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ABSTRACT

All exposed rocks on Earth’s surface expe-
rience erosion; the fastest rates are docu-
mented in rapidly uplifted monsoonal moun-
tain ranges, and the slowest occur in extreme
cold or warm deserts—millennial submeter-
scale erosion may be approached only in the
latter. The oldest previously reported expo-
sure ages are from boulders and clasts of
resistant lithologies lying at the surface, and
the slowest reported erosion rates are derived
from bedrock outcrops or boulders that erode
more slowly than their surroundings; thus,
these oldest reported ages and slowest ero-
sion rates relate to outstanding features in the
landscape, while the surrounding landscape
may erode faster and be younger. We present
erosion rate and exposure age data from the
Paran Plains, a typical environment in the
Near East where vast abandoned alluvial sur-
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faces (10°>-10* km?) are covered by well-devel-
oped desert pavements. These surfaces may
experience erosion rates that are slower than
those documented elsewhere on our planet
and can retain their original geometry for
more than 2 m.y. Major factors that reduce
erosion converge in these regions: extreme
hyperaridity, tectonic stability, flat and hori-
zontal surfaces (i.e., no relief), and effective
surface armoring by a clast mosaic of highly
resistant lithology. The "Be concentrations in
amalgamated desert pavement chert clasts
collected from abandoned alluvial surfaces
in the southern Negev, Israel (representing
the Sahara-Arabia Deserts), indicate simple
exposure ages of 1.5-1.8 Ma or correspond to
maximum erosion rates of 0.25-0.3 m m.y.™..
The 3Cl in carbonate clasts, from the same
pavement, weathers faster than the chert and
yields simple exposure ages of 430—490 ka or
maximum erosion rates of 0.7-0.8 m m.y.™..
These ages and rates are exceptional because
they represent an extensive landform. The
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1"Be concentrations from samples collected at
depth and optically stimulated luminescence
(OSL) dating reveal a two-stage colluvial
deposition history followed by eolian addition
of 40 cm of silt during the past 170 k.y. Our
results highlight the efficiency of desert pave-
ment armor in protecting rocks from erosion
and preserving such geomorphic surfaces for
millions of years.

INTRODUCTION

Stable gravelly alluvial surfaces in hyperarid
environments are characterized by Reg soil
formation and cover ~20% of the Middle East
deserts, North Africa, and other extremely arid
regions of the world (Dan et al., 1982; Gerson,
1982). Most of the Reg soils are salty, dust-
rich, and capped by a mosaic of pebbly clasts
that form desert pavements (e.g., Rabikovitch
et al., 1957; Dan et al., 1982; Cooke et al.,
1993; Amit et al., 1993; McFadden et al., 1987,
2000; McDonald et al., 2003). Such pavements
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form within <50 k.y. (e.g., Amit and Gerson,
1986; Amit et al. 1993; McFadden et al., 2000).
The desert pavement clasts reside at the sur-
face during soil formation, while fine-grained
dust infiltrates underneath the clasts and shift
them upward (McFadden et al., 1987, 2000;
Gerson and Amit, 1987; Wells et al., 1995).
Weathering causes the breakdown of original
clasts into well-sorted, homogeneously pebble-
sized desert pavement clasts. Internal fractures
or discontinuities are nearly absent in these
smaller clasts. Therefore, the rate at which
they weather drops dramatically, especially in
hyperarid environments, where soil water and
organic material are absent and clasts are com-
posed of fine-grained silicates.

Under unique conditions of long-term hyper-
aridity and the absence of soil and vegetation for
an extended period, desert pavement will not be
recycled. In such settings, the subsoil sediment,
the desert pavement, and by inference the surface
itself will have similar ages. Under such condi-
tions, desert pavement clasts are continuously
exposed at the surface and do not erode—two
very important features when considering cos-
mogenic age dating. In this study, we present
numeric data documenting the extreme longevity
of desert pavement and the surface on which it
lies in a hyperarid and tectonically stable region.

The use of cosmogenic isotopes to determine
exposure ages and erosion rates (Lal, 1988; Bier-
man, 1994; Gosse and Phillips, 2001) of bedrock,
alluvial, colluvial, and glacial geomorphic sur-
faces has yielded a large range of ages and rates
(e.g., Bierman and Caffee, 2001, 2002; Bierman
and Turner, 1995; Stone et al., 2005; Daeron et
al., 2004; Matmon et al., 2005a, 2005b, 2006;
Briner et al., 2001, 2002; Siame et al., 1997;
Fig. 1). Because the buildup of cosmogenic iso-
tope concentrations in exposed rocks and surfaces
is very sensitive to erosion (Gosse and Phillips,
2001), exposure age dating is generally limited
to 10°~10° yr. Therefore, although alluvial sur-
faces (terraces and fans) are routinely dated using
cosmogenic isotopes (e.g., Gosse et al., 2003a,
2003b, 2004; Phillips et al., 1998), only in rare
cases do conditions enable the determination of
surface exposure ages that are >10° yr. Several
studies have dated extremely old landscapes by
collecting and analyzing selected clast samples
that were lying at the surface (e.g., Dunai et al.,
2005; Ewing et al., 2006). These collected sam-
ples are generally different from the typical clast
covering the surface. Such a sampling strategy
leaves important questions unanswered: does the
exposure age of the selected samples represent
the actual age of the surface? Are average rates
of surface processes as slow as indicated by the
selected few samples? A hint to the answer is
found in some studies (i.e., Dunai et al., 2005)
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Decreasing tectonic activity ﬁ

