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Geochemical andmineralogical proxies for paleoenvironmental conditions have the underlying assumption that
climate variations have an impact on terrestrial weathering conditions. Varying properties of terrigenous sedi-
ments deposited at sea are therefore often interpreted in terms of paleoenvironmental change. Also in gravity
core GeoB9307-3 (18° 33.99′ S, 37° 22.89′ E), located off the Zambezi River, environmental changes during
Heinrich Stadial 1 (HS 1) and the YoungerDryas (YD) are accompanied by changing properties of the terrigenous
sediment fraction. Our study focuses on the relationship of variability in the hydrological system and changes in
the magnetic properties, major element geochemistry and granulometry of the sediments. We propose that
changes in bulk sedimentary properties concur with environmental change, although not as a direct response
of climate driven pedogenic processes. Spatial varying rainfall intensities on a sub-basin scale modify sediment
export from different parts of the Zambezi River basin. During humid phases, such as HS 1 and the YD, sediment
was mainly exported from the coastal areas, while duringmore arid phases sediments mirror the hinterland soil
and lithological properties and are likely derived from the northern Shire sub-basin. We propose that a
de-coupling of sedimentological and organic signals with variable discharge and erosional activity can occur.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Terrigenousmaterials exported by rivers andwinds to the oceans are
used to reconstruct past terrestrial environmental conditions. Elemental
ratios measured on marine terrigenous materials are used as a proxy for
weathering intensity and pedogenesis, since different elements aremore
mobile and will become depleted during intense chemical weathering
(Boyle, 1983; Schneider et al., 1997; Zabel et al., 2001; Mulitza et al.,
2008; Govin et al., 2012). The composition of pedogenically formed
clay minerals depends on the geochemistry of the parent material and
on soil humidity and temperature (Singer, 1980, 1984). Depending on
the stability of individual minerals, clays may further be altered if
environmental parameters change (Singer, 1980, 1984). Under this
assumption marine records of clay mineralogy are used to trace sedi-
ments to source areas subject to differing climatic conditions (Biscaye,
1965; Caquineau et al., 2002; Meyer et al., 2013). The magnetic mineral
content, e.g., the magnetic susceptibility, is often used to reconstruct
changing terrigenous input (e.g. Bloemendal et al., 1992; deMenocal
ute of Geology and Mineralogy,

hefuss@marum.de (E. Schefuß),
z.nl (J.-B.W. Stuut),
et al., 2001). The magnetic mineralogy in igneous rock depends on the
chemistry of the magmatic intrusion and cooling history (Clark and
Emerson, 1991). Therefore magnetic properties can be used for prove-
nance reconstructions (e.g., Oldfield et al., 1979; Maher et al., 2009;
Mathias et al., in press). Furthermore, the primarymagneticmineralogy
is overprinted during pedogenesis, whereby the dissolution or forma-
tion of magnetic minerals depends on soil moisture, Eh–pH conditions
and temperature (Fitzpatrick and Schwertmann, 1982; Kämpf and
Schwertmann, 1983; Maher and Taylor, 1988; Schwertmann and
Taylor, 1989). Therefore the pedogenic magnetic mineral fabric can
be used to reconstruct environmental changes during soil formation
(Maher, 1986; Maher and Thompson, 1992) or to disentangle sedi-
ments derived from settings subject to differing weathering regimes
(Schmidt et al., 1999; Heslop et al., 2007; Köhler et al., 2008; Larrasoaña
et al., 2008; Lyons et al., 2010, 2012; Just et al., 2012a) and soil types
(Hanesch and Scholger, 2005).

In large river basins host rocks and soils may vary spatially. If sedi-
ments from specific parts of the catchment are delivered in varying con-
tributions, this mixed signal can be recorded in the properties of the
offshore deposited fluvial material. Studies focusing on this effect have
been carried out on different timescales. Meade (1994) showed season-
ally varying sediment contributions from different tributaries of the
Amazon River. Similarly, the contributions from the White and Blue
Nile vary seasonally (Williams et al., 2006 and references therein).
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Also on millennial time-scales the proportion of Blue and White Nile
sediments varied in marine records, related to orbitally modified sea-
sonality and rainfall (Blanchet et al., 2013).

The use of environmental proxies is complicated if sediment proper-
ties are biased during transport such as by gravitational fractionation
(Caquineau et al., 2002; Bloemsma et al., 2012). A careful consideration
of all influencing factors is therefore crucial when using marine proxy
records for environmental reconstructions.

