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ABSTRACT

The African Humid Period (AHP) between ~15 and 5.5 cal. kyr BP caused major environmental change
in East Africa, including filling of the Suguta Valley in the northern Kenya Rift with an extensive
(~2150 km?), deep (~300 m) lake. Interfingering fluvio-lacustrine deposits of the Baragoi paleo-delta
provide insights into the lake-level history and how erosion rates changed during this time, as revealed
by delta-volume estimates and the concentration of cosmogenic '°Be in fluvial sand. Erosion rates derived
from delta-volume estimates range from 0.019 to 0.03 mmyr—'. 1°Be-derived paleo-erosion rates at
~11.8 cal. kyr BP ranged from 0.035 to 0.086 mmyr~!, and were 2.7 to 6.6 times faster than at present.
In contrast, at ~8.7 cal. kyr BP, erosion rates were only 1.8 times faster than at present. Because '°Be-
derived erosion rates integrate over several millennia, we modeled the erosion-rate history that best
explains the '°Be data using established non-linear equations that describe in situ cosmogenic isotope
production and decay. Two models with different temporal constraints (15-6.7 and 12-6.7 kyr) suggest
erosion rates that were ~25 to ~300 times higher than the initial erosion rate (pre-delta formation). That
pulse of high erosion rates was short (~4 kyr or less) and must have been followed by a rapid decrease
in rates while climate remained humid to reach the modern 1°Be-based erosion rate of ~0.013 mmyr—'.
Our simulations also flag the two highest '°Be-derived erosion rates at ~11.8 kyr BP related to non-
uniform catchment erosion. These changes in erosion rates and processes during the AHP may reflect
a strong increase in precipitation, runoff, and erosivity at the arid-to-humid transition either at ~15 or
~12 cal. kyr BP, before the landscape stabilized again, possibly due to increased soil production and
denser vegetation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

present-day climate variability and future climate change (e.g.,
deMenocal et al., 2000; Shanahan et al., 2015). In this context, the

Climate change in the tropics and subtropics associated with
rapid changes in erosion, soil thickness, and vegetation cover is
the focus of many recent research efforts to better understand
the impact of environmental change on landscapes (e.g., Pelletier
et al.,, 2015; Schildgen et al., 2016). Paleo-environmental changes
recorded by proxy indicators in marine and terrestrial sediments
may serve as powerful proxies of landscape response to both

* Corresponding author at: Institut fiir Erd- und Umweltwissenschaften, Univer-
sitit Potsdam, Karl-Liebknecht-Str. 24, Haus 27, 14476 Potsdam-Golm, Germany.
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E-mail address: yannickgarcin@yahoo.fr (Y. Garcin).
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sedimentary basins of the tropical East African Rift System may
furnish valuable information on how future shifts in rainfall and
vegetation will impact the environment (e.g., Wolff et al., 2011;
Ivory et al., 2014).

In East Africa, environmental conditions during the African Hu-
mid Period (AHP) were dramatically different between ~15 and
5.5 cal. kyr BP: (1) pollen spectra and carbon and hydrogen iso-
topes measured in plant leaf-waxes document shifts in the dom-
inance of forests/woodlands versus grasslands following shifts in
rainfall (Kendall, 1969; Tierney et al., 2010); (2) lacustrine sed-
iments record oscillating lakes with co-varying changes in wa-
ter chemistry and biota, reflecting alternating wetter and drier
periods (Richardson and Dussinger, 1986; Bergner et al., 2009;
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Fig. 1. (A) Overview of the Suguta Valley including the Baragoi drainage area. Digital elevation model based on the Shuttle Radar Topography Mission (SRTM) 90 m resolution
data. Also shown is a contour at ~567 m indicating the maximum extent of the paleo-Lake Suguta (MHS, white line; after Garcin et al., 2009), quartz-bearing areas within the
Baragoi Basin, which represent 42% of the total catchment area (transparent layer; after BEICIP, 1987), and areas prone to gullying derived from the analysis of high-resolution
satellite images. Inset depicts structural setting of the East African Rift System. (B) Geological and structural map of the Baragoi paleo-delta area (after Dunkley et al., 1993;
this study) with locations of '°Be samples and dGPS tracks. Contours are at 50-m intervals. (For interpretation of the colors in this figure, the reader is referred to the web

version of this article.)

Morrissey and Scholz, 2014). To date, there is only limited knowl-
edge about past erosion in East Africa with respect to the pro-
cesses, rates, and fluctuations in rainfall.

In areas that are sensitive to climate change, it has been sug-
gested that increased rainfall and runoff may result in accelerated
erosion rates (Summerfield and Hulton, 1994; Heimsath et al,
2010). However, the relationship between erosion rate and rainfall
is not always straightforward. This is partly due to evapotranspira-
tion, soil production, and vegetation cover, which may counteract
expected increases in runoff and/or decrease the surface erodi-
bility (e.g., Istanbulluoglu and Bras, 2005; Vanacker et al., 2007;
Molina et al., 2008; Torres Acosta et al., 2015), as well as changes
in storminess, which may affect the efficiency of fluvial (Lague
et al., 2005) and hillslope (Enzel et al., 2012; Antinao and McDon-
ald, 2013) erosion.

Here, we investigate sediments, their volume, and their 1°Be
concentrations to reconstruct climate shifts and resulting changes
in erosion associated with the AHP in the Suguta Valley of the
northern Kenya Rift. We estimate the paleo catchment-mean ero-
sion rate from the reconstruction of the original sediment vol-
ume in the Baragoi paleo-delta at the southeastern margin of the
valley and compare it with estimates of present-day and paleo
catchment-mean erosion rates based on cosmogenic °Be concen-
trations in river sands and in late Pleistocene to Holocene deltaic
sediments sampled at the mouth of the Baragoi River (Fig. 1).
We evaluate both erosion-rate estimates in the context of our re-
vised interpretation of the lake-level history for paleo-Lake Suguta
to show how millennial-scale climate variability may impact ero-
sional processes.

