed lines).
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Figure 5. Log-ratio profiles for V in the synthetically laminated standards for which repetition rate (a, d), spot size (b, e), and scanning rate (c, f ) were varied. (a-c)
Sequence of synthetic laminations with the same matrix (calcite), but an order of magnitude difference in SAM concentrations (log-ratios to Ca). (d-f ) Sequence
of synthetic laminations with a different matrix (calcite and quartz), but similar SAM concentrations (log-ratios to Al). All other laser parameters were kept
constant when varying a certain parameter of interest. Dotted lines indicate theoretical reference values for the sequence of laminations. Line-scan direction (top
to bottom) is indicated. Average yields of the isotopes are shown under the profiles.
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respectively. The impact of changing parameters on elemental log-ratios is similar for all
targeted elements, therefore we here only show the log-ratios for V.
The detection limits of elements play a crucial role at low repetition rates (Figure 5a, d). For
the repetition rates ≤5 Hz the elemental intensities were closer to these limits, because less
material is ablated, leading to inaccurate data acquisition and lower precision. These effects
were diminished at repetition rates ≥10 Hz, probably because of the higher yields of the
measured isotopes (Figure 5).
Similarly, for spot sizes ≤40 μm more outliers are observed (Figure 5b, e) due to low ablation
yield, but possibly also due to the larger impact of inhomogeneities in the powder standards
that become more problematic at smaller spot sizes. In general the latter effects are less
apparent in the larger, i.e. 80 and 120 μm, spot size. Nevertheless, a larger spot size also
increases mixing between layers during a line-scan, leading to smoothing of the boundaries
between layers.
The reference geochemical profile of the laminations was reproduced at all laser stage scanning
rates (Figure 5c, f ), up to and including a relatively high stage speed of 0.1 mm s-1. However,
at this highest rate the measurement frequency of the ICP-MS was limiting for recognition
of the laminations. This potentially means that ICP-MS systems with increased measurement
frequencies, such as quadrupole based machines, would allow for higher scanning rates. A
scanning rate <0.05 mm s-1 was optimal for sub-mm spatial resolution with our instrumental
set-up.
3.3.4
LA-ICP-MS data in natural sediment samples
3.3.4.1 LA-ICP-MS line scan analysis in natural sediment samples: V/Al, Mo/Al, and Ba/Al

The resin-embedded and LA-ICP-MS line-scanned sediments from the eastern
Mediterranean sapropel show log-ratio profiles for V/Al, Mo/Al, and Ba/Al that are similar
as those from conventional analytical techniques (Figure 6), confirming that the elements in
these ratios may be reliably measured by LA-ICP-MS. The binned means of the LA-ICP-MS
measurements show similar linear correlations to these reference values with relatively high
R2 values (Figure 6b). Table 3 shows that for V/Al, Mo/Al, and Ba/Al the mean deviations
from reference values are respectively <3, <8, and <4 %, with mean RSD’s <2 % for all these
elements.
Despite the good agreement between the LA-ICP-MS values to ‘references’ values, the logratios of V, Mo, and Ba to Al were systematically lower in the LA-ICP-MS measurements
(Figure 6a, b). These results suggest that complex matrices, such as encountered in actual
sediments, may influence the fractionation of elements during LA-ICP-MS, creating a net
sensitivity for each element which may differ from that in the glass standard NIST SRM
610. Alternatively, some common elemental phases in real sediments may exhibit intrinsic
sensitivities, which differ from those observed in the glass standard, as seen for the Ba-clay
component in the homogenized-pellet standards. The possible causes of these elemental
fractionation effects are largely unknown, but seem related to particle generation by laser
ablation and may be diminished by using matrix-matched standards (e.g. Mank and Mason,
1999; Kuhn and Gunther, 2004; Košler et al., 2005; Liu et al., 2008).
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Figure 6. (a) Log-ratio profiles for V, Mo, and Ba to Al for eastern Mediterranean sapropel sediment samples.
Binned mean LA-ICP-MS line-scan values were calculated for direct comparison to SN-ICP-OES or
SN-ICP-MS results. (b) Plots of SN-ICP-OES/SN-ICP-MS values to binned mean LA-ICP-MS values. 1:1
correlation lines are plotted.
Table 3. Summary of statistical data produced by comparison of binned mean values from LA-ICP-MS linescanning to reference methods for a selection of elemental log-ratios of the eastern Mediterranean samples.
Element
(Log-ratio)
S/Al
Ca/Al
V/Al
Cr/Al
Mn/Al
Fe/Al
Co/Al
Ni/Al
Cu/Al
Zn/Al
Sr/Al
Mo/Al
Ba/Al
U/Al

Linear equation
y = 0.19x – 2.11
y = 1.02x – 0.13
y = 1.02x + 0.00
y = 0.54x – 1.32
y = 0.83x – 0.50
y = 0.87x – 0.04
y = 1.15x + 0.45
y = 0.71x – 0.91
y = 1.16x + 0.62
y = 0.33x – 2.14
y = 0.93x – 0.28
y = 0.78x – 1.09
y = 1.01x – 0.07
y = 1.07x + 0.08

R²
0.24
0.65
0.72
0.12
0.83
0.60
0.62
0.42
0.16
0.05
0.64
0.80
0.59
0.85

Mean deviation (%)
from reference value
203.56
70.86
2.05
0.52
8.01
85.95
2.75
1.97
3.83
7.15
5.68
7.26
3.90
5.01

Mean RSD (%)
2.99
14.00
1.20
0.27
1.00
10.36
2.61
0.38
1.59
1.24
1.68
1.62
1.87
0.84

Reference method
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-OES
SN-ICP-MS
SN-ICP-OES
SN-ICP-MS
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Deviation of resin-embedded natural sediment sensitivities from glass standard sensitivities
has also been observed for Mo/Al in Baltic Sea sediments ( Jilbert and Slomp, 2013). Figure
7 shows the log(Mo/Al) calibration for LA-ICP-MS and SN-ICP-OES data of these
Baltic Sea samples ( Jilbert and Slomp, 2013), plotted together with our log(Mo/Al) data
from Mediterranean samples. The Mo/Al values of the Baltic samples are generally higher
than the 1:1 line, while the Mediterranean samples are generally lower than the 1:1 line. All
LA-ICP-MS measurements were done with exactly the same instrumental set-up and similar
ablation conditions at Utrecht University. Assuming the Mo phases to be similar between the
two sediments (precipitated under anoxic conditions), and SN-ICP-OES and SN-ICP-MS
measurements are accurate (we also show SN-ICP-OES values for the Mediterranean samples
in Figure 7 being similar to the SN-ICP-MS values), these mismatches must be caused by
differences in matrix between samples from the different locations. Variations in absolute
element abundances could thus reflect matrix differences rather than real concentration
changes. However these matrix effects may only explain a minor part of the variability in the
log-ratio of Mo to Al (Figure 7).
3.3.4.2 LA-ICP-MS line scan analysis in natural sediment samples: other elemental ratios

Many other elements (in log-ratios to Al) analyzed in the eastern Mediterranean sediments
(for example Mn, Co, Sr, U) show well-defined linear calibration lines between LA-ICPMS and reference data, with high R2 values, low deviation from reference values and good
reproducibilities (Table 3). Other elemental ratios correlate well with the reference values but
display higher deviation (Ca, Fe). Elemental log-ratios to Al for Cr, Ni, and Cu showed low
deviation from their reference value over the sapropel interval, but also low R2 values in their
respective calibration equations. This seems to be the result of the narrow range of values for
Cr, Ni, and Cu in the samples used. These elements might still show potential for quantitative
LA-ICP-MS analysis if further tests across a wider range of concentrations would be carried
out. The elements S and Zn show the highest mean deviations from the reference values, and
relatively low R2 values in the calibration equations. Furthermore, the slopes of the calibration
lines are ~0.2 (S) and ~0.3 (Zn), indicating substantially different sensitivity factors for these
elements between natural sediments and the glass standards. Therefore LA-ICP-MS data of
these elements should be interpreted with care.
Deviating accuracies and precision of elements are not caused by the laser ablation process
alone. For example sulfur, with high first ionization energy and thus low ionization yield, is
known to be problematic to measure. Spectroscopic (e.g. overlapping isotope masses) and
non-spectroscopic (e.g. mass-bias effects in ion beam) interferences in ICP-MS (e.g. Evans
and Giglio, 1993), work on top of the laser-induced elemental fractionation, resulting in one
signal in LA-ICP-MS. Their distinct effects on accuracy of target elements are thus difficult
to distinguish. Moreover, variability of analytical accuracy related to these interferences (e.g.
polyatomic interferences) is strongly dependent on sample matrix (e.g. Durrant, 1999). Hence,
as matrix-matched standards for natural sediment samples are not often available, it is vital
to assess whether LA-ICP-MS measurements are accurate by comparison to conventional
analytical data. Conventional measurements can subsequently be used for further calibration
and correction of LA-ICP-MS data ( Jilbert and Slomp, 2013; Lenz et al., 2014).
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3.3.4.3 Data correction procedure for LA-ICP-MS line-scanning of natural sediments

As demonstrated by our homogenized-pellet tests, LA-ICP-MS on resin-embedded
sediments show calibration lines that are generally linear over several orders of magnitude.
Furthermore, for many elements in the matrices tested here, the LA-ICP-MS-estimated
values plot close to the 1:1 line with reference data. However, in cases where calibration slopes
differ from 1:1, it is necessary to perform a further data correction step on the LA-ICP-MS
data. Jilbert and Slomp (2013) used a simple linear regression between a discrete-sample series
of bulk-sediment Mo/Al (plotted on y-axis) and binned means of LA-ICP-MS line-scan data
(plotted on the x-axis), to produce plots similar to those in Figure 2 for selected sediment
intervals. The gradient of the calibration line was then used as a multiplier to correct the
LA-ICP-MS data for the sediment-specific sensitivity of Mo. This approach seems acceptable
if quantitative analyses are desired and no matrix-matched standards are available. We stress
that the success of such an extra calibration step is dependent on the relative homogeneity of
the matrix through the sequence of laminations and the homogeneity of the main chemical
phase of target elements.

3.4

Conclusions and recommendations

The data presented here indicate that LA-ICP-MS line-scanning has high potential for
reliable quantitative analysis of major to trace elements in (laminated) resin-embedded
sediments. In general, good accuracy and high precision was shown for V, Mo, Ba, and Al
in log-ratios to variable elements (Ca, Si, Al) in both the resin-embedded standards (spot
analyses) and line-scanned synthetic laminations. We caution that reliable quantitative
analysis may be dependent on the matrix and/or the dominant phase of a given element (e.g.
Ba in aluminosilicates versus Ba in Ba-carbonate) that is present in the same sample. We
observe different relative sensitivities of Ba to Al for these different phases in our LA-ICP59
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Figure 7. Plot of binned mean LA-ICP-MS data to conventional data for log-ratio of Mo/Al of eastern
Mediterranean samples (this study; SN-ICP-MS; white diamond) to samples from the Baltic Sea ( Jilbert and
Slomp, 2013; SN-ICP-OES; black plus). Grey triangles indicate SN-ICP-OES values from the Mediterranean
samples, which were under the detection limit for some samples and therefore not used to calculate the linear
correlations. The 1:1 correlation line is plotted.

MS analyses for the clay standards. Potentially this can also influence other elements, and
this urges further investigations to focus on the implications of varying chemical phases for
quantitative analysis in resin-embedded samples. For sediments containing one dominant
geochemical phase, reliable semi-quantitative analysis using line-scanning is achievable in a
range of common sedimentary matrices.
LA-ICP-MS data can be calibrated with low-resolution conventional techniques such as
SN-ICP-OES, SN-ICP-MS, or XRF-bead analyses, which corrects for relative sensitivity
offsets between natural sediments and glass standards. By this protocol, (semi-)quantitative
estimates of geochemical proxies on (tens of ) μm-scales can be produced, allowing ultra-highresolution paleoclimatological and paleoenvironmental reconstructions based on laminated
sediments.
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Abstract
We present high-resolution records for oxygen isotopes of the planktic foraminifer
Globigerinoides ruber (δ18Oruber), and bulk sediment inorganic geochemistry, derived from
Holocene-age sediments from the southeast Mediterranean. Earlier work has shown that
Nile River discharge was driven towards this area throughout the entire Holocene, being well
recorded in δ18Oruber. Nile discharge was enhanced in the early to middle Holocene relative to
today. The timing of the long-term maximum in Nile discharge during the early Holocene
corresponds to the timing of maximum intensity of the Indian Ocean-influenced Southwest
Indian summer Monsoon (SIM). This coincidence suggests a major influence of an Indian
Ocean moisture source on Nile discharge in the early to middle Holocene, while, presently,
the Atlantic Ocean is the main moisture source. Nile discharge was highly variable on multicentennial timescale during the early to middle Holocene, being strongly influenced by
variable solar activity. This solar-driven variability is also recorded in contemporaneous SIM
records, however not observed in an Atlantic Ocean-derived West African summer monsoon
record from the Holocene. This supports the hypothesis that the Indian Ocean moisture source
predominantly controlled Nile discharge at that time. Solar-driven variability in Nile discharge
also influenced paleoenvironmental conditions in the eastern Mediterranean. Bulk sediment
Ba/Al and V/Al, used as indicators for (export) productivity and redox conditions, respectively,
varied both in response to solar forcing on multi-centennial timescales. We suggest that
changes in Nile discharge on these timescales have been concordant with nutrient inputs to,
and shallow ventilation of, the eastern Mediterranean.
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4.1

Introduction

The discharge (rate of outflow) of the River Nile into the Mediterranean Sea is mainly
dependent on changes in the intensity and northward penetration of the monsoonal rainbelt
associated with the Inter Tropical Convergence Zone (ITCZ) (Nicholson, 2009). Nile
discharge can therefore be seen as a gauge, detecting the amount of precipitation falling in
the Nile catchment due to the northeast African monsoon. The persistence of Nile outflow
throughout contrasting climatic regimes of the late-Pleistocene and Holocene epochs
means that reconstructions of Nile discharge may contain invaluable paleoenvironmental
information. For example, variability in the relative contribution of the two main moisture
sources contributing to Nile outflow – the Atlantic Ocean and the Indian Ocean (Mohamed
et al., 2005) – may be expected to influence Nile discharge. Understanding how such largescale hydrological patterns respond to external forcing factors such as Milankovitch cycles is
a key goal of climate science. Moreover, the continuity of Nile outflow potentially facilitates
reconstructions of short timescale (i.e. sub-Milankovitch) climatic variability, provided that the
climatic archives used to reconstruct Nile discharge are of adequately high-resolution.
At present most of the Nile outflow (~70 %) derives from the Blue Nile/Atbara rivers (Figure
1a) (Foucault and Stanley, 1989). These rivers originate from the Ethiopian Highlands,
have a mainly Atlantic derived moisture source, and have their peak outflow around August
(Mohamed et al., 2005). The remaining ~30% of Nile outflow derives from the White Nile.
This originates from the Equatorial African mountain ranges (Figure 1a; most notably Lake
Victoria), has a mixed Atlantic/Indian Ocean origin, and maintains the perennial flow into
the main Nile (Mohamed et al., 2005). In contrast, during the early to middle Holocene, large
scale moisture patterns were rearranged in response to the orbital precession cycle, meaning
that Indian Ocean-derived moisture had an increased influence on Nile outflow (Hamann et
al., 2009). However, it has not yet been investigated to what extent the enhanced Indian Ocean
moisture source influenced sub-Milankovitch timescale variability in Nile discharge during
that time.
This study focusses on a marine sediment core (PS009PC) from the southeast Levantine basin
(Figure 1b). This area is known to be largely influenced by Nile sedimentation (Krom et al.,
1999), and to have maintained high sedimentation rates throughout the Holocene (Schilman
et al., 2001; Almogi-Labin et al., 2009; Hamann et al., 2009; Castañeda et al., 2010; Box et al.,
2011). Variability in Nile River discharge is, consequently, documented at this core location
by indicators of the freshwater input (influencing planktic foraminifer oxygen isotopes) and
bulk sediment composition (Fontugne et al., 1994; Almogi-Labin et al., 2009). Moreover, the
high sedimentation rates (12.5-104 cm kyr-1) and high sampling resolution (0.5-cm, thus ≤40
yr per sample) allow the identification of centennial variability in Nile outflow. Hence, for the
first time, we report on the sub-Milankovitch variability in Nile discharge during the early to
middle Holocene.
The sediment core used in this study is considered not only to be a high-resolution archive of
northeast African climate, but also to be an indicator for the paleoenvironment of the eastern
Mediterranean (e.g. Almogi-Labin et al., 2009). The sensitivity of the eastern Mediterranean
to the northeast African climate is demonstrated by the intermittent deposition of distinct
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Figure 1. Overview of environmental setting and sites used in this study. (a) August Wind field (925 hPa;
small black arrows) and precipitation intensity (green shading) over northern Africa (http://iridl.ldeo.columbia.
edu). The ITCZ position and the Congo Air Boundary (zone of confluence between Atlantic- and Indian
Ocean-derived moisture (Tierney et al., 2011)) (black dashed lines), the Niger/Sanaga catchment (yellow
dashed line), and the Nile catchment area (red dashed line) are indicated. Numbers indicate (1) Atbara River,
(2) Blue Nile River, (3) White Nile River, and (4) Lake Turkana. Sites: PS009PC (yellow star; this study),
MD03-2707 (purple star) (Weldeab et al., 2007a), and Qunf cave (grey diamond) (Fleitmann et al., 2003). (b)
Eastern Mediterranean with core PS009PC (32°07.7’N, 34°24.4’E; 552 m water depth). The primary current
direction is indicated with a blue arrow.

organic-rich sediment layers (sapropels). Periods of increased Nile discharge have been
closely associated to sapropel formation in the eastern Mediterranean (Rossignol-Strick
et al., 1982). These periods of increased Nile outflow are generally thought to be due to
precession-forced insolation changes causing increased monsoonal activity. The increased
Nile discharge, subsequently, may have influenced ventilation and/or productivity in the
eastern Mediterranean, thus promoting sapropel deposition (e.g. Rossignol-Strick et al., 1982;
Rohling and Hilgen, 1991; Rohling, 1994; Thomson et al., 1999; De Lange et al., 2008).
The high sedimentation rate site of this study permits us to evaluate at high-resolution the
paleoclimate related mechanisms of, and variability within, sapropel formation and its link to
Nile discharge.

4.2

The core locality and oceanographic setting

Piston core PS009PC (32°07.7’N, 34°24.4’E; 552 m water depth) and box core PS008BC
(same co-ordinates) were taken during the PASSAP cruise with the R/V Pelagia in May 2000.
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This coring site is located in the southeast Levantine basin, approximately 100 km southwest
of Haifa, Israel (Figure 1b).
Mediterranean Surface Water (MSW), originating from the Atlantic follows an eastward path
through the eastern Mediterranean basin. On its way its salinity increases, because of excess
evaporation, to values above 39 (Wüst, 1961). In the eastern Mediterranean the MSW flows
anticlockwise, being diverted northward in the southeast Levantine basin along respectively
the Israeli, Lebanese, and Syrian coastlines to southern Turkey (Pinardi and Masetti, 2000).
It is this current that transports much of the Nile sediment to our core location, resulting in
high sedimentation rates (Figure 1b). Concurringly, the Nile freshwater input is diverted in
the same direction. This is indicated by the occurrence of a distinct freshwater anomaly in
the southeast Levantine basin, which was observed prior to completion of the high Aswan
Dam in 1964 (Hecht and Gertman, 2001). West of Cyprus, in the Rhodes gyre, Levantine
Intermediate Water (LIW) is formed during intense winter cooling of already saline MSW
by relatively cold northern air masses (Lascaratos et al., 1993). This LIW flows to depths
between 200 to 600 meters and spreads over the entire Mediterranean basin (Wüst, 1961).
Subsequently, Eastern Mediterranean Deep Water (EMDW), flowing below depths of 1500
meter (Wüst, 1961), is formed in the southern Adriatic basin (Schlitzer et al., 1991) and
(occasionally) in the southern Aegean basin (Roether et al., 1996). This happens in winter, due
to mixing of LIW with relatively cold but less saline waters in those basins.

4.3

Material and Methods

4.3.1

Core chronology

The age model for core PS009PC was constructed by means of eleven 210Pb measurements
on sediment samples of PS008BC, and seven 14C-accelerator mass spectrometry (AMS)
measurements on planktonic foraminiferal samples of PS009PC (Table 1). Box core PS008BC
was sampled every 0.5 cm for its full 34 cm length. The samples were freeze dried and ground
to powder using an agate mortar. The 210Pb activity was subsequently measured at the Royal
Netherlands Institute for Sea Research (NIOZ) (Figure 2a) and a Constant Rate of Supply
(CRS) model was used to construct the age-depth profile (for details see Boer et al., 2006)
(Figure 2b). The correlation of PS008BC to PS009PC using elemental ratios was made in
Chapter 2. By the use of two correlation points the ages of the top and 8.75 cm depth in
PS009PC were determined, relating to respectively 1975 and 1881 yr AD (Figure 2b).
The sediment samples for 14C analysis were first wet sieved using deionized water over a 150
µm sieve. Per sample approximately 10 mg of a mixture of planktonic foraminiferal material
was picked (Table 1). The 14C analyses were done at the Poznań Radiocarbon Laboratory in
Poland. For 14C age conversion to calendar ages the OxCal 4.1.7 program was used (Ramsey,
2009). The Marine’09 dataset was used for calibration (Reimer et al., 2009) with a local
reservoir correction (ΔR) of 21±63 yr. This reservoir correction was based on 14C analyses of
recent shell material near the core locality (Reimer and McCormac, 2002; Boaretto et al.,
2010).
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Table 1. The 14C and 210Pb data used to construct the age model.

Depth
(cm)
0
8.75
67.5
132.1
191.2
217.2
247.2
285.2
322.6

14
210
C age
Calendar age
Pb age Final age model
Material
(yr BP) ± 2σ (cal. yr BP) ± 2σ (yr BP) ± 2σ
(yr BP)
-25 ± 10
-25
Sediment
69 ± 15
59
Sediment
1690 ± 30
1205 ± 146
1111
G. ruber, G. sacculifer, and
O. universa
3320 ± 30
3138 ± 193
3240
G. ruber, G. sacculifer, and
O. universa
5750 ± 40
6118 ± 169
6080
G. ruber and G. sacculifer
7950 ± 40
8388 ± 166
8155
G. ruber
9620 ± 50
10433 ± 186
10548
G. ruber and G. sacculifer
12000 ± 60
13460 ± 204
13580
G. ruber, G. sacculifer, and
O. universa
13950 ± 80
16581 ± 374
16565
G. ruber and G. sacculifer

14

C lab code

Poz-40169
Poz-40170
Poz-40171
Poz-40173
Poz-40174
Poz-40175
Poz-40176

Depth
(cm)
0
8.75
67.5
132.1
191.2
217.2
247.2
285.2
322.6

Water
(wt. %)
58.2
57.3
54.2
55.2
53.9
48.5
43.9
37.0

Salt
(wt. %)
2.24
2.21
2.09
2.12
2.08
1.87
1.69
1.42

Sediment
(wt. %)
39.6
40.5
43.7
42.7
44.0
49.6
54.4
61.6

Porosity
(vol. %)
80.8
80.2
77.9
78.7
77.7
73.4
69.4
62.7

DBD
(g/cm3)
0.51
0.52
0.58
0.56
0.59
0.70
0.81
0.99

Sed. Rate
(cm/kyr)
104
55.9
30.3
20.8
12.5
12.5
12.5
12.5

MAR
(g/cm2/kyr)
52.6
29.3
17.7
11.2
7.39
8.82
10.2
12.4

a

A bottom water density of 1.027 g/cm3 and a sediment density of 2.65 g/cm3 were used to calculate porosity and Dry Bulk
Density (DBD).

Figure 2. Age model of core PS009PC. (a) Depth profile of excess 210Pb of box core PS008BC, including
horizontal error bars. (b) Constant Rate of Supply (CRS) age model, based on 210Pb data. Dashed lines indicate
correlation points of PS008BC to PS009PC and corresponding ages. (c) Final age model based on seven
calibrated 14C ages (triangles; horizontal error bars are indicated) and correlation of PS009PC to PS008BC
210
Pb age model for the top (circle). (d) Sedimentation rate (grey line) through time, by using the final age
model.
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Table 2. Data used to deduce the Mass Accumulation Rates (MAR’s)a.

