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ABSTRACT

Palaeoclimatic research based on ice cores, marine and lacustrine sediment cores, and
speleothems has mainly focused on past precipitation and temperatures. Dunes serve as
palaeoclimate archives and are also unique recorders of past windiness. The vegetated linear
dune (VLD) fields which appear in mid-latitude (Central Asia) and mainly in low-latitude
areas of the southern hemisphere (Australia, southern Africa, and South America) are partially
vegetated, generally extend in a linear fashion and are separated by interdune corridors
(valleys). Though currently stable, these VLDs are believed to have formed when still
partially vegetated.

Stabilized VLDs extend over 1,300 km? to form the northwestern (NW) Negev dunefield,
which comprises the eastern end of the northern Sinai Peninsula — NW Negev Erg. In the past,
in different climates and environments, dunes have encroached into the NW Negev desert

from northern Sinai.

The thesis identifies the spatial and temporal characteristics of dune encroachments from
northern Sinai into the NW Negev desert, their consequent stabilization, and their triggering
palaeoclimates and environments. Several sedimentological and methodological issues are
also investigated: the relation between dune morphology and sand redness intensity to
optically stimulated luminescence (OSL) ages, the significance of dune-sand redness, and the
utilization of ground penetrating radar (GPR) for studying linear dune stratigraphy.

As part of a reconnaissance study for targeting sampling sites, dunefield mapping and
digital terrain analysis show that VLDs exhibit varying cross-section geometries.
Accordingly, the NW Negev dunefield was classified into a dozen geomorphic units. These
were merged into three parallel encroachment corridors: north, central, and south that follow
the west-east VLD orientation. Primary sampling sites were defined at the western and eastern
ends of each corridor to provide a comprehensive set of data for the dunefield's dune and sand
properties and to evaluate encroachment ages and rates. Altogether, forty stratigraphic
sections from twenty sites were analyzed and sampled. These included exposed dune and
interdune sections that revealed important stratigraphy, and drilled dune and interdune
sections, ten of them with stratigraphy of interchanging aeolian, fluvial and standing water
deposits. GPR profiles approaching 1 km of dune cross-sections and interdune sediments,
collected mainly using a 100-MHz antenna, penetrated 5-10 meters and did not identify the
dune substrate. Accordingly GPR was not found to be a dependable tool for sampling-
oriented identification of stratigraphic units. Over 300 samples were collected of which nearly



all were spectroscopically measured for sand redness intensity: 118 were analyzed for
particle-size distribution (PSD), 97 were dated by OSL, and 36 were analyzed for mineralogy.

Negev VLD substrates are mainly calcic sandy (20-72%) to silty loam palaeosols. The
VLDs themselves lack palaeosols and only two dunes showed calcium carbonate concretions.
Interdunes are found to comprise 1-10 m thick aeolian sand. Dune and interdune sand showed
unimodal particle-size distributions, with 75-95% sand, 5-20% silt, whereas clay rarely
surpassed 4%. The grain-size modes of the western and eastern sections of the dunefield
corridors are generally similar. The dunes are quartz-rich with small amounts of plagioclase.
The central encroachment corridor sands are purer than those of the south and north corridor

dunes and contain less fines, calcite, and plagioclase.

OSL ages for the Negev sands and sediments date the sediments burial age, i.e., the last
time it was exposed to light. The ages were found to be reliable by standard tests for the
luminescence behavior of aeolian quartz. Dose recovery tests, recycling ratios and preheat

plateaus showed that the sediments are well-suited for the SAR protocol.

The OSL age distribution displayed 3 age clusters; ~24-10 ka, ~2-0.8 ka and 150-10 years
that fit into the chronostratigraphic units of the VLD axis and represent the main
encroachment and mobilization episodes. OSL dating of exposed sections provided insights
into and a general estimation of VLD elongation and accretion dynamics and rates, while
spatial and vertical age density dated the dunefield encroachment episodes. Interdune sands
have experienced limited accretion and VLDs have undergone minute lateral migration since
their deposition. VLDs generally accrete sand along their axis during major mobilization
episodes that partially erode the underlying sand to form horizontal unconformable contacts.

Each dune mobilization episode may include several smaller mobilization events. For each
episode, the resultant stratigraphic VLD (axis) sand unit represents both mobilization and
stabilization ages; the lower sands slightly post-date initial sand encroachment and burial, and
the upper sand unit ages are close to sand stabilization time. Though the VLDs did not
elongate between mobilization episodes, local reworking, accretion, and erosion of slopes was
found—mainly in the crests (dune activation). This process, which was mainly regulated by
strong wintertime storm winds, droughts, and vegetative and biogenic crust cover, resets the
luminescence signal of the upper dune sands. Northeastern facing slip faces and dunelets
superimposed on dune crests imply a dominant recent WSW-SW sand-transporting wind

direction, supported by wind measurements, exemplify this current process.



