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Abstract
Purpose The aim of this work was to identify and analyze the records of flood-drought cycles as preserved in the sediments of the
Notwane reservoir, southern Botswana, in order to better understand how extreme events affect water and sediment quality. This
work represents the first attempt to study the reservoir sediments in arid to semi-arid environments and suggests that they could be
used as proxies for the characterization of the effects of flood-drought cycles.
Materials and methods For the first time in an arid context like Botswana, sediments from artificial reservoirs were explored through
correlating sediment records with the presence and quantity of pollutants in the reservoir’s wider arid and semi-arid catchment after the
latest extreme flood event of 2017. Sediments from the Notwane reservoir were collected with a push corer to a maximum depth of
80 cm. Sediments were then analyzed for grain size distribution, organic matter content, and concentrations of heavy metals (Fe, Zn,
Cu, Cr, and Pb). Concentrations of heavy metals from surface water and groundwater were compared with the metal profiles from the
sediment cores and with rainfall series from the CHIRPS (Climate Hazards Group InfraRed Precipitation with Stations) database.
Results and discussion The sediments from Notwane reservoir clearly showed two flood couplets characterized by fining upward
beds. Water quality data from Notwane reservoir and the surrounding aquifer showed peaks of contaminants following rainfall.
Although the couplets found in the sediment record were not always clearly coupled with peaks of metals, some correlation was
found between the vertical distribution of metals within the sediments and the most recent sequence and the seasonal metal
variation in water. Overall, trace metal contents were very low: < 1 mg L−1 for Cu and Zn and < 2 mg L−1 for Cr and Pb, well
below the sediment quality assessment guidelines (SQGs), indicating that the above-average precipitations of the last 10 years did
not noticeably contribute to the input of heavy metal contaminants in the reservoir sediments.
Conclusions The 2016/17 Dineo cyclone flood was triggered by above-average rainfall, preceded by a 4-year period of severe
drought. The deterioration of the basin during the drought has enhanced the effects of the flood, worsening the damages on
structures and livelihoods. The lessons learnt from the Dineo cyclone in Botswana highlight the importance of integrated studies
that combine hydrological data, rainfall series, and sediments. It is recommended to extend the research for longer time periods.
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1 Introduction
Semi-arid regions receive low annual rainfall, mainly concentrated in a short rainy season followed by a prolonged dry
season. These regions are characterized by extreme climate
variability and are subject to droughts and heavy, discontinuous rainfall periods often followed by floods (Bisantino et al.
2011; Al-Taani et al. 2015). In arid to semi-arid environments,
even the long-awaited rain after a prolonged dry season can
become a threat, especially if it comes as an “exceptionally”
intense rainfall event (Tsheko 2003; Ghazavi et al. 2012; AlTaani et al. 2015; Alemaw et al. 2016). In fact, in this environment, the high intensity and short duration of rainfall
causes extensive runoff and floods (e.g., Ghazavi et al.
2012). In arid to semi-arid areas, the role of the erosive energy
of flood events is enhanced by climatic seasonality, physiography of the basin, lithology, and the extent of soil erosion due
to human activities (Soler et al. 2007; Bisantino et al. 2011).
Prolonged drought causing a drastic reduction in vegetation
cover can have a direct effect on the erosion of the soils (e.g.,
Dunbar et al. 2010; Goode et al. 2012; Vaezi et al. 2017). As a
result, sediment yields might be larger compared to more humid environments (Goode et al. 2012). In semi-arid environments, the amount of precipitation is sufficient to produce
soils but not in sustaining the vegetation required to stabilize
the hillslopes throughout the year, resulting in enhanced erosion during heavy rains (Bisantino et al. 2011; Goode et al.
2012; Al-Taani et al. 2015) with high suspended sediment
concentrations in rivers during floods (Megnounif et al.
2007; Bisantino et al. 2011). Hence, storm intensity and duration are important controls on the sediment production in
semi-arid basins, and therefore, climate-driven variations are
likely to produce changes in sediment yields (e.g., Goode et al.
2012). It is therefore paramount to understand the effects of
weather and climate within the sediment record and, for this
reason, the study of flood couplets within the sediments of
artificial reservoirs may be crucial (e.g., Zhao et al. 2017).
While existing monitoring systems can shed light on recent
and ongoing events, sediments can be used to assess past
extreme climate events, filling important knowledge gaps
due to a lack of monitoring and reporting.
Sediments from check dams can also provide information
on the erosion and denudation rate in the catchment (e.g.,
Romero-Díaz et al. 2007; Vaezi et al. 2017; Zhao et al.
2017) and insight into anthropogenic effects on the physiography of the basin (e.g., Foster et al. 2012; Zhu et al. 2017).
This includes the enhancement of land degradation due to
human activities that can have dual impacts on the quantity
and quality of the surface water in reservoirs by increasing
silting, surface runoff, and pollutant transport (Saft et al.
2015, 2016; Zhu et al. 2017).
The sediments from check dams in arid and semi-arid environments can contribute to transportation, mobilization, and

redistribution of contaminants such as heavy metals in the
catchment (Goher et al. 2014; El Azhari et al. 2016; Zhu
et al. 2017). Organic matter (OM) and heavy metals derived
from intensive agriculture and livestock industry can accumulate in the reservoir via soil erosion caused by exceptional
rains and floods (He et al. 2005; Zhu et al. 2017). Heavy
metals can also originate from vehicle exhausts and road runoff within the catchment (Legret and Pagotto 1999; Mangani
et al. 2005; Zhu et al. 2017). Heavy metals absorbed to particulates and clay minerals can be released into groundwater
and surface water in response to a variety of environmental
changes (Prusty et al. 1994; Wen and Allen 1999; El Azhari
et al. 2016). During flood events, heavy metals can be released
from particulates into the water (Peraza-Castro et al. 2016),
increasing their bioavailability and disturbing water treatment
plant operations (Bryant et al. 2011; Zhu et al. 2017). Heavy
metals in the aquatic ecosystem, either resulting from natural
or anthropogenic inputs, can pose serious threats to the environment and also to human beings by entering the food chain
via bioaccumulating aquatic organisms (e.g., MacDonald
et al. 2000; Gómez-Álvarez et al. 2011; Zhu et al. 2017).
Compared to temperate environments, the magnitude of heavy
metal remobilization in semi-arid and arid environments is
less understood (Hudson-Edwards et al. 1998; Taylor and
Kesterton 2002).
The main aim of this work is to examine the environmental
impacts of the 2016/2017 and other recent flood events in
Botswana by coupling high spatiotemporal resolution hydrological monitoring, rainfall series, and characterization of
flood sediments within reservoirs. Here, the focus is on the
characterization of the first 80 cm ca. of dam sediments from
the Notwane check dam in the Gaborone dam catchment
(Fig. 1), including grain size analyses, OM contents, 14C radiometric dating, and distribution of heavy metals (Fe, Zn, Cu,
Cr, and Pb). The objectives of this work are to (i) identify the
sediments couplets indicative of flood-drought cycles in the
Notwane reservoir shallow sediments, (ii) describe the vertical
distribution of OM and heavy metals and their relationships
with the identified flood-drought cycles, and (iii) assess
whether heavy metal concentrations in dam sediments could
act as proxies to better understand the dynamics of these contaminants in water resources after floods at the reservoir catchment scale. The potential hazard posed by heavy metals dispersed in the environment can be assessed using different
pollution indices and multivariate statistical techniques
(Varol 2011; Tang et al. 2015; Zhu et al. 2017). Here, we
use the geoaccumulation index (Igeo, Müller 1969) to assess
the geological background in the basin by comparing concentrations from the samples with thresholds calculated from the
geology of the area (e.g., Zhu et al. 2017). Moreover, the
concentrations from the studied sediments are compared with
consensus-based sediment quality guidelines for freshwater
ecosystems (SQGs; MacDonald et al. 2000) for the
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Fig. 1 a Satellite imagine of the upper and lower Notwane River
catchment in Botswana showing locations of PULA project monitoring
sites. White square outlines the area shown in d. b Close up of the
Gaborone Dam embankment wall and dumping sites along the

