N

N

Denudation of the Golan Heights basaltic terrain using
in-situ 36C1 and OSL dating
Yaron Be’Eri-Shlevin, Ari Matmon, Rotem Rotstein, I. Schimmelpfennig,

Lucilla Benedetti, Yona Geller, Porat Naomi, Noam Greenbaum, Team Aster

» To cite this version:

Yaron Be’Eri-Shlevin, Ari Matmon, Rotem Rotstein, I. Schimmelpfennig, Lucilla Benedetti, et al..
Denudation of the Golan Heights basaltic terrain using in-situ 36Cl and OSL dating. Geomorphology,
2023, pp.108649. 10.1016/j.geomorph.2023.108649 . hal-04032869

HAL Id: hal-04032869
https://hal.science/hal-04032869
Submitted on 23 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04032869
https://hal.archives-ouvertes.fr

Journal Pre-proof

Denudation of the Golan Heights basaltic terrain using in-situ
36Cl and OSL dating

Yaron Be'eri-Shlevin, Ari Matmon, Rotem Rotstein, Irene
Schimmelpfennig, Lucilla Benedetti, Yona Geller, Porat Naomi,
Noam Greenbaum, ASTER Team

PII: S0169-555X(23)00069-7
DOI: https://doi.org/10.1016/j.geomorph.2023.108649
Reference: GEOMOR 108649

To appear in:

Received date:

Revised date:

Accepted date:

Geomorphology

22 September 2022
6 March 2023
6 March 2023

Please cite this article as: Y. Be'eri-Shlevin, A. Matmon, R. Rotstein, et al., Denudation
of the Golan Heights basaltic terrain using in-situ 36Cl and OSL dating, Geomorphology
(2023), https://doi.org/10.1016/j.geomorph.2023.108649

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2023 Published by Elsevier B.V.


https://doi.org/10.1016/j.geomorph.2023.108649
https://doi.org/10.1016/j.geomorph.2023.108649

Denudation of the Golan Heights basaltic terrain using in-situ **Cl and OSL

dating

Be’eri-Shlevin Yaronl, Matmon Ariz, Rotstein Roteml’g, Schimmelpfennig Irene4, Benedetti Lucilla4, Geller
Yonaz, Naomi PoratS, Greenbaum Noams, ASTER Team®

1) The Kinneret Limnological Laboratory, Israel Oceanographic and Limnological Research, Migdal

14950, Israel.

2) The Fredy and Nadine Herrmann Institute of Earth Sciences, Adm.r.d J. Safra Campus, Givat Ram,

Jerusalem 91904, Israel.
3) The Department of Geography and Environmental studiez, University of Haifa, Haifa 31905, Israel.

4) Aix-Marseille Université, Centre National de la Recherche Z-ientifique (CNRS)-Institut de
Recherche pour le Développement IRD)-Collége d2 " ar_e, UM 34 Centre de Recherche et
d’Enseignement de Géosciences de I'Enviro’ -ner «ent (CEREGE), Technopdle de I'Arbois, BP80, 13545

Aix-en-Provence, France.
5- The Geological Survey of Israel, 3~ /' ~snia'ayahu Leibowitz St., Jerusalem, 9692100, Israel

6-Centre de Recherche et d’Ense.7nement de Géosciences de I'Environnement (CEREGE),

Technopole de I’Arbois, BF 30, . 3545, Aix-en-Provence, France



Abstract

While erosion rates of carbonates along the Dead Sea fault (DSF) and its margins have been
determined in several studies, information about denudation of basalts along the DSF are absent.
Here we report concentrations of in situ cosmogenic *°Cl in bedrock and sediment samples
combined with OSL ages of terraces from the Meshushim basin, a typical basaltic basin in the Golan

Heights, northern Dead Sea Rift (DSR).

Denudation rates of exposed and soil-covered bedrock basalts "ange from 12.3+1.4 mm/ka to
176.1+47.4 mm/ka, well within the range of DSR values, regard.=ss ¢ f lithology and climate. In all
locations where exposed and soil-covered bedrock were sa.mpol:s next to each other, the soil-
covered basalt erodes faster. This is regardless of notab!: va, ‘ations in average annual temperature
and precipitation. This means that bedrock outcrops . ere not covered and exposed very frequently,

and that chemical weathering at the bedrock-snii . ~terface is a significant erosional factor.

Sediments in the Meshushim basin are storcd in soil pockets and blankets on the upper plateau,
colluvial material on slopes, and alluvi: [ 2, -uces. The difference in *Cl concentrations between soil-
covered and exposed bedrock indic. tes coverage duration of ca. 3-6 ka. The residence time estimate
of only several thousands of yea: - for sediments stored in alluvial terraces is 170+20 y to 4000+290
y. Nowhere in the Meshuchim Jrainage system did we find evidence for storage of sediment longer

than a few thousands of ye- rs.

**Cl concentrations in colluvial and alluvial sediments are similar to those measured in soil-
covered basalts. This similarity suggests that sub-surface weathering of basalts is the major source
for sediments in upper and central segments of the basin, concurrent with the higher denudation
rates of buried bedrock. However, very low **Cl concentrations measured in samples collected in the
lower parts of the basin indicate involvement of landslides which instantaneously expose previously

shielded sediments that were incorporated into the drainage system. The effect of landslides is also



manifested by the high basin scale denudation rates calculated from alluvial samples in various
locations, as well as the geomorphological profile of the Meshushim basin. Sediment yield calculated
from *CI concentrations measured in this study suggest temporal changes in denudation rates over
the Holocene and up to the last ~60 ka, with higher past denudation rates and sediment yield even

in most of the Holocene related to present rates and yields.

Overall, the results of this study show that the fact that the Golan lithology is basaltic does not
result in different denudation process and rate from other locations investigated along the Dead Sea
Rift, which are mostly of carbonate lithology and that relief and ¢.'ma.e are stronger parameters

than lithology in controlling denudation.

1. Introduction

Landscapes reflect the balance betw cen the competing processes of tectonic uplift and
subsidence and surface processes, whict, “re manifested, in a general way, by denudation (e.g., Bull,
1991; Pazzaglia, 2013). Denudation, the "owering of the earth’s surface, is one of the most important
processes that control landscape :vo. 'tion (Barreto et al., 2013). The term “denudation” refers to all
physical erosion and chemic.! we athering processes combined. Bedrock weathering and erosion,
incision of alluvial ch-.~ne.- 2.1d removal of material down slopes into channels are among the

processes that contribute .0 denudation.