Increasing aridity

|Cosmogenic basinwide erosion rates
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Paran Plain desert pavement

Figure 1. Compilation of erosion rates calculated from cosmogenic concentrations in bed-
rock, boulder, and sediment samples from selected studies. Gray box—Taiwan erosion
rates (Willett et al., 2001) from fission-track data. The fastest erosion rates are recorded
in the steepest and tectonically most active mountain belts. The slowest rates are from
the cold and warm hyperarid regions of the world. Results from other studies would fall
between these extremes. A similar pattern was shown by Milliman and Syvitski (1992)
based on modern river sediment yield. Although erosion rates obtained for the Paran
Plains (dotted boxes) and for the Atacama Desert overlap, the Atacama samples were
all collected from individual resistant boulders and clasts lying at the surface. These
samples most likely do not represent the age or the typical erosion rate of the surface
from which they were collected. In contrast, the amalgamated clast samples of the Paran
Plains’ desert pavement represent its age better. The maximum erosion rate of the sur-
face of Paran Plains was separately calculated for chert clasts and carbonate clasts.

that show a difference of one to two orders of
magnitude in cosmogenic nuclide concentration
between selected resistant clasts and alluvial
sediments. This is despite the fact that such a dif-
ference implies that some parts of the geomor-
phic system are eroding much faster than others
and that the antiquity of the landscape cannot
be characterized by selected resistant clast and
boulder samples.

STUDY AREA

The Negev Desert of southern Israel is part
of the global desert belt that includes the Sinai,
Arabia, and Sahara Deserts. The Paran Plains lie
in the hyperarid (<50 mm/yr) southern Negev,
~35 km west of the Dead Sea fault (Fig. 2).
Overlain mainly by a veneer of alluvium, the
Paran Plains were formed in the Pliocene,
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30°N

35°E
Figure 2. (A) Location of study area (red box) in the Northern Hemisphere deserts of the Sahara and Ara-
bia. (B) The Paran drainage system (blue lines) is the largest drainage system in the Negev (~3,840 km?).
It drains from the uplifted Sinai shoulders of the Red Sea—Gulf of Aqaba northward to the Dead Sea
basin. (C) Satellite image of the Paran Plains. Brown patches represent desert pavement-coated surfaces.
Bright patches and lines represent active drainages and valleys. Research trenches (red dots) into this
extremely flat geomorphic surface indicate that the northern site (PS-4) is composed of angular colluvial
sediment and the southern site (PS-6) is composed mostly of alluvial sediment. Sediment in the northern
site was delivered from nearby outcrops of Senonian chert. Thus, inheritance and transport time were

relatively constant. (D) A typical appearance of the landscape in the study area. A well-developed desert
pavement covers ~85% of the surface. The region is tilted <1° to the NNW.
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when the Wadi Paran drainage system devel-
oped in response to the initial subsidence of the
Dead Sea basin (Avni, 1991; Avni et al., 2000).
Despite their relative proximity to the Dead
Sea fault, the Paran Plains are hardly influ-
enced by Quaternary tectonics and are tilted
at only a fraction of a degree toward the main
stem of Wadi Paran (Avni, 1991; Avni et al.,
2000). These surfaces are capped by a continu-
ous and mature desert pavement (>80% cover)
composed of chert clasts and a minor amount
of limestone and dolomite pebbles. This desert
pavement covers the entire Paran Plains (Fig. 2).
Beneath the desert pavement, the sediment is
generally composed of angular clasts typical of
a pediment or a bajada. The gravelly section is
homogeneous, without significant changes in
deposition type or lithologic composition and
without noticeable unconformities. The upper
40 cm consist of fine-grained material, mostly
of eolian origin (Fig. 3). In some locations, the
sediment includes horizons of rounded carbon-
ate pebbles, indicating the inclusion of alluvial
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material. In places where these carbonate peb-
bles are exposed at the surface, they follow the
trace of the currently flat and subdued original
depositional bars.

METHODS
Cosmogenic Isotopes

We measured cosmogenic '°Be concentra-
tions in seven amalgamated samples and **Cl
concentrations in two samples to determine the
history of the Paran Plain alluvial surface. We
collected four amalgamated desert pavement
samples from two sites 8 km apart. These sam-
ples included one amalgamated chert sample
from a northern site and three amalgamated
samples, one chert and two carbonate (collected
several tens of meters from each other), from a
southern site (Table 1; Fig. 2). For a good rep-
resentative sample, 25-40 clasts are enough to
get a reproducible mean concentration in a geo-
morphic system (Repka et al., 1997). We amal-

gamated tens to >100 of desert pavement clasts
in our samples to ensure a cosmogenic nuclide
concentration that represents the average dos-
ing, and thus exposure, of the entire Paran Plains
desert pavement. The heavily varnished chert
clasts range in size between 2 and 5 cm. The
rounded carbonate clasts are somewhat larger
(2-15 cm) and are slightly to moderately pitted.
We hypothesize that in this unique case, where
the desert pavement has not been disturbed
since formation, the exposure age of the chert
clasts (>95% of the desert pavement clasts) also
represents the actual age of the geomorphic sur-
face. Since most carbonate pebbles were derived
from bars, we expect differences in the exposure
history between the chert and the carbonate
clasts because of bar relief reduction over time.
In addition to the desert pavement samples, five
amalgamated chert samples were collected at
depths of 110-190 cm from a 2-m-deep trench
at the northern site (Table 2; Fig. 3).