Our study aims to elucidate if terrigenous proxies signify climate
variations in the Zambezi Basin, are due to changing sediment prove-
nance or result from grain-size fractionation during sediment transport.

We selected a gravity core off the Zambezi River (Fig. 1), SE Africa,
located south of the modern Inter Tropical Convergence Zone's (ITCZ)
austral summer position. It was previously shown that sediments in
GeoB9307-3 (18° 33.99′ S, 37° 22.89′ E) record short-term climate per-
turbations during the past 17 ka (Schefuß et al., 2011). The core location
receives terrigenous material exported by the Zambezi River which
drains multiple sub-basins with differing basement lithologies, soils
and vegetation assemblages. It was hypothesized that inverse relation-
ships of vegetation changes and precipitation were due to shifts in the
main source areas of terrestrial organic material delivered by the
Zambezi River (Schefuß et al., 2011). Also a study focusing on the
heavy-mineral assemblage on the shelf inferred that different facies
representmaterial exported from the crystalline hinterland of Paleozoic
age and from the coastal Pleistocene “Cover Sands”, respectively
(Beiersdorf et al., 1980). Because of the geographic and climatic setting
as well as the lithological and pedogenic conditions in the Zambezi
basin, our study site is well suited to test how climate change and
sub-basin source-area changes are recorded in marine sediments.

We analyzed grain-size distributions of the land-derived sedi-
ment fraction, major element compositions and the magnetic mineral
Fig. 1. Topographic map of the study area with site GeoB9307 (red point). The sediment
by black and white arrows. MC: Mozambique Current.
inventories of gravity core GeoB9307-3 to evaluate effects of environ-
mental change, gravitational fractionation and source area changes on
sedimentarymaterial delivered by the Zambezi River. Isothermal Rema-
nent Magnetization (IRM) acquisition curves, that mirror the magnetic
mineral inventory, have been used for end-member unmixing (Heslop
and Dillon, 2007; Just et al., 2012a) to quantify sedimentary fractions
derived from different parts of the basin.
2. Setting

The Zambezi River is 2500 km long and originates in northern
Zambia, flows through eastern Angola and follows the border between
Zambia and Zimbabwe through Mozambique to the Indian Ocean
(Fig. 1). The catchment is with 1.385 million km2 the 4th largest river
basin in Africa and integrates over sub-catchments of various tribu-
taries. Of these sub-catchments the highest water input is derived
from the Upper Zambezi catchment (NW), the Luangwa (N) and Shire
Rivers (E) (Zambezi Watercourse Commission, 2008). The coastal
Shire contributes at present about 28% of the solid sediment load of
the Zambezi. Before the construction of the Cahora Bassa dam (for loca-
tion see Fig. 1) in the late 1960s, modeled sedimentary input by the
Shire was around 21% (Ronco et al., 2006). The rainy season is in austral
summer, when the ITCZ is located at its southernmost position. Annual
precipitation in the Zambezi basin varies spatially with 1500 mm in the
northern part,while the southern and central areas receive 850mmand
600–700 mm, respectively (Ronco et al., 2006).

Most of the Zambezi Basin is composed of igneous and metamor-
phic rocks that are overlain by siliciclastic sediments in the river
channel and coastal plain. Mineralogical analyses of the coastal so-called
Cover Sands indicate a lower heavy-mineral content compared tomodern
export routes related to sea-level variations (after Schulz et al., 2011) are indicated
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suspended sediment load, the latter being related to the fresher soils
developing on igneous rocks (Beiersdorf et al., 1980).

At present the fluvial material is captured by a northeastward
flowing coast-parallel current on the shelf and is feeding the submarine
Zambezi Valley (Schulz et al., 2011). In contrast, during the last glacial
downslope sediment transport occurred through the Zambezi paleo-
channel located off the River mouth (Beiersdorf et al., 1980; Schulz
et al., 2011) (Fig. 1).
3. Materials and methods

Gravity core GeoB9307-3was retrieved duringMeteor CruiseM63/1
in 2005 (Türkay and Pätzold, 2009) in a water depth of 542 m (Fig. 1).
The 651 cm long sediment archive consists of hemipelagic green to
brownmud and is composed ofmixed contributions of marine biogenic
and lithogenic material (Schefuß et al., 2011). The age model was con-
structed by linear interpolation between 19 radiocarbon dates obtained
from mixed planktonic foraminifera shells (Schefuß et al., 2011) yield-
ing a maximum age of 17 kyrs. Sedimentation rates strongly vary
between 10 and 300 cm/kyr (Fig. 2) depending on fluvial discharge,
which ismainly controlled by increases in precipitation during Heinrich
Stadial 1 (HS 1; 15–18 ka) and the Younger Dryas (YD; 11.6–12.8 ka)
(Schefuß et al., 2011). Furthermore, sedimentation rates are modulated
by the location of sediment export routes and depocenters (Schulz et al.,
2011, cf. Fig. 1).
3.1. XRF scanning