Numerous studies in a wide range of environments have promoted our understanding of the
roles of base-level, lithology, structure, and climate in controlling the evolution of landscapes and in
determining the rate at which bedrock surfaces erode (e.g., Molnar and England, 1990; Burbank et
al., 1996; Riebe et al., 2001; Sklar and Dietrich, 2001; Hancock and Anderson, 2002; Anders et al.,
2006; Di Biase and Whipple, 2011; Benedetti et al., 2016). Bedrock erosion rates around the world

range over 4 orders of magnitude, between >1000 mm/ka in orogenic mountain belts under very



humid climatic conditions to <Imm/ka in the most arid and flat surfaces of the world. Still, of the
eroding parts of the Earth's surface, most erode at rates of 25-75 mm/ka (Matmon et al., 2009;

2017; Portenga and Bierman, 2011, Bierman et al., 2014).

Denudation rates are affected by rock type, tectonic setting, and climatic conditions, mainly
temperature and amount of precipitation (e.g., Schumm and Lichty, 1965; Leopold and Bull, 1979;
Schumm, 1973, 1981; Molnar and England, 1990; Bull, 1991; Pazzaglia, 2013; Gran et al., 2013).
Various studies show that denudation in silicate terrains is mostly affected by tectonic uplift and the
resulting relief (e.g., Perron, 2017), while in carbonate terrains u.nudation is more sensitive to

climatic variations (e.g., Ryb et al., 2014a, 2014b; Avni et al., 2( 18).

In this study, we determine denudation rates and seaiment transport and yield in a basaltic
terrain, the Golan Heights, along an active plate bov~-ary, the Dead Sea fault, under semi humid to
semiarid climatic gradient. Between the Gulf of 7 ~aba in the south and Mt. Hermon in the north of
Israel (a distance of ~500 km, Fig. 1), the Goi. « Heights are the only basaltic terrain that drains into
the DSR. The Golan Heights thus provi®~ a. excellent opportunity to investigate the impact of an
active subsiding base level on erosiun of vasaltic bedrock and the incision of channels into a basaltic
plateau. Furthermore, a comp~riscn of bedrock erosion, sediment yield and incision rates in this
basaltic terrain with carbor ..~ te.rains, also situated along the Dead Sea rift under the same climatic
conditions, provides insigr. regarding the effect of lithology on the rates of surface processes. This is
a unique tectonic-climatic-lithologic setting that has not been investigated. We apply in-situ
cosmogenic *°Cl analyses and optically stimulated luminescence (OSL) dating in samples collected
from various geomorphic positions in the Meshushim drainage system, that drains the basaltic
terrain of the Golan Heights into the Sea of Galilee, Israel (Fig. 1). We analyze samples from several
morphologic settings: alluvial and colluvial sediments and exposed and buried bedrock samples. OSL
and in-situ cosmogenic isotope exposure dating methods help understand different surface

processes. The combination of these two dating methods has proved in the past to yield valuable



insights into surface processes and landscape evolution (e.g., Guralnik et al., 2011; Fruchter et al.,

2011; Rinat et al., 2014; Matmon et al., 2016; Neagu et al., 2020).
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Fig. 1: Location map of study area. (/\) t..~ Eastern Mediterranean; (B) the Dead Sea Rift; (C) The Golan Heights
and Meshushim basin with its civisio.. into different segments. A DEM map of the same area in displayed in
Fig. 2. The location of basin ‘ross sections which are presented in Fig. 3 (a-b and a-c) are marked by dashed
white arrows. Sampling locations are marked by black solid diamonds, and elongated rectangles, the latter
designating a set of samples along a study cross section, with black squares indicating locations of images in
Fig. 4. Type (OSL- red circles, *cl- yellow stars), and the number of samples per sampling site are designated.

BTV-MS: Location of long-term monitoring stations.

1.1. Study area

The Golan Heights are a young basaltic plateau that slopes from an altitude of 1200-1400 m asl|

in the north to about 200 m asl in the southeast where it is bordered by an escarpment overlooking
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the Sea of Galilee and the Dead Sea Rift (DSR), which are located at ~210 meters below sea level
(Figs. 1, 2). The basalt rocks exposed on the plateau range in age from the early Pliocene to late
Pleistocene (Mor, 1993; Heimann et al., 1996; Weinstein et al., 2006, 2020; Behar et al., 2019). The
basalts in the northern Golan are younger than the ones in the south and the thickness of the basalt
cover also increases from tens of meters in the south to hundreds of meters in the north (Mor,

1993).

Figure 2: A digital elevation map (DEM) for the Meshushim Basin.

The Meshushim Stream basin is the second largest stream flowing into the Sea of Galilee from

the Golan Heights, second only to the Jordan River. The Meshushim basin drains an area of



approximately 160 km?2. Its main stream channel is ~45 km long, most of its creeks are ephemeral
but some parts are fed by springs and therefore are perennial. The head of the basin is located at
the east of the Golan Heights plateau near Mt. Avital (1208 m asl; Figs. 1, 2) and the main channel
flows south-west to Beit Tzaida Valley (BTV) at 210 m bsl. The average slope of the stream is 3% (Fig.
3; Grodek, 1994). Two main knickpoints are located within the Meshushim basin: one in the main
stream of the Meshushim and the second in the Zavitan Stream (the main tributary of the
Meshushim Stream). The Zavitan Stream is characterized by a steeper gradient than the Meshushim
Stream and the section below the knickpoint includes a narrow canyo.  several tens of meters deep
(Fig. 3). In contrast, the Meshushim Stream is characterized b~'av. “ne knickpoint by a 1 km wide
river valley. Based on the morphology of the thalweg and :lopes, the Meshushim basin is divided
here into 4 main segments in accordance with Inbar (2u?}. Upper, Central, Lower, and BTV (Beit
Tzeida Valley; Fig. 1) - a tectonic valley which hcst, the common delta of the Jordan River, the
Meshushim, and other streams (Ben-Avraha'n e al., 1996; Meiler et al., 2011). Several studies were
conducted regarding modern sediment *ranspor. in the Meshushim stream (Inbar and Schick, 1979;
Grodek, 1994; Inbar, 2000; 2012; Beigria.. et al.,, 2018; 2021). Overall, these studies show that

modern peak flows had the capacity *o transport boulder sizes up to 1.3m.
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Fig. 3: Basin cross sections (modified from Inbar, 2012) of the Meshushim and Zavitan streams within the

Meshushim basin with location and number of OSL and **Cl samples as in Fig. 1. Vertical black arrows denote

Knickpoint locations in both streams.