The final age model for the upper 190 cm was constructed using the uppermost four samples
and a 2nd order polynomial best fit, with a fixed start at 1975 (i.e. -25 cal. yr BP) (Figure 2c).
The change in sedimentation rate is not only a result of different water contents, but also of
a change in mass accumulation rates (MAR’s) (Table 2). The increased MAR to the top is
thought to relate to gradually drier conditions in the Ethiopian Highlands, enhancing erosion
(see Box et al., 2011). A significant increase during the last ~2500 yr BP might be related to
extra soil erosion due to deforestation in the same region (Darbyshire et al., 2003). A linear
best fit was used to construct the age model of the samples from 191 to 323 cm, expressing the
relatively constant sedimentation rates in this core segment (Figure 2d). The age at 191 cm was
fixed to acquire a smooth flow from the top segment to the bottom segment of the age model.
Certain factors influence the accuracy of age models based on foraminiferal 14C measurements
(i.e. measurement uncertainties, depositional events, bioturbation, and variable reservoir ages).
Measurement uncertainties are inherent to the use of 14C for dating, and are in the order of
several decades for these samples (Table 1). Event related deposits are generally detectable in
sedimentology and/or geochemistry of core material and were not detected in this core. The
age effect of bioturbation on high sedimentation rate sites is limited (Siani et al., 2001), as
is also indicated by a poorly developed top mixed-layer in the 210Pb activity profile of core
PS009PC (Figure 2a). Moreover, during sapropel S1 formation bioturbation was probably
circumvented by the low oxygen concentrations of the eastern Mediterranean bottom water.
Understanding past variability in sea surface reservoir ages is crucial for a robust age model.
During the Holocene within the eastern Mediterranean sea surface reservoir ages stayed in
close agreement to the mid-latitudes of the Atlantic Ocean (Siani et al., 2001). Therefore,
calibration to the Marine ’09 dataset with a minor local reservoir correction seems correct in
our targeted time interval. Due to uncertainty within reservoir ages and tuning to the Marine
’09 curve the 2σ uncertainties of the calendar ages increase to ~150-200 years within the
Holocene (Table 1). Nevertheless, the final age model concords well to the 14C-based age
models from similar locations (e.g. Hamann et al., 2008; Castañeda et al., 2010), showing
relatively constant sedimentation rates during the early to middle Holocene and increasing
sedimentation rates during the late-Holocene.
As this study focusses on the Holocene, the samples in the time window 0-13 cal. kyr BP were
used for further analyses.
4.3.2

Geochemical analyses

The top 278 cm (≈ 13 kyr) of core PS009PC was subsampled with a 0.5-cm resolution
(average of ~23 yr per sample) for geochemical analysis. The bulk inorganic analyses for Al,
Ti, V, and Ba were made by X-ray fluorescence using glass beads at the Institute of Chemistry
and Biology of the Marine Environment (ICBM) in Oldenburg with a Philips PW 2400
X-ray spectrometer. An agate mortar was used for powdering and homogenizing of the freezedried samples. The samples (~700 mg per sample) were mixed with lithium tetraborate (4200
mg), pre-oxidized at 500 °C with ammonium nitrate, and subsequently fused to glass beads,
following the procedure of Schnetger et al. (2000). The analytical accuracy and precision, as
deduced from replicate analyses of international reference material and in-house standards,
was better than 2% for Al and Ti, and better than 6% for V and Ba.
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Samples were analyzed for total organic carbon content (Corg) at 2.5-cm resolution (0.5 cm
sample interval) for the depths from 0-185.5 cm (≈0-5.8 cal. kyr BP), and 259.5-278 cm
(≈11.5-13 cal. kyr BP). In the depth range 185.5-259.5 cm (≈ 5.8-11.5 cal. kyr BP ≈ ‘sapropel
period’), all samples (0.5-cm resolution) were analyzed. The samples were decalcified using
1 M hydrogen chloride (for details see Van Santvoort et al., 1996), and were subsequently
measured with a Fisons type NA 1500 NCS elemental analyzer. International reference
material and replicate standards show a precision and accuracy of <3%.
4.3.3

Globigerinoides ruber oxygen isotope analysis

To remove organic matter, the picked foraminifer tests were cleaned by the addition of ~10%
hydrogen peroxide (H2O2) for 20 minutes, with a 2 second sonification after 10 minutes. The
H2O2 was removed using a pipette and the sample was flushed once with deionized water.
Methanol (CH3OH) was added and after 10 seconds of sonification the liquid and fine
grained material was removed with a pipette. The tests were then rinsed again with deionized
water and dried for at least 24 hours in an active fume hood. The foraminifer tests were
crushed, mixed, and an amount of 20-60 μg was weighed before putting it into the Kiel-III
carbonate preparation device. After reaction of the carbonate with H3PO4 the stable isotope
values were measured with a Finnigan MAT-253 mass spectrometer at the University of
Utrecht. During the process 137 measurements of the NBS-19 standard were done with a
standard deviation of ± 0.06‰ for δ18O. The oxygen isotope measurements are reported in per
mil (‰) relative to the Vienna PeeDee Belemnite (VPDB).
4.3.4

Companion records for paleoenvironmental reconstructions

In order to investigate the global climatic controls on the observed paleoenvironmental
variability in the eastern Mediterranean, three globally relevant, high-resolution, paleoclimatic records were selected for comparison. The record of Ba/Ca in G. ruber tests from
core MD03-2707 taken in the Gulf of Guinea (Figure 1a) (Weldeab et al., 2007a) has been
reported to reflect hydrological conditions of the Atlantic Ocean-derived West African
Monsoon (WAM). Contrarily, the δ18Ospeleothem record from the Qunf cave in Oman record
has been suggested to represent the intensity of the Indian Ocean-derived Southwest Indian
summer Monsoon (SIM) (Figure 1a) (Fleitmann et al., 2003). Variations in solar output has
been claimed to be one of the main drivers of multi-centennial climatic variability in the
Holocene (e.g. Bond et al., 2001; Fleitmann et al., 2003; Wang et al., 2005). The tree-ring
based Δ14C residual record (Δ14Cres) mainly reflects variability in the strength of the solar wind
(Stuiver and Braziunas, 1993). The Δ14Cres record (Stuiver et al., 1998) has, therefore, been used
as a proxy for solar output intensity.
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Approximately half of the subsampled material (sampled at a 0.5-cm resolution) was used for
oxygen isotope analyses on foraminifers, combining two consecutive samples, thus resulting in
a 1-cm resolution. The foraminifer sediment samples were first washed with deionized water
over a 63 μm and 150 μm sieve. The remaining fractions were then oven-dried and dry sieved.
Approximately 20-30 tests/sample of the sea surface dwelling foraminifer Globigerinoides ruber
(white) were handpicked. To obtain a sufficient quantity of G. ruber tests for samples above
173 cm a 212-300 μm size range was used. For samples deeper than 173 cm (≈ 5.1 cal. kyr BP)
a narrower size range of 250-300 μm was used.

4.3.5

Data processing and wavelet analysis

In order to focus on multi-centennial time-scale variability in selected time series, low
frequency variability in our data was removed by applying a notch-filter (‘band-stop’; frequency
= 0.0 and band width = 0.3 kyr). The notch-filter removed wavelengths >3.333 kyr. Filtering
was done by using the AnalySeries program (Paillard et al., 1996). Furthermore, the proxy
records were detrended and the mean was subtracted for an optimal comparison between all
records.
In order to explore the frequency variability over time a Continuous Wavelet Transform
(CWT) was performed, using a Morlet wavelet, within the PAST software package (Hammer
et al., 2001). Before analysis the proxy records were filtered, as detailed above, and resampled
at a continuous and higher 1-year resolution to maintain all available frequency data within all
proxy records.
The outcome of the CWT was used to select the window width (1005 years) for a running
correlation procedure. Data points in the running correlation represent a linear correlation
magnitude (Pearson’s R) between two time series within a window of 1005 years centered
at that specific data point. Running correlations, relative to the Δ14Cres record (Stuiver et
al., 1998), were performed between the WAM record (Weldeab et al., 2007a), SIM record
(Fleitmann et al., 2003), and δ18Oruber (this study). We have focused on multi-centennial
variability by applying filtering as above and applying an additional low pass filter with a cutoff at 256 years for smoothing (resulting in an overall band-pass filter of all records between
0.256-3.333 kyr) within the AnalySeries program (Paillard et al., 1996).

4.4

Results

4.4.1

General trends in the Holocene proxy records of PS009PC

The G. ruber oxygen isotope record from core PS009PC shows a shift from enriched δ18Oruber
values (~2.5 ‰) around 12.5 cal. kyr BP to a much more depleted δ18Oruber value of -1.26 ‰
at ~9.5 cal. kyr BP (Figure 3a). Thereafter, the record shows a long term trend from ~9.5 cal.
kyr BP to present of gradually more enriched values. The Ti/Al record of PS009PC shows a
similar evolution to that of δ18Oruber, with a rapid decrease from 12.5 cal. kyr BP to 9.5 cal. kyr
BP, followed by a gradual increase towards the present (Figure 3b).
The Corg, Ba/Al, and V/Al records are dominated by the presence of sapropel S1 from ~10.16.5 kyr BP (Figures 3c, 3d, and 3e), and therefore their general trends contrast markedly with
δ18Oruber and Ti/Al. The S1 interval shows high Corg, high Ba/Al, and high V/Al, with an
interruption around ~8.2-7.9 cal. kyr BP splitting the sapropel S1 into respectively an “S1a”
and “S1b” segment (Figures 3c, 3d, and 3e). The interruption displays Corg and V/Al similar
to non-sapropel values. Ba/Al is also depleted in the interruption, but remains elevated with
respect to non-sapropel values.
4.4.2

Short timescale variability in the Holocene proxy records of PS009PC

Multi-centennial variability is observed in the δ18Oruber record throughout the Holocene, and
in the Corg, Ba/Al, and V/Al records during sapropel S1 (Figures 3a, 3c, 3d and 3e). During
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the S1 interval, many of the multi-centennial features appear to be coincident for all proxies.
Five negative δ18Oruber excursions, including one pronounced excursion at the onset of S1, are
reproduced in the Corg, Ba/Al, and V/Al records (Figures 3a, 3c, 3d and 3e). However, the clear
mid-sapropel interruption observed in Corg, Ba/Al, and V/Al is accompanied by only a minor
positive excursion in δ18Oruber (~0.3‰).

4.5

Discussion

4.5.1

Nile discharge and moisture sources during the early to middle Holocene

G. ruber is abundantly found in core PS009PC throughout the Holocene. The modern day
Mediterranean G. ruber has its peak abundance during the late summer around August. It
prefers to live in the upper 50 meter of the water column during summer and in the upper
100 meter during winter (Pujol and Grazzini, 1995). G. ruber is known for its resistance to
freshwater disturbances, being one of the most euryhaline foraminifer species, capable to
inhabit freshwater lenses (e.g. Schmuker and Schiebel, 2002). The average yearly peak of Nile
discharge is in August (Williams et al., 2006 and references therein). The basin-wide peak
abundance of G. ruber thus appears to coincide with, but not to be directly related to, the peak
of Nile discharge.
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Figure 3. Results of core PS009PC (a) δ18Oruber (b) Ti/Al (note descending axis) (c) Total organic carbon
concentrations (d) Ba/Al (e) V/Al. Grey shaded areas indicate period of sapropel S1 formation, while S1a and
S1b are also specified.

In general, the δ18O of foraminiferal calcite is controlled by temperature dependent isotopic
fractionation between water and calcite, and by the isotopic composition of seawater. The
latter is influenced by ice volume, freshwater input, and evaporation/precipitation (e.g.
Rohling and Bigg, 1998). Alkenone derived sea surface temperatures indicate relatively
constant temperatures throughout the Holocene in the eastern Mediterranean (Essallami et
al., 2007; Almogi-Labin et al., 2009; Castañeda et al., 2010). Typical eastern Mediterranean
δ18Oruber records during the Holocene will therefore mainly document seawater δ18O changes
influenced by the large scale evaporation/precipitation budget if not influenced by major
river systems. Earlier work has shown that the Holocene δ18Oruber records from our core
area differ from typical eastern Mediterranean δ18Oruber data (Fontugne and Calvert, 1992;
Fontugne et al., 1994; Almogi-Labin et al., 2009). Fontugne et al. (1994) show that in the
Israeli coastal area the δ18Oruber values are up to >1.3 ‰ more depleted during sapropel S1
formation getting progressively more enriched to the west. These authors indicate that Nile
River water was driven towards the east during sapropel S1 formation as in present sea surface
circulation. The PS009PC δ18Oruber most depleted value of -1.26 ‰ is in line with the study
of Fontugne et al. (1994) and confirms their statement that δ18Oruber is more depleted when
compared to other eastern Mediterranean records (e.g. De Lange et al., 2008) throughout the
Holocene. Correspondingly, significant more depleted δ18Oruber values were documented in the
Israeli coastal area compared to the northern Levantine basin (up to 1.3 ‰) during most of
the Holocene (Almogi-Labin et al., 2009). They dedicate this gradient mainly to Nile River
water influencing the southeast Levantine Basin. This confirms that the Holocene δ18Oruber
record from this location primarily reflects changes in isotopically light Nile discharge, which
regulated local seawater δ18O in this part of the Levantine basin.
The general trends in our δ18Oruber record are similar to those observed in previously published
archives of WAM (Weldeab et al., 2007a, 2007b) and SIM (Fleitmann et al., 2003) strength,
supporting our hypothesis that δ18Oruber primarily reflects Nile discharge (Figures 4a, 4b, and
4d). These records show evidence for an increase in monsoon strength during the transition
from the Younger Dryas to the Holocene Climatic Optimum. This is followed by a more
gradual decline in monsoon strengths towards the late-Holocene, which is likely a response to
the gradual declining insolation at 30°N (Fleitmann et al., 2003; Laskar et al., 2004) (Figure
4c). WAM peaked earlier (~11.3 cal. kyr BP) than SIM strength (~9.4 cal. kyr BP). Our
δ18Oruber record also shows maximum Nile discharge close to 9.4 cal. kyr BP, suggesting the
dominance of Indian Ocean derived moisture on Nile discharge during the early to middle
Holocene (see also Hamann et al., 2009).
The dominance of Indian Ocean moisture on Nile discharge during the early to middle
Holocene seems to be related to the northerly position of the ITCZ, but this influence may
have expressed itself in various ways. Firstly, direct penetration of Indian Ocean air masses
through the Ethiopian Highlands into the Blue Nile/Atbara watersheds may have been
greater. This scenario is supported by generally more depleted δ18ONile values during this
time period (Abell and Hoelzmann, 2000; Rodrigues et al., 2000), as expected from moisture
transported across the Ethiopian Highlands (Kebede and Travi, 2012). Secondly, Lake Turkana
was connected to the Nile via the Sobat River until ~5.3 cal. kyr BP (Garcin et al., 2012).
Thus, at this time the land surface area with Indian Ocean influence to the Nile catchment
was larger than today. Finally, prolonged, strong positive phases of the Indian Ocean Dipole
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(IOD) (Saji et al., 1999) during the early to middle Holocene (Abram et al., 2007) may have
increased the moisture transport from the Indian Ocean onto the African continent.
Considering the effect of direct penetration of Indian Ocean moisture through the Ethiopian
Highlands, it should be noted that part of the depletion we observe in early to middle
Holocene δ18Oruber may have related to variability in the oxygen isotopic composition of
the Nile water itself (δ18ONile). The average δ18O value of precipitation in the modern Nile
catchment during August is approximately -1 to -2 ‰ (http://www.WaterIsotopes.org, e.g.
Bowen & Wilkinson, 2002). However, values for cellulose inferred oxygen isotopes of Lake
Victoria (Beuning et al., 2002), for ‘fossil’ water in aquifers in northwest Sudan (Abell and
Hoelzmann, 2000), and for northwest Sudan shell material (Rodrigues et al., 2000) all show
a relative depletion in oxygen isotope values of approximately -7 to -10 ‰ during the early
to middle Holocene. Nevertheless, the clear co-evolution of Ti/Al and δ18Oruber (see Section
4.5.2) indicates that δ18Oruber was not just an expression of variability in changing precipitation
sources affecting δ18ONile, but primarily of variability in the quantity of Nile discharge.
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Figure 4. (a) Ba/Ca in G. ruber tests of core MD03-2707 in Gulf of Guinea (higher Ba/Ca values indicate
stronger WAM) (Weldeab et al., 2007a). (b) δ18Ospeleothem record from Qunf cave, Oman (more depleted
δ18Ospeleothem relate to a stronger SIM) (Fleitmann et al., 2003). (c) June-July-August insolation at 30°N (Laskar
et al., 2004). (d) δ18Oruber of core PS009PC (this study). (e) Ti/Al of core PS009PC (note descending axis). All
data are three-point moving averages. Grey shaded areas indicate periods of Younger Dryas (YD) and sapropel
S1 formation, while S1a and S1b are also specified (based on data from Figure 3). Vertical dotted line marks
period of maximum WAM (based on G. ruber Ba/Ca of MD03-2707).

4.5.2

Inorganic geochemical proxies of paleo-environmental conditions (Ti, Ba, and V)

Variability in Ti/Al has generally been interpreted as representing the relative contribution
of aeolian input (high in Ti) in the eastern Mediterranean, especially for distal marine
sediments (Wehausen and Brumsack, 2000; Lourens et al., 2001). Nevertheless, sedimentary
Ti/Al increases from west to east in the eastern Mediterranean, possibly due to an increase
in material from Ti-rich basalts (Wehausen and Brumsack, 2000). Today, approximately 97
% of the main Nile sediment is derived from weathering and erosion of Miocene-Pliocene
basalts in the Ethiopian Highlands, and transported through the Blue Nile and Atbara rivers
to the eastern Mediterranean (Foucault and Stanley, 1989). The Nile Ti/Al end-member
(~0.19) has been observed to be even higher than that of Saharan dust (~0.11) (Krom et al.,
1999). Since the sediments in PS009PC are dominated by Nile material, the Ti/Al record
likely reflects variability in contribution of White Nile versus Blue Nile/Atbara sediment and
in particular erosion rates in the Ethiopian Highlands. These have been reported to increase
during drier periods, due to reduced vegetation cover (Krom et al., 2002; Box et al., 2011).
Hence, the generally depleted Ti/Al values in our record observed during the African Humid
Period (AHP; ~11-5 cal. kyr BP) are thought to represent reduced erosion in the Ethiopian
Highlands at this time (Figure 4e). This concords well with the general trend of δ18Oruber
(Figure 4d), implying that increased Nile discharge occurred simultaneously with decreased
erosion in the Blue Nile catchment during the early to middle Holocene. Nevertheless, multicentennial variability is not well expressed in Ti/Al, which might indicate a buffered response
of vegetation cover to precipitation in the Ethiopian Highlands on these timescales.
Three main barium sources may contribute to Ba concentrations in sediments, namely
biogenic barite (BaSO4), Ba in aluminosilicates, and Ba associated with Mn/Fe oxides (e.g.
Schenau et al., 2001). Barium in the eastern Mediterranean has primarily been used as a proxy
for paleo-(export) productivity, showing generally a Ba (barite) enrichment during sapropel S1
deposition (e.g. Thomson et al., 1995; Van Santvoort et al., 1997; Wehausen and Brumsack,
1999; Mercone et al., 2000; Jilbert et al., 2010). The Ba enrichment has been shown to be
proportional to the initial organic carbon (Corg) accumulation rate during sapropel formation
(Van Santvoort et al., 1997; Thomson et al., 1999; De Lange et al., 2008). Hence, the Ba/
Al enrichment during the S1 interval in PS009PC confirms that export productivity was
enhanced in the Levantine basin at this time (Figure 3d), showing a close correspondence to
Corg (Figure 3c).
The redox sensitive element vanadium has been reported to be enriched in sediments
deposited under reducing conditions, as in sapropels (e.g. Thomson et al., 1995; Nijenhuis et
al., 1999; Warning and Brumsack, 2000; Jilbert et al., 2010). Generally, it has been observed
that V is transformed from dissolved to solid species at specific redox potential thresholds at
the sediment–water interface (Emerson and Huested, 1991). The dissolution/precipitation
of redox sensitive elements can be diagenetically redistributed through post-depositional
oxidative alteration of these elements after reventilation of the water column (Thomson
et al., 1995). This diagenetic oxygen penetration effect (‘burn-down’) of sapropels is mainly
dependent on sediment accumulation rates, and less on bioturbation (Van Santvoort et al.,
1996). For this core locality, being a very high sedimentation rate site (on average ~21 cm
kyr-1) compared to other eastern Mediterranean sites (2-3 cm kyr-1), downward oxidation is
negligible. Therefore, a relatively pristine vanadium distribution is observed which confirms
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that relatively reducing conditions were present throughout much of the S1 interval (Figure
3e).
4.5.3

Solar-forced multi-centennial variability in Nile discharge

The multi-centennial variability observed in our δ18Oruber-derived Nile discharge record shows
a strong resemblance to the atmospheric Δ14Cres record throughout the Holocene (Figures 5a
and 5b). A running correlation analysis of the two records confirms their similarity during the
early- to middle-Holocene S1 interval (Figure 6b). A consistent positive correlation between
PS009PC δ18Oruber and Δ14Cres occurs during the early to middle Holocene, implying that Nile
discharge increases when solar activity increases.

Chapter 4

To assess the mechanisms of solar forcing on Nile discharge for these timescales, we also
performed running correlation analyses between the Δ14Cres record and the records of WAM
and SIM strength (Figure 6b). The Oman δ18Ospeleothem has previously been interpreted to be
influenced by solar forcing from ~8 cal. kyr BP (Fleitmann et al., 2003). Our analysis shows
that δ18Ospeleothem indeed displays temporally intermittent correlations with Δ14Cres from ~8
cal. kyr BP. Meanwhile, the WAM record shows only occasional correlation with Δ14Cres
throughout the studied interval. The more prevalent solar signals in the SIM, relative to
the WAM, record support our claim that Nile discharge was strongly influenced by Indian
Ocean moisture during the early to middle Holocene. In addition, it indicates that solar-

Figure 5. Comparison of (a) Atmospheric Δ14Cres used as proxy of solar variability (more negative values relate
to increased solar activity) (red) (Stuiver et al., 1998). (b) PS009PC δ18Oruber (blue). (c) PS009PC Ba/Al. (d)
PS009PC V/Al. PS009PC data has been detrended and notch-filtered (see Section 4.3.5). All data are threepoint moving averages. Grey shaded areas indicate period of sapropel S1 formation, while S1a and S1b are also
specified. The periods of simultaneous relatively higher Ba/Al, higher V/Al, and more negative δ18Oruber, during
sapropel S1 formation, are marked I-V.
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Figure 6. (a) Wavelet analyses of time series. Top to bottom: Atmospheric Δ14Cres relative to PS009PC δ18Oruber,
Ba/Al, and V/Al records (all detrended and notch-filtered). See Section 4.3.5 for further details on wavelet
analysis. Black horizontal dashed lines mark periods of relatively strong power in Δ14Cres, δ18Oruber, Ba/Al,
and V/Al in the ~500 yr to ~1000 yr band (arbitrary). The cone of influence, under which boundary effects
might become an issue (Hammer et al., 2001), is indicated by solid red line in each wavelet. (b) Comparison of
detrended and filtered data (0.256-3.333 kyr) of the time series. Top to bottom: Solar activity Δ14Cres (Stuiver
et al., 1998), PS009PC δ18Oruber (this study), Gulf of Guinea G. ruber Ba/Ca (Weldeab et al., 2007a), and
Oman δ18Ospeleothem (Fleitmann et al., 2003). Results of a running correlation are indicated in the same color
(window width = 1005 yr, shift increment = 5 yr) of the ‘monsoon’ time series to Δ14Cres. The 99% confidence
threshold is indicated by black horizontal dashed lines (note that these are sensitive to the resampling). The
asterisk indicates that the running correlation of the Gulf of Guinea G. ruber Ba/Ca has a reversed y-axis;
for this record a negative correlation indicates a high coherence between increased solar activity and increased
‘monsoon’ activity. The periods of simultaneous higher Ba/Al, higher V/Al, and negative G. ruber oxygen isotope
values, during sapropel S1 formation in core PS009PC, are marked I-V (based on Figure 5).
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driven variability in Indian Ocean-derived moisture on multi-centennial timescales dictated
Nile discharge. However, it is surprising that the correlation between Nile discharge and solar
output is so consistent, when the record of SIM strength shows only intermittent correlation
to Δ14Cres. We suggest that our Nile discharge record faithfully represents solar forcing,
while the Qunf cave SIM record may be partly influenced by other factors dampening the
solar signal. The Qunf δ18Ospeleothem record has been proposed to be influenced by Eurasian
snow cover before ~8 cal. kyr BP (Fleitmann et al., 2003), which interfered with continentocean pressure gradients and potentially restricted the transmission of the monsoon onto the
Arabian peninsula (Barnett et al., 1988; Overpeck et al., 1996).