XRF Core Scanner datawere collected every 1 cmover a 1.2 cm2 area
with a downcore slit size of 1 mm, using generator settings of 50 kV, a
current of 1.0mA for heavy elements and 10 kV, and 0.2 mA for light el-
ements. Sampling time for both runs was 20 s. Themeasurements were
conducted directly at the split core surface of the archive half with XRF
Core Scanner II (AVAATECH Serial No. 2) at MARUM, University of Bre-
men. The core surface was covered with a 4 μm thin SPEXCerti Prep
Ultralene1 foil to avoid contamination of the measurement unit and
desiccation of the sediment. The here reported data have been
acquired by a Canberra X-PIPS Silicon Drift Detector (SDD; Model SXD
15C-150-500) with 150 eV X-ray resolution, the Canberra Digital Spec-
trum Analyzer DAS 1000, and an Oxford Instruments 50 W XTF5011
X-ray tube with rhodium (Rh) target material. Raw data spectra were
processed by the analysis of X-ray spectra by iterative least square soft-
ware (WIN AXIL) package from Canberra Eurisys.
Fig. 2. Age-depth model and sedimentation rates (gray step plot) for gravity core
GeobB307-3 (Schefuß et al., 2011). The agemodelwas obtained by linear interpolation be-
tween radiocarbon dates (dots and error bars).
To calibrate the element intensities to concentrations, we collected
30 freeze-dried and homogenized discrete samples (5 g) for performing
energy dispersive polarization X-ray Fluorescence (EDP-XRF) spectros-
copy using a SPECTRO XEPOS instrument (Wien et al., 2005). For the
calibration procedure transforming element intensities to relative con-
centrations of Fe, K, Ti, Zr, Si, and Al the log-ratio approach of Weltje
and Tjallingii (2008) was applied with Ca as a common denominator.

3.2. Rock-magnetic measurements

Rockmagnetic properties were measured on 6.2 cm3 samples taken
at 5 cm spacings (~130 samples). Laboratory-induced remanence
parameters were measured using an automated 2-G Enterprises 755R
DC superconducting magnetometer. Anhysteretic Remanent Magneti-
zation (ARM100 mT) was induced with a 100 mT AF and a 40 μT DC
bias field. ARM100 mT indicates the presence of fine-grained single
domain (SD) magnetite (King et al., 1982; Frederichs et al., 1999).
Acquisition curves of IRM were obtained using an in-line pulse magne-
tizer (fields up to 0.7 T) and an “external” pulse magnetizer (up to 2.7 T,
2-G Enterprises). The IRM curves of each sample depend on themag-
netic inventory because magnetic minerals have specific coercivities
and thus IRM curves (e.g., Eyre, 1996; Frank and Nowaczyk, 2008).
The magnetic remanence acquired at 100 mT (IRM100 mT) represents
the multidomain (MD)magnetite content (Frederichs et al., 1999). The
forward S-Ratio S= IRM300 mT / SIRM (Bloemendal et al., 1992; Kruiver
and Passier, 2001) was used to estimate the ratio of low (e.g., magne-
tite) to high coercivity (hematite and goethite) minerals.

3.3. Grain-size distribution

To investigate grain-size fractionation processes, 71 discrete sam-
ples were analyzed in 10 cm increments, except 113–183 cm and
303–313 cm where sampling resolution was 5 cm. To obtain the
grain-size distributions of the terrigenous sedimentary fraction, organic
matter was removed by boiling 0.5 g of bulk sediment with H2O2 (35%)
and afterwards with HCl (10%) and demineralized water to remove
organics and CaCO3. Particle sizes were measured using a Beckman
Coulter laser particle sizer LS200 in 92 logarithmically-spaced size clas-
ses ranging from 0.39 to 2000 μm. Particles coarser than 300 μm were
not observed.

3.4. End-member analyses

To obtain the mixing coefficients of terrigenous material derived
fromdifferent source areas,we performed end-member (EM) unmixing
on IRM acquisition curves, using the algorithm of Heslop and Dillon
(2007) that adopts the approach of Weltje (1997).