In global terms, the NW Negev dunefield is relatively young. Although sand has been
intermittently transported into the Negev for over 100 ka, dunes reached the southwestern part
of the Negev dunefield only at ~24 ka. The major dune encroachment episode occurred at 18-
11.6 ka. Most of the OSL ages cluster at 16-13.7 ka and 12.4-11.6 ka, which are synchronous
to the Heinrich 1 and Younger Dryas cold events, respectively. At 16-13.7 ka the main
encroachment event deposited the main bulk of the Negev's sand. Aeolian sand deposits
lacking dune morphology accumulated in the central encroachment corridor and were
subsequently overridden by late Holocene dunes. At 12.4-11.6 ka, dunes reached the
easternmost extent of the dunefield. Generalized dune sand transport rates during
encroachment episodes differ between corridors; ~25 m/yr around 15 ka in the northern
corridor and 10 m/yr in the southern corridor between 23 to 12 ka and ~5-10 m/yr at 12.4-11.6
ka in the eastern part of the central corridor. These estimates incorporate the range of the OSL
age errors. However, based on OSL-dated stratigraphy, the rates probably incorporate several
shorter rapid incursion events.

Dune encroachment in the southern dunefield dammed wadis, forming short-term standing-
water bodies that deposited light-colored loam units. Between these units and dune bases
abundant Epipalaeolithic camp sites have been found suggesting a unique connection between
these water-bodies and prehistoric man. Spectrally mapped, the exposed surfaces of standing-
water deposits show similarities between the southwestern Negev dunefield and the
northeastern Sinai in the vicinity of Wadi Al-Arish. It is therefore suggested that Wadi Al-
Arish was also blocked during the major dune encroachment, causing extensive upstream and

interdune flooding and deposition of fines.

The late Holocene (2-0.8 ka) dune mobilization episode included transverse and VLD
incursion in the western part of the central corridor and surface remobilization and possible
accretion of 1-2 m of sand in other parts of the dunefield and interdunes, possibly reworking
Late Pleistocene sands. As these episodes coincide with the late Roman, Byzantine, and Early
Arab periods, dune erodibility may have been assisted by anthropogenic decimation of dune
vegetation and destruction of the biogenic crusts by cutting and trampling, respectively. The
thick dune sections in the west and intermittent OSL-age clustering also imply periods of high
sand-transporting windiness along with sand availability.

Intermittent sand activity and stabilization in the last 150 years ago reactivated dune crests
and slopes but dune elongation did not ensue. The OSL ages are consonant with

anthropogenic land-use changes. Dune activity due to Bedouin presence and grazing



gradually came to a stop in the early 1950's, and initial dune re-stabilization followed the ban
on Bedouin grazing after the re-establishment of the Egypt-Israel border in 1982.

Sand redness, spectroscopically defined by the redness index (RI) (RI=R%(B*G?), reflecting
the amount of iron-oxide quartz grain coatings, does not vary greatly across the Negev dune
sections and encroachment corridors. No correlation was found between RI intensity (i.e.,
redness) and the depositional OSL age of the sand. For most stratigraphic sections, Rl values
and sand sedimentological properties were relatively uniform. Therefore it is probable that
either sand rubification developed rapidly following deposition in the Late Pleistocene Negev
climate, which was claimed to have been wetter than today (300-350 mm annual rainfall), or
that sand grain coating development and consequent rubification have probably been minimal

since deposition.

Based on analysis of northern Sinai sand samples, remote sensing, and previous studies, it is
suggested that the attributes of sand grain RI were inherited from upwind sources. Sand grain
coatings formed at an early diagenetic stage and the sand has had the same redness since its
Late Pleistocene aeolian departure from the middle and upper Nile Delta. This, along with
radiocarbon dates of Late Pleistocene Nile Delta sands units and prehistoric sites in northern
Sinai sands, provide the currently available evidence suggesting that the dune sand originated
from the Nile delta and its availability in Sinai was initiated by the exposure of Nile Delta

sands during glacial lower Mediterranean sea-levels.