4.5.4

Variable Nile discharge and sapropel S1 formation

The start of sapropel S1 at ~10.1 cal. kyr BP coincides with an increase of Nile discharge (shift
to depleted δ18Oruber, Figures 3a, 3c, and 3d) and with a shift to maximum activity of the SIM
during the early Holocene (Fleitmann et al., 2003) (Figure 4b). This correspondence may
indicate that the increasing influence of Indian Ocean-derived moisture, transmitted through
the River Nile, was an important final trigger for the onset of sapropel S1 formation (see also
Marino et al., 2009).
Furthermore, throughout S1, Nile discharge (δ18Oruber) varies simultaneously on multicentennial timescales with (export) productivity (Ba/Al), and bottom water redox conditions
(V/Al) (Figure 5b, 5c, and 5d). Five distinct intervals of increased Nile discharge, increased
(export) productivity, and increased anoxia are observed at ~9.7, ~9.1, ~8.6, ~7.7, and ~6.6 cal.
kyr BP. Wavelet analysis confirms that these three parameters also show similar spectra to that
of Δ14Cres, with cyclicity in 500-1000 year band (Figure 6a). Hence, it appears that solar-driven
variability in Nile discharge also controlled the intensity of sapropel formation in the southeast
Levantine basin on these timescales.
Increased Nile discharge may be expected to bring more nutrients to the Levantine basin,
increasing (export) productivity, thus also decreasing bottom water oxygen content through
organic matter decay (Rohling and Hilgen, 1991; De Lange et al., 2008). However, decreased
ventilation (forced by an increased Nile outflow) would also decrease the bottom water oxygen
content (Rossignol-Strick et al., 1982; Rohling, 1994; De Lange et al., 2008). Core PS009PC
is taken at a depth of 552 meters, close to the lower boundary of the LIW today (Schilman et
al., 2003). The impact of Nile discharge on LIW formation has been indicated by modeling
results which show that construction of the high Aswan Dam increased LIW formation by
30 % due to the effect on salinity in the eastern Mediterranean (Skliris and Lascaratos, 2004).
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The influence of solar variability on the Indian Ocean monsoon has been shown by studies of
modern meteorological datasets (Kodera, 2004) and inferred from climate reconstructions of
the Holocene (e.g. Neff et al., 2001; Gupta et al., 2005). The solar influence is mainly expressed
through stratospheric conditions, which modulate equatorial tropospheric upwelling and thus
the convective activity over the Indian Ocean sector (see Kodera, 2004; Gupta et al., 2005).
Solar activity has been characterized by higher-amplitude variability in the interval ~11 to ~8
cal. kyr BP than averagely observed during the Holocene (Solanki et al., 2004). Thus, the solar
influence on Indian Ocean-derived precipitation in the Nile catchment (and hence Nile River
discharge), may well have been larger during the early to middle Holocene.

Hence, periods of increased Nile discharge may have decreased LIW formation, and vice
versa, influencing the residence time of water masses at the coring site. Nile discharge could,
therefore, plausibly influence both productivity and ventilation on multi-centennial timescales.
Solar forcing of ventilation of the eastern Mediterranean during S1 has been reported
previously for a deep (3400 m water depth) Ionian site ( Jilbert et al., 2010), implying that the
influence of variable Nile discharge, and the underlying Indian Ocean monsoon influence, may
have been more far-reaching than the Levantine basin alone. However, an interesting finding
is the consistent coupling between export productivity (Ba/Al) and redox conditions (V/Al)
on multi-centennial timecales in PS009PC. Partial decoupling of these parameters, especially
at very short (multi-decadal) timescales, was observed by Jilbert et al. (2010) in the Ionian
Sea. This contrast may be partly attributed to the differing controls on ventilation of the deep
eastern Mediterranean with respect to the Levantine basin. At deeper sites the hydrology
of northern Mediterranean sub-basins (and higher latitude climate) play an important role
in controlling ventilation rates, through their influence on EMDW formation (Rohling et
al., 2002b; Marino et al., 2009; Jilbert et al., 2010), but do not necessarily regulate nutrient
availability in the open eastern Mediterranean. Meanwhile, in the southeast Levantine basin
the Nile dominates both direct nutrient availability and ventilation through LIW formation.
The interruption in sapropel formation at ~8.1 cal. kyr BP is distinct from the multi-centennial
variability marked I-V in Figure 5 and was also found in this area by Almogi-Labin et al.
(2009) and is more often documented in eastern Mediterranean cores (e.g. Casford et al.,
2003). A relatively minor positive excursion in δ18Oruber is observed in core PS009PC, while
variability in Ba/Al (and Corg) and V/Al are relatively large. Although Nile discharge was
reduced, it seems not to be the main cause of this event. During this event surface water
cooling has been observed in both Aegean and Adriatic Seas (De Rijk et al., 1999; Rohling
et al., 2002b). Both basins are important for EMDW formation (Schlitzer et al., 1991;
Roether et al., 1996). This cooling event can tentatively be correlated to the well-studied ~8.2
kyr BP cooling event in the Northern Hemisphere (Rohling and Pälike, 2005). In our data,
Ba/Al remains relatively high compared to pre/post-S1 values, while Corg and V/Al show
similar values to the pre/post-S1 intervals (Figure 3c, 3d, and 3e). This implies that export
productivity remained relatively high during the interruption, while redox conditions became
fully oxic, leading to efficient remineralization of newly-deposited Corg. A rapid increase in
ventilation seems the likeliest explanation for this anomalous event, possibly driven by severe
winter cooling of SST’s in the northern part of the eastern Mediterranean (Casford et al.,
2003). This shows that the predominant control on variability within the sapropel in the study
region is Nile discharge, but that this variability is also influenced by major contributions from
northern climate regimes.

4.6

Conclusions

Our δ18Oruber record from a high-sedimentation rate site in the southeast Levantine basin may
be one of the best records yet presented of Nile discharge during the early to middle Holocene,
showing significant variability in Nile discharge on (multi-)centennial time scales. The earlyHolocene shift to maximum Nile discharge, at ~9.5 cal. kyr BP, correlates with the Southwest
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Indian summer Monsoon record, which is fueled by Indian Ocean moisture. However, this
does not correlate with the Atlantic Ocean-derived West African Monsoon with its maximum
at ~11.3 cal. kyr BP. This finding implies that during this time the Indian Ocean was the
predominant moisture source for Nile outflow, whereas today the Atlantic Ocean is the
main source. The stronger influence of Indian Ocean-derived moisture made Nile discharge
susceptible to solar-forced variability in Indian Ocean monsoon strength, leading to large
variability in Nile discharge on multi-centennial time scales. This variability in Nile discharge
also influenced (export) productivity and redox conditions in the southeast Levantine Sea
during the formation of sapropel S1, by modulating nutrient inputs and intermediate water
ventilation.
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Chapter 5
Integral view of Holocene precipitation and vegetation
changes in the Nile catchment area as inferred from its delta
sediments
Rick Hennekam, Timme H. Donders, Karin Zwiep, and Gert J. de Lange
(In Revision for Quaternary Science Reviews, as part of a Quaternary Nile Special Issue)

We compare geochemical and pollen data of several well-dated, high-resolution cores to
provide an integral Holocene picture of Nile outflow, sedimentation, and vegetation in and
around the Nile delta. We show that the focus point of the Nile plume varied considerably,
as indicated by planktonic foraminifer Globigerinoides ruber oxygen isotopes tracing Nile
discharge differences in an east-west delta transect. At 13 – 11.5 cal. kyr BP, Nile discharge
was low and runoff was predominantly directed to the western part of the delta. Sediment
material arriving in the delta during that period was dominated by Ethiopian Highland (~Blue
Nile) material, shown by high Ti/Al values of the bulk sediment, indicating dry conditions
in the source area of the Blue Nile. Nile discharge increased from ~11.5 cal. kyr BP, and was
high across the whole delta from ~10 – 6.5 cal. kyr BP. During this time the Ti/Al values
decreased within most Nile-delta sediments, suggesting that the relative contribution of
Blue-Nile sediment decreased. This was likely due to an increased vegetation cover causing
diminished erosion in the Ethiopian Highlands. Nile discharge gradually decreased from ~6.5
cal. kyr BP to present. This decrease was more abrupt in the Western Province of the delta
and became more gradual towards the east as the shrinking Nile runoff was directed there.
The gradual decrease in precipitation in the Nile catchment area seems not to be matched by
a gradual response in vegetation growing around the river plain in the lower Nile catchment.
This suggests a nonlinear response of northeast African vegetation to precipitation from the
middle to late Holocene.
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Abstract

5.1

Introduction

The River Nile traverses the entire northeast African continent (Figure 1a). Nile delta
sediments play, therefore, a key role for reconstructions of northeast African climate. They
record the catchment-wide effects of variability in the position of Intertropical Convergence
Zone (ITCZ) and its associated precipitation (Chapter 4; Blanchet et al., 2013; Revel et al.,
2014; Weldeab et al., 2014). These reconstructions of the climatic change in the catchment
have been based on sediments from the Western-, Central-, and Eastern Provinces in the Nile
delta. However, the consistency of these records has not been verified.
Deep-sea fan deposits show that the activity of Nile channel systems and related sediment
deposition may have considerably varied over the course of the Holocene (Ducassou
et al., 2009). Most Nile sediment is presently deposited in the southeast corner of the
Levantine basin as the material is directed there by prevailing currents (Krom et al., 1999)
(Figure 1b). This was probably similar in the early to middle Holocene as Nile discharge
seemed also directed towards the same area then (Fontugne et al., 1994). These southeast
Levantine sediments allowed, therefore, continuous, high-resolution reconstructions of Nile
sedimentation and discharge during the Holocene (Chapter 4; Hamann et al., 2008; Weldeab
et al., 2014). Nevertheless, sediments from the western side of the Nile delta were also used
to make detailed reconstructions of especially the early to middle Holocene when high
sedimentation rates were present in that area (Revel et al., 2010, 2014; Blanchet et al., 2013).
Clearly, Nile sedimentation, and by inference associated discharge, varied spatially during the
Holocene. Our aim is to study this spatial variability across the Nile delta by looking at a westeast transect of a selection of high-resolution Holocene records, and assess the consistency of
the climatic and depositional history of Nile delta and catchment throughout the Holocene.
We focus on cores that have good age control, comparable high-resolution datasets, and which
are representative for a specific Nile Delta Province. Data is presented for cores PS009PC
(Chapter 4) and MS21PC (this study), representing respectively the (Far-)Eastern Province
and Central Province of the Nile prodelta (Figure 1b). Published data from core MS27PT
(Revel et al., 2010, 2014) is used to capture variability in the Western Province of the delta
(Figure 1b). Hence, we will also briefly discuss the data of MS27PT in our results to provide a
complete overview of the Holocene Nile delta development from west to east.
We use several proxies to reconstruct the paleoenvironmental conditions. Oxygen isotopes of
planktic foraminifer Globigerinoides ruber (δ18Oruber) are used to indicate differences in Nile
outflow across the Nile delta. Ti/Al of bulk sediment, along with sedimentation rates, are
used to define sources of fluvial sediment material and to observe sedimentation variability in
the Nile delta. Total organic carbon (Corg), organic carbon isotopes (δ13Corg), δ13C of G. ruber
(δ13Cruber), and pollen are studied to investigate the effects of variability in Nile discharge on
productivity in the Mediterranean, and variability in precipitation on terrestrial vegetation in
and around the Nile River.
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Figure 1. Location of studied cores. (a) Map of Africa showing the Nile River. (b) Nile delta and the cores of
interest. Core MS27PT was studied in Revel et al. (2010, 2014). Also shown is Sr-isotopes-based percentages
of Nile particulate matter in the Levantine surface sediments (Krom et al., 1999).

Materials and Methods

Piston core MS21PC (32°20.7’N, 31°39.0’E; 1022 m water depth; 752 cm in length) was
recovered from the Central Province of the Nile delta during the MIMES cruise with R/V
Pelagia in 2004 (Figure 1b). The top ~138 cm of the core was sliced in a 0.5-cm resolution,
which comprises the last ~13 kyr, for further geochemical and palynological analyses. The data
of core PS009PC (552 m water depth; 32°07.7’N, 34°24.4’E) were partly published elsewhere
(Chapter 4; Mojtahid et al., 2015; Van Helmond et al., 2015) and we have added δ13Corg data
to this extensive dataset. We focus on the top ~278 cm in core PS009PC, representing ~13 kyr.
The chronological frameworks for cores MS21PC and PS009PC are based on 14C
measurements of mixed planktonic foraminifer material done at the Poznań Radiocarbon
Laboratory in Poland (Table 1). The calibrated ages for MS21PC and PS009PC are calculated
against the marine calibration curves in respectively the Calib 7.0.2 (Stuiver and Reimer, 1993)
and OxCal 4.1.7 (Ramsey, 2009) programs, using a local reservoir correction of 21 ± 63 year
based on measurements of recent shell material in the eastern Levantine basin (Reimer and
McCormac, 2002; Boaretto et al., 2010). The final age model of core MS21PC is constructed
by using a linear fit of the top 18.5 cm and a third-order polynomial fit for the deeper samples
(18.5 – 143 cm; Figure 2). The final age model of core PS009PC is based on a second-order
polynomial fit for the top samples (0 – 190 cm) and a linear fit in the deeper part (191 – 323
cm; Figure 2) (Chapter 4).
Stable isotope analyses on G. ruber carbonate tests were done for MS21PC and PS009PC
(Chapter 4; Mojtahid et al., 2015). Approximately 20-30 tests were picked from the 250300 μm size range. For PS009PC a 212-300 μm size range was used for the interval from
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5.2

Table 1. The 14C data used to construct the age models for cores PS009PC (Chapter 4) and MS21PC for the
13 kyr interval presented in this study.
Core
PS009PC
PS009PC
PS009PC
PS009PC
PS009PC
PS009PC
PS009PC
MS21PC
MS21PC
MS21PC
MS21PC
MS21PC
MS21PC

Depth
(cm)
67.5
132.1
191.2
217.2
247.2
285.2
322.6
18.5
38.5
58
86
121
142

14
C age
(kyr BP) ± 2σ
1.69 ± 0.03
3.32 ± 0.03
5.75 ± 0.04
7.95 ± 0.04
9.62 ± 0.05
12.00 ± 0.06
13.95 ± 0.08
3.64 ± 0.04
6.33 ± 0.05
7.85 ± 0.05
9.11 ± 0.05
10.54 ± 0.05
11.86 ± 0.07

Calendar age
(cal. kyr BP) ± 2σ
1.20 ± 0.15
3.14 ± 0.19
6.12 ± 0.17
8.39 ± 0.17
10.43 ± 0.19
13.46 ± 0.20
16.58 ± 0.37
3.53 ± 0.18
6.77 ± 0.20
8.29 ± 0.17
9.83 ± 0.27
11.68 ± 0.35
13.30 ± 0.18

Final age model age
(kyr BP)
1.11
3.24
6.08
8.15
10.55
13.58
16.56
3.59
6.58
8.40
9.90
11.57
13.35

14

C lab code

Poz-40169
Poz-40170
Poz-40171
Poz-40173
Poz-40174
Poz-40175
Poz-40176
Poz-55166
Poz-55167
Poz-55168
Poz-55169
Poz-55170
Poz-55172

Figure 2. Final age models of cores PS009PC (grey)
and MS21PC (black). Age model for the last 13 kyr
in core PS009PC is based on seven calibrated 14C
ages (white circles). Age model for the last 13 kyr in
core MS21PC is based on six calibrated 14C ages
(black squares). Horizontal error bars are indicated.
The top of core PS009PC was dated by correlation to
a 210Pb-dated box core (PS008BC) taken at the same
locality (see Chapter 4).

173 cm (≈5.1 cal. kyr BP) to the top to have a sufficient amount of G. ruber in that interval.
Approximately 20-60 μg of sample was analyzed with a Kiel-III carbonate preparation
device connected to a Finnigan MAT-253 mass spectrometer, after cleaning (with H2O2 and
CH3OH) and crushing of the tests. The average standard deviation was 0.04 ‰ and 0.06 ‰
for δ13C and δ18O respectively, based on regular measurement of the NBS-19 standard. All
δ13Cruber and δ18Oruber values are reported relative to the Vienna PeeDee Belemnite (VPDB).
MS21PC bulk geochemistry was measured by Inductively Coupled Plasma-Optical Emission
Spectroscopy at Utrecht University after a routine total digestion (in an HClO4-HNO3-HF
acid mixture) of the sediment samples. The inorganic geochemistry for PS009PC sediments
was done by X-Ray Fluorescence on fused glass beads at the Institute of Chemistry and
Biology of the Marine Environment in Oldenburg (Chapter 2; Chapter 4). The analytical
accuracy and precision, determined by repeated measurements of international and in-house
reference materials, was for Al and Ti better than 4 %.
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Corg measurements were performed at Utrecht University for sediment samples from cores
MS21PC and PS009PC (Chapter 4). First, the carbonates were removed by HCl extraction.
Subsequently, samples were measured for Corg content with a Fisons NA1500 NCS elemental
analyzer. During the measurement process regular measurement of the Nicotinamide standard
showed an average precision and accuracy better than 3 %. Corg isotope (δ13Corg) analyses were
performed on selected aliquots of sediment samples from which carbonates were removed.
Analyses were done on a Fisons NA1500 NCS elemental analyzer coupled to a Thermo
Delta Plus XL isotope ratio mass spectrometer. The precision was <0.15 ‰ for all δ13Corg
measurements, as indicated by regular measurement of the Nicotinamide standard. All δ13Corg
values are reported relative to the VPDB.

5.3

Results

5.3.1

Proxies of Nile discharge and sedimentation in the delta

All records show a shift from enriched δ18Oruber values (~2 ‰) in the Younger Dryas to
more depleted values (-0.5 to -1 ‰) between 10 – 9 cal. kyr BP (Figure 3a). Subsequently,
the records show considerable dissimilarities in trends. The PS009PC δ18Oruber record in the
Eastern Province shows a rather gradual enrichment of δ18Oruber through the Holocene, and
remains from 6.5 cal. kyr BP more depleted than δ18Oruber in the other records. MS21PC
δ18Oruber enrichment occurs especially from ~6 – 5 cal. kyr BP (~1 ‰ shift) and stays relatively
unchanged through the rest of the Holocene. For MS27PT, in the Western Province, the
δ18Oruber record (Revel et al., 2010, 2014) shows a large enrichment from ~7 – 6 cal. kyr BP
(~1.5 ‰) and remains constant afterwards.
The Ti/Al records of the cores (Figure 3b) show generally decreasing values from late
Pleistocene to Holocene and from ~7 cal. kyr BP a progressive increase. The Ti/Al of MS27PT
(Revel et al., 2010, 2014) shows several relatively high values from ~10 to 7.5 cal. kyr BP in the
Western Province, which do not occur in the other cores.
The sedimentation rate in MS27PT has particularly high values from ~12.5 to 7 cal. kyr BP,
with maxima around 120 cm/kyr, and stay relatively low afterwards (~5 cm/kyr) (Figure 3c).
The MS21PC sedimentation rates increase from 13 cal. kyr BP (~10 cm/kyr) to 10 cal. kyr BP
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Sediment samples for MS21PC and PS009PC (Van Helmond et al., 2015) were prepared for
pollen analyses by first drying and weighing the samples. Then, carbonates and silicates were
removed by addition of 10 % HCl and 38 % HF, respectively. Residues were subsequently
sieved over a 10 μm mesh and mounted on slides for microscope analyses. Known amounts
of Lycopodium clavatum were added prior to chemical treatment to calculate concentrations.
For this study we focus on the total pollen and spores fluxes, Quercus (oak) percentages (of
the total pollen/spores sum), and Cyperaceae (sedge) percentages. Fluxes of total pollen and
spores were deduced from the sedimentation rates of the age models and sediment dry bulk
densities calculated using a bottom water density of 1.027 g cm-3 and sediment density of 2.65
g cm-3 (water content was determined by weighing of all samples prior to and after drying).
The pollen assemblage analyses were focused on the interval from ~11 to 4 cal. kyr BP in a
relatively low resolution of 19 and 18 samples for respectively MS21PC and PS009PC.

Figure 3. Data comparison of cores PS009PC (light blue), MS21PC (blue), and MS27PT (red dashed line)
(Revel et al., 2010, 2014). (a) Oxygen isotopes of G. ruber. (b) Bulk sediment Ti/Al. (c) Sedimentation rates.
δ18Oruber and Ti/Al data for cores PS009PC and MS21PC are resampled at 200-yr resolution for clarity (‘raw’
data are shown as grey lines in background).

(~25 cm/kyr) and then gradually decrease to ~5 cm/kyr in the remainder of the Holocene. The
sedimentation rates in core PS009PC are relatively constant at ~12.5 cm/kyr in the early to
middle Holocene. Subsequently these increase continuously to ~100 cm/kyr at the top of the
core.
5.3.2

Terrestrial and marine organic carbon and vegetation within the Nile delta

Both MS21PC and PS009PC show high Corg values (~1.6 %) in the period from ~10.1 – 6.5
cal. kyr BP (Figure 4a), which corresponds to the deposition of sapropel S1 in the eastern
Mediterranean (De Lange et al., 2008). The PS009PC organic carbon concentrations remain
relatively high at ~0.8 % during the rest of the Holocene, while MS21PC Corg values are lower
at ~0.4 %. In both cores the organic carbon isotopes (Figure 4b) are also dominated by the
presence of sapropel S1, showing depleted values of -20 to -21 ‰ during this interval, and a
shift to more enriched values of -18 to -19 ‰ afterwards.
From 11.5 to 10 cal. kyr BP the δ13Cruber values (Figure 4c) show a shift of ~1 ‰ to ~0.1 ‰
in both cores. During the sapropel period the δ13Cruber values stay relatively depleted. Both
cores show shifts from ~0.3 ‰ to ~1 ‰ from 7 to 6 cal. kyr BP. During the remainder of
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the Holocene the MS21PC δ13Cruber values stay relatively constant, while the PS009PC values
gradually decrease to 0.5 ‰ at the top of the core.
Cyperaceae percentages in PS009PC increase from ~10.5 to 5 cal. kyr BP, while the Cyperaceae
percentages in MS21PC decrease in approximately that same time interval (Figure 4d). In
the transition to peak sapropel conditions the Quercus percentages increase from ~5 – 10 % to
~25 %, in both cores (Figure 4e). Subsequently the Quercus percentages in MS21PC decrease
to <10% at ~6 cal. kyr BP, after which they remain constant for the remainder of the record.
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Figure 4. Data comparison of cores PS009PC (light blue) and MS21PC (blue). (a) Total organic carbon of
the sediment. Interval of sapropel S1 formation is indicated. (b) Carbon isotopes of Corg. (c) Carbon isotopes
of G. ruber. (d) Cyperaceae percentages. (e) Quercus percentages. (f ) Total pollen and spores accumulation
rates. Corg and δ13Cruber data are resampled at 200 yr resolution for clarity (‘raw’ data are shown as grey lines in
background).

For PS009PC Quercus percentages decrease more gradual to ~10 % at ~5 cal. kyr BP. During
the early Holocene the combined pollen and spore influx increases to maximum values at
~9.8 cal. kyr BP, after which they decrease in both cores during sapropel S1 (Figure 4f ). After
sapropel formation, the total pollen and spores accumulation rates remain relatively low in
both MS21PC and PS009PC.

5.4

Discussion

5.4.1

Delta-wide comparison of Nile discharge and sedimentation during the Holocene

The δ18Oruber, bulk sediment Ti/Al, and sedimentation rates are relevant proxies for
reconstruction of hydrological and sedimentary processes in the delta area.
The δ18Oruber traces freshwater variability, because Nile water has a more depleted δ18O than
seawater (Chapter 4; Almogi-Labin et al., 2009). The foraminifer G. ruber is of interest as
it generally lives in the top ~50-100 meter of the water column (Pujol and Grazzini, 1995)
and is able to thrive in freshwater lenses (Schmuker and Schiebel, 2002). The δ18Oruber values
in the southeastern Mediterranean have been observed to be more depleted relative to more
western (Fontugne et al., 1994) and northern (Almogi-Labin et al., 2009) sites in the eastern
Mediterranean during the Holocene. This excess depletion is primary relating to the discharge
of isotopically light Nile water, which can thus be traced in these planktonic foraminifer tests
(Almogi-Labin et al., 2009). The advantage of direct comparison of records from adjacent
cores is that effects on δ18O other than freshwater from the Nile (e.g. temperature, local
precipitation/evaporation) are comparable and therefore largely negligible. For example, the
modern sea surface temperature differences between sites MS27PT and PS009PC is ~1 °C
(World Ocean Database 2013; Levitus et al., 2013). This would impose a temperature derived
δ18Oruber difference between sites of only ~0.23 ‰ (Bemis et al., 1998). Moreover, variability
in this temperature difference between sites has probably been relatively stable during the
Holocene. Large differences and variability in δ18Oruber in the Nile delta area (Figure 3a)
during the Holocene can thus largely be attributed to Nile discharge.
We calculated the difference in δ18Oruber between sites (Δδ18Oruber) to capture differences in
discharge direction and quantity within the Nile delta (Figure 5). For this purpose the δ18Oruber
records of the sites have been resampled to 500-yr time-slices. The resampled δ18Oruber data
of respectively MS21PC and MS27PT have subsequently been subtracted from those of
PS009PC. More negative (positive) Δδ18Oruber values (Figure 5) would then indicate that more
(less) Nile water arrives in the Eastern Province (PS009PC) relative to the more western Nile
areas, i.e. cores MS21PC and MS27PT.
The bulk Ti/Al ratio in Nile delta sediments is mainly influenced by sediments deriving from
the Ethiopian Highland basalts, the source area of the Blue Nile and Atbara rivers (Figure 1a),
which have a high Ti/Al ratio. Variability in Ti/Al in Nile delta sediments relate to erosion
rates, and are ultimately controlled by vegetation cover and precipitation in the source area,
or alternatively an increased White Nile sediment fraction (Krom et al., 2002; Box et al.,
2011). Erosion in the Blue Nile area increases during drier periods, which leads to increased
Ti/Al values as occurs in the present-day situation (a relatively dry period), in which most
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Figure 5. Difference of δ18Oruber (Δδ18Oruber) between PS009PC-MS27PT (dashed line) and PS009PCMS21PC (black line). δ18Oruber samples as presented in Figure 3 were resampled at a 500-yr resolution to make
the calculations. Light blue shaded areas indicate a relatively larger Nile discharge at core location of PS009PC,
while red and blue shaded areas indicate a relatively larger Nile discharge at respectively core locations of
MS27PT and MS21PC. A value of 0 indicates equal contribution of Nile discharge to the core locations.