2. Geology and climate of the northern Kenya Rift

Cenozoic normal faulting and rift-shoulder uplift in the Kenya
Rift have created pronounced relief contrasts between the flanks
and basins along the volcano-tectonic axis of the rift. The sed-
imentary fills record the erosional history of the rift shoulders
and integrate the complex relationships between tectonics and
changing climatic and depositional characteristics (Dunkley et al.,
1993).

The endorheic Suguta Valley is bordered by a major normal
fault on the west and an antithetically faulted monocline on the
east, involving multiple escarpments cut into Miocene to Quater-
nary volcanic and sedimentary sequences (Baker, 1963; Dunkley
et al., 1993). To the north and south, the Suguta Basin is bounded
by the Quaternary Barrier eruptive center and Emuroangogolak
volcano, respectively (Fig. 1A). The eastern flanks of the Suguta
Valley mainly comprise phonolitic and basaltic volcanic flows in-
tercalated with trachytes, pyroclastics, and sediments (Dunkley
et al, 1993). These units cover a late Proterozoic gneissic base-
ment exposed on the rift shoulder of the upper Baragoi catchment
to the east (~1700 m asl). Quartz-bearing units cover 877 km? of
the total 2103 km? Baragoi catchment area.

In Kenya, moisture transport and precipitation associated with
the Intertropical Convergence Zone and the Congo Air Boundary
are modulated by the East African Plateau, the rift shoulders, and
high evapotranspiration (Nicholson, 1996; Bergner et al., 2009).
The Suguta Valley is one of the driest regions of Kenya, with 300 to
500 mmyr~! precipitation, ephemeral runoff (Ojany and Ogenoo,
1973), and sparse vegetation. Under the present-day conditions,
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only the northernmost part of the Suguta Valley remains covered
by shallow Lake Logipi at ~275 m elevation, the base level for the
ephemeral Baragoi River.

During the AHP, paleo-Lake Suguta rose more than 300 m and
overflowed into Lake Turkana (Truckle, 1976; Dunkley et al., 1993;
Garcin et al., 2009; Junginger et al., 2014). The late Pleistocene-
early Holocene lake-level changes in the Suguta Valley triggered
the accumulation of voluminous delta deposits (Figs. 1 and 2). At
the end of the AHP, numerous regressive shorelines began record-
ing the shrinking of paleo-Lake Suguta and the return to present-
day conditions.

The Baragoi River enters the Suguta Valley through deeply in-
cised volcanics and fluvio-lacustrine sediments of the late Pleisto-
cene-Holocene Baragoi paleo-delta (Figs. 1 and 2). The incision has
carved a set of gravel-covered terraces into the sediments. The
base of the delta deposits, which coincides with the present-day
Baragoi main stem, is composed of coarse sand and conglomeratic
gravel, intercalated with lacustrine deposits (Garcin et al., 2009;
Junginger et al., 2014).

3. Methods
3.1. Field mapping

We mapped geological units and faults in the area where the
Baragoi enters the Suguta Valley (Fig. 1B) and carried out topo-
graphic surveys using a dGPS (Leica GPS 1200) following the ap-
proach used in Garcin et al. (2009) and Melnick et al. (2012). We
focused on sections located north and south of the river, where
deltaic and lacustrine strata are well exposed (Figs. 2 and 3).

3.2. 14C chronology and lake-reservoir age

These strata were dated using seven accelerator mass spectrom-
etry (AMS) 'C dates obtained from charcoal (n = 3) and fossil car-
bonate shells of freshwater organisms (n = 4), together with seven
AMS 14C ages mostly based on charcoal dated by Junginger et al.
(2014) (cf. section BG08) and one AMS '4C age on freshwater mol-
lusk shells collected from the local maximum highstand shoreline
of Lake Suguta (Garcin et al., 2009). #C-analyses were carried out
at the Kiel University and Poznan Radiocarbon laboratories. Dates
were calibrated with the Oxcal 4.2 program (Bronk Ramsey, 2001)
and IntCal13 curve (Reimer et al., 2013), and reported in cal. yr BP
and in cal. kyr BP (calendar year and kilo year before Year 1950,
respectively). Using four paired charcoal/carbonate shells collected
in various lacustrine sedimentary sections across the Suguta Valley,
Junginger et al. (2014) demonstrated that a lake-reservoir age af-
fects the radiocarbon age of biogenic carbonates. They used a mean
reservoir age of 1900 yr to correct all carbonate-sample ages. We
note that the pooled value of the four reservoir ages is of 1930 yr.
The associated errors are large (275 yr at the 1-o level), suggesting
that the lake-reservoir age was not constant through time. Here,
we used the four reservoir ages and interpolated them with the
nearest neighbor algorithm to correct all carbonate-sample ages
prior to calibration.

3.3. Baragoi paleo-delta volume estimates

To derive one estimate of paleo-erosion rates, we reconstructed
the volume of the dated deltaic deposits (Fig. 4). First, we created
a 15-m DEM from ASTER imagery and dGPS ground control points
using the DEM extraction module in the ENVI software (Fig. 4A).
Then, we created a topographic model of the unconformity surface
at the base of the paleo-delta fill by interpolating the elevation of
bedrock outcrops obtained from the intersection of the DEM and
pre-Quaternary bedrock from the detailed geologic map (Fig. 4B).

Fortunately, the Baragoi River exposes Miocene bedrock on most
of its bed east of sampling site BA-4 (Fig. 1B), allowing for good
control of the maximum thickness of the delta deposits in the east-
ern sector. As the gorge opens towards the west, sediments cover
the bedrock. There, its depth is unconstrained, and has been in-
ferred by extrapolating the Baragoi longitudinal profile. Next, we
reconstructed the depositional surface of the paleo-delta before the
onset of river incision by linear interpolation of the uppermost
sediments exposed on the top surface (Fig. 4C). The volume of
deltaic sediments was estimated by subtracting the bedrock from
the topmost envelope surface (Fig. 4D). To estimate a catchment-
mean erosion rate, we assumed sediment and bedrock densities of
2.2 and 2.8 gcm—3, respectively, and used the entire area of the
catchment as a source of sediment, with bracketing ages from the
radiocarbon chronology of the delta sediments.

