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Abstract. Understanding past and present hydrosystem
feedbacks to global ocean–atmospheric interactions repre-
sents one of the main challenges to preventing droughts,
extreme events, and related human catastrophes in the face
of global warming, especially in arid and semiarid environ-
ments. In eastern Africa, the El Niño–Southern Oscillation
(ENSO) was identified as one of the primary drivers of pre-
cipitation variability affecting water availability. However,
the northern East African Rift System (EARS) still suffers
from the underrepresentation of predictive and ENSO tele-
connection models because of the scarcity of local to regional
historical or palaeo-data.

In this paper, we provide a 50-year seasonal flood and
drought chronicle of the Awash River catchment from the
study of laminated sediment from Gemeri and Afambo lakes
(central Afar region, Ethiopia) with the aim of reconstruct-
ing the magnitude of regional hydroclimatic events. Pluricen-
timetric micro-laminated lithogenic facies alternating with
plurimillimetric carbonate-enriched facies are investigated in
both lakes. We couple dating methods including radiocar-
bon, short-lived radionuclides, palaeomagnetic field varia-
tions, and varve counting on both lake deposits to build a

high-resolution age model and to discuss the regional hy-
drosedimentary dynamics of the Awash River over the last
∼ 700 years with a focus on the last 50 years.

Using a multiproxy approach, we observe that following a
multicentennial enhanced hydrological period, the two lakes
have experienced a gradual decrease in river load inflow
since 1979 CE, attaining extreme drought and high evapo-
rative conditions between 1991 and 1997 CE. In 2014, the
construction of a dam and increased agricultural water man-
agement in the lower Awash River plain impacted the erodi-
bility of local soils and the hydrosedimentary balance of the
lake basins, as evidenced by a disproportionate sediment ac-
cumulation rate.

Comparison of our quantitative reconstruction with (i) lake
water surface evolution, (ii) the interannual Awash River flow
rates, and (iii) the El Niño 3.4 model highlights the inter-
mittent connections between ENSO sea surface temperature
anomalies, regional droughts, and hydrological conditions in
the northern EARS.
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1 Introduction

According to the Sixth Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC), climate warm-
ing impact has been more rapid in Africa in recent decades
than in any other region of the world (IPCC, 2022). Between
March and August across eastern Africa, the monsoonal
rainy season is vital for agricultural production and thus for
national food security, especially in more susceptible areas
such as along the Rift Valley and over distal lowlands. Dur-
ing the last ∼ 50 years, recurrent reduced rainy seasons have
had substantial environmental, humanitarian, and economic
impacts, including impacts on agriculture and ecosystem sus-
tainability (Palmer et al., 2023). Global climate projections
further suggest that the Horn of Africa will experience strong
disturbances of its usual hydrological cycle with both an in-
creasing frequency of intense rainfall events, leading to en-
hanced flashflood hazards, and a generalized scarcity of rain-
fall, leading to frequent severe drought episodes (Palmer et
al., 2023). Such climatic instability may induce the collapse
of the local food production system, leading to famine, as
seen in the decades between 1970 and 1990 (FAO, 2000).
More recently, the shorter-than-normal 2021 rainy season
led to a 70 % reduction in average precipitation compared
with seasonal norms, which alerted and mobilized the mitiga-
tion of desertification processes in the Horn of Africa (FAO,
2022).

Facing such evidence, eastern Africa is currently the focus
for understanding Late Holocene climate dynamics (Lennard
et al., 2018) to simulate future projections, support regional
ecosystem sustainability (Niang et al., 2014), and reduce ru-
ral population vulnerability to climate warming (FAO, 2022).
Palaeoclimatic reconstructions have long been used to un-
derstand past climate variability to build more robust future
climatic models in Africa. Even if global climate and hydro-
logical model simulations have made considerable progress,
reconstructions or tendencies of future precipitation and at-
mospheric dynamics in eastern Africa which affect continen-
tal hydrology at the regional to local scale remain to be de-
veloped (Dosio et al., 2019; Lennard et al., 2018). Indeed,
the lack of widespread regional to local palaeoclimatic data
makes it difficult to establish regional climatic models and
link global hydroclimate variability with the functioning of
specific hydrosystems.

In East Africa, precipitation variability is influenced by
multiple interactions between patterns of remote climate
forcing, regional circulation, and local geographic factors
acting at local and global scales (Nicholson, 2017). At a
wider scale, the El Niño–Southern Oscillation (ENSO) was
identified as one of the primary drivers of precipitation in
eastern Africa (Ficchì et al., 2021; Nicholson, 2017; Palmer
et al., 2023). More research on regional high-temporal-
resolution relationships between ENSO and flood/drought
impacts in the present and in the past is increasingly needed
(Ficchì et al., 2021; Ward et al., 2014). With the aim of

filling this gap, this paper focuses on the acquisition of
new hydrosedimentary datasets (i.e. decennial- to seasonal-
scale resolution) from the study of lacustrine sedimentary se-
quences from one of the wider river catchments in the north-
ern East African Rift System (EARS), namely the Awash
River basin (Fig. 1).

As the flood occurrence and magnitude of the Awash River
are mainly linked to the fluctuation in the Ethiopian Highland
precipitation regime over time, the establishment of regional
flood chronicles from natural archives is key for evaluating
the evolution of precipitation variability on land (Ficchì et
al., 2021; Mologni et al., 2020; Wilhelm et al., 2022). Of all
of the natural archives for hydrological reconstruction, lakes
are privileged because they act as natural sinks, continuously
trapping erosion products from an entire catchment over a
long period (Sabatier et al., 2022; Wilhelm et al., 2018). In-
deed, during flood events, water-transported detrital particles
(or sediment discharge) are deposited on the lake bottom in
the form of graded layers that differ from the intra-lake sed-
imentation related to lake productivity. Thus, lake sedimen-
tary deposits are valuable to fully understand the relation-
ships between hydroclimate, rainfall, floods, droughts, and
lake water conditions at the regional scale.

This paper presents the results from a multiproxy study
combining a seismic survey with sedimentological and geo-
chemical analyses performed on archives from the Afambo
and Gemeri lakes located in the Abhe Lake basin (central
Afar region, Ethiopia; Fig. 1). The main objective of this
study is to quantify long-term variations in the Awash River’s
solid sedimentary discharge to establish a chronicle of re-
gional flood activity chronicle and to reconstitute the hydro-
logical regime of the Awash River. We aim first to identify
the hydrosedimentary processes in the Afambo and Gemeri
lake basins (central Afar region, Ethiopia) under human and
hydroclimate/meteorological forcing over the long-term. Fi-
nally, we compare these flood and drought chronicles with
global ENSO records and discuss the interaction between at-
mospheric anomalies, droughts, and hydrological conditions
in the northern EARS.

2 Study site: hydrological and geomorphological
settings

2.1 Regional hydroclimatic patterns

The Abhe Lake basin, located at the northern extremity
of the EARS (∼ 12° N), is the widest and longest rifting-
controlled sedimentary basin of the Afar rift system (Fig. 1a).
It corresponds to the topographic depression of the lower
Awash Valley (Fig. 1b), consisting of an area of 6000 km2

(Mologni et al., 2021). The central Afar region is cur-
rently a desert receiving ∼ 400 mm yr−1 local precipitation
(Fig. 1d) with a mean annual evapotranspiration rate of
∼ 2000 mm yr−1 (Fig. 1e). In such a dry context, the per-
manency of waterbodies such as lakes Gemeri and Afambo
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Figure 1. Geographical, geomorphological, and hydrological contexts of the study area and coring sites. (a) Location of the central Afar
region on a topographic map of Africa (red star; ArcGIS©Esri database). (b) Digital elevation model of the Lake Abhe basin (Shuttle
Radar Topography Mission) corresponding to the lower Awash Valley with the location of Gemeri, Afambo, and Abhe waterbodies, the
corresponding alluvial plain and the Awash River delta, the main coring sites (red dots), the overflow directions, and the Tendaho Dam.
(c) Focus on lakes Afambo and Gemeri study sites with the location of coring sites (red dots), the local hydrographic network (light blue lines),
and the overflow direction between the waterbodies. (d) Mean annual precipitation over the Awash River and Lake Abhe basins estimated
over the 1979–2019 period using the MSWEP (Multi-Source Weighted-Ensemble Precipitation) dataset (Beck et al., 2019). (e) Mean annual
potential evapotranspiration rate over the Awash River watershed and Lake Abhe basins estimated using the Oudin et al. (2005) formula and
the air temperature of the ERA5 dataset (Hersbach et al., 2020).

(Fig. 1c) is mainly supported by their hydrological depen-
dence on permanent Awash River water supplies originat-
ing in the Ethiopian Highlands (mean annual precipitation
∼ 1000 mm yr−1; Fig. 1d), whereby the hydrological regime
is dominated by seasonal rainfall pertaining to the south-
west African monsoon. With a drainage basin surface of
over 112 700 km2, the Awash River has an annual runoff of
4.6 BM3 (billion metric cubes). However, 72 % of it is lost to
evapotranspiration in the lowlands (Taddese et al., 2010).

