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Colluvial sediments of talus relicts (“talus flatirons”) around mesas preserve a record that sheds light on
slope-forming processes at temporal scales >103 yr. The sedimentology and soil stratigraphy of two
groups of talus flatirons in the northeastern hyperarid Negev desert reveal four deposition events in
the younger talus and at least two in the older one. Numerical modeling of high-resolution 10Be depth
profiles suggests that these taluses were deposited during the middle Pleistocene; the younger talus
group first depositional event occurred at 551 −142

+80 ka and its abandonment occurred at 270 −38
+17 ka.

The abandonment of the older talus group and stabilization of its surface occurred at 497 −114
+176 ka.

These ages indicate that the development of the studied talus sequence is not specifically associated
with Pleistocene glacial–interglacial cycles. The 10Be modeled concentrations indicate significant differ-
ences in the average inheritance of talus flatirons of different groups. These differences can be attributed
to variability in the transport distance and duration of gravel exposure during transport but could also
reflect some temporal variability in cliff retreat. Our results also demonstrate that talus slopes in
hyperarid areas, despite their steepness, can store sediment for long periods (~500 ka) and thus consti-
tute a valuable archive.

© 2012 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Talus slopes are common landforms in arid to hyperarid drainage
basins and function as a primary storage reservoir of sediment close
to its production sites. Their chronology, morphology, and sedimen-
tology are intimately related to sediment production and flux from
bedrock cliffs and its delivery into first- and larger-order fluvial
systems. Talus slopes are therefore a key element in understanding
basic questions regarding sediment production, storage, and
transport. These slopes have a primary role in regulating drainage
basin geomorphic responses to climate and environmental changes
(e.g., Koons, 1955; Gerson and Grossman, 1987; Bull, 1991; Howard
and Selby, 1994; Schmidt, 1994; Pederson et al., 2001; Anders et al.,
2005; Enzel et al., in press). However, quantification of the process-
es which shape talus slopes at long-term temporal scales (>103) is
still limited (Enzel et al., in press).
l and Environmental Sciences,
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Talus relicts (“talus flatirons”) are ubiquitous landforms of
semiarid to hyperarid regions and are characterized by a concave
longitudinal profile. Their apex is directed toward the source of
the sediment, usually bedrock cliffs, while their distal part grades
to a pediment and/or to fluvial terraces (e.g., Carson and Kirkby,
1972; Gerson, 1982; Gutiérrez and Martinez, 2001). It has been
proposed that spatially well-organized generations of talus flat-
irons result from cycles of bedrock erosion, deposition of debris
on slopes, and subsequent incision. The sequence of talus flatirons
formed via the proposed cycles would be characterized by older
talus flatirons that are systematically more distant from the cliff
than the younger ones (e.g. Gerson, 1982; Gerson and Grossman,
1987; Schmidt, 1994; Gutiérrez et al., 2006; Boroda et al., 2011).

Over the last few decades most of the conceptual models of talus
flatirons evolution were based on the analysis of these relicts in
semiarid to hyperarid environments and have proposed changes
in sediment production rates over time mainly in response to
climatic changes (Everard, 1963; Gerson, 1982; Gerson and
Grossman, 1987; Sancho et al., 1988; Bull, 1991; Arauzo et al.,
1996; Schmidt, 1996; Gutiérrez et al., 1998, 2006). Most of these
studies also assumed high rates of source cliff retreat during
talus-sequence formation. Age estimations of talus flatirons were
acquired using dating methods such as: cation ratios in desert
c. All rights reserved.

http://dx.doi.org/10.1016/j.yqres.2012.11.012
mailto:Boroda@post.bgu.ac.il
http://dx.doi.org/10.1016/j.yqres.2012.11.012
http://www.sciencedirect.com/science/journal/00335894
https://doi.org/10.1016/j.yqres.2012.11.012


Figure 1. Study-area location (a) Location of the study area in the eastern Mediterranean region. (b) General topography of the study-area vicinity. Dashed lines indicate the
location of the western escarpment of the Dead Sea basin and the mesa belt in the northeastern Negev and Judean desert. (c) A view of sequences of talus flatirons developed
around Tzuk Tamrur and Giva't Zeron. The locations of the trenches are marked with white arrows. An enlargement of the Giva't Zeron area appears in the middle of the photo.
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varnish (e.g. Gerson, 1982; Dorn, 1983), radiocarbon ages (e.g.
Gutiérrez et al., 2006), and cosmogenic nuclide exposure ages
(Boroda et al., 2011).

Recently, Boroda et al. (2011) studied three generations of talus
flatirons in the northeastern Negev desert (Figs. 1, 2) and calculat-
ed simple exposure ages of the two oldest groups of talus flatiron
using 10Be concentration of the overlying desert pavement. In
contrast to earlier studies that stressed retreat of the bedrock
cliff as the main cause for the talus flatirons detachment from its
source, Boroda et al. (2011) proposed that the distance separating
talus flatirons from their respective source cliff is mainly gained by
erosion and retreat of the talus apex away from the cliff and not by
rg/10.1016/j.yqres.2012.11.012 Published online by Cambridge University Press
cliff retreat. However, the depositional processes, and temporal
framework for talus flatirons formation were not described in de-
tail in Boroda et al. (2011).