The linear mixing system can be written in matrix notation as:

X ¼ AS þ R ¼ X̂ þ R:

X represents a n-by-m matrix of n samples and m IRM acquisition
steps. A (n-by-l) denotes the mixing coefficients of l EMs for the n sam-
ples. The m EM properties, representing the IRM acquisition curves of
the l EMs, are contained in matrix S (l-by-m). R (n-by-m) denotes the
residual matrix and X̂ represents the estimates of the mixing system.

4. Results

4.1. Downcore records

Fig. 3 shows selected parameters characterizing the sedimentary frac-
tion. A sea-level reconstruction from the Indian Ocean (Camoin et al.,
2004) is shown for comparison (Fig. 3a). Fe/Ca (Fig. 3c) is indicative of
the ratio between terrigenous and marine materials. Elemental ratios
such as Zr/(Si + Al + Fe + K + Ti) (further referred to as Zr/terr,

image of Fig.�2


Fig. 3. (a) black line: composite sea-level curve for the Western Indian Ocean after Camoin et al. (2004). (b) median grain-size of the terrigenous fraction. (c–f) EDP-XRF calibrated
elemental ratios: (c) Fe/Ca (Schefuß et al., 2011), (d) Zr/(Si + Al + Fe + K + Ti) in text referred to as Zr/terr, (e) Fe/K, (f) K/Si, and (g) Al/Si. (h–j) magnetic properties: (h) IRM100 mT,
(i) ARM100 mT, and (j) S-Ratio.
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Fig. 3d), Fe/K (Fig. 3e), K/Si (Fig. 3f) and Al/Si (Fig. 3g) depend on the
composition of the terrigenous material, which is influenced by 1.)
the source rock of the sediments, 2.) weathering processes and 3.)
sediment-transport processes. These factors likewise control the
concentration of magnetic minerals (IRM100 mT, ARM100 mT, Fig. 3h, i)
and magnetite/(hematite + goethite) ratio (S-Ratio, Fig. 3j).

The median grain size is relatively constant in the lower part of the
core (Fig. 3b). After 11 ka a coarsening trend is visible with a successive
fining starting after ~7 ka. In contrast, variations are apparent in the
concentration-dependent and compositional parameters in the lower
part of the record. HS 1 is characterized by a high Fe/Ca and low K/Si
and relative low Zr/terr and Fe/K ratios (Fig. 3c–f). The concentration
of magnetic minerals is significantly lower (IRM100 mT, Fig. 3h) and the
proportion of goethite and hematite increaseswith respect tomagnetite
(S-Ratio, Fig. 3j). After HS 1, magnetic mineral concentration and K/Si
increase, while Fe/Ca decreases. During the YD the magnetic mineral
concentration and K/Si drop sharply while Al/Si, Zr/terr and Fe/K
decrease more gradually (Fig. 3d–g). At the same time Fe/Ca shows a
dramatic increase (Fig. 3c). Successively, the magnetic parameters and
Al/Si and K/Si have maxima and successively return to intermediate
values throughout the past 10 ka, whereas the Zr/terr and Fe/K show
the same trend as the median grain-size with an increase until 7 ka
and a successive decrease.

5. Discussion

5.1. Dilution and dissolution of magnetic minerals

The following discussion focuses on depositional and climatic factors
influencing the sediment properties. In contrast to elemental ratios
magnetic parameters (ARM100 mT, IRM100 mT) are concentration-
dependent. They can be influenced by dilution (marine biogenic
contributions) and by post-depositional dissolution (reductive
diagenesis). In GeoB9307-3 dilution by biogenic material can be
ruled out because Fe/Ca is particularly high when the concentration
of magnetic minerals decreases (Fig. 3c, h, i).

Reductive diagenesis will particularly affect fine-grained magnetite
(Karlin and Levi, 1983; Canfield and Berner, 1987). Decreasing concen-
tration of fine-grained magnetite (ARM100 mT) is accompanied by
decreasing concentration of coarser magnetite (IRM100 mT), the latter
being proportionally even stronger. Since the decreasing concentrations
do not indicate a preferential depletion of fine grained magnetite, the

image of Fig.�3
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reduction of magnetic minerals is unlikely to result from reductive dia-
genesis. Concentration variations therefore signify variable magnetic
mineral proportions in the exported bulk sediments.