When it feeds into Gemeri and Afambo lakes, the Awash
River has only crossed recent geological formations that
are subsequent to the formation of the Oligocene Ethiopian
basaltic trap flows. The lower Awash Valley is mainly com-
posed of stratoid basalts formed between 4 and 0.4 Ma (Ay-
alew et al., 2016; Barberi and Varet, 1977; Varet, 2018) and
intra-graben Quaternary accumulations which still belong
mainly to the Stratoid series group.

https://doi.org/10.5194/cp-20-1837-2024 Clim. Past, 20, 1837–1860, 2024
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2.2 Local geomorphological context

The northern part of the Lake Abhe basin is composed of
an alluvial plain corresponding to irrigated agricultural fields
and extended anthropogenic water channels and a lobate
delta in its lower part (Fig. 1b). The remaining edges of the
basin are composed of desert plains and basaltic/rhyolitic
outcrops that constitute the Tendaho–Gobaad graben horsts
(Fig. 1b). The delta fan spreads ∼ 60 km from the northern
Gemeri footwall fault through the Gemeri and Bario water-
bodies until the slopes of the Dama Ale volcano to the south
(Fig. 1b).

The Awash freshwater supplies first reach Lake Gemeri
(11°51′ N, 41°69′ E) and overflow into Lake Afambo
(11°40′ N, 41°68′ E). In contrast to Gemeri, Lake Afambo
is not located on the delta fan and does not possess an aerial
estuary (Fig. 1b, c). Indeed, Afambo Lake is reached during
the dry season by a single water channel and is permanently
separated from the deltaic swamps by north–south basaltic
outcrops (Figs. 1c, 2a). The rest of the Awash water supply
is drained by the delta to the Bario waterbody and to the ter-
minal river channel that flows down to Lake Abhe (Fig. 1b,
c).

The local hydrological network led us to select two com-
plementary coring sites for this study; Lake Gemeri, which
borders the prodeltaic zone, mostly records the sedimentary
signal from fluvial dynamics (Awash River solid load), and
Lake Afambo, which is partially disconnected from deltaic
dynamics, has the potential to record fine-grained sediment
inputs and lacustrine primary productivity processes and to
preserve the sedimentary record from hiatuses due to deltaic
erosional dynamics.

The hydrological network of the lower Awash River plain
has been modified by the building of a dam conducted by
the Tendaho Dam and Irrigation Development Project for the
agricultural development of this area (Dereje et al., 2018;
Kidane et al., 2014). The dam is located upon entry of the
Awash River waters into the Lake Abhe basin area (Fig. 1b).
The construction project began in 2010, and the dam started
functioning in early 2014. Such massive infrastructure has
led to the formation of the Tendaho artificial lake (Fig. 1b)
and the current network of irrigation channels in the alluvial
plain.

3 Materials and methods

3.1 Analysis of the water surface evolution of Lake
Gemeri from satellite images (1984–2019)

We conducted imagery analyses of the water surfaces of
lakes Gemeri and Afambo from 1984 to 2021. We used
the Global Surface Water dataset from the Copernicus pro-
gramme, which was generated using 4 716 475 monthly and
sub-monthly scenes from Landsat 5, 7, and 8 acquired be-
tween March 1984 and December 2021 by Landsat satel-

lites provided by the USGS and NASA. The dataset contains
maps of the location and temporal distribution of surface wa-
ter from 1984 to 2021 at 30 m resolution and provides statis-
tics on the extent and change in those water surfaces. For
more information, refer to the associated journal article by
Pekel et al. (2016). From this dataset, we computed statis-
tics about the extent and change in the water surfaces. Using
ENVI software, version 5.4, we created a meta-image with
the 37 water surface maps from 1985 to 2021 and generated
statistics for the meta-image, which were then exported.

However, for the years 1988, 1989, 1990, 1992, 1993,
1996, and 1997, the Global Surface Water dataset algorithm
failed to concretely calculate the water surfaces, resulting in
imprecise or missing data. As a result, we employed the qual-
ity assessment (QA) band in Landsat 5 images which pro-
vides information on features such as clouds, shadows, ice,
bare land, and water. Classification algorithms were applied
to assign binary values to bits in the QA band based on pixel
characteristics. By importing archives from the United States
Geological Survey (USGS) and utilizing the Pixel_QA band
associated with the available images, a water mask was cre-
ated. This water mask allowed us to perform zonal statistics
using ArcGIS Pro 3.0.3.

3.2 Seismic survey

In December 2018, a seismic reflection survey was con-
ducted in the southernmost part of Lake Gemeri with the aim
of exploring the internal architecture of the lake sedimentary
fill and choosing the location of the coring site. The acqui-
sition of 12 seismic profiles of Lake Gemeri (Figs. S1, S2)
was performed using an iXBlue Echoes 5000 CHIRP echo
sounder (LIENSs laboratory, La Rochelle, France). Chirp
frequency band 2000–8000 Hz was selected, with a chirp
length of 50 m s−1. Chirp data processing included auto-
grain control, time-varying gain, staking of adjacent traces,
and swell filtering.

3.3 Coring of Gemeri and Afambo lakes

In December 2018, 10 short sedimentary cores were re-
trieved from lakes Gemeri and Afambo during the CLIMA-
FAR 2018 fieldwork season. Shorter cores were retrieved us-
ing a UWITEC gravity corer, while a homemade, modified
Nesje-like corer permitted us to reach slightly more than 2 m
sediment depth in Lake Gemeri (Fig. 1c). Details about the
coring operations can be found on the French National Cyber
Carothèque (https://cybercarotheque.fr/index.php?ope=530,
last access: December 2018).

We focused the present study on cores collected in
the deepest part of each lake, i.e. GEM18-03 (length
144 cm; IGSN no. TOAE0000000354) and GEM18-04
(209 cm; IGSN no. TOAE0000000356), taken at 6 m wa-
ter depth in Lake Gemeri, and AFA18-02 (173 cm; IGSN
no. TOAE0000000348), taken in Lake Afambo at 18 m water
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depth. GEM18-04 was cut into two parts in the field, and only
the deepest part (109–209 cm below the lake floor) of the
overlapping core, GEM18-03, was studied here. Core sec-
tions were split lengthwise, photographed at high resolution,
and described and logged in detail using the Munsell colour
chart at the EDYTEM sedimentary lab facility. The identifi-
cation of specific layers on the overlapping sections GEM18-
03 and GEM18-04B, together with the comparison of XRF
(X-ray fluorescence) core scanner and magnetic susceptibil-
ity signals, led us to propose a 2.2 m long composite sediment
sequence from Lake Gemeri, hereafter called GEM18-03/04.

3.4 Analytical methods

3.4.1 XRF core scanner on soft sediments, ICP-MS
measurements, and clay mineralogy

To characterize the variation in major elements through-
out cores GEM18-03/04 and AFA18-02, we performed non-
destructive XRF geochemical analyses on an Avaatech core
scanner at the EDYTEM laboratory (CNRS Université de
Savoie Mont Blanc, France). The XRF analyses were per-
formed following a 1 mm sampling step for the AFA18-02
section A, 2 mm for the lower section B (live time= 20 s),
and 5 mm for the GEM18-03/04 core. At each step, two suc-
cessive measurements were performed at 10 kV (0.12 mA)
and 30 kV (0.15 mA) voltages to assess the contribution of
lighter (Al, Si, S, K, Ca, Ti, Mn, and Fe) and heavier (Br,
Sr, Rb, Zr, and Pb) elements, respectively. Each individual
power spectrum was transformed by deconvolution into rela-
tive contents of each computed element expressed in counts
per second (cps). XRF data were subsequently transformed
with a centred log-ratio transformation package on R© soft-
ware with the aim of circumventing problems associated with
matrix effects (e.g. variable water content and grain size dis-
tribution) and irregularities of the core surface (Weltje and
Tjallingii, 2008).

Principal component analysis (PCA) was performed on the
XRF results using R© software (Sect. S3) with the aim of
characterizing the main geochemical signatures of particles
composing the GEM18-03/04 and AFA18-02 sediments.

Major and trace element analyses were performed with a
quadrupole inductively coupled plasma mass spectrometry
(ICP-MS) (AETE-ISO platform; Géosciences Montpellier,
France) on 500 mg powdered and homogenized sediment
samples for 6 discrete samples in the GEM18-03/04 core and
11 discrete samples from the AFA18-02 core (Rauch et al.,
2006).

X-ray diffraction analyses on clay minerals were per-
formed on five samples from the GEM18-03/04 sequence
at the LHyGS laboratory CNRS-UMR7517 (Strasbourg,
France) (Sect. S6). Sediments were treated with HCl (10 %)
solution to avoid any carbonate content. Suspended clay
fractions were separated following the procedure in Jack-
son (2005) and mounted on thin sections for oriented clay

XRD (X-ray diffraction) analyses. With the aim of acquir-
ing the whole diffraction spectrum, four diffractograms were
obtained using a D8 Advance Eco machine from the same
sample with normal treatment, ethylene-glycol treatment, hy-
drazine treatment, and heat treatment for 4 h at 490 °C. The
semiquantitative content of clay minerals (%) was obtained
from MacDiff version 4.1.2 software as a counts per second
(cps) spectrum area measurement.