Samples for cosmogenic '°Be were processed
following Bierman and Caffee (2001) and Stone

Desert pavement
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Figure 3. (A) Soil profile exposed in trench PS-4. Sediment in the lower part is composed of angular clasts typical of a pediment or a bajada.
The gravelly section is homogeneous without significant changes in sedimentology and without noticeable unconformities. The upper 40 cm
of the profile consist of very fine sand to clay dust. Notice the brighter, 5-10-cm-thick columnar Av horizon capped by the tightly arranged
single-layer desert pavement composed of heavily varnished, 2-5 cm platy chert clasts. Large cobbles on the pavement were extracted
from the section during trench excavation. Several varnished chert clasts can be seen within the clast-free horizon left of the measuring
tape. Concentrations of ’Be (in 10° atoms g™' quartz with 16 analytical error) generally decrease with increasing depth, apart from a slight
increase from 110 cm to 130 cm (Table 1). (B) Model results showing measured '°Be concentrations (red bars) and three end member
scenarios of "Be profiles (Table 5). Stars represent the calculated concentrations in amalgamated surface desert pavement samples. The
“with mixing” term refers to scenarios in which pavement clasts were derived from a 20-cm-thick mixed layer of the second depositional
gravel. The “two events with mixing” scenario yielded the best fit. The age obtained for the first deposition event in this scenario is 2.05 Ma
(Table 5). Inheritance of 320,000 atoms g™ quartz is equivalent to an average erosion rate of 14 mm k.y.”.. Dust accumulation at a constant
rate was considered in all scenarios, starting from 170 ka to present based on optically stimulated luminescence (OSL) ages (Table 4).
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et al. (1996) for **Cl. Accelerator Mass Spec-
trometry (AMS) analyses were performed at
Lawrence Livermore National Laboratory. We
used Stone (2000) for scaling production rate
and a sea-level high-latitude (SLHL) produc-
tion rate of 5.2 atoms per g quartz per year for
1"Be (Stone, 2000). The '"“Be model ages were
calculated using both a decay constant of 4.62 x
1077 yr! (corresponding to a half-life of 1.5 m.y.)
and 5.1 x 107 yr! (corresponding to a half-life of
1.36 m.y.). For *Cl, we used an SLHL produc-
tion rate of 54 atoms per g Ca per year for total
production from Ca, partitioned between spal-
lation (48.8 + 3.4 atoms per g Ca per year) and
muon capture reactions (5.2 + 1.2 atoms per g
Ca per year) as described by Stone et al. (1996,
1998). None of the samples contained significant
amounts of K, Fe, or Ti (Table 3A). Production
rates by thermal and epithermal neutron capture
were calculated using the method of Phillips et
al. (2001). Chemical analyses of carbonate sam-
ples were performed at the inductively coupled
plasma-mass spectrometry (ICP-MS) facility,
Israel Geological Survey (Table 3).

Optically Stimulated Luminescence (OSL)
Ages

Luminescence methods date the last exposure
of mineral grains to sunlight or high tempera-
ture (Aitken, 1998). These methods use signals
that accumulate in minerals as a result of natural
ionizing radiation. Only several minutes of light
exposure are necessary to zero the OSL signal
in quartz (Aitken, 1998). After a resetting event
and burial, the signal grows as a function of
time and environmental radiation, and therefore
it can be used to estimate the time elapsed since
the mineral underwent an event of transport,
exposure, deposition, and burial.

We collected 13 samples for OSL dating
from depths that range between 80 cm and 1 cm
below the surface (Table 4). Due to the sensi-
tivity of the luminescence signals, samples for
dating were collected in the dark. A layer of tens
of centimeters was scraped back from the verti-
cal face in the dark before collecting the sample
to avoid the inclusion of bleached material in
the sample. Samples were placed immediately
in light-tight bags, and all subsequent labora-
tory procedures were carried out under subdued

Matmon et al.

TABLE 1. CHERT SAMPLES FROM PARAN PLAINS

Sample  Site* Depth Site production Concentration Simple exposure Maximum erosion

name (cm below rate (x10° atoms age rate
surface) (atoms g™ “Be g qtz)* (x10° yr)* (mm.y. ™)

atzyr")'

PS-6 DP PS-6 0 (Surface) 6.8+0.7 8.18 + 0.22 1.8+0.3 0.22 +0.04

PS-4DP PS-4 0 (Surface) 6.8+0.7 7.16 +0.20 1.5+0.2 0.3 +0.04

PS-4110 PS-4 110 1.6+0.2 3.40 £ 0.11

PS-4130 PS-4 130 1.2+£01 3.49 £ 0.09

PS-4150 PS-4 150 0.9 £ 0.09 2.88 +0.08

PS-4170 PS-4 170 0.8 + 0.08 1.94 + 0.06

PS-4190 PS-4 190 0.6 + 0.06 1.58 + 0.05

*PS-4: 30.08°N, 34.79°E. PS-6: 30.02°N, 34.80°E. Elevation: 520 m asl.