Notwane River. c Close up of the landfill near the village of Otse. d
Close up of the Notwane Dam (see a for location) showing location of
the sampling sites. All imagines are from Google Earth 2019

extrapolation of the threshold effect concentration (TEC) and
the probable effect concentration (PEC).

reaching full capacity for the first time in 10 years, it also
resulted in significant damage to infrastructure and possible
mobilization of contaminants from landfills and urban areas.
Floods can pose a serious threat as they potentially induce
water resource pollution from (unsealed) dumping sites and
landfills (Fig. 1) via mobilization and deposition of fine sediments that alter dam efficiency and water quality, highlighting the dual effects of floods in this type of environment.
The Notwane Dam reservoir (Fig. 1) is ca. 0.5 km2 impoundment basin build in the upper catchment of the
Notwane River located in southeastern Botswana (between
23°S and 25°S and 25°E and 27°E). The Notwane is a check
dam that has been engineered as a sediment trap for Gaborone
reservoir, which provides a major water supply for the capital
city of Botswana, Gaborone (Alemaw et al. 2016). The area is
one of the more densely populated of the country and is dotted
by illegal dumping sites and landfills (Fig. 1b, c).
The Notwane River is an ephemeral river that forms part of
the Limpopo River catchment in Botswana, with a subcatchment covering a total natural drainage area of
18,263 km2 (Alemaw et al. 2016). The upper Notwane
River catchment (3935 km2 at the site of Notwane reservoir)

2 Study area
Botswana, with a 30-year average annual precipitation of ca.
420 mm (see Mengistu Tsidu (2016) for a review), is an example of an arid to semi-arid region (according to
classification of Köppen 1936) exposed to long dry seasons
(From April to October), severe droughts (the last one in
2015), and short rainy seasons (November to March).
Between December 2016 and March 2017, during the exceptional 2016/2017 rainy season, the current study area in southern Botswana received 630 mm of rain (from CHIRPS database, Climate Hazards Group https://doi.org/10.15780/
G2RP4Q), 1.5 times the long-term average, with 195 mm of
rainfall during the month of February 2017 alone (2.8 times
the average of 70 mm for February in the 36 years between
1981 and 2016; cf. Parida and Moalafhi 2008; Mengistu Tsidu
2016). While the flood event that took place during the 2016/
2017 rain season in Botswana resulted in the reservoirs
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drains an area characterized by the Neoarchean volcanosedimentary sequence (Fig. 2) of the Lobatse Group, the
Gaborone Granites, and the Paleoproterozoic sediments of
the Transvaal Supergroup (for a review see: Franchi 2018;
Franchi and Mapeo 2019). In the study area, the Lobatse
Group is comprised of the alkali porphyritic rhyolites of the
Kanye and Nnywane Formations overlaid by the argillites,
epiclastic sandstones, and conglomerates of the Mogobane
Formation (Modie 1999; Franchi and Mapeo 2019). The
Transvaal Supergroup sequence in the area is characterized
by the karstified dolomite of the Taupone Dolomite Group
(known in the Lobatse-Ramotswa area as Ramotswa
Dolomite Formation) and coarse siliciclastic deposits of the
Bevet’s Conglomerate Member and by the sediments of the
Ditojana and Tlaameng Formations (Key 1983; Mapeo and
Wingate 2006).
The catchment of the Notwane river in the upstream area of
the reservoir can be subdivided into three zones based on the
regional geology (Fig. 2): (i) the upper part from the source to
the Nnywane Dam (Fig. 1a) and in the northern area around
Thamaga village, where the dominant lithology is porphyritic
alkali feldspar granites of the Thamaga Formation (Gaborone
Granite) and the porphyritic rhyolites of the Kanye Formation;
(ii) from the Nnywane Dam to the outskirt of Gaborone the
geology is dominated by the sediments of the Lobatse Group
and the Transvaal Supergroup; (iii) the area around Gaborone,
again characterized by porphyritic alkali feldspar granites and
by the porphyritic rhyolites of the Kanye Formation (for a
review see Franchi and Mapeo 2019). Granites and rhyolites
form low productivity, weathered/fractured aquifers while the
Ramotswa dolomite (Taupone Dolomite Group) forms a productive, regionally important karstic aquifer (McGill et al.
2019). The Notwane Dam (and the Gaborone Dam) rests on
top of the porphyritic alkali feldspar granites of the Gaborone
Granite and the Kanye Formation rhyolites (Fig. 2). The bedrock in the area upstream from the reservoir is overlain by clay
loam Leptosols (31%), sandy clay loam Acrisols (22%), and a
mixture of various sandy loam soils. Local land use consists of
urban areas and some closed to open (> 15%) herbaceous
vegetation.

3 Materials and methods
3.1 Sampling techniques
Seven sediment cores from the Notwane reservoir (Fig. 1d)
were collected using a push corer equipped with extension
rods from shore or from a small boat (Table 1). The cores
were collected using 50 mm diameter PVC pipes and
stored at 4 °C for water retention. The cores where then
split in half, photographed, and sub-sampled for grain size
and geochemical analysis. Color variation, sedimentary

structures, and deformation structures along the core profiles have been described (Figs. 3 and 4). Subsamples were
obtained with a metal spatula every 2 cm. Samples of sediment from the cores were analyzed for their particle size
distribution, organic matter content, and concentrations of
heavy metals (Cr, Fe, Ni, Cu, Zn, Pb). These specific
metals were selected because (i) they typically serve as
proxies for the assessment of risk related to pollutants
(c.f. Al-Taani et al. 2015; Zhu et al. 2017), and (ii) geological background values were available (from the Transvaal
Supergroup and Kanye Formation).