3.4.2 Sedimentological analyses

Grain size analyses were performed at the Géoazur labo-
ratory using a Coulter LS 2000 with a size range between
0.005 and 3775 µm. The analysis was performed following
a 2.5 mm sampling step for the AFA18-02 core. We deter-
mined the grain size of the intercepts for 10 %, 50 %, and
90 % of the cumulative grain size curves (named D90, D50,
and D10 values; Folk and Ward, 1957). We use the coars-
est fraction (D90) to characterize the deposit energy and to
propose a hydrodynamic interpretation, as suggested by Wil-
helm et al. (2018).

Optical microscopic analyses were focused on eight
thin sections (10× 2 cm) sampled from the AFA18-02 se-
quence and processed at the litho-preparation facilities of the
EDYTEM laboratory (Arnaud and Sabatier, 2022). Micro-
scopic observations were obtained on a Leica DM4 P at the
Géoazur Laboratory at 25× and 1000× magnification using
plane-polarized (PPL), crossed-polarized (XPL), and oblique
incident (OIL) lights. Loss on ignition (LOI) was performed
on crushed sediment for each analysed sample at the CEPAM
UMR7264 laboratory (Sect. S5). Samples were heated for
24 h at 100 °C with the aim of determining the residual wa-
ter and gypsum content. Subsequently, samples were heated
for 4 h at 550°C with the aim of determining total content
measures of organic carbon (Santisteban et al., 2004). LOI is
expressed in percentage (%).

3.4.3 Chronology of Gemeri and Afambo lake
sequences

On the GEM18-03/04 sediment sequence, we combined
short-lived radionuclides (210Pb and 137Cs), 14C measure-
ments, and palaeomagnetic analyses to build a reliable age–
depth model along the 2.2 m of the composite section. A con-
tinuous sampling step of 6 cm was applied over the upper-
most 66 cm of GEM18 to determine 210Pb and 137Cs activ-
ities using well-type germanium detectors (SAGe well) lo-
cated below 1700 m of rocks at the Modane Underground
Laboratory (CNRS Université Grenoble Alpes) to reduce the
influence of cosmic rays on gamma measurements (Reyss et
al., 1995). Radionuclide-based age models were computed
using the serac R package (Bruel and Sabatier, 2020). For the
210Pbex model, we chose the CFCS (constant flux–constant
sedimentation) model because CRS (constant rate of supply)
cannot be applied in this context with regard to (1) the hiatus
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(which affects the 210Pbex inventory) and (2) the age of the
AFA18-02 core which do not allow estimations of the total
210Pbex inventory need for CRS model calculation. We did
not apply the CIC (constant initial concentration) model be-
cause it would have resulted in age inversion with regard to
210Pbex fluctuation.

14C measurements were performed on nine bulk or-
ganic matter and four shell samples (Table S10) using the
ARTEMIS accelerator mass spectrometry (AMS) facility at
the LSCE LMC14 laboratory (Gif-sur-Yvette, France).

Palaeomagnetic measurements were performed on the en-
tirety of the GEM18-03/04 composite section. The principle
of the palaeomagnetic method is to compare the declination,
inclination, and relative palaeo-intensity (RPI) records from
the dated core with a reference curve of the secular variations
in the geomagnetic field (Crouzet et al., 2019; Haberzettl
et al., 2019; Li et al., 2021; Ólafsdóttir et al., 2013). Mea-
surements were performed at the LSCE on U channels sam-
pled from the centre of the GEM18-03 and GEM18-04B half
cores. The direction of the characteristic remnant magnetiza-
tion (ChRM), assumed to be a detrital remnant magnetization
(DRM) acquired during the deposition of the sediment, was
determined after the alternating field (AF) demagnetization.
The rock magnetic properties were investigated on U chan-
nels from measurements of low field susceptibility, acquisi-
tion, and demagnetization of anhysteretic remanent magneti-
zation (ARM) and isothermal remanent magnetization (IRM)
coupled to thermomagnetic, hysteresis curves and first-order
reversal curves (FORCs) on nine discrete samples. The full
protocol is detailed in the Supplement (Sect. S4).

The age–depth model of the AFA18-02 sequence was con-
strained by a combination of short-lived radionuclides, 14C
measurements and visual microscopic counting of seasonal
laminae along the core sequence. A continuous sampling step
of 10 cm was applied over 173 cm of the AFA18-02 sequence
to determine 210Pb, 226Ra, and 137Cs activities. The 14C mea-
surements were performed on nine organic matter samples at
the ARTEMIS facility, including two vegetal macro-remains
and two fish bone samples using ECHoMICHADAS, the
micro-carbon dating system of the LSCE laboratory (Ta-
ble 1).

3.5 Rainfall–runoff modelling

Observed streamflow time series at Tendaho Lake were ex-
tracted as daily time steps from the Global Runoff Data
Base (GRDB) (station ID 1577603; 11.683° N, 40.950° E;
catchment area 62 088 km2; the owner of original data is
the Ethiopian Ministry of Water Resources, Hydrology De-
partment). This time series is only available for the 1990–
2004 period, with numerous missing data during the 1994–
1996 and the 2003–2004 periods. For temporal extension of
the streamflow series, a rainfall–runoff model was used. The
monthly rainfall–runoff model GR2M (Mouelhi et al., 2006)
was used using the airGR R package (Coron et al., 2017,

2023). This conceptual and lumped model needs two con-
tinuous climatic time series as inputs, namely precipitation
(P ) and potential evapotranspiration (E). GR2M has two pa-
rameters that need to be calibrated for each studied catch-
ment (see the model diagram in Fig. S3). The NOAA 20CR
(v3; Slivinski et al., 2019) climatic reanalysis was extracted
over the Awash River catchment at Tendaho Lake to gener-
ate a monthly time series of precipitation and air temperature
over the 1836–2015 period. A monthly potential evapotran-
spiration time series was then estimated using the 20CR air
temperature time series and the Oudin et al. (2005) formula.
The model parameters were automatically calibrated using
the Nash and Sutcliffe (1970) objective function over the
1990–2014 period with an initialization of the model reser-
voirs during the 1980–1989 period. Finally, the GR2M model
parameters obtained for the Awash River at Tendaho Lake
were used over the 1836–2015 period to simulate streamflow
over this period.

4 Results

4.1 Seismic reflection imagery of Lake Gemeri

Our chirp profiles provide a display of the bathymetry of
Lake Gemeri for the first time. The average measured wa-
ter depth is 3 m with a maximum of 6 m in the southern part
of the lake. Afambo Lake is deeper with a maximum depth
of 18 m. The shallow depth (3 m on average) and very gentle
slope of Lake Gemeri are consistent with its location in the
prodeltaic area of the Awash River plain.

Unfortunately, seismic penetration in Lake Gemeri is re-
duced to a few decimetres. Within the central and eastern
parts of the lake, an approximately 80 cm thick upper sheet
drape unit lies on a low-amplitude reflector parallel to the
lake bottom (profile 006; Fig. 2a, b). On the western part of
the Gemeri Lake, the upper sheet drape unit lies on a rela-
tively strong amplitude reflector displaying a succession of
small highs and lows (few metres to tens of metres wide
and a few decimetres deep), showing the morphology of an
erosional surface (profile 009, Fig. 2c). The succession of
highs and lows along this erosional surface correspond to
small channels indicating periods of drying of the lake. Be-
low these reflectors, an extensive acoustic turbidity facies
showing similarities with gassy facies (Bertin and Chaumil-
lon, 2005; Garcia-Gil et al., 2002) is observed. Five measure-
ments of total organic carbon from core GEM18-03 on 2 m of
sediment indicate values of approximately 8.5 % (Sect. S5),
which suggests that the gas could have come from the de-
composition of organic matter (algae or upper vegetation) in
the lake. The presence of gas in the Lake Gemeri sediment is
likely, given the high organic productivity in this lake and the
high content in organic matter in the sampled sediments and
sequestration of organic matter that often occurs in anoxic
fine sediments (Bertin and Chaumillon, 2005; Garcia-Gil et
al., 2002; Roussel et al., 2009).
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Table 1. Major and trace element concentrations of the AFA18-02 core. F is for facies, and ppm is for parts per million.

Depth (cm) F
Na2O MgO Al2O3 K2O CaO TiO2 MnO P2O5 SiO2 Fe2O3 (T) Cr Ni Ba Zr Sr

% % % % % % % % % % ppm ppm ppm ppm ppm

12 F1 1.97 4.62 13.13 1.85 6.30 1.50 0.10 0.28 45.80 9.57 271.65 423.40
39 F1 1.69 4.44 12.79 1.83 6.27 1.21 0.11 0.28 43.42 8.67 71.83 70.30 306.67 266.19 430.11
72 F2 1.32 4.35 10.60 1.43 14.16 1.06 0.11 0.26 36.48 7.30 59.87 56.34 371.84 221.51 847.12
73 F1 1.61 4.17 12.55 1.83 7.51 1.48 0.12 0.27 42.86 8.73 72.51 61.19 319.30 268.68 450.51
90 F1 1.39 4.08 11.78 1.92 8.37 1.14 0.10 0.26 42.62 8.26 72.86 62.70 287.74 254.22 480.19
100 F1 0.69 3.34 12.12 1.47 9.47 1.13 0.17 0.26 41.62 8.21 71.16 66.15 300.95 247.09 397.81
127 F3 0.96 5.28 6.67 1.01 23.79 0.67 0.14 0.19 25.11 4.57 39.57 40.49 399.08 136.28 1545.29
132 F2 1.34 4.93 10.58 1.53 10.39 1.24 0.11 0.25 37.96 7.42 67.73 62.20 351.79 227.72 706.21
148 F1 1.65 4.18 12.78 1.86 8.08 1.69 0.14 0.28 43.70 8.89 83.73 65.71 367.12 263.87 505.26
152 F1 1.58 4.47 12.64 1.89 6.93 1.55 0.12 0.26 43.45 8.82 82.59 63.67 329.38 266.35 454.91
168 F1 1.38 5.81 11.69 1.78 5.99 1.13 0.10 0.23 41.84 7.80 69.70 63.29 285.02 246.98 523.07

Figure 2. Seismic reflection imagery on Lake Gemeri. (a) 3D satellite image projection of southern Lake Gemeri (LANDSAT) with the
location of the seismic profiles and of the cores reported in panels (b) and (c). (b) Seismic profile 006 with the location of GEM18-03 core
(blue arrow). (c) Seismic profile 009 with the location of GEM18-07 core (blue arrow) and of channel features (red arrows).

