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Abstract Marine sediments deposited off the Zambezi River that drains a considerable part of the southeast African continent provide continuous records of the continental climatic and environmental conditions.
Here we present time series of neodymium (Nd) isotope signatures of the detrital sediment fraction during
the past 45,000 years, to reconstruct climate-driven changes in the provenance of clays deposited along
the Mozambique Margin. Coherent with the surface current regime, the Nd isotope distribution in surface
sediments reveals mixing of the alongshore ﬂowing Zambezi suspension load with sediments supplied by
smaller rivers located further north. To reconstruct past changes in sediment provenances, Nd isotope signatures of clays that are not signiﬁcantly fractionated during weathering processes have been obtained
from core 64PE304-80, which was recovered just north of the Zambezi mouth at 1329 m water depth. Distinctly unradiogenic clay signatures (ENd values <214.2) are found during the Last Glacial Maximum, Heinrich Stadial 1, and Younger Dryas. In contrast, the Nd isotope record shows higher, more radiogenic isotope
signatures during Marine Isotope Stage 3 and between 15 and 5 ka BP, the latter coinciding with the
timing of the northern hemisphere African Humid Period. The clay-sized sediment fraction with the least
radiogenic Nd isotope signatures was deposited during the Holocene, when the adjacent Mozambique
Shelf became completely ﬂooded. In general, the contribution of the distinctly unradiogenic Zambezi suspension load has followed the intensity of precession-forced monsoonal precipitation and enhanced during
periods of increased southern hemisphere insolation and high-latitude northern hemispheric climate
variability.

1. Introduction
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The African monsoonal precipitation belt migrates latitudinally during the year, thereby causing seasons of
maximum precipitation over tropical Africa [e.g., Nicholson, 2000]. How this precipitation belt has varied in
strength and position under past climate conditions at high and low latitudes is still a matter of debate, particularly for southeast Africa. Here terrestrial proxy records of hydrological conditions during the Holocene
and Pleistocene are scarce and do not provide a coherent signal. Large part of this uncertainty can be attributed to hiatuses, geochronological issues, and geographical effects on the distribution and intensity of precipitation [e.g., Garcin, 2008; Stager et al., 2011]. In contrast, marine records, particularly those situated near
large river mouths, can provide continuous, high-resolution proxy records for the environmental and climatic conditions on the adjacent continent. In addition, radiocarbon dating of terrestrial records is often
hampered by hardwater effects making direct comparison to marine climate records difﬁcult. The Zambezi
River, which drains the largest catchment area on the South African continent, discharges sediment to the
Mozambique Channel which is part of the western limb of the southern Indian Ocean circulation. The Zambezi Catchment is situated in the southernmost reach of the African monsoonal precipitation belt. Peak precipitation in the upstream areas of the Zambezi Catchment (i.e., upstream the Victoria Falls) is controlled by
the seasonal migration of the Congo Air Boundary (CAB), which separates the Indian and Atlantic Ocean air
masses (Figures 1a and 2). Precipitation originates predominantly from the Atlantic Ocean via extensive
recycling of moisture over southwestern Africa. In the lower catchment areas, maximum precipitation
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Figure 1. (a) Schematic map of southeast Africa shows the major atmospheric boundaries (dashed lines; adapted from Reason et al. [2006]) during austral summer (December–February)
and main surface currents (solid thin arrows) in the adjacent southwest Indian Ocean (adapted from van der Lubbe et al. [2014]). The Zambezi Catchment that includes Lake Malawi is
indicated by the dark shaded area. The large thick arrows indicate the main pathways of moisture supply to the African continent from the NW Atlantic (via Congo), the NE, and the SE
Indian Ocean. The South Equatorial Current (SEC) splits into the Northeast Madagascar Current (NEMC) approaching the Madagascar, which feeds in turn the net southward ﬂow through
the Mozambique Channel (MC). The ﬂow through the Mozambique Channel occurs through the passage of large anticyclonic eddies, which occasionally continue into the Agulhas
Current (AC) [Ridderinkhof et al., 2010]. Sediments are mainly transported in southward direction and deposited onto the large Mozambique deep-sea fan, which is marked in light gray
[Kolla et al., 1980a,b]. (b) A detailed map of study area that is outlined by a dashed rectangle in Figure 1a displays the surface distribution of ENd values in clay-sized lithogenic sediments
in the Mozambique Channel. The core site of cores 64PE304-80 and GIK16160-3 as well as core GeoB9307-3 are indicated by a star and pentagon, respectively. River catchments are
delineated by thin black lines, whereas the Zambezi Catchment is indicated by the dark shaded area. Depth contours are drawn at 500 m intervals and the shelf-break is approximated
by a dashed line following the contour of 100 m depth water.

occurs when the African precipitation belt, associated with the Intertropical Convergence Zone (ITCZ),
migrates in concert with the CAB to the northern half of the Zambezi Catchment during austral summer
(December–February) [Moore et al., 2008] (Figure 1a). Thus, the Zambezi Catchment is a key area for reconstructing monsoonal precipitation variability related to shifts in these major atmospheric boundaries.
Marine sediment cores recovered near the Zambezi mouth have the potential to provide comprehensive
proxy records that recorded changes in hydrological conditions of the African precipitation belt in southeastern Africa [Just et al., 2014; Schefuss et al., 2011; Wang et al., 2013].
Previous paleoclimate studies on Mozambique Margin sediments have focused on proximal sediment cores
near the Zambezi mouth, locations sensitive to near-coast sedimentary processes. Here sediment deposition is strongly affected by glacial-interglacial sea level variations, which shifted the main sediment transport pathways [van der Lubbe et al., 2014]. The locations of seaﬂoor depocentres for ﬁne-grained ﬂuvial
sediments shifted over time, which can be problematic when attempting to use proxies at isolated core
locations to reconstruct climatic and environmental changes in the adjacent catchment areas [Just et al., 2014;
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Weldeab et al., 2014]. However, the lithogenic fraction of deep-sea sediment itself carries important information on these changes, as well as on the mechanisms by which material is transported from land to the
deep sea. Clay minerals are of particular interest, since they are a signiﬁcant constituent of seaﬂoor sediments and can be transported over long distances. Moreover, radiogenic isotope signatures of detrital clays
in marine sediments are a well-established indicator to reconstruct changes in sediment source areas (i.e.,
geographical provenances) and have been related to past climatic and hydrographic changes [e.g., Franzese
et al., 2006; Grousset et al., 1992; Stumpf, 2011].
Compared to other radiogenic isotope systems (such as Sr, Pb, and Hf), the neodymium isotope (ENd) signatures are essentially unaffected by particle size and do not fractionate signiﬁcantly during chemical weathering [e.g., Jung et al., 2004; Meyer et al., 2011]. Instead the detrital particles formed reﬂect the initial ENd
signatures and crustal age of their source rocks [e.g., Goldstein et al., 1984]. It is in particular the bedrock
composition and weathering intensity of large rivers that may vary spatially across the drainage basins. The
clay-sized fraction is transported over large distances through the different riverine catchment areas
(Figure 2) and, therefore, integrates the ENd signatures of the diverse bedrock types and ages in the source
areas. The analysis of ENd signatures of lithogenic fractions in marine sediments is a powerful and widely
applied tool to asses variations of sediment provenance and transport. For example, the ENd signatures of
the ﬁne-grained detrital fraction in marine sediments recovered near the Nile delta document varying proportions of sediments originating from White and Blue Nile subcatchments [Blanchet et al., 2014, 2013; Revel
et al., 2010]. For the Congo [Bayon et al., 2012] and Orange [Weldeab et al., 2013] rivers, the ENd of the lithogenic fraction allowed the reconstruction of climate and precipitation-driven changes in sediment provenance. Radiogenic isotopes signatures including ENd were also successfully applied to infer the contribution
of terrigenous sediments from the Mozambique Channel and in turn oceanic transport pathways around
the tip of South Africa [Franzese et al., 2006].
For this study, we analyzed the ENd signatures of clay-sized fraction from sediment core 64PE304-80, which
has been recovered 200 km north of the Zambezi mouth at 1329 m water depth, where a continuous
deposition of ﬁne-grained riverine-derived sediment has taken place over the past 45 kyr [van der Lubbe
et al., 2014]. Based on modern provenance and surface sediment distributions, the down-core ENd signatures of the clay-sized fraction of core 64PE304-80 were used to reconstruct changes in climate-driven
provenance and transport pathways of the lithogenic clay fraction along the Mozambique Margin.