"Propagated 10% error in production rate.
‘Analytical 16 error.
*Analytical error and production rate uncertainty.

orange light. Quartz (fine sand size) was sepa-
rated and purified from the bulk sediment using
standard laboratory procedures (Zilberman
et al., 2000). Annual gamma and cosmic dose
rates were measured in the field using a portable
gamma scintillator. Alpha and beta dose rates
were calculated from the concentrations of the
radioelements U, Th, and K in the sediment.
Luminescence measurements were carried out
on a Ris6 D-12 TL/OSL reader. Equivalent
doses (D) were determined using the single ali-
quot regenerative dose (SAR) protocol (Murray
and Wintle, 2000); the D_ used for age calcula-
tions was averaged from 10 to 12 aliquots.

Model

Profile model exposure ages were calculated
using the formula from Brown et al. (1998):

P

=l PN N0, (1)

where N is the measured concentration of the
cosmogenic nuclide in atoms per g quartz, P
is the total surface production rate of the cos-
mogenic nuclide in atoms per g quartz per year,
p is the density of the consolidated sediment
(2.4 g cm™) or fine eolian material (1.6 g cm),
€ is the erosion rate of the clasts in cm yr', A is
the attenuation depth of neutrons (165 g cm™), ¢
is the exposure age in years, N(0) is the inherited
cosmogenic nuclide concentration in atoms per g
quartz at the time of deposition, and A is the cos-
mogenic nuclide decay constant (4.62 x 1077 yr!

or 5.1 x 107 yr'). We assumed similar altitude
and latitude to the present. Inheritance was an
unbound parameter, and € was designated as “0”
due to the extreme resistance of chert clasts to
erosion in this hyperarid environment.

The model objective was to find the exposure
age (1) in the simplest possible scenario (i.e.,
minimum deposition events) yielding the best
fit between measured and calculated concentra-
tions. Calculated '’Be concentrations (Nc) were
compared with the measured ones (Nm) for all
samples in each scenario to test the fit. The best
fit was calculated using a chi-square test. The
level of fit was calculated using:

(Ne, — Nmy)*  (Ne, — Nm,)®
2 + 2

Gml sz

(Nc, — Nm,)’
+..—— 0

O

@

where “0” was the best result.

Production rates and exposure ages of PS-4
samples were calculated considering a few sce-
narios with different burial and shielding histo-
ries. The exposure age model considered inher-
ited cosmogenic nuclide concentrations (N[0]),
one or two depositional events, a time interval
between the depositional events (Dif), and
continuous dust accumulation since 170 ka (as
indicated by the OSL ages). Thus, we consid-
ered increasing shielding depths to the samples,
changing Equation 1 to —¢ instead of €, as well
as using a lower density value (1.6 instead of

TABLE 2. CARBONATE SAMPLES FROM PARAN PLAINS

Sample name Site* Depth Site production rate Concentration Simple exposure age Maximum erosion rate
(cm below surface) (atoms g™' rock yr')' (x10° atoms *Cl g”' rock)' (x10° yr)® (mm.y. )

PS-6 BAR PS-6 0 (Surface) 29.8+15 8.47 +0.11 4.6 +0.25 0.83 + 0.045

PS-6 SWALE PS-6 0 (Surface) 30.2+1.6 8.89 + 0.1 4.9 £0.26 0.75 + 0.04

*See Table 1 for location of sites.

'Calculated following Stone et al. (1996, 1998) and Phillips et al. (2001). Analytical 1c error.

SAnalytical error and production rate uncertainty.
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2.4 g cm™ for the gravel) for the upper part of
the section. The gradual accumulation of dust,
starting at 170 ka and lasting to the present,
adds to the total shielding of the depth samples,
whereas dust that accumulated between 350 ka
and 170 ka penetrated into the colluvial section
and did not add to the total thickness, and thus
shielding, of the samples. A 20 cm mixing layer
from which desert pavement clasts were origi-
nally derived was also considered. Model output,
1> describes the total time since initial deposi-
tion by optimizing parameters Dif and N(0).
Field observations indicate that, periodically,
a small number of varnish-coated desert pave-
ment clasts sink into the clast-free eolian layer
(Fig. 3). Thus, it is possible that on average each
clast in the pavement spends some time at a depth
of a few centimeters, thus reducing the overall
average production rate of '°Be in the clasts. We
simulated this cycle as an average shielding of
10 cm of the desert pavement by eolian dust
since it started to accumulate until the present.