We compared the sedimentation rates in cores MS27PT and PS009PC to those from other
records in the same areas to assess if the observed sedimentation rates vary consistently
across the delta (Figure 6). These records were core P362/2-33 (Blanchet et al., 2013) for the
Western Province, and cores GeoB7702-3 (Castañeda et al., 2010) and SL112 (Hamann et
al., 2008) for the Eastern Province. The Western Province records indicate, independently,
high sedimentation rates during the early Holocene, with peak values at ~9 cal. kyr BP, and
relatively constant low sedimentation rates from ~7 cal. kyr BP onward (Figure 6). The Eastern
Province records indicate relatively stable values during the early to middle Holocene and
increasing sedimentation rates from ~6 cal. kyr BP tot the present (Figure 6). The general
trends of sedimentation rates within the different delta provinces appear to vary consistently.
Therefore, we consider any of these records to be representative for sedimentation variability in
the wider area of those delta provinces, complementary to the sediment source derived by bulk
sediment Ti/Al.
5.4.1.1 Nile delta evolution: 13 – 11.5 cal. kyr BP

This interval relates to the termination of the last glacial and the relatively cool Younger Dryas
period in the northern hemisphere. Northern African climate was predominantly arid during
this phase as a result of a southerly position of the ITCZ (Gasse, 2000). Correspondingly, the
Nile delta cores show the most enriched values of δ18Oruber values of the last 13 kyr in this time
interval due to relatively large ice sheets (~0.5 ‰; Waelbroeck et al., 2002), cold temperatures
(Castañeda et al., 2010), and minor Nile discharge (e.g. Williams et al., 2000) (Figure 3a).
The most depleted δ18Oruber values during this period are observed in the Western Province
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sediment is derived from the Ethiopian Highlands. Sediment Sr-isotopes have been used as
independent indicators of Blue Nile provenance, which co-varies, and therefore verifies, this
interpretation of Ti/Al (Krom et al., 1999, 2002; Box et al., 2011;).

Figure 6. Comparison of sedimentation rates (cm/kyr) for cores taken across the Nile delta: MS27PT (Revel
et al., 2010; 2014), P362/2-33 (Blanchet et al., 2013), MS21PC (this study), GeoB7702-3 (Castañeda et al.,
2010), PS009PC (Chapter 4), and SL112 (Hamann et al., 2008). Note that x-axis values differ between cores.

of the Nile delta (Figure 5). Consequently, the Nile discharge that did occur must have been
directed to the Western Province. This corresponds with the relatively high sedimentation rates
observed in that area during this period (Figures 3c, 6). Furthermore, this is also consistent
with a relatively active deep-sea fan and Nile branch in that part of the Nile delta during this
time period (Stanley and Warne, 1993; Ducassou et al., 2009).
During this time interval, high Ti/Al values occur in all cores (Figure 3b), indicating that
sediment in the Nile delta was primarily derived from the Ethiopian Highlands, in accordance
with Sr-isotope work (Box et al., 2011). These results indicate that the Blue Nile/Atbara
source area (i.e. Ethiopian Highlands) was arid, corresponding to low lake levels recorded in
Lake Tana around 13 – 12.5 cal. kyr BP, which is located at the upper Blue Nile (Lamb et al.,
2007; Marshall et al., 2011).
5.4.1.2 Nile delta evolution: 11.5 – 6.5 cal. kyr BP

The well-documented African Humid Period (e.g. deMenocal et al., 2000) corresponds to this
time interval, in which freshwater lakes were abundantly present in North Africa (Williams
et al., 2010 and references therein). This wet-phase was forced primarily by a precessionminimum-induced insolation increase in the northern hemisphere, strengthening the
monsoon system (Fleitmann et al., 2003; Weldeab et al., 2007b). All records show noticeable
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shifts to negative δ18Oruber values indicating an increase in Nile discharge with maximum levels
around 9.5 – 9 cal. kyr BP (Figure 3a). These results are similar to those derived from G. ruber
Ba/Ca in Nile delta sediments (Weldeab et al., 2014). The latter also traces Nile outflow,
independent of δ18Oruber, and confirms that this was an interval of high Nile discharge. All our
Nile delta records show high Nile River runoff during the interval from ~10 to 6.5 cal. kyr BP
in accordance with an enhanced west African monsoon (Weldeab et al., 2007a, 2007b) and
southwest Indian monsoon (Fleitmann et al., 2003) during this time.

The increased sedimentation rate and relatively high Ti/Al ratios in the Western Province of
the Nile delta may indicate particularly large Nile discharge and additional input of Blue Nile
sediment to this location from ~10 to 8 cal. kyr BP (Revel et al., 2014) (Figures 3b, 3c, 6).
In contrast, the sites in the Central and Eastern Province of the Nile delta show low Ti/Al
values and thus relatively little input of sediment with a Blue Nile provenance (Figure 3b).
The early to middle Holocene eastern Mediterranean is generally associated with relatively
lower Ti/Al values (Martinez-Ruiz et al., 2015 and references therein). The source of the
sediment deposited in the Western Province seems therefore anomalous. Box et al. (2011)
indicated that these sediments in the Western Province may have been largely influenced by
turbidity-current-related over-bank deposits, triggered as a product of high Nile discharge
and sea-level mediated erosion of previously deposited material in the shallow delta around
this time. Redeposition would be consistent with the extreme sedimentation rates in that
interval and with a provenance corresponding with older deposits. The latter is not only
indicated by Ti/Al, but also by Sr-isotope provenance proxies in the Nile delta outside of the
Western Province (Krom et al., 2002; Box et al., 2011). We conclude that erosion of Ethiopian
Highland sediment must have been reduced during the early to middle Holocene, likely due
to an increased vegetation cover, which lead to a decreased flux of Blue Nile sediment material.
5.4.1.3 Nile delta evolution: 6.5 – 0 cal. kyr BP

The trend to lower Nile discharge in the late Holocene, relating to the end of the African
Humid Period, differs spatially across the Nile delta (Figure 3a). The largest reduction in Nile
discharge occurs in the western side of the Nile delta at ~7 to 6 cal. kyr BP, leading to low
sedimentation rates and relatively enriched δ18Oruber in that area (Figures 3a, 5, 6). This is in line
with low activity of the western deep-sea fan (Ducassou et al., 2009). Major weakening of Nile
outflow in the Western Province occurred around 6.5 cal. kyr BP. A slightly more gradual Nile
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The Δδ18Oruber indicates that most Nile fresh water was arriving in the Eastern Province of the
delta during the transition from 11.5 to 10 cal. kyr BP (Figure 5). During high Nile discharge
from ~10 to 6.5 cal. kyr BP the runoff seems to be distributed relatively evenly around the
Nile delta with negative δ18Oruber at all sites. Both Western- and Eastern Province received
somewhat more Nile discharge than the Central Province, indicated by more negative values
of δ18Oruber in these areas. It is thought that up to ~8 cal. kyr BP there was a major Sebennitic
Nile branch in the Nile delta that ran through the middle of the delta (Stanley and Warne,
1993; Ducassou et al., 2009). Most of the fresh water from this Nile branch must have been
redirected to the Eastern Province, corresponding with the more depleted δ18Oruber in that area
relative to the Central Province (Figure 5). The high Nile discharge recorded in the Western
Province may have been the result of the northwest-orientated Canopic Nile branch, which
was also active during that time (Stanley and Warne, 1993; Ducassou et al., 2009).

reduction is recorded in the Central Province from ~6 to 5 cal. kyr BP. The Eastern Province,
however, shows a more gradual decrease throughout the Holocene (Chapter 4; Weldeab et al.,
2014). Clearly, during this time most Nile discharge was directed to the Eastern Province of
the delta (Figure 5). We hypothesize, based on these results, that the progressive Nile decrease
caused also a gradual narrowing of the Nile plume, which must have been consistently directed
eastwards by prevailing currents. Nile sediment was, therefore, more concentrated into the
southeast corner of the Levantine basin, resulting in increasing sedimentation rates and higher
Blue Nile sediment material (Figures 3c, 6). The increased amount of sediment with a Blue
Nile provenance corresponds with drier conditions in the Ethiopian Highlands. A significant
part of the more recent increased sedimentation rate and Blue Nile material observed in the
Eastern Province may also relate to deforestation in the Ethiopian Highlands during the last
~2.5 kyr BP (Darbyshire et al., 2003).
Cyperaceae (sedge) are an important component of Nile delta aquatic vegetation. These
dominate the Nile delta lagoons, and have therefore been used as indicators of the direct
influence of freshwater fluxes arriving in these lagoons (Bernhardt et al., 2012). The relatively
low values of Cyperaceae in MS21PC from ~8 cal. kyr BP onward (Figure 4d) indicate that
less pollen of this aquatic vegetation arrived at the core site. This corresponds to the reduced
influence of Nile discharge in the Central Province. After ~6.5 cal. kyr BP, Cyperaceae increase
in PS009PC (Figure 4d), concurring with the dominant redirection of Nile discharge to the
Eastern Province of the delta.
5.4.2

Centennial variability in Nile discharge across the delta area

The δ18Oruber record of core PS009PC has sufficient resolution to observe multi-centennial
variability in Nile discharge (Chapter 4). This record showed high correlation of Nile discharge
to solar activity variability during the early to middle Holocene. These cycles are commonly
found in Indian Ocean related monsoon records (Neff et al., 2001; Kodera, 2004; Gupta
et al., 2005), but not in an Atlantic-monsoon-influenced West African record (Weldeab et
al., 2007b). Consequently, a dominant Indian Ocean monsoon in northeast Africa could
potentially explain this Nile discharge variability (Chapter 4).
The samples in core MS21PC have similar resolution during the early to middle Holocene,
and thus the same variability could potentially be observed, as in core PS009PC. We compared
these records in order to see if this multi-centennial variability in Nile discharge is consistently
recorded at these two locations (Figure 7).
The multi-centennial variability of the cores is emphasized by removal of the low-frequency
‘precession’ variability by application of a band-stop of wavelengths >3.333 kyr and detrending
of the δ18Oruber records (Figure 7b). These filtered records show that variability is similar in
both cores, i.e., peaks and dips seem to line up within the uncertainties of the age models
(~150-200 years; Chapter 4). This variability can be further emphasized by application of
an additional band-pass focused on 500 to 1000 years cycles (Figure 7c). Some differences
in amplitude between records are observed around 8.5 to 7.8 cal. kyr BP (Figure 7c). The
MS21PC δ18Oruber dip at ~8.2 cal. kyr BP is particularly larger (Figure 7a). The δ18Oruber
values in core MS27PT are also more enriched during this time (Figure 3a). A return to arid
conditions in North Africa has been recorded from ~8.4 – 8 kyr BP, probably as a response
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Figure 7. Close-up of variability in δ18Oruber of cores PS009PC (grey) and MS21PC (black) for the interval
11.5 to 5.5 cal. kyr BP. (a) Unfiltered ‘raw’ δ18Oruber. (b) Notch-filtered (‘band-stop’ for wavelengths > 3.333
kyr) δ18Oruber. Data is also detrended and mean was subtracted. (c) 500-1000 year band-pass of δ18Oruber record
shown in b.

5.4.3

Sapropel S1 and Nile discharge

The most prominent Holocene feature of organic carbon in the eastern Mediterranean is
the deposition of sapropel S1 from ~10 – 6 kyr BP. This organic-rich layer is the result of a
combination of increased primary productivity and more sluggish Mediterranean ventilation
(e.g. Rohling, 1994; De Lange et al., 2008) (Figure 4a). Pollen and spores are thought to be
more efficiently transported in the Nile plume during stratified conditions (Van Helmond
et al., 2015), coressponding to the high flux values in cores MS21PC and PS009PC during
S1 formation (Figure 4f ). Moreover, anoxic bottom waters probably also enhanced pollen
and spore preservation during sapropel formation (Langgut et al., 2011). Sapropels have
often been linked to increased Nile discharge and relating water-column stratification in the
eastern Mediterranean (e.g. Rossignol-Strick, 1982, 1985). Our results show that sapropel
S1 deposition (Figure 4a) is largely simultaneous with highest Nile discharge across the Nile
delta (Figure 3a). This corroborates with the interpretation that the Nile is an important factor
associated to sapropel formation.
After sapropel formation, Corg concentrations in the area of PS009PC remained relatively high
compared to those found in core MS21PC (Figure 4a). The gradually decreasing eastwarddirected Nile discharge (Figure 5) thus continued to fertilize the southeastern Levantine
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to cooling at higher latitudes (Gasse, 2000). We tentatively relate the amplitude difference
between cores to a larger reduction of Nile discharge in the Western and Central Provinces of
the Nile delta at ~8.2 cal. kyr BP, relative to the Eastern Province.

surface waters, causing higher productivity in that area. Additionally, the higher sedimentation
rates and stratification in that area (Figure 6) probably also caused enhanced preservation of
this organic material. These results show the potential of Nile discharge for increased organic
carbon deposition, even in the middle to late Holocene. Therefore these results also highlight
the role of the Nile runoff affecting burial efficiency and productivity in the deposition of
sapropels.
5.4.4

Vegetation response to precipitation and Nile discharge in and after the African Humid Period

Both δ13Corg and δ13Cruber show a shift to lighter values around the time of sapropel deposition
(Figure 4b, c). The δ13Cruber is, among other factors (e.g. symbiont photosynthesis, respiration),
mainly influenced by the δ13C value of the dissolved inorganic carbon (DIC) in the ambient
sea water (Spero et al., 1991; Spero, 1992). The sea water δ13CDIC in the Nile delta, in turn,
relies profoundly on input of isotopically light DIC by river runoff (Rossignol-Strick et al.,
1982; Fontugne and Calvert, 1992). River water DIC is usually isotopically depleted due to
remineralization of terrestrial organic matter (i.e. mainly vegetation) in the river catchment,
which generally has relatively light δ13C. The δ13CDIC of the river is thus also influenced by
the amount of vegetation in the catchment (amount of organic matter decay) and the type
of vegetation (C3 versus C4, with average δ13Corg values of respectively -27 ‰ versus -14 ‰)
(Meyers, 1994).
Figure 8 shows a compilation of δ13Cruber data from cores MS21PC and PS009PC relative to
three other more western Mediterranean cores (unpublished data from cores described in De
Lange et al., 2008). During the sapropel interval the δ13Cruber values become lighter towards
the Nile delta, demonstrating that river discharge is a likely point-source for depleted δ13CDIC,
being captured in δ13Cruber. Ocean surface water productivity, i.e. organic matter production,
results in heavier δ13C of the remaining DIC in ambient sea water, but this is not observed
in δ13Cruber (Figure 8). During sapropel formation the isotopically light river runoff clearly
exceeds the productivity signal in δ13Cruber. Similarly, the depleted δ13Corg values most likely
reflect the direct input of isotopically light terrestrial Corg and the production of marine
Corg with light DIC from the river runoff as well (Figure 4b) (Fontugne and Calvert, 1992).
The absolute values of δ13Corg remain in the range of typical marine δ13Corg of -20 to -22 ‰
(Meyers, 1994), so the marine component was dominant. The latter is confirmed by organic
lipids from Eastern Province sediments (i.e. BIT index), which are indeed dominantly of
marine origin from ~9.7 cal. kyr BP onwards (Castañeda et al., 2010).
The interval of light δ13Cruber and δ13Corg lasts from ~11.5 – 6 cal. kyr BP, corresponding to
the inflow of depleted terrestrial δ13CDIC and indicating a “green” Nile catchment with more
abundant tree vegetation in the river plain, here represented by % Quercus (oak) (Figures 4e).
The shift to more enriched δ13Cruber values, which occurs from ~7 to 6 cal. kyr BP, is rather
abrupt. For most eastern Mediterranean cores this enrichment can be explained by a decrease
in Nile runoff (reduced inflow of light δ13CDIC), in accordance with more enriched δ18Oruber
values. However PS009PC δ18Oruber values show clearly that the Eastern Province of the delta
was continuously influenced by Nile runoff after sapropel formation. Hence, we hypothesize
that δ13CDIC of the Nile water itself got more enriched from ~7 – 6 cal. kyr BP. This could
relate to a large and relatively fast transition from C3 to C4 vegetation and/or a rapid decrease
in total vegetation quantity, which would both cause more enriched Nile river δ13CDIC values.
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These hypotheses are not mutually exclusive, and in any case they would both indicate that the
vegetation response (and possibly desertification) seems more abrupt, i.e. threshold response,
than the change in precipitation in the catchment (Chapter 4; Weldeab et al., 2014). Such a
nonlinear response of vegetation to precipitation would be in accordance with observations
in the Western Sahara (deMenocal et al., 2000), though contrary to an earlier model study of
northeastern Africa (Renssen et al., 2006). The δ13Cruber is a rather indirect proxy of variability
in vegetation-δ13C. Therefore, we consider our results indicative, but these need further
verification, e.g. using plant-wax-δ13C (e.g. Schefuss et al., 2005).
Pollen in the Nile delta cores are initially predominantly wind-dispersed and subsequently
transported and focused by river runoff and currents (Rossignol-Strick et al., 1982; Van
Helmond et al., 2014). Consequently these pollen records primarily reflect vegetation
variability in the eastern Mediterranean and especially in the river plain of the lower Nile if
river discharge was influencing the core site. They thus represent a relatively small fraction of
the vegetation growing in and near the Nile catchment.
The abundant Quercus during sapropel formation indicates high humidity in the eastern
Mediterranean (Figure 4e) (Cheddadi and Rossignol-Strick, 1995; Langgut et al., 2011). The
percentage of Quercus in core PS009PC decreases more progressively through the Holocene
than those observed in core MS21PC (Figure 4e). The Quercus response in PS009PC shows
that the vegetation composition in the Nile River plain was likely gradually decreasing, in
correspondence to the gradual diminishing Nile discharge. The Central Province record of
MS21PC shows a rather abrupt end of the humid period, inferred from the rapid decrease
in Quercus at ~7 – 6 cal. kyr BP. MS21PC is less influenced by the main Nile tributary at
that point, therefore, it represents a wider area not overprinted by vegetation composition in
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Figure 8. Close-up of δ13Cruber of cores PS009PC (light
blue) and MS21PC (blue) for the interval 13 to 4 cal.
kyr BP. Data (unpublished) of other Mediterranean
cores AP1 (black dashed line), SL114 (grey dashed
line), and SL125 (purple dashed line) were taken from
cores presented in De Lange et al. (2008).

the river plain only. Consequently, the Quercus signal in core MS21PC may suggest a more
abrupt response of vegetation to precipitation decrease in at least the lower part of the Nile
catchment, which would corroborate interpretation of δ13Cruber.

5.5

Conclusions

The integration of results from several high-resolution cores for interpretation of Nile delta
and catchment evolution provides complementary in-depth information compared to
reconstructions based on single cores only. We draw the following key conclusions:
(1) In the transition from late glacial to early Holocene the Nile discharge was low and most
runoff that did occur was directed to the Western Province in the delta. Most sediment
material was derived from the Ethiopian Highland basalts (Blue Nile).
(2) During the early to middle Holocene, Nile discharge enhanced, showing increasing
Nile discharge from ~11.5 cal. kyr BP, high Nile discharge from ~10 – 6.5 cal. kyr BP, and
maximum levels at ~9.5 – 9 cal. kyr BP. River channels must have been active across the whole
delta, as all marine records from the Western Province to the Eastern Province in the delta
show enhanced runoff. The interval of high Nile discharge was associated with increased
productivity and burial efficiency of organic matter, during deposition of sapropel S1. The
amount of sediment arriving from the Blue Nile decreased due to an increased vegetation
cover in the Ethiopian Highland area limiting erosion during this period. Correspondingly,
high Quercus percentages show increased humidity in the eastern Mediterranean and lower
Nile River plain.
(3) In the middle to late Holocene the Nile discharge gradually decreased in response to
declining northern-hemisphere insolation. The Nile discharge reduction resulted in a gradual
narrowing of the Nile plume, causing a considerable decrease in both Nile freshwater and
sedimentation in the Western Province of the delta at ~6.5 cal. kyr BP. This decrease in Nile
discharge was much more gradual for the Eastern Province, as Nile water was directed there by
ocean currents during the middle to late Holocene.
(4) The carbon isotopes of planktonic foraminifer G. ruber in the delta cores suggest that the
vegetation response in the Nile catchment was rather abrupt (nonlinear) compared to the more
gradual insolation-induced precipitation and Nile discharge change. Data of Quercus pollen in
the Central Province of the delta are consistent with such relatively rapid change at ~6.5 cal.
kyr BP.
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Chapter 6
The effect of sea-level change on Mediterranean overturning
circulation during the last 130.000 years
Rick Hennekam, Paul Th. Meijer, and Gert J. de Lange
(In Preparation)

We use sediment geochemistry and box modeling to study the fundamental mechanisms
involved in the overturning circulation of the Mediterranean during the last ~130 kyr. Excess
evaporation is the main controlling factor of Mediterranean overturning. However, our proxy
record and modeling experiments show that sea-level change may be an important, though
often overlooked, secondary factor. Sea-level change influences the efficiency of the Gibraltar
Strait, which can reduce Mediterranean deep-water formation if sea level rises rapidly. Sealevel rise can particularly be associated to overturning collapses around 105 and 83 kyr BP, but
may have been a pre-conditioner of reduced ventilation during other periods too. Impacts of
other controlling factors of Mediterranean overturning (e.g. temperature, net evaporation) are,
similar to sea-level rise, expected to be higher at larger rates-of-change. Therefore northern
hemisphere cold events were probably important for reduced Mediterranean overturning,
because rapid monsoon and temperature increases occur immediately after these events.
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Abstract

6.1

Introduction

The overturning circulation in the present Mediterranean Sea may suffer from anthropogenic
perturbations such as sea surface temperature increase and river damming (Somot et al., 2006;
Skliris, 2014). To develop accurate predictive circulation models for this basin, identification of
important drivers of Mediterranean overturning is therefore crucial. Mediterranean sediments
provide an oceanic archive to identify key mechanisms of the overturning circulation.
Of specific interest are paleo-events of excess organic carbon-rich sediment deposition,
i.e. sapropels, as these are formed due to natural perturbations of eastern Mediterranean
circulation.
There is general consensus on the importance of reduced ventilation amending preservation
and increased productivity for sapropel formation in the eastern Mediterranean (De Lange
et al., 2008; Reed et al., 2011). Nevertheless, there is still debate on what processes drive this
reduced overturning circulation. Reduced excess evaporation in the Mediterranean basin was
likely a required climatic process for more sluggish ventilation (Rohling, 1994, 1999; De Lange
et al., 2008). However, it has also been suggested that sea-level variability might affect eastern
Mediterranean overturning circulation (Matthiesen and Haines, 2003). The latter mechanism
has only been studied sparsely, and, to our knowledge, has never been verified with proxy data.
Therefore, we investigated the effect of sea-level change on eastern Mediterranean overturning
for the last 130.000 years, combining proxy data and modeling.
Geochemical records of past circulation variability may help identify the main mechanisms
involved in Mediterranean overturning. Here we analyze high-resolution geochemical records
of two cores from the easternmost part of the Mediterranean: MS21 (32°20.7’N, 31°39.0’E,
1022 m depth) and MS66 (33°1.9’N, 31°47.9’E, 1630 m depth) (Figure 1).The MS21 record
covers the past ~103 kyr and was extended with data from MS66 to ~130 kyr BP. We compare
these data to those of a core from the southeastern part of the Aegean Sea, LC21 (35°40’N,
26°35’E, 1522 m depth) covering the same time span (Grant et al., 2012; Rohling et al., 2014)
(Figure 1), to disentangle local from regional – eastern Mediterranean – climatic variability.
For the comparison of our geochemical proxies to sea level, we use the Red Sea relative sea
level (RSL) (Siddall et al., 2003; Grant et al., 2012), which shows good agreement with
other sea-level proxies (Siddall et al., 2003). The chronological backbone for that record is
independent of ice core chronologies and is the same as for our record (i.e. 14C and tuned to
U/Th-dated Soreq Cave) and therefore suitable for a direct comparison. This chronological
resemblance permits, for the first time, to objectively look in detail at the role of sea-level on
sapropels older than S1.
Ultimately, we use a mathematical model to assess the influence of first-order climatic
processes on Mediterranean overturning circulation, with a focus on net-evaporation and sealevel changes.
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Figure 1. Map of the Mediterranean Sea. Locations of the studied cores MS21 (1022 m water depth) and
MS66 (1630 m water depth) are indicated. Core LC21 (1522 m water depth) is used as a companion record
(Grant et al., 2012). Sites of deep (black spirals) and intermediate (grey spiral) water formation, as well as the
Soreq Cave, and the Nile River, are also shown.