It has been suggested by Enzel, Y. et al. (The climatic and physiographic controls of the
eastern Mediterranean over the late Pleistocene climates in the southern Levant and its
neighboring deserts. Global and Planetary Change, 60(3-4) (2008), 165-192) that Late
Pleistocene wintertime Eastern Mediterranean (EM) cyclonic storms, bringing rainfall with
fine sand and dust-transporting winds to the northern Negev, were more intense and/or
frequent than today. Assuming ample sand supply, this climate model fails to explain the
episodic and rapid encroachments of the Negev dunes and their synchronicity to the Heinrich
1 and Younger Dryas cold events. As in the last glacial maximum, these cold events are
characterized by increased dust mass as found in Northern Hemisphere ice cores. This
dustiness is explained by high entrainment rates in low-latitude dust sources caused by
increased windiness due to steeper meridional gradients. The increased windiness probably
intensified during EM storms that lasted no more than several days. Since wind velocities for
dust entrainment exceed sand saltation velocities, we suggest that the Negev dunes may also

have responded to this increased low-latitude windiness. Based on the orientations of the
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VLDs, we can infer strong westerly palaeowinds that differ from the current WSW-SW sand-
transporting dominating winds, suggesting that Late Pleistocene winds also differed slightly
in direction. The Negev VLDs encroached in a generally wetter and mainly windier climate
than today: the wetter conditions provided better conditions for vegetation growth, although
during windy periods when dunes elongated, dune vegetation cover was partially suppressed.
Dunes did not invade the Negev before 24 ka, probably due to lack of sediments reaching into
the Negev from Sinai, even though previous glacial periods might have been sufficiently

windy for dune transport.

Often-vegetated, low-latitude luminescence-dated dunes, mainly from the southern
hemisphere, were found to be active since the LGM and had stabilized by the onset of the
Holocene. As with the Negev dunes’ synchronicity with the Heinrich 1 and Younger Dryas
cold-events, the global dune data was found consistent with the sharp drop in southern and
northern hemisphere dust deposition in ice cores. It is therefore suggested that the gradual and
intermittent decrease in global windiness between the LGM and onset of the Holocene also

determined global dune activity and subsequent quiescence.

Based on the suggested link between global low-latitude dunefield activity and glacial and
cold-event induced windiness there is no expectation that these dunefields will be highly re-
mobilized in the near future due to global warming. Droughts may decimate vegetation but
the lack of strong winds will probably not cause substantial encroachment of Late Pleistocene
magnitudes. Current winter storms in the northern Negev cause local reworking of the upper
VLD section as identified by the OSL-dated GPR profiles. Therefore, intense EM storms may
cause limited dune elongation of a thin sand section. Local and short-term climate changes in
the form of increased windiness especially after drought may induce increased dune activity
and the partial dune-damming of wadis.

The recurring discontinuous Late Quaternary aeolian sedimentation pattern found in OSL-
dated VLDs provides new and important chronological and sedimentological insight into
significant dune mobilization and stabilization processes while demonstrating the sensitivity
of dunes located along the (northern) fringe of the sub-tropical desert belt to climate change
(wind) and sediment supply. The suggested link between global reductions in cold-event
windiness and low-latitude dune stabilization episodes emphasizes the dominant effect of
windiness on major dune mobilizations in low-latitude dunes even if they are partially

vegetated.
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ABBREVIATIONS, DICTIONARY and AEOLIAN GLOSSARY

Abbreviations
VLD: Vegetated linear dune

DF: Prefix for Negev dunefield samples

EM: Eastern Mediterranean

GIS: Geographic Information Systems

a, yr: An age measured from the present

ka: An age measured from the present (in thousand years)
kyr: Thousand years, a time interval

LGM: Last Glacial Maximum

OSL: Optically Stimulated Luminescence

SAR: Single Aliguot Regenerative dose protocol for OSL dating
IRSL: Infrared Stimulated Luminescence

GPR: Ground penetrating radar

TL: Thermoluminescence

XRD: X-Ray Diffraction

RGB: Red-Green-Blue color scheme

Dictionary
Nahal: Ephemeral stream in Hebrew

Rama, Ramat: Plateau in Hebrew
Wadi: Ephemeral stream in Arabic and Hebrew
Gebel: Mountain or mountain ridge in Arabic

Aeolian glossary

Aeolian-sedimentological terms are mainly derived from other geological fields, mainly

fluvial and sedimentological ones. As an aeolian glossary is absent, the following terms in

thematic order, have been concisely described, in partial conjunction with some studies.

Linear dune: Also known as a longitudinal dune. A sand body of considerable length that

elongates or have elongated in the past, relative straightness, parallelism, regular spacing and

low ratio of dune to inter-dune areas (Lancaster, 1982; after Pye and Tsoar, 2009).

viii



Seif (sword in Arabic ) dune: An unvegetated and usually sinuous-shaped linear dune with a
sharp crest.

Vegetated linear dune (VLD): Also known as sand or parallel ridges. A linear dune, usually
hosting a 10 % to 20 % vegetation cover.

Transverse dune: Linked, sinuous-crested barchan dunes that develop in conditions of

increased sediment-supply and unidirectional effective winds (after Pye and Tsoar, 2009).