RESULTS AND DISCUSSION

Temporal Framework and Soil
Characteristics of the Paran Plains

The Pliocene-Pleistocene history of the Paran
drainage system and its relation to Dead Sea
transform tectonic activity have been exten-
sively studied (e.g., Avni, 1991; Avni et al.,
2000). Although most are semiquantitative stud-
ies, they present the temporal framework for
the morphotectonic development of this region.
The alluvial surfaces are younger than the Mio-
cene Hazeva Formation (Avni et al., 2000). This
formation includes mainly alluvial sediments
derived from the trans-Jordan highlands and
transported to the Mediterranean prior to the
subsidence of the Arava Valley along the Dead
Sea transform (Garfunkel and Horovitz, 1966).
The accepted age of the top most sediments of
the Hazeva Formation is 10-14 Ma (Zilberman

Desert pavement, slow erosion

TABLE 3A. CARBONATE SAMPLES: WHOLE-ROCK CHEMICAL COMPOSITION

Sample name Sio, ALO, Fe,O, TiO, CaO MgO MnO Na,0 K,0
(wt%)  (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)
PS6-Bar 0.5 <0.1 <0.1 <0.01 55.3 0.4 <0.01 <0.1 <0.1
PS6-Swale 0.6 0.1 0.1 <0.01 55.1 0.4 <0.01 <0.1 <0.1
Sample name PO, Li B Cr Sm Gd Ba Th U
(wi%) (ppm) _ (ppm)  (ppm)  (ppm)  (ppm) (ppm)  (ppm)  (ppm)
PS6-Bar <0.1 0.6 <10 8 0.5 0.1 725 0.1 0.8
PS6-Swale <0.1 0.6 <10 8 0.8 0.2 1350 0.2 0.9
TABLE 3B. CARBONATE SAMPLES: DISSOLVED FRACTION CHEMICAL COMPOSITION
Sample name Ca Mg K Na Sr Fe Ti Ba Mn
(mg/l) (mg/L) (mg/l) (mg/lL) (mg/lL) (mg/L) (mg/L) (mg/L) (mg/L)
PS-6 Bar 29000 155 0.7 7 13 3 0.6 13 1.7
PS-6 Swale 27500 150 0.9 7 13 2 0.6 18 1.9

and Avni, 2006), although others (e.g., Calvo and
Bartov, 2001) have suggested a much younger
age of ca. 6 Ma. The Paran Plain alluvial sur-
face is older than the widespread red-bed unit
in the central Negev. This unit contains fauna
indicative of the early to middle Pleistocene and
Acheulian tools estimated as 1.4-2 Ma (Ginat
et al., 2002). Together, these age boundaries
agree with earlier suggestions (e.g., Garfunkel
and Horovitz, 1966) of Pliocene age (2-5 Ma)
for the sediments deposited by the ancient Paran
drainage system.

The age of the development of drainage sys-
tems flowing from the Negev into the Dead Sea
basin is obviously constrained by the initial for-
mation of the Dead Sea as a regional base level
at 3-8 Ma (e.g., Steinitz and Bartov, 1991). The
activity of the ancient Paran drainage system
and the deposition of the Paran Plains sediments
are therefore bounded between 6 and 1.4 Ma.
From field geomorphic relationships, we esti-
mated that Paran Plains were abandoned during
the later stages of this age range.

With this proposed old age, the soil that has
developed since abandonment of the Paran
Plains should present very well-developed arid
soils. The Reg soils of the Paran Plains include
a very dense (>80%) desert pavement cover

(Figs. 2 and 3). Salt fracturing of clasts near
the surface (Amit et al., 1993) is absent, sug-
gesting that all possible fracturing has already
occurred, and clasts have reached their mini-
mal size. The Av horizon is extremely thick
for this region (5-10 cm), as is the clast-free
B-horizon (~40 cm) (Fig. 3). The presence of
a weak Bk-horizon, which is replaced later by
a By-horizon, implies a cumulative soil that has
experienced long-term climatic changes but has
not eroded (Amit et al., 2006). Amit et al. (2006)
suggested that climatic conditions in the south-
ern Negev during the past 300 k.y. and perhaps
since the early Pleistocene have been too arid
for the formation of soil calcic horizon. These
authors also suggested that such Bk-horizons
in flat abandoned alluvial surfaces are probably
late Pliocene to early Pleistocene in age, con-
forming with the geologic framework.

Desert Pavement and Paran Surface
Exposure Ages

Debate is ongoing as to the justification of
using desert pavements as surface age indicators.
For example, in the southwestern United States,
Quade (2001) argued that desert pavements
might not serve as good surface age indicators