Oceanographic setting

The Mediterranean circulation is anti-estuarine with moderately saline Atlantic sea water
entering via the Strait of Gibraltar. This surface water flows to the eastern part of the
Mediterranean basin, during which its salinity increases with ~3 psu due to excess evaporation.
Subsequently, intermediate water is formed in the Rhodes Gyre in winter, i.e. Levantine
Intermediate Water (LIW). The LIW contributes to deep-water formation in the Aegean
Sea, Adriatic Sea, and Gulf of Lions, and to the Mediterranean Outflow Water into the
Atlantic Ocean (Pinardi and Masetti, 2000) (Figure 1). It is the delicate balance of winter
temperature and net evaporation in the Mediterranean basin that controls buoyancy of surface
water masses. These are therefore, along with productivity, the key processes involved in eastern
Mediterranean sapropel formation (Rohling, 1994).

6.3

Methods

6.3.1

Core Material, Analytical analyses, and Age Model

Cores MS21 and MS66 were subsampled every 0.5 cm and 1 cm respectively. Aliquots of
sediment samples were freeze dried and ground to powder. Approximately 125 mg of sample
were digested (in an HClO4-HNO3-HF acid mixture) and subsequently measured for our
target elements (Al, Ti, Mo, and Ba; 1270 samples) by inductively coupled plasma optical
emission spectroscopy (ICP-OES) at Utrecht University. Repeated analyses of the ISE-921
standard showed typical accuracy and precision for Al, Ti, and Ba <4 %. The Mo values were
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verified by low-resolution (108 samples) measurements through ICP-mass spectrometry,
which showed that ICP-OES values deviate <10 % for values >2 ppm.
Organic-C (Corg; 675 samples) was determined after inorganic carbon removal (2x HCl
extraction) with a thermal combustion elemental analyzer (Fisons NA1500 NCS). Analyses
of the Nicotinamide standard showed an average accuracy and precision <2 % for Corg during
measurements.
For core MS21 we measured Globigerinoides ruber var. alba δ18O (δ18Oruber; 595 samples) on a
Finnigan MAT-253 mass spectrometer connected to a Kiel-III carbonate preparation device
at Utrecht University. Before analyses 20-30 tests in the 250-300 μm size range were cleaned
with H2O2 and CH3OH. In every run of 35 samples 8 NBS-19 standards were measured,
which showed an average standard deviation of ~0.06 ‰.
Radiocarbon analyses were done for 9 samples in core MS21 on 10 mg of mixed planktic
foraminifer material at the Poznań Radiocarbon Laboratory in Poland. To calculate calibrated
ages we used the Marine’13 data set in the Calib 7.0.2 program with a local reservoir
correction (ΔR) of 21± 63 years, which was based on 14C analyses of recent shell material in
proximity of the core (Boaretto et al., 2010; Reimer and McCormac, 2002). For the part of
MS21 that fell out of the range of 14C-dating we tuned our δ18Oruber record to the exceptionally
well-dated Soreq δ18O cave record, similar to Grant et al. (2012). This cave δ18O record seems
largely dominated by the δ18O of the precipitation source (i.e. Mediterranean surface water)
and therefore strongly co-varies with δ18Oruber (Grant et al., 2012). The MS21 geochemical
record covering the past ~103 kyr was extended with data from MS66 to ~130 kyr BP. This
was done by tuning of MS66 sapropel boundaries, which are synchronous across the basin (De
Lange et al., 2008), to those same boundaries in cores MS21 and LC21. More details on the
age model are described in the Supplementary Material (Section S6.1).
6.3.2

Proxies and their interpretation

We use a suite of proxies to investigate the first-order climatic factors in play. For this purpose
we focus on the bulk elements Al, Ti, Mo, Ba, total organic carbon, and stable oxygen isotopes
of the shallow-dwelling planktic foraminifer G. ruber. We normalize elements to Al to account
for variable fluxes in carbonate and organic components. Low Ti/Al in eastern Mediterranean
sediments is commonly related to enhanced northern African monsoon intensity due to
a decrease in Saharan aeolian component (high in Ti) and, for sediments around the Nile
delta, a decrease in erosional material from Ti-rich Ethiopian Highland basalts due to
increased vegetation cover (Wehausen and Brumsack, 1999; Box et al., 2011). Mo/Al can be
used as a redox indicator as molybdenum is primarily immobilized into the sediment in the
presence of hydrogen sulfide (i.e. anoxic conditions) (Helz et al., 1996). Ba/Al in the eastern
Mediterranean is predominantly used as (export-)productivity proxy relating to biogenic
barium (barite) enrichment if organic matter settles and decays in the water column (Van
Santvoort et al., 1996; De Lange et al., 2008). We also present sediment Corg concentrations,
which depend on organic carbon fluxes and preservation (i.e. redox conditions). Nevertheless,
Corg concentrations in sediments might suffer from post-depositional oxidation removing
Corg at the top of sapropels, which does not affect biogenic Ba. Therefore Ba/Al is regarded a
superior indicator of initial Corg fluxes in these settings (Van Santvoort et al., 1996; De Lange
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et al., 2008; ). Mediterranean δ18Oruber has been shown to be specifically sensitive to basin-wide
excess evaporation and monsoon variability, causing enrichment by evaporation and depletion
by river discharge or precipitation (Rohling, 1999).
6.3.3

Model Set-up

To test and investigate the possible role of sea-level variations we tried to devise a simple
mathematical model of Mediterranean overturning. The model consists of two overlying
boxes. The upper box represents the circulation cell made up by surface and intermediate water.
This box handles the exchange with the Atlantic Ocean and receives the atmospheric forcing.
Part of the upper box is assigned a temperature a few degrees lower than the rest: a coarse
representation of winter-time cooling in the high-latitude “corners” of the basin. When the
density that results from this reduced temperature together with upper-box salinity exceeds
that of the lower box, a flux from the upper to the lower box takes place. In addition to this
“deep-water formation”, the two volumes continuously exchange properties by mixing at a
constant rate. The model is forced by net evaporation. Strait exchange consists of an outflow
proportional to the density excess of basin relative to ocean; inflow follows from closing the
water budget. A detailed description of the model is provided in the Supplementary Material
(Sections S6.2.1 to S6.2.3).

6.4

Results and Discussion

6.4.1

Proxy data and modeling: Mediterranean overturning, excess evaporation, and sea-level change
during the last 130 kyr

The main factors controlling the salinity component of surface-water buoyancy in the
Mediterranean, i.e. basin-wide evaporation/precipitation and river runoff, can be traced
in δ18Oruber (Rohling, 1999). The δ18Oruber profiles in MS21 and in LC21 (Figure 2a, c) are
exceptionally similar despite their remote distance. Both records thus represent the eastern
Mediterranean region and are marginally affected by “local” influences. The δ18Oruber values in
MS21 deviate (i.e. are more depleted) only from those in LC21 during periods of increased
discharge of δ18O depleted Nile water (~sapropel period). This is probably due to the location
of MS21 being closer to the Nile outflow. Enhanced Nile runoff during sapropel deposition
is also in agreement with the relatively low Ti/Al values (Figure 2b). Ti/Al shows that the
African monsoon was active (blue shaded area in Figure 2a, b), and might have continued to
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A sea-level rise in the whole basin implies an excess of water flowing in from the ocean.
The direct effect this has on salinity, and hence density and overturning, is very small. Even
a relatively fast rise entails a water flux much smaller than that associated with atmospheric
exchange. Also, the salinity difference between ocean and basin is much smaller than that
between, say, precipitation and basin. Therefore this effect can be ignored and the volumes of
our boxes are taken as constant. The more significant effect of sea-level rise is that it increases
the height of the water column above the sill at Gibraltar. This augments water exchange,
i.e., both in- and outflow increase and excess salinity of the basin becomes less (Bryden and
Stommel, 1984). This effect is captured in our model by assuming a direct linear relation
between strait efficiency and sill depth, around the value used in our reference set-up which is
tailored to the present-day Mediterranean Sea (see Supplementary Material S6.2.3).

Figure 2. Comparison of MS21 δ18Oruber and Ti/Al to other records. (a) MS21 δ18Oruber (light blue). Dark blue
shading indicates monsoon influence based on Ti/Al. The MS21 δ18Oruber record (light blue) is also shown
relative to the other records in c-f without the axis. (b) MS21 Ti/Al (orange). Dark blue indicates interval of
enhanced monsoon, which is the interval with lower Ti/Al values than “background” glacial values (<0.09).
Sapropel periods are shown. (c) LC21 δ18Oruber (Grant et al., 2012). (d) Greenland NGRIP ice δ18O (NGRIPMembers, 2004). (e) Antarctic EPICA Dronning Maud Land (EDML) ice δ18O (EPICA-Members, 2006).
(f ) Red Sea relative sea level (RSL). Dark grey is the probability maximum, while grey shading indicates the
95% confidence intervals (Grant et al., 2012; Siddall et al., 2003). Records a, b, c, and f were all synchronized
to the Soreq Cave speleothem U-series age model (see Supplementary Material for MS21 chronological
framework). Ice core records d and f are plotted on Antarctic Ice Core Chronology 2012 (AICC2012) (Bazin
et al., 2013; Veres et al., 2013). For the Greenland record this chronology is essentially the Greenland Ice Core
Chronology 2005 before 60.2 kyr BP (Veres et al., 2013).
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be active several millennia after sapropel formation. More negative δ18Oruber values were found
basin wide for this sapropel period, indicating that net evaporation in the basin itself was also
reduced during this interval (De Lange et al., 2008).
Sea level (RSL; Figure 2f ) is an important process in controlling Mediterranean salinity,
and by inference δ18Oruber, because the Gibraltar sill manipulates exchange with the open
ocean, and thus determines water residence time in the basin (Bryden and Stommel, 1984).
The effect of excess evaporation on salinity in the basin is amplified during lower glacial
sea level as residence times are higher. Consequently, variability in “glacial concentration”
through sea-level variability also affects δ18Oruber (Rohling, 1999). Sea level was shown to be
especially traceable in δ18Oruber when river runoff was minor (i.e. non-sapropel), and largely
overprints the temperature signal in Mediterranean δ18Oruber (see Rohling et al., 2014). This
can explain the mixed coherency of δ18Oruber from ~70 – 15 kyr BP to the Greenland (Figure
2d) and Antarctic (Figure 2e) ice δ18O, because sea level is an integrated expression of icesheet variability on both hemispheres (Clark et al., 2009). Especially the strong resemblance
of Mediterranean δ18Oruber to the Antarctic record from ~70 – 15 kyr BP is difficult to explain
with any other mechanism than sea-level variability, and supports the idea that sea level was
largely relating to Antarctic climate during that time (Shackleton et al., 2000; Siddall et al.,
2003; Grant et al., 2012).

A comparison of the RSL record and its first derivative to increases in Ba/Al (Figure 3a, b, f )
shows that rapid rise in sea level occurs prior to all sapropels. Especially the onsets of sapropels
S1, S3, and S4 are coincident with rapid sea-level rises (vertical grey bars in Figure 3). The start
of sapropel S5 appears to be just after a sea-level rise, shown by increases in Ba/Al and Corg
that take place somewhat after RSL increase. Nevertheless, the influence of sea level causing
(partially) reduced ventilation for at least sapropels S1, S3, and S4, cannot be excluded in terms
of timing, and urges for further testing by modeling.
Our model (see Section S6.3.3 in Supplementary Material) shows that it is at times of fast
sea-level rise (equivalent to deepening of the sill) that the deep-water formation is reduced
(Figure 4a). The associated increase in exchange lowers salinity in the upper box and because
deep water retains its higher salinity the density structure becomes stable (cf. Matthiesen and
Haines, 2003). The model clearly shows that deep-water formation is sensitive to the rate of
sea-level change rather than to sea-level as such. Following each decrease, the deep flux quickly
picks up again when sea-level rise slows down or changes into a sea-level fall. A sensitivity
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Periods of severely reduced overturning circulation during the last 130 kyr are indicated by the
deposition of sapropels S1 to S5 in the sediments of MS21/MS66 (Figure 3f ). Considerably
higher values for Ba/Al, Corg, and Mo/Al (Figure 3f-h) show distinctly enhanced productivity
and preservation due to anoxic conditions during these intervals. Depleted δ18Oruber values
(Figure 3d) indicate that sapropel formation was concurrent with increased freshwater input
by Nile discharge and possibly also reduced basin-wide evaporation. The simultaneous low Ti/
Al values (Figure 3e) indicate increased monsoonal activity and thus increased Nile discharge
was likely the dominant forcing of δ18Oruber depletion. The intervals of increased fresh water
input follow precession-driven solar-insolation variations (Figure 3c) and their coincidence
with sapropels implies a strong connection.

Figure 3. Sapropels and first-order climatic processes. (a) Red Sea relative sea-level (RSL). Dark grey is the
probability maximum, while grey shading indicates the 95% confidence intervals (Grant et al., 2012; Siddall et
al., 2003). (b) RSL first derivative (orange). Light orange indicates the 95% confidence intervals (Grant et al.,
2012). (c) Peak summer insolation of northern hemisphere (65°N, 21st of June, red line) (Laskar et al., 2004). (d)
δ18Oruber of core MS21 (this study; light blue) and LC21 (Grant et al., 2012; black). (e) Ti/Al of MS21 (yellow)
and MS66 (brown). (f ) Ba/Al of MS21 (light green; left-axis) and MS66 (dark green; right-axis). (g) Total
organic carbon of MS21 (purple) and MS66 (pink). (h) Mo/Al of MS21 (dark red; left-axis) and MS66 (red;
right-axis). (i) NGRIP ice δ18O on AICC2012 chronology. Intervals of rapid sea-level rise prior to sapropels are
highlighted with vertical grey bars from the top of the figure. North Atlantic cold spells and relevant stadials are
highlighted with vertical blue bars from the bottom of the figure and follow the positioning relative to monsoon/
sapropel as in Ziegler et al. (2010). These events are all on the AICC2012 chronology, except for H11 which was
taken from Ziegler et al. (2010). Note that for Ba/Al and Mo/Al the deeper site MS66 is placed on a separate
y-as for clarity, which relates to the fact that Ba/Al and Mo/Al increase with depth during sapropel intervals, as
in detail discussed by De Lange et al. (2008).
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study demonstrates that deep-water formation may vanish completely, and overturning can
stay “collapsed” for several kyr. This is in particular the case, when (1) mixing is reduced, (2)
cooling of the upper box is less, or (3) net evaporation is reduced. The latter two factors act to
strengthen the role played by salinity in controlling surface density and thus make the basin
more sensitive to variations in strait exchange and, hence, in sea level (see also Supplementary
Material section S6.2.4). Smaller values for mixing result in stronger and longer-lasting stable
stratification.
The significance of this highly idealized model lies in its ability to shed light on the interaction
of different forcings on the appropriate time scale. To explore how sea-level variation
affects a basin that is also subject to cyclic changes in atmospheric forcing, we first consider
an experiment with only periodic variation in net evaporation (Figure 4b). As a first step
we simply assume a linear, in-phase relation between net evaporation and peak summer
insolation at 65°N such that the maximum insolation encountered over the last 140 kyr
corresponds to zero net evaporation (i.e., the wettest state we will consider). In this set-up
a period of collapsed overturning is found only for the oldest and strongest insolation cycle:
a model representation of S5. Deep-water formation shows a gradual decrease which starts
when insolation begins to increase, net evaporation becomes less, and salinity and density
of the upper box are lowered. The stratification becomes stable before maximum insolation
is reached and is broken again by the combined action of mixing and increased evaporation,
not long after the maximum in insolation. The period of collapsed overturning clearly leads
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the minimum in evaporation. When it restarts the deep-water flux shows strong fluctuations.
Re-instatement of the downward flux implies – because volume is constant – that an identical
upward flux occurs which brings with it water of relatively high salinity, briefly augmenting the
deep flux. This, in its turn, quickly reduces density of the upper layer, resulting in a fluctuation
in our model.
If we combine the insolation-dependent net evaporation with variable sea level (Figure 4c),
a period without deep-water formation is also found for the cycles corresponding to S4 and,
briefly, S3. This offers physics-based support for the notion that the rate of sea-level rise may
play a role in sapropel formation.
Sea-level rise is also thought to have reduced western Mediterranean overturning from ~14.5
– 8 kyr BP, leading to the deposition of organic-rich layers (≤1 %) in that basin (Rogerson et
al., 2008). We observe that increasing Corg values (0.5-1 %) occur well before S1 in MS21,
i.e. from ~15 kyr onward (Figure 3g), which can tentatively be linked to these western
Mediterranean organic-rich layers. As anoxic conditions are not prevailing yet in the eastern
Mediterranean (as deduced from low Mo/Al) and productivity seems low (low Ba/Al), this
probably relates to suboxic conditions potentially forced by sea-level rise. The late-Pleistocene
western Mediterranean organic-rich layers have organic matter content that is much lower
than eastern Mediterranean sapropels (Rogerson et al., 2008). The key trigger that is possibly
missing for development of sapropels in the western Mediterranean is a major North-African
river discharge. Similarly, during the period from 70 – 15 kyr BP rapid sea-level rises occur, but
other controlling parameters, i.e. highly reduced excess evaporation and/or increased monsoon
activity do not occur in the eastern Mediterranean. Therefore there are no sapropels deposited
during these episodes of sea-level rise (Figure 3), highlighting the secondary role of sea-level
change on Mediterranean overturning.
6.4.2

The effect of northern hemisphere temperature on Mediterranean overturning

Mediterranean overturning is also dependent on (winter) SST’s as it controls down-welling at
sites of deep-water formation (Pinardi and Masetti, 2000). The eastern Mediterranean SST’s
were shown to mainly follow northern hemisphere high latitudinal climate (i.e. Greenland
temperatures) for at least the last 27 kyr (Castañeda et al., 2010). Accordingly, high latitude
northern hemisphere climate probably contributes to eastern Mediterranean SST’s over the
last 130 kyr, which would be in agreement with SST’s in the western Mediterranean over
the last 250 kyr (Martrat et al., 2004). Northern hemisphere cold spells (stadials/Heinrich
events) cause low SST’s in the eastern Mediterranean (Castañeda et al., 2010) by intensifying
cold winter winds (Casford et al., 2003), which can promote down-welling in the eastern
Mediterranean. An additional effect of these cold spells is that they can simultaneously
weaken monsoon activity, which also causes a reduced buoyancy gain of Mediterranean
surface waters by decreasing African river discharge. These cold events, therefore, likely caused
sapropel interruptions (e.g. Greenland Stadial-24 in sapropel S4) (Figure 3i). Moreover, the
African monsoon and sapropel formation are thought to lag insolation by ~3 kyr due to the
occurrence of these cold events, which “block” a direct response (Ziegler et al., 2010). An
auxiliary effect of these events is that immediately after these events more rapid enhancement
of monsoon activity and increase in temperature occur relative to the change that would have
been imposed by insolation alone. Similar to sea-level change, the effect of other first-order
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processes of Mediterranean circulation (net evaporation and temperature) is expected to
be largest if their rate-of-change is high (for net evaporation see Figure 4b). We therefore
suggest that the northern hemisphere cold spells, not yet captured in the model, are definitely
important for overturning events too, as they cause a more step-wise forcing of monsoon and
temperature influences. This could for instance explain the fast reversion to reduced ventilation
after interruptions.

6.5

Conclusions

Chapter 6

We present high-resolution proxy data and model results that reveal the potential role of
sea-level rise causing reduced overturning circulation in the eastern Mediterranean during
the last 130.000 years. This process is thought to contribute to the deposition of organic-rich
sediments (sapropels), although principally as an additional mechanism to the primary process
of excess-evaporation. Our model experiments show that especially the rate of sea-level change
is of importance. This rate of change rate may also be critical for other first-order processes of
Mediterranean overturning circulation. Therefore, northern hemisphere cold events may also
be vital as they cause rapid enhancement of monsoon activity and Mediterranean SST increase
immediately after such events.
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S6.1

Chronology for cores MS21 and MS66

S6.1.1

Chronological Framework core MS21

For core MS21 the age model was based on 14C-dating of mixed planktic foraminiferal shells
(Table S1; Chapter 5) and tuning to the well-dated Soreq δ18O cave record (Figure S1).
Calculation of calibrated 14C ages is delineated in the Methods section 6.3 of the chapter. The
final age model is based on a 3rd order polynomial fit for the interval between 18.5 to 143
cm. This was done to have a flexible and smooth age model in that part of the record with
relatively large amount of dating points (Blaauw and Heegaard, 2012). Between all other 14C
dates and tie-points we used a linear model. For synchronization of that part of the core that
falls out of the 14C range, we used a tuning approach to the Soreq δ18Ospeleothem cave record. This
approach builds on the fact that the source for the Israeli Soreq cave speleothems is mainly
Mediterranean seawater. Therefore the major transitions in the δ18O of the speleothems largely
resemble the δ18O of the seawater (Grant et al., 2012). Similarly, planktic foraminifer δ18O
primarily capture the δ18O of the surface seawater (especially G. ruber living in the top ~50
meter of the water column). The alignment of MS21 δ18Oruber to Soreq δ18Ospeleothem is thus
justified, as their origin of variability is largely the same (Mediterranean seawater δ18O). This
allows transference of excellent cave U/Th-dating to Mediterranean sediments, independently
of ice core chronology. For our MS21 record we also chose one tie-point to the LC21 δ18Oruber
record (Grant et al., 2012). This tie-point at ~37 kyr BP is close to the CI-tephra horizon
in the LC21 record, and can thus be regarded as a robust dating point which we transferred
to our record. Note that the LC21 and MS21 records of δ18Oruber are extremely similar for
most parts of the records (Fig. 2c in chapter). Although the LC21 was obtained with more
sophisticated Bayesian modeling (see Grant et al., 2012) we see this as prove that our age
model is robust. Age uncertainty for most dates outside the 14C-window are therefore probably
in the same order to that of LC21 (±500 years).
Table S1. The 14C data used to construct the age model for MS21.
Depth
(cm)
18.5
38.5
58
86
121
142
169.5
200.5
264.5
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14

C age
(yr BP) ± 2σ
3640 ± 40
6330 ± 50
7850 ± 50
9110 ± 50
10540 ± 50
11860 ± 70
14730 ± 60
18950 ± 100
26740 ± 190

Calendar age
(cal. yr BP) ± 2σ
3525 ± 182
6771 ± 202
8286 ± 171
9834 ± 268
11681 ± 350
13304 ± 182
17400 ± 269
22348 ± 312
30524 ± 471

Final age model
(yr BP)
3595
6584
8397
9899
11574
13351
17400
22348
30524

14

C lab code

Poz-55166
Poz-55167
Poz-55168
Poz-55169
Poz-55170
Poz-55172
Poz-55173
Poz-55174
Poz-55176

S6.1.2 Chronological Framework core MS66
The age model for core MS66 was derived by tuning of the sapropel boundaries to those
boundaries in cores MS21 (this study) and LC21 (Grant et al., 2012). For sapropel S1 it was
shown that the sapropel was deposited near to synchronous in the basin (De Lange et al.,
2008). Cores MS66 (1630 m depth) and LC21 (1522 m depth) are taken in the same depth
domain and therefore this synchronous deposition is particularly true. The sapropel boundaries
for MS66 were derived by the deviated excursion from background for Ba/Al, similar as
Casford et al. (2007). We tuned these boundaries subsequently to the same boundaries in
MS21 for sapropel S3, and LC21 for sapropels S4 and S5 (Figure S2). Comparison of the
Ba/Al to the Soreq cave δ18Ospeleothem shows graphical correspondence of those records during
sapropel formation (Figure S2). This is likely due to the fact that basin-wide excess evaporation
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Figure S1. (a) Tuning of core MS21 δ18Oruber to LC21 δ18Oruber and Soreq δ18Ospeleothem. The 14C dates are also
indicated. (b) Age-depth relationship of core MS21. (c) Sedimentation rate through time.

is an important process in the deposition of sapropels. It also indicates the robustness of the
MS66 dating. The final age model for all depths was obtained by linear correlations between
tie-points.
Figure S2. (a) Correlation of
core MS66 sapropel boundaries
indicated by Ba/Al to those in
MS21 and LC21. (b) Age-depth
relationship of core MS66. (c)
Sedimentation rate through time.