3.4. 9Be analysis

3.4.1. Sample collection and laboratory analysis

We determined catchment-mean modern and paleo-erosion
rates by measuring the concentration of in situ-produced cosmo-
genic 19Be in detrital quartz sand (e.g., Bierman and Steig, 1996;
Granger et al., 1996). Because '°Be accumulates within the up-
per few meters of the Earth’s surface at a known rate, the con-
centration of '°Be can be related to a catchment-mean erosion
rate assuming that the catchment was eroding uniformly. Although
10Be concentrations reflect denudation, we use the term erosion
throughout to avoid switching between the two terms when refer-
ring to different approaches of determining paleo-erosion rates.

To determine '°Be-derived paleo-erosion rates for the Baragoi
paleo-delta, we investigated an approximately 110-m-thick sec-
tion of fluvial sands and conglomerates intercalated with lacustrine
strata on the south side of the Baragoi. Samples BA-1 and BA-2
were collected ~5 m above the base of the section, which is lo-
cated beneath ~100 m of overlying deltaic deposits. The sampling
site was recently exposed by a slump after the rainy season in
2013 (Figs. 2B and 3). The ages of these samples are constrained by
14C_dated charcoal collected ~40 cm above the sands. Both sam-
pled strata were conformable. In addition, we sampled charcoal
and freshwater mollusk shells (Melanoides tuberculata) in the over-
lying lacustrine strata (Table 1) to further assess the relationships
between changing lake levels and delta deposition.

A second section north of the Baragoi River (Figs. 1B and 2)
with a quartzitic sand lens within lacustrine strata was selected for
10Be analysis (sample BA-3). The strata from this site are well cor-
related with a nearby stratigraphic column (cf. BGO8) of Junginger
et al. (2014). This section is located ~800 m to the southeast and
is chronologically well constrained by '#C-dating of charcoal. Sam-
ple BA-3 was collected ~5 m beneath the overlying fluvial con-
glomerates, but due to subsequent incision, the horizon now lies
50 cm beneath a degradational terrace surface. The age of this
sample was estimated by pooling two 14C ages of charcoal and
freshwater-mollusk shells collected in the correlative strata of the
two other sections (Fig. 2B).

In addition, we collected fluvial sands at the outlet of the
Baragoi catchment (Figs. 1B and 2C) to determine the modern
catchment-mean erosion rate (sample BA-4).

Sample preparation for 1°Be analysis was performed at the GFZ
Potsdam and followed standard procedures (Kohl and Nishiizumi,
1992). 19Be was extracted from quartz using standard methods
(von Blanckenburg et al., 2004). 1°Be/°Be ratios were measured
in BeO targets prepared by evaporating and oxidizing Be together
with AgNOs. Approximately 200 ug of ?Be carrier were added to
each sample and to blank measurements. AMS analyses were per-
formed at ETH Zurich, at CAMS Lawrence Livermore National Lab-
oratory, and at the University of Cologne. We relied on the original
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Fig. 2. Views of Baragoi paleo-delta. (A) Outcrops north of Baragoi River. Panorama (top) and interpretation of depositional environment (bottom). Faults are also shown.
(B) Stratigraphic columns with interpretation of sedimentary environments and correlations along and across the Baragoi River mouth. Also shown are '°Be samples and
radiocarbon ages derived from freshwater mollusk shells and charcoal. Radiocarbon ages on stratigraphic column on far right are from Junginger et al. (2014); cf. section
BGO8. Highest radiocarbon age from stratigraphic column on far left is from Garcin et al. (2009). (C) As (A), but for outcrops south of the Baragoi. (D) Synthetic diagram of
the Baragoi paleo-delta showing locations of outcrops. Depositional sketches in (A) and (C) are color-coded to the geologic map in Fig. 1B; stratigraphic columns (B) have
their own, independent legend. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ICN standard (07KNSTD, 07KNSTD3110, and BEST433) as reference 1.387£0.012 Myr (Korschinek et al., 2010). Procedure blanks were
and used a value of 5.0-10~7 yr~! for the decay constant for '°Be ~ determined to contain a '°Be/?Be ratio of 4 + 0.4 - 10~'3, which
(Chmeleff et al., 2010), which is equivalent to the '°Be half-life of represented <10% of the AMS ratio in the samples.
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The catchment mean °Be production rate was determined for
the quartz-bearing areas of the Baragoi catchment (Fig. 1A), based
on the SRTM 3 arc-second elevation data and including changes
in altitude, latitude, spallation, muon production and topographic
shielding. Modern and paleo-erosion rates were calculated follow-
ing Balco et al. (2008) and using the Cronus calculator (V2.2;
http://hess.ess.washington.edu/).

To calculate paleo-erosion rates from the concentration of '°Be
in the sandy facies of the deltaic strata, we must consider how

post-depositional production and decay of cosmogenic '°Be has
altered the initial °Be concentration at the time of deposition
(e.g., Schaller et al, 2002). Due to the young age of the sam-
pled deposits (<12 cal. kyr BP), decay of '°Be, which has a
half-life of ~1.4 Myr (Korschinek et al, 2010), is insignificant.
In terms of post-depositional production, rapid sediment deposi-
tion at the sites (~25 mmyr~! based on the dated stratigraphy)
coupled with shielding from the lake water minimizes significant
nuclide accumulation during burial. Subsequent incision into the
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Table 1
Radiocarbon ages from the Baragoi paleo-delta.