5.2. Grain-size and sea-level effects

The grain-size distributions of sediments deposited prior 10.5 ka
(Fig. 4c) are bimodal. In the Holocene samples (Fig. 4a, b) the fine frac-
tion is reduced, and even absent in the interval 8.8–5 ka resulting in a
unimodal particle-size distribution. The occurrence of fine-grained
sediments in surface samples from the shelf of Mozambique was also
recognized by Schulz et al. (2011). The authors attributed this fraction
to the sediment plume of the Zambezi River deposited on the shelf.
The missing fine fraction in the Holocene samples of our record can be
explained by two different mechanisms. 1.) Increasing current speeds
could initiate winnowing of the sediments. By an extensive mapping
approach analyzing time slices of sediment cores retrieved off the Zam-
bezi River, Schulz et al. (2011) found that in times of high sea-level a
coast-parallel current developed that deflected the sediment load of
the river towards the NE. It could be hypothesized that the initiation
of this coast-parallel current is responsible for transporting thefine frac-
tion away from our study site. 2.) Due to the sea-level rise, the distance
between river mouth and core location increased. Therefore the sedi-
ment plume of the Zambezi River did not reach the core location any-
more and the fine fraction was deposited closer to the coast. However,
solely based on one sediment core, it is not possible to further constrain
the depositional/transport mechanism.

Grain-size variations may affect the geochemical and mineralogic
properties of the sediments. Elemental proxies can be influenced by
gravitational sorting, since elements as K and Al are enriched in the
clay fraction,whereas Si is associatedwith quartz and feldspars. Howev-
er, variations in the proxy records are not accompanied by changes in
grain size prior to 10.5 ka (Figs. 3, 4c). After 10.5 ka the coarsening
(Fig. 3b) is accompanied by an enrichment of heavy minerals (Zr/terr,
Fig. 3d), increase in Fe/K (Fig. 3e) and decrease in Al/Si (Fig. 3g). This
trend after 10.5 ka can be attributed to gravitational sorting, removing
the fine fraction. In the following we will focus on the sediment section
deposited before 10.5 ka for which grain-size effects can be neglected.

5.3. Climatic effects

Fig. 5a–c shows three cross plots to evaluate the climatic effects on
terrigenous sediment properties. The colors correspond to different
time intervals of similar properties. To evaluate the effect of changing
precipitation on the proxy records, we plot all parameters against δD
(n-C31 alkane) of Schefuß et al. (2011). Inmonsoonal areas δDof precip-
itation is negatively correlated to rainfall amounts (Dansgaard, 1964), a
signal that is incorporated into plant lipids as long-chained n-alkanes
(Schefuß et al., 2005, 2011; Sachse et al., 2012). In contrast, the carbon
isotope composition δ13C of plant leaf waxes reflects the photosynthetic
Fig. 4. Grain-size distributions of time intervals. Colors correspond to legend in Fig. 5. (a) Mid
Allerød, HS 1.
pathway of the plants, i.e. the relative contributions of C3 versus C4
plants (e.g., Castaneda et al., 2009). We discuss here only the interval
17–10.5 ka where grain-size effects on the multi-parameter properties
are negligible (cf. 5.1). The correlation coefficients shown in Fig. 5
were calculated for this period.

Al represents aluminum silicates (e.g. kaolinite) that form during
intensive chemical weathering (e.g., Singer, 1980). The Al/Si therefore
serves as a weathering indicator (Govin et al., 2012). A trend of more
negative δD (indicating more humid conditions) is related to lower
Al/Si (Fig. 5a). Assuming that increasing precipitation would enhance
chemical weathering and thus Al/Si would be higher, the expected rela-
tion to δD is reversed. Fe/K, which can also serve as a proxy for chemical
weathering (Govin et al., 2012), shows no correlation to δD (Fig. 5b).
However, it was pointed out that the application of Fe/K as aweathering
indicator is biased if the terrigenous fraction contains mafic minerals
(Govin et al., 2012). The formation of pedogenic magnetic phases is
catalyzed by rainfall (e.g. Maher, 1986; Maher and Thompson, 1992,
1995; Lyons et al., 2010). Therefore, it would be expected that themag-
netic mineral content is higher and magnetic inventory is significantly
different if soils form under more humid conditions. Similarly as the
trend for the major elements, magnetic concentration parameter
IRM100 mT shows an inverse relation to rainfall (Fig. 5c).