3.2 Grain size and organic matter content
A few grams of sediment were dispersed into distilled water, and grain size distribution was analyzed with a Malvern
Mastersizer 3000 laser diffraction particle size analyzer
available at Botswana International University of Science
and Technology (BIUST). The median (D50) of grain size
distribution for each of the subsamples is reported in
Online Resources 1 of the Electronic Supplementary
Material.
The OM content of the sediments was obtained by measuring the loss on ignition (LOI) of bulk sediments after calcination in a muffle furnace. The porcelain crucibles were preheated in a muffle furnace for 1 h at 375 °C and after cooling
transferred into a desiccator for further cooling and weighed.
Samples were dried at 105 °C for 24 h and weighed. The dried
samples were then heated for 16 h at 550 °C. Organic matter
contents are reported in Online Resources 1 (Electronic
Supplementary Material).

3.3 Heavy metal concentrations in sediments
Approximately 100 samples of sediments from selected intervals of the cores (Online Resources 1 of the Electronic
Supplementary Material) were analyzed for trace metal distribution (Fe, Zn, Cu, Cr, and Pb) using an Agilent 4200
Microwave Plasma-Atomic Emission Spectrometer (MPAES) at BIUST. About 1 g of sample was treated with 10–
15 ml of 65% nitric acid at 60 °C for a period of 4 h. The
samples were then filtered at < 0.45 μm and brought to 50 ml
adding Milli-Q distilled water. Average standard deviations
were as follows: Fe %RSD = 1.81; Zn %RSD = 4.02; Cu
%RSD = 1.43; Ni %RSD = 21.22; Cr %RSD = 0.82; Pb
%RSD = 1.72. The results from Ni have been excluded from
the work because of the majority of measurements were below
the detection limit. Detection limits for the metals reported
here (as weight of dry sediment) were as follows: Cr =
0.8 μg kg−1, Fe = 1.7 μg kg−1; Cu = 0.5 μg kg−1; Zn =
28 μg kg−1; Pb = 2.5 μg kg−1.
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Fig. 2 Schematic geological map of south-east Botswana including the Notwane River sub-catchment (modified from Franchi and Mapeo 2019)

3.4 Heavy metal pollution indices
The geoaccumulation index (Igeo) was calculated to discriminate between the geological background concentration and
relative levels of anthropogenic heavy metal inputs in the sediments (Online Resources 2 of the Electronic Supplementary
Material). The Igeo was determined using the following equation from Müller (1969):
Igeo ¼ log2 ½Ms =1:5Mb 

ð1Þ

where Ms is the metal content in the sample (mg L−1) and Mb
is the metal content in the background material (mg L−1). As
outlined in the previous section, the bedrock in the upper
Notwane River catchment is mostly igneous with minor dolomitic terrain and siliciclastic deposits. The background is
therefore calculated as an average of the composition of the
Ramonnedi Formation dolomites and Gaborone Granites as
published in Franchi (2018) and Lowe (1995), respectively
(Table 2). The values obtained are then compared with Igeo
classes by Müller (1981): class 0 = unpolluted (Igeo < 0), class
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Table 1 Length and location of
the sediment cores from the
Notwane Dam

Core ID

Dam

Length (cm)

Coordinates

Date of collection

Lat.

Long.

1

Notwane

35

S24.758735

E025.849691

22 Nov. 2017

3

Notwane

60

S24.763370

E025.850608

22 Nov. 2017

7

Notwane

85

S24.76161

E025.85048

22 Nov. 2017

8

Notwane

70

S24.76714

E025.85104

19 Feb. 2018

9

Notwane

35

S24.765531

E025.851270

19 Feb. 2018

10

Notwane

50

S24.76426

E025.85121

19 Feb. 2018

11

Notwane

35

S24.76426

E025.85121

19 Feb. 2018

1 = from unpolluted to moderately polluted (0 < Igeo < 1), class
2 = moderately polluted (1 < Igeo < 2); class 3 = from moderately to strongly polluted (2 < Igeo < 3), class 4 = strongly polluted (3 < Igeo < 4); class 5 = from strongly to extremely polluted (4 < Igeo < 5), class 6 = extremely polluted (Igeo > 5).
The trace metal distributions within the Notwane Dam sediments were then compared with the sediment quality assessment guidelines (SQGs) in order to assess the risk due to
heavy metal pollution (MacDonald et al. 2000; Farkas et al.
2007). In this analysis, the potential of contamination is
expressed as threshold effect concentration (TEC) and probable effect concentration (PEC) for each of the heavy metals
considered (e.g., MacDonald et al. 2000; Zhu et al. 2017).

3.5 Radiocarbon analyses
Six layers rich in plant remains from six different cores
(Table 3) were submitted to the André E. Lalonde
Accelerator Mass Spectrometry (AMS) Laboratory at the
University of Ottawa (Ottawa, ON, Canada) for 14C analysis
using their 3MV tandem accelerator mass spectrometer (High
Voltage Engineering). Sample pretreatment techniques and
definitions of media codes as well as specifications on the
hardware set-up can be found in Crann et al. (2017) and StJean et al. (2017). The samples were pretreated using an acidalkali-acid (AAA) wash, which uses HCl to remove carbonates, NaOH to remove humic acid, and HCl again to neutralize
the sample and remove any CO2 introduced during the alkali
wash. Radiocarbon data (Table 3) is reported following the
conventions recommended by Millard (2014). For the one
sample where the fraction modern carbon (F14C) was less than
1, the ShCal13 (southern hemisphere calibration curve 2013)
was used to calibrate radiocarbon ages (Reimer et al. 2013).
For the remaining five samples with F14C greater than 1, the
post-bomb atmospheric curve was used (Hua et al. 2013).
F14C values were also compared with the trends reported by
Turnbull et al. (2017) that cover records of 14C in the southern
hemisphere up to the year 2015.

3.6 Water quality and rainfall data
Samples of surface and groundwater were collected from the
Notwane reservoir and a nearby borehole (400 m from the reservoir) in the period April 2017–May 2018 (Fig. 1). Water samples were analyzed for a full array for Cr, Ni, Cu, Zn, and Pb,
obtained with an Agilent 7900 ICP-MS (induced coupled
plasma–mass spectrometer) whereas Fe analyses were performed
with a MP-AES instrument. All analyses were done at the
Chemistry department laboratory at the University of
Aberdeen. Analyses were conducted on 30 ml (for Cr, Ni, Cu,
Zn and Pb) or 10 ml (for Fe) of water. The limits of detection for
each element are as follows: Cr = 0.009 μg L −1 , Fe =
0.05 μg L−1, Ni = 0.078 μg L−1, Cu = 0.059 μg L−1, Zn =
0.078 μg L−1, Pb = 0.004 μg L−1. For groundwater, Cu and Zn
are not reported here as concentrations were consistently below
the detection limit.
The rainfall series include satellite data from 1981 to 2017
from the CHIRPS database (Climate Hazards Group, https://doi.
org/10.15780/G2RP4Q). The rainfall series from 1996 to 2018
CHIRPS data for the Notwane River catchment are plotted in
Fig. 5.