2. Methods

2.1 In situ cosmogenic chlorine-36 (*°Cl)

Over the last three decades, cosmogenic nuclides have b>.n widely used to determine
denudation rates in various terrains (Dunai, 2010; Bierman, 1.'94). **Cl (half-life = 3.1 x 10° v;
Bierman et al., 1995) is one of the most studied and usefu ~os'nogenic nuclides for quantifying
surface processes (Bierman et al., 1995; Schimmelpfennic et <.'., 2009; Schimmelpfennig et al., 2011).
It is formed both in the atmosphere and in the lith=-nnere through various production path ways
(Gosse and Phillips, 2001) and in a wide ranse . f minerals and rocks (Bierman et al., 1995). This
creates some complexity in the interpretatior. »f *%Cl concentrations. In order to interpret measured
®Cl concentrations, it is necessary *o dentify and measure all its production pathways
(Schimmelpfennig et al., 2011). Anotnc - problem is the lack of consensus regarding *°Cl production
rates (PR), although, in recent “rea.<. much progress has been made in **Cl methodology and it has
been proven that it is now o siuie to overcome many obstacles that existed in the past (Zreda et al.,

1991; Licciardi et al., 2008, Schimmelpfennig et al., 2009; Schimmelpfennig et al., 2011).

Generally, analysis of **Cl is applied to Ca-rich rocks such as carbonate rocks (Gran et al., 2001;
Benedetti et al., 2002; Palumbo et al., 2004; Haviv et al., 2006; Schlagenhauf et al., 2010; Benedetti
et al., 2013; Ryb at al., 2014a, b; Thomas et al.,, 2017; Avni et al., 2018; Mozafari et al., 2019).
Although it is also commonly used for investigating the exposure and erosion history of

basaltic rocks (e.g., Alcald-Reygosa et al., 2018; Groos et al., 2021; Phillips et al., 1990; Jomelli et al.,



2016; Fernandez-Fernandez et al., 2019; Charton et al., 2022) it has not been extensively applied in

denudation studies of basaltic terrains.

In this study we used **Cl concentrations in basaltic samples collected from the Meshushim
basin to determine site specific and basin wide denudation rates, as well as basin sediment yield. All
together we collected in this study 18 samples of basalt composition for *°Cl analysis (Figs. 1,3,4;
Table 1): (1) exposed and soil-covered bedrock samples (n=6), collected along the uppermost parts
of the slopes above each segment of the Meshushim basin, (2) colluvium samples (n=4), (3) coarse
alluvial samples (n=4) and, (4) fine alluvial samples (n=4) composer. . <1 mm basaltic fragments that
were sieved from fine grained alluvial sediment. The colluvial «1d coarse alluvial samples were
composed of ~30 amalgamated small clasts, 1-3 cm ir ia\~eter, that were collected from the
surface. Colluvial and alluvial samples were mostly _oh.-ted along two valley cross-sections
including slopes and alluvial terraces, as well as in e Meshushim delta site within the BTV (Figs.

1,3,4, Supplementary Figure 1).

Chlorine was extracted from the has.'t sample grains at the “Laboratoire National des
Nucléides Cosmogéniques” (LN2C) a. CEREGE, Aix-en-Provence, France, following the methods
described in Schimmelpfennig \?0u2). Isotopic measurements were conducted at the ASTER AMS,
CEREGE, Aix en Provence, r >nce (Arnold et al., 2013). **Cl/*Cl ratios were normalized to the
inhouse standard SM-CL-12 using an assigned value of 1.428 (%0.021) x 10** (Merchel et al., 2011),
while a natural ratio of 3.127 was assumed for the stable *Cl/*’Cl ratio. From these ratios, the **Cl
and Cl concentrations were calculated following the equations in Schimmelpfennig (2009) (Table 2).
Blank correction was performed by subtracting the number of Cl and *°Cl atoms in the blank from

those of the samples.

According to standard methods (Schimmelpfennig, 2009), aliquots of the basalt sample grains

were put aside for compositional analyses, required for the determination of site-specific production



rate and *Cl concentrations. Due to technical problems related to the analyses of the major and
some trace elements, average concentrations calculated by Weinstein et al. (2006) were used
(Supplement Table 1). Considering the homogeneous major element concentration, characterizing
the late Pliocene to late Pleistocene basalts from this area as reported by Weinstein et al. (2006),
using these average concentrations seems feasible for the purposes of the current work.
Concentrations of the following trace elements (U, Th, Ba, Li, Gd) were obtained by ICP-MS
measurements conducted at the Institute of Earth Sciences, Hebrew University of Jerusalem, Israel
(Supplement Table 2). To calculate the steady state erosion ra.~s, we used the calculation

spreadsheet by Schimmelpfennig et al. (2009).

In all calculations, we use the time-invariant scaling r~tnod by Stone (2000) and sea level high

latitude production rates of 42.2 + 4.8 atoms of *°Cl (g Co; ™ y. ™ for Ca spallation (Schimmelpfennig et

al., 2011), 148.1 + 7.8 atoms of 30CI (g K) " yr’ fou K spallation (Schimmelpfennig et al., 2014), 13 + 3
atoms of *°Cl (g Ti) * yr™* for spallation of Ti \~ir« et al., 2000), 1.9 + 0.2 atoms of *°Cl (g Fe) * yr™ for
Fe spallation (Stone et al., 2005), and 69¢ + 185 neutrons (g air) * yr for the rate of epithermal
neutron production from fast neutr_~s \*arrero et al., 2016). Although time-invariant, we use the
scaling method of Stone (2000) L. ~ause it is embedded in the Schimmelpfennig et al. (2011) erosion
rate/exposure age calculatinn o v,cedure. It should be noted that scaling models that account for
paleo-geomagnetic incern.ity changes yield very similar mean values (at most +4%), therefore, not
altering our results and interpretations. We applied a value of 160 g cm” for the high-energy neutron
attenuation length. Overburden density was 2.7 g/cm? for exposed samples and 1.8 g/cm’ for soil

covered ones (Table 1).

*®Cl concentrations measured in alluvial samples were interpreted in terms of weighted average
basin wide erosion upstream of the sampling location. Weighted average scaling factors for basin
wide erosion rates were calculated considering the hypsometric curve of the basin area above each

alluvial sample location.
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Table 1: Field description of cosmogenic nuclide samples collected in the Meshushim Stream