We therefore conclude that the observed variations in elemental
ratios and magnetic mineralogy are not due to weathering and/or ped-
ogenetic processes catalyzed by rainfall.
5.4. Source area discrimination

We show in Fig. 5d–f selected cross plots of proxies for a more dis-
tinct characterization of the terrigenous material deposited during the
time span 17–10.5 ka. These cross plots indicate linear relationships
between proxies and groups of samples. The concentration of fine
grained, SDmagnetite (ARM) is correlatedwith theK/Si ratio, indicating
a high depletion of K (leached soil) in the sediments deposited during
HS 1 andmoderate depletion during the YD (Fig. 5d). The concentration
of magnetic and heavy minerals is lowest for HS 1 and YD samples
(Fig. 5e). Samples from HS 1 have the lowest S-Ratios and highest δ13C
n-alkane (data from Schefuß et al., 2011). The levels of the YD samples
are moderate and the Bølling–Allerød and Holocene/Pleistocene transi-
tion have the highest S-Ratios and lowest δ13C (lowest C4 plant contri-
butions, Fig. 5f). These properties will in the following be linked to
specific source areas from which terrigenous material was delivered
during the past 17 ka.

Beiersdorf et al. (1980) identified three different sedimentary facies
on the Mozambique continental shelf and compared their signatures
with suspended sediment samples from the Zambezi River and the
coastal Cover Sand area (Jaritz et al., 1977). Compared to the Cover
Sands, the heavy-mineral concentration in the riverine samples is
much higher, representing the hinterland geology (Jaritz et al., 1977).
Sediments on the northern shelf correspond to sediments derived
-Holocene, (b) Early and Late Holocene, (c) Holocene/Pleistocene transition, YD, Bølling–

image of Fig.�4


Fig. 5. (a–c) Cross plots evaluating the influence of δD (precipitation proxy, (Schefuß et al., 2011)) onmagnetic and elemental properties. (d–e) Cross plots characterizing sediment prop-
erties. XRF scanner data (1 cm resolution) were smoothed with a 5 pt running average before interpolating to depth of δD and magnetic properties. The correlation coefficients and
p-values were calculated for the sediments deposited prior to 10.5 ka BP, which are not affected by grain-size effects (see text).
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from the Cover Sands, while the high-concentrated heavymineral asso-
ciation off the Zambezi was delivered from the crystalline hinterland
(Beiersdorf et al., 1980).

To fingerprint the two different source areas of the sediments in our
core, we also consult present-day soil and geologic maps. The coastal
area of the Zambezi basin (Cover Sand area) is dominated by siliciclastic
sediments with patches of silts (Fig. 6a; USGS, 2007). The soils in this
area are Fluvisols, Arenosols, Lixisols, and Alisols and have clay contents
of 15–30% (FAO et al., 2009). Except in the silt patches, the cation
exchange energy is between 50 and 100 cmol kg−1, which is typical
for a mixed clay mineralogy, where illite is dominant and kaolinite is
depleted (white areas in Fig. 6b; FAO et al., 2009). The hinterland con-
sists of igneous (granites, basalts) and metamorphic (mainly gneisses)
basement (Fig. 6a; USGS, 2007). Here the soils have a lower cation
exchange energy (Fig. 6b) indicative of kaolinitic soils (FAO et al., 2009).

According to the findings of Beiersdorf et al. (1980) and soil-
distribution and lithological maps we propose that sediments with
low magnetic mineral concentrations associated with low K/Si and
Al/Si and low heavy mineral (Zr) content (time-slices HS 1 and YD,
Fig. 5) were derived from the kaolinite-poor Cover Sands in the
coastal areas of Mozambique. The high magnetic mineral concentra-
tions concurring with high Al/Si, K/Si and Zr content, on the other
hand, likely correspond to material exported from the hinterland with
outcrops of igneous basement covered by kaolinitic soils (Fig. 6a, b).

6. Source area activity

6.1. End-member analysis

To further quantify source-area activity and compare it to
paleoclimate data we performed end-member (EM) unmixing. In
contrast to the elemental ratios that do not always show the same grad-
ual or rapid changes, the magnetic parameters reveal consistent peaks
and trends. We therefore used IRM acquisition curves for the EM
approach. The intensity of each EM (Fig. 7a) contribution depends on
the concentration of magnetic minerals and on specific magnetic prop-
erties of themagnetic minerals contained in the individual sedimentary
fractions (Just et al., 2012a,b). Therefore, the intensity can be used to
infer the concentration of magnetic minerals within each sedimentary
EM and their relative abundance. The IRM acquisition curves are indic-
ative of the magnetic mineral assemblage of each EM (Fig. 7b). A 2 EM
model returned reasonable coefficients of determination (0.9–0.99)
between input data and estimated IRM acquisition curves for the IRM
field steps (Fig. 7c).

The IRM acquisition curve of EM 1 (blue) is shifted towards slightly
higher fields and has a somewhat steeper slope in fields higher than
100 mT compared to the curve of EM 2 (red, Fig. 7b). These differences
are due to a finer magnetic grain-size of EM 1 and a slightly higher
relative proportion of high-coercivity magnetic minerals (goethite and
hematite) compared to magnetite.