In the present study, we investigate the stratigraphy and soils of
early to middle Pleistocene talus flatirons (groups A and B from
Boroda et al., 2011), and analyze high-resolution depth profiles
of in-situ cosmogenic radionuclides (e.g., Hancock et al., 1999;
Matsushi et al., 2006; Nichols et al., 2006; Riihimaki et al., 2006;
Matmon et al., 2009; Hidy et al., 2010; Guralnik et al., 2010) and op-
tically stimulated luminescence (OSL) measurements. Then, we
numerically model the cosmogenic nuclide concentrations to:
(a) calculate exposure ages of the different depositional events

https://doi.org/10.1016/j.yqres.2012.11.012
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composing the talus flatiron and examine a possible correlation
with Pleistocene glacial–interglacial climatic cycles, and (b) un-
derstand the process of sediment transport from the source cliff to the
Figure 2. Morphostratigraphic maps of Tzuk Tamrur and Giva't Zeron. (a) Tzuk Tamrur site. O
intermediate-age talus group (yellow) is positioned at an average distance of 30 m from the s
color represents unclassified taluses. (b) Giva't Zeron site. The color scheme is the same as in 2

oi.org/10.1016/j.yqres.2012.11.012 Published online by Cambridge University Press
fluvial system. For this end, we use the modeled inheritance values of
different units within a single talus slope as well as the modeled
average inheritance values of different talus flatiron groups.
ldest talus group (red) is positioned at an average distance of 150 m from the source cliff;
ource cliff. Blue color represents the youngest talus group (connected to the cliff). Purple
a. Locations of trenches at Giva't Zeron and sample TTSL1 are marked with black arrows.

image of Figure�2
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Integrating new and previously published data (Boroda et al.,
2011) from the study area enables a better understanding of the
depositional history of talus flatiron cycles and transport processes
of sediment on slopes in such hyperarid regions.
Study area

The study area is located in the hyperarid (mean annual rainfall
b80 mm) northeastern Negev desert in Israel, along the western
margins of the Dead Sea fault (Fig. 1). Exposed lithologies consist
of horizontally bedded Turonian limestones, Santonian marls and
chalks, and Campanian cherts. Significant channel downcutting
during the late Cenozoic in the study area has caused the forma-
tion of mesas. Spatially, these mesas are positioned along a belt
parallel to the Dead Sea western escarpment (Fig. 1b). These
mesas are capped and maintained by the resistant chert of Mishash
Formation, which overlies erodible chalk of Menuha Formation
(Shaw, 1947; Boroda et al., 2011).

We investigate two mesas: Tzuk Tamrur and Giva't Zeron
(Fig. 1; in Hebrew, Tzuk and Giva translate to “cliff” and “hill,”
respectively). Tzuk Tamrur mesa is characterized by a flat chert
top about 200 m wide, which ends in a bedrock cliff grading to a
~37° slope towards its base and the various talus groups. Giva't
Zeron mesa is composed of a similar cliff but the flat-top mesa
has been eroded and therefore, is narrower than in Tzuk Tamrur
and only a few meters wide (Fig. 1c). Alternating phases of deposi-
tion and erosion led to the formation of three groups of talus
flatirons with a systematic spatial distribution in which older
talus flatirons are located farther from the source cliff than the
younger ones. The oldest (red in Figs. 2, 3) and the intermediate-
age (yellow in Figs. 2, 3) groups are detached from the source cliff
by ~150 m and ~30 m, respectively (Boroda et al., 2011). The
oldest talus flatiron group has maximum gradients ranging be-
tween 10° and 15° and the intermediate-age talus flatirons group
has maximum gradients ranging between 16° and 20°.
Figure 3. Talus flatirons sequence in Giva't Zeron: Oldest talus flatiron group (location o
Intermediate-age talus flatirons group (location of trench ZRBE) on the left has a maximum g

rg/10.1016/j.yqres.2012.11.012 Published online by Cambridge University Press
Method

Sedimentological and pedological analyses

Two, ~3 m deep and 7–10 m long trenches reaching the
bedrock and exposing the talus sediment-bedrock contact in the
Giva't Zeron site were logged at 20:1 scale (trenches ZRAF and
ZRBE on the oldest and intermediate-age talus groups, respective-
ly (Figs. 1c, 2b, 3)). One wall in each trench was mapped in detail to
delineate sedimentary contacts, unconformities, buried soils, and soil
horizons within the talus deposit. The soils were classified according
to Dan et al. (1964), Soil Survey Staff (1975), and Birkeland (1999).
Additional pedogenic features specific to hyperarid desert environ-
ments were documented according to Amit and Gerson (1986) and
Amit et al. (1993).

Geochronology

Two dating methods were applied to determine the depositional
history of the different talus groups: optically stimulated lumines-
cence (OSL, Aitken, 1998), and in-situ produced cosmogenic nuclide
exposure dating (e.g., Lal, 1991; Bierman and Turner, 1995; Gosse
and Phillips, 2001).

Optically stimulated luminescence (OSL) measurements

Ten sediment samples, five from the oldest group and five from
the intermediate-age talus group, were collected from the strati-
graphic units exposed in the trench walls. These samples range in
depth from just below the surface at the top to the talus-bedrock
contact at the bottom (Fig. 4). Fine sand-size quartz grains (63–125
or 74–125 μm) were extracted from the sediments using routine
laboratory procedures (Porat, 2007). OSL measurements were carried
out on a Risø DA-12 TL/OSL reader on a limited number of aliquots
(4–5). The equivalent doses (De) were determined by using the OSL
f trench ZRAF) on the right has a maximum gradient ranging between 10° and 15°.
radient ranging between 16° and 20°. Trenches locations are marked with gray arrows.

image of Figure�3
https://doi.org/10.1016/j.yqres.2012.11.012


Figure 4. Sedimentary and soil profiles exposed in trenches excavated on the talus
groups. (a) Eastern wall of trench ZRBE (intermediate-age talus group). (b) Western
wall of trench ZRAF (oldest talus group). Each soil horizon in the columnar section is
marked by a black line and accepted symbols. The different sedimentary units inferred
to have been deposited at different depositional events are separated by bold black
lines and symbols. The location of cosmogenic samples and their 10Be concentrations
(in 105 atoms g−1 quartz with 1σ analytical error) are marked by gray lines and
squares. 10Be concentrations generally decrease with increasing depth for each of the
sedimentary units. The locations of the OSL samples are marked by white symbols.
The identification of Unit 1 of trench ZRAF is based only on the step in the 10Be concen-
trations without any correlating field evidence.
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signal and the standard single-aliquot regenerative dose (SAR) protocol
(Murray and Wintle, 2000).