Sample ID  Material®  Sample elevation  Lat. Lon. AMS '4C age Reservoir age AMS 'C age Median Cal. age range
(masl) (°N) (°E) (yr BP) +£1-0 (*C yr) £1-0" reservoir-corrected cal. age (yr BP; 99.7%)°
(yr BP) +1-0 (yr BP)"
KIA36867 Lca 540.1 1.616891 34.469965 9210 £+ 50 1970+ 70 7240 + 85 8070 7830/8350
KIA36868 Lca 5321 1.616917 36.470042 10,295 £ 55 2240 £ 65 8055 £+ 85 8930 8590/9400
KIA36869 L.ca 501.2 1.617596 36.470158 11,200 £ 60 1570 £+ 80 9630 £+ 100 10960 10,565/11,310
KIA36870 Lca 489.7 1.618040 36.470141 11,450 + 60 1570+ 80 9880 + 100 11345 10,790/11,995
KIA42911 L.ch 455.1 1.621550 36.467200 9910 £+ 40 11300 11,205/11,610
Poz-58072 Fch 449.6 1.621704 36.467573 10,040 + 40 11540 11,270/11,960
Poz-58073 Fch 449.4 1.621704 36.467573 10,110 +50 11725 11,330/12,055

2 L.ca = carbonate from lacustrine nearshore/offshore deposits; L.ch = charcoal from lacustrine nearshore/offshore deposits; F.ch = charcoal from fluvial deposits.
b Time-dependent radiocarbon reservoir age (see Fig. 5C) derived from paired charcoal/carbonate mollusk shell from the Suguta Valley (raw data: Junginger et al., 2014)

and used to correct carbonate ages.

¢ Calibrated radiocarbon ages given before 1950; '4C calibration method: program OxCal 4.2 (Bronk Ramsey, 2001) with the IntCal13 curve (Reimer et al., 2013).

strata has also likely resulted in minimal post-depositional produc-
tion. For samples BA-1 and BA-2, very recent exposure following
a slump minimizes the possibility of post-depositional 1°Be accu-
mulation. For sample BA-3, post-depositional accumulation is ex-
pected to be only on the order of 10% the surface production rate
(~3.6 atomsg~'yr~!) due to shielding from the material above
the sample site. Although a precise exposure age of the terrace
gravels overlying this sample is needed to properly calculate 19Be
accumulation since incision, the total amount is likely to be very
low. We thus proceed with paleo-erosion rate calculations assum-
ing no post-depositional accumulation. If this assumption were
incorrect, our reported paleo-erosion rates would still represent
minimum rates.

3.4.2. Modeling '°Be data

10Be s produced within the upper few meters of the Earth’s
surface through the interaction of secondary cosmic rays with
target minerals (Lal, 1991). The concentration of 1°Be in detrital
quartz can in turn be used to determine catchment mean-erosion
rates if the catchment is being eroded uniformly and steadily, with
higher concentrations corresponding to slower rates (e.g., Bierman
and Steig, 1996; Granger et al., 1996). These erosion rates average
over a timescale that is approximately equal to the time to ex-
hume a thickness of rock equal to the absorption mean path length
of the secondary cosmic rays, which is typically 60 to 100 cm in
bedrock (Granger et al., 1996; von Blanckenburg, 2005). As such,
the rates average over a shorter timescale in rapidly eroding ar-
eas compared to slowly eroding areas. This averaging timescale
is important to consider when interpreting how well cosmogenic-
derived erosion rates may reflect changes in erosion rates through
time, particularly if a change in erosion rates occurred in the re-
cent past.

We modeled how erosion rates derived from °Be surface con-
centrations change as a function of imposed changes in erosion
rates to better understand how our °Be data relate to a real
erosion-rate history. A Matlab® code for plotting the simulations
of the models presented in this study is available at the github
repository (https://github.com/ygarcin/EPSL_2017). We initialized
our model by assuming that the landscape has experienced a uni-
form, steady erosion rate for long enough that the concentration of
10Be with depth below the surface is unchanging (Lal, 1991),

—uz
N =20 (1)
WE + A
where N is the concentration of nuclides (atomsg~!) at depth
z (cm), P(0) is the production rate of nuclides at the surface
(gatoms~—!yr~1), u is equal to the quotient of the density of de-
nuding material (o, gcm~3) divided by the absorption mean path
(A, gem™2), € is the erosion rate (cmyr—'), and A is the nu-
clide decay constant (yr—!). In subsequent time steps, the model

tracks the change in nuclide concentrations as material is advected
upwards due to erosion. The concentrations evolve over time ac-
cording to the relationship described by Lal (1991):

dN(2)
dt

We calculated concentrations in depth increments of 2 mm, with
time steps equal to the time required to remove 2 mm of ma-
terial from the surface. Because we explored a range of erosion
rates between 0.005 and 1.6 mmyr~!, our time steps ranged from
400 to 1.25 yr. The initial depth to which we calculate concentra-
tions is based on the total depth of material exhumed through the
model simulation. We assumed a density of 2.7 gcm—> of denud-
ing bedrock and an attenuation length of 160 gcm~2 for neutron
spallation. We did not include muogenic '°Be production in our
model; including it would lead to a change in our calculated ero-
sion rates of a few percent, but this is well within the typical
~10 to 20% uncertainty in erosion rates calculated from °Be con-
centrations. Following an imposed erosion-rate history, the model
calculates the predicted '9Be-derived erosion rates through time
based on changes in the surface concentration of °Be, which is
determined by solving for € at z=10 in eq. (1):

. P(0) — N@O)A
NO)u
where N(0) is the nuclide concentration at the surface.

= —N(2)A + P(0)e H* (2)

3)

4. Results
4.1. Stratigraphy and chronology of the Baragoi paleo-delta

The incised vestiges of the Baragoi paleo-delta, which was at
least 10 km long and 7 km wide (Figs. 1B and 4), are found north
and south of where the Baragoi enters the Suguta Valley. Cemented
conglomerates at the top armor the underlying lacustrine silts and
help preserve them.