The downcore mixing coefficients (Fig. 7a) indicate a high contribu-
tion of EM1 (blue) duringHS1 andYDwhereas theperiods from14.5 to
13 ka and from 11.4 to 10.5 ka were dominated by EM 2 (red). After
10.5 ka EM 1 re-establishes. The strong increase in total remanent
magnetization (SIRM) at the same timewhen EM2 proportion increases
(15 and 11 ka) and EM 1 is virtually absent (Fig. 7a) indicates that the
magnetic mineral concentration in EM 2 is much higher with respect
to EM 1. According to Section 5.4 it can be concluded that EM 1 and
EM 2 correspond to sediments exported from the heavy mineral
depleted Cover Sands and from thehinterland areawith ahighmagnetic
mineral content, respectively.

6.2. Climatic controls on sediment export and source area activity

The control mechanisms for the changing source area activity reside
in shifting rainfall maxima over East Africa. We shortly outline key
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Fig. 6.Maps illustrating (a) lithology (USGS), (b) cation exchange energy b20 cmol kg−1,
dominated by kaolinite (FAO) and (c) C3/C4 vegetation (Still and Powell, 2010) in the
Zambezi Basin. Circles indicate inferred source-areas for HS 1 and YD (blue; EM 1) and
Bølling–Allerød and Holocene/Pleistocene transition (red; EM 2). The white lines delin-
eate the Zambezi catchment.
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records of changes in hydroclimate. Organic proxies from sites located
north of the Zambezi basin as Lake Challa (Tierney et al., 2011) and
Lake Tanganyika (Tierney et al., 2008) are characterized by dry condi-
tions during HS 1 and the YD,while at LakeMalawi no change in precip-
itation was observed (Fig. 8a; Konecky et al., 2011). In contrast, high-
stand reconstructions from Lake Chilwa (Fig. 8b; Thomas et al., 2009;
see Fig. 1 for location) at about 16.2–15.1 ka and 13.5–12.7 ka date to
HS 1 and shortly before the YD. The δD record of GeoB9307-3 also indi-
cates humid conditions in the Zambezi River basin during HS 1 and the
YD (Fig. 8d) (Schefuß et al., 2011). In Lake Tritrivakely (Madagascar)
pollen of woody mountain forest increases between 17 and 16 ka,
which was interpreted as a humid period after the dry LGM (Gasse
andVanCampo, 1998; Gasse, 2000). The shifting rainfallmaxima are as-
sociated with southward ITCZ displacements during austral summer
caused by cold events in the northern high latitudes and leading to
higher rainfall in the Zambezi catchment (Schefuß et al., 2011; Wang
et al., 2013). A paleoclimatic reconstruction based on pollen distribution
in a core retrieved further south off the Limpopo River suggests dry con-
ditions during glacials and suggests that extension of certain plant taxa
was associated to changes in western Indian Ocean SST, being a modu-
lator for summer precipitation south of 20°S (Dupont et al., 2011).
Recently, Truc et al. (2013) re-interpreted data from the Wonderkrater
(Scott et al., 2003, 2012) and speleothems from the Cold Air Cave
(Lee-Thorp et al., 2001; Holmgren et al., 2003) suggesting that HS 1
and the YD were dry in South Africa and precipitation was controlled
by Indian Ocean SST. Truc et al. (2013) also re-interpreted the Zambezi
record (Schefuß et al., 2011) in the same sense suggesting dry condi-
tions during HS 1 and the YD. This re-interpretation, however, neglects
the different moisture-bringing atmospheric systems under the influ-
ence of the ITCZ in the Zambezi catchment compared to the region
further south and evidence from direct precipitation-related proxy
parameters (Schefuß et al., 2011; Wang et al., 2013).

During HS 1 and the YD sediments derived from the coastal regions
(EM 1, Fig. 8e) dominate. Fresher material derived from the crystalline
basement (EM 2) peaks between HS 1 and YD. The coherent patterns
of end-membermixing coefficients and δD (Fig. 8d, e) until 10.5 ka sug-
gest that during times of increased precipitation in the Zambezi basin,
material from the proximal siliciclastic deposits was mobilized while
the background signal (EM2) from thehinterlandwas dominant during
drier conditions in the Zambezi basin. After 10.5 ka, theCover Sand EM1
gainsmore importance, still showing a relation to precipitation (δD) but
less close. This is probably related to the modified sediment route
because of the development of the coast-parallel current (Schulz et al.,
2011) (cf., see Section 5.2).