4 Results
4.1 Core description
The detailed description of the cores is reported in Table 4. Core
1 was collected close to the embankment wall of the dam (Fig.
1d). This core shows three horizons characterized by an horizon
at ca. 10 cm depth with large plant debris which is not seen in the
other cores (Fig. 3a). The metal concentrations in Core 1 show a
gradual decrease from around 30 cm to ca. 17 cm depth where all
metal concentrations reach a minimum (although Pb is lower at
the very bottom of the core, Fig. 3a). The metal concentrations
then sharply increase in the top 17 cm to values similar to the
bottom of the core (Fig. 3a): Cr increases from 0.04 to
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Fig. 3 Profiles of core 1 (a), core 3 (b), and core 7 (c) showing grain size, organic matter content, and distribution of Fe, Cr (green), Cu (orange), Zn
(gray), and Pb (blue)

1.30 mg kg−1, Fe increases from 15 to 275 mg kg−1, Cu increases
from 0.08 to 0.29 mg kg−1, Zn increases from 0.02 to
0.34 mg kg−1, and Pb increases from 0.06 to 0.24 mg kg−1.
The cross-plots of organic matter versus trace metals (Online
Resources 1 of the Electronic Supplementary Material) show a
clear linear correlation, whereby a decreasing OM content corresponds to a net increase in all the trace elements (R2 of 0.8 and
0.94 for Fe and Cr, respectively). There is no apparent correlation
between grain size and metal contents, whereas OM and grain
size are positively correlated (Online Resources 1 of the
Electronic Supplementary Material).

Core 3 was collected ca. 600 m upstream from the embankment wall (Fig. 1d). This core shows a clear upper horizon
with fluffy dark olive gray mud (ca. 20 cm), a central part with
olive gray to reddish green cohesive mud and a lower part
(around 50 cm depth) made up of dark olive gray cohesive
mud (Fig. 3b). The distribution of Fe shows large fluctuations
with concentrations varying between ca. 155 and 358 mg kg−1
(Fig. 3b). Other trace metal profiles show similar vertical profiles with overall upward decreases in concentrations: 1.1 to
0.9 mg kg−1 for Cr, 0.33 to 0.24 mg kg−1 for Cu, 0.74 to
0.26 mg kg−1 for Zn, and 0.37 to 0.21 mg kg−1 for Pb. The
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Fig. 4 Profiles of core 8 (a), core 9 (b), core 10 (c), and core 11 (d) showing grain size, organic matter content and distribution of Fe, Cr (green), Cu
(orange), Zn (gray), and Pb (blue)

profiles are characterized by two marked negative peaks at
around 18 cm and a negative peak at ca. 40 cm (Fig. 3b).
Core 7 was collected ca. 400 m upstream from the embankment wall (Fig. 1d). This is the longer core collected in
the Notwane Dam. Except for a 10-cm horizon of noncohesive silt between 50 and 60 cm, the sediments are mainly
very fine silt with OM content decreasing from 38 to 16%
(Fig. 3c). The metal profiles show large fluctuations,

especially Fe which varies from a few mg kg−1 at the surface
to > 400 mg kg−1 at 30 cm depth. The profiles of other metals
show a more or less constant vertical distribution with two
negative peaks of concentrations recorded at depths of 35 cm
and 77 cm (Fig. 3c). There is no significant correlation between OM and metal contents and between grain size and
metal contents in this core (Online Resources 1 of the
Electronic Supplementary Material).
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Table 2 Average composition of the rock basement in the Notwane
dam catchment. Dolostone: average composition of massive dolomite
from Franchi (2018). Rhyolite: average massive rhyolite from Lowe
(1995). Granite: average granophyric microgranite from Lowe (1995)
Element

Fe
Zn
Cu
Cr
Pb
a

Concentration (ppm)
Dolostone

Rhyolite

Granite

3200/0.57a
4.8
1.3
2.6
4.5

4.59a
130.2
3
3
–

2.40a
46.1
1
6
–

In wt.%

Core 8 was collected ca. 1 km upstream from the embankment wall (Fig. 1d). This core shows three distinct horizons
with textures dominated by fine- and medium-grained silt
(Fig. 4a). The metal profiles in core 8 show strongly variable
concentrations (except for Cu and Zn) with an overall increase
with depth (Fig. 4a): Cr contents increase from 0.71 to
1.23 mg kg−1, Fe contents increase from 165 to 300 mg kg−1,
Cu contents increase from 0.18 to 0.31 mg kg−1, and Pb contents increase from 0.15 to 0.30 mg kg−1. Particularly, a negative peak of all metals is found at ca. 18 cm and 35 cm depth,
while the horizon at ca. 58 cm is characterized by an increase of
all metal concentrations (Fe = 495 mg kg−1; Zn = 0.48 mg kg−1;
Cu = 0.39 mg kg−1; Cr = 2.04 mg kg−1; Pb measurement is
missing from this layer) (Fig. 4a). There is no significant correlation between OM contents and metal contents and between
grain size and metal contents in this core (Online Resources 1
of the Electronic Supplementary Material).
Core 9 was collected ca. 900 m upstream from the embankment wall in front of the mouth of a small stream (Fig. 1d).
This core is entirely made by fine to medium grained sand.
The metal contents in the first 8 cm of the core are very low if
compared to the lower part of the core with an average tenfold
difference. The bottom part of the core, from ca. 10 cm to
32 cm depth, is characterized by linear profiles with average
Table 3 Radiocarbon
results, including sample
code, depth, type of
material analyzed,
fraction modern carbon
(F14C), Δ14C (‰),
calibrated age (calAD),
and probability over the
calAD

Lab ID

Core
ID

Depth
(cm)