Location Density
in Fig. 3 of sample | Scaling factor
. . Elevat Sample Sample )
River Topographic Sample . Cross- . . or (spallation /
. . Sample type Coordinates . ion depth thickness .
section location name section. overlying muon-
amsl (cm) (cm) .
material capture)
(gcm?)
Exposed 33°02'39.36" N 23.5 2.5
MS1BR 622 0 3 1.434/1.165
U bedrock 35°43'32.52" E
er
PP . Upper Bedrock buried 33°02'31.9" N 23 1.3
Meshushi ) MS2BR 591 73 5 1.400/1.148
Plateau under soil 35°43'18" E
m
Bedrock buried 33°02'31.9" N 23 1.3
i MS3BR 591 162 3 1.400/1.148
under soil 35°43'18" E
i 32°58'28.2" N 13 2.5
Upper slope | Colluvial clasts MS4C 177 | 0 2 1.004 / 0.941
35°39'14.8" E ‘
] ) 32°58'25.4" N 13 2.5
Mid slope Colluvial clasts MS5C a7 0 2 0.973/0.924
35°39'16.8" E
Central Upper . 32°58'21" N 13 2.5 0.962/
. Alluvial clasts MS6A 126 0 2
Meshushi terrace 35°39'16.7" E \ 0.918
m Upper Fine alluvial 32°58'21" N " 2.5
A2 MS7A ‘ | 726 0 0.1 1.16
terrace clasts 35°39'16.7" E
Plateau 13 2.5
Exposed 32°58'30.7" N
above MS8BR 187 0 5 1.012 /0.946
bedrock 35°39'13.2" -
channel
Bedrock buried 32°55°27.2" N 6.7 1.3
Plateau . MS9BR 169 21 7 0.997 / 0.937
under soil 35°40'09.." E
above —
Exposed MS10B 32 75'27.2"N 6.7 2.5
channel . 174 0 3 1.001/0.939
bedrock R 205" E
] ] T2°t5'4" N 5.7 2.5
Mid slope Colluvial clasts | MS11C B~ 4 " 118 0 2 0.954/0.914
‘ -"°39'42.74" E
] © 32°55'1.9"N 5.7 2.5
Lower Lower slope | Colluvial clasts MSsiC ‘ 81 0 2 0.924 /0.897
. 35°39'44.34" E
Meshushi —
Upper . . 32°54'58.13" N 5.7 2.5
m Alluvial clasts nS134 72 0 2 0.917/0.893
terrace 35°39'46.69" E
Upper Fine alluvic! 32°54'58.13" N 5.7 2.5
" S14A 72 0 0.1 1.31
terrace clasts 35°39'46.69" E
. 32°54'47.82" N 5.7 2.5
Alluvial clasts MS15A 65 0 2 0.912 /0.890
Lower 35°39'22.63" E
terrace Fine alluvial 32°54'47.82" N 5.7 2.5
MS16A 65 0 0.1 0.912/0.890
clasts 35°39'22.63" E
Channel bank . 32°53'23.94" N 0.5 2.5
. . . Alluvial clasts MS17A -200 0 2 1.29
Beit Tzeida in delta 35°37'17.17"E
valley Channel bank | Fine alluvial 32°53'23.94" N 0.5 2.5
. MS18A -200 0 0.1 1.29
in delta clasts 35°37'17.17"E

Notes: 1) Bedrock samples comprise of in situ basalts. 2) Alluvial/ colluvial clast samples comprise of about

30-40 pieces of basalt clasts, about 1-3 cm in diameter. 3) Fine clasts samples include small (<1 cm) basalt

clasts sieved and washed from soil samples. 4) Sediment samples used for basin wide erosion rates are shaded

in grey and basin wide scaling factors are written in italic.
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Table 2: Erosion rates calculated from *Cl concentration in samples from the Meshushim Stream

. . Morphologic Sample Sample *cl Denudation rate
Basin region _ 4 Cl (ppm) 1
location type name (atoms/g)x10 mm ka
Exposed
MS1BR 97.21+7.60 128.0+9.9 15.742.6
bedrock
Upper Buried
. Upper Plateau MS2BR 16.37+1.29 79.6+4.1 124.3+22.6
Meshushim bedrock
Buried
MS3BR 15.61+2.22 193.1+23.3 176.1+47.4
bedrock
Colluvial
Upper slope MS4C 26.20+1.36 15.9+0.5 22.812.5
clasts
Colluvial
Mid slope MS5C 23.15+1.28 19.240.6 26.743.0
clasts
Central Alluvial
. Upper terrace MS6A 24.22+1.40 25.7+0.9 27.243.1
Meshushim clasts
Fine alluvial ‘
Upper terrace MS7A 30.54.7.14 12.3+40.5 22.942.8
clasts
Plateau above Exposed
MS8BR 32.95.'1.60 4.6+0.2 14.2+1.6
channel bedrock
Buried
MS9BR 1F.9249.72 20.0+0.7 73.6x8.7
Plateau above bedrock
channel Exposed Mo
45.63+2.38 24.2+0.9 12.3+1.4
bedrock R
. Colluvial
Mid slope MS11C 6.00+0.47 18.1+0.6 119.94+14.5
clasts
Colluvial
Lower slope 'AS12C 9.18+0.60 13.240.4 69.5+7.9
Lower clast,
Meshushim All"wia:
Upper terrace I MS13A 15.38+1.14 50.443.2 57.0t7.3
las.-
e anuvial
Upper terrace ™ MS14A 9.58+1.19 26.440.9 265.6142.3
N
‘ Alluvial
clasts MS15A 25.154+2.11 101.1+6.8 45.6£7.0
Lower terrace | - -
Fine alluvial
MS16A 26.484+2.72 177.916.4 67.9+12.3
clasts
Near channel Alluvial
) . . MS17A 10.65140.82 51.542.4 238.3430.9
Beit Tzeida in delta clasts
Valley Near channel | Fine alluvial
. MS18A 4.90+0.49 11.740.4 520.3+70.9
in delta clasts

*Basin wide denudation rates are shaded in grey and are calculated using basin wide scaling factors as indicated in

Table 1.
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2.2 Optically stimulated luminescence (OSL)

Luminescence dating is used to estimate the last exposure of quartz and/or feldspar grains to sunlight during transport, and thus this method
determines the time of sediment burial (Aitken, 1998). The method is widely used to date Quaternary deposits in alluvial terraces, colluvial deposits,
and aeolian sediments such as loess and dunes (e.g., Matmon et al., 2016; Neagu et al., 2020; Faershtein ( ¢ al., 2016). In fluvial environments, as grains
are transported and buried intermittently, they go through cycles of OSL signal accumulation during bui‘al and resetting when exposed to sunlight.
However, sometimes when sediment is transported in water with high sediment load or a.'ring “ne night, the OSL signal may not be completely
bleached and the OSL clock does not fully reset. Some grains would then contain = rec:duc' signal, which may lead to scatter in the dose distribution
and, if not detected, age overestimation (Gliganic et al., 2017). In ords. to >v. rcome this problem, we measured a relatively large number of small
aliquots (~200 grains on a disc). For most samples, dose distribution \ ‘as roughly normal and the central age model (CAM; Galbraith and Roberts, 2012)
was used to obtain a representative equivalent dose (De) alu>. Mzevertheless, distinct older outliers were removed, and by that, the influence of the
allegedly old grains in the sample was avoided (Madsen ind Murray 2009; Porat et al., 2012; Faershtein et al., 2016).