10Be measurements

Cosmogenic nuclides such as 10Be and 26Al are produced in
measurable amounts in the uppermost few meters of exposed rock,
oi.org/10.1016/j.yqres.2012.11.012 Published online by Cambridge University Press
sediment, and soil; thus, they are a sensitive monitor of near-surface
residence time. This technique allows calculations of exposure ages
and/or erosion rates over various time scales at various geomorphic
setting (e.g., Bierman and Turner, 1995; Small et al., 1999).When a de-
positional surface is abandoned, an exponential cosmogenic profile
will evolve since production rates decay with depth (Lal and Arnold,
1985; Phillips et al., 1998; Hidy et al., 2010). The depth distribution
of concentrations of cosmogenic nuclides in amalgamated sediment
samples has been previously used for estimating exposure ages,
rates of erosion or aggradation, and inherited cosmogenic nuclide con-
centrations in a variety of geomorphic settings (e.g. Hancock et al.,
1999; Perg et al., 2001; Brocard et al., 2003; Braucher et al., 2009;
Matmon et al., 2009; Hidy et al., 2010; Guralnik et al., 2010). One of
the goals of the depth profile procedure is to separate nuclide inheri-
tance from post-depositional nuclide production, thereby permitting
accurate surface exposure dating of sediments.

Twenty samples were collected from trenches at Giva't Zeron for
cosmogenic nuclide analysis (Figs. 1c, 2b, 4): eleven from the
intermediate-age talus group (trench ZRBE), seven from the oldest
talus group (trench ZRAF) and two samples of at least 100 amalgam-
ated desert pavement clasts from the surface of each talus group. We
use this analysis to estimate: (a) the depositional history of the oldest
and intermediate-age talus groups and (b) the sediment-transport
pattern based on the average cosmogenic inheritance.

One sample of amalgamated bedrock from interfluves between
rills (sample TTSL1) was collected above the talus-flatiron apex at
Tzuk Tamrur (Figs. 1c, 2a). This sample was used to compare the
rate of cliff retreat at Tzuk Tamrur to that of Giva't Zeron.

Samples were processed at the Cosmogenic Isotope Laboratory at
the Hebrew University, Jerusalem, following the procedure by
Bierman and Caffee (2001). Analyses were performed at the accelerator
mass spectrometry (AMS) facilities at Lawrence Livermore National
Laboratory (LLNL), USA, and ASTER, CEREGE, France. Samplesmeasured
at LLNL are normalized to the AMS standard KNSTD3110 with a 10Be/
9Be ratio value of 2.85×10−12. Samples measured at CEREGE are nor-
malized to NIST standard with a 10Be/9Be ratio value of 2.79×10−11.
The reported concentrations are comparable.

Numerical modeling

Profile model exposure ages were calculated using Eq. (1) (Brown
et al., 1998):

N ¼ P zð Þ
ρεΛ−1 þ λ

1−e− ρεΛ−1þλð Þt�
� �

þ N 0ð Þe−λt� ð1Þ

where N is the measured concentration of the cosmogenic nuclide in
atoms g−1 quartz, P is the total surface production rate of the cosmo-
genic nuclide in atoms g−1 quartz yr−1, ρ is the density of the consol-
idated sediment (2.4 g cm−3), ε is the erosion rate of the surface in
cm yr−1, Λ is the attenuation depth of neutrons (165 g cm−2), t* is
the exposure time in years between colluvial unit deposition and
burial by subsequent colluvial unit, N(0) is the inherited cosmogenic
nuclide concentration in atoms g−1 quartz at the time of deposition,
and λ is the cosmogenic nuclide decay constant (4.99×10−7 yr−1).
We use a 10Be half-life value of 1.387±0.012 Ma (Korschinek et al.,
2010) for all age and erosion calculations. In converting concentrations
to exposure time, we adopt the latitude and altitude scaling factors of
Stone (2000) and correspondingly reduce the previous accepted, spall-
ation, sea-level high-latitude reference production rate of 4.96 atoms
g−1 yr−1 (Table 6 in Balco et al., 2008) by a factor of 1.106
(Nishiizumi et al., 2007) to give P1=4.49 10Be atoms g−1 yr−1, which
accounts for the renormalization of AMS calibration standard
reference materials. Production by muons followed the procedure
described in Granger and Smith (2000). Decrease in production with

image of Figure�4
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depth by fast neutrons or by muon capture was calculated using the
formulation of Granger and Muzikar (2001).

We set the exposure time (t*) and the inheritance N(0) as free
parameters (one value for each parameter for all the samples com-
posing a depositional event). Erosion (ε) was neglected due to the
preservation of soil horizons in stratigraphic units and the extreme
resistance of pebble-size chert clasts in desert pavements to erosion
in this hyperarid environment (Matmon et al., 2009; Guralnik et al.,
2010; Boroda et al., 2011). The model objective was to estimate the
exposure time (t*) and inheritance N(0) of each unit by minimizing
the misfit between the measured and predicted concentrations.
Material constituting the deposit has been emplaced over a short
period of time, several ka, with respect to the subsequent duration
of exposure. Predicted 10Be concentrations (Np) were compared
with the measured concentrations (Nm) for all the samples in each
scenario. The misfit function was expressed using a chi-square test
(Bevington and Robinson, 2003). The level of fit was calculated
using Eq. (2):

χ2 ¼ Np1−Nm1ð Þ
σ2

m1

2
þ Np2−Nm2ð Þ

σ2
m2

2
þ…

Npn−Nmnð Þ
σ2

mn

2
ð2Þ

The two profiles in the study area are complex profiles because
they result from more than one depositional event. Thus, we apply
the model to find the best fit for the entire profile which yields the
optimized t* and N(0) for each unit (i.e. the number of free model
parameters for a defined best fit value is the number of depositional
events multiplied by 2). The model principals are as follows: The
exposure time (t*) and inheritance N(0) of the first depositional
event (lowest/oldest unit) are calculated considering the upper part
of the unit as the paleo-surface. The exposure time and inheritance
for the second depositional event are calculated the same way as
the underlying unit but considering the upper part of the new unit
as the new paleo-surface. As the cosmogenic depth profile for the
new unit is built, the cosmogenic depth profile for the underlying
unit continues to be built but considering the upper new unit as the
paleo-surface. This process continues throughout the profile to give
the optimized t* and N(0) for each of the depositional units compos-
ing the profile.