Material

concentrations of Fe = 46 mg kg−1, Zn = 0.07 mg kg−1, Cu =
0.04 mg kg−1, and Pb = 0.06 mg kg−1 (Fig. 4b). Only Cr profile shows a net decrease at ca. 18.5 cm depth (Fig. 4b). Fe,
Cu, and Pb show a positive correlation with the OM contents
with low statistical significance (R2 between 0.4 and 0.3;
Online Resources 1 of the Electronic Supplementary
Material) whereas Zn has a strong negative correlation with
the OM content in this core (R2 = 0.88). There is no correlation between grain size and metal contents (Online Resources
1 of the Electronic Supplementary Material).
Core 10 was collected ca. 800 m upstream from the embankment wall (Fig. 1d). This core can be subdivided in three
different horizons: a lower horizon of greenish mud and two
normal graded beds in the upper part of the core. The metal
profiles show high variability that disappears once metal concentrations are normalized to the OM contents (Online
Resources 1 of the Electronic Supplementary Material). The
lowermost 35 cm of the core shows constant profiles with
average values of Fe = 84 mg kg−1, Zn = 0.1 mg kg−1, Cu =
0.1 mg kg−1, Cr = 0.34 mg kg−1, and Pb = 0.07 mg kg−1. At ca.
12 cm depth, the concentrations of all the metals abruptly
increase (Fig. 4c), only to decrease again in the topmost (ca.
7 cm) sediments (average: Cr = 0.2 mg kg−1, Fe = 36 mg kg−1,
Cu = 0.05 mg kg−1, Zn = 0.05 mg kg−1, Pb = 0.04 mg kg−1).
Interestingly, the peak at 12 cm is only few centimeters above
a horizon recording a sharp decrease of the OM content, from
37 to 11% and corresponds to a lag of medium to coarse sand
(Fig. 4c). Otherwise, there is no significant correlation between OM and metal contents and between grain size and
metal contents in this core (Online Resources 1 of the
Electronic Supplementary Material).
Core 11 was collected near core 10 at ca. 800 m upstream
from the embankment wall (Fig. 1d). This core shows three
distinct horizons comparable with those described in core 10
(Fig. 4d). With the exception of Zn, all the metal concentrations show a gradual decrease toward the top of the core: Cr
concentrations decrease from 1.81 to 1.23 mg kg−1, Fe concentrations decrease from 455 to 177 mg kg−1, Cu concentrations decrease from 0.47 to 0.18 mg kg−1, Pb concentrations
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Fig. 5 Plot of the rainfall series in the Notwane River catchment from January 1996 to September 2018. The broken line indicates the average annual
rainfall from CHIRPS dataset. Source: CHIRPS v2.0 Africa

decrease from 0.41 to 0.17 mg kg−1 (Fig. 4d). There is no
significant correlation between OM and metal contents and
between grain size and metal contents in this core (Online
Resources 1 of the Electronic Supplementary Material).

4.2 Radiometric age of the Notwane Dam sediments
Radiocarbon analyses were carried out on six samples of sediments from the Notwane Dam with abundant plant debris
(Table 3). One sample of mainly root fragments from core 7
was dated to around 1954–1956, pre-dating the construction of
the dam. For this reason, this measurement is excluded from the
dataset. The ages of the other samples fell between 1997 and
2001 and 2013 and 2015 (Table 3), which within the range of
analytical error were consistent with the last three major flood
events in 2001, 2011, and possibly 2016 (see below).

4.3 Rainfall series and dam levels
The total annual and daily rainfall time series for the Notwane
River catchment show intense rains in the years 1996–1998
with single events well above 40 mm (44 mm on 11 February
1996, 49 mm on 5 March 1997, and 47 mm on 6 January
1998) which are comparable only to the main events of early
2017 when the cyclone Dineo brought 44 mm on 7 January
2017 and 60 mm on 20 February 2017 (Fig. 5). This means
that over the 28 years of CHIRP records (1990–2018) rainfall
events of over 40 mm in 1 day have a return period of 6 years,
while events over 60 mm in 1 day have only been observed
once, which makes a return period of over 28 years for the
Dineo rainfall of the 20 February 2017. Interestingly, the years
of recorded floods in Southern Africa, 2000 (Mozambican

flood; e.g., Dyson and Van Heerden 2001), 2009 (e.g., De
Groeve 2010), and 2011 (WMO statement on the status of
the global climate 2012) are not characterized by short,
high-intensity rainfall events (e.g., whereby the monthly average rainfall is exceeded) in Botswana (Fig. 5). Instead, it appears that the 2000, 2009, and 2011 seasons are characterized
by normal to higher-than-normal precipitation totals occurring
over one or two rainy seasons (Fig. 5).
Figure 6 shows the daily rainfall series from the rain season
of 2012 up until December 2017 plotted against the water levels
in the Nnywane and Gaborone reservoirs. While Nnywane reservoir (Fig. 6a) replenished every year since 2014 between
December and February, because of its small capacity and less
use for water supply, Gaborone reservoir (Fig. 6b) showed a
less regular trend. The Gaborone reservoir levels showed a
regular decreasing trend until January–February 2016, when
high rains resulted in rapid but partial replenishment of the
reservoir. The following year, during Dineo cyclone in
January and February 2017, the dam then reached its full capacity within a relatively short period of"/> time.

4.4 Water quality data
Water from the Notwane reservoir and the nearby borehole
were collected across the period of time spanning from the
aftermath of Dineo cyclone flood (April 2017) to May 2018
(Fig. 7a–d). The concentrations of Cr, Fe, Ni, Cu, Zn, and Pb
in the reservoir water showed an overall increase at the beginning of each rainfall event followed by rapid decrease in concentrations toward the end of, and after, the event (Fig. 7b, c).
Groundwater from the nearby borehole shows similar patterns, but with overall lower metal concentrations and
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CORE 3

O.M.

0–15 cm: the organic
matter content ranges
between 21 and 32%
15–25 cm: sediments are
characterized by large
(several cm long) plant
remains and wood
fragments and the
organic matter contents
reach a maximum of
70%
26–34 cm: the sediments
have an organic matter
content of ca. 29%
0–20 cm: sediments
characterized by organic
matter content ranging
between 20 and 27%
20–60 cm: in the lower part
of the core, the
sediments show very
low variability

0–25 cm: medium to fine
silt interbedded with fine
to medium sand (D50
between 222 and
395 μm). Clearly
identified two fining
upward cycles between
21 and 15 cm and 14 to
0 cm.
25–50 cm: medium to
fine-grained silts sediments (D50 ranging between 5 and 20 μm)
0–25 cm: high variations in
organic matter content,
between 11 and 50%
25–50 cm: average organic
matter content of 36%

This core is
0–15 cm: fine silt with
entirely made
D5O generally below
up by medium
10 μm; coarser layer at
sand (average
ca 13 cm
D50 of
(D50 = 27 μm)
290 μm)
15–30 cm: fine to medium
silt with D50 between 17
and 27 μm
30–70 cm: made up by fine
to very fine silt (D50
below 10 μm)

CORE 10
0–25 cm: olive gray fine
sediments interbedded
with reddish sand
25–50 cm: the sediments
are mainly olive gray

CORE 9

0–15 cm: made up by a
Reddish brown
light brown fluffy mud
sediments
horizon
15–30 cm: dark olive green
cohesive mud
30–70 cm: dark gray to
olive green sediments
with reddish nodules

CORE 8

Organic matter
0–10 cm: organic matter
0–15 cm: with organic
contents
content is ca. 32%
content as high as 40%
generally
10–50 cm: organic matter 15–30 cm: organic matter
below 20%.
content ranging between
contents ranging
24 and 38%
between 26 and 40%
50–60 cm: organic matter 30–70 cm: organic matter
content ranging between
content is ca. 18%
25 and 34%
60–85 cm: organic matter
content decreases to ca.
15%