Former studies used OSL dating in the Gd'a\. “.eights in archaeological sites (Freikman and Porat, 2017) or paleoseismology (Zilberman et al., 2000).
However, this study is the first to use OSL dating in a fluvial system in this area. In this basaltic terrain, the source of all quartz grains is by long distance

aeolian transport, brought by winds from the east and south (e.g., Foner et al., 2009), and it is well bleached at the time of deposition.

Seven OSL samples were collected in this study (Figs 1,3,4; Table 3, Supplementary- Fig. 1), five samples from terraces located from 2 m to about

20 m above stream level, one from a slope, and one sample from the delta of the Meshushim stream. Samples were collected from pits dug to 40-50 cm
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depth, under a light-tight sheet to avoid recent exposure to sunlight, directly into a black light-tight plastic bag. A sediment subset was also collected for

elemental analyses. Sample preparation, measurements, and analyses followed procedures described in Faershtein et al. (2016) and Davidovich et al.

(2012) and were performed at the OSL laboratory, the Israel Geological Survey. Briefly, 75-125 um quartz grains were extracted by wet-sieving,

carbonates dissolved by 8% HCI, heavy minerals and feldspars removed by magnetic separation. The remaining feldspars were dissolved and quartz was

etched with 40% HF, followed by soaking in 16% HCl overnight to dissolve any fluorides which may he.c 2r. cipitated. De values were measured on 2-

mm aliquots using OSL signal and the single aliquot regenerative (SAR) protocol, with a prehez ¢ (¥ 10 s at 260 °C, a test dose of ¥4 Gy and a test dose

preheat of 5 s at 200 °C. Dose rates were evaluated from the concentrations of the U, Th cnd {, measured on the subset sample. Water contents were

estimated at 8% and cosmic dose calculated from current burial depth. B':=iai 1ge. ar.d errors were calculated using the CAM (Galbraith and Roberts,

2012).

Table 3: OSL data and ages from sediments collected in N hal M -lushim

Location ! —|—
S~ ole ‘ Dose
Morphologic Lab in Fig. 3 K u Th Ext. a Ext. B Ext.y | Cosmic oD
Basin region depth rate Aliguots De (Gy) Age (years)
location code cross- (%) (ppm) | (ppm) | (uGyla) | (uGy/a) | (uGy/a) | (uGy/a) (%)
(m) (uGy/a)
section.
Lower 13
RRR1* 0.45 0.83 2.1 4.7 9 890 608 214 1721460 40/42 52 0.85+0.06 490+40
Central terrace
Meshushim Upper 13
RRR2* 0.45 0.68 14 5.7 7 734 547 214 1503453 41/43 44 6.0+0.4 4000+290
terrace
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Lower slope RRR3 5.7 0.4 0.39 1 5.7 7 496 436 219 1158+42 24/24 95 6.0+1.2 5100+£1000
Upper 5.7
RRR4 0.4 0.64 1.2 5.9 8 694 529 219 1449152 18/18 21 1.14+0.06 78050
terrace
Lower
Lower 5.7
Meshushim RRR5 0.4 0.91 1.8 4.7 8 909 594 219 1730161 23/30 82 0.53+0.05 34040
terrace
Lowest 5.7
RRR7 0.4 0.94 0.7 3.2 4 763 422 219 14, 8+49 19/24 100 1.3+0.3 940+210
terrace
Beit Tzeida Near channel 0.5 |
RRR6 0.5 0.81 0.9 3.2 5 697 20 210 1320+48 18/19 50 0.22+0.02 170+20
valley in delta

* Lab codes in Database are MSS-1 and MSS-2. For sample location see Fig

3.1°%Cl results

. 3. ** Radial plo s ~.e showr. in Supplementary Fig. 2

Overall, **Cl concentrations range between (4.90 + 0.49) x1" a"or.>s g and (97.21 + 7.60) x10" atoms g (Fig. 5; Table 2). In exposed bedrock (n=3)

the concentrations range between (97.21 + 7.60) x10* a*om. g™ und (32.93 + 1.60) x10* atoms g™. In soil covered bedrock (n=3) concentrations are very

uniform and range between (15.61 + 2.22) x70 ~temy, gt and (16.37 + 1.29) x10* atoms g ™. Colluvial samples collected along slopes (n=4) present

concentrations that range between (6.00 + 0.2 7) x10* atoms g™ and (26.20 + 1.36) x10" atoms g™. Coarse grained alluvial samples (n=4) collected on top

of alluvial terraces present concentrations that range between (10.65 + 0.82) x10* atoms g™ and (25.15 + 2.11) x10* atoms g™, while fine grained alluvial

samples (n=4) present concentrations that range between (4.90 + 0.49) x10* atoms g™ and (30.54 + 2.14) x10" atoms g™
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3.2. OSL results

All OSL ages are Holocene (Table 3). In the Central Meshushim, the upper terrace is 4000 years
old while the lower terrace is only a few hundred years old. In the Lower Meshushim, the sediment
at the foot of the slope, just above the upper terrace, has been buried for 5000 years. The upper
terrace is ~800 years old while the lower terrace is ~300 years old. The sediment in the flood plain of
the lower Meshushim (sample RRR7) has been buried for nearly 1000 years while that at the delta,
less than 200 years. The young ages demonstrate the lack of any long term storage of sediments in

the Meshushim drainage basin.

4. Discussion
4.1.%*cl

4.1.1 *Cl concentrations

We discuss concentrations since tk =y serve as isotopic signatures for the source of sediment in
the stream. As we follow the drainage sy..em from its upper reaches down-stream we see that
exposed bedrock (samples MS1BR, . 1S8BR, MS19BR) yielded the highest **Cl concentrations relative
to all other samples in the basin \7'g. 5). This is true also in the middle and lower parts of the basin,
in spite of the decrease i elevation. In contrast, soil covered bedrock yielded significantly lower
concentrations, regardles< ,f elevation (-20 to 600 m amsl) and local precipitation levels (400-1000
mm/year) (Fig. 6). The difference between exposed and covered bedrock means that bedrock
outcrops are not covered and exposed very frequently, otherwise concentrations among these two
types of samples would have been similar. A rough estimation of the time of continuous cover of
buried bedrock and continuous exposure of exposed bedrock is given by the differences in *°Cl
concentrations between adjacent exposed and buried bedrock. In the Upper Meshushim, this