2. Geography and Geology of the Zambezi Catchment
According to the position of the CAB and the ITCZ and the presence of mountain ranges, the annual precipitation displays a pronounced latitudinal gradient from >1000 mm in the northern part of the catchment to
<500 mm in the south (Figures 1a, 2a, and 2b). The Zambezi originates in the humid Angolan highlands,
which act as watershed between the Zambezi and Congo catchments. Downstream the Victoria Falls, the
Zambezi ﬂows through extensive ﬂoodplains, joined by several tributaries. The surface geology in this area
is dominated by sandy soils belonging to the Cenozoic Kalahari Formation (Figure 2c). Further downstream,
the Zambezi incises into the underlying sediments before ﬁnally plunging over the Victoria Falls [Moore
et al., 2008]. Prior to the establishment of the Victoria Falls that occurred 1.8 Ma ago, the upper Zambezi
ﬂowed westward, discharging into the South Atlantic Ocean [Moore et al., 2008; Walford et al., 2005]. The
subsequent easterly ﬂow of the Zambezi led to an increased catchment size, associated with increased sediment accumulation offshore the Zambezi mouth [Walford et al., 2005]. The upper part of the Zambezi
Catchment provides a third of the total Zambezi outﬂow, but its estimated sediment contribution
(0.1 Mm3) [FFEM, 2005] is negligible because of the low elevation gradients and the low degree of geochemical weathering (Figures 2a and 2b). In the lower part of the Zambezi Catchment, the dammed Lake
Cahora Bassa receives 29 Mm3 sediment per year [FFEM, 2005] (Figures 2a and 4). Most of the suspended
sediments are probably delivered by the large Kafue and Luangwa Rivers that drain highland areas with
intensely weathered, clayey soils and high precipitation exceeding >1000 mm/yr (Figure 2b). The remaining
22 Mm3 of the total annual Zambezi sediment load (51 Mm3) is derived from drainage areas downstream the Cahora Bassa dam [FFEM, 2005]. Most of the discharge originates from the Shire River that
receives overﬂow from Lake Malawi [Moore et al., 2008], which itself acts as a sediment trap providing
important local climate records [e.g., Castaneda et al., 2009; Konecky et al., 2011].
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Figure 2.
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Table 1. Selected Radiocarbon Ages
Lab ID
KIA 45243
KIA 43167
KIA 43827
KIA 43829
KIA 41418
KIA 41419
KIA 41420
KIA 41421
KIA 41422
KIA 43168
KIA 45244
KIA 45245
KIA 41424
KIA 45246
KIA 43821
KIA 43169
KIA 43822
KIA 43823
KIA 45247
KIA 43179
KIA 43824
KIA 43825
a

Core

AMS 14C Age

(1/2)

cal. yr BP

(1/2)

Depth Scale of Core
64PE304-80 (cm)

cal. yr BP

Referencea

64PE304-80
GIK16160-3
64PE304-80
64PE304-80
GIK16160-3
GIK16160-3
GIK16160-3
GIK16160-3
GIK16160-3
GIK16160-3
64PE304-80
64PE304-80
GIK16160-3
64PE304-80
64PE304-80
GIK16160-3
64PE304-80
64PE304-80
64PE304-80
GIK16160-3
64PE304-80
64PE304-80

450
3,970
6,145
7,940
9,930
10,560
11,620
13,070
13,590
14,270
15,400
16,360
17,170
17,870
20,530
23,750
26,210
28,360
30,200
32,750
34,640
37,740

30/30
30/30
35/35
40/40
50/50
60/60
70/70
70/70
70/70
70/70
70/70
80/80
120/120
110/110
260/140
190/190
260/270
320/340
360/370
590/590
680/740
970/1,100

59
3,967
6,579
8,400
10,178
11,797
13,118
14,984
16,067
15,834
18,253
19,135
19,923
20,798
24,052
26,485
30,619
32,182
34,402
36,990
39,221
42,050

58/23
62/53
50/54
45/38
41/46
120/154
52/116
184/196
216/399
319/420
196/87
183/149
97/214
294/242
193/212
240/196
236/251
544/408
405/443
673/853
757/1,177
792/855

10
101
188
223
253
283
306
358
388
424
488
515
568
605
659
781
834
875
935
968
1,005
1,071

0
3,973
6,542
8,380
10,065
11,771
13,228
14,799
16,089
16,897
18,401
19,211
20,394
21,263
23,773
28,540
30,627
32,898
34,647
36,165
38,412
41,560

2
1
2
2
1
1
1
1
1
1
2
2
1
2
3
1
3
3
3
1
3
3

References: 1, Wang et al. [2013]; 2, van der Lubbe [2014]; 3, S. Kasper et al. (submitted manuscript, 2014).