Barchan dune: A crescent-shaped dune that develops under unidirectional winds and low

supply of sand (after Pye and Tsoar, 2009).
Dune activation: Sand and dune activity.

Dune mobilization: Sand and dune activity and transport, sufficient to advance or elongate the
dune in accordance to its type.

Dune stabilization: A dune or dune section not undergoing activation and/or mobilization

because of vegetation and/or crust cover.
Dune incursion: Mobilization and elongation of dunes over new ground.
Dune encroachment: Massive mobilization and elongation of dunes over new ground.

Dune accretion: Net accumulation of sand upon a dune, usually one that has an upwards

sedimentation patters such as VLDs.
Dune construction/buildup: Vertical or/and lateral increase of a (linear) dune cross-section.
Downdune/updune: Location upon a dune axis relative to its elongation orientation.

Downwind/upwind: Spatial location (in an aeolian environment) relative to the dominant

(sand-transporting) wind direction.

Sand sheet: A flat-surface of aeolian sand or horizontally-bedded sedimentological body of

aeolian sand.

Dunefield (dune field): Sand bodies, similar to sand seas, but smaller.

Erg (sand sea): Large basins in deserts that are mantled by sand dunes.
Windiness: Increased strength and prevalence of strong winds.

Gustiness: Strength and prevalence of strong winds (after McGee et al., 2010).
Dunal: Attributed to dunes.

Erosivity: The potential for sediment transport (Chase and Brewer, 2009).
Erodibility: The availability of sediment for deflation (Chase and Brewer, 2009).

Last Glacial Maximum: A period in the Earth's climate history when ice sheets were at their

maximum extension, between 26,500 and 19,000 years ago (after Wikipedia).


http://en.wikipedia.org/wiki/Earth
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1. INTRODUCTION
1.1.  The significance and state of the art of dunefield research

Dunes are wind driven (aeolian) sand accumulations and can be considered the most
common and dynamic terrestrial landform. Dunes that cover over 10,000 km? are known as
sand seas or ergs whereas smaller dune bodies are referred to as dune fields or dunefields.
Dune bodies can largely be divided into two main types; coastal and inland. Coastal dunes are
usually spatially limited and relatively non-complex. Inland dunes cover between 25% and
40% of the desert regions found in North Africa, Asia, and Australia, and approximately one-
third of the arid regions of the Earth (Lancaster, 2007) though the extent, classification of
global dunefields is not complete (Fig. 1.1).

Inland dune mobilization and encroachment causes significant environmental change, often
interpreted as desertification processes. Sand and dune incursions physically erode soil
leading to sand and dust hazards and decimating crops and infrastructure. Local sand
movement, let alone regional incursions, are also known to inflict severe damage to
infrastructure (Hagedorn et al., 1977; Tsoar and Zohar, 1985; Abdel-Galil et al., 2000) (Fig.
1.2). Dune incursions often block and divert streams, resulting in substantial morphological
changes such as ponding and consequent sediment deposition (McCauley et al., 1982;
Magaritz and Enzel, 1990; Kusky and El-Baz, 2000; Krapf et al., 2003). Devegetation
causing sand exposure, and soil deflation due to strong winds (Fig. 1.3), may also precede
sand encroachment (Tsoar, 1995). Downwind loess deposits accumulate in response to dust
release, suggested to result from sand-grain abrasion during dune encroachment (Crouvi et
al., 2008, 2009, 2010; Enzel et al., 2010).

Dunes upon the surface of Earth are geologically young landforms and dunefield
chronology infrequently exceeds 80,000-100,000 BP (Stokes et al., 1997; Preusser et al.,
2002; Lancaster and Tchakerian, 2003; Fitzsimmons et al., 2007). Disregarding
methodological biases and dating limitations, dune ages are usually younger than the last
glacial cycle (Fitzsimmons et al., 2007; Telfer and Thomas, 2007). Some dunefields were re-
activated even in historical times, such as in the central and southwestern USA (Muhs and
Holliday, 1995; Arbogast, 1996; Arbogast and Muhs, 2000), in some cases subsequent to
changes in wind orientation (Arbogast and Muhs, 2000).

In order to interpret dunefield evolution we need to understand the sedimentological
properties of dune encroachment from the level of the sand-grain through the single-dune to

the dunefield level, and to have accurate chronological control of activity from the single-



dune level to the dunefield level. This is crucial for predicting future dune encroachment and

increased dustiness.

There are three conditions for dune development: sufficient available and transportable
sediment; conditions for aeolian sediment accumulation such as moderate topography, and
winds above the threshold level for sand transport (5-6 m/s)(Pye and Tsoar, 2009). When
wind power diminishes in an active dune environment, dunes usually become stabilized, and
even in arid environments, vegetation will appear (Lancaster, 1995; Lancaster and
Tchakerian, 1996; Pye and Tsoar, 2009).