TABLE 4. OPTICALLY STIMULATED LUMINESCENCE (OSL) DATA
External dose (Gy/k.y.)
Sample Depth Avg. depth  Moisture Dose rate Paleodose Age
name (cm) (cm) (%) K (%) Th (ppm) U (ppm) o B v Cosmic* (Gy/k.y.) (Gy) (ka)
PS-40 0-2 1 0.6 0.79 5.9 2.6 0.010 1.025 0.758 0.307 2.088 +0.027 1.545+0.053 0.7+0.2
PS-41 2-5 3.5 1.3 0.79 5.9 2.6 0.012 1.034 0.758 0.284 2.088 + 0.027 6.117 £ 0.209 3+0.7
PS-42 5-8 6.5 1.5 0.73 3.9 1.8 0.009 0.846 0.560 0.275 1.670 + 0.028 19.71 £ 0.67 12+5
PS-43 8-12 10 1.9 0.69 4.3 2.5 0.012 0.919 0.785 * 1.822 + 0.027 39.90 + 1.60 22+75
PS-44 20-14 17 21 0.68 41 241 0.090 0.848 0.785 * 1.642 + 0.082 68.79 + 2.36 42 £125
PS-45 27-20 23.5 21 0.58 3.8 2 0.010 0.764 0.542 0.240 1.536 + 0.023 79.87 £+ 2.74 52 +17
PS-46 32-28 30 21 0.33 2.9 2.2 0.010 0.593 0.462 0.229 1.213 + 0.024 109.4 + 3.7 90 + 22
PS-47 40-34 37 1.8 0.33 2.9 2.2 0.008 0.588 0.785 * 1.280 + 0.024 165.1 £ 5.7 129 + 40
PS-47A 38-42 40 1.8 0.17 1.7 25 0.008 0.486 0.400 0.219 1.113 £ 0.023 188.1 £ 6.5 169 + 52
PS-47B 52-48 50 1.5 0.14 1.3 1.9 0.006 0.377 0.307 0.210 0.901 + 0.023 186.1 £ 6.4 207 + 34
PS-48 62-58 60 1.5 0.29 2.8 2 0.009 0.536 0.425 0.203 1.172 + 0.024 201.6 +6.9 172 + 49
PS-48A 72-68 70 1.2 0.13 1.2 1.5 0.005 0.315 0.255 0.196 0.772 + 0.023 275.6 +9.5 357 + 40
PS-49 82-78 80 1.2 0.12 1.3 2 0.008 0.379 0.313 0.200 0.878 + 0.250 2731 +94 311 +26
*Cosmic radiation is included in the y, which was measured in the field.
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since they could be disrupted by the expansion
of vegetation into barren regions during glacial
periods and then rejuvenated later during arid
phases. On the other hand, Valentine and Har-
rington (2006), for example, made observations
indicating the progressive maturity of pavements
and their suitability as age indicators. Pelletier et
al. (2007) attempted to reconcile these contra-
dicting explanations with a numeric model in
which pavements develop and mature with time
and at the same time rejuvenation cycles affect,
in a minor way, their level of maturity.

In the Paran Plains, all our cosmogenic sam-
ples yielded high cosmogenic nuclide concen-
trations that testify to their antiquity. Two pave-
ment chert samples yielded ’Be concentrations
of 7.16 = 0.19 x 10° atoms g™' quartz and 8.18
+0.22 x 10° atoms g™ quartz (Table 1; Fig. 3).
The carbonate samples yielded **Cl concentra-
tions of 8.89 + 0.1 x 10° atoms g™! rock and 8.47
+0.11 x 10° atoms g rock (Table 2). At depth,
1'Be concentrations range between 1.58 + 0.05
x 10° and 3.49 + 0.09 x 10° atoms g™' quartz
(Fig. 3; Table 1). Concentrations of '’Be in the
depth samples generally decrease with increas-
ing depth, apart from a slight increase from
110 cm to 130 cm.

The cosmogenic nuclide concentrations in the
desert pavement chert samples imply a straight-
forward interpretation. The '°Be concentrations
of the chert pavement samples correspond to
simple exposure ages of 1.5 = 0.2 Ma and 1.9
+ 0.3 Ma when erosion is considered to be zero.
These ages were calculated using a site sur-
face production rate of 6.8 + 0.7 atoms g™ yr,
assuming continuous exposure and no erosion.
These '’Be exposure ages were calculated using
the more commonly used decay constant (A) of
"“Be (4.62 x 1077 yr!, corresponding to T,, =
1.5 m.y.) and considering the current altitude of
520 m above sea level. Simple exposure age cal-
culations with a decay constant of 5.1 x 107 yr!
(T, = 1.36 m.y.; Nishiizumi et al., 2007; Fink
and Smith, 2007) yielded pavement ages that
range between 1.5 + 0.2 Ma and 2.0 + 0.4 Ma.
Thus, the most conservative desert pavement
age is 21.5 Ma. The similarity of "Be desert
pavement ages at the two sites contributes to the
reliability of ages. The 'Be concentrations in
the desert pavement samples also correspond to
maximum erosion rates that range between 0.22
and 0.3 m m.y.”". When using scaling factors
of Dunai (2000), simple exposure ages of the
desert pavement samples are longer and steady
state erosion rates are slower. These erosion
rates would imply minimum surface exposure
ages that exceed 5 Ma. These ages are unreal-
istic considering our geologic knowledge and
the temporal framework for the morphotectonic
development of the Negev (Avni et al., 2000).
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Therefore, although these maximum erosion
rates are extremely slow, the actual rates must
be even slower.

The measured concentrations of *Cl in the
amalgamated carbonate samples (PS6BAR and
PS6SWALE) correspond to simple exposure
ages (considering zero erosion) of 460-490 ka
or to steady-state time-independent erosion
rates of 0.75-0.83 m m.y.”". Such erosion rates
imply a minimum exposure age of the carbonate
clasts in the desert pavement of 1 Ma.