The Zambezi Catchment exhibits a wide range of rock types and geological formations (Figure 2c), which
have markedly different radiogenic isotope signatures. The southern bank of the lower Zambezi is formed
by the Archean Zimbabwe Craton, which has average ENd values of 229 [Jelsma et al., 1996], whereas partial melting of an older source led to unradiogenic ENd values of 241 [Grantham et al., 2011] (Figure 4).
On the northern bank, the bedrock geology is dominated by the Mesoproterozoic Irumide Belt that is separated by the Luangwe Rift, which contains signiﬁcantly younger deposits of the Jurassic Karoo Formation.
Due to recycling of older crust and the addition of younger material, the ENd values of the whole-rock samples of the southern Irumide Belt southwest of Lake Malawi cover a wide range roughly between 216 and
23 [Kroner et al., 2001], while less radiogenic ENd values between 220 and 215 are found in Irumide Belt
north of the Luangwe Rift [De Waele et al., 2006]. The most radiogenic ENd values between 23 and 21 are
represented by the young basalts of the Karoo Super-group [Jourdan et al., 2007]. Before plunging over the
Victoria Falls, the Zambezi starts to incise into the underlying sediments of the Kalahari Formation and
Karoo Basalts [Moore et al., 2008]. The unconsolidated sands of the Cenozoic Kalahari Formation have relatively radiogenic ENd values of 25.2 to 23.8 as found in eolian deposits, which are present in a large area
outside the Zambezi Catchment [Grousset et al., 1992]. Due to the prevailing easterly winds and the absence
of other large regional dust source areas, lithogenic sediments in the Mozambique Channel have a dominantly riverine origin and thus their properties must be directly related to continental hydrological
conditions.
3. Offshore Dispersal of Zambezi Sediment
During peak discharge of the Zambezi following maximum austral summer precipitation, a large plume of
suspended sediment extends from the Zambezi mouth to the northeast along the Mozambique coast and
deposits as a narrow mud-belt [Beiersdorf et al., 1980; Schulz et al., 2011; Siddorn et al., 2001]. With its annual
sediment load of 51 Mm3, the Zambezi is the largest single suspended sediment supplier to the

Figure 2. Maps of southeast Africa, with Figure 2a showing the topography with riverine catchments delineated by thin black lines,
whereas the Zambezi Catchment is indicated by a thick black line. Subdrainages of the Zambezi and relatively large rivers draining the
area east of Lake Malawi are labeled as well as natural and anthropogenic lakes. The N-S dashed line marks the eastern boundary of the
upper part of the Zambezi Catchment, which discharges to the Victoria Falls. The major rivers are indicated by thick blue lines. The elevation and derived hydrological data are obtained from the HYDRO1k database. Figure 2b shows the soils types [FAO/IIASA/ISRIC/ISS-CAS/
JRC, 2009] that are ranked to their degree of weathering as well as contours of annual precipitation (mm) that are derived from the CRU
database outlined in white color. Figure 2c represents a simpliﬁed geological map [Geological Survey of Canada, 1995] with the main
tectonic-structural units [Roberts et al., 2012] in southeastern Africa.
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Figure 3. Age-depth model of core 64PE304-80. The left top ﬁgure shows the age-depth model of the core 64PE304-80 with 90% conﬁdence limits that was constructed using age-depth modeling program BACON, whereas the bottom ﬁgure displays sedimentation rates
inferred from the BACON age-depth points. The AMS 14C ages were obtained for core 64PE304-80 as well as derived from parallel core
GIK16160-3, which can be stratigraphically linked using the comparable log (Ca/Ti) records [van der Lubbe et al., 2014] (right).

Mozambique Margin [Walford et al., 2005]. Most of the Zambezi suspension load is likely spilled over from
the Mozambique Shelf at 188S, where the mud-belt is situated close to the slope [Schulz et al., 2011]. A
large portion is then probably transported downslope by gravity currents through connecting submarine
channels, and ﬁnally deposited on the large Mozambique deep-sea fan (Figure 1a), which is situated at the
southern end of the Mozambique Channel [Kolla et al., 1980a]. The outer shelf is covered by sands due to
winnowing by oceanic, tidal, and wave-induced currents [Beiersdorf et al., 1980]. Oceanographic observations also indicate a strong mean ﬂow exceeding 40 cm/s in the surface waters, which is generated by large
anticyclonic eddies that frequently propagate southward along the continental slope [Ullgren et al., 2012].
High amounts of clay (>70%) are deposited on the slope at 500 m water depth at locations between the
Zambezi mouth and 168S in relatively calm water [Schulz et al., 2011]. Re-suspension of sediments by bottom currents takes place along the slope [Fallet et al., 2012] forming a dense nepheloid layer attributed to
the high availability of ﬁne-grained material in the Mozambique Channel [Kolla et al., 1980b]. The southward
ﬂow is compensated by a northward ﬂowing bottom current carrying Antarctic Intermediate Water (AAIW)
and North Atlantic Deep Water (NADW) at water depths below 1500 m [de Ruijter et al., 2002]. Due to the
decreasing ﬂow speeds, the hemipelagic deposition of ﬁne-grained sediments increases below 1000 m
water depth, in particular south of 188S [Schulz et al., 2011]. Depending on sinking rates and lateral advection by bottom currents, a considerable portion of the ﬁne-grained sediments may originate from sources
as far north as 108S, where the Northeastern Madagascar Current (NEMC) splits when approaching the
southeast African coast (Figure 1a).
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During glacial and deglacial sea level lowstands, the Zambezi incised into the wide, subaerially exposed
shelf, thereby discharging its sediments directly onto the upper slope [Beiersdorf et al., 1980]. Flooding of
the shelf and the Zambezi paleo-valley after the last deglacial sea level rise drastically reduced the accumulation of ﬁne-grained sediment off the Zambezi mouth. On the contrary, the clay deposition increased in
the north, since shelf ﬂooding facilitated the NE transport of Zambezi sediments [van der Lubbe et al., 2014].
Before interpreting down-core variations, the ENd signature of the Zambezi suspension was determined
based on surface sediment clays from the wide Mozambique Shelf, which are overwhelmingly derived from
the Zambezi. In addition, the surface clays from the Mozambique slope further to the north were analyzed
for their ENd signatures in an attempt to identify more northerly situated sediment sources. Afterward, the
ENd variations of the clays of the past 45 kyr were compared to other lithogenic sediment properties (clay
content and magnetic susceptibility) as well as previously published organic proxy records of soil-derived
organic matter and precipitation [Schefuss et al., 2011; Wang et al., 2013; S. Kasper et al., delta Deuterium of
alkenone and BIT index of sediment core 64PE304-80 samples, submitted to Organic Geochemistry, 2014], in
order to disentangle the effects of sea level changes, oceanic currents, and Zambezi discharge on sediment
deposition along the Mozambique Margin.