0–10 cm: light brown
sediments with dark
brown nodules
10–50 cm: dark brown
sediment
50–60 cm: dark brown
sediments
60–85 cm: the sediments
are slightly cohesive
with reddish brown
nodules.
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0–20 cm: sediments are
Grain 0–15 cm: the grain size
D50 ranging between 14
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sizdistribution (D50)
and 46 μm
silt with D50 ranging
e
ranges between 5 and
between 16 and 61 μm 10–50 cm: fine-grained silt
32 μm indicative of fine
20–60 cm: in the lower part
with D50 below 10 μm
silt with an increase in
of the core, the
50–60 cm: medium
coarse silt texture at ca.
sediments are very fine
grained silt with D50 of
13 cm depth
to fine silt
ca. 27 μm
15–25 cm: the D50 is
between 12 and 91 μm
60–85 cm: fine-grained silt
26–34 cm: clay grain
with D50 of ca. 15 μm
size (D50 between 5 and
6 μm)

CORE 7

Schematic description of the sediment cores from the Notwane reservoir

Color 0–15 cm: olive gray to
0–20 cm: olive gray
dark olive gray
sediments
sediments
20–60 cm: the core is
15–25 cm: dark olive gray
dominated by olive gray
sediments
sediments that grades
26–34 cm: dark gray and
into dark olive gray
cohesive sediments
sediments in the last
5 cm of the core

Table 4

0–15 cm: highly variable
organic matter content
(between 7 and 86%)
15–35 cm: average organic
matter content around
30%

0–15 cm: coarse to fine silt
interbedded with fine to
medium sand (D50
between 148 and
407 μm). Clearly
identified two fining
upward cycles between
10 and 5 cm and 5 to
0 cm.
15–35 cm: fine to coarse
grained silt (D50 ranging
between 5 and 50 μm)

0–15 cm: dark olive gray
fine sediments
interbedded with reddish
sand
15–35 cm: dark olive gray
sediments
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Fig. 6

Plot of the rainfall series in the Notwane River catchment from
November 2012 to December 2017 against a Nnywane Dam (gray bars at
the bottom) and b Gaborone Dam (black bars at the bottom) water levels.
Source: CHIRPS v2.0 Africa and Department of Water and Sanitation
Botswana

accordance with the water quality data from both the
Notwane reservoir and the nearby borehole (Fig. 7).

5 Discussion
smoother variations, in particular a less marked decrease in
concentration at the end and after the event (i.e., tailing) (Fig.
7d). In Fig. 7, the topmost part of core 10 has been correlated
with the flood in early 2017 following Dineo cyclone (Fig. 7e,
i.e., Couplet II in Fig. 8). The base of the coarse lag at ca.
12 cm depth consists of an erosive surface correlated with the
heavy rains of February/March 2017 (Fig. 7). The finegrained sediments overlying the coarse lag (upper part of the
couplet) record a general decrease of trace metals between
July and August 2017 during the dry season followed by a
general increase during the subsequent rainy season, in

a

b&c
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30 40 50

60 70
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Flood events deposit sediment couplets characterized by a basal
lag comprising coarser sediment grading into an upper horizon of
finer sediments. The coarse basal sediments, normally lighter in
color, are deposited during the peak of the flood and their grain
size can be linearly correlated with the magnitude of the floods
(e.g., Foster et al. 2007; Zhao et al. 2017; Munoz et al. 2018). The
upper, finer part of the flood couplets, represents sediment deposited from suspension during the later stages of the flood and
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Fig. 8

a Correlation chart of the grain size median (black lines) and
organic matter (light gray line) content distribution in six cores from the
Notwane Dam. The cores are aligned with distances from the dam
embankment wall (left). b Correlation chart of the cumulative heavy
metal contents without Fe (black lines) and Fe (light gray line) contents
distribution in 6 cores from the Notwane Dam. The cores are aligned with
distances from the dam embankment wall (left)

after the event (e.g., Zhao et al. 2017). The upper fine layer is
frequently darker in color because of an overall increase in OM.
The combination of the median of the grain size distribution
within the couplets with trace metal distributions has been reported to be a successful approach in determining past flood events
(Zhao et al. 2017; Munoz et al. 2018).
Sediment cores from the Notwane reservoir showed at least
two couplets identified with normal graded beds characterized
by a coarse to medium sand basal lag grading into mud (cf.
Zhao et al. 2017) (Figs. 3, 4, and 8). These levels are
interpreted as flood events and numbered I and II with a third
and most superficial couplet (number III) poorly preserved in
the record (Fig. 8). The first flood couplet (couplet I, Fig. 8) is
found between 15 and 25 cm of depth and shows a sandy lag
grading into fine silt with increasing OM contents. The second
couplet (couplet II, Figs. 7 and 8) is found between 5 and
15 cm depth and is characterized by a ca. 3 cm sandy lag
grading into olive gray silt and fine silt with increasing OM
content (from 11% in the sand to 50% in the fine silt). The last
couplet (couplet III, Fig. 8) is partially preserved only in core 7
and spans the topmost 5 cm of the sediments. The sandy lags
at the base of these couplets correspond to strongly erosive
events (erosional base) and are followed by an abrupt increase
of OM and locally by horizons of plant fragments (Fig. 3a).
These are plant remains that have been mobilized by the heavy
rains at the peak of erosive potential.
In arid and semi-arid regions, the connectivity between
surface water and groundwater is more prone to abrupt modification, i.e., a rapid increase in connectivity associated to
floods induced by extreme rains as evidenced by groundwater
level rise and similar chemistry (e.g., Ghazavi et al. 2012;
Yang et al. 2017). This connectivity could be further enhanced if we consider that climate change is enhancing climate variability leading to more intense and frequent extreme
events (Goode et al. 2012 and references therein), which in
turn will lead to enhanced erosion and increase of the sediments yield into arid and semi-arid river catchments. Largerscale climate change impacts, however, often overlap with
strongly heterogeneous conditions at the sub-catchment and
catchment scale. For instance, Yang et al. (2017) have
highlighted the high spatial variability of rainfall over a large
catchment, demonstrating that the onset and termination of a
meteorological drought can differ greatly between subcatchments and may lead to a substantial shift in the catchment rainfall-runoff relationship during prolonged droughts
(see also Saft et al. 2015).