We performed >109 model runs and applied a global minimum
search algorithm to identify the best-fit scenario. We present the
solution space with an error cutoff of 5% for the minimum
chi-square indicating the preferred range of values for each free
parameter.

Results

Sedimentary characteristics of the talus-flatiron sequence

Intermediate-age talus group (trench ZRBE)
Sedimentary and soil characteristics in the ZRBE profile indicate

the presence of four colluvial units associated with three buried
soils in addition to the surface soil (Fig. 4a). The surface of the talus
flatiron is covered (>85%) by a well-developed desert pavement
and is barren of vegetation. Soil morphologic and key sedimentary
features for these four units are as follows: (a) Unit 1 (upper soil
profile): A horizon (0–5 cm depth) mostly fine sand and silt, B hori-
zon (5–20 cm depth) with b20% highly angular gravel (2–3 cm)
weakly cemented by gypsum, C horizon (20–50 cm depth) well-
sorted grain-supported clasts (>70% clasts, 2–3 cm) and weak
gypsum cementation and a clear lower boundary, (b) Unit 2 (paleosol
1): Ab (buried A horizon, 50–80 cm depth) unsorted grain-supported
clasts (>60% clasts, ~10 cm) with gypsum cementation, C horizon
(80–130 cm depth) of stratified grain-supported clasts (>90% clasts,
1–2 cm) with weak gypsum cementation and sharp lower boundary,
rg/10.1016/j.yqres.2012.11.012 Published online by Cambridge University Press
(c) Unit 3 (paleosol 2): Ab (130–150 cm depth) grain-supported
clasts, poorly cemented by gypsum, C horizon (150–220 cm depth)
stratified grain-supported clasts (4–5 cm) weakly cemented by
gypsum and clear lower boundary and (d) Unit 4 (paleosol 3): A/Bb
(220–250 cm depth) grain-supported clasts (3–4 cm) weakly cemented
by gypsum and C (250–300 cm depth) composed of well stratified
grain-supported clasts (> 80%, 4–5 cm) also weakly cemented.

Oldest talus group (trench ZRFA)
Sedimentary and soil characteristics in ZRAF profile reveal that

this profile is composed of at least two colluvial units (Fig. 4b). The
surface is covered (>85%) by a well-developed desert pavement
(3–5 cm diameter platy clasts) and it is barren of vegetation. Soil
morphologic and key sedimentary features for these two units are
as follows: (a) an upper soil profile (marked as the combined units
1 and 2 in Fig. 4b): A horizon (0–10 cm depth) mostly fine sand
and silt, B horizon (10–50 cm depth) with 50% shuttered gravel and
abundant gypsum crystals, and C horizon (50–110 cm depth) grain
supported clasts (>80%, ~5 cm) with a sharp lower boundary (b) a
lower sediment (unit 3 in Fig. 4b): 240-cm-thick unit of the colluvial
material. Soil development was not observed in this unit.

Optically stimulated luminescence (OSL) ages

The OSL ages range between 11±10 and 138±39 ka for the
intermediate-age talus group and between 22±5 and 99±26 ka for
the oldest talus group (Table 1, Fig. 4). Within each talus group ages
increase with depth. The overall age ranges for the youngest and
oldest fine dust materials in both talus units are essentially the
same, given the overlapping analytical uncertainty associated with
the dates. The OSL results show that the De values are high
(50–220 Gy), perhaps due to the high dose rate. This suggests that
the OSL signal may be close to saturation and that the ages are
underestimated.

Cosmogenic nuclide exposure ages

In both depth profiles the concentrations of 10Be generally decrease
with depth (Table 2, Figs. 4, 5). The concentrations in profile ZRAF
(oldest talus group) are significantly higher than those in profile ZRBE
(intermediate-age talus group) (Fig. 5). Desert pavement samples
yielded 1.12±0.042×106 and 3.33±0.095×106 10Be atoms g−1, for
the intermediate-age and oldest talus groups, respectively. These
concentrations correspond to simple exposure ages of ~253 ka and
~870 ka, respectively, assuming N(0)=0 and ε=0. The ZRBE 10Be
depth profile presents three pronounced steps, each characterized by
relatively high concentration and lower values above and below
(Figs. 4, 5). For example, sample ZRBE3 (60–80 cm depth) yielded
0.93±0.032×106 10Be atoms g−1 with lower concentration of 0.57±
0.02×106 and 0.82±0.029×106 10Be atoms g−1 for samples ZRBE2
(40–60 cm depth) and ZRBE4 (80–100 cm depth), respectively. Profile
ZRAF shows two such steps (Figs. 4, 5). For example, sample ZRAF2
(12–40 cm depth) yielded 2.74±0.068×106 10Be atoms g−1 with
lower concentrations of 2.36±0.063×106 and 2.37±0.07×106 10Be
atoms g−1 for samples ZRAF1 (0–12 cm depth) and ZRAF3 (40–70 cm
depth), respectively. Sample TTSL1 from Tzuk Tamrur yielded a 10Be
concentration of 0.03±0.006×106 atoms g−1, which is similar to
samples from the same morphologic position at Giv'at Zeron (samples
ZRSL1 and ZRSL2; Boroda et al., 2011).

Discussion

Ages of talus flatiron depositional events

Numerical modeling of cosmogenic nuclide depth profiles can
solve for exposure age and/or inheritance variation in a complex

https://doi.org/10.1016/j.yqres.2012.11.012


Table 1
OSL results of samples collected from trenches ZRBE and ZRAF along talus flatirons around Giva't Zeron mesa.