4. Material and Methods
4.1. Sediment Core and Samples
Piston core 64PE304-80 (18814.440 S, 37852.140 E) was recovered from 1329 m water depth during the INATEX
cruise in 2009 with the research vessel RV Pelagia [Brummer et al., 2009]. Core 64PE304-80 was chosen
because it is located 200 km north of the Zambezi mouth, away from the Zambezi paleo-channel and
shelf-break, and therefore less sensitive to shifts in local depocentres and sea level ﬂuctuations than shallow
cores from the Mozambique Margin. The core is characterized by continuous lithogenic sandy mud accumulation throughout the 11.5 m except a small turbidite interval centered on 69 cm core depth. Core
64PE304-80 was obtained near core GIK16160-3, which was retrieved with a gravity corer during METEOR
cruise M75-3 in 2008 [Schneider et al., 2008]. Shelf surface sediments were obtained from core tops retrieved
during the M75-3 and INATEX cruises. Locations and water depths of the surface sampling sites are listed in
Table 3. A sample of Zambezi sands was retrieved from 175 km upstream of the Victoria Falls Sesheke,
Zambia.
4.2. Chronology
The chronology of core 64PE304-80 is based on previously published AMS 14C determinations, obtained
from mixtures of planktonic foraminiferal species (1 mg of Globigerinoides ruber, Globigerinoides trilobus,
and Globigerinoides sacculifer from the fraction >150 mm) [van der Lubbe et al., 2014; S. Kasper et al., submitted manuscript, 2014]. The chronology was improved by including an additional AMS 14C determination
(KIA 43179; Table 1) obtained by the Leibniz-Laboratory for Radiometric Dating and Isotope Research (Kiel,
Germany) on a planktonic foraminifera sample. Further age constraints were obtained from neighboring
core GIK16160-3 by correlating their almost identical log(Ca/Ti) records for the last 37 kyr [van der Lubbe
et al., 2014]. The 14C raw data of the samples were converted to calibrated ages (cal. yr BP) using the
Marine09 calibration curve [Reimer et al., 2009] and a DR value of 0. The Marine09 calibration curve includes
a built-in time-dependent global ocean reservoir correction of about 2400 14C yr.
The Bayesian age-depth modeling program BACON [Blaauw et al., 2011] was used to calibrate the 14C AMS
ages and to establish the age-depth model. The BACON age-depth model includes 90–95% conﬁdence limits that were used to select reliable age samples (Table 1) and to exclude anomalies and age reversals. The
BACON age-depth model of core 64PE304-80 reveals four intervals with age anomalies situated outside
these age-depth conﬁdence limits and a full age reversal below 10.7 m (Figure 3). Individual 14C dates
deviating from the reconstructed chronology using age-depth conﬁdence limits, indicate ages of both cores
that are too young for their stratigraphic depths, which is the result of the constructed age-depth model
that avoids anomalous steps in overall sedimentation rates.
4.3. Sample Preparation
The lithogenic component of the clay-sized sediment fraction (<2 lm) was separated prior to analysis of
the Nd isotope signatures. The clay fraction was isolated in settling tubes applying the Atterberg method
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Table 2. Nd Isotope Ratios of the Detrital Clay Fraction in
Core 64PE304-80
Depth in Core (cm)
14.5
55
61.5
65.5
110
143.5
163.5
170
188.5
219.5
223.5
233
269.5
273
283.5
298
307.5
310
330
332.5
362.5
380
382.5
410
417.5
462.5
470
485
517.5
559.5
584
640
643.5
735.5
739.5
758
774.5
790.5
820
860
868.5
902
918.5
949.5
969.5
979
979.5
1003.5
1040
1048.5
1058.5
1060

ENd

1/2

Series

215.1
215.4
215.4
215.0
215.2
214.6
214.0
214.1
214.1
213.7
213.4
213.1
213.1
213.1
214.4
213.7
213.5
213.6
213.6
213.9
214.1
214.5
214.7
214.7
214.6
214.9
214.5
214.4
214.2
214.3
214.4
214.6
214.8
214.2
214.4
214.8
214.6
213.5
214.1
214.2
213.9
213.5
213.9
213.7
214.0
213.5
213.4
213.8
213.8
214.0
213.7
214.0

0.2
0.1
0.1
0.2
0.2
0.2
0.1
0.1
0.3
0.1
0.1
0.2
0.2
0.2
0.1
0.2
0.2
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.2
0.1
0.1
0.1
0.2

2
1
3
2
1
2
3
1
2
1
3
2
1
2
3
2
2
1
1
2
2
1
2
1
2
3
1
3
2
1
3
1
3
3
1
3
1
1
1
1
3
1
3
1
1
3
1
1
1
3
3
1
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following NEN Standard 5753 [2006]. After oxidation
of the organic matter with H2O2, the samples were
sieved to separate the coarse-grained fraction, in
order to recover foraminifera for further analyses.
The ﬁne-grained sediment fraction was kept in suspension with the aid of sodium pyrophosphate. Prior
to Nd isotope analyses, the bulk sediment samples
were decarbonated using 1 M acetic acid at room
temperature (Series 1), whereas samples of the second batch were brought to 1008C in 0.1 M HCl and
thereafter cooled down to room temperature (Series
2), which is a standard preparation method for grainsize analysis [Konert and Vandenberghe, 1997]. For
Series 3, the bulk sediment samples were oxidized
and decarbonated in a mixture of 6% H2O2 and 1 M
acetic acid at room temperature prior to separation
of the clay fraction as described in detail by Stumpf
[2011]. The lithogenic clay fraction of Series 3 was
isolated from the decarbonated sediment fraction
using the centrifuge-based Atterberg method. Clay
samples of Series 1–3 were obtained from core
64PE304-80 (Table 2), whereas Series 1 and 3
also include shelf and slope surface sediments
(Table 3).

The treatment with diluted acetic acid and HCl
will remove the carbonate fraction (including coccolith and foraminiferal shells) that is relatively
poor in Nd anyhow, but may not quantitatively
remove the authigenic Fe-Mn oxyhydroxide fraction, which contains Nd that is precipitated in
equilibrium with dissolved Nd in seawater [Chester
and Hughes, 1967; Gutjahr et al., 2007]. Leaching
experiments of the decarbonated marine sediments, in which the Fe-Mn oyxhydroxide fraction
was completely extracted revealed a Nd loss of
15–20% due to the removal of authigenic fraction as well as some of the detrital material [Gutjahr et al., 2007]. For these sediments, the
estimated offsets between the decarbonated bulk
material and detrital fraction are 0.2–0.3 ENd units,
which is similar as the analytical 2r uncertainties
of the measurements in this study (Tables 2
and 3). In the open Indian Ocean, where the concentration of seawater Nd is relatively low, the
ENd values range roughly between 29 and 27 [Bertram and Elderﬁeld, 1993]. Along continental margins, in particularly near large river mouths such as that of the Zambezi, the Nd concentration
increases and the Nd isotope signatures will be biased toward detrital sediment fraction due to release
of adsorbed Nd from mineral surfaces and partial dissolution of the particles [Jeandel et al., 2007].
Moreover, increased Zambezi discharge will lead to an increased sediment supply, as well as release
of dissolved Nd along the Mozambique Margin. The contribution of authigenic Nd from seawater is
therefore expected to be of minor inﬂuence on the measured Nd isotope compositions of the clays
and the interpretations of this study. This is conﬁrmed by the indistinguishable Nd isotope results for
the three different series of core 64P304-80 (Table 2 and Figure 5), which underwent slightly different
preparation methods.
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Table 3. Nd Isotope Ratios of the Detrital Clay Fraction in Surface Sediment Samples
Core