5.2 Mobilization of heavy metals and potential
pollution induced by extreme rain events
In arid to semi-arid environments, physical remobilization
during floods (and after storms in general) is probably more
significant in determining the spatial distribution of heavy
metals (Graf et al. 1991; Taylor and Kesterton 2002).
The aggregate heavy metal profiles and Fe profiles (Fig. 8b)
show that flood couplet I is characterized by a negative peak in
metal contents at the base with overall slight increase of metal
contents during the deposition of finer materials after the flood
(Fig. 8b). A direct correlation between fine-grained material
and metal contents is common as clays, colloids, and organic
particulates from sediments preferentially adsorb and coprecipitate soluble trace elements (e.g., Yao et al. 2015).
Heavy metals and other contaminants, which are mainly bound
to fine-grained material (surface area/volume ratio of a grain is
inversely proportional to its size), pose an additional risk in arid
environments where the finer sediments are also mobilized by
the wind and are generally more abundant than in more humid
settings (e.g., Taylor and Hudson-Edwards 2008).
Minor fluctuations in the heavy metal, OM, and grain size
distribution profiles (Fig. 8) can be also interpreted as minor
flood events (i.e., normal rainy seasons). In fact, low magnitude events can be associated with finer sediment and a higher
OM content (Zhao et al. 2017). Goher et al. (2014) reported a
relative increase of Fe, Cr, Ni, and Pb contents prior to flood
periods and argued that the heavy metals might be deposited
during the water “stagnation” period that follows (and precedes) the flood event(s) as metals are bound to suspended
matter that stays in suspension for a prolonged period after the
flood momentum phase. From a similar arid catchment to the
current study, Megnounif et al. (2007) have reported that 93%
of the annual suspended load carried by an ephemeral river is
concentrated during storm events and subsequent floods. In
arid to semi-arid environments, the main source of metals is
therefore linked to intense soil erosion during the rainy season
(Ghazavi et al. 2012; Goher et al. 2014). Similar results have
been reported from the San Pedro River in Mexico, whereby
sediments deposited during the dry season (Gómez-Álvarez
et al. 2011) were enriched in heavy metals. Nevertheless, no
unambiguous trends were found between grain size and metal
contents in the studied samples (Fig. 8).
Overall trace metal contents are well below the TEC (Cr =
37.3, Ni = 22.7, Cu = 35.7, Zn = 123, Pb = 35 mg kg−1) and
PEC (Cr = 90, Ni = 48.6, Cu = 197, Zn = 315, Pb =
91.3 mg kg−1) reported in the SQGs by MacDonald et al.
(2000), revealing that the floods did not contribute to input
levels for this group of contaminants in the reservoir sediments
to a degree that poses a threat to human health. Accordingly,
Igeo show highly negative values (Online Resources 2 of the
Electronic Supplementary Material) revealing no enrichment of
heavy metal contents compared to the calculated background
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(dolostone + granitoids rocks) and therefore the absence of
contamination (all indexes fall within class 0 with Igeo < 0).

5.3 Correlation of the extreme events
with the sedimentary record in the Notwane reservoir
The ability to identify and quantify effects of heavy rains and
floods from sediment records in a particular catchment depends upon the degree of correlation between the sedimentary
record and existing hydrological data (Figs. 5, 6, and 7). The
Gaborone district was struck by floods in 2001 and 2017
(Statistics Botswana 2018; Toteng 2018), and in early 2011,
the northern, central, and southern regions of Botswana reported extreme rainfall resulting in the country’s major dams
being filled to capacity (Statistics Botswana 2018). Other arid
and semi-arid areas of the southern hemisphere such as southeastern Australia have recorded high and non-seasonal late
spring/summer rainfall induced by a strong La Niña event in
early 2010 (Yang et al. 2017).
The rainfall series (Fig. 5) show that in a single event, on
the 16th of February 2010, the study area received ca. 40 mm
of rain, which correspond to more than half the average
amount of rain expected for an average February (cf.
Mengistu Tsidu 2016). This exceptional precipitation, in such
a short period of time, would have triggered a flood caused by
enhanced surface runoff which would have replenished the
reservoirs along with depositing a flood couplet, as observed
for recent > 40 mm rainfall events (i.e., 2016 and 2017). As
radiocarbon ages do not unambiguously point toward 2010/
2011 events, it is possible that the flood couplets identified in
the Notwane reservoir are related to previous events that occurred in 2000/2001 (e.g., Dyson and Van Heerden 2001),
2009 (e.g., De Groeve 2010), or the late events of 2016 and
early 2017 (this study). The latter scenario would be in agreement with the levels of nearby Nnywane and Gaborone reservoirs that showed peaks of water inflow in March 2016 and
then again in January 2017 (Fig. 6).
As shown in Fig. 6, the replenishment of reservoirs within
the same catchment can be asynchronous. This is because they
are fed by the entire upstream catchment area, and reservoirs
with different size, located in different areas of the catchment,
might be affected by both local and regional flood events.
Regional floods can be buffered by a series of dams with
energy of the water decreasing downstream with direct effects
on the sediment yield. The reservoir levels in the study area,
for instance, reflect a buffering effect exerted by the Nnywane
reservoir on the Gaborone reservoir whereby the first one
(upstream) is replenished cyclically after every rain season,
whereas the Gaborone reservoir (downstream) is only
replenished during high rainfall year and flood periods (Fig.
6). Insignificant replenishment of Gaborone reservoir during
low rainfall years can be explained by upstream interception
of minor floods by Nnywane reservoir (and other small dams