The oldest sediments of the paleo-delta are coarse conglom-
erates that were deposited atop a bedrock unconformity sculpted
into Mio-Pliocene rocks (Figs. 2B and 3). The conglomerates are
five meters thick and comprise well-rounded clasts with a sandy
matrix. These strata are superseded by cross-bedded coarse sands
with cobbles, medium, parallel-stratified sands, organic-rich silty
clays containing charcoal fragments, and finally cross-bedded
coarse sands and fine to medium conglomerates. We interpret
this fining-upward section to have been associated with fluvial
processes during a rising base level, and ensuing filling of flu-
vial channels in the lowest sectors of the rift. The age of the
basal conglomerate is unknown, but the overlying organic-rich
silty clays provided ages between 11,725 and 11,540 cal. yr BP
(Table 1).
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The fluvial sediments are overlain by ~40 to ~80 m of mono-
tonic, unconsolidated, laminated clayey to silty deposits; they con-
tain abundant freshwater mollusk shells (Melanoides tuberculata),
fish bones, and occasionally charcoal. These units reflect continu-
ous lacustrine conditions, which existed during a protracted lake
highstand. 4C ages sampled at the bottom and top of this lacus-
trine unit suggest it formed between ~11,380 and ~8750 cal. yr
BP (Table 1).

Towards the top of the lacustrine unit, sandy layers are more
frequent, and there is an increase in grain size (Junginger et al.,
2014), which culminates with a coarse, cross-bedded fluvial con-
glomerate truncating the lacustrine strata. The conglomerate,
which is ten meters thick in the proximal part of the paleo-delta,
may reach a thickness of 60 m in its distal part, where clinoform
geometry is observed (Fig. 2C). This depositional pattern indicates
a phase of progradation of the Baragoi paleo-delta coupled with
high sediment supply and limited accommodation space. A layer
of lacustrine sediments similar to the lower unit is intercalated
with the topmost conglomerate unit of the most proximal strati-
graphic section (Fig. 2B). The brief return of lacustrine conditions
suggests a local increase in accommodation space, possibly asso-
ciated with fault-induced subsidence driven by ongoing extension
(Melnick et al., 2012). The deposition of the main fluvial unit dur-
ing delta progradation occurred between ~8.7 and 6.7 cal. kyr BP;
the latter is the youngest age of the maximum highstand shoreline
of the paleo-lake (Garcin et al., 2009).

4.2. Volume of the Baragoi paleo-delta and catchment-mean erosion
rates

The total volume of the Baragoi paleo-delta sediments esti-
mated by substracting the bedrock surface from the top envelope
surface is 0.43 km?; this is equivalent to 0.33 km> of the predomi-
nantly volcanic rocks eroded from the entire catchment. The catch-
ment area of 2103 km? combined with the oldest and youngest
ages of 12 and 6.7 cal. kyr BP yields a catchment-mean erosion
rate of 0.03 mmyr~! (Fig. 5A). Alternatively, if we assume that
the deposition of the delta sediments occurred between 15 and
6.7 cal. kyr BP, which includes the first lake highstand (Fig. 5D)
during the early AHP in the Suguta Valley, the catchment-mean
erosion rate would be 0.019 mmyr~!

4.3. 10Be catchment-mean erosion rates

Our 1%Be analyses from the paleo-delta sediments yielded pa-
leo catchment-mean erosion rates of 0.035 % 0.003, 0.086 £ 0.006,
and 0.024 & 0.002 mmyr~! for samples BA-1, BA-2, and BA-3, re-
spectively (Table 2). The sand sample collected from the present-
day river (BA-4) yielded a modern catchment-mean erosion rate
of 0.013 + 0.001 mmyr~'. The early Holocene '°Be-derived ero-
sion rates are thus 1.8 to 6.6 times higher than the modern rate.
This is comparable to the rates based on the volumetric calcu-
lation of the delta deposits if the highest °Be-derived erosion
rate is omitted (Fig. 5A). These values are consistent with a re-
cently published dataset of catchment-mean '°Be erosion rates in
East Africa, which range from 0.015 to 0.15 mmyr~! for a wide
range of climate zones and hillslope gradients (Torres Acosta et al.,
2015). However, the 1°Be erosion rates are only representative of
the upper parts of the catchment that exposes gneisses on poly-
cyclic erosion surface at elevations of ~1100-2200 m. This area
could generate slower erosion rates compared to the rest of the
catchment due to its lower slopes, but it is difficult to test this
without collecting samples from different locations. Although this
may complicate comparisons of the 1°Be-derived erosion rates to
those derived from the deltaic sediments, they do not affect our
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Fig. 5. Comparison of erosion rates measured in the area of the Baragoi River
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15 cal. kyr BP. (A) Erosion rates derived from !Be concentration (red bars, sample
names are shown below) and from delta-volume estimate (brown surface ranges
from 15 to 6.7 kyr BP; orange surface ranges from 12 to 6.7 kyr BP). Uncertainties
are shown at the 2-o level. (B) Main facies of Baragoi paleo-delta: Fl = fluvial fa-
cies; Lac = lacustrine facies. (C) Paleo-Lake Suguta radiocarbon reservoir-age record
based on paired charcoal/carbonate mollusk shells. Raw data from Junginger et al.
(2014) and nearest neighbor interpolation (grey surface, 1-o level). (D) Reassessed
lake-level curve of paleo-Lake Suguta (dashed line) based on this study and previ-
ously published data (Garcin et al.,, 2009; Junginger et al., 2014). Lake-level curve is
a compilation of dated fluvial deposits and lacustrine deposits reflecting shoreline
to offshore environments. Radiocarbon ages on carbonates were corrected for old
carbon using a variable reservoir age shown in (C). Calendar age uncertainties are
shown with a probability interval of 99.7%. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Cosmogenic nuclide analytical data for samples from the area of the Baragoi River mouth.