4.2 Sedimentology and geochemistry results

4.2.1 AFA18-02

The 173 cm long sediment of AFA18-02 consists of undis-
turbed laminated sediments showing a clay-silty texture
(Fig. 3a1). A median size of 3 and 7 µm was measured at
2 mm resolution along the 173 cm of the core, indicating that
the lake’s sedimentation did not record any extreme coarse or
erosional event (Fig. 3a5). Along the core, the first striking
characteristic of this sequence is the succession of a couple
of distinct facies systematically composed of brownish-grey
coloured pluricentimetric layers (Facies-1, F1) alternating
with orange/brown coloured plurimillimetric layers (Facies-
2, F2) and sometimes associated with millimetric white beds
(Facies-3, F3; Figs. 3a1, 4b1). Thus, 32 couplets were iden-
tified over the entire 173 cm sediment sequence.

The major element distribution measured for 11 discrete
samples (Table 1) indicates SiO2 values oscillating between
25 % and 46 %, TiO2 values between 0.7 % and 1.7 %, and
a high concentration of iron of approximately 8 %. Carbon-
ate content values oscillate between 6 % and 24 % (Table 1).
From the discrete samples, the coefficient of correlation be-
tween Ca and Sr is R2

= 0.97. This suggests that the source
of the carbonaceous component does not change along the
173 cm sediment. Using PCA analyses, three geochemical
end members from Dim.1 (53 % and 67 %) or Dim.2 (23 %
and 43 %) were distinguished (Fig. S4). The first one (EM1)
yields major elements Al, Si, Fe, Ti, K, Zr, and Mn with high
positive loading on Dim1. The second end-member (EM2)
gathers elements composing carbonates (Ca and Sr) and el-
ements involved in the evaporitic succession of minerals (S,
Mg, and Na) with high positive loading on Dim2 and posi-
tive loading on Dim1. The third end-member (EM3) includes
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Figure 3. Geochemical (XRF and ICP-MS) and sedimentological results on AFA18-02 core. (a1) Picture and lithology with the location
of the sampling areas for ICP-MS analyses (dots). (a2) Ca XRF (CLR) values. (a3) Sr XRF (CLR) values. (a4) Ti XRF (CLR) values.
(a5) Grain size median. (b1) Correlation plot between Ca XRF (CLR) and ICP-MS (CLR) values. (b2) Correlation plot between Sr XRF
(CLR) and ICP-MS (CLR) values. (b3) Correlation plot between Ti XRF (CLR) and ICP-MS (CLR) values.

only Br negative loading on Dim1 and Dim2, which is often
used as a proxy for autochthonous organic matter in lakes
(Bajard et al., 2016; Lefebvre et al., 2021). The PCA factor
map ascribes F1 layers into the EM1 area and the F2/F3 lay-
ers into the EM2 area (Fig. S5). Consequently, we selected
Ti, Sr, and Ca to geochemically characterize the F1 and
F2/F3 facies. A good plot correlation between the centred
log-ratio transformation (CLR) XRF and ICP-MS-measured
elemental values (Fig. 3b) provides reliable Sr and Ca XRF
data to geochemically characterize the three different sedi-
mentary facies along the core sequence. F1 is composed of
microlaminated clays enriched in Ti, Si, and Fe elements

(Fig. 3b3). The F1 thickness varies substantially along the
core, with an average thickness of ∼ 3 cm between 173 and
137 cm, a thickness of ∼ 1 cm between 137 and 120 cm, a
thickness of 3.5 cm between 120 and 80 cm, and a thickness
of ∼ 9 cm between 80 and 0 cm. F2 (0.5–1 cm thickness) is
composed of microlaminated clay, diffused secondary car-
bonate impregnations (sparite), and sporadic Fe–Mn nod-
ules. Geochemically, the F2 layers are slightly enriched in
Ca and Sr elements (Fig. 3a, b). F3 (0.3–0.5 cm thickness)
is composed of a massive to microlaminated micritic/sparitic
matrix strongly enriched in Ca and Sr elements (Fig. 3a, b,
7b1). Soft sediment deformation has been observed between
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130 and 140 cm, evident in sub-vertical microfaults along the
laminaes, showing a max deformation offset of ∼ 3 mm.

Grain size distributions indicate three general dominant
modes, with one sorted clay mode at approximately 1 to
2 µm, one well-sorted mode at approximately 19 µm, and the
third is less dominant and lies in the sortable silt range at
approximately 50 µ m (Fig. 4b3).

F1 layers present pronounced 1–2 and 50 µm modes, with
the second represented mode at 19 µm. F2 and F3 are well
sorted at approximately 40 and 126 µm.

4.2.2 GEM18-03/04

The sediment of GEM18-03/04 is homogeneously clayey
(Q50=∼ 2.4 µm) and dark brown in colour (Fig. 5) all along
its 220 cm length. The first 15 cm are highly liquefied, pre-
senting a clayey texture with slight laminations. Between 19
and 40 cm, we note the presence of polyhedral clay structure
and rootlets pores. Between 38 and 222 cm, we observed a
homogenous clay texture interbedded by seven layers of la-
custrine shells (Melanoides tuberculata), leading to a visible
change in porosity at approximately 62–67, 80, 90, 112–114,
124, and 140 cm (Fig. S13).

The major element distribution (measured for five samples
by ICP-MS; Tables S7, S8) indicates SiO2 values between
42 % and 49 % and TiO2 values between 1.2 % and 1.5 %.
The carbonate content values oscillate between 5 % and 10 %
(Tables S7, S8). The plots Si versus Al and Al versus Ca in-
dicate an anticorrelation between terrigenous and carbonate
materials (Fig. S14), suggesting that the carbonate particles
mainly originated from the lake and not from the terrigenous
fraction supplied by the Awash flood. Similarly, the coef-
ficient for Ca versus Ti is anticorrelated; consequently, we
will represent the ratio of terrigenous/authigenic sediment
components using the Ti/Ca ratio (Croudace and Rothwell,
2015).

The evolution of the Log(Ti/Ca) ratio defines five geo-
chemical units (Fig. 5b1). Unit 1 (0 to 19 cm) is character-
ized by a gradual increase in Log(Ti/Ca) values. Unit 2 (40
to 19 cm) is characterized by a gradual increase in siliciclas-
tic elements; Unit 3 (115 to 40 cm) presents an abrupt de-
crease in Log(Ti/Ca) at its base, followed by a progressive
increase in Ti; Unit 4 (210 to 115 cm) is characterized by
a high lithogenic contribution; and Unit 5 (222 to 210 cm)
presents a high carbonate content. Between 38 and 222 cm,
seven shell beds are characterized geochemically by an in-
crease in Ca and Sr values (Fig. S13).

4.3 Chronology

4.3.1 Age model of Lake Afambo sediments

The 173 cm long AFA18-02 sediment was measured using
gamma spectrometry to build an age model based on short-
lived radionuclides (Fig. 4a2, a3). The 210Pb excess profile
first shows a slow decrease from the top to 105 cm and then

a more rapid decrease between 105 and 170 cm until an ac-
tivity of 26 mBq g−1. The use of a logarithmic scale to plot
these data underscores a poorly constrained (r2

= 0.2; related
to very high sedimentation rate leading to low activity de-
creases) single-point alignment that shows a constant sed-
imentation rate of 108 mm yr−1 for the first 105.8 cm and
a better constrained (r2

= 0.6) single-point alignment that
shows a constant sedimentation rate of 16.5 mm yr−1 be-
tween 106 and 170 cm. The change in sedimentation rate oc-
curred in 2009±7 years. The 137Cs profile shows an increase
at the bottom of 4 mBq g−1. This peak could be associated
with the end of maximum nuclear weapon tests in 1963 CE
(Foucher et al., 2021; Fig. 4a3).