located on Gaborone Dam contributing streams including the
Notwane reservoir). Similar effects have been recorded during
the rainy season of 2015 when all the rain was intercepted by
the Notwane reservoir, which has been filled to capacity, while
the Gaborone reservoir was reaching its historical minimum
(Water Utilities Corporation, Pers. Comm. 2019). The reduced
sediment availability, induced by a buffering effect from other
dams (i.e., Nnywane reservoir, Fig. 1), may lead to missing
flood couplets or minor fluctuations in the sedimentary record
(cf. Munoz et al. 2018).
The two major events in March 2016 and January/March
2017 (Fig. 5), which rapidly overtopped small upstream dams,
brought large volumes of water into the Gaborone reservoir (Fig.
6). These two events might therefore be reasonably correlated
with the couplets I and II found within the sediments of the
Notwane reservoir (Fig. 8). Nevertheless, the radiometric carbon
dates obtained from plant remains from the Notwane sediments
show ages of 2006–2011, 2012–2014, and 2013–2015 (Table 3;
Figs. 7 and 8), reflecting events more recent than 2000/2001 but
still preceding the 2016 rain season. This imprecision in temporal
reconstruction might be explained by the lack of more regionally
specific atmospheric 14C reservoir data used to determine postbomb carbon radiometric ages (see Sect. 3) and by the erosive
nature of floods that erode sediments from the reservoirs. In the
case of extreme flooding, in fact, the most recent event overcomes the dam impoundment and erodes rather than deposits
(e.g., Zhao et al. 2017). To this extent, it is worth noting that
before the main flood event of March 2017, the Notwane reservoir was already filled to capacity and for this reason, the event
might not be preserved in the sediment record (Gaborone
reservoir was at full capacity since January 2017; Fig. 6). It is
therefore likely that the water over-spilt the dam and eroded
sediments in the center of the reservoir (in what was the thalwegs
of the Notwane River before impoundment). This would also
explain the lack of lateral continuity of the flood couplets identified in the Notwane reservoir records (Fig. 8).
As part of an extensive monitoring network in the Notwane
catchment, surface water and groundwater quality were analyzed for a period spanning between April 2017 and
June 2018. Particularly, water quality data from the Notwane
reservoir and a nearby borehole (Fig. 1) were correlated with
rainfall series and sediment profiles (Fig. 7). The surface water
quality data showed uneven patterns, also due to methodological issues (i.e., irregular sampling), but it is clear that the
concentration of most of the trace metals analyzed increased
after peaks of rainfall (Fig. 7a–c). Similar patterns, although
smoother, were observed in groundwater (Fig. 7d). Using date
of collection of the core (19 February 2018) and the radiometric age of OM found at 18 cm depth (Fig. 7e), we were able to
correlate the profiles of core 10 with the rainfall series and the
water quality data. In particular, we considered the presence of
a depositional hiatus (erosive surface) at the base of the coarse
lag in core 10 (red line in Fig. 7e) corresponding to the erosion
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induced by the onset of the flood of February/March 2017.
The metal contents decreased toward the top of the core only
to increase once again in the topmost 5 cm of the core where a
peak in OM was recorded (Fig. 7e). The flood, therefore,
appeared to have mobilized trace elements through transport
in surface water and accumulation in sediment during their
deposition, although it has not contributed to significant levels
of pollution of the dam sediments as indicated by the low Igeo
values (Online Resources 2 of the Electronic Supplementary
Material). The relationship between contaminant in sediment
and in groundwater is not as straightforward and requires further investigation to highlight whether the reservoir exerts a
control on contaminant levels in groundwater, i.e., through
recharge or the other way around, i.e., through groundwater
discharge. Either way, the overall relative agreement between
temporal patterns of metal concentration in sediments, reservoir water, and groundwater, for the 1.5-year study period
after Dineo cyclone, would confirm the ubiquitous nature of
contaminant migration within the studied area and further
suggests the potential of using sediment records as proxies
to reconstitute pass contaminations.
This project demonstrated that our capacity of pinpointing
effects of recent floods is not affected by the size of the study
area. However, challenges remain with regard to the ability to
accurately correlate sediments with meteorological and hydrological data at short time scales. There might be potential
issues with time lags, but the outcomes of this project suggest
that a main factor to consider is the ephemeral nature of rivers
and river network disconnectedness because of the various
different reservoirs in arid to semi-arid catchments. Both of
these translate into a discontinuous sedimentary record. These
regions are characterized by extreme climate variability and
are subject to droughts and heavy, discontinuous rainfall periods often followed by floods (Bisantino et al. 2011; Al-Taani
et al. 2015). It is paramount to avoid gaps in sampling of
hydrometric and meteorological data to ensure same or similar
detail in water quantity and quality on the one hand and sediment records the other. Only then correlations and potential
time lags can be appropriately correlated. To this extent, an
estimate of the sedimentation rate is important; a sediments
trap might help provide an estimate of the sediment yield
within the reservoir throughout the year allowing for less uncertainty in the correlation with the time series.
Sediment profiles must therefore be coupled with rainfall
data and, where possible, reservoir water levels. In arid environments, where a reservoir can by dried up for long periods,
the sediment distribution within these reservoirs might not be
the same as identified in more humid environments. When
more than one dam is present within the catchment, it becomes
crucial to understand the buffering effect exerted by upstream
dams; we have seen how in periods of normal rains, the peak
of rainfall was enough to fill the Notwane reservoir but not to
increase the level of that of Gaborone. The reduced sediment

availability, induced by a buffering effect from other dams,
may lead to missing flood couplets or minor fluctuations in
the sedimentary record. To fully appreciate the effects of
floods and heavy rain in the basin, a record representative of
the whole catchment is essential.
When the goal is to assess amount of contamination during
flood and/or drought, the sample preparation has to consider
the contribution from diverse organic and mineral matrices;
for this reason, it is preferable to use a sequential leaching that
can discriminate among ready available pollutants and pollutants bound to oxides and other mineral phases. A weak acid
leaching, like the one adopted for this study, might not highlight the partitioning effects due to different behaviors of
metals.

6 Conclusions
For the first time, this work presented a multi-proxy approach
of the study of effects of floods and droughts on the sediments
from artificial dams in an arid to semi-arid catchment. The
study of sediments from the Notwane reservoir in Botswana
has provided insights into decadal trends in sediment input
into regional reservoirs and correlations between floods, sediment yields, and metal distributions. In general, in arid to
semi-arid environments, intense precipitations after prolonged
drought generate strong surface runoff that can remove large
amounts of soil. The effects of extreme precipitation are exacerbated by prolonged drought during which the already
scarce vegetation cover is further reduced, weakening the soil
strength and leading to gully and sheet erosion resulting during the subsequent wet periods.
Here, the timing and magnitude of alternating droughts and
floods was identified, and horizons were characterized for
their OM and clastic material contents. The sedimentary record of Notwane reservoir clearly preserved flood couplets in
the first 30 cm of sediments. The joint interpretation of radiocarbon ages and analysis of rainfall series and dam levels
suggested that these couplets may refer to the heavy rains of
2016 and 2017. The combination of radiometric age, rainfall
series, and reservoir levels was not able to clearly detect the
floods that struck other parts in southern Africa in 2000, 2009,
and 2011.
The reservoir levels of nearby Nnywane and Gaborone reservoirs have demonstrated that the two reservoirs are not
replenished by the same events. This highlights the importance
of local hydroclimatic events in the study of semi-arid basing
physiography. The comparison of data from the Nnywane and
Notwane reservoirs (and Gaborone reservoir as consequence)
shows that small dams upstream exert a buffering effect
intercepting minor floods so that larger downstream dams only
record large floods.
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The sediments of the Notwane reservoir showed heavy
metal concentrations well below the SQGs which fell in the
Igeo class 0 coincident with no contamination. Surface water
and groundwater quality data showed a peak of trace metals
during major rains and subsequent decrease, which appeared
in relative agreement with the observed vertical fluctuation in
sediments at the short time scale we considered. It is reasonable to assume that a sequential leaching of the sediments
would have highlighted an eventual correlation between readily available metals within the sediments and water quality
data, but there might be delays in such correlations. More
accurate sediment dating and correlations on longer monitoring periods are necessary to confirm this.
In conclusion, the study of sediments from reservoirs in
arid to semi-arid environments can contribute to the reconstruction of flood events and contaminant transport but the
effects of other dams in the upstream area must be accounted
for. Sediments, as archives of past flood and drought cycles,
can contribute to a better understanding of flood events and
contribute toward the management of water resources in a
context of increasing hydroclimatic extremes.
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