Sample Trench Depth
(m)

K
(%)

U
(ppm)

Th
(ppm)

Ext. α (μGy yr−1) Ext. β (μGy yr−1) Ext. γ (μGy yr−1) Cosmic (μGy yr−1) Total dose (μGy yr−1) De (Gy) Age (ka)

TAL-11 ZRAF 0.1 0.15 16.6 0.9 49 1912 2269 264 4494±52 50±46 11±10
TAL-12 ZRAF 0.4 0.21 10.3 1.1 31 1239 1502 219 2991±63 201±110 67±37
TAL-13 ZRAF 0.8 0.16 8.6 0.6 26 1016 1235 190 2467±61 186±31 75±31
TAL-14 ZRAF 1.4 0.24 7.3 1 22 910 1133 176 2241±60 309±88 138±39
TAL-15 ZRAF 2.3 0.09 9.3 0.5 28 1072 1275 158 2532±37 220±112 89±44
TAL-16 ZRBE 0.2 0.21 9.5 1.3 29 1160 1403 243 2835±64 62±13 22±5
TAL-17 ZRBE 0.7 0.19 11.4 0.9 34 1347 1625 196 3201±65 140±36 44±11
TAL-18 ZRBE 1.1 0.13 9.8 0.7 29 1146 1372 183 2731±62 149±63 55±23
TAL-19 ZRBE 1.5 0.2 8.4 1 25 1022 1247 174 2468±61 150±41 61±17
TAL-20 ZRBE 2.2 0.12 7.5 0.4 22 876 1061 160 2119±61 209±55 99±26

Gamma+cosmic dose rates were measured in the field using a portable gamma spectrometer.
Grain size for all samples was 75–125 μm.
Gamma was calculated from the radioactive elements and the cosmic dose was estimated from burial depth.
Water contents estimated at 2±1%.
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sedimentary profile (e.g. Phillips et al., 1998; Hancock et al., 1999;
Nichols et al., 2002, 2006; Riihimaki et al., 2006; Matmon et al.,
2009; Guralnik et al., 2010). In most of these studies, this method
was applied to delineate sedimentary contacts. For example, Phillips
et al. (1998) illustrated the ability of cosmogenic nuclide depth pro-
files to locate subtle unconformities in alluvial sequences in stream
terraces and an alluvial fan. They showed that an anomalously high
concentration of 21Ne from the deepest sample probably represents
the unconformable contact of an older alluvial sequence with a higher
nuclide inheritance. Matmon et al. (2009) reconstructed a three-step
history of clastic and eolian deposition on the Paran Plains of the
Negev using 10Be concentration profile and suggested that sediment
was deposited in two or more cycles and not in a single depositional
event.

The integration of sedimentary and soil stratigraphy data with the
cosmogenic nuclides depth profiles in this study reveals that the
pattern of 10Be concentrations is mostly in agreement with field
observations (Fig. 4). This agreement supports the reliability of the
model. The sediment and soil-stratigraphy of the intermediate-age
talus group (profile ZRBE) indicate deposition of four colluvial units
Table 2
Raw cosmogenic 10Be data of samples from the Giva't Zeron and Tzuk Tamrur study sites.

Sample Trench Location
[°N/°W]

Elevation
[m asl]

Depth
[cm]

Thickness
[cm]

Total product
[atoms g−1 y

ZRAFDP ZRAF 31.1605/35.3215 86 0 1 4.41
ZRAF1 ZRAF 31.1605/35.3215 86 0-12 1 3.73
ZRAF2 ZRAF 31.1605/35.3215 86 12-40 1 2.46
ZRAF3 ZRAF 31.1605/35.3215 86 40-70 1 1.69
ZRAF4 ZRAF 31.1605/35.3215 86 70-100 1 1.08
ZRAF5 ZRAF 31.1605/35.3215 86 100-145 1 0.67
ZRAF6 ZRAF 31.1605/35.3215 86 145-180 1 0.46
ZRAF7 ZRAF 31.1605/35.3215 100 180-225 1 0.25
ZRBEDP ZRBE 31.1600/35.3211 100 0 1 4.40
ZRBE1 ZRBE 31.1600/35.3211 100 20-30 1 3.11
ZRBE2 ZRBE 31.1600/35.3211 100 40-60 1 2.20
ZRBE3 ZRBE 31.1600/35.3211 100 60-80 1 1.69
ZRBE4 ZRBE 31.1600/35.3211 100 80-100 1 1.30
ZRBE5 ZRBE 31.1600/35.3211 100 100-120 1 1.01
ZRBE6 ZRBE 31.1600/35.3211 100 120-140 1 0.79
ZRBE7 ZRBE 31.1600/35.3211 100 140-160 1 0.59
ZRBE8 ZRBE 31.1600/35.3211 100 160-180 1 0.47
ZRBE9 ZRBE 31.1600/35.3211 100 180-200 1 0.39
ZRBE10 ZRBE 31.1600/35.3211 100 240-260 1 0.25
ZRBE11 ZRBE 31.1600/35.3211 100 260-280 1 0.24
TTSL1 Surface 31.1794/35.3152 171 0 1 4.07

a A density of 2.4 g cm−3 was used based on the chert composition of the profile sample
b Carrier solution Be concentration is 974 ppm with an average 10Be/9Be ratio of 2*10^−
c Isotope ratios were normalized to 10Be standards with a value of 2.85×10–12 and 2.79×
d Uncertainties are reported at the 1σ confidence level.
e Propagated uncertainties include error in the blank, carrier mass (1%), and counting sta
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separated by intervals of soil development and minor sediment
accretion in between. The cosmogenic nuclide concentrations of the
samples within each unit show an exponential decrease in concentra-
tions with depth. Each unit is separated from the lower and upper
units by discontinuities in the cosmogenic nuclide concentration
profile that correspond to the unconformities in the sequence repre-
sented by the buried soils.