difference is ~80x10* atoms g™. At this site, the difference in production rates between exposed and
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buried bedrock (due to soil cover of 73 and 162 cm) ranges between 130-200 atoms g™ yr™. At these
rates, the time it would take to accumulate the difference in concentrations ranges between 4-6 ky.
In the lower Meshushim, the difference is ~30x10" atoms g*. Here, the difference in production
rates between adjacent exposed and buried bedrock (due to soil cover of 21 cm) is 100 atoms g™ yr’
! At this rate, the time it would take to accumulate the difference in concentrations is ~3 ky.
Although these calculations provide only a rough estimate of the coverage time, it seems that in the
Golan Heights, in general, and in the Meshushim drainage system, in particular, soil cover is only a
few thousand years old. In terms of soil formation processes and then =~ffect on cosmogenic isotope
accumulation, there are two possibilities: (a) accumulation-rer-~v.' .ycles of soil take only several
thousands of years; or (b) a unique, and singular soil stripp: *g event occurred in the Golan Heights
during the middle Holocene, and soils are just beginning .~ re-accumulate. Since no stripping event

has been recorded in the Golan Heights, the first o tirn . eems more reasonable.
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Fig. 5: *®Cl concentrations (atoms/g) X 10° for the various types of samples.
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When comparing the measured concen.. - cions in bedrock to all other samples in the drainage
system it is apparent that concentratior= mcsured in buried bedrock are similar to those measured
in alluvial and colluvial sediment semles, while those measured in exposed bedrock are generally
higher (Fig. 5). This points to the fact that the weathering of buried rock, and the production of
basalt clasts at the bedroc!. ~an interface, is a major source for sediment in the drainage system,
while exposed bedrock is <. minor source for sediment. For example: in the central part of the stream
(Central Meshushim), **Cl concentrations of 23x10%-26x10* atoms/gram were measured in the
colluvial clasts samples (samples MS4C and MS5C, Table 2). In contrast, in the Upper and Central
Meshushim, **Cl concentrations of 32x10% 97x10* atoms/gram were measured in the exposed
bedrock samples and 15x10%- 16x10* atoms/gram in the buried bedrock samples. Considering all
these measurements together, it seems that %%Cl concentrations in clasts on slopes is the result of
mixture of clasts derived from buried bedrock (50-90%) and clasts derived from exposed bedrock

(10-50%). In the Central Meshushim, this trend still holds, although not as pronounced as in the
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Upper Meshushim. Here, the **Cl concertation measured in exposed bedrock, although still much
higher than concentrations measured in buried rock, is closer to the concentrations measured down
the slope within the canyon and on top of the alluvial terraces. This means that in this section of the

basin, exposed bedrock could be a greater contributor of sediment to the slopes and the river bed.

Five sediment samples in the Lower Meshushim and the BTV yielded very low concentrations
(£11x10* atoms g") (Table 2; Fig. 5). The source for such sediment cannot be explained by
weathering of soil-covered bedrock. However, landslides and earth <lides may contribute to the river
system sediment with very low cosmogenic isotope concentratic.i> s Jdiscussed below. Along the
slopes of the Golan Heights’ canyons (including the Mesh ishi 1 basin), exposed sequences of
alternating basalt flows and paleosols provide a setting v'~icr, s prone to sliding. In fact, currently,
most of the sediment movement on the slopes occurs b slic’ng, on the range of a few meters thick

sections, generally during the winter and spring (I ib..~ =.1d Even-Nir, 1989; Ankori, 2014).

Comparing between **Cl concentrations « colluvial material in the Central Meshushim and the
Lower Meshushim (Fig. 7), shows signifizam Yifferences between these two locations. In the Central
Meshushim, mid and upper slope sam,'es yielded concentrations of 23.15+1.28 x10* atoms g™ and
26.2+1.36 x10* atoms g, resg~cu "ely. These concentrations can be easily explained by material,
mostly derived from weatt.ci. ~g of soil covered bedrock (e.g., sample MS8BR; Table 2; Fig. 4-7), with
a small addition of wea.hering products from exposed bedrock. Similarly, concentrations of
24.22+1.40 x10* atoms g~ and 30.54+2.14 x10* atoms g were measured in the coarse and fine
fractions, respectively, of the sediment on the upper alluvial terrace in the Central Meshushim.
Again, these concentrations can be easily explained by mixing of material derived from sub-surface

bedrock weathering, and varying contributions of weathering products from exposed bedrock.
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background).

In contrast, in the Lower Meshushim, 1..". and lower slope samples yielded concentrations of
6.040.47 x10* atoms g* and 9.2+0.60 ¥10 -~toms g, respectively (Fig. 7). As noted above, these
concentrations cannot be explaine’ s v ' vedrock weathering (exposed or buried). Sediment on this
slope must have been supplied by mass wasting from deeply shielded rock (not to be confused with
shallow soil covered samr.!~s . this study), as is also indicated by field observations. This
contribution of such sedin.~nt from the slope is also reflected in the concentrations measured in the
alluvial terrace at the base of the slope. Here, concentrations of 15.38+1.14 x10* atoms g and
9.58+1.19 x10* atoms g'1 were measured in the coarse and fine fractions of the sediment,
respectively, on the upper alluvial terrace in the lower Meshushim. It should be noted here that a
fraction (7-215 x 10% atoms) of the measured **Cl concentration may have accumulated during
residence of the sediment on the terrace. The post deposition production of **Cl enhances the
dominant role of sediment supplied from shielded rock is also manifested by the measured *Cl

concentrations in sediment at the outlet of the Meshushim Stream, at the BTV (Fig. 1). Here,
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concentrations range between 5x10* and 11x10* atoms/g™, clearly indicating that most of the
sediment that eventually reaches the base level at the shores of the Sea of Galilee was generated

through mass wasting.

It should be noticed that the BTV samples, collected from the delta of the Meshushim basin into
the Sea of Galilee, might be influenced by the Jordan river (i.e., these samples may include different
sources beside the Meshushim stream itself). However, Inbar and Even-Nir (1989) and Ankori (2014)
found that most of the sediment in the Jordan river is also derived from slides along the lower
stream channel. These slides are particularly active during and rig:.* ai.er medium to large floods
that erode the banks. Although only the Meshushim Stream c1an. el was studied in this research, a

similar process seems to be operating throughout other G~'=n  'eights drainage systems.

4.1.2 Denudation rates

Assuming steady state erosion, bedrock den. 1ation rates calculated from the concentrations of
cosmogenic isotopes are averaged over the “ime it takes to remove an overburden thickness of
approximately one attenuation length, ge.erally about 0.7 m of rock. This sets the temporal
framework relevant for the results L-esented above. Sample MS10 yields the slowest bedrock
erosion rate calculated in this s*ua, (12.3+1.4 mm/ka). At this rate, ~70 cm of rock is removed within
~60 ka years. Thus, the de.i.vauon rate calculated from the **Cl concentration in sample MS10 is
averaged over the current .nter-glacial period, the Holocene, and most of the Late Pleistocene glacial

period.