Exposure ages and erosion rates calculated
from the chert clasts are different than those cal-
culated from the carbonate clasts, even though
they all reside in the same pavement. This dif-
ference must be considered. It can be seen, both
at the surface and in the trenches, that chert
clasts are distributed fairly evenly among bars
and swales. On the other hand, the larger car-
bonate clasts are concentrated in patches fol-
lowing the ghosts of original depositional bars
(Fig. 4). We assume that, originally, the carbon-
ate pebbles were concentrated mainly in bars,
since they are, on average, larger. During the
first few 10°-10° yr after the abandonment of
this ancient alluvial surface, clasts were trans-
ported from bars to swales (e.g., Matmon et al.,
2006). During the process of material diffusion
from bars to swales, chert clasts accumulated
at the surface, remained there, and desert pave-
ment began to develop. The silicate composition
of the chert ensured the high resistance of the
clasts to weathering and erosion. Thus, chert
was added to the surface but not removed from
it. Its average cosmogenic dosing is controlled
by a large fraction of clasts that were exposed
during the initial stages of this process. On the
other hand, carbonate pebbles, derived mainly
from bars, also accumulated at the surface, but
they were slowly weathered by dissolution.
Thus, carbonate pebbles were removed as well
as continuously and laterally added to the sur-
face pavement from the bars. Therefore, the
contribution of old and heavily dosed pebbles to
the average dosing of carbonate clasts is dimin-
ished. The crucial consequence of this differ-
ence in process is that the average cosmogenic
nuclide dosing of chert clasts is much greater
than the average cosmogenic nuclide dosing
of carbonate clasts; by inference, their average
exposure age is longer. As the relief of bar and
swale morphology was reduced, diffusion rate
was also significantly reduced (or even ceased).
Once the surface had been completely flattened
(as it appears today), all clasts residing on the
former bars and swales were dosed equally by
cosmic radiation. The ability to distinguish bars
and swales on the very flat surface today (Fig. 4)
and the remarkable correspondence between the
two amalgamated carbonate samples suggest

that transport of clasts has not occurred since
the stabilization of the surface. Nevertheless, the
carbonate and chert clasts still have a memory
of the difference in processes that affected them
during the first 10° yr of the existence of the
Paran Plains.

The '"Be concentrations in amalgamated
chert samples collected at depth cannot be inter-
preted in a straightforward manner and require
modeling (Fig. 3). Model results agree with the
surface samples and with our knowledge of the
Pliocene-Pleistocene tectonic and landscape
evolution of this region. The "Be concentra-
tions of both surface and depth samples from the
northern site were used jointly in a numerical
model that describes the dosing of cosmogenic
isotopes by cosmic radiation as a function of a
three-step history of clastic and eolian deposi-
tion. The '°Be concentration profile with depth
in PS-4 trench suggests that sediment was
deposited in two or more cycles and not in a
single deposition event. This observation is sup-
ported by the poor fit between measured and
calculated concentrations in the single event
scenario (Fig. 3). Thus, we considered scenarios
with two depositional events. The “concentra-
tion unconformity” at 120 cm depth was one
of the conditions in the model that forced it to
separate the deposition events at that depth, even
though no field evidence for a break in deposi-
tion was found.

The history of eolian cover was determined
by OSL ages in the dust fraction in samples col-
lected from the upper 80 cm of the surface. From
80 to 40 cm, the dust filled the spaces between
the chert clasts. Above 40 cm, the dust consti-
tutes a separate unit. The oldest OSL age within
the separate unit is 169 + 52 ka. OSL ages range
between 0.7 ka at 1 cm and 357 ka at 70 cm
below the surface (Table 4). There is a gradual
and almost linear increase in the OSL age from
the surface to 40 cm depth, and below this depth,
the results show a more irregular pattern.

In the best-fit model, an exposure age of 1.8
+ (0.3 Ma was calculated for the desert pave-
ment. This age agrees with the simple exposure
age calculation and, hence, verifies the assump-
tions of near-zero erosion of the exposed clasts
and insignificant inheritance. The best-fit model
(Table 5; Fig. 3) suggests two stages of clast
deposition at 2.05 + 0.3 Ma and 1.8 + 0.3 Ma
with a later eolian input. The model results
suggest a predepositional dosing of ~320,000
atoms g quartz. This dosing is equivalent to
a late Pliocene source bedrock erosion rate of
~14 mm k.y." or a predepositional exposure
age of ca. 48 k.y. The '“Be exposure ages were
also calculated using A = 5.1 x 107 yr™' (1, =
1.36 m.y.) and continuous exposure at an eleva-
tion of 520 m above sea level. These calculations
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Desert pavement, slow erosion

Figure 4. Bar and swale morphology of the ancient Paran Plains is still apparent on the flat surfaces. Bar ghosts
contain carbonate pebbles as well as a majority of chert clasts (inset A). Swale ghosts contain only the mature and
tightly arranged chert clasts (inset B). Presently, there is no relief between bars and swales.