As young landforms, dunes should be easy subjects for landform evolution interpretation.
However, the methodologies for dating dunes and dunefields are rapidly developing. Dune
morphology (O'Connor and Thomas, 1999; Fitzsimmons, 2007; Fitzsimmons et al., 2007) and
spatial trends (Kocurek and Ewing, 2005) were recently suggested as important for analyzing
dune and dune field evolution respectively though this has not been proven with
luminescence ages. Dune stratigraphy and internal structure (Tsoar, 1983a; Nanson et al.,
1992; Lancaster and Tchakerian, 1996), supported by dating (Nanson et al., 1992; Thomas
and Shaw, 2002), are important for studying dune development though exposed dune sections
are rare due to their friable nature. Most works have relied on luminescence ages from cored
sections and have not sampled following stratigraphic classification of an exposed dune
section and the dynamic character of dunes often alters geomorphic features and resets
luminescence signals. Dune sand often lacks palaeosols and organic material that are
important features for stratigraphy and (radiocarbon) dating. The main sedimentological
factors relevant to studying dunes are sand geochemistry and mineralogy (Muhs, 2004) and
sand grain color, (Gardner and Pye, 1981; Wopfner and Twidale, 1988; Goudie et al., 1993,
White et al., 1997) which has not been analyzed in regard to luminescence age. .

There are many unanswered questions regarding the dynamics and control of dunes, and
specifically linear dune development. Many researchers accept linear dunes to be extending
dunes (O'Connor and Thomas, 1999; Telfer, 2011), including linear dunes in the NW Negev
(Tsoar and Moller, 1986; Ben David, 2003; Tsoar et al., 2004; Tsoar et al., 2008), though
other works suggest that linear dunes are produced by parallel helical vortices in
unidirectional wind regimes (Bagnold, 1953; Folk, 1971) or wind-rifting of sand from a
proximal source (Hollands et al., 2006). Two main types of linear dunes are recognized,
unvegetated and vegetated (VLD) (Tsoar and Moller, 1986; Tsoar, 1989; Pye and Tsoar,
2009), though this distinction has not been fully accepted. Large proportions of the low to

mid-latitude dune bodies in Australia (Nanson et al., 1992; Fitzsimmons et al., 2007; Cohen
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Figure 1.1 Global map of sand seas (ergs) as online for the Digital Dune Atlas
(http://inquadunesatlas.dri.edu/background.htm after Thomas, 1997). There is at this point, no
official published global dune map. This map demonstrates the recent progress but it still lacks
the Sinai-Negev Erg (i.e. this work), several Chinese ergs (i.e. Sun and Muhs, 2007) and
Argentinian ergs (i.e. Tripaldi et al., 2007) .
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Figure 1.3 Photographs of dust transport during winter storms above the eastern edge (a) and
interdune corridor (b) of the northwestern Negev dunefield.



Main sand —s
transporting wind
direction

Figure 1.4 False Landsat composite image of the Sinai-Negev erg and the northwestern (NW)

Negev dunefield at its eastern edge. The dashed black lines in Israel are isohyets of annual

precipitation in mm.The white box depicts figure 1.5.
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Figure 1.5 False Landsat composite image of the northeastern Sinai-Negev erg and the
northwestern (NW) Negev dunefield. Main dune regions are marked in orange. Black box

outlines figure 2.1.




et al., 2010), southern Africa (Telfer and Thomas, 2007), and South America (Tripaldi and
Forman, 2007; Tripaldi et al., 2011) and Central Asia (Maman et al., 2011) comprise VLDs
that are currently stable in regions with low wind power. Accordingly, in past climates and
environments, the dunes, either with or without vegetative cover, were active until stabilizing
at their current position. Accordingly, a better understanding of the processes of VLD
formation and elongation, whether the VLD is partly or fully vegetated, is needed. Vegetation
cover is assumed to be the main reason behind VLD formation, for which several theories
have been proposed. In contrast to the sinuous elongation that occurs with linear, unvegetated
seif dunes, VLDs are thought to lengthen along straight lines and approximately in the
direction of the prevailing wind (Tsoar and Moller, 1986; Tsoar, 1989; Tsoar et al., 2008).
The "tuning fork" pattern (Tsoar et al., 2008) or Y-junctions (Kocurek and Ewing, 2005) is
common in VLDs but missing from seifs (Tsoar and Moller, 1986; Tsoar et al., 2008). This
coalescence, though not clearly understood, has been attributed to deflection by cross-winds
of the extreme of the dune ridge during the elongation process in order to preserve dune
spacing (i.e. Tsoar et al., 2008 and references within). It seems, therefore, that VLDs have
always been vegetated to some degree, though probably more sparsely during colder periods
when wind power was greater (Hesse and Simpson, 2006; Hollands et al., 2006; Cohen et al.,
2010).