Moreover, the stratigraphy, sedimentology, and concentrations
of 10Be as revealed in ZRBE and ZRAF trenches lead to the following
assumptions: (a) each single colluvial unit was emplaced over a
short period of time, several ka, with respect to the subsequent
duration of exposure. Thus, the concentrations of 10Be in each
colluvial unit decrease with depth (b) there was negligible erosion
of the surface layer between successive depositional events as
evidenced by the soil profiles and the general existence of an expo-
nential profile of cosmogenic isotope concentrations in each unit.
Absence of the upper part of a cosmogenic depth profile would
have pointed to a layer that was stripped prior to the deposition of
the subsequent layer (Nichols et al., 2005; Riihimaki et al., 2006).
(c) Following the deposition of the uppermost colluvial unit, the
ion rate
r−1]

Shielding
factor

Quartza

[g]
Carrier
solutionb [g]

10Be/9Becd

[×10−13]

10Be concentratione

[106 atoms g−1 SiO2]

1 20.001 0.308 32.55±0.66 3.33±0.095
1 30.038 0.306 34.86±0.62 2.36±0.063
1 30.008 0.309 39.99±0.59 2.74±0.068
1 30.011 0.306 34.90±0.76 2.37±0.070
1 34.996 0.308 39.46±0.57 2.31±0.057
1 34.998 0.307 17.48±0.36 1.01±0.029
1 35.005 0.308 19.57±0.35 1.14±0.031
1 39.57 0.309 19.44±0.27 1.00±0.025
1 20.016 0.305 11.24±0.32 1.12±0.042
1 25.011 0.298 12.77±0.36 1.00±0.035
1 25.039 0.298 73.83±0.21 0.57±0.02
1 30.008 0.296 14.32±0.4 0.93±0.032
1 30.092 0.298 12.54±0.36 0.82±0.029
1 30.025 0.299 11.43±0.32 0.75±0.026
1 35.014 0.297 10.62±0.33 0.59±0.022
1 35.009 0.298 10.92±0.37 0.62±0.024
1 35.012 0.3 13.71±0.41 0.78±0.028
1 35.028 0.301 10.13±0.31 0.58±0.027
1 35.019 0.301 13.25±0.38 0.76±0.027
1 35.04 0.299 7.74±0.22 0.44±0.015
1 25.055 0.295 0.64±0.08 0.03±0.006

s excluding TTSL1 (2.65 g cm−3, based on chert density).
14.
10–11 at LLNL and CEREGE respectivaly using a 10Be half-life of 1.387×106 yr.

tistics.
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Figure 5. Distribution of cosmogenic nuclide concentrations with depth for the
intermediate-age talus group (profile ZRBE) and for the oldest talus group (profile ZRAF).
Notice the general higher concentrations in the oldest talus group. The two samples from
the cliff face of Giva't Zeron (ZRSL1 and ZRSL2; Boroda et al., 2011) are marked on the
upper left side of the graph.
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talus sediment stabilized and a desert pavement composed of chert
clasts which experience negligible erosion was developed (Matmon
et al., 2009; Guralnik et al., 2010; Boroda et al., 2011), and (d) vari-
ation in the inheritance within a single colluvial unit is unlikely due
to the proximity of the samples to the sediment source, 30 and
150 m from the sampling sites of trenches ZRBE and ZRAF,
respectively.

The best-fit model out of 109 simulations yielded a minimum
chi-squared value of 8.65 (Table 3). Based on this model: (a) the
first depositional event in the intermediate-age talus group occurred
at 551 −142

+80 ka, and (b) the abandonment of the intermediate-age
talus group and stabilization of its surface occurred at 270 −38

+17 ka
(Figs. 6, 7a). Considering the complex stratigraphy of the sequence
(which includes four depositional units) the model yields a reason-
able chi-square value. Previously published studies have yielded
similar chi-square values. For example, modeling results for fluvial
terrace at Lees Ferry, Arizona (Hidy et al., 2010), yielded ages at an
~105 yr time scale with converging pattern similar to this study and
chi-square values between 15 and 20. The converging pattern of the
deposition age as a function of the chi-square value is good (Fig. 8).
The envelope of the results has a low gradient, which means that
any change in the age relative to the optimum has a significant pen-
alty in the chi-square value.

The stratigraphy of the oldest talus group (trench ZRAF) reveals
two colluvial units based on textural variation in the profile (marked
as combined units 1+2 and unit 3 in Fig. 4b). No buried soil was
detected in between. This may indicate that either deep stripping of
unit 3 occurred prior to the deposition of the upper unit or that the
time interval between the two depositional events was too short for
a soil to develop. Unlike profile ZRBE, the depositional history, based
Table 3
Best-fit model results for deposition age and inheritance of each depositional unit.

Talus group Model scenarios Deposition age (ka)

Unit 1 Unit 2

Intermediate-age
(trench ZRBE)

Variability in inheritance is alloweda 270 −38
+17 289 −49

+41

Variability in inheritance is not allowedb 175 −3
+56 283 −15

+98

Applying inheritance from the other groupc 605−579
+218 713 −684

+427

Oldest (trench ZRAF) Variability in inheritance is alloweda 497 −114
+176 498 −114

+237

Variability in inheritance is not allowedb 189−56
+60 356−160

+176

Applying inheritance from the other groupc 749 −113
+113 1775−38

+42

A 5% cutoff from the minimum chi-squared value was used to calculate the error range.
a The model includes 8 and 4 free parameters for the intermediate-age and oldest talus g
b All inheritance parameters are equal (N(0)1=N(0)2=N(0)n). The model includes 5 an
c The model includes 5 and 3 free parameters for the intermediate-age and oldest talus g
d Notice that the deposition age (t) refers to the time between deposition and the present. This

burial.
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on field observations, does not fully correspond with the distribution
of 10Be concentrations with depth (Fig. 4b). The contact between
units 2 and 3 at a depth of 110 cm agrees well with the unconformity
in the cosmogemic nuclides concentration. However, the upper
unconformity between units 1 and 2 is based on the cosmogenic data
alone and is not visible in the field. We applied the model only for
units 1 and 2 due to possible stripping of unit 3. Based on the best-fit
model of 109 simulations (Table 3) the abandonment of the oldest
talus group and stabilization of its surface occurred at 497 −114

+176 ka
(Figs. 6, 7a). Although overlapping ages of the abandonment of the
oldest talus and initial deposition of the intermediate-age talus groups
were obtained (Fig. 7a), the observed stratigraphy requires that both
groups were not deposited at the same time. The oldest talus group is
topographically higher than the intermediate-age talus group. Our age
results demonstrate that talus flatirons in arid areas, despite their steep-
ness, can store sediment for long periods (~500 ka) and thus constitute
a valuable archive.