Among the 13 samples for 14C ages (Table 2), the con-
frontation with the 210Pbex model shows that the 14C age
measured on the bulk sediment organic matter was older, so
these ages were systematically rejected (see the asterisk (∗)
in Table 2). The older ages could be explained by the con-
tamination of reworked micro-organic matter particles from
the Awash River catchment. The ageing of radiocarbon dates
on bulk organic matter in large fluvial systems, such as the
Awash River basin, is often attributed to the remobilization
of fine organic particles from older deposits and soils eroded
along the hydrographic catchment (Poirier et al., 2019).
These particles are then deposited into terrigenous/detrital
lacustrine sediments. In the case of Afambo Lake sediments,
the ages of bulk organic carbon exhibit an ageing effect rang-
ing between approximately 100 and 600 years. Considering
that the organic matter originates from flood deposits dur-
ing the monsoonal season (F1 facies), the hypothesis of re-
mobilized fine particles is the most probable explanation.
A number of 14C analysis was measured on fish bones and
on vegetal micro-remains obtained from the micro-sampling
materials (Fig. S15 and Table S9). The five ages measured
from fish bone and vegetal micro-remains are consistent with
the 210Pb-derived chronology and are considered viable as
part of the age model (Fig. 4a4). In total, 32 F1–F2/F3 lam-
inae couplets were identified and counted, which provides
a 106 mm yr−1 sedimentation rate that is highly comparable
with the rate derived from the CFCS model (108 mm yr−1;
Fig. 4a2). Thus, the 210Pb-derived age model confirms that a
very high sedimentation rate compatible with the F1 layers
could correspond to one season of river-borne discharge.

4.3.2 Age model of Lake Gemeri

The upper 66 cm sedimentary sequence of the GEM18-03
core was measured using gamma spectrometry to build an
age model based on short-lived radionuclides (Fig. 5a1, a2).
The 210Pb ex profile shows a gradual decrease from 51.8 to
7 mBq g−1. The use of a logarithmic scale to plot these activ-
ities underscores a well-constrained (r2

= 0.8), single-point
alignment that shows a sedimentation rate of 13.66 mm yr−1

for the first 66 cm (Fig. 5a2). The 137Cs profile reaches a
clear peak between 42 and 48 cm with a maximum activ-
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Figure 4. Age model of the AFA18-02 sequence. (a1) Lithology. (a2) 210Pbex activity profile (mBq g−1). (a3) 137Cs activity profile
(mBq g−1). (a4) Interpolated CFCS age model with annual laminae counting (crosses) and radiocarbon ages (red arrows). (a5) XRF
log(Ti/Sr) ratio transformed with a centred log-ratio transformation package (Weltje and Tjallingii, 2008). (b1) Focus on 124–140 cm F1–
F2/F3 couple counting. (b2) XRF Ti/Sr (124–140 cm) ratio curve with radiocarbon ages (red) and years (CE)/laminae counting. (b3) The
124–140 cm grain size profiles (each 2 mm).

ity> 10 mBq g−1. This peak is attributed to the maximum
nuclear weapon tests in 1963 CE (Foucher et al., 2021) and
is in accordance with the sedimentation rate derived from the
210Pbex profile (Fig. 5a2). Above this peak, 137Cs activities
slowly decrease, which suggests a large catchment area with
an input of 137Cs already deposited in the surface soil and
transported by active annual floods (Fig. 5a3). With the aim
to provide a reliable chronology, a sedimentary–pedogenic
hiatus between 1991 and 1997 has been removed from the
age model (Figs. 5a4, 6a2).

Among the 13 14C age samples (Sect. S9), the confronta-
tion with the 210Pb CFCS-derived chronology shows that the
14C ages measured on organic matter are older by several
thousands of years and are therefore rejected with regard to
the age model, such as is the case for eight ages on bulk sedi-
ment for the Afambo core age model (Table 2). The five ages
measured on lacustrine shells (Melanoides tuberculata; Mur-
ray, 1975) are still older than expected, except for the age at
48.5 cm (Table S10).
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Figure 5. (a1) GEM18-03 upper section (first 66 cm) picture and lithology. (a2) 210Pbex and (a3) 137Cs profiles. NWT is for nuclear weapons
test; FF=FF 1955 is for first identification of 137 Cs in 1955. (a4) CFCS interpolated age model. (a5) Log(Ti/Ca) XRF count intensity.
(b1) GEM18-03/04B composite section with Log(Ti/Ca) XRF count intensities). Correlation between (b2) relative palaeo-intensity, (b2)
inclination, and (b2) declination measured on GEM18-03/04B, with the (b5–b7) prediction at Lake Gemeri of three geomagnetic global
models of BIGMUDIh.1 (in blue; Arneitz et al., 2021), gufm (in red; Jackson et al., 2000), and SHAWQ2k (in purple; Campuzano et al.,
2019). The BIGMUDIh.1 and SHAWQ2k.1 models are plotted with their 1σ uncertainty envelope. The correlation is preferentially based
on the BIGMUDIh.1 model (see text). For GEM18-03/04B, green and orange thick lines are raw results on GEM18-03 and GEM18-04B
sections, respectively, while the thinner black curves show the variation after smoothing with 8 cm sliding windows. The two chronological
tie points are given by RPI, while the secular variation in the declination, and to a lesser extent of inclination, is likely masked by disturbances
during coring.

To better constrain the age model and investigate the sed-
imentation rate below the first 66 cm dated by short-lived
radionuclides, we performed palaeomagnetic measurements
with the objective of providing chronomarkers in accordance
with the palaeosecular variation in the geomagnetic field over
the last millennium (Fig. 5b; Crouzet et al., 2019). The rock
magnetic and palaeomagnetic results are detailed in Sect. S4.
All rock magnetic results converge towards a homogeneous
ferromagnetic mineralogy below 40 cm, composed of an al-
most pure magnetite of relatively fine grain size (pseudo-

single domain). As the concentration in magnetic grains also
does not vary significantly along the core, the magnetic prop-
erties are very favourable for the determination of the rela-
tive palaeo-intensity (RPI; Fig. 5b4). The RPI results with
the three possible normalizers (intensity of ARM and inten-
sity of IRM (low-field susceptibility)) are consistent, giving
us confidence in our RPI estimation, even though it is based
on only one core (Fig. 5b). The variations in the declination,
inclination, and RPI below 40 cm are plotted in Fig. 5b2 and
b3. They are compared to the prediction at Lake Gemeri of
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Table 2. List of radiocarbon ages on bulk sediment (∗), vegetal micro-remains, and fish bone material. Ages with an asterisk∗ are rejected.
Calibration curve NH2 (Hua et al., 2013). Note that BP stands for before present.

Depth Lab ID Material Uncalibrated age Calibrated ages
(cm)

BP± years F14C± 2σ cal. CE Median
(bulk) (%) (probability) cal. CE

10.5–11 SacA57084 Bulk sediment 315± 30∗

44 SacA57085 Bulk sediment 640± 30∗

61 GifA20055/ECHo3328 Fish bone 1.0456± 0.0029 [2008.88–2009.58] (30.3 %) 2008

61 SacA59130 Bulk sediment 610± 30∗

76 SacA57086 Bulk sediment 365± 30∗

92 SacA57087 Bulk sediment 165± 30∗

118–122 GifA20052/ECHo3259 Vegetal micro-remains 1.0940± 0.0179 [1993.78–2007.1] (90.3 %) 2000

134.5–135 SacA57088 Bulk sediment post 1950∗

134–136 GifA20053/ECHo3260 Vegetal micro-remains 1.1364± 0.0123 [1989.86–1996.94] (89.3 %) 1992

149.5 GifA20056/ECHo3327 Fish bone 1.2069± 0.0031 [1984.82–1986.45] (52.8 %) 1985

150 SacA59131 Bulk sediment 320± 30∗

165.5–166.5 GifA20054/ECHo3261 Vegetal micro-remains 1.2357± 0.0133 [1980.8–1985.76A] (59.9 %) 1982

165.5–166 SacA57089 Bulk sediment post 1950∗

three geomagnetic global models, namely gufm (Jackson et
al., 2000), SHAWQ2k (Campuzano et al., 2019), and BIG-
MUDIh.1 (Arneitz et al., 2021; Fig. 5b5 and b6).

The correlation between the GEM18-03/04B results and
the model is not straightforward. However, 137Cs and
210Pbex results from the top of the core allow us to propose
a more solid chronological framework of the sedimentary se-
quence. The almost continuous decrease in declination along
the core could suggest that the 190–222 cm depths could cor-
respond to circa 1700 CE. However, the amplitude of the de-
crease at approximately 40° is much larger than that in the
models (approximately 15°), and we strongly suspect that
the declination record is biased by a slight progressive ro-
tation feature during coring. Short-inclination oscillations in
the core are not recognized in the model. Neither the incli-
nation minimum at approximately 1840 CE nor the previous
fast and regular decrease from 1630 CE is clearly visible in
GEM18-03/04B. Higher inclination values are in accordance
with the model between 130 and 160 cm.