S6.2

The Model

S6.2.1

Model design

Our aim is to achieve the simplest possible representation of the Mediterranean circulation
system that provides insight into the relation between long-term sea-level variation,
Milankovitch-frequency change in atmospheric forcing, and deep-water circulation. Only a
box model can simulate the desired lengths of time of hundreds of thousands to millions of
years. A “minimal model” has the advantage that it requires one to concentrate on the essence
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of the underlying processes and forms a valuable tool in formulating and testing hypotheses.
Our model set-up is inspired by, but simpler than, two previously developed box models
for the Mediterranean Sea: by Tziperman and Speer (1994) and by Matthiesen and Haines
(2003). Note that neither of these models incorporated a true representation of deep water
formation.
A schematic of the box model is shown in Figure S3. We start by ignoring lateral variations
within the basin and thus also the existence of sub-basins. The only map-view feature of the
Mediterranean that is retained has to do with the forcing of temperature, as explained below
(Section S6.2.2). To be able to capture deep water formation we need to introduce a division
in the vertical direction. We make a single division at the base of the intermediate water and
split the basin in two boxes. These two boxes are taken to be of constant volume. The upper
box receives the forcing of the atmosphere and exchanges water with the ocean, the lower box
is connected to the upper box by mixing and stratification-dependent advection. To represent
the latter we imagine that there is a part of the upper layer (think of this as representing the
high-latitude segments of the Mediterranean Sea) which has the same salinity as the rest of
the layer but a temperature that is lower by a prescribed amount. If the resulting density of this
water is greater than that of the lower box, a flux from upper to lower box is taken to occur:
the model representation of deep water formation. Strait flow is parameterized in the form of
an outflow proportional to the density difference between the upper box and the ocean (cf.,
Meijer, 2006). Inflow follows from the conservation of water volume as the sum of outflow and
net evaporation. Atlantic temperature and salinity are kept constant at prescribed values.
The model is forced by prescribing the temperature of the upper box, the reduction of
temperature in the “deep water formation area”, and the rate of net evaporation. While in
some experiments the net evaporation is taken to vary on a long timescale, neither evaporation
nor the prescribed temperatures vary with the seasons. The model must be thought of a
representing a perpetual winter-mode of the basin circulation. This is reflected also in the use
of a single box for everything above the deep water in the sense that it implies that we consider

T0
S0

Q01
Q10

T1

Q21

T2

S1
S2
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e
T1+∆T
Q12

Figure S3. Diagram depicting the box model. Subscripts 0, 1, and 2 refer to ocean, upper box, and lower box,
respectively. S = salinity (kg/m3), T = temperature (°C), ΔT = temperature reduction in part of upper box (°C),
Q = water flux (m3/s), e = net evaporation (m/s). Curled symbol indicates mixing between upper and lower box.
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the surface water, the water of Atlantic origin, and the intermediate water to be completely
mixed at all time. This resembles a condition that is most closely approximated in winter (see
also Section S6.2.4 in Supplementary Material).
S6.2.2

Model equations

Figure S3 defines the symbols used for the various water fluxes between model boxes (all have
units of m3s-1), while other parameters are delineated in Table S2. With A for surface area
(m2) and e for net evaporation (in m s-1), the statement for water volume conservation allows
expressing inflow in terms of outflow and surface forcing,
Q01= Q10 + e ∙ A

(1)

This statement follows from the conservation of water mass in combination with the insight
that densities of all fluxes are nearly the same. Outflow is parameterized in terms of the
density difference between upper box and ocean,
Q10= fG ∙ (ρ1 - ρ0)

(2)

where the factor of proportionality fG sets the efficiency of the strait (m3 s-1 per kg m-3). It
is this factor that will be made dependent on sea level (see Section 6.2.3 in Supplementary
Material). For density a linear equation of state is adopted following Johnson et al. (2007). For
instance, for the upper box,
ρ1 = ρr [ 1- α(T1 - Tr )+ β(S1 - Sr) ]

(3)

where the reference values are ρr = 1027.5 kg m-3, Tr = 5 °C and Sr = 35 kg m-3 (we will
use these units for salinity because this is the form directly consistent with the form of the
governing equations below; the distinction between kg m-3, g kg-1, or “psu” is irrelevant for
our analysis). The thermal expansion coefficient α = 2 × 10-4 °C-1 and the haline contraction
coefficient β = 8 × 10-4 (kg m-3)-1.
The flux from the upper box to the lower box, i.e. deep water formation, Q12 is envisaged to
occur from a part of the upper box where the temperature is lower than in the remainder of
this box by an amount ΔT. Hence, the density in this deep water formation area is equal to ρ1
+ α ΔT. With this, the deep water flux is parameterized as follows,
				
			

Q12 = fD ∙ (ρ1 + α ΔT - ρ2) when (ρ1 + α ΔT) > ρ2
Q12= 0 when (ρ1 + α ΔT) ≤ ρ2

(4)

The coefficient fD (m3 s-1 per kg m-3) scales the deep water flux. Because box volume is taken
constant, the occurrence of a downward flux Q12 implies the presence also of an upward flux
Q21 of the same magnitude. In addition to the stratification-dependent deep flux we assume
constant mixing of temperature and salinity between the boxes. Following Tziperman and
Speer (1994), Matthiesen and Haines (2003), and many others, mixing is represented as a
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diffusive process, controlled by a constant diffusivity κ (m2 s-1) and a vertical length scale equal
to the distance between the middle of the two boxes.
Assuming constant surface area and box thicknesses (h1 and h2) and with reference to Figure
S3 and Table S2 for an explanation of the various symbols, the equations for the rate-ofchange of salinity of the respectively upper box and lower box read,

A h1

d S1
= Q01 S0 - Q10 S1 - Q12 (S1 - S2) - 2 A κ (S1 - S2)
dt
h1 + h2
d S2
A h2
= Q12 (S1 - S2) + 2 A κ (S1 - S2)
dt
h1 + h2

(5)
(6)

While temperature of the lower box is governed by,

A h2

d T2
= Q12 (T1 + ∆T - T2) + 2 A κ (T1 - T2)
dt
h1 + h2

(7)

These equations are integrated numerically by the forward Euler approach taking appropriately
small time steps. At each step, Q10 is first determined from (2), then (1) is employed to find
Q01 and (4) to find Q12. These fluxes are then entered in (5)-(7) to advance salinities and
temperature.
Table S2. Model parameters and values
Symbol
A
h1
h2
S0
T0
T1
ΔT
e
fG
κ
fD

Value
2.5 · 1012 m2
500 m
1000 m
36.5 kg/m3
15°C
15°C
2°C
0.5 m/yr
0.5 Sv/(kg/m3)
10-5 m2/s
55 Sv/(kg/m3)

Note
a
b
c
d
e
f
g
h

Notes. a: extent of upper overturning cell (Pinardi and Masetti, 2000). b: together with upper-layer thickness this yields the correct
mean depth of the basin. c: taking this the same as the Atlantic value effectively excludes a temperature effect on strait flow which
is done as a simplification. d: would yield deep water of about the observed temperature when only source. e: approximately the
value at present day (Mariotti et al., 2002). f: yields strait transport of approximately the observed present-day amount, for the
presently observed salinity difference. g: value apt for general background mixing of ocean interior (see Jayne et al., 2004) and
also value used by Tziperman and Speer (1994). h: adjusted such that reference set-up yields deep-water flux somewhat less than
strait exchange, consistent with ocean general circulation model (OGCM) experiments.

S6.2.3 Implementation of sea-level change
As argued in the main text we focus on the effect that sea-level variation has on the exchange
of water between the Mediterranean Sea and the Atlantic Ocean. Adopting hydraulic-control
theory to describe strait flow, it is found that outflow is linearly dependent on strait depth (see
Meijer, 2012, and other work cited in the related discussion therein). We used the model of
Meijer (2012) for a strait of rectangular cross section, in combination with a net evaporation
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Description
surface area
upper layer thickness
lower layer thickness
Atlantic salinity
Atlantic temperature
upper layer temperature
reduction of upper temperature
net evaporation (reference)
strait efficiency coefficient (reference)
diffusivity
deep-water flux coefficient

of 0.5 m/yr and under the assumption of a constant position of the interface between in- and
outflow (taken at mid-strait depth), to calculate the factor of proportionality between outflow
and strait depth. The calculation was done for a range of strait widths between 5 and 15 km.
Expressed as the relative change with respect to the outflow found for a strait 300 m deep
(present-day Strait of Gibraltar), the proportionality proves independent of width. With
the scaling factor fG used in equation (2) tuned to present-day Gibraltar (see Table S2), the
dependence of strait transport to water depth at the sill (H) can then be captured by a depthdependent coefficient fG(H) defined as follows,
fG (H) = [ 1 + 0.0034 (H - 300) ] · fG

(8)

S6.2.4 Role of simplifications and sensitivity to parameter values
In building box models there does not exist a single set-up that is best or generally agreed
upon as the set-up to adopt. Rather, the model is laid out in such a way that it captures the
processes of interest and is thus tailored to the research question. Here we offer additional
discussion of the possible role of choices in the model set-up and briefly summarize the main
results of a systematic analysis of the sensitivity to assumed parameter values.
Strait dynamics: Bryden and Kinder (1991) applied hydraulic control theory to a more realistic
approximation of the geometry of the Strait of Gibraltar. The equation they derived would
entail a different factor of proportionality from that adopted by us but, as pointed out by
Rogerson et al. (2010), the relationship between outflow and sea level would still be essentially
linear. The significance of the exact value of the proportionality factor is limited because it is
but one of several variables scaling the behavior of the model.
A deviation from a linear relationship between exchange and strait depth is anticipated in case
the interface between in- and outflow changes its position within the water column while sea
level is varying. Or, in other words, when the relative thickness of the inflow and the outflow
layer changes. A position of the interface below (or, for that matter, above) about mid-sill
depth corresponds to a less efficient strait (Bryden and Stommel, 1984; see also Meijer, 2012).
It is not straightforward to predict how a variable interface depth would affect our results in
general. The model of Matthiesen and Haines (2003) incorporates hydraulic control directly
and does allow for a variable interface. If, as found by Matthiesen and Haines (2003), a
rise in sea level is associated with a deepening of the interface (i.e., leads to exchange being
submaximal), the increase in exchange will be less than that calculated in our model. This
implies our model would then overestimate the effect of sea-level rise on deep-water flux, but
qualitatively the response would be the same.
Lack of a seasonal cycle: In the present-day Mediterranean Sea deep-water formation is the last
step in a chain of processes. This starts with the gradual increase in salinity of the Atlantic
inflow, involves its sinking to intermediate depth in a limited part of the eastern basin, the
spreading of intermediate waters and thus transport of saline waters to the areas of deep-water
formation (preconditioning), and finally winter-time cooling raising the density such that
convection extends – and waters sink – to the deepest parts of the basin. Our model represents
neither the spatial arrangement of the underlying circulation nor its build-up during the
year. However, in the sense that the model does capture both the effect of salinity increase
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and temperature decrease on upper-water density it is expected to form a fair representation,
qualitatively speaking, of the essence of the overturning circulation. To which extent this is
true will have to follow from more advanced models. Note that the model of Matthiesen and
Haines (2003) also neglects the seasonal cycle.
Constant volume of boxes: Since inflow, outflow, and net evaporation all act on the same box
and box volume is taken constant, the water budget is exactly closed at all time. This seems
fair given our focus on multi-annual behavior. Note that a prescribed sea-level change can
be accommodated by adjusting the balance between inflow and outflow but, as explained in
the main text, the effect of this proves negligible even for fast sea level rise. Also, the use of
constant volume implies (i) that we take there to always be a distinction between surface/
intermediate and deep cell, and (ii) that the upper cell always extends to the same depth.
The upper cell appears to be set up by the exchange with the ocean (see Meijer and Dijkstra
(2009) for the Mediterranean Sea, and Finnigan et al. (2001) for a generic buoyancy-driven
marginal sea) and is likely a persistent feature of Mediterranean circulation as long as there is
an exchange flow. Specifically, starting from a state that does have deep water formation and
a separate deep cell, OGCM experiments of reduced net evaporation show a halting of deep
circulation while keeping the upper cell more or less in place (Meijer and Dijkstra, 2009).
Sensitivity to parameters values: The experiment with only variable sea level has been repeated
with modified values of the main controlling parameters. The results are listed below, focusing
on the result that is of our main interest: the extent by which deep water formation is reduced
upon a rise in sea level.
Adopting a shallower depth for the base of the upper box gives a greater reduction in deep
water formation. The increase in exchange that follows from sea-level rise now acts on a
smaller volume, resulting in a greater reduction is salinity.

When the coefficient scaling deep-water flux to density excess (fD) is reduced, the overall value
of the deep flux is naturally reduced and so is its variability.
In a steady-state situation it can be shown that using a lesser reduction of the temperature
in the deep-water formation “area” (i.e., a smaller ΔT) has the same effect on the deep-water
flux as a reduction of fD. Consistent with this the overall value of the deep flux is found to be
smaller when ΔT is less but, interestingly, the deep flux reacts more strongly to sea level rise.
With a smaller density increase due to temperature, the effect of a salinity reduction is noticed
sooner.
Again counter-intuitively, and thereby underlining the purpose of modeling, an increase in net
evaporation does not suppress the effect of sea-level variation by raising overall salinity in the
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Bryden et al. (2014) point out that vertical diffusion related to mechanical mixing may be
less in the protected Mediterranean than in the open ocean. When diffusion is reduced, the
same sea-level rise gives a stronger reduction in deep water formation because stratification is
stronger.

basin. Instead, stronger net evaporation leads to an increase in strait transport which augments
the sensitivity to sea level: a sea level rise now gives a stronger reduction in deep water flux.
Changes in the Atlantic temperature and salinity merely result in a uniform shift of the basin
values and the behavior of the deep flux, depending as it does on vertical differences, is not
affected. Note that this will not hold true if open-ocean properties are allowed to vary with
time.
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Chapter 7
Multi-decadal variability in eastern-Mediterranean-seafloor
redox conditions during marine isotope stages 1 and 5a: the
effect of climatic boundary conditions
Rick Hennekam, Tom Jilbert, Gert-Jan Reichart, and Gert J. de Lange

To assess the impact of climatic boundary conditions (ice volume, sea level, insolation)
on Mediterranean overturning circulation, we focus on past intervals of known enhanced
productivity, anoxia, and preservation in the Eastern Mediterranean, i.e. sapropels. For this
study we obtained annual trace-metal profiles, by laser ablation-inductively coupled plasmamass spectrometry line-scanning (LA-ICP-MS), for sediments of the selected sapropels
S1 and S3, deposited during respectively Marine Isotope Stages (MIS) 1 (Holocene) and
5a (~83 kyr BP). Comparing S1 to S3, we demonstrate that (1) S3 was more anoxic, (2) S3
had shallower Mn- and Fe-redoxclines in the water column, and (3) during S3 ventilation
events occurred less frequently. We relate the observed deviations to enhanced orbitally-forced
monsoon intensity stimulating stronger eastern-Mediterranean water-column stratification
through the inflow of freshwater, by e.g. River Nile, during S3. This effect may have been
amplified by increased restriction of the basin due to lower sea level and resulting enhanced
susceptibility of the water column to stratification during sapropel S3. Our LA-ICP-MS
data reveal that high-frequency reventilation events occurred in both sapropels, which can
be coupled to high-frequency climatic forcings of the Siberian High and Nile discharge. This
suggests that these climatic systems varied principally on similar multi-decadal to centennial
timescales during MIS 5a and MIS 1.
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Abstract

7.1

Introduction

Few climatic archives allow reconstruction of multi-decadal climate- and environmental
variability, especially for periods older than the Holocene (see Tzedakis et al., 2009). Eastern
Mediterranean sediments potentially offer such an archive, due to the recurrent deposition
of well-preserved sapropels (organic-rich, frequently laminated sediments) that occur in
association to orbital precession minima (Hilgen, 1991; Lourens et al., 1996). The undisturbed
nature of sapropel archives, and the restricted setting of the Mediterranean, allow subtle
changes in both the temperate European climate and (sub-)tropical African climate to
be recorded in its sediments (e.g. Rohling, 1994). The accurate reading of such archives is,
however, hampered by the lack of proxies that can be measured at a resolution that matches
the sediment laminae.
Formation of eastern Mediterranean sapropels is related to density stratification of the water
column, causing deep-water stagnation, and an increased flux of organic carbon (Corg) to the
seafloor (e.g. Rossignol-Strick et al., 1982; Rohling, 1994; Casford et al., 2003; De Lange et
al., 2008). Ventilation, and by inference oxygen renewal, is controlled by basin-wide excess
evaporation and winter cooling, which causes the formation of intermediate water in the
Rhodes gyre. This intermediate water mixes with colder, but less-saline, shelf water in the
Aegean- and Adriatic Seas to form deep water (Pinardi and Masetti, 2000). Increased input
of freshwater from an enhanced North-African monsoon, e.g. via the River Nile, may have
particularly diminished deep-water formation during sapropels (Rossignol-Strick et al.,
1982; Rohling et al., 2002a). The most recent sapropel S1 is characterized by one well-known
interruption, thought to be linked to the Northern Hemisphere cooling event at ~8.2 kyr BP
causing eastern Mediterranean reventilation (e.g. Marino et al., 2009). Similar decadal- to
centennial timescale ventilation events, albeit with less intensity, are recognized throughout
sapropel S1. These events were likely coupled to changes in monsoon intensity affecting
Nile discharge and to Siberian anti-cyclone strength influencing Mediterranean winter
temperatures (Rohling et al., 2002b; Casford et al., 2003; Jilbert et al., 2010).
To investigate to which degree the previously observed variability in redox conditions is
unique to sapropel S1, we present high-temporal-resolution data of sapropels S1 and S3.
Sapropel S3 was deposited during Marine Isotope Stage 5a (MIS 5a; ~83 kyr BP). At this
time, global sea level was lower (e.g. Waelbroeck et al., 2002) due to increased ice volume in
comparison to MIS 1, i.e. the Holocene, when S1 was deposited. These climatic boundary
conditions potentially influence ventilation events and related redox variability during sapropel
formation. The comparison of sapropel S1 to S3 can thus potentially indicate the sensitivity of
the Mediterranean overturning circulation to changes in these climatic boundary conditions.
We used laser ablation-inductively coupled plasma-mass spectrometry line-scanning
(LA-ICP-MS) (Chapter 3; Jilbert et al., 2008) to produce trace-element-ratio profiles with
μm (i.e. annual) resolution of sapropels S1 and S3. We focus primarily on trace-metal proxies
known to be indicative for redox conditions (Mo, U, and Mn) and productivity (Ba) (e.g.
Algeo and Lyons, 2006; Tribovillard et al., 2006) to infer (1) the relation of sapropel dynamics
to changing climatic boundary conditions during sapropel S1 and S3, and (2) high-frequency
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Figure 1. The eastern Mediterranean basin. Indicated is core MS21PC (this study), taken at a depth of 1022 m.
Sapropel S1 in core PP44PC, recovered from 3400 m depth, has also been analyzed by LA-ICP-MS line-scan
analysis ( Jilbert et al., 2010) and forms a reference record of the deep eastern Mediterranean. Grey area marks
depths >2 km, which are thought to have been (nearly) continuously anoxic during sapropel S1 formation (De
Lange et al., 2008).

environmental variability in the Mediterranean during sapropels and its the link to global subMilankovitch climate forcings.

7.2

Material and methods

7.2.1

Sample material and chronology

The chronological framework was constructed by means of nine calibrated 14C datings on
mixed planktonic foraminifera. The part of the core that fell outside the 14C window was dated
by tuning of the surface-dwelling planktic foraminifer Globigerinoides ruber oxygen isotopes
(δ18Oruber) to δ18O of the Soreq Cave speleothems (δ18Ospeleo). The moisture source of the Soreq
Cave speleothems is mainly Mediterranean Sea surface water and therefore variability in
δ18Ospeleo co-varies with δ18Oruber via the “source effect” (see Grant et al., 2012). This approach
allows the transference of the exceptionally well-dated Soreq Cave chronology (Bar-Matthews
et al., 2003; Grant et al., 2012) to Mediterranean sediments (for further details on the age
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Piston core MS21PC (32°20.7’N, 31°39.0’E; 1022 m water depth; 752 cm in length) was
retrieved from the central Nile cone during the MIMES cruise with R/V Pelagia in 2004
(Figure 1). The sediment consists primarily of grey-brown clays, dominated by Nile-derived
smectites (~70 %; Venkatarathnam and Ryan, 1971). Sapropel S1 and S3 sediments occur at
respectively ~35-95 cm and ~605-660 cm depth in the core and are clearly identifiable by a
distinctly ~1 % higher Corg contents compared to pre- and post-sapropel sediments.
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Figure 2. MS21PC geochemical data of sapropel S1 (up; light grey area) and S3 (down; light grey area). (a) Corg weight % in bulk sediment. (b) Ba/Al log-ratio
measured by ICP-OES (black line) and LA-ICP-MS (dark grey line). (c) S weight % in bulk sediment. (d) Mo/Al log-ratio measured by ICP-OES (black line),
ICP-MS (white circles), and LA-ICP-MS (dark grey line). Dotted intervals are used for spectral analyses for Ba/Al, Mo/Al, U/Al, and Mn/Al. (e) U/Al log-ratio
measured by ICP-MS (white circles) and LA-ICP-MS (dark grey line). (f ) Mn/Al log-ratio measured by ICP-OES (black line) and LA-ICP-MS (dark grey
line). (g) Oxygen isotopes of Greenland NGRIP ice (δ18Oice) (NGRIP-Members, 2004) on Antarctic Ice Core Chronology 2012 (Veres et al., 2013). (h) Red Sea
relative sea-level (RSL) probability maximum (dark grey) and 95% confidence intervals (grey) (Grant et al., 2012). The dashed line marks a possible correlation
between NGRIP δ18Oice and the RSL record. (i) Oxygen isotopes of foraminifer Globigerinoides ruber (δ18Oruber; black solid line) and insolation at 65°N, 21st of
June (dashed line) (Laskar et al., 2004).

model see Chapter 6). The average sedimentation rates calculated from the age model are ~16
and ~13 cm kyr-1 during respectively sapropels S1 and S3.
7.2.2

Geochemical procedures and analyses

Core MS21PC was analyzed in a 0.5-2 cm resolution for Corg by thermal combustion after
removal of CaCO3 from freeze-dried sediment samples by HCl extraction. Aliquots of dried
sediment samples were also totally destructed with an HClO4-HNO3-HF acid mixture and
subsequently measurement for Al, S, Mn, Ba, and Mo by ICP-optical emission spectroscopy
(ICP-OES) and for Mo and U by solution nebulization ICP-MS in a 0.5-2 cm resolution.
Selected intervals of sapropel S1 and S3 were embedded in epoxy-resin, cut in ~5 cm blocks,
and polished (following Jilbert et al., 2008). These blocks were measured for our target
isotopes (27Al, 55Mn, 98Mo, 137Ba, and 238U) by means of LA-ICP-MS line-scanning on a
Thermo Element 2 ICP-MS. The combination of laser spot diameter (80 μm), mass-scanning
frequency of the ICP-MS (~2.5-3 Hz), and speed of lateral movement of the ablation chamber
(27.5-100 μm s-1) relative to the laser resulted in a sampling resolution of ~90 – 110 μm (on
average ~0.35 yr) per measurement, with a ~10 – 30 μm overlap between analytical spots.
Target elements are normalized to Al to avoid closed-sum effects by variable carbonate and
organic contents. Log-ratios are used because these are more suitable for method calibration,
such of LA-ICP-MS, to conventional data (Weltje and Tjallingii, 2008). Calibration of
LA-ICP-MS data was performed by regression of LA-ICP-MS binned-means to ICP-OES
(for Al, Mn, and Ba) and solution nebulization ICP-MS data (for Mo and U) from the same
depth intervals, following Chapter 3.
We conducted spectral analyses on intervals of maximum anoxic conditions during sapropels
S1 and S3 (~1500-yr intervals). For this, we resampled LA-ICP-MS log-ratios to evenly
spaced 1-yr resolution and focused on high-frequencies (<333 yr) by application of a high-pass
filter. Subsequently, REDFIT spectral analysis (Schulz and Mudelsee, 2002) was applied with
the PAST software (Hammer et al., 2001). REDFIT spectral analyses were performed with
an oversampling factor of 4 (controlling number of data points on frequency axis), 4 Welch
overlapping segments by 50 % (for noise reduction), and a χ2 test for indication of the 90 %
“false-alarm” line.

Results

The large-scale trends in Corg, Ba/Al, S, Mo/Al, and U/Al are similar in both sapropel S1 and
S3 (Figure 2a-e), with enrichments during the sapropels. In contrast, Mn/Al is high before
the sapropels and low within them (Figure 2f ). A clear peak in Mn/Al is visible around 8.1
kyr BP, splitting sapropel S1 in an early “S1a” and late “S1b” unit (Figure 2f ). The Mn/Al peak
is concordant with minor troughs in Corg and Mo/Al. Ba/Al and U/Al are slightly higher in
S1b compared to S1a, whereas Corg, S, and Mo/Al are decreasing in S1b. A clear difference
is observed between S1 and S3 in the highest values for S and Mo/Al, which are higher in
S3 relative to S1. The Corg concentrations in S3 and S1a are similar, and higher than those in
S1b, whereas Ba/Al and U/Al values are also comparable between S1 and S3.The centennialtime-scale trends visible in the data obtained using LA-ICP-MS line-scanning concord well
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with those obtained by measuring discrete samples (Figure 2b, d-f ). Additionally, Ba/Al, Mo/
Al, U/Al, and Mn/Al show pronounced higher-frequency variability on decadal timescales,
noticeable only by use of the LA-ICP-MS line-scan approach.