The application of luminescence dating to aeolian sands in desert regions has revolutionized
our understanding of the dynamics of these systems on centennial to millennial time scales.
The availability of increasingly precise numerical ages for periods of aeolian deposition has
provided information on rates of dune migration and accumulation of sand and supported new
models of dune development (Lancaster, 2008). As a result of advances in optically
stimulated luminescence (OSL) single aliquot regenerative-dose (SAR) protocols (Murray
and Wintle, 2000) improvements have occurred in the quality and quantity of OSL-based age
estimates and in the chronological control of episodes of dunes and dunefield activity (e.g.,
Fitzsimmons et al., 2007; Telfer and Thomas, 2007). Despite the greater accuracy of OSL in
dating dunes, however, the reliability of OSL ages in representing episodes of dune activity
and their palaeoclimatic significance has been questioned on several grounds: OSL dating
cannot pinpoint the onset of dune activation (Nanson et al., 1992; Telfer and Thomas, 2007;
Fitzsimmons and Telfer, 2008), and sampling does not always include a full dune section due
to technical limitations (Bateman et al., 2003) and so is often not systematic and lacks
sufficient spatial resolution (Telfer et al., 2010). Moreover, due to their dynamic and erosive

nature dunes present discontinuous records (Telfer and Thomas, 2007) and we cannot always



distinguish between episodic and continuous sedimentation (Bateman et al., 2003; Telfer and
Thomas, 2007; Chase, 2009).

The relationship between global climate change in terms of windiness, dustiness, and dune
activity has profound palaeoclimate and future climate implications. However, the study of
global palaeoclimate change has relied mainly on temperature and rainfall fluctuations as
recorded in ice, marine and lacustrine cores, the traditional proxies of choice due to their high
resolution, sensitivity, continuity, and ability to archive extensive areas of Earth. On land,
speleothems have become the leading terrestrial palaeoclimate proxies of palaeo-
temperatures, water vapor sources, and rainfall amounts (Bar-Matthews et al., 1999) as they

comprise direct, environmental records of in-situ rainfall (Enzel et al., 2008).

Terrestrial aeolian loess deposits are relatively continuous palaeoclimatic proxies of
glaciogenic and desert dust transport and deposition (Chen et al., 2003; Muhs et al., 2008).
However, their palaeoclimatic interpretations are complicated due to their complex
sedimentologies, varying grain-size distributions, mineralogy from mixed-transport distances
and sources, and post-depositional processes (Kohfeld and Harrison, 2001) such as
pedogenesis (Jacobs and Mason, 2007). Although high resolution dating of global and local
windiness has been less studied, recent works suggest that changes in dust deposition are
driven by global changes in wind gustiness (McGee et al., 2010). This is based on dust
proxies in ice, marine, and lacustrine cores providing continuous records of changes in global
dustiness. It has not been tested for dunes, however.

Fluctuation from mobilization to stabilization in dunes and dunefields indicates their
sensitivity to palaeoclimate, climate, and human-inflicted environmental change. Thus, dunes
and dunefields are often valuable archives of past climatic changes and conditions (Sarnthein,
1978; Lancaster, 1995; Muhs and Holliday, 1995; Lancaster, 2008), weather systems,
precipitation, pluvial cycles, and sea-level fluctuations (Sarnthein, 1978; Goring-Morris and
Goldberg, 1990; Lancaster, 1990; Lancaster, 1995; Lancaster, 1999; White et al., 2001;
Glennie and Singhvi, 2002; Preusser et al., 2002). In general, mobile inland dunes have been
used as indicators of arid conditions (e.g., Sarnthein, 1978; Munyikwa, 2005; Hesse and
Simpson, 2006; Lomax et al., 2011). Dune mobilization thresholds linked to reduced
precipitation and evaporation has been shown to exist in mid-latitude dunes (Muhs and
Holliday, 1995). Earlier models suggested that dunes were controlled by both precipitation
and windiness (Lancaster, 1988). However, more recent models show dune activity to be
primarily the result of wind power, so that exposed dunes can be mobilized even in humid

climates with annual precipitation well above 1000 mm (Tsoar, 2005; Chase, 2009; Tsoar et



al., 2009; Yizhaq et al., 2007, 2009). Zhou et al. (2009) suggest that both sand and loess
deposits record episodes of activity during the Heinrich 5 and Younger Dryas cold-events.
However, to the best of my knowledge, palaeoclimatic studies of dune bodies have failed to

fully demonstrate the connection between global wind power and dune activity.