Denudation rates are calculated for all samples (Table 2). However, they are meaningful only for

two types of samples:

1. Site specific denudation: Site specific denudation is calculated from the *°Cl measured

concentrations in bedrock samples. In the Meshushim basin, these rates, calculated from
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bedrock samples, range from 12.3+1.4 mm/ka in exposed bedrock to 124.3+22.6 mm/ka in
buried bedrock (Table 2; Fig. 5).

In Upper Meshushim, the buried bedrock denudes at rates 9 to 11 times faster than exposed
bedrock (15.742.6 mm ka™ in exposed bedrock and 124.3+22.6 and 176.1+47.4 mm ka’ in
buried bedrock). In lower Meshushim, the difference is slightly smaller, 6 times faster (73.6+8.7
mm ka™ in buried bedrock and 12.3+1.4 mm ka™ in exposed bedrock). The reason for the
differences in denudation rates is most likely the significant chemical weathering that occurs at
the bedrock-soil interface, where moisture residence time is 'ong and biological activity
accelerates rock and mineral decomposition. Furthermore, ..> tiie Meshushim basin, there is no
significant freeze-thaw process that can lead to higher w ~athering rates of exposed rocks.
Overall, bedrock denudation rates are similar amo..- the various parts of the Meshushim
stream (Upper, Central, Lower, and BTV). ir. s)ite of 600 mm/y differences in annual
precipitation (Fig. 7), and up to 10 ~.° ir. annual average temperature from the BTV and
upstream to the Upper Meshushin. It is apparent that the current precipitation-temperature

gradients are not sufficient to pro.n ste significant differences in denudation rates.

Weighted, basin wide a 'era. > denudation rates: These are estimated from the concentration

of **Cl in alluvial mat. rial (e.g., Bierman and Steig, 1996; Granger et al, 1997, Matmon et al.,
2003). Calculating bz_.n-wide erosion rates is based on two assumptions: (1) the clasts (which
are amalgamated into one sample) are derived uniformly from the entire basin, and (2)
transport is instantaneous, therefore, measured **Cl concentrations represents average bedrock
erosion rate and not *°Cl that accumulated during transport. Basin- wide erosion rates were
calculated from 4 alluvial sediment samples in the basin: (1) the terrace in central Meshushim
(sample MS7A), (2) the terrace in lower Meshushim (sample MS14A), and (3) the BTV delta

(samples MS17A and MS18A).
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All results represent average basin wide erosion upstream of the sampling location. Thus, (a)
the terrace in central Meshushim represents the erosion rate of the upper part of the Central
Meshushim and the Upper Meshushim at the time of terrace deposition, (b) the terrace in
Lower Meshushim represents the erosion of the Lower, Central and Upper Meshushim at the
time of terrace deposition, and (c) the delta represents the erosion rate in the entire basin. Only
the BTV samples (samples MS17A and MS18A) represent basin wide erosion that is averaged to
the present. The other two samples represent basin wide erosion rates that are averaged only
to the time the sediment was deposited (determined from the L”l. measurements): 4000+290
yrs (Sample RRR2; Table 3) for the upper terrace in the Z~nu al Meshushim and 780+50 yrs
(Sample RRR4; Table 3) for the upper terrace in the Low *r Meshushim. It should be noticed that
since a fraction of the measured **Cl concentration. i1 alluvial terrace sediments may have
been accumulated after deposition, basin wid.' r.ro sion rates may in fact be slightly faster than
calculated.

The Central Meshushim sample (MS7A) yielded a basin wide erosion rate of 22.9+2.8 mm/ka
(Tables 2, 4; Fig. 8A, B). This rate .o re.ates well with the calculated denudation rates for buried
bedrock in the Upper and Cei.*ral Meshushim. Thus, the averages basin wide denudation is
controlled by bedrock erosic.*. However, this rate is an order of magnitude slower than the
rates calculated i~ th~ Lo wer Meshushim (265.6+42.3 mm/ka; MS14A) and BTV (238.3+30.9
mm/ka; MS17A; 52C.2+70.9 mm/ka; MS18A) (Tables 2,4; Fig. 8A, B). The dramatic increase in
basin wide erosion between the higher parts of the Meshushim basin and the lower parts,
correlates well with the dramatic decrease in *°Cl concentrations as measured in colluvial
material. This difference could, therefore, be the result of steady bedrock erosion in the upper
part of the system as opposed to the dominance of mass wasting in sediment production and

transport along the lower part of the drainage system.
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Figure 8C shows a thalweg vs. ridge profile from the base level point at the BTV and 20 km
upstream within the Meshushim Stream. It is evident that the lower part of Central Meshushim
has the greatest relief, a situation that would promote land sliding due to increased exposure of
basaltic flows and the paleosols between them, thus, explaining the low dosed material on the
slopes and the high basin-scale denudation rates calculated for samples 14A, 17A and 18A.

While, as discussed above, basin-scale denudation rates were calculated for samples ranging in
age over a few thousand years to a few hundred years, the basin wide denudation rate pattern
correlates with the geomorphological profile and thus does nou 1.~cessarily represent temporal

evolution of denudation rates in the Meshushim basin.
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Fig. 8: (A) Denudation rates (mm/ka) for bedrock samples and calculated basin -wide denudation rates for
alluvial samples (shown on map in B). (B) location of bedrock samples and associated specific denudation
rates, as well as with basin-wide denudation rates for the alluvial samples covering sub- to entire basin-scale,
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Site specific denudation rates calculated for the Meshushim drainage are within the range of
rates calculated for different lithologies over climatic gradients from hyper arid to Mediterranean
along the margins of the DSR (Fig. 9). However, of the four basin wide denudation rates calculated in
this study, three are above 200 mm/ky with the highest being 520 mm/ky. These are exceptionally
high relative to all other basin wide denudation rates measured along the Dead Sea rift and may be

the result of the unique setting of exposed basalt flows with intercalated paleosols.
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Fig. 9: Compilation of erosion rates calculated from cosmogenic concentrations in bedrock, boulder, and

sediment samples from selected studies along the DSR. Apart from the Paran Plains, erosion rate
measurements along the western margin of the Dead Sea fault range between 1 and 100 mm/ka. Apparently,

the climatic and tectonic conditions along the western Margin of the Dead Sea fault are not extreme enough to
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result in extreme, atypical high or low erosion rates. Erosion rates in the Golan Heights are within the typical

range for the Dead Sea Rift margins.