Talus sediment transport process

Themodeled cosmogenic depth profile of the intermediate-age talus
group (trench ZRBE), yield a minimum chi-squared value of 8.65, when
variability in the inheritance with depth is allowed (i.e. one value for all
samples within a unit but allowing different values for different units
composing the profile) (Table 3, black line in Fig. 9a). The model yields
large variation in the inherited concentrations of 10Be with depth with
the lowest value being 20−14

+51×103 atoms g−1 in unit 4 and the highest
value being 540−105

+0 ×103 atoms g−1 in unit 2 (Fig. 7b). In comparison,
a somewhat higher chi-square value (12.53) is obtained when variabil-
ity in the inheritance with depth is not allowed (i.e. one value for all
samples composing the profile) (Table 3; dashed line in Fig. 9a), and
is set to an average inheritance value of 349 −151

+27 ×103 atoms g−1. A
similar trend is also observed for the oldest talus group (trench
ZRAF): when variability in the inheritance with depth is allowed
(Table 3, black line in Fig. 9b), the model results yield a minimum
chi-squared value of 6.42. In comparison, when variability in the inher-
itance with depth is not allowed (Table 3; dashed line in Fig. 9b), a
higher chi-square value of 7.83 is obtained. These results suggest that
variability in inherited values is more likely than uniform inheritance.

To test whether the model is sensitive to the difference between
the average inheritance of the two talus groups we have calculated
model ages of the intermediate-age talus profile, while applying the
average inheritance of the oldest talus group profile and vise-versa.
This modeling scenario yielded much higher chi-square values
(Table 3; gray line in Figs. 9a and b). These high values support the
conclusion that the inheritance within the older talus group is much
higher (Fig. 7b). A similar trend of increasing inheritance values
with sediment age was noted by Hancock et al. (1999) in a sequence
of terraces in the Wind River, Wyoming. The higher modeled average
d Inheritance (×103 atoms g−1) d Chi-square

Unit 3 Unit 4 Unit 1 Unit 2 Unit 3 Unit 4

444 −129
+55 551 −142

+80 68 −12
+106 540 −105

+0 69 −4.7
+273.5 20 −14

+51 8.65

359 −43
+130 399 −52

+173 349 −151
+27 349 −151

+27 349 −151
+27 349 −151

+27 12.53
811 −782

+552 866 −836
+649 2174−121

+164 2174−121
+164 2174−121

+164 2174−121
+164 227.72

1166 −587
+333 2218 −142

+99 6.42
2174 −121

+164 2174 −121
+164 7.83

6
3 349 −151

+27 349 −151
+27 17.7

roups respectively.
d 3 free parameters for the intermediate-age and oldest talus groups respectively.
roups respectively.
is different than t* (see Eq. (1))which refers to the time between deposition and subsequent
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Figure 6. Schematic sketch of the talus flatiron sequences in the study area including talus depositional units, model ages of deposition, rates and magnitude of geomorphic
processes, talus and cliff gradients and extrapolated curves of their surfaces.
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inheritance of the older talus group could theoretically reflect (a)
significant differences in paleo-erosion rates of cliffs and catchments
(e.g. Anderson et al., 1996; Granger et al., 1996) between the oldest
and the intermediate-age talus groups (Fig. 7c) or (b) significant differ-
ences in the pre-deposition exposure duration of clasts (e.g. Hancock et
al., 1999) as a function of the distance from the source of sediments
(Fig. 7d). In practice, however, there is no evidence for major climatic
shifts (see discussion below) to support a temporal shift as described
in (a). In addition, significant temporal changes in retreat rates and
inheritance cannot be ascribed to a decrease of the mesa-top area, as
Figure 7. Best-fit model results for the stratigraphic units composing the intermediate-age talus g
(c) Apparent paleo-erosion rates (m/Ma) for Giva't Zeronmesa which could potentially reflect sig
pre-deposition exposure duration (Ma) which could potentially reflect differences in the clasts tr
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this area hardly changed since the deposition of the older talus (the cal-
culated cliff retreat rates are only 6–12 m/Ma (Boroda et al., 2011)). The
concentration of 10Be in bedrock samples collected from the cliffs of
Tzuk Tamrur (sample TTSL1) is similar to that of Giva't Zeron (samples
ZRSL1 and ZRSL2; Boroda et al., 2011) of which the mesa top area is
much smaller. This could suggest that under hyperarid conditions the
area of the mesa does not play an important role in setting the
cliff-retreat rate and that the rate of cliff retreat has not changed
much over the time of the formation of the talus groups at Giva't
Zeron (Fig. 6). The difference in themodeled average inheritance values
roup and the oldest talus group. (a) Deposition ages (ka). (b) Inheritance (×106 atoms g−1).
nificant changes in cliff-retreat rates or catchment-denudation rates with time. (d) Apparent
ansport time as a function of the distance from the source of sediments.
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Figure 8. The age solution space for four depositional events composing profile ZRBE.
Horizontal lines indicate the model best age and a vertical line indicates the
corresponding chi-square value. Note that the spread in the ages decreases as the
minimum chi-square is approached.

Figure 9. Concentration vs. depth plot showing measured 10Be concentrations (gray
squares) and the best-fit calculated 10Be profile (black line) for (a) Intermediate-age talus
group (trench ZRBE) and (b) Oldest talus group (trench ZRAF). Dashed lines represent the
model results when forcing constant inheritance and the gray lines represent the model
results when applying the average inheritance from the other talus group. The best-fit
predicted profile is based on more than 109 model runs. Gray horizontal lines indicate the
contacts between colluvial units.
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between the two talus groups can therefore be attributed mostly to the
transport distance (30 vs. 150 m for the intermediate-age and oldest
talus group respectively) and the duration of exposure during transport
(Fig. 7d). Although the soil stratigraphy of all the talus groups indicates
that the regional climatic conditions were consistently hyperarid to
arid, some temporal variability in cliff retreat rates and mesa-top ero-
sion rates due to non-steady climatic parameters cannot be ruled out.
rg/10.1016/j.yqres.2012.11.012 Published online by Cambridge University Press
The observed variability in the inheritance values among the
different units of a single talus flatiron most probably represents the
stochastic nature of sediment production and transport on slopes in
this hyperarid environment. Factors that may contribute to the
stochastic nature of inheritance include variation in the amount and
intensity of precipitation events and overland flow (Yair and Lavee,
1985), the mode and rate of cliff disintegration (Douglas et al., 1991;
Haviv et al., 2010), the grain size of the sediment being transported,
the specific transport mechanism, and the depth of mixing during
transport.