7.4

Discussion

7.4.1

Water column dynamics and redox conditions during sapropels S1 and S3

Ventilation rates and biological productivity both influence the oxygen balance of eastern
Mediterranean deep waters, and thus are crucial parameters influencing sapropel formation.
Variability in ventilation and productivity can be reconstructed from sedimentary trace-metal
enrichments. Immobilization of Mn, U, and Mo in the sediment occurs along a distinct oxic
to sulfidic gradient (e.g. Tribovillard et al., 2006). Ba enrichment in sediment is associated
to biogenic Ba (BaSO4) precipitation in the water column associated with decaying organic
matter and is, therefore, regarded as an export-productivity proxy (e.g. Bishop, 1988). This
association appears to work particularly well for Mediterranean sapropels (Van Santvoort et
al., 1996; Weldeab et al., 2003). Ba can thus be used in combination with the redox proxies to
resolve productivity from ventilation signals in sapropel sediments.
High Mo concentrations in the sediment are associated to euxinic conditions in bottom- and/
or pore waters, as Mo is scavenged in the presence of free sulfide (H2S) (Helz et al., 1996).
Consequently, high Mo/Al values during sapropels S1 and S3 (Figure 2d) correspond to
euxinic conditions close to the sediment-water interface, which could have extended into
the eastern Mediterranean bottom water. These results are corroborated by sulfur weight
percentages (Figure 2c), which are relatively high in the sapropels. This suggests the abundance
of pyrites deposited under sulfate-reducing sedimentary conditions, as often found in
Mediterranean sapropels (e.g. Passier et al., 1999).
Mo scavenging into the sediment can decelerate relative to Corg if long term anoxia prevail in
restricted basins (Algeo and Lyons, 2006). We rule out such depletion of the water column
Mo inventory (i.e. basin reservoir effect) as a mechanism influencing sedimentary Mo/Al
data in either S1 or S3. We can do so, because both sapropel intervals show a relatively steep
Mo to Corg regression slope (Figure 3a) in comparison with other studied modern-day, anoxic
environments implying negligible reservoir effects (Algeo and Lyons, 2006).
The covariation of Mo-U can provide additional information on redox intensity and the
operation of metal-(oxyhydr)oxides particulate shuttles, which are associated to water column
redox dynamics (e.g. Algeo and Tribovillard, 2009; Scholz et al., 2013). U uptake into the
sediment commences around the Fe-reduction boundary (Algeo and Tribovillard, 2009;
Tribovillard et al., 2012) and is therefore more enriched than Mo under sub-oxic conditions;
whereas these trace elements are simultaneous enriched under anoxic conditions. In addition,
Mo has more affinity for adsorption to metal-(oxyhydr)oxides compared to U. Mo is therefore
readily “shuttled” from the water column to the sediment by Mn- and Fe-(oxyhydr)oxide
particles precipitated at the Mn- and Fe-redoxclines in the water column (i.e. particulate
shuttling) (Algeo and Tribovillard, 2009; Scholz et al., 2013). Figure 3b shows that Mo and
U are simultaneously enriched during sapropels S1 and S3, as expected during (intermittently)
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Figure 3. Cross plots of selected geochemical data in S1a (grey circles), S1b (white circles), and S3 (black
triangles). (a) Plot of Mo versus Corg. The value of the slope of the linear regressions for S1 and S3 are given.
End-members of weak basin restriction to extreme basin restriction are indicated based on data of Algeo &
Lyons (2006). (b) Enrichment factors (EF’s) of Mo versus U. EF’s were calculated by dividing Mo/Al and
U/Al by their respective ratios in the post-Archean average shale (Taylor and McLennan, 1985; Algeo and
Tribovillard, 2009). Solid lines indicate sea water (SW) Mo/U ratio, and 0.3x and 3x fractions thereof. The
area where “particulate shuttling” occurs in the modern-day Cariaco Basin is indicated with a grey oval area,
following Algeo & Tribovillard (2009).

The weaker particulate shuttle at our core depth during sapropel S1, suggests an on average
deeper redoxcline at that time (see sketch in Figure 4). The anoxic conditions must have
been predominantly restricted to the sediment-water interface as frequently ventilated anoxic
‘blankets’ (Casford et al., 2003) at the depths of MS21PC. Particulate shuttle transport
enhancing Mo enrichment also did not occur at ~2500 m depth throughout sapropel S1
(Azrieli-Tal et al., 2014). In addition, that study demonstrated weakly sulfidic bottom waters
at those depths, as also indicated by modeling of deep-water S1 sediments (Reed et al., 2011).
Mn- and Fe-shuttles must have been reductively dissolved before reaching the sediment
surface at ~2500 m depth, consequently the redoxcline was probably located well above
that depth. These observations concord with a redox-cline inferred to be at ~1800m during
S1 (De Lange et al., 2008). Therefore, we infer that during S1 the redoxcline (i.e. Mn- and
Fe-redoxclines) must have been predominantly below 1000 and above 2500 m, whereas during
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euxinic conditions in the sediment. However, the higher enrichment of Mo:U, relative to the
sea water ratio (up to ~3-4x higher) suggests that particulate shuttling may have accelerated
Mo enrichment especially during S3 (Figure 3b) (see Algeo and Tribovillard, 2009).
Prerequisite for the shuttle mechanism is the existence of an oxic-anoxic boundary in the
water column. Moreover, frequent (i.e. decadal) renewal of bottom waters is necessary, because
the Mn- and Fe particles would otherwise be reductively dissolved, releasing adsorbed Mo,
before reaching the seafloor (Algeo and Tribovillard, 2009; Scholz et al., 2013). Hence, these
results suggest a highly fluctuating oxic-anoxic interface in the water-column above 1022 m
depth, our core depth, during intervals of active particulate shuttling.
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Figure 4. Schematic model for water column dynamics (shown for Mn) and redox conditions during sapropels
S1 (left) and S3 (right), inspired by Algeo & Tribovillard (2009). The Mn- and Fe-redoxclines in the water
column were principally deeper than the core depth of MS21PC (1022 m) during S1, causing little particulate
shuttling of Mo. Intermittently euxinic conditions were limited to the sediment-water interface as anoxic
blankets that were likely frequently ventilated (Casford et al., 2003). The Mn- and Fe-redoxclines in the water
column were predominantly above 1022 m during S3, causing high particulate shuttling of Mo and enhanced
Mo enrichment in the (intermittently) euxinic sediment.

S3 it was positioned generally above 1000 m (Figure 4). The simultaneous strong enrichment
of Mo and S in S3 relative to S1 suggest that the higher Mo/Al values in S3 are not only an
expression of the particulate shuttle mechanism but also of stronger anoxic conditions. The
signal of enhanced anoxic conditions during S3 may have been suppressed in U/Al, because
U is more readily re-oxidized during oxygenation events (Scholz et al., 2011), which occurred
frequently during both sapropels. Hence, considering these observations, we conclude that
anoxic conditions were enhanced and water-column ventilation shallower during deposition of
S3 relative to S1.
The Ba/Al profiles show that export productivity was similar between S1 and S3 in our core
area (Figure 2b), whereas Corg concentrations were also similar between sapropel S3 and
S1a (Figure 2a). Corg concentrations reflect primarily the initial organic matter fluxes once
anoxic conditions are established (Reed et al., 2011). The observed Corg concentrations thus
largely confirm the productivity signal inferred from Ba/Al during sapropel S1 and S3. This
suggests that reduced ventilation rates due to enhanced density stratification in the eastern
Mediterranean were primarily responsible for more intense anoxia during S3 compared to
S1. Organic matter export productivity followed by remineralization may only have played a
secondary role. Hence, variability in redox-controlled trace metal enrichment reflects mainly
ventilation rates.
The magnitude of anoxia during sapropels is often associated to orbitally-forced North
African monsoon strength (e.g. Rossignol-Strick, 1985; Rossignol-Strick, 1999; Kraal et
al., 2010). North African riverine discharge into the Mediterranean increases the buoyancy
of surface waters, which favors stratification. Variable inflow of depleted δ18O Nile discharge
during sapropel formation is recorded in the carbonate δ18O of the surface-dwelling planktic
foraminifer Globigerinoides ruber at our coring location (Chapter 6). The measured δ18Oruber
values were on average -0.39 ‰ for S1 and 0.00 ‰ for S3 (Figure 2i). However, the larger
ice volume and resulting ~40m lower sea level (Figure 2h) during MIS 5a resulted in an
approximately 0.8 ‰ more heavy oceanic δ18O-value (see Grant et al., 2012). Correction for
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this glacial effect during S3, results in average corrected values of δ18Oruber for S1 and S3 to
be respectively -0.39 ‰ and -0.8 ‰. These values suggest an enhanced inflow of depleted
δ18O-Nile freshwater during sapropel S3. This is in line with the somewhat higher northern
hemisphere summer insolation at that time (Figure 2i). Consequently, enhanced monsoon
intensity can be associated to more stable water-column conditions, resulting in less, and
shallower, ventilation during sapropel S3 compared to S1. In addition, the effect of increased
monsoon intensity may have been amplified by the lower sea level during sapropel S3. Longer
residence times in a more restricted Mediterranean basin, due to lower sea level, enhances the
effect of basin-wide excess evaporation and causes higher initial salinities in the water column
(e.g. Thunell et al., 1987; Rohling et al., 2014). We speculate that the enhanced restriction
during deposition of S3 resulted in a more pronounced density difference between freshwater
(e.g. Nile discharge) and Mediterranean Sea water, causing enhanced stratification of the water
column, thus reduced overturning circulation and ultimately stronger bottom water anoxia.
7.4.2

Sub-Milankovitch redox variability within sapropels S1 and S3

No comparable interruption of sapropel formation is observed in S3, which shows low and
stable Mn/Al ratios throughout (Figure 2f ). This suggests that similar-sized events as the
“8.2 kyr event” did not occur in the course of MIS 5a. The deposition of S3 during a global
transition to glacial conditions may have been climatically more stable than the unstable last
deglaciation (e.g. Teller et al., 2002). This could have prevented that such brief cold events
occurred at the time of S3. Alternatively, more stable water column conditions during S3
prohibited a sapropel interruption after an extensive cold event.
The decadal to centennial redox variability was further investigated by means of spectral
analyses of the LA-ICP-MS profiles of Mo/Al, U/Al, and Mn/Al (Figure 5c-h). Similarly,
variability in productivity was estimated from the LA-ICP-MS profiles of Ba/Al (Figure 5a,
b). We focused on intervals of the two sapropels characterized by relatively stable background
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The LA-ICP-MS profiles show clear high-frequency variability in productivity (Figure 2b)
and redox conditions (Figure 2d-f ). The latter is in line with the existence of a particulate
shuttle during intervals of sapropel deposition, which also suggests ventilation rates on
(sub-)decadal timescales, as by analogy found in the modern-day, weakly restricted, and
intermittently euxinic Cariaco Basin (Algeo and Tribovillard, 2009). The most pronounced
example of reventilation during S1 is the peak in Mn around 8.2 kyr BP (Figure 2f ). This
evidences a major interruption in sapropel formation, since manganese is mobile under
reducing conditions and precipitates as oxides during reoxygenation events (e.g. Brumsack,
2006). The peak in Mn is accompanied by a simultaneous minimum for Corg and Mo, implying
an interval of sustained higher ventilation rates. The event can be linked to the 8.2 kyr cooling
recorded in Greenland ice cores (Figure 2g) (NGRIP-Members, 2004), as simultaneous winter
cooling has been observed in the areas of Mediterranean deep-water formation (Casford et
al., 2003; Ní Fhlaithearta et al., 2010). After the reventilation event at 8.2 kyr BP a distinct
increase in U/Al (Figure 2d) and Ba/Al (Figure 2b) is visible in S1b. The declining Corg, S,
and Mo/Al values concurrent with these high U/Al values indicate that redox conditions were
principally sub-oxic and not anoxic in S1b. The simultaneous pattern of Ba/Al to U/Al in S1b
may indicate that these sub-oxic conditions were more sustained through productivity than
ventilation compared to S1a.

Figure 5. REDFIT spectral analyses of the high-pass (<333 yr) filtered trace element records. (a) Log-ratio
of Ba/Al in sapropel S1. (b) Log-ratio of Ba/Al in sapropel S3. (c) Log-ratio of Mo/Al in sapropel S1. (d)
Log-ratio of Mo/Al in sapropel S3. (e) Log-ratio of U/Al in sapropel S1. (f ) Log-ratio of U/Al in sapropel S3.
(g) Log-ratio of Mn/Al in sapropel S1. (h) Log-ratio of Mn/Al in sapropel S3. The profiles of the records are
shown at the top, with 11-yr moving-averages in black for clarity. The dashed lines reflect the 90% confidence
levels.

concentrations of these elements, which were high-pass filtered (<333 yr), to specifically
investigate short-timescale variability.
The power spectra suggest that the variability in ventilation that occurred during S3 was
less frequent and less intense than during S1. This is indicated by significant power in the
high-frequency regions of Mo/Al and U/Al during S1 corresponding to decadal-timescale
variability (~7 – 12 years, Figure 5c, e) while the corresponding spectra for S3 are generally
devoid of such power (Figure 5d, f ). However, both sapropels show strong power in the multidecadal to centennial part of the spectrum. These results are confirmed by the Mn/Al spectra
(Figure 5g, h), although spectral power in many Mn/Al peaks seem attenuated compared to
those of Mo/Al and U/Al. This is possibly due to the low preservation potential of Mn after
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oxygenation events during sapropel deposition (principally only as Mn-carbonates; Brumsack,
2006). The more frequent variability in ventilation that occurred during S1 supports our theory
of relatively weaker stratification of the eastern Mediterranean water column during MIS 1
compared to MIS5a.
Nutrient availability and intermediate water-formation may both be influenced by climatic
forcings, such as Nile discharge, which delivers a nutrient and freshwater influx. Export
productivity and ventilation rates in the proximity of the Nile delta area are therefore thought
to be coupled for intermediate water depths during S1 (Chapter 4). Equal climatic forcing
may thus explain the similar frequencies observed in Ba/Al (Figure 5a) and redox-dependent
trace elements during S1 (Figure 5c, e, g). However, during S3, frequencies of productivity
are focused around 30 – 50 years (Figure 5b), while redox conditions are focused on a wider
spectrum from 8 to 213 years (Figure 5d, f, h). Export productivity and ventilation rates seem
thus decoupled during deposition of sapropel S3, as has also been observed for the open
Mediterranean Sea (PP44PC; Figure 1) during the interval of intense S1 formation ( Jilbert
et al., 2010). This decoupling at high frequencies was suggested to result from a nonlinear
response of the internal feedback mechanisms that sustain nutrient fluxes to the photic zone
due to climate forcings (see Jilbert et al., 2010). This scenario might also apply to sapropel S3
in our core area.

Figure 6. REDFIT spectral analyses of high-pass
(<333 yr) filtered reference records. (a) Holocene
GISP2 K+ record (Mayewski et al., 1997) focused
on the same interval studied in high resolution for
sapropel S1. (b) Extended record of annual difference
between the high and low Nile levels from A.D. 622
to 1922 (Kondrashov et al., 2005). The profiles of the
records are shown at the top, with 11-point movingaverages in black for clarity. The dashed lines reflect the
90% confidence levels.
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Variable ventilation rates during sapropel S1 were likely controlled by winter temperature
and monsoon (Nile) variability, which have often been linked to solar variability as ultimate
driver (e.g. Rohling et al., 2002b; Jilbert et al., 2010). Annual to decadal variability in winter
temperatures in areas of Mediterranean deep-water formation are thought to be driven by the
Siberian anti-cyclone strength, which is recorded in the GISP2 K+ record (Mayewski et al.,
1997; Rohling et al., 2002b). A high-resolution reference record of Nile floods is represented
by the difference in minima and maxima Nile water levels, which were measured regularly
from A.D. 622 to 1922 with nilometers (e.g. Kondrashov et al., 2005). The redox conditions in
the sapropels show many overlapping frequencies to these two records (Figure 6). This implies

that these climatic forcings probably played an important role in the observed high-frequency
redox variability in the eastern Mediterranean during sapropels. Furthermore, it shows that
similar high-frequency climatic forcings (on multi-decadal to centennial timescales) occurred
in the Mediterranean not only during MIS1 but also during MIS 5a.

7.5

Conclusions

We show that different climatic boundary conditions during MIS 1 and 5a had a significant
effect on the sea-floor redox conditions and water-column dynamics in the eastern
Mediterranean Sea during deposition of sapropels S1 and S3. Redox conditions at the
sediment-water interface during sapropel S3 were more anoxic than during S1, as indicated
by distinctly higher Mo/Al values and enriched S concentrations, implying sulfate reduction
in the sediment. Export productivity, derived from Ba/Al, was similar for both sapropels,
thus the redox differences observed between these sapropels seemed controlled by dissimilar
ventilation rates. Our data reveal that a strong Mn- and Fe shuttle augmented Mo relative
to U enrichment in the sediment during S3. This is a common feature in weakly restricted
basins, which indicates that the water column was frequently ventilated and contained a
highly fluctuating Mn- and Fe-redoxcline above our core depth (1022 m). The lack of such
a particulate shuttle, and overall weaker anoxic conditions during S1, imply that the watercolumn redoxcline during MIS 1 was below 1022 m. This concords with other published
evidence, indicating shallower than 2500 m, and at ~1800 m water depth. These results suggest
that the water column was more unstable during S1 relative to S3, which is in accordance with
the larger amount of high-frequency (7 – 12 years) ventilation events that occurred throughout
S1 deposition as indicated by our LA-ICP-MS analyses. We attribute this difference in
water column stability to different orbitally-forced monsoon strengths during these sapropels.
Sapropel S3 was deposited at higher summer insolation and increased monsoon (i.e. Nile)
influx, which probably caused a stronger stratification of the eastern Mediterranean water
column, compared to sapropel S1. This effect of enhanced monsoon intensity may have been
amplified by the lower sea level and thus stronger restriction of the Mediterranean during MIS
5a compared to MIS1.
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Concluding remarks and Outlook
Novel geochemical methods producing continuous geochemical profiles in unprecedented
spatial resolutions (mm to even μm) can play a key role in the advancement of paleoclimate
studies. Chapter 2, discussing the XRF core-scan method, focusses on the limitations of this
method, pointing out that high-water content can lead to inaccurate data acquisition on
cm-scales. Clearly this is an important finding, as interpreting such deviating signals would
lead to erroneous climate-signal interpretations. Based on the results of Chapter 2, it is
expected that geochemical profiles of sediments devoid of high water content, such as deep
drilling cores, give accurate profiles for almost all elements. Therefore, as long as the analytical
deviations can be limited or quantified, this will be one of the main geochemical tools used in
future paleoceanographic and sedimentological studies.
The LA-ICP-MS line scan method can be complementary to the XRF core scan method.
LA-ICP-MS is perhaps more costly, time-consuming, and labor-intensive, relative to the
XRF-scanner. However, the LA-ICP-MS method allows more accurate detection of elements
with lower concentrations – trace elements – and can also do so in a very high resolution
(down to 20 μm). The spiked sediment samples produced for Chapter 3 demonstrate that
LA-ICP-MS line scanning can offer reliable semi-quantitative analysis of major to trace
elements in resin-embedded sediments. The accurate measurements by LA-ICP-MS may be
hampered by different chemical phases of an element. This urges for future methodological
studies to produce similar spiked “standards”, as in Chapter 3, containing different chemical
phases (e.g. Ba-aluminosilicates, Ba-carbonate, Ba-barite). Another drawback of the LA-ICPMS method, at the moment, is the lack of (international) calibration standards with a sediment
matrix. A key advancement would be to produce a resin-embedded sediment standard,
containing a suite of major, minor, and trace elements, that is systematically measured before
any line-scan analysis (preferably the same standard is used in any laboratory that performs
this type of analysis). The results of Chapter 3 demonstrate how to prepare such a sediment
standard, and these techniques will probably be used to produce such a standard in the near
future.
The LA-ICP-MS line scanning is clearly a high-potential method, but for now needs to be
validated and calibrated before usage in any paleoclimatological study. It is shown in Chapter
7, that if correctly applied, it is an extremely powerful tool to observe high-frequency climate
variability. Novel advancement in laser-based measurement of lipid biomarkers, would even
make it possible to do parallel sea surface temperate reconstructions in similar resolutions as
the trace metal profiles (Wörmer et al., 2014). The U-Mo covariation (following Algeo and
Tribovillard, 2009) to pinpoint the Fe- and Mn redox boundaries within the water column,
has not been often applied yet to Mediterranean sediments. At the moment the dataset from
Chapter 7 is quite one-dimensional (one core). However, adding more cores to this dataset
might sketch a more complete picture of water column redox dynamics under variable climate
boundary conditions; particularly if these cores would be taken along a depth-transect.
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Identification of the major external and internal driving forces of natural climate variability
is one of the key foci of climate sciences. In the early to middle Holocene, the Indian Ocean
monsoon seems to have been the major driving force of Nile discharge, which may have been
externally forced by solar activity (see Chapter 4). At the moment it is unknown how the
coupling of the Indian Ocean monsoon and solar activity operates, indicating a significant
knowledge gap. It would be desirable to have a high-frequency reconstruction of Indian Ocean
Dipole, IOD, oscillations through the Holocene, because western Indian Ocean sea surface
temperatures may be an important factor in driving eastern African rainfall (Tierney and
deMenocal, 2013). At present, such a high-frequency IOD record does not exist. Nonetheless,
biomarker-related temperature proxies and/or the Mg/Ca foraminiferal temperature proxy
may potentially allow calculation of a sea surface temperature difference between the eastern
and western Indian Ocean, i.e. ~IOD. This approach seems to work at least in low-resolution
(millennial timescale) (Berke, 2012). Having similar data in high-resolution could be vital to
describe, not only high-frequency rainfall patterns in parts of the Nile catchment, but also
monsoon activity in the other landmasses surrounding the Indian Ocean.
A remarkable outcome of Chapter 5 is the possibility of a nonlinear relationship between
northeast African vegetation and precipitation patterns in and around the Nile River.
Interestingly, the interval of increased vegetation in the Nile catchment during the Holocene
seems to correspond to an atmospheric CO2 decrease of 5 ppmv from ~11.5 – 6.5 kyr BP. It
has been inferred from atmospheric carbon isotopes that this CO2 decrease is associated to an
increase in terrestrial biomass (Elsig et al., 2009). African vegetation may have contributed,
acting as a sink for CO2. At least the timing of an increase in vegetation in and around the
Nile River, lines up with this CO2 decrease. As this may add fundamental knowledge on CO2
cycling during the Holocene, these results urge for further testing by plant-wax isotopes on
similar samples from the Nile delta, as these could be able to record C3-C4 changes (carbon
isotopes) and could also measure catchment precipitation (hydrogen isotopes).
The combined use of empirical and theoretical approach may provide new insights into key
processes of thermohaline collapse in the Mediterranean, such as demonstrated in Chapter
6 for sea-level change and the Mediterranean overturning circulation. Some water-column
characteristics are difficult to assess by proxies alone. For instance, diffusional mixing of
deep and surface water (i.e. vertical diffusivity) may play a vital role for restarting deep-water
formation during sapropel deposition (Meijer and Dijkstra, 2009). The simple box model in
Chapter 6 shows that when deep-water formation is shut down, the vertical diffusivity induces
gentle recovery of overturning by decreasing the density difference of deep- to surface water.
This process maintains until surface-water density exceeds deep-water density, after which
deep-water formation starts abruptly. This vertical diffusivity can thus explain the abrupt
sapropel terminations observed in the proxy records, and may be critical for ending of watercolumn stagnation in the Mediterranean. The used model can be improved. It is unknown
what the diffusivity value was during sapropel formation (lower during stratified conditions?);
this would influence the time it takes to restart ventilation. Moreover, temperature is not
considered in the model, but could be incorporated if high-resolution and well-dated records
would be available for the eastern Mediterranean, e.g. similar to Martrat et al. (2004) for
the western Mediterranean. Forecasts obtained from general-circulation modeling show
that the Mediterranean overturning circulation may become weaker due to fast temperature
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change associated with global warming (Somot et al., 2006). Considering the concurrent
rapid sea-level rise related to this warming, it would not only be interesting but also of high
society-relevance to advance our knowledge on the sensitivity of Mediterranean overturning
circulation to rapid sea-level rise.
Conclusively, this study aimed and succeeded to refine our understanding of geochemical
methods for detailed deciphering of marine archives. Moreover, the high-frequency easternMediterranean geochemical records from this thesis led to several advances in a broad field
of topics, such as Nile discharge, Nile delta sedimentation, and Mediterranean overturning
circulation.
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Samenvatting in het Nederlands
In tijden waarin het klimaat opwarmt en het onzeker is hoe deze veranderingen zich zullen
ontvouwen, is het belangrijk om alle factoren die het klimaat beïnvloeden – natuurlijk
versus menselijk – te ontrafelen. Hiervoor is het essentieel om klimaatarchieven te hebben
die veranderingen hebben geregistreerd op relatief korte tijdschalen van jaren tot tientallen
jaren. Klimaatveranderingen gemeten met instrumenten, zoals bij het Koninklijk Nederlands
Meteorologisch Instituut (KNMI) in De Bilt, gaan in de meeste gevallen hooguit een eeuw
terug. Daarom is er een vraag naar alternatieven voor het reconstrueren van het klimaat in
het verleden op korte tijdschalen. Mariene sedimenten kunnen deze mogelijkheid bieden
indien ze zijn afgezet in een milieu waar het sediment zich heel snel heeft opgestapeld
(een hoge sedimentatiesnelheid) en/of deze sedimenten uitstekend zijn bewaard zodat de
fijne opeenvolging van sedimentlagen is behouden. Aangezien het klimaat de chemie van
sedimenten beïnvloed, kunnen we deze sediment chemie (geochemie) ook inzetten om
het klimaat in het verleden (paleoklimaat) te reconstrueren. Hierbij is het belangrijk dat de
technieken die we gebruiken om de geochemie te analyseren met een voldoende hoog
detail kunnen meten (hoge resolutie), zodat we de mogelijke veranderingen op jaarschalen
kunnen reconstrueren. Dit proefschrift heeft een tweeledig doel: (1) onze kennis van de
bestaande geochemische methodes om het sedimentarchief in hoge resolutie te lezen uit te
breiden, en (2) de geochemie te gebruiken in een gebied dat een uitstekend archief vormt van
grootschalige klimaatpatronen op het noordelijk halfrond: Nijlsedimenten in de Oostelijke
Middellandse Zee.