The links between linear dune formation dynamics, internal dune structure, chronological
interpretation of luminescence ages, and the spatial chronology of an entire dunefield as a
basis for palaeoclimatic reconstruction, have not yet been fully addressed. As a result, this
study will investigate the palaeoclimate of the northwestern (NW) Negev dunes (Fig. 1.4) by
building a temporal and spatial chronological framework of the NW Negev dunefield
evolution and providing a chronostratigraphic interpretation of the dunes and their

sedimentologies.

1.2.  The study area

The general study area consists of the northern Sinai Peninsula- NW Negev erg (Sinai-Negev
erg). The northern Sinai region has been and still is a transitional area between the Nile Delta
of Egypt and the Levant (Israel) in many respects: geologically, culturally, geopolitically and
geomorphologically. At present the erg is geopolitically divided by the Egypt-Israel border
(Fig. 1.4). Unfortunately, sand sampling was not possible owing to restricted access to the
Egyptian section of the erg and research on this section had to be based on remote sensing,
archive samples, and data from previous research. Fieldwork was thus restricted entirely to the
NW Negev dunefield. Located as it is at the downwind end of the erg, the dunefield is

considered a suitable location for the study of dunefield evolution.

The source of the northern Sinai dunes is believed to be the Nile Delta (Goring-Morris and
Goldberg, 1990; Tsoar, 1990; Hunt, 1991; Amit et al., 2011) though this has not been proven.
Northern Sinai is comprised mainly of active and sparsely vegetated linear and seif dunes
(Tsoar, 1995; Misak and Draz, 1997; Abdel-Galil et al., 2000; Rabie et al., 2000) that can be
remotely imaged directly from space. The dunes extend in a general west-east orientation

towards the NW Negev. Luminescence dating of the Sinai dunes has not been carried out.

The NW Negev dunefield (N30°/E34°) covers approximately 1,300 km? and has a generally
isosceles triangle shape with its base parallel to the Egypt-Israel border and its eastern point
at Ramat Beqa, an incised plateau composed of Lower Eocene carbonates (Avedat Group)
(Zilberman, 1982), gently rising 10-50 m above the dunefield. The dunefield is divided by the
Qeren-Rogem anticlinal ridge (Qeren Ridge) that trends WSW-ENE and protrudes 50-150 m



above the dunes. The ridge is the most northerly exposure of the Northern Negev Syrian-Arc
anticlinal system (Zilberman, 1982, 1991). It is composed of the Avedat Group carbonates
and is dissected, mainly on its northwest flanks, by steep, short, small drainage systems that

are in turn dammed by dunes (Tsoar, 1983; Enzel et al., 2010).

The portion of the dunefield south of the Qeren Ridge fills an east-west synclinal
depression and is locally bounded by wadis, Eocene chalk buttes and ridges. The dunes
intercept and fill several wadis from the south (Blumberg et al., 2004). Dissected surfaces
underlain by loamy sediments are evidence for palaeolakes created by dunes damming the
wadis (Magaritz and Enzel, 1990; Harrison and Yair, 1998; Ben-David, 2003; Blumberg et
al., 2004) and larger drainages with Late Pleistocene flood plains (Zilberman, 1992).

The main aeolian sand body lies north of the Qeren Ridge. It covers a gently seaward-
sloping landscape that was established by the receding Pliocene shoreline and later covered
by a sequence of Pleistocene calcareous loam palaeosols (Bruins and Yaalon, 1979;
Zilberman et al., 2007). These sandy units overlay Senonian Mt Scopus Group soft marls and
chalks (Emog, 1986).

Previous dune research has concentrated on the eastern, southern and mainly southwestern
section and edges of the dunefield (Goring-Morris and Goldberg, 1990; Magaritz and Enzel,
1990; Zilberman, 1991; Harrison and Yair, 1998; Ben-David, 2003; Blumberg et al., 2004;
Ben-David and Yair, 2008), depicted in figure 3.1c and table 3.2 of chapter 3. Detailed
geomorphic, pedologic and ecologic analysis at a single dune level is thoroughly presented in
Breckle et al. (2008) for dunes at the Nizzana research station. According to limited datasets
of different ages relating to the southern dunefield, dunes encroached into the NW Negev in
the Late Pleistocene (Zilberman, 1991; Rendell et al., 1993; Harrison and Yair, 1998; Ben-
David, 2003), mainly during the Younger Dryas (Enzel et al., 2010). The dunes are mainly
associated with Epipalaeolithic sites (uncalibrated) radiocarbon dated to ~18-10 ka (Goring-
Morris and Goldberg, 1990). Over the past few centuries, the Sinai-Negev dunes have
experienced several cycles of vegetation covering and removal (Tsoar, 1995; Meir and Tsoar,
1996; Tsoar, 2008).