Latitude

Longitude

Water Depth (m)

64PE304-47
214.57530
41.32963
64PE304-68
216.50285
40.02523
64PE304-66
216.53418
40.05458
64PE304-56
216.85128
41.31943
GIK16158-2
217.54950
37.96700
GIK16159-1
217.76317
37.92133
GIK16160-1
218.24133
37.86900
GIK16157-4
218.72217
36.54117
64PE304-82
218.87800
37.39998
GIK16156-5
218.93583
36.40283
GIK16156-1
218.94283
36.40967
64PE304-86
219.35168
36.87368
64PE304-88
219.37030
36.90217
GIK16155-1
220.86533
35.89567
Sands of Zambezi headwaters 175 km upstream the Victoria Falls (Sesheke, Zambia)
a

2804
756
1103
2652
25
55
1343
18
939
24
n.a.
197
410
836

ENd

1/2

Series

211.2
215.2
215.1
214.4
216.6
216.4
215.8a
217.7
215.3
216.2
216.5
214.7
215.7
216.1
26.0

0.1
0.2
0.2
0.1
0.2
0.2
0.2
0.1
0.1
0.2
0.1
0.1
0.2
0.2
0.1

1
1
1
1
3
3
3
3
1
3
3
1
1
3
3

Average of two measurements.

4.4. Nd Isotope Analysis
About 20 mg of homogenized and powdered material of the clay fraction was completely dissolved using a
mixture of conc. HF-HNO3-HClO4. Subsequently, Nd was puriﬁed applying standard ion chromatographic
procedures [e.g., Stumpf, 2011]. The international marine mud standard MAG-1 was repeatedly run through
the analytical procedures as a reference. The Nd isotopic measurements of samples of Series 1 were performed at the Vrije Universiteit (Amsterdam) using a MAT-262 Thermal Ionization Mass Spectrometer
(TIMS). Blanks typically yielded <300 pg, which has a negligible effect on the measured isotope ratios. The
accuracy and precision of the TIMS Nd isotope measurements was monitored by repeatedly analyzing the
in-house CIGO standard that gave an average 143Nd/144Nd value 0.511345 6 0.000007 (2r; n 5 4), which is
consistent to the long-term average 0.511332 6 0.000011 (2r; n 5 123). The international standard MAG-1
that was repeatedly run through the entire total dissolution procedures for each series gave a mean
143
Nd/144Nd value of 0.512074 6 0.000004 (2r; n 5 3), which is, within error, identical to the average value
of 0.512070 6 0.000012 that had been measured at the Vrije Universiteit Amsterdam before, as reported by
Meyer et al. [2011]. The radiogenic 143Nd/144Nd ratios of the samples are reported as ENd values, which correspond to the deviations of the 143Nd/144Nd values of the samples that from the present-day Chondritic Uniform Reservoir (CHUR) value of 0.512638 [Jacobsen et al., 1980]. Sample Series 2 and 3 were analyzed for
their Nd isotope signatures on a Nu Instruments multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) at GEOMAR, Kiel. The 143Nd/144Nd ratios were mass bias corrected to 146Nd/144Nd 5 0.7219
and were then normalized to the accepted value of the JNdi-1 standard of 0.512115 [Tanaka et al., 2000].

4.5. Magnetic Susceptibility, Clay Content, and Bulk Chemistry
Bulk low ﬁeld magnetic susceptibility (MS) was measured every centimetre for split sediment core 64PE30480 using a GEOTEK Multi-Sensor Core Logger equipped with a Bartington surface magnetic susceptibility
point sensor (MS2E) at Department of Earth Sciences, Vrije Universiteit (Amsterdam). Sediment samples that
were taken every 5 cm in core 64PE304-80 had previously been analyzed for lithogenic grain-size distributions using a Sympatec HELOS/KR laser diffraction particle size analyzer at the Laboratory for Sediment
Analysis, the Vrije Universiteit (Amsterdam) [van der Lubbe et al., 2014]. Lithogenic grain-size distribution
and magnetic susceptibility records of the upper part of core 64PE304-80 were previously published by van
der Lubbe et al. [2014]. The grain-size distributions measured by laser diffraction overestimate the particle
size of the clay fraction separated by settling due to the platy structure of clay minerals [Konert and Vandenberghe, 1997]. The down-core variations in the clay size fraction (<2 lm) that was separated for Nd isotope
analysis were thus estimated using the <8 lm lithogenic fraction measured by the laser particle sizer (Figure 5e). The C/N ratios of the parallel core GIK16160-3 were determined for this study using duplicate samples from every 10 cm, based on 10 mg of freeze-dried sediment powder using a CARLO ERBA Elemental
Analyser at GEOMAR (Kiel, Germany).
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Figure 4. Comparison of ENd values obtained from surface clays of the Mozambique Shelf with ENd values of whole-rocks samples of
potential source rocks using box and whisker plots with mean and median indicated by crosses and horizontal red lines, respectively.
oner et al., [2001], fM€
oller
References: aJelsma et al., [1996], bGrantham et al., [2011], cDe Waele et al., [2006], dJohnson et al., [2007], eKr€
et al., [1998], gVogt et al., [2006], hHauzenberger et al., [2007], iJohn et al., [2004], jJourdan et al., [2007] and kThis study.