Today, the proximal northern Shire River sub-basin is an important
contributor of sediment from the various tributaries of the Zambezi
River (Ronco et al., 2006). The Shire's catchment mainly consists of
igneous rocks with kaolinite rich soil cover (Fig. 6a, b). Sediments
derived from this area will likely contain a high concentration of mag-
netic minerals and high proportions of weathered clay minerals. These
signatures correspond well to our inferred hinterland signatures (cf.,
see Section 5.4). At times of low precipitation in the Zambezi catchment
sediment export by the Shire, draining the northernmost Zambezi
Basin, that at present receives more rain than the central basin (Ronco
et al., 2006), could thus have caused higher relative contribution of
the hinterland EM.

At present, the hinterland of the Zambezi Basin, including the Shire
River sub-basin, is dominated byC4plantswhile C3 plants have a higher
relative abundance in the gross of the Cover Sand area (Fig. 6c). The δ13C
isotopic compositions of plant waxes (Schefuß et al., 2011) indicate
higher contributions from C4 plants during HS 1 and YD (Figs. 5f, 8c)
which was interpreted as a source-area shift of organic material from
the coastal area (C3 vegetation) to the lower Zambezi floodplain (C4
vegetation) (Schefuß et al., 2011). From a sedimentological perspective
this shift is not evident because the lithologies in these areas are similar
and a shift fromhinterland (EM 2) to Cover Sands (EM 1) is detected for
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Fig. 7. End-member unmixing of IRM acquisition curves. (a) Contribution to SIRM of unmixed EMs. EM 1 (blue): Cover Sand EM, EM 2 (red): hinterland EM, see also Fig. 6. (b) IRM
acquisition curves for EMs in (a). (c) Coefficient of determination for individual IRM steps of a 2 and 3 EMmixing model.
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times of higher precipitation. This discrepancy might be attributed to a
de-coupling of the terrigenous sedimentary and plant organic signals.
We propose that at times of low precipitation and low Zambezi dis-
charge, sediments were mainly derived from the hinterland (EM 2)
and transported through the Zambezi system. The initial, relatively low
content of C4-derived plant material could have been effectively
overprinted by the addition of C3 plant organic contributions in the
lower Zambezi reaches whereas the sedimentological signal remained
unaltered. In contrast, at times of high precipitation in the Zambezi catch-
ment and high discharge, the initial river-transported sedimentological
hinterland signal (EM 2) could have been overprinted by the Cover
Sand EM 1. The high content of C4 plant-derived organic material was
not sufficiently diluted because of the sparse C3-vegetation cover in the
Cover Sand area. Such a process would effectively explain the apparent
de-coupling of sedimentological and organic signals with variable
Zambezi discharge.

7. Conclusions

Many multiproxy studies utilize organic, granulometric, geochemi-
cal and magnetic data to characterize changes in terrigenous sediment
Fig. 8. Climatic conditions inducing source area activity. (a) δ13D of n-acids from LakeMalawi (K
and Finite MixtureModel (black bars) (Thomas et al., 2009). (c) δ13C of n-alkanes of GeoB9307-
malized end-member contributions shown in Fig. 7a.
accumulation in the ocean and to draw conclusions about environmen-
tal conditions on land. However, variations in the proxy records of
GeoB9307-3 and equivalent end-member mixing coefficients rather
represent changes in the source area activity within the Zambezi River
basin than being a representation of climate induced weathering
processes in the entire basin. Nonetheless, the source-area activity
is controlled by climatic conditions. Periods of increased rainfall in
the Zambezi basin associated to southward ITCZ shifts initiated sedi-
ment mobilization from loosely vegetated coastal regions, while the
background signal from hinterland soils was diluted. This terrigenous
fraction has low heavy and magnetic mineral concentrations and low
Al/Si and K/Si ratios. High magnetic mineral concentrations in the sedi-
ment core off the Zambezi and high K/Si and Al/Si ratios correspond to
relatively increased sedimentary contributions from the northern sub-
basin. A de-coupling of sedimentary and organic signals is evident and
might be explained by overprinting of the sedimentary signal by
high erosional activity at high discharge and by the addition of plant
material to the organic signals at times of low discharge. We propose
that a careful consideration of changes of source areas is needed when
reconstructing terrestrial climate conditions from marine sedimentary
archives.
onecky et al., 2011). (b) Highstands in Lake Chilwa dated by total errormethod (gray bars)
3 (Schefuß et al., 2011) (d) δD of n-alkanes of GeoB9307-3 (Schefuß et al., 2011). (e) Nor-
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