Sample Sample Latitude Longitude Estimated age 10Be atoms® 10Be atoms Erosion rate Erosion rate un- Integration time
elevation (°N) (°E) (cal. yr BP) (103 atoms g;tl) uncertainty, 1-o (mmyr—1) certainty (1-0) (kyr)
(masl) (10° atomsggtlz) (mmyr—)
Modern river sands
BA-4 426 1.62726 36.45776 —60 18.8 03 0.013 0.001 46
Early Holocene fluvial sands
BA-3 479 1.63584 36.46012 ~8745 9.9 0.2 0.024 0.002 25
BA-2 449 1.62170 36.46757 ~11,750 2.8 0.2 0.086 0.006 7
BA-1 448 1.62153 36.46810 ~11,750 44 0.2 0.035 0.003 17

2 Standard used for normalization was 07KNSTD3110; '9Be/?Be ratio for standard = 2.85e~12.
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Fig. 6. Erosion model simulating step changes. (A) Change in '°Be concentration
(black line). (B) Change in erosion rate derived from °Be concentration (blue line)
in sediment as a response of imposed real erosion (green line). (C) Difference in real
and '°Be-derived erosion rate (red line). In our model we imposed step changes in
erosion rates between 0.04 and 0.4 mmyr~! every 20 kyr. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

interpretation of changes in '°Be-derived erosion rates through
time.

4.4. Modeling '°Be-derived erosion rates

We first illustrate the lag in the cosmogenic signal relative to
real erosion rates by imposing step changes in erosion rates be-
tween 0.04 and 0.4 mmyr~! every 20 kyr in our model (Fig. 6).
Following an increase in erosion rate, it takes ~7 kyr for the
10Be signal to match the imposed signal. In contrast, following
a decrease in erosion rate, the 1°Be signal has still not matched
the imposed signal after 20 kyr. Whereas the length of the lag
in the 1°Be signal is related to the direction and magnitude of
the change, generally, the lag time associated with an increased
erosion rate is shorter than that associated with a decreased ero-
sion rate (Bierman and Steig, 1996; von Blanckenburg, 2005). This
illustrates that high-frequency changes in erosion rates can re-
sult in '°Be-derived erosion rates that do not match real ero-
sion rates, hence they may only be considered “apparent” erosion
rates.

We next used our model to try to find an erosion-rate history
that matches the apparent erosion rates calculated from our °Be
samples (Fig. 7). Our model was constrained by the duration of
the delta formation. Because the age of the basal conglomerates,
which marks the beginning of the Baragoi paleo-delta, is either
~15 or ~12 cal. kyr BP (see Section 5.1), we used these two
ages to constrain the earliest possible start of the erosion pulse in
two simulations. Although we have no estimates for erosion rates

prior to the formation of the delta, lake-levels were probably sim-
ilar to the modern day or lower as observed in other sectors of
the East African Rift, prior to 15 cal. kyr BP (Butzer et al.,, 1972;
Gasse et al., 2008; Bergner et al., 2009; Morrissey and Scholz,
2014), and hydroclimate was likely similar to modern conditions.
Hence, we assume that erosion rates prior the erosion pulse were
similar to the modern imposed erosion rate of 0.005 mmyr—! (see
below). During the subsequent erosion pulse, the erosion rate in
both simulations was increased to between 0.1 and 1.6 mmyr~!
(increments of 0.02 mmyr—!) for a duration that lasted at most
until 6.7 cal. kyr BP (increments of 100 yr), when the lake receded.
The erosion rate was then kept low (at 0.005 mmyr—!) and con-
stant until the present. Within this parameter space, we generated
258,628 and 104,728 simulations for the models bounded at 15
and 12 cal. kyr BP, respectively. Only the simulations that fit the
data within at least 3-0 uncertainty were stored.

We found no erosion-rate history that predicts the erosion rates
from all our samples (Fig. 7). The closest matches can be found af-
ter excluding the highest erosion rates (samples BA-1 and BA-2).
Forcing the model to reach the highest value creates an erosion-
rate history that cannot match the remaining samples (Electronic
Annex EA-1). Exclusion of these two samples would be reason-
able if an increase in erosion rates resulted in non-uniform erosion
across the catchment, for example if gullies or sudden mass move-
ments locally excavated material from deep within the hillslopes,
mobilizing material with particularly low 1°Be concentrations (e.g.,
Niemi et al., 2005). We note that today gullies exist in the quartz-
bearing areas (Fig. 1A). After excluding these samples, we still do
not find an erosion-rate history that predicts our remaining °Be-
derived rates within a 2-0 uncertainty, but the range does fall
within a 3-0 uncertainty (Fig. 7).

Because we assume a relatively low erosion rate at the start of
the simulations, a large, sudden increase in erosion rate is required
to obtain rates similar to sample BA-3, depending on the models.
The imposed erosion rates required for both investigated time pe-
riods of delta formation are ~25 to ~300 times higher than the
initial erosion rate (depending on the erosion-step duration); rang-
ing from 0.12 to 1.6 mmyr~'. That pulse of high erosion must be
followed by a rapid decrease in erosion rates (of similar magni-
tude) to approach the lower erosion rate of sample BA-4.

5. Discussion
5.1. Fluctuations of paleo-Lake Suguta and delta formation

By combining our new ages of fluvio-lacustrine deposits of the
Baragoi paleo-delta with previously published data from the Sug-
uta Valley (Garcin et al., 2009; Junginger et al., 2014), we reassess
the Suguta lake-level curve since ~15 cal. kyr BP to evaluate the
relationships between climate-driven lake-level rise and delta for-
mation. We compiled a total of 51 radiocarbon ages (Garcin et al.,
2009; Junginger et al., 2014) (Fig. 5D), which are documented in
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the Electronic Annex EA-2. The ages were determined on char-
coal and mollusk shells from lacustrine sediments, which formed
in shoreline/littoral to nearshore/offshore environments, as well as
from fluvial sediments.