The period of higher intensity between the middle of the
15th century and the first half of the 17th century CE appears
to be recorded between 170 and 125 cm in GEM18-03/04B.
This feature could provide two chronomarkers to establish
the age model, with 120–130 cm corresponding to 1600–
1650 CE and 167–177 cm to 1430–1460 CE. These two pro-
posed tie points are rather consistent with inclination varia-
tions because higher values of this parameter are observed
in the two ranges of depth and age. The values of correlated
depths and ages should be considered approximate regard-

ing the envelope error in the model and because the predic-
tions of global models are generally less reliable in intensity
than in declination and inclination (e.g. Brown et al., 2021).
Palaeomagnetism measurements based on a single core can-
not provide a solid and high-resolution age model. However,
the correlation with short-lived radionuclide measurements
on GEM18-03 and with the AFA18-02 age model allows
us to propose some reliable links with the Awash River hy-
drosedimentary chronicles which are at decennial resolution.
The palaeomagnetic measurements provide confirmation that
14C ages from GEM18-03/04B are too old and that these sed-
iments do not exceed the last millennium.

4.4 Changes in water surface area at lakes Gemeri and
Afambo (1985–2019)

Since 1984, Landsat satellite image data have indicated that
Lake Afambo experienced several hydrological fluctuations
without a complete drying of the lake. In contrast, Lake
Gemeri partially dried up, starting in 1984, with a total drying
up of the lake between 1990 and 1998 (Fig. 6; see Figs. S18
to S20 for details). Then, between 1999 and 2000, the lake
was completely refilled. Comparisons between hydrological,
geophysical, sedimentological, and geochemical data will be
discussed in the next paragraphs; palaeolimnological and hy-
drological results from satellite image analyses might not
be perfectly linearly correlated due to sedimentary avulsions
and Earth surface processes along the river course and be-
tween the two lakes (Phillips, 2003). Additionally, such an
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offset can be attributed to the combined 210Pb and 137Cs,
counting couplets, and radiocarbon age model errors which
can span from 1 to 7 years.

5 Discussion

5.1 AFA18-02 F1 and F2 significance

5.1.1 F1 interpretation

In the geological context of the Afar depression and Main
Ethiopian Rift (MER), Si, Ti, and Ca (wt %) values of
AFA18-02 and GEM18-03/04B are compared with the same
values of 11 mud samples from the Blue Nile headwater
catchment (Bastian et al., 2019) and with 20 basalt sam-
ples from the Afar and MER regions (Ayalew et al., 2016),
corresponding to the sources of the Awash River catchment
(Fig. 7). The Lake Afar sediments are well ranged in SiO2
(wt %) values and partially included within the TiO2 (wt %)
values of the Ethiopian trap basalts and sediment sources, in-
dicating that the origin of the terrigenous inputs into the lakes
is mainly represented by the solid discharge of the Awash
River catchment. The ∼ 0.1 % offset between the Lake Afar
sediments and the Ethiopian river sediments and basalts can
be attributable to a granulometric sorting effect. Similarly,
the lithogenic signature originating from the erosion of stra-
toid basalt series along the Awash River catchment is con-
firmed by the ferromagnetic mineralogy of GEM18-03/04B
composed of almost pure magnetite (see Sects. 4.3.2 and S4).

Thick layers, high organic matter content, coarser grain
sizes (D90 peaks of 25–30 µm) dominated by terrigenous ele-
ments (Si, Ti, and Fe; Fig. 7a; EM1 PCA; Sect. S3) character-
ize the F1 facies, interpreted as a product of sedimentary load
inputs from the Awash River during the wet season, which is
associated with the increase in monsoonal precipitation be-
tween March and August over the catchment sources located
in the Ethiopian Highlands. The F1 patterns indicate that the
solid load inflow during the wet season corresponds to the
formation of a particle suspended plume into the lake waters.
The lack of erosion features, the disconnection from deltaic
geomorphic dynamics, and the regular mode of sedimenta-
tion (seasonal) indicate that Afambo is a basin characterized
by yearly cyclic hydrosedimentary functioning.

5.1.2 F2 and F3 interpretation

The F2 and F3 facies appear to be enriched in CaO of
∼ 10 wt % and ∼ 24 wt %, respectively, and in Sr of ∼ 800
and ∼ 1500 ppm, respectively, as part of the EM2 of XRF
PCA (Sect. S3). Differences between F2 and F3 are related
to the CaO content. F2 is whitish-brown with a CaO rang-
ing between ∼ 10 wt % and ∼ 15 wt %; F3 is white with a
∼ 24 wt % CaO content. Microscopically, such enrichment is
observable in the precipitation of sparitic and micritic min-
erals, showing an interruption of the microlaminated struc-
ture typical of F1 (Fig. 7b2) and suggesting a sedimentation

mode and carbonate mineral formation disconnected from
the Awash River terrigenous inputs and from suspension/sed-
imentation of fine particles in the lake. Moreover, F2 and
F3 are clearly disconnected from the regional mineralogical
source cortege (Fig. 7a2 and a3), indicating how such miner-
als originate from lacustrine authigenic activity. Under high
evaporation conditions during the dry season, sparitic miner-
als can be produced directly by chemical or biogenic precip-
itation into the lake.

Authigenic minerals precipitate when the evaporation rate
exceeds the water inflow rate into the lake, leading to a switch
from a terrigenous sedimentation pattern to the carbonate
mineral precipitation mode. Considering high evaporation
rates over the Lake Abhe basin (∼ 2000 mm yr−1; Fig. 1e)
which are concentrated during the dry season where there
is low water inflow, the authigenic precipitation of Ca and
Sr can represent the direct results of highly saturated waters
and related evaporative processes (Cohen, 2003; Kylander et
al., 2011; Martín-Puertas et al., 2011). Indeed, Ca and Sr are
related to intra-lake precipitation of CaCO3 with Sr and Ca
substitution. This substitution occurs when the chemical con-
centration of lake waters reaches the point of carbonate sat-
uration, as when lake waters are submitted to a lowering of
lake levels (Cohen, 2003). Accordingly, lake surface analy-
ses show that enriched Ca and Sr layers are concomitant with
a lowering in the Gemeri and Afambo lake levels (Fig. 6a2).
Consequently, F2 and F3 have been interpreted as the occur-
rence of dry seasons along the Awash River catchment over
the last 50 years, and Ca and Sr elemental values can be used
as a marker of drought intensity.

5.2 Hydrosedimentary mechanisms between Gemeri
and Afambo lakes

Despite their proximity, Gemeri and Afambo lakes present
divergent patterns of sedimentation, suggesting interdepen-
dent and complementary hydromechanisms. Located on the
prodeltaic front, Lake Gemeri is the first and main receiver of
the Awash River waters and sediment, which then overflow
into the Afambo basin (Fig. 1). Surprisingly, the 210Pbex ac-
tivities of both lakes indicate a higher average sedimentation
rate in Lake Afambo (∼ 10 cm yr−1) than in Lake Gemeri
(∼ 1.36 cm yr−1).

Lake Gemeri is characterized by a shallow-water column
(average of∼ 3 m depth measured during the coring and seis-
mic reflection imagery acquisition) in which the extension
of the proximal seismic facies into the central part of the
basin is observed. Such evidence suggests how the inputs
of the inflow waters create sediment plumes that have ex-
panded in three dimensions from the tributary mouth towards
the basin floor. Furthermore, the main homogeneous (non-
laminated) structure of the deposits (Fig. 5) suggests the in-
put of continuous turbidity currents (no variability in density)
from the Awash River waters. Such specific depositional pat-
terns (deposit spatial geometry and sedimentary structure)
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Figure 6. Hydrosedimentary variability in lakes Gemeri and Afambo during the last 50 years. (a1) Ti/Ca XRF ratio of GEM18-03 sequence.
(a2) Ti/Ca XRF ratio of AFA18-02 sequence. (a3) AFA18-02 sedimentation rate. (a4) Lake level area changes since 1985 at Afambo and
Gemeri. (b) Map of lake area changes in 1985, 1991, 2000, and 2014 CE. White is for no water, light blue is for 1 month of water (temporary
water), blue is for 12 months of water (permanent water), and grey is for no data.

are attributable to homopycnal-like sedimentation in which
the density of the suspended sediment flow is equal to that of
the lake water (Bates, 1953; Chapron et al., 2007). In the ab-
sence of water stratification, homopycnal conditions imply
the homogeneous mixing of river and lake waters through-
out the whole water column by advection processes (Ash-
ley, 2002; Bates, 1953; Chapron et al., 2007). In terms of de-
positional processes, the occurrence of a homopycnal plume
implies a short residence time of water and solid suspended
loads in lake waters, leading to reduced sedimentation on
the basin floor (Campos et al., 1989) and the development
of contrasting sedimentation patterns between proximal and
distal basins (Chapron et al., 2006, 2007). Accordingly, most
of the solid load transits through Lake Gemeri, producing
a low sedimentation rate and erosive facies observed from
seismic profiles, which have not been recognized in the dis-
tal Lake Afambo basin (Fig. 2c). Furthermore, the shallow-
water patterns of Lake Gemeri (∼ 3 m average water column
depth) can promote the resuspension of the lake bottom sed-

iments after the river floods or during wind-generated wave
action, reducing the sediment accumulation.