5. Results
5.1. Nd Isotope Signatures of Surface Sediments
Relatively unradiogenic ENd values between 217.7 and 216.2 are found in surface sediment clays from the
wide Mozambique Shelf, which directly receives discharge from the Zambezi River (Table 3 and Figure 1b).
Clays that were extracted from the adjacent continental slope yield somewhat more radiogenic ENd values
of 215.8 to 214.7. Even more radiogenic values of 214.4 and 211.2 are found for detrital clays in the central Mozambique Channel at 178S and 2700 m water depth and from the continental slope at 158S
and 2800 m water depth, respectively. The most radiogenic ENd value of 26 was measured for sands that
were collected from the Zambezi headwaters, upstream from the Victoria Falls.
5.2. Sediment Core 64PE304-80
5.2.1. Magnetic Susceptibility and Clay Content
On average, 35% of the lithogenic sediments is within the clay-sized fraction. The down-core clay content
shows distinct variations over the past 45 kyr, which closely resemble changes in the ENd record. Relatively
low amounts of clay (<30%) are found during Marine Isotope Stage (MIS) 3, whereas percentages above
30% occurred during MIS 2 reaching highest values during Heinrich Stadial (HS) 1 (Figure 5e). Similar
amounts were deposited during the Younger Dryas (YD) and thereafter decreased again to 30% during
the early Holocene. At 9 ka, the clay content started to increase and reached maximum values during the
past 6 kyr. The variations in clay content parallel the MS record, whereby relatively low clay contents correspond to high MS values (Figure 5d). As a consequence, the magnetic susceptibility record displays high
values during the latest MIS 3, which are subsequently reduced during MIS 2. At 15 ka the magnetic susceptibility sharply increased, developing a distinct double peak, which is a feature common in sediment
€rz et al., 2008; Schulz et al., 2011]. Relatively low MS
cores from the Mozambique Margin [Just et al., 2014; Ma
values within this double peak coincide with the YD interval. Around 9 ka, the MS record drops to consistently low values, which increased slightly during the last 2 kyr. The MS record reﬂects iron oxides that
have a detrital origin related to erosion [Just et al., 2014] and are associated with relatively coarse-grained
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Figure 5. Lithogenic proxy records of core 64PE304-80 in combination to organic proxy records of this core and parallel core GIK16160-3.
(a) Global and Red-Sea sea level curves with ﬂooding history of Mozambique Shelf. (b) C/N ratios of core GIK16160-3 and BIT (S. Kasper
et al., submitted manuscript, 2014) record of core 64PE304-80 reﬂect the relative contribution of soil organic matter input. (c) Rate of sea
level change from Stanford et al. [2011] and deduced from the global sea level curve of Waelbroeck [2002]. (d) Magnetic susceptibility, (e)
clay content, and (f) ENd signatures of the clay fraction document changes in sediment provenances in core 64PE304-80. (g) Reconstructed
dD precipitation based on leaf wax (n-C31 alkanes) corrected for C3/C4 abundances following Collins et al. [2013] and ice-volume for cores
GIK16160-3 [Wang et al., 2013] and GeoB9307-3 [Schefuss et al., 2011]. Records of (h) July 658N insolation, (i) the precession index, and (j)
summer insolation at 158N and 158S [Laskar et al., 2004]. The Younger Dryas (YD) and Heinrich stadials HS-1 to HS-4 are indicated by vertical gray bars.
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sediments transported downslope [Schulz et al., 2011]. The observed variations in MS can be therefore
mainly explained by dilution by the ﬁne-grained lithogenic input. The carbonate and organic matter content of parallel core GIK16160-3 is generally low and averages 20 and 1%, respectively [van der Lubbe
et al., 2014]. The C/N ratio of core GIK16160-3 reﬂecting the ratio between marine and terrestrial-derived
organic matter matches the record of the BIT that was previously obtained from core 64PE304-80 (S. Kasper,
submitted manuscript, 2014) (Figure 5b).
5.2.2. Nd Isotope Record of Detrital Clay
The high-resolution detrital clay ENd record from core 64PE304-80 was established on a total of 52 clay samples (Table 2 and Figure 5f) and can be divided into distinct intervals. During MIS 3, the ENd values range
from 214.2 and 213.4, whereas slightly less radiogenic ENd values dominated during MIS 2 with consistently lower ENd values (between 215.0 and 214.5) during the period corresponding to HS-1. From 15 ka
onward, the ENd values increase and reach maximum values of up to 213.1 between 11 and 9 ka. A relatively low ENd value of 214.4 is found in clays deposited during the YD. From 9 ka to the present, ENd values became systematically less radiogenic. The least radiogenic ENd values are found from 5 ka onward,
which are comparable to surface sediments from the Mozambique slope, offshore the Zambezi mouth.