Our new compilation differs from that of Junginger et al.
(2014) in that it includes new ages from the Baragoi delta and
a new reservoir-age correction applied to the biogenic carbonates.
Junginger et al. (2014) used a constant mean reservoir age to cor-
rect all carbonate-sample ages. In contrast, we applied a variable
reservoir age (see Section 3.2 and Fig. 5C). A greater number of
paired charcoal/carbonate material is needed to determine a robust
time-dependent reservoir age; hence, our continuous interpolation
of the reservoir ages in time may be too simplistic. Nonetheless,
our new reservoir-age correction on carbonates results in an ap-
parent clustering of both carbonate and charcoal '#C ages for two
periods, centered at ~11 and ~9 cal. kyr BP. Such %C age clus-
ters measured on samples of different material collected at various
elevations and localities suggest an accurate radiocarbon reservoir
correction (Fig. 5D). In contrast, the use of a constant reservoir-age
correction (Junginger et al., 2014) resulted in a highly scattered
distribution of 14C ages on carbonate samples. Combined with the
distribution of the 'C ages on charcoal, this scatter was inter-
preted to reflect high frequency/high amplitude water-level fluc-
tuations related to changes in solar irradiation. Our reevaluated
chronology does not show such variability and instead provides the
basis for a more conservative lake-level history, which is described
below.

Dated lacustrine sediments in the southwesternmost part of the
Suguta Valley record a highstand probably at ~15-14 cal. kyr BP
(Garcin et al., 2009; Junginger et al., 2014), coeval with the onset
of the AHP (deMenocal et al., 2000). The undated basal conglom-
erates at Baragoi may have been either contemporaneous with this
initial rise of paleo-Lake Suguta or with the second lake-level rise
at ~12 cal. kyr BP. Whereas a drop in base level is expected to re-
sult in a wave of incision that may propagate far upstream, a rise
in base level should cause deposition at the channel outlet and
aggradation along the fluvial network (Schumm, 1993), both of
which we observe along the lower Baragoi. This interpretation of
a rising base-level is supported by the nature of the conglomeratic
fill, which covers an erosional paleo-landscape in the Mio-Pliocene
units, with greater thicknesses attained in paleo-channels (Fig. 2).
Accordingly, finer-grained facies must have been deposited in the
basin center. The exact duration of the initial lake highstand is
unknown. However, the absence of lacustrine sediments in the
Suguta Valley between ~14 and 12 cal. kyr BP suggests a lake
regression of unknown magnitude (Junginger et al., 2014). Subse-
quently, the water level rose abruptly by at least 100 m between
~12 and ~11 cal. kyr BP, reaching its highest level of ~567 m
asl, where it may have remained until ~9.5 cal. kyr BP. Most of
the Baragoi delta sediments aggraded during this highstand. The
lake level dropped ~50 m at ~9 cal. kyr BP, coinciding with the
deposition of fluvial conglomerates. Subsequent to this interme-
diate, short-lived lowstand, the lake level rose again and reached
its overflow level, draining into Lake Turkana. This highstand was
accompanied by progradation of the coarse conglomerates of the
Baragoi paleo-delta. The highstand lasted until ~6.7 cal. kyr BP
when the lake level fell to ~310 m asl at ~5 cal. kyr BP, finally
reaching the present-day low.

5.2. Erosion-rate estimates and limitations

The average-erosion rate reconstructed from the volume of the
Baragoi delta sediments is of 0.019 mmyr~! for the total duration
of the paleo-Lake Suguta highstand, from ~15 to ~6.7 cal. kyr BP,
or 0.03 mmyr~!, if we assume that delta deposition was only ac-
tive from ~12 to ~6.7 cal. kyr BP. These estimates are similar
to the 1°Be-derived catchment-wide erosion rates from the paleo-
delta deposits. However, the erosion rate based on the volumetric
calculation is a minimum value, because most of the fine-grained
sediments must have been deposited in more distal areas of the
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lake basin, and any dissolved load derived from chemical weather-
ing is not included. Also, uncertainty arises from the extrapolation
of the bedrock surface west of the last exposed normal fault, high-
lighted in Figs. 1B and 4B. The slope of the Baragoi gorge provides
a minimum dip for the bedrock surface, as it is covered by sedi-
ments, leading to an underestimation of the sediment volume.

Our observations show that the Baragoi paleo-delta was con-
structed during a lake highstand, when ample accommodation
space existed in the basin. If a pulse of high erosion occurred prior
to the lake highstand, the sediment would not have been deposited
in the same location as the delta, and would not be recorded in the
volumetric calculation of erosion rates. Secondly, the erosion rate
derived from the delta sediments includes a lag associated with
sediment transport through the catchment. The °Be concentration
is also affected by the sediment transport time, with longer times
resulting in higher '°Be concentrations. Thus, any transient storage
of sediments that were mobilized during the erosion pulse within
the catchment would result in both a delay in the erosion signal
in deposits at the catchment outlet, as well as decreased !°Be-
derived erosion rates. However, based on satellite imagery and our
helicopter reconnaissance, there do not appear to be any areas of
significant storage apart from minor alluvial fans and fluvial ter-
races along the trunk stream.

Although each approach to estimating paleo-erosion rates suf-
fers from limitations, the agreement of the estimates (within un-
certainty) is encouraging. In general, we expect that the delta-
volume estimates provide a robust minimum estimate of average
erosion rates over the timespan of deposition. The '°Be-derived
erosion-rate estimates may be broadly reasonable, but they are
sensitive to changes in erosion processes that lead to non-uniform
erosion (e.g., Niemi et al, 2005) and they may show significant
lags when erosion rates change.