At 17 m water depth (coring site), Lake Afambo sediments
show seasonal laminated structures (F1 and F2/F3). Facies
alternation, as well as the microlaminated structure docu-
mented in the F1 layers (Fig. 7b3), indicates the occurrence
of rapid decantation processes shortly after each flood, thus
suggesting slight water column stratification and a difference
between freshwater inputs and lake water density. Particle
sedimentation velocities calculated with Stokes’ law confirm
such observations, providing a mean of∼ 3 d for the particle-
to-sediment ratio in Afambo Lake (Table S11). Such sedi-
mentary patterns combined with the absence of erosive or
turbiditic events suggest a hypopycnal character of the inflow
waters/solid load into Afambo Lake. Hypopycnal plume for-
mation at the tributary mouth of Lake Afambo can be made
possible by the decrease in the current energy flow and by the
loss of density of the waterfront by the trapping of fine sed-
iments into the deltaic marshes occurring between the two
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Figure 7. Geochemical and microscopic analyses and interpretation of F1, F2, and F3 facies. (a1, a2, a3) SiO2 /TiO2, CaO /TiO2, and
CaO /SiO2 plots, respectively, of central Lake Afar sediments (black, orange, and grey dots; this study), Blue Nile catchment river muds
(green dots; Bastian et al., 2019), and Afar and Main Ethiopian Rift basalts (brown dots; Ayalew et al., 2016). (b1) Focus scan of section
125–128 cm depth of AFA18-02 core (XPL). (b2) Microphoto of F3 facies (XPL). (b3) Microphoto of F1 facies (PPL).

lakes (Fig. 1). Accordingly, the < 3.9 µm fraction is repre-
sented by 60 %–80 % in Lake Gemeri and by 20 %–35 % in
Lake Afambo (Figs. S16 and S17). Other factors that could
influence the formation of hypopycnal plumes in Afambo
Lake are the reduced energy flow into the lake waters due to
the endorheic patterns of the basin (no outflow towards Lake
Abhe) and a larger water column depth. Moreover, we can-
not exclude that the larger accommodation space in Afambo
Lake may explain the higher sedimentation rate.

The general hydrosedimentary modes of functioning of the
two basins indicate the following: (a) a first prodeltaic basin
(Gemeri) with lower sedimentation rates, a dominant clayey
texture, erosive processes, and deltaic-dynamics-dependent
soil, which has recorded the general trends (centennial) of
hydrological fluctuations in the Awash catchment over a long
period (∼ 700 years) in our study; (b) a second distal basin
(Afambo) with higher sedimentation rates, clayey texture,
and seasonal F1 and F2/F3 deposits, which records, in high-
resolution (interannual), the hydrological fluctuations in the
Awash River catchment during a short period (∼ 50 years).

5.3 Multicentennial hydrosedimentary trends from Lake
Gemeri sediments

Similar to AFA18-02, PCA on XRF data of the Gemeri
sequence (Fig. S6) shows three main geochemical end-
members: the terrigenous one composed of Ti, Si, Al, K, Zr,
Fe, Mn, and Mg; the evaporitic (Ca and Sr); and the organic
component (S and Br). Diachronic variations in these main
components along the GEM18-03/04 core allow us to define
two kind of periods. “Humid pluriannual periods” are char-
acterized by high terrigenous content such as Ti from the
high water flow activity of the Awash River. Contrastingly,
“drier pluriannual periods” are characterized by the enrich-
ment of Ca and Sr element values interpreted as evapora-
tive processes as a result of higher evaporation and reduced
water inflow into the lakes. Thanks to the composite short-
lived radionuclides and palaeomagnetism age model on the
GEM18-03/04 sequence, we are able to discuss the general
hydrological trends (centennial resolution) for the period be-
tween 1300 and 1964 CE.

Between 1300 and 1650 CE, relatively high and constant
Ti/Ca ratio values were recorded (Fig. 5b1). This indicates
that this period is characterized by high detrital inputs into
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the Lake Abhe basin, likely induced by water inflow pro-
cesses over the Awash River basin. Following a drop in the
Ti proxy between 1650 and 1750 CE, the catchment could
have experienced a gradual increase in water and solid load
flow until 1964 CE, as deduced from the increase in Fe, Ti,
and Si elemental content. The last decade (1964–1968 CE)
is thus characterized by higher solid-load supplies compared
to the following periods. Geomorphologically, during such a
decade, the Awash palaeo-delta was likely characterized by
an anastomosing river network pattern that fed the prodeltaic
lakes and marshes from the southwest to the northeast of the
alluvial plain (Fig. 8a).

5.4 ∼50-year-long seasonal drought and flood
chronicle from Lake Afambo

In the AFA18-02 core, F1 and F2/F3 layers are interpreted
as a result of the sedimentary interannual response of central
Afar Lake basins to the wet and dry seasonal discharge of
the Awash River. Thanks to the multiproxy geochronological
approach, we are able to propose a solid age model covering
the period between 1969 and 2019 CE.

The aim of this section is to provide a chronicle of wet-
and dry-season magnitude for the last ∼ 50 years across the
Awash River basin through (a) the estimation of the wet sea-
son inflow intensity recognized in F1 layers and (b) the es-
timation of drought/evaporitic process intensities recognized
in dry season F2/F3 layers (see Sect. 5.1 for the facies inter-
pretation).

With the aim of reconstructing the intensity of the Awash
River wet season intensities, we selected two proxies, namely
the grain size and the thickness of the F1 layers. Thanks
to well-established published data, we are able to propose
an interpretation of the river energy discharge based on the
grain size data (e.g. Campbell, 1998; Lapointe et al., 2012;
Parris et al., 2010; Sabatier et al., 2022, 2017; Wilhelm et
al., 2015). Indeed, the coarse grain size fraction (D90) has
been successfully used to track hydrologic conditions, partic-
ularly the transport capacity and the stream velocity during
flood events, such as the intensity of past floods (Gilli et al.,
2013; Molinaroli et al., 2009; Parris et al., 2010). Similarly,
previous studies interpret the thickness of flood deposits in
lakes as the total volume of solid material transported and
deposited during flood events (Jenny et al., 2014; Schiefer et
al., 2011; Wilhelm et al., 2012, 2015). Chronologically cor-
responding to the duration of the monsoonal rainy season,
and in absence of turbiditic layers or singular event deposi-
tion sedimentary patterns (e.g. flash floods), the F1 layers are
not considered a result of a unique flood event but as the sum
of flood events that occurred during the wet season. Conse-
quently, we can consider the F1 layer thickness and D90 as
proxies for the Awash discharge intensity in terms of flow
energy and the volume of solid load that occurred during
the wet monsoonal period between March and August. In
our case, the striking similitudes between D90 peaks and the

thickness of F1 layers (Fig. 9b, c) confirms the combination
of proxies for tracking flood season intensities.

To reconstruct the intensity of the dry season, we use Sr
and Ca elements and the Ti/Sr elemental ratio (Fig. 9) as a
marker of evaporative processes resulting from reduced wa-
ter flow inputs and the contraction of the lake surface, as ex-
plained in detail in Sect. 5.1.2. The relationship between en-
hanced carbonate precipitation and drought intensity in Lake
Afambo is evident in the F3 layer at 126 cm, corresponding to
the 1997 CE dry season, in which the highest Ca and Sr val-
ues recorded in the core correspond to the lowest lake level
ever observed and the strongest impact of ENSO that has ever
been historically recorded over East Africa (Fig. 9; Palmer et
al., 2023).

The comparison between Ti/Sr, F1 thickness and D90
proxies (Fig. 9a–c) shows a strong relationship between
physicochemical authigenic processes (carbonate precipita-
tion and Sr enrichment linked to evaporative trends in the dry
season) and the Awash River solid load inputs into the lake
(linked to the increase or the reduction in water flow at the
yearly scale). Consequently, we are able to discuss the vari-
ability in wet seasons and drought intensities in the central
Afar region over the last ∼ 50 years.

Between 1969 and 1979, a gradual increase in both F1
thickness and D90 indicates a decennial intensification of
wet-season solid/liquid Awash River discharge, with 2 years
of demarcated wet-season floods in 1976 and 1978. A de-
crease in Ti/Sr indicate an enhanced dry season in 1969,
1978, and 1979. Between 1980 and 1990, a general and con-
stant trend of high river discharge was recorded with en-
hanced floods in the 1981, 1982, 1988, and 1989 wet seasons.
A pronounced drought was recorded in 1983/1984.

From 1991 to 1997, the occurrence of an abrupt lowering
thickness of F1 and low and constant D90 indicate reduced
river load inputs compared to the previous and following pe-
riods, suggesting a reduced river discharge intensity during
the wet season. Such weak river discharge is in accordance
with the lowest water level recorded for Lake Afambo, the
drying of Gemeri Lake (Fig. 6a4), and high evaporative pro-
cesses of lake waters (Sr peaks), especially between 1991 and
1997, highlighting the occurrence of the most severe drought
period that has been recorded over the last ∼ 50 years in the
central Afar region. During this period, Lake Gemeri dried
up, evident in satellite image analyses and in the GEM18-
03/04B lithology characterized by the development of a con-
comitant pedogenic horizon. During this time, Lake Gemeri
was occupied by vegetation and incipient soil formation.

Between 1998 and 2010, constant Ti/Sr and an increase in
the F1 thickness proxies indicate a gradual increase in river
terrigenous inputs in relation to weak dry-season drought in-
tensities, except for 2 years of dry-season droughts recorded
in 2009 and 2010. The high variable D90 suggests the al-
ternation between yearly high- and low-energy inflow, high-
lighting a year-by-year hydrological instability of the Awash
River catchment for this period.
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Figure 8. Schematic interpretative model of hydrosedimentary patterns of the Awash River delta (including lakes Gemeri and Afambo)
during enhanced wet periods (a) and drought events (b).