De Middellandse Zee en klimaat
De Middellandse Zee wordt begrensd door de Euraziatische en Afrikaanse continenten,
en is enkel voorbonden aan de wereld oceanen via de smalle en ondiepe (ongeveer 284 m)
Straat van Gibraltar (zie Figure 1 op pagina 10). De Middellandse Zee zelf bestaat uit een
oostelijk en westelijk bekken, opgedeeld door de ondiepe (ongeveer 330 m) Straat van Sicilië.
Door deze ligging en opbouw wisselt de Middellandse Zee maar gelimiteerd water uit met
de Atlantische Oceaan, en vooral in de oostelijke Middellandse Zee is de directe invloed van
de Atlantische Oceaan nihil. Hierdoor worden watereigenschappen, zoals temperatuur en
zoutheid van het water, vooral beïnvloed door het klimaat van de aangrenzende landmassa’s.
De sedimenten vormen daardoor een uitstekend archief om veranderingen in het sterk
contrasterende Europese en Afrikaanse klimaat vast te leggen.
Het karakteristieke Middellandse Zeeklimaat van droge/hete zomers en natte/milde winters
wordt veroorzaakt door de ligging van de zee tussen de Europese en Afrikaanse klimaatzones.
De atmosfeer op het noordelijk halfrond (en ook op het zuidelijk halfrond) kan ingedeeld
worden in drie grote atmosferische (wind) circulatie cellen: de Hadley, Ferrel, en Polar cellen
(zie Figure 1 op pagina 10). Deze cellen bepalen grotendeels de algemene weerpatronen,
en dus het klimaat, die de continenten beïnvloeden. Het Afrikaanse klimaat wordt vooral
bepaald door de zogenoemde Hadley cel, die zorgt voor de warme/natte tropen en de warme/
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droge subtropen (Sahara). Het Europese klimaat wordt daarentegen bepaald door de meer
klimatologisch gematigde Ferrel cel. In de zomer op het noordelijk halfrond schuift de
“Afrikaanse” Hadley Cell meer noordwaarts over de Middellandse Zee heen. Dit veroorzaakt
de warme/droge omstandigheden in de zomer. Tijdens deze periode schuift ook het lage
drukgebied rond de evenaar, die in het Engels ‘Intertropical Convergence Zone (ITCZ)’ wordt
genoemd, meer noordwaarts. Dit gaat gepaard met hoge zomerse regenval in de tropen. Deze
regenval beïnvloedt de Middellandse Zee indirect doordat de Nijl, die begint in de tropen en
eindigt in Egypte, dan een veel hogere uitstroom kent. Gedurende de winter, schuift de Hadley
Cell meer zuidwaarts, waardoor de “Europese” Ferrel Cell over de Middellandse Zee komt te
liggen. De westenwinden (‘Westerlies’ in het Engels), die ook in Nederland vaak voor regen
zorgen, vergroten dan hun invloed op de Middellandse Zee, zorgend voor meer klimatologisch
natte/gematigde omstandigheden. In de winter blijft het water van de Middellandse Zee
zelf relatief warm ten opzichte van het aangrenzende landmassa. De lucht boven de zee is
daardoor relatief warmer en kan daardoor opstijgen. Dit vormt een lagedrukgebied boven de
Middellandse Zee, waardoor ook regelmatig veel koudere lucht in kan stromen vanuit noord
Europa en Siberië (hoge drukgebieden). De Mistral in Frankrijk is hier een bekend voorbeeld
van, maar in de Adriatische en Egeïsche Zee komen deze koude winter winden ook vaak voor
als de respectievelijke Bora en Vardar winden.
De watercirculatie van de Middellandse Zee wordt grotendeels gedreven door de hierboven
beschreven klimaatpatronen. Een belangrijk concept om dit te begrijpen is het feit dat
zouter en koeler water relatief zwaarder is dan zoeter en warmer water (doordat de dichtheid
van zout/koud water groter is). Zeewater stroomt binnen aan het wateroppervlak van de
Middellandse Zee via de Straat van Gibraltar. De verdamping van water over de Middellandse
Zee is groter dan de instroom van zoetwater door regen en rivieren (Exces evaporatie). Door
deze netto verdamping wordt het zeewater zouter naarmate het meer richting het oosten
verplaatst. In de winter wordt dit zoute water ook afgekoeld, waardoor je dus een watermassa
krijgt in de oostelijke Middellandse Zee die zout én koel is. Door de hoge dichtheid van dit
water, relatief ten opzichte van de onderliggende watermassa, zakt het regelmatig naar beneden
in de Rhodes Gyre (locatie 1 in Figure 2A op pagina 11). Hierdoor wordt een watermassa
gevormd op ongeveer 200-600 meter diepte, die zich over de hele Middellandse Zee uitstrijkt.
Deze watermassa wordt Levantine Intermediate Water (LIW) genoemd (zie Figure 2B op
pagina 11). LIW mixt met kouder, maar minder zout, water in de noordelijke deel van de
Middellandse Zee. Dit gebeurd op de plekken die door de koude winter winden worden
beïnvloed: de Adriatische Zee, de Egeïsche Zee en Golf van Lyon (nummers 2 tot en met 4
in Figure 2A op pagina 11). Hierdoor ontstaan er watermassa’s met nog een hogere dichtheid
dan LIW, die de diepste delen van de Middellandse Zee opvullen.
De Middellandse Zee is gemiddeld 1500 meter diep (het maximum ligt dieper dan 5
kilometer). Dit is veel dieper dan bijvoorbeeld de Noordzee, die gemiddeld ongeveer 100 meter
diep is. De hierboven beschreven processen van circulatie van watermassa’s zijn heel belangrijk
voor het transporteren van zuurstof opgelost in oppervlakte water naar de diepere delen van
het bekken. Veel zeeleven in de diepzee heeft dit zuurstof nodig, net zoals een mens zuurstof
nodig heeft. Echter hebben er in het verleden situaties voorgedaan waardoor deze diepwater
circulatie, wat ook wel ventilatie genoemd wordt, door klimatologische veranderingen was
afgezwakt. Dit zorgde dan voor een verminderde toevoer van zuurstof naar de diepzee in
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de oostelijke Middellandse Zee, met alle gevolgen van dien. Een goed voorbeeld van zulke
periodes wordt geïllustreerd door de afzetting van organisch-rijke sedimentlagen (sapropelen
genoemd) in de oostelijke Middellandse Zee. Deze sapropelen zijn zeer waarschijnlijk het
eindresultaat van een combinatie van (1) de afzwakking van de ventilatie en (2) een toename
van productie van organisch materiaal (algen) in het oppervlakte water dat naar de bodem
dwarrelt (export productiviteit). Zuurstof in de diepzee wordt normaal gesproken gebruikt
door micro-organismen om organisch materiaal af te breken. Indien de ventilatie stokt, en de
diepzee zuurstofarmer (anoxisch) wordt, zal er dus ook minder organisch materiaal afgebroken
worden. Dit kan dan tot de afzetting van sapropelen leiden (meer bewaard organisch
materiaal), vooral als de export productiviteit (productie van organisch materiaal in het
oppervlakte water) groter is.

Middellandse Zeeklimaat in het verleden
Sapropelen in de oostelijke Middellandse Zee werden cyclisch afgezet als gevolg van
klimatologische veranderingen die afhankelijk zijn van de stand van de aarde ten opzichte
van de zon. Deze astronomische parameters worden ook wel Milanković cycli genoemd,
naar hun ontdekker. Er zijn drie belangrijke Milanković cycli te herkennen die variëren
door de tijd: (1) De rotatie van de as van de aarde, zoals een tol die niet meer recht opstaat
(precessie). (2) De hoek van de as van de aarde ten opzichte van de zon (obliquiteit). (3) De
cirkelachtige baan van de aarde om de zon die ligt ovaal is (excentriciteit). De variaties in deze
zon-aarde parameters zorgen ervoor dat de hoeveelheid en verdeling van zonne-instraling
op aarde varieert door de tijd, respectievelijk met ongeveer 21.000 jaar (precessie), 41.000
jaar (obliquiteit), en 100.000 jaar (excentriciteit). Deze Milanković cycli zijn grotendeels de
gangmakers van klimaatveranderingen op tijdschalen van tienduizenden jaren over de hele
aarde. Denk hierbij bijvoorbeeld aan de ijstijden, die zich met een cycliciteit van ongeveer
100.000 jaar herhalen.
De Milanković cycli sturen ook het voorkomen van sapropelen in de oostelijke Middellandse
Zee. De laatste sapropel werd afgezet van zo’n 10.000 tot 6.000 jaar geleden, toen de zonneinstraling op het noordelijk halfrond in de zomer groter was dan nu. Als gevolg daarvan lag het
lage drukgebied rond de evenaar (de ITCZ, zie hierboven) meer noordelijk in onze zomers, en
de regenval was tevens versterkt. Gedurende deze periode was de Sahara dan ook een oase
van groen. De Nijluitstroom was hierdoor ook veel groter dan dat ie nu is, met een grote
invloed op de Middellandse Zee. De instroom van extra zoetwater vanuit de tropen zorgde
ervoor dat het oppervlaktewater in de oostelijke Middellandse Zee minder zout was. Zoals
eerder aangegeven, is zoeter water relatief minder zwaar, en hierdoor kon dus ventilatie minder
makkelijk plaatsvinden. Dit verminderde waarschijnlijk de zuurstof hoeveelheid in de diepzee,
met een sapropel afzetting tot gevolg. Waarschijnlijk was de organisch materiaal productie
door algen ook toegenomen door bijvoorbeeld de extra instroom van nutriënten vanuit de
versterkte Nijluitstroom. Dit zorgde voor een verhoogde export productiviteit. De afzetting
van deze sapropelen zijn om een heleboel redenen interessant. Voor oliemaatschappijen zijn dit
soort type organisch-rijke lagen de brongesteente die uiteindelijk olie vormen. Er zijn situaties
in het verleden geweest waar in alle wereldoceanen sapropel vorming voorkwam (ocean
anoxic events). Echter is de Middellandse Zee makkelijker te onderzoeken (kleinschaliger),
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maar wel als goede analoog te gebruiken. Voor dit proefschrift zijn de sapropelen interessant
vanuit een ander perspectief. Door de anoxische omstandigheden ten tijde van de afzetting
van deze aardlagen, was er relatief weinig zeeleven in deze bodems. Deze lagen zijn dan ook
niet door elkaar gemixt door bodemleven (bioturbatie), maar zijn uitermate goed gepreserveerd.
Dit zorgt ervoor dat, mits de juiste chemische methodes gebruikt worden, deze archieven veel
detail bevatten over klimaatveranderingen op jaar tot tientallen jaarschalen (sub-Milanković
cycli). Sapropelen zijn daarom dan ook een grote focus in dit proefschrift.

Studie locatie, geochemische methodes, en proxies
De sedimenten die geanalyseerd zijn in dit proefschrift zijn allen verkregen vanuit de Nijldelta.
De grote hoeveelheden sediment aangevoerd door de Nijlrivier heeft ervoor gezorgd dat
de opstapeling van verschillende sedimentlagen heel snel is gegaan. In sommige gebieden
wel meer dan een meter per duizend jaar (normaal voor de Middellandse Zee is 2 tot 3
centimeter per duizend jaar). Als je de sedimenten uit de Nijldelta dus bemonstert met een
0,5 centimeter resolutie, kan je al klimaatrecords maken die enkele jaren per datapunt beslaan.
Deze handmatige bemonstering van elke 0,5 centimeter is de standaard in dit proefschrift.
De chemie van deze monsters zijn daarna gemeten met verschillende methodes, die allen
analyseren welke elementen (en concentraties) in deze sedimenten voorkomen. Naast deze
meer conservatieve benadering (alhoewel je kan stellen dat een 0,5 cm resolutie een veel hoger
detail is dan in de meeste andere wetenschappelijke artikelen) zijn ook nieuwe scan methodes
gebruikt. Dit zijn methodes waarbij in principe een doorsnede van een sedimentpakket in een
keer vrijwel continu geanalyseerd word door speciale apparatuur. Hierdoor kan je tot wel op
micrometer schalen de sedimentlagen analyseren op de chemie. Het testen van deze nieuwere
methodes vormt ook een belangrijk deel van dit proefschrift, omdat ze toekomstig onderzoek
duidelijk kunnen verbeteren.
Proxies zijn meetbare parameters, bijvoorbeeld sediment chemie, die iets zeggen over
onmeetbare parameters, bijvoorbeeld regenval in het verleden. De geochemie van het sediment
wordt bijvoorbeeld bepaald door verschillende milieuveranderingen als rivieruitstroom,
algenproductie, en zuurstofgehalte in de waterkolom. Het meten van de chemie kan dus
wat zeggen over de veranderingen in milieu. Daarnaast zijn deze veranderingen vaak
klimaat gedreven en dus kan het ook iets zeggen over het paleoklimaat. Sedimenten bestaan
grotendeels uit een mix van klei tot zand dat is aangevoerd door rivieren (fluviaal) en/of wind
(eolisch). Voor veel sedimenten in de Middellandse Zee is de sedimentatiesnelheid afhankelijk
van de door wind getransporteerd stof vanuit de Sahara. We weten dat dit stof relatief rijk
is in het chemische element titanium (Ti). Ten tijde van het afzetten van sapropelen was
de Sahara sterk begroeid, en dus de hoeveelheid Ti-rijk stof dat naar de Middellandse Zee
getransporteerd werd een stuk minder. Hierdoor kunnen we de Ti concentratie in veel
Middellandse Zee sedimenten gebruiken om iets te zeggen over de hoeveelheid vegetatie op
het noord Afrikaanse continent door de tijd. Uiteindelijk werd deze vegetatie gedreven door de
moesson sterkte, welke op haar beurt weer grotendeels gedreven is door de Milanković cycli.
Dit principe, waar de chemie wordt gerelateerd aan het milieu in en rond de Middellandse Zee
en vervolgens aan een klimaatfactor, is de ruggengraat van dit proefschrift. Andere elementen
die regelmatig voorkomen in dit proefschrift zijn molybdeen (Mo) en vanadium (V). Dit zijn
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elementen die neerslaan indien de diepzee lage zuurstofgehaltes kent. Hogere concentraties
van Mo en V zegt dus iets over de afzwakking van de ventilatie. Barium (Ba) is een element
dat neerslaat in organisch materiaal (dode algen) wanneer het van het zeeoppervlak naar
het sediment dwarrelt. Ba zal dus in veel gevallen toenemen wanneer de productiviteit van
organisch materiaal in het zeeoppervlak groter is.
Naast chemie gemeten aan het sediment zelf, wordt in dit proefschrift ook gebruik gemaakt
van de chemie van carbonaat skeletjes van kleine organismen (micro-organismen) die in de
waterkolom leefden. Deze zogenoemde foraminiferen (of forams) zijn eencellige organismen
met een kalk skeletje. Ondanks hun geringe grootte vormen forams vaak een belangrijk deel
van de kalk hoeveelheid in een sediment. Aangezien het sediment in dit proefschrift vooral
bestaat uit klei (wat kleiner is dan deze micro-organismen), kunnen deze forams makkelijk
uit het sediment gehaald worden door het materiaal te zeven. In de meeste gevallen bleven er
dan per centimeter sediment wel honderden forams over. Vervolgens hebben we ons gericht
op een specifieke soort foram die aan het oppervlak leeft van de waterkolom (Globigerinoides
ruber). Deze habitat van dit organisme zorgt ervoor dat oppervlakteprocessen, zoals
rivieruitstroom, de chemie beïnvloed van het kalk skeletje van dit diertje. Specifiek richten
we ons op zuurstofisotopen in het kalk skeletje (kalk heeft de molecuulformule CaCO3 en
bevat dus het 3 zuurstofatomen (O)). Simpel gezegd zijn isotopen atomen van hetzelfde
element (zoals zuurstofatomen, dus O), maar met een andere zwaarte. Voor zuurstof heb
je bijvoorbeeld 16O en 18O, waarbij 18O zwaarder is dan 16O. Over het algemeen wordt
de verhouding van deze twee isotopen genoteerd als δ18O. Belangrijk is dat verschillende
milieuprocessen de verhouding van deze isotopen (dus δ18O) beïnvloeden. Simpel gezegd
verdampt het lichte 16O makkelijker dan 18O, wat zorgt voor een lagere (lichtere) δ18O waarde
van regenwater en dus ook rivierafvoer, ten opzichte van zeewater. Water (H2O) bevat net als
het kalk het zuurstofatoom O, en veranderingen in de δ18O van het water worden dus ook in
forams vastgelegd. In het geval van meer Nijluitstroom verwacht je dat het kalk skeletje van
Globigerinoides ruber relatief lichtere δ18O bevat.

Proefschrift hoofdstukken en belangrijkste conclusies
In de eerste twee hoofdstukken van dit proefschrift (dat zijn hoofdstukken 2 en 3) gaan in op
twee relatief nieuwe geochemische methodes die het mogelijk maken om in hoge resolutie
metingen te doen. Hoofdstukken 4 tot en met 7 bespreken hoe de geochemie toegepast wordt
om iets te zeggen over het paleoklimaat in en rondom het Middellandse Zeegebied. De kernen
die gebruikt worden maken het mogelijk tot wel 130.000 jaar (een tijdsperiode die onderdeel
is van het zogenoemde laat Kwartair) terug het klimaat te reconstrueren.
Een veelgebruikte manier om tegenwoordig de chemie te meten van sedimenten is door
de methode XRF (X-Ray Fluorescentie) core scannen. Hierbij wordt een straal hoog
energetische lichtdeeltjes (fotonen/röntgenstraling) direct op een sediment monster gezet,
die daarop fotonen terugzendt die karakteristiek zijn voor de chemie van dit sediment en die
worden vervolgens door een detector gemeten. Tijdens het core scannen wordt deze techniek
direct langs een nog natte sedimentkern gehaald, met een folie ertussen, waardoor heel snel
de chemie door de diepte gemeten kan worden. Dit maakt deze methode veel sneller en
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goedkoper dan vroegere methodes, die veel meer arbeid en tijd besloegen. In Hoofdstuk 2
van dit proefschrift laat ik zien dat een deel van de element karakteristieke fotonen uit het
sediment door water geabsorbeerd kan worden tijdens het XRF scannen. Vooral een waterlaag
die zich tussen het folie en het sediment vormt kan veel van deze straling voor bepaalde
(lichte) elementen absorberen waardoor ruis ontstaat in de data. Uiteraard is het belangrijk
deze ruis niet als veranderingen in het vroegere klimaat te interpreteren. In dit hoofdstuk laat
ik zien hoe je deze foute data kan detecteren, en hoe je een correctie kan doen om de ruis te
verlagen.
Een geheel andere methode, die ook steeds vaker wordt toegepast, maakt gebruik van een
laser om tot op micrometer schaal de chemie van het sediment te analyseren (deze methode
wordt in het Engels LA-ICP-MS genoemd). Hiervoor wordt eerst het sediment in een hars
ingegoten, waarna het gepolijst kan worden, alvorens het met de laser te meten. Tot op heden
is deze methode wel toegepast, maar nooit uitvoerig getest. Daarom richt Hoofdstuk 3 zich
erop om proefmonsters te maken van de meest voorkomende sedimenten (carbonaat, kwarts
en klei), waarbij bekende hoeveelheden elementen zijn toegevoegd. Het hoofdstuk laat zien
waar nog de problemen liggen in deze LA-ICP-MS techniek. Echter over het algemeen geeft
deze methode accurate (= dicht bij de werkelijke waarde) en precieze (= reproduceerbaar)
metingen, die het voor toekomstig onderzoek mogelijk maakt om op micrometer schaal
nauwkeurige klimaatreconstructies te maken (zoals bijvoorbeeld in Hoofdstuk 7).
In Hoofdstuk 4 wordt geochemie toegepast op een plek in de Middellandse Zee die direct
onder de invloed van de Nijl ligt, waardoor het sediment zich daar heel snel heeft opgestapeld.
Een sedimentinterval dat de laatste 13.000 jaar omvat, wordt gebruikt om veranderingen in
Nijluitstroom, export productiviteit, zuurstof omstandigheden op de zeebodem en hoeveelheid
organisch materiaal op de zeebodem te reconstrueren op tijdsintervallen van tientallen
jaren. De resultaten laten zien dat de Nijluitstroom op korte tijdschalen waarschijnlijk sterk
beïnvloed werd door veranderingen in de activiteit van de zon. Ten tijde van de afzetting van
de laatste sapropel, lijken dezelfde veranderingen die plaatsvinden in de Nijluitstroom zich ook
te vertalen naar veranderingen op dezelfde frequenties in export productiviteit en zeebodem
zuurstofconcentraties.
In Hoofdstuk 5 wordt verder ingegaan op de kern uit Hoofdstuk 4, aangevuld met enkele
andere kernen rond de Nijldelta. Aangezien meerdere Nijlreconstructies over de jaren zijn
gebaseerd op verschillende van deze kernen wordt de consistentie van deze reconstructies
gecheckt door ze te vergelijken. Tevens wordt het hierdoor mogelijk om veranderingen van
verschillende Nijlkanalen over de delta te reconstrueren door de tijd. De resultaten laten zien
dat van 13.000 tot 11.500 jaar geleden, de Nijluitstroom laag was en hoofdzakelijk gericht was
naar de westelijke kant van de delta. Gedurende deze periode werd het sediment voornamelijk
aangevoerd vanuit het Ethiopisch Hoogland (wat aantoont dat daar weinig vegetatie was,
en dus waarschijnlijk droog). Vanaf ongeveer 11.500 jaar geleden nam de uitstroom van de
Nijl toe, en deze uitstroom was zeer hoog van ongeveer 10.000 tot 6.500 jaar geleden. Deze
toename kan over de gehele delta waargenomen worden. Vanaf 6.500 jaar geleden nam de
Nijluitstroom vrij geleidelijk af. Echter is deze afname meer abrupt in de westelijke Nijldelta,
terwijl dit meer gradueel wordt waargenomen in het oostelijke deel van de delta.
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In Hoofdstuk 6 wordt de focus verlegd van de Nijldelta naar de fundamentele mechanismen
die de diepwater circulatie (en ventilatie) van de Middellandse Zee beïnvloeden. In dit
hoofdstuk wordt doormiddel van geochemische data en een computermodel aangetoond
dat niet alleen Nijluitstroom verantwoordelijk kan zijn voor het verslappen van de
ventilatie (en zo verminderen van zuurstof toevoer naar de diepzee) in het verleden. Een
snelle zeespiegelstijging was waarschijnlijk mede verantwoordelijk voor deze afname van
de ventilatie. Daarom zijn snelle zeespiegelstijgingen misschien wel belangrijke extra
mechanismes voor sapropel vorming. In het licht van de huidige zeespiegelstijging gerelateerd
aan de opwarming van de aarde is dit informatie met potentieel hoge maatschappelijke waarde,
aangezien het onbekend is hoe de Middellandse Zee hierop reageert.
In het laatste Hoofdstuk 7 wordt de LA-ICP-MS techniek toegepast op twee sapropelen.
Één hiervan is afgezet rond 8.000 jaar geleden (genaamd S1) en de ander rond 83.000 jaar
geleden (genaamd S3). Ten tijde van S3 was er op aarde een groter ijsvolume (overgang naar
een ijstijd), lager zeeniveau, en een iets hogere zonne-instraling (door de eerder genoemde
Milanković cycli) dan ten tijde van S1. In dit hoofdstuk wordt specifiek gekeken hoe deze
andere omstandigheden de afzetting van de sapropel beïnvloedden. De resultaten laten zien
dat ten tijde van S3 het diepzeewater minder vaak werd ververst en ook meer zuurstofarm
was dan tijdens S1. Dit kwam waarschijnlijk door de hogere zonne-instraling tijdens S3,
met een versterkte moesson en Nijluitstroom tot gevolg. De lagere zeespiegel tijdens S3 kan
er tevens voor hebben gezorgd dat het Middellandse Zeebekken gevoeliger was voor een
zwakkere ventilatie. De LA-ICP-MS data laten zien dat zelfs tijdens deze sapropelen de
waterkolom af en toe werd ververst (op jaarschalen). Dit was waarschijnlijk klimaat gestuurd
door snelle veranderingen vanuit hogedrukgebieden in het noorden van de Middellandse Zee
en veranderingen in Nijluitstroom.
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