6. Discussion
6.1. Potential Source Areas of Sediments of the Mozambique Margin
Considering the high discharge rates of the Zambezi and the dominant northeast directed sediment dispersal, the ENd values of surface clays from the Mozambique Shelf are considered characteristic for the Zambezi
suspension load. An ENd clay value of 217.7 is obtained from surface sediments of the mud-belt in front of
the modern active, northern branch of the Zambezi. Due to recent damming of the Zambezi River, this sediment sample may be somewhat biased to the source area downstream of Lake Cahora Bassa (Figure 2).
Averaging of the ENd shelf surface clay values provides a robust ENd mean value of 216.7 (1r 6 0.6, n 5 5),
which can be considered as representative for the Zambezi suspension load. This ENd value is in good
agreement with previous estimates for the ENd signature of Zambezi Catchment sediments (Figure 2) [Jeandel et al., 2007].
The radiogenic ENd value of 26 measured for Zambezi sands upstream of the Victoria Falls is in agreement with previously reported values of the Kalahari sands [Grousset et al., 1992]. This unradiogenic ENd values suggest that these sands might be locally derived from the underlying basalt of the Karoo Formation.
U-Pb zircon ages indicate that sediments upstream the Victoria Falls are usually derived from eastern Neo€rtner
proterozoic Luﬁlian Belt with smaller inputs from the Mezoproterozoic Kibaran and Irumide Belts [Ga
et al., 2014]. However, the sediment transport across the Victoria Falls is nowadays negligible compared to
sediment contributions further downstream and is therefore too small to affect the clay ENd signatures further downstream.
Due to transport and mixing in the lower part of the Zambezi Catchment, the clay ENd signatures show a narrower range than the ENd values of whole-rock samples of potential source terrains. As is shown in Figure 4,
the ENd values plot between the signatures of the most contrasting bedrock geologies in the catchment
area, namely rocks of the old Archean Zimbabwe Craton and young basalts of the Karoo Formation. The ENd
signatures of the clays overlap with ranges of diverse bedrock lithologies of the Mezo- and Neoproterozoic
orogenic belts. Fine-grained sediments derived from various bedrock geologies are transported and mixed
over large distances and therefore a providing an ENd signature integrated over the Zambezi Catchment.
For this reason, it is also difﬁcult to resolve the precise sediment source areas for detrital clay fraction using
ENd values only. Based on U-Pb ages of individual zircons, the Mezo- and Neoproterozoic orogenic belts
have been previously identiﬁed as the main sediment source areas of Zambezi together with only minor
contributions from the Archean to Paleoproterozoic terrains [Iizuka et al., 2013]. The Mezo- and Neoproterozoic orogenic belts are situated in the northern part of the Zambezi Catchment, where the annual precipitation is highest due to high elevation and the northerly position of the ITCZ-induced rainfall belt. These
areas are subject to intense chemical weathering and are most likely the main source of the Zambezi suspension load.
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Once Zambezi sediments are discharged onto the Mozambique Shelf, they are transported across the shelf
to the slope under the inﬂuence of eddy-induced oceanic currents. Surface sediments from the deep-sea
Mozambique Channel have more radiogenic ENd values than those obtained from the adjacent slope,
whereas most radiogenic ENd values have been found in the Mozambique Channel in the North. This offset
indicates that Zambezi sediments are mixed to some extent with clays characterized by more radiogenic
ENd signatures from the north (Figure 1b). Given the dominantly southward surface circulation, discharges
from other rivers such as the relatively large Lurio and Rovuma Rivers (Figure 2a) that drain the humid highlands east of Lake Malawi are likely to contribute material to coring site 64PE304-80 originating from as far
north as 108S, where the NEMC splits as it approaches the African coast (Figure 1a). The bedrock of these
drainage areas is mainly formed by the Neoproterozoic Mozambique Belt covered by geologically younger
volcanic and sedimentary deposits in the coastal zone (Figure 2c). Due to the strong and turbulent eddyinduced currents, hemipelagic muds deposited along the Mozambique Margin may even partly originate
from the volcanic lineament of the Comoros Archipelago and from rivers of NW Madagascar, which drain
considerable portions of geologically younger formations. This interpretation is supported by Lagrangian
back trajectories of foraminifera deposited along the Mozambique slope, which even have higher sinking
rates than clay minerals [Steinhardt et al., 2014; van Sebille et al., 2015]. The southward sediment transport is
also recorded by radiogenic isotope signatures of the detrital fraction typical for a Mozambique Channel origin all the way down into the Agulhas Current system [Franzese et al., 2006].
6.2. Clay Deposition and Provenance Changes Over the Past 45 kyr
Lithogenic grain-size analysis of sediment cores spanning a depth transect across the Mozambique Margin
reveals that the clay accumulation rates are strongly affected by sea level rise during the last deglacial
period [van der Lubbe et al., 2014]. Prior to 11 ka, the Mozambique Shelf was subaerially exposed and the
Zambezi ran through a pre-existing paleo-valley [Beiersdorf et al., 1980] (Figure 5a). During glacial and deglacial eustatic sea level minima, Zambezi clays were more dominantly transported by gravity currents from
the Zambezi paleo-valley via connecting submarine canyons [Kolla et al., 1980a]. The distribution of Zambezi sediments was mainly affected by oceanic surface currents on the upper slope until the wide, ﬂat-lying
part of the adjacent Mozambique Shelf started to ﬂood and the Zambezi paleo-valley route became abandoned after the last deglacial sea level rise (Figure 5a). The postglacial increased transport distance of terrigenous material from the Zambezi mouth is reﬂected by organic properties, C/N ratio and BIT index
(S. Kasper, submitted manuscript, 2014), which reach consistently high, marine-inﬂuenced values in upperslope sediments after ﬂooding of the shelf (Figure 5b). The complete ﬂooding of the wide, shallow shelf
facilitated the enhanced northeastward dispersal of Zambezi sediments as is attributed by an increased
deposition of less radiogenic clays at coring site 64PE304-80/GIK16160-3 after 5 ka BP. The lithogenic sediment properties (MS, clay content, and ENd clay values) do not follow the same trend as the C/N ratio and
BIT index, indicating that the Zambezi clay deposition was not primarily controlled by shelf ﬂooding.
The rate of sea level ﬂuctuation may have been also important shaping lithogenic sedimentary records at
the continental slope, especially in case of rapid sea level ﬂuctuations triggering remobilization and downslope transport of sediment (Figure 5c). The interval that is characterized by the highest rates of sea level
change coincides with relatively low clay content and high MS values as well as radiogenic ENd values in
core 64PE304-80. Considering the low river gradients and sediment trapping in the extensive ﬂoodplain
areas upstream the Victoria Falls, it is not expected that an increased and/or seasonally varying rainfall
amounts would have led to the enhanced deposition of more radiogenic sediments off the Zambezi mouth.
In contrast, a more southward position of the African rainfall belt may have led to enhanced weathering, as
well as contributions of sediments with relatively unradiogenic ENd signatures derived from the Archean
Zimbabwe Craton (Figure 2c). Given the strong N-S annual rainfall gradient over the Zambezi Catchment,
the Zambezi suspension load is probably dominantly derived from the northern highlands in the lower part
of Zambezi Catchment, where the rainfall is highest. The relatively unradiogenic ENd value determined for
the current Zambezi suspension load is therefore expected to be remain relatively constant over time. The
most radiogenic ENd values that occurred during the highest rates of sea level rise point therefore to relatively low contributions of Zambezi sediments and in turn low input from the adjacent slope. The high magnetic mineral and low clay contents, therefore rather reﬂect changes in the supply of Zambezi sediments to
the coring site 64PE304-80 than sea-level-driven changes in clay transport and deposition.

VAN DER LUBBE ET AL.