4.2 Sediment storage and sediment yield

In the Meshushim drainage system, sediment is stored in several geomorphic locations: 1) soil
pockets and soil blankets on the upper plateau, 2) colluvial material on slopes, and 3) alluvial
terraces. As shown in section 4.1, differences in **Cl concentrations between exposed and covered
bedrock suggest soil residence time of only several thousands »f years. Similarly, OSL ages of
sediments stored in alluvial terraces and at the base of slopes, pcint . storage on the order of only
a few thousands to few hundreds of years (Table 3). Nowhe e in the Meshushim drainage system
did we find evidence for long-term storage of sediment ¢ scil of more than a few thousands of

years.

Basin wide denudation rates calculated f-an. **Cl concentrations measured in samples MS7A,
MS14A, MS17A and MS18A are used to calcu.~te the sediment yield (Table 4). We also compared
sediment yield results at BTV with sedi"...nt ,ield calculations that were done using other methods.
Basin wide denudation rates calculate. from *°Cl concentrations measured in samples MS17A and
MS18A, are 238.3+30.9 and 570..+70.9 mm/ky, respectively (Table 4). Based on the fact that
residence time of sedime.t s.orage in the Meshushim is on the order of only a few thousands of
years at the most, we can < s5sume that basin wide erosion translates well into a long-term sediment
yield average value. Therefore, using the calculated basin-wide erosion rates, we calculate the
sediment yield into BTV to be 640 ton/km?/yr for the coarse alluvial material (sample MS17A) and
1400 ton/km?/yr for the fine alluvial material (sample MS18A). The latter estimate for fine alluvial
material, is two orders of magnitude higher than recent multi annual (1972-2015; 24 ton/kmz/y)
sediment loads calculated from total suspended solids (TSS) (Meshushim TSS data from Israeli Water
Authority monitoring program via the Mekorot water company), measured at the mouth of the

Meshushim at the BTV. It is also much higher than values provided by other studies of the present-
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day total sediment yield (Inbar, 1992; Grodek, 1994; Bergman et al., 2018, 2021) all of which are
<100 ton/km?/y. Notably, both our estimates from the BTV (coarse and fine material) are higher, but
on the same scale as the controversial total annual sediment load of 630 ton/km? estimated by Inbar
and Schick (1979) for 1969. Our estimated sediment yield calculated from fine alluvial material
sample in the BTV is several times higher than TSS calculated loads for1992 (123 ton/km?/y). It is
worth mentioning that in the recent record both years, 1969 and 1992, were characterized by
unusually high precipitation and flooding in the Meshushim basin, thus extremely high sediment

loads are to be expected for these years.

We assume that the present yield measurements represent 1. e very late part of the Holocene,
while the vyields calculated from the basin wide erosic~ ra*es (based on cosmogenic isotopes)
represent the average of earlier parts of the Holocene inu 'ip to the last ~45-60 ka (as discussed
above in relation to the duration over which co.™7genic isotope-based erosion rates can be
averaged). Therefore, the cosmogenic yielc val'.es average over the present interglacial period and
to a minor extent into the last glacial. 1> comparison between the results of this study and the
present yield measurements suggest ter \oral changes in denudation rates, with higher denudation
rates and sediment yields during -mos. of the Holocene relative to present denudation and sediment
yield. Previous studies (Grode.. 1994) indicated that the presence of very large boulders at the delta
of the Meshushim str:.m™ \..“icated that the stream must have had past high transport capacities
during larger flow events. This is interpreted in the context of our results to reflect more dominant
denudation and sediment yields, including large distance transport of boulders during the earlier
part of the Holocene, or earlier. This conclusion is partially concurrent with the Late Pleistocene
glacial to Holocene interglacial climate record in this region which suggests 1.5 - 2 times more
precipitation than today (Ryb et al., 2014a, b; Enzel et al., 2008), although our estimates that the
present day denudation and sediment yields are lower than most of the Holocene has currently no

support from other studies in this region.
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Table 4. Sediment yields in the Meshushim basin

Erosion rate Area size (km?) Rockadensity Sediment yield
(mm/ky) (g/cm’) (Tons/km?/yr)
Above central
Meshushim 22.9+2.8 128 2.7 62
(MS7A)
Above lower
Meshushim 265.6+42.3 153 2.7 718
(MS14A)
Entire basin
(MS17A) 238.3+30.9 157 e 642
(MS18A) 520.3%£70.9 1404

5. Conclusions

Denudation rates calculated for bedrock b is7.ts differ between exposed bedrock (12.3+1.4
mm/ka) and soil covered bedrock (17 0. +4..4 mm/ka), this being consistent over the basin
despite notable variations in average an..ual temperature and precipitation. This means that
chemical weathering at bedroc«-~¢ ™" interface is a significant factor controlling erosion.
Differences in *°Cl concei.*rations between exposed and covered bedrock suggest soil
residence time of only se.=ral thousands of years. Similarly, OSL ages of sediments stored in
terraces range beitween 170420 and 40004290 years. Nowhere in the Meshushim drainage
system did we find avidence for storage of sediment or soil longer than a few thousands of
years.

Sub-surface weathering of basalts seems to be the major source for sediments in upper and
central segments of the basin, as evidenced by similar %Cl concentrations. However, low
dosed *°Cl in the lower parts of the basin indicate involvement of landslides which
instantaneously supply previously shielded sediment into the river. This conclusion

correlates well with the observation that the highest relief (difference between thalweg and
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top of ridge) which exposes the most paleosol-basalt flow layers, is located along the lower
Meshushim.

e Site specific, as well as basin wide, denudation rates calculated for the Meshushim drainage
basin are within the range of rates calculated for different lithologies over climatic gradients
from hyper arid to Mediterranean along the margins of the Dead Sea Rift.

e The Upper Meshushim and the upper part of the Central Meshushim are characterized by
basin-wide denudation rates concurrent with site-specific denudation rates as measured
from bedrock samples, and fit well with moderate to low re:..~f (Fig. 8). In contrast, basin-
wide denudation rates in the lower part of the central I."=s:.ushim, and downstream to the
basin base-level at the BTV increase dramatically, ¢ not correlate with site specific rates,
but are concurrent with high relief which allows th. :icreasing role of landslides.

e The high sediment yields calculated from tl i wirk suggest temporal changes in denudation
rates over the Holocene and possibl', ov 'r earlier periods, during the last ~60 ka, with higher
past denudation rates and sedi.ment yield. In part these results can be related to the Late
Pleistocene glacial to Holocei.e ir cerglacial climate record in this region which suggests

significantly more precipi*au ~n than today.
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Highlights

e Cosmogenic *°Cl in bedrock and sediments of basaltic terrain, N Dead Sea Rift (DSR)
e **Cl -based calculated denudation ages compatible with range of other DSR studies
e Chemical weathering at bedrock-soil interface controls most of erosion

e Soil cover residence time up to several thousands of years consistent with OSL ages

e Present denudation and sediment yield lower than during most of the Holocene
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