The evolution of the talus–cliff couplet in the hyperarid Negev

The results described above combined with those presented in
Boroda et al. (2011) contribute to the understanding of the deposi-
tional history of talus flatirons and transport processes of sediment
on slopes. Initially, the cliff face acted as a source for clasts, which
accumulated on the bedrock slope and formed a relatively smooth
talus deposit that stretched from the free-face of the cliff to the ped-
iment. Accumulation occurred in several stages. Successive stages are
marked by deposition of a new layer of clasts upon the previously
accumulated talus deposit. The transport rate of each deposit varied
significantly due to reasons noted in the previous section. The process
of deposition continued until active rills and gullies detached the talus
deposits from its source cliff (at 497 −114

+176 ka, for the oldest talus
group) and terminated its sediment supply. Following the detachment
and abandonment of the old talus, the formation of new talus begun at
551 −142

+80 ka. The intermediate-age talus group experienced a similar
process and was detached and abandoned at 270 −38

+17 ka (Fig. 6).
This temporal framework indicates that the development of the
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studied talus sequences is not specifically associated with Pleistocene
glacial–interglacial cycles as was proposed for semiarid and hyperarid
deserts. For example, in a semiarid region of Spain, radiocarbon ages
were used to correlate between talus deposition phases and short
cool events such as Heinrich events and late Holocene neoglaciations
(Gutiérrez et al., 2006) and short intervals of 2.5–25 ka between
successive talus generations were proposed. Gerson (1982) and
Gerson and Grossman (1987) hypothesized, without rigorous
geochronologic constraints on colluvial or related alluvial deposits,
that such sequences were caused by hyperarid to semi-arid climate
changes on time scales of about 100 ka. However, the soils and the
paleosols in our study site are all gypsic and saline soils, which indi-
cate hyperarid climate conditions since the initial stages of talus
formation; i.e. at least since the early Pleistocene (Dan and Yaalon,
1982; Amit and Gerson, 1986; Amit and Yaalon, 1996; Amit et al.,
2006). Even weakly developed calcic horizons that typically form in
wetter regions of the Negev area (>80 mm yr−1, Amit et al., 2006,
2010) are not observed in the soils in the study area. The ages of the
dust in the soil, determined by OSL, reflect relatively young stages of
dust accumulation. These ages which represent minimum ages for the
talus deposits (Boroda et al., 2011) combined with the degree of soil
development are similar to those found on middle to late Pleistocene
alluvial surfaces in the region (Dan and Yaalon, 1982; Amit and
Gerson, 1986; Amit and Yaalon, 1996) and are in accordance with the
main period of loess deposition in the Negev (~14–180 ka; Crouvi et
al., 2008, 2009).

Moreover, we suggest that talus formation and abandonment is
not necessarily associated with fast cliff retreat (Fig. 6). The results
of this study support the conclusions reported in Boroda et al.
(2011). They concluded that the slow cliff-retreat rates inferred on
the basis of cosmogenic isotopes exposure ages dating in this region
(6–12 m/Ma) did not support the model proposed by Gerson
(1982) that requires periods of rapid cliff retreat to produce the
observed significant separation of the cliffs and talus flatirons.
Instead, we propose that the talus flatirons retreat from the cliffs at
a rate of about ~200 m/Ma (Fig. 6). We also hypothesize that this
retreat is the result of substantial gully erosion favored by the soft
chalk exposed beneath the talus, and the unconsolidated nature of
the talus (Boroda et al., 2011). We propose that talus-apex retreat
rate decreases as its distance from the cliff increases due to decrease
in talus gradient, increase in the colluvium thickness and increase of
the armoring of the talus desert pavement with time. These processes
explain the concentric position of the different generations of the
talus flatirons around the cliff.

Conclusions

Sedimentary and soil profiles of two generations of talus flatirons
have been documented in the hyperarid environment of Giva't Zeron
and Tzuk Tamrur in the northeastern Negev. The stratigraphy of the
intermediate-age talus flatirons group includes four colluvial units
separated by three buried soils. The stratigraphy of the oldest
flatirons group includes at least three colluvial units. The presence
of soils between the depositional units in each talus group and 10Be
concentration distribution with depth indicates negligible erosion of
the surface layer between successive depositional events. Numerical
modeling of cosmogenic isotope depth profiles indicates that the
intermediate-age talus group first depositional event occurred at
551 −142

+80 ka and its abandonment and stabilization occurred at
270 −38

+17 ka. The abandonment and stabilization of the upper units
of the oldest talus group occurred at 497 −114

+176 ka. This temporal
framework indicates that the development of the studied talus
sequences is not specifically associated with Pleistocene glacial–
interglacial cycles. The ages of the soil dust fraction dated by OSL
reflect a late stage of soil formation which followed dust accumula-
tion. These ages are in accordance with the main period of loess
oi.org/10.1016/j.yqres.2012.11.012 Published online by Cambridge University Press
deposition in the Negev (~14–180 ka). Our numerical modeling
also reveals large variability in inheritance values among the
units composing each talus flatiron and significant inheritance
differences between talus flatirons of different groups. We suggest
that the variability in inheritance values among different units
within the same talus flatiron deposit reflect the stochastic nature
of sediment transport on relatively steep slopes in hyperarid
environments and the stochastic nature of sediment production
from the associated cliffs. The prominent inheritance differences
between the talus flatirons of different groups can be attributed
mostly to the transport distance and duration of gravel exposure.
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