Figure 9. 50 years of Awash seasonal flood/drought magnitudes and their connection with ENSO events recorded in the AFA18-02 sequence.
(a) Log(Ti/Sr) XRF ratio. (b) F1 thickness. (c) D90. (d) Water flow rate at Tendaho (mm; GR2M). (e) SST anomalies (NOAA; El Niño 3.4)
with indicated annual F2 laminae (dry season; yellow lines), enhanced dry interannual events (red lines), and enhanced wet season/river flood
periods (blue lines).
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Since the 2010 wet season, the AFA18-02 sequence has
recorded a disproportionate increase in sedimentation rates
(Fig. 6a3) and in yearly solid load volume inputs (F1 thick-
ness Fig. 9b), in concomitance with a reduced river energy
discharge (low and constant D90) and an average lake wa-
ter surface decrease of ∼ 100 km2 compared to the previ-
ous decade. Such a hydrosedimentary anomaly could be at-
tributable to a strong anthropogenic impact such as that in-
duced by the construction of the Tendaho Dam and the re-
lated Tendaho reservoir (Dereje et al., 2018; Yemane, 2008).
Indeed, between 2010 and 2014, the dam project included
the reorganization of the hydrographic network of the lower
Awash plain with the massive development of irrigation
channels, sugarcane cultivation, and a sugar factory (corre-
sponding to the alluvial plain area in Fig. 1b). The increase
in solid load discharge could thus be linked to the dispro-
portionate intensification of local soil erosion induced by ar-
tificial channel digging and agricultural exploitation of the
lower Awash plain. Accordingly, the reduced river flow en-
ergy and lake surfaces are related to the water retention of the
artificial Tendaho reservoir at the mouth of the lower Awash
plain. For this period, our geochemical and sedimentological
data are not discussed in terms of regional climate-induced
drought and flood intensities because they are partially dis-
connected from the regional hydrological dynamics of the
Awash River catchment.

5.5 Awash River wet/drought seasonality and their
comparison with ENSO impacts in the Horn of Africa

The comparison between our wet-/dry-season intensity re-
construction, the flow rate modelling of the Awash River at
Tendaho Lake, and the sea surface temperature (SST) anoma-
lies of the NOAA El Niño model allow us to discuss the high-
resolution seasonal hydroclimate variability in the Awash
River catchment in relation to El Niño atmospheric anoma-
lies (Fig. 9).

We have observed a generally stronger drought in our
record during El Niño years, which are known to be asso-
ciated with low discharge, while La Niña years correspond
with relatively high discharge (Abtew et al., 2009; Ama-
rasekera et al., 1997; Camberlin et al., 2001; De Putter et
al., 1998; Eltahir, 1996; Wang and Eltahir, 1999; Zaroug et
al., 2014; Fig. 9). We have also observed that the occurrence
of extreme wet season conditions at the onset of La Niña pe-
riods seems proportional to the gradient amplitude between
positive and negative ENSO SST anomalies, as is evident in
1998 (Fig. 9). Accordingly, the D90 variability in the AFA18-
02 core indicates the occurrence of high hydrological ac-
tivity during 1975, 1978, 1981/1982, and 1988/1989, fol-
lowing El-Niño-induced droughts documented in 1975/1976,
1978/1979, 1982, and 1987/1988 in Ethiopia (Mera, 2018).
Overall, along the Afambo sequence, all major El-Niño-
induced droughts are systematically well recorded by our
proxy for drought intensity (red lines in Fig. 9; Mera, 2018).

High evaporation processes and low fluvial solid load in-
puts recorded in the AFA18-02 sequence suggest that along
the lower Awash Valley, the period between 1991 and 1997
experienced the most extreme and continuous drought in the
region of the last∼ 50 years (Fig. 9). In the Lake Abhe basin,
such an event caused the complete drying of Lake Gemeri
and a substantial lowering of Lake Afambo (Fig. 6b), sug-
gesting loss of water capacity of the lower Awash plain agri-
cultural fields. In East Africa, the 1997/1998 El Niño tended
to have significant socioeconomic and health impacts on pop-
ulations, even if it was not as extreme or as widespread as
that of 1984 (Palmer et al., 2023). In contrast, the sedimen-
tary record of the Afar lakes revealed that the 1997 drought
was more intense than the 1984 drought. Such a discrepancy
can be attributable to strong regional variability, with partic-
ularly arid areas such as the Afar region being more impacted
by drought than other East African regions. Accordingly, the
United Nations Emergencies Unit for Ethiopia reports high-
light how the 1997 drought was particularly virulent in the
Somali regional state and the Afar, both located in the south-
east of the Horn of Africa (Borton, 1997). As a result of low
rains in 1996 and 1997, more than 275 000 people in the Afar
regional state were reported to be affected by drought.

At the scale of the Horn of Africa, the year 1997 is consid-
ered to have had socioeconomic impacts principally related
to the La Niña flooding events. From October to December
1997, exceptionally heavy rains seriously affected food pro-
duction throughout eastern Africa (CARE, 1998; Nicholson,
2017). Accordingly, immediately after the extreme extended
drought between 1991 and 1997, we observe a dispropor-
tionate increase in Awash River solid load inputs that were
concomitant with La Niña (Fig. 9).

From April 2016 to December 2017, the southeastern re-
gions of the Horn of Africa experienced the strongest drought
of the last ∼ 40 years, which has been linked to the El Niño
2015 event (MacLeod and Caminade, 2019; Mera, 2018).
Even if modulated by the Tendaho Dam, we observe 3 con-
secutive years of reduced sedimentation rates and unexpected
evaporation processes from the Afambo sequence, indicating
that the lower Awash Valley had been impacted by anoma-
lously weak rainy seasons in 2015 and 2016. In the nearby
Somali region, such events triggered acute food shortages
and malnutrition exacerbated by a shortage of potable wa-
ter that led to disease outbreaks, which affected more than
6 million people (FSNAU, 2022; WBG, 2018).

The AFA18-02 sequence has been shown to be an excep-
tional record of anomalous hydrological events in the region,
but quantitative data for regional to local climate change
impacts are still lacking. Indeed, our record provides high-
resolution wet-season and drought magnitude records, high-
lighting some similarities and divergences compared to his-
torical and instrumental records which are necessary for the
improvement of eastern African climate prediction models.
Such a discrepancy can be attributed to the lack of compre-
hensive instrumental data for the lower Awash River catch-
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ment area. Specifically, the flow rates in Tendaho have been
modelled using discontinuous and low-resolution datasets.
The simulated streamflows at Tendaho are subject to un-
certainties arising from several factors, namely the rainfall–
runoff model itself, the calibration of its parameters based
on limited observed streamflow data (available only for the
period 1990–2014), and the uncertainties in the meteorolog-
ical inputs (sourced from the NOAA 20CR global reanaly-
sis). These data merit integration into models to test differ-
ent external forcings and large-scale climate teleconnections
and feedbacks (vegetation, dust concentration, Indian Ocean
Dipole, South Atlantic SST, and relationship between ENSO
and summer monsoon variability), which have affected in-
terannual to multicentennial hydrological variability in East
Africa.

6 Conclusions

In this study, we have demonstrated that the hydrosedimen-
tary patterns of central Afar lakes (Ethiopia) are highly sen-
sitive to changes in yearly precipitation over the Awash
River catchment. Using a solid-age model, sedimentologi-
cal and geochemical proxies and microscopic observation
on two lacustrine cores cross-referenced with a lake surface
reconstruction model from satellite images and seismic im-
agery, we provide a high-resolution seasonal record of Awash
River wet seasons/droughts covering the last ∼ 50 years. At-
mospheric anomalies linked to ENSO SST variability are
the main factors determining hydrological instability over
the central Afar basin during the last 50 years in terms of
flood hazards and drought periods. Between 1969 and 1989,
our record shows increased wet-season flood activity of the
Awash River linked to La Niña, with a moderate impact
of the 1984 El Niño on evaporative conditions in the Lake
Abhe basin. Between 1991 and 1997, we highlight the oc-
currence of the strongest prolonged drought ever recorded in
the central Afar lake region and demonstrate similarities and
divergences between our data and instrumental and histori-
cal drought records. This study provides new, unpublished
data on the impact of ENSO in the region and confirms the
utility of this unique quantitative record for the improvement
of future regional climate predictions. From a local perspec-
tive, we provide robust evidence to demonstrate how the con-
struction of the Tendaho Dam along the Awash River, asso-
ciated with extensive agricultural management, strongly af-
fected the hydrosedimentary balance of the lower Awash Val-
ley from 2010, likely resulting in a disproportionate increase
in local soil erodibility along the alluvial plain.

The reactivity of local to regional hydrology and soil to
global changes remains understated in East African climatic
models. This paper demonstrates the importance of studies
on regional hydrosystem feedbacks to global atmospheric
anomalies to better understand and mitigate the sometimes
catastrophic effects of global warming in extreme environ-

ments such as the Afar, especially in the context of current
climate-induced food insecurity in East Africa (2022–2023
season) and dire predictions for what is ahead.
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