PAST 45 KYRS OF ZAMBEZI SUSPENSION LOAD

193

Geochemistry, Geophysics, Geosystems

10.1002/2015GC006080

In combination with the current ENd distribution in surface clays, we propose a simple scenario to explain
the ENd variations for the past 45 ka BP by a two end-member mixing model of (1) relatively unradiogenic
Zambezi sediments and (2) more radiogenic sediments from northerly riverine sources carried by the net
southward ﬂow of surface currents. Relative variations in deposition of Zambezi clays can be caused by
changes in Zambezi discharge intensity, as well as changes in oceanic currents. Today, the net southward
ﬂow is induced by large anticyclonic eddies, which occasionally reach the bottom of the Mozambique Channel and can be therefore responsible for the reworking and dispersal of the ﬁne-grained sediment fractions.
For settling, clay minerals need to ﬂocculate and prior to that can be transported over long distances. Once
clays are deposited at the seaﬂoor, they are relatively resistant to winnowing by oceanic currents due to
cohesion. Variations in oceanic currents along the Mozambique Margin may explain the down-core changes
in ENd signatures of the clays. Relatively unradiogenic ENd values coinciding with high abundances of clays
and low MS might reﬂect reduced southward transport and in turn an increased deposition of riverine sediments close to their river mouths. The southward ﬂow through the Mozambique Channel might be reduced
when the ITCZ and consequently the SEC, which is situated in between wind-driven northern tropical and
southern subtropical gyres, both shifted southward. A more southerly position of the SEC and bifurcation
point of the NEMC may have reduced the southward ﬂow through the Mozambique Channel. Up to now,
however no proxy records have been available allowing for the reconstruction of changes in the current
speed through the Mozambique Channel, but terrestrial vegetation and rainfall records have been established for sediment cores from the Mozambique Channel. Together with clay minerals, leaf waxes are
deposited at the seaﬂoor, which are also eroded from soils and transported by rivers. Carbon isotope composition (d13C) in these leaf wax documents the relatively abundances between C3- (shrubs and trees) and
C4-type (grasses) of vegetation, whereas the hydrogen isotope (dD) composition in leaf waxes reﬂects the
dD precipitation, which is related to monsoon rainfall intensities over the Zambezi Catchment [Schefuss
et al., 2011; Wang et al., 2013]. For the Mozambique Margin, dD-d13C leaf wax records have been established
for two coring sites at the Mozambique Margin GIK16160-3/64PE304-80 and GeoB9307-3, of which the latter is located off the Zambezi mouth at 542 m water depth [Schefuss et al., 2011; Wang et al., 2013]. Offsets
between the leaf wax isotope records suggest provenance differences between these coring sites. However,
after correction for the contribution of C3- and C4-type vegetation, the deduced dD rainfall records are
remarkably similar, despite their difference in sample resolution and the uncertainties in chronological control, and therefore provide a robust dD record of precipitation integrated over the region (Figure 5g). The
similarity of the temporal pattern between the ENd clay values and the two dD reconstructed precipitation
records suggest that the ENd record of the clays predominantly reﬂects Zambezi discharge intensities and,
in turn, precipitation over the Zambezi Catchment. Consequently, more radiogenic ENd signatures will
reﬂect a considerable hemipelagic sediment deposition originating from northerly sources, i.e., when the
Zambezi Catchment experienced drier conditions, while less radiogenic signatures document periods of
higher rainfall intensity in this region and enhanced Zambezi discharge. Hence, the ENd record documents
relative contributions from different sources related to the variability of the African summer monsoon over
the last 45 ka. Applying the relatively radiogenic ENd values of the surface sediment clay particles in the
north and those determined for the Zambezi as mixing end-members, the ENd variations reﬂect a range of
40–80% contributions from the Zambezi catchment assuming comparable Nd concentrations for both endmembers.
6.3. Paleo-climatological Implications
As discussed above, the ENd clay record can be interpreted to reﬂect mainly changes in Zambezi discharge. The down-core record thus implies that discharge was lower during MIS 3 compared to MIS 2
and in particular to the Last Glacial Maximum (LGM) and HS-1. Thereafter, the Zambezi inﬂuence was
further reduced reaching a minimum 11–9 ka, but the YD stands out as a recurrence period to wetter
conditions in the Zambezi Catchment. After 9 ka BP, the Zambezi increasingly became the dominant
clay source with highest contributions during the past 5000 years. The reconstructed Zambezi discharge shows an anti-phase relationship to Al/K ratios of the lithogenic fraction in marine sediment
core GeoB1008-3, which reﬂects variations in degree of chemical weathering and Congo discharge and
in turn precipitation integrated over a considerable part over northwest Africa [Schneider et al., 1997].
Similar to the dD leaf wax record of Lake Tanganyika that is situated in the Congo Catchment, relatively
wet conditions correspond to maxima in northern hemisphere summer insolation [Tierney et al., 2010].
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During reduced summer insolation at 658N (Fig. 5h), the thermal gradient in the northern hemisphere
was enhanced due to ice sheet expansion, which is expected to result in a more southerly position of
the African precipitation belt and in turn wetter conditions over the Zambezi Catchment. In addition,
the intervals of relatively low Zambezi discharge seem to be related to low precession indices of the
Earth’s orbit, leading to reduced summer insolation in the southern hemisphere (Fig. 5i-j). Such a concurrence is in agreement with another rare continuous sedimentary sequence in southeast Africa,
namely from Lake Tswaing, which documented arid intervals linked to precession-related (19-23 kyr)
minima in austral summer insolation [Partridge et al., 1997]. The lowest Zambezi discharge is recorded
between 15 and 7 ka ago, during the African Humid Period as inferred from northern hemisphere
records [e.g. Tjallingii et al., 2008] and coincides with low precession indices. The anti-phase relationship
can be explained by a precession-related increase in southern hemisphere summer insolation (December–February) contrasting with decreased northern hemisphere summer insolation (June-August) (Fig.
5j). Opposite to the North [Rossignol-Strick, 1985], the latter might lead to an intensiﬁcation of the precipitation belts at their southernmost extent due to an increased trans-equatorial air-pressure difference, land-sea temperature gradient, and in turn moisture transport. In contrast, the dD leaf wax record
of Lake Malawi remained relatively stable during MIS 3 and 2 compared to the Holocene that is characterized by relatively dD enriched values supporting signiﬁcant changes in precipitation, probably
related to a shift in moisture source areas and pathways [Konecky et al., 2011]. Unlike marine records,
terrestrial records are more strongly affected by local precipitation effects related to the surrounding
orography. This is clearly illustrated by the relatively wet conditions that are inferred for the YD and
LGM from the sedimentary record of the small crater Lake Masoko, which is located in the northern part
of the Lake Malawi drainage [Garcin et al., 2006]. Consistent with these reconstructions, the ENd clay
record indicates relatively wet conditions in the Zambezi Catchment during YD and LGM (Figure 5f).
Increased Zambezi discharge is expected a result of a seasonal southward shift of the ITCZ and CAB. To
the opposite, the high-resolution dD leaf wax record of Lake Tanganyika shows distinct arid events at
shorter time scale, which are considered to be time-synchronous to the northern hemisphere Heinrich
stadials [Tierney et al., 2010]. Northern hemisphere cooling and freshening of the North Atlantic Ocean
during these Heinrich stadials is expected to shift the major atmospheric boundaries to the south causing wet/dry conditions in southern/northern Africa. Heinrich stadials earlier than HS-1 are not resolved
in the ENd record of core 64PE304-80, which is probably attributed to the relatively low resolution of the
ENd clay record prior to 20 ka BP as well as to their weaker expression in the tropics. Future higherresolution climate proxy records from coring site 64PE304-80, which has sensitively documented
variations of the Zambezi discharge have a large potential to even resolve more abrupt, centennial to
millennial time scale variations as have been documented in SE Africa [e.g., Brown et al., 2007; Ziegler
et al., 2013].

7. Conclusions
The Zambezi suspension load that is most likely derived from the highlands in the lower part of the
catchment, where precipitation and geochemical weathering are highest due to the northerly position
of the ITCZ has an averaged ENd value of 17.6. On the adjacent continental slope, Zambezi sediments are mixed with more radiogenic clays, which are probably hemipelagic muds transported from
more northerly sources under the inﬂuence of the eddy-induced net southward ﬂow through the
Mozambique Channel. The ENd variation of clays in core 64PE304-80 that is situated just north of the
Zambezi mouth reﬂects changes in the relative contribution of Zambezi sediments that have been
linked to the dD changes in regional precipitation as are derived from dD leaf wax records [Schefuss
et al., 2011; Wang et al., 2013]. Compared to the late MIS 3, MIS 2 was relatively wet with highest
Zambezi runoff and contributions of riverine clays during the LGM and HS-1. Low Zambezi discharge
is documented between 15 and 7 ka, which is contemporaneous with the African Humid Period
recorded in North African paleoclimate records. Relatively wet conditions occurred during the YD and
the late Holocene reaching modern levels 5 ka. The reconstructed sediment discharge of the Zambezi reﬂecting monsoonal precipitation variability followed precessional summer insolation over the
last 45 kyr, which is in antiphase with the hydrological conditions from the northern Africa.
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