TABLE 5. MODEL RESULTS FOR "“Be SAMPLES IN SITE PS-4

"“Be half-life of 1.5 x 10°yr (\ = 4.62 x 107); Elevation: 520 m asl

"Be half-life of 1.36 x 10°yr (A = 5.09 x 107); Elevation: 520 m asl

Dif N, tow Fit Scenario Dif N, [ Fit Scenario
(x10°yn)* (x10°atoms g™') (Ma)' (x10°yr)*  (x10°atoms g™ (Ma)'

- 1.68 1.65 16.7 1 event with mixing (20 cm) - 1.92 1.65 16.7 1 event with mixing (20cm)
25 0.48 1.80 7.0 2 events without mixing 25 0.76 1.75 7.0 2 events without mixing

2.5 0.32 2.05 3.6 2 events with mixing (20 cm) 3.5 0.40 2.35 3.78 2 events with mixing (20 cm)

Note: A 15% error is attributed to all ages; asl—above sea level.
*Time difference between first and second clast deposition. Pavement age equals the age of the second deposition.

"Time of first deposition.

yielded an older age of 2.35 Ma for initial depo-
sition and a pavement age of 2.0 Ma.

After the Paran Plains surface was abandoned,
at the latest 1.5-2.0 Ma, Reg soil and pavement
began to develop. The diagnostic horizons of
this soil (Birkeland, 1999) reflect continuous soil
development during regional climatic changes.
A calcic Bk horizon at a depth >1 m developed
within the >2.0 Ma gravelly alluvium, and this
implies root-zone respiration and, in turn, some
vegetation cover and therefore wetter condi-
tions than present. This implication is also sup-
ported by the '“Be depth profile model results.
The calculated late Pliocene chert erosion rate

Geological Society of America Bulletin, May/June 2009

of 14 m m.y."" is an order of magnitude faster
than that measured presently in chert bedrock in
hyperarid deserts of Israel (Haviv et al., 2006).
Next, aridity increased and calcic-gypsic and
gypsic-salic soil horizons engulfed the calcic
horizon. The soil development was accompanied
by (1) the formation of a thick (~10 cm) Av hori-
zon immediately underneath the well-developed,
1.5-1.9 Ma desert pavement and (2) the accu-
mulation of very fine sand to clay dust below the
Av horizon. The timing of pedogenic carbonate
deposition is not well established. However, as
mentioned already, Amit et al. (2006) showed
that climatic conditions during the past 300 k.y.,

and perhaps since the early Pleistocene, have
been too arid for soil carbonate deposition in the
southern Negev; thus, the Bk horizon may be of
early to middle Pleistocene age.

Our results indicate a late Pliocene to early
Pleistocene surface age for the Paran Plains and
similar surfaces in the Near East deserts. Model
scenarios and results show that initial gravel
deposition took place between ca. 2.35 Ma
and ca. 2.05 Ma, and abandonment of the sur-
face occurred 1.9-1.5 Ma. The abandonment
was followed by Reg soil and extensive desert
pavement formation. This history is in agree-
ment with the geologic temporal framework
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attributed to the Arava Formation, the sedimen-
tary sequence deposited by the ancient Paran
drainage system as it drained into the evolving
Dead Sea basin (Avni, 1991; Avni et al., 2000).
Cosmogenic isotope analyses have provided, for
the first time, radiometric ages for this continen-
tal and otherwise undated formation.

CONCLUSIONS

Cosmogenic isotope measurements from the
ancient desert pavements and Reg soils of the
tectonically stable and hyperarid areas of the
southern Negev indicate extreme geologic sta-
bility of vast alluvial surfaces. Such ancient sur-
faces are ubiquitous throughout the Middle East
in similar tectonic and climatic conditions. The
combination of long-term hyperaridity, absence
of vegetation and bioturbation, and the rapid
reduction of original chert and carbonate clasts
to a full mosaic of pebble-size desert pavement
has protected these surfaces from erosion, and
they now form a most remarkably stable land-
scape on Earth, a landscape that essentially has
not eroded for >10° yr.

The difference in cosmogenic dosing, and thus
in the calculated exposure ages, of chert clasts
in comparison with carbonate clasts is a conse-
quence of the diffusion process that reduced the
original bar and swale morphology of these allu-
vial surfaces. Even if we consider the maximum
erosion rate implied by the carbonate samples
(0.75-0.83 m m.y.") operating throughout the
history of the Paran Plain surface, we find sur-
face lowering to be ~1-1.5 m. This may be the
height difference between bars and swales.

The combination of field evidence, cos-
mogenic isotope concentrations, and OSL
ages suggests that in the past several hundreds
of thousands of years, erosion in the Paran
Plain geomorphic system has been approach-
ing nearly zero. Both the cumulative nature of
the soil, which does not present any evidence
of stripping, and the addition of material (as
opposed to removal) to the system by slow
eolian processes, suggest extreme stability.
Furthermore, chert clasts, which compose the
majority of the desert pavement, have been
reduced to their minimal size, and pavement
development has reached its peak and provides
a most effective surface armor.

In the case of the Paran Plains, the amalgamat-
ing approach has yielded exceptional results. The
reproducibility of cosmogenic nuclide concen-
tration measurements within samples that were
spatially separated exhibits the power of amal-
gamated samples in the investigation of surface
processes. Other extremely old landscapes (i.e.,
the Atacama and Namib Deserts) should be dated
considering our approach of amalgamation.
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