5.3. Landscape evolution derived from 1°Be data in the context of
changing climate

Our modeling approach applied to the 1°Be data illustrates that
a 25 to 300-fold increase in erosion rates occurred at the onset
of a wetter phase, at the upper-parts of the catchment, and that
there were also likely changes in erosion processes to produce
the very high erosion-rate outliers (BA-1 and BA-2). Theoretically,
higher erosion rates in this environment could have been associ-
ated with a tectonically-created increase in relief or stream capture
in the basement-rock sectors of the rift shoulders. However, there
is neither evidence in support of such changes in the fluvial net-
work, nor is there any depositional, morphologic, or structural evi-
dence for accelerated faulting during the last 15 kyr (Melnick et al.,
2012). Also, considering that the increased erosion rates occurred
during a period of rising or high base level, we can rule out that
the drainage network expanded following base-level fall. Assuming
that the size of the Baragoi catchment, the morphologic character-
istics, the exposure of quartz-bearing rocks, and tectonic activity
have not changed significantly over the last 15 kyr, it is more likely
that changes in climate and co-varying vegetation cover forced the
changes in erosion rates.

The inferred increase in erosion rates at the beginning of the
AHP is remarkable, given that paleo-Lake Suguta must have been
characterized by a rising base level (Garcin et al., 2009; Junginger
et al., 2014). We suggest that our high paleo-erosion rates resulted
from an increase in precipitation and runoff on the scarcely veg-
etated, partly barren land surfaces during the last glacial period,
when equatorial East Africa was relatively dry (Butzer et al., 1972;
Gasse et al., 2008). Importantly, the 1°Be data require not only a
substantial increase in erosion rates during the lake-level rise, but
also a sharp decrease in erosion rates when the lake level was
still high. This short-lived erosional response to climatic forcing

has been predicted in numerical models, whereby increased runoff
intensity triggers an expansion of the drainage network, removal
of hillslope material, and a temporary increase in sediment supply
to river channels (Tucker and Slingerland, 1997).

At first sight, higher erosion rates forced by a shift toward wet-
ter conditions during the early AHP appears incompatible with a
regional study of modern erosion rates in Kenya (Torres Acosta
et al.,, 2015). These authors showed that for a given hillslope gra-
dient, the highest erosion rates occur in regions characterized by
low rainfall and intermediate vegetation cover, and lower rates
characterized regions with a dense vegetation cover. Today, sparse
vegetation cover, low rainfall, and low erosion rates characterize
the Baragoi catchment. In this context, we hypothesize that regions
with low rainfall and sparse vegetation are strongly impacted by
erosion during the transition from dry to wet climate conditions.
It can be envisaged that a shift toward more frequent rainfall on
hillslopes would lead to faster erosion, while in river channels,
it would lead to increased stream power, incision, and ensuing
slope failures, causing higher sediment flux. Such a scenario is
compatible with our interpretation of the 1°Be data as reflecting
non-uniform erosion processes and increased erosion rates at the
onset of the wet period (see Section 4.4).

To reconcile this paleo-environmental scenario of greater ero-
sivity with the present-day low erosion rates in the densely vege-
tated, humid sectors of the East African Rift (Torres Acosta et al.,
2015), we propose that there must be a lag time in landscape re-
sponse to climatic forcing. Accordingly, the early AHP changeover
to wetter conditions initially forced an increase in erosion rates.
This was superseded by a transition to environmental conditions
where weathering and soil formation (e.g., Knox, 1972) provided
the substrate for a denser, protective vegetation cover (e.g., Bull
and Kirby, 2002), which in turn stabilized hillslopes and led to de-
creased erosion rates. No data on vegetation cover are available for
the Suguta Valley during the AHP. However, in the South Basin of
Lake Turkana, which is located 10 km to the north of the Suguta
Valley, carbon isotopes of sedimentary leaf waxes indicate a mixed
tree/grass vegetation from ~20 to ~13 cal. kyr BP, while trees
(Cs plants) were ubiquitous during the AHP (Morrissey, 2014). To-
day, this arid basin mostly accommodates grasses (C4 plants). The
hydrogen isotopes from the same leaf waxes suggest that the on-
set of increased precipitation occurred at ~14 cal. kyr BP and
was abrupt, occurring over just centuries (Morrissey, 2014). Such
large changes in vegetation and precipitation support our erosion-
history scenario. Overall, our study adds to a growing body of
model-based (e.g., Tucker and Slingerland, 1997; Istanbulluoglu
and Bras, 2005), experimental (Loch, 2000), and field evidence (e.g.,
Vanacker et al., 2007; Molina et al., 2008; Torres Acosta et al.,
2015) highlighting the importance of coupled climate variability
and vegetation changes in controlling surface-process rates.

6. Conclusions

Cosmogenic '9Be-derived paleo- and modern catchment-mean
erosion rates of fluvial-lacustrine sediments of the Baragoi catch-
ment compared with reconstructed paleo-delta volume and lake
levels document coupled changes in climate and erosion rates dur-
ing the African Humid Period (AHP) in northern Kenya. '°Be con-
centrations derived from sands intercalated in the Baragoi paleo-
delta show an increase in erosion rates during the early AHP, dur-
ing a shift to wetter conditions. We suggest that initially, increased
precipitation and runoff caused the formation of an approximately
300-m-deep lake and rapid hillslope erosion in the catchment ar-
eas, likely through processes that produced gullies and other types
of deep hillslope excavation. To explain the subsequent decrease in
erosion rates during the early Holocene when climate remained
wet, we hypothesize that the protracted humid climate led to
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faster soil production and the establishment of a denser vegeta-
tion cover, which helped stabilize the hillslopes and protect them
from further rapid erosion. Hence, our observations suggest that
the fastest erosion occurred during the lag time that likely existed
between the onset of wetter conditions and the establishment of
a denser vegetation cover. We conclude that climate variability is
a principal factor modulating temporal variability of erosion rates
in semi-arid regions, particularly in climatic threshold regions such
as the dry sectors of equatorial East Africa.
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