The Negev dunefield was mapped at a 1:125,000 and 1:250,000 scale and the dunes were
analyzed for military purposes in the early 20" century by the British War Office (Newcombe
maps) (Levin et al.,, 2009). The NW Negev dunes, initially scientifically described and
measured by Rosnan (1953) and Striem (1954), consists of stable vegetated linear dunes
(VLD), with vegetation cover (Tsoar and Moller, 1986; Tsoar et al., 2008) of 5-15% (Siegal,

2009), which adds minute organic material to the dune section (Blume et al., 1995). Similar to



the linear dunes of the Sinai, the dunes are elongated in a general west-east direction (270°)
with southern dunes having azimuths of 259° to 249° (Striem, 1954). The dune flanks are
currently stabilized mainly by biogenic crusts (Danin et al., 1989; Karnieli and Tsoar, 1995;
Karnieli et al., 1996; Karnieli, 1997; Kidron et al., 2000)

The dunefield south of the Qeren contains blocked and diverted ephemeral streams (wadis)
(Goring-Morris and Goldberg, 1990; Magaritz and Enzel, 1990; Ben-David, 2003). The main
dune body is north of a diagonal bend to the west of Nahal Lavan that currently drains via
Wadi Haradein into Wadi Al-Arish (Figs. 1.4 and 1.5). In the past, the wadi course drained
northwest through the Ghora corridor (Dan, 1977; Ben-David, 2003), possibly even in a direct
path towards the Mediterranean Sea. Feldspar grains found amongst the fluvial gravels in
several drills in Nahal Lavan were IRSL-dated to ~55-137 ka by Ben-David (2003)., Two well-
developed (stage IlI-111) palaeosol development periods at 35-30 ka and 27-24 ka, and weakly
developed (Stage I-11) palaeosols at 14-12 ka have been identified and dated by (uncalibrated)
radiocarbon along the southern edge of the Negev dunefield (Zilberman, 1992). This suggests
that the ancient palaeocourse already led in a westerly direction even then. Nevertheless, the
upstream standing or/and flood water deposits show that the main dune body contributes to the
diversion and blocking of the Nizzana water course (Harrison and Yair, 1998).

NW Negev sand grains were found to be moderate to well rounded with no trend along their
W-E extension (Hunt, 1991). A bi/polymodal grain size distribution predominantly (125-
250u/63-125p) and (2.75 and 3.75 ¢) are suggested by Hunt (1991) to be a result of either
varying wind intensities or provenance. In the eastern part of the dunefield, a dune profile has
been found to be predominately sand with approx. 80% fine sand (250-63 p) (Gev, 1997). Sand
mineralogy is dominated by quartz (95%) with 1-5% calcite (predominately in form of
terrestrial snail shell fragments) and less than 1% of (unweathered) K-feldpar and plagioclase
(Hunt, 1991). Clay mineralogy in the sands includes smectite and mixed-layer illite/smectite,
attributed to external input (Hunt, 1991) and not to in-situ weathering.

Previous spectroscopic and remote sensing studies of sand redness in the NW Negev
dunefield yielded general spatial trends but did not include any dating (Hunt, 1991; Campbell,
1999; Wenkart, 2006; Tsoar et al., 2008). Using laboratory spectroscopy, Wenkart (2006) and
Tsoar et al. (2008) divided the dunefield into three sand units based solely on contouring a grid
of the spectroscopic redness index (Rl = R%(B*G®). Wenkart (2006) and Tsoar et al. (2008)
suggested that the west-central section of the dunefield north of the Qeren Ridge represents the

latest dune incursion due to its lower Rl values, whereas the redder northern and eastern



dunefields contain mature sands. This analysis was based on the assumption that when sand
source factors and climatic conditions are homogenous, diversity of hues and spectral
properties of red sand point to different ages (Norris, 1969; Folk, 1976; Hagedorn et al., 1977;
Walker, 1979; Gardner and Pye, 1981; Wopfner and Twidale, 1988; Goudie et al., 1993; White
etal., 1997; White et al., 2001).

The dunefield runs along a desert fringe between the climatic zones of the Mediterranean
Levant and the global desert belts. It is situated along the southern part of the wintertime
cyclonic tracks of the Mediterranean Cyprus Low (a migratory low altitude surface in the
eastern Mediterranean with a cold air trough at middle and high altitudes) and receives
approximately 150 mm of annual rainfall in the north and only 60-80 mm in the south.
Accordingly, biogenic crusts are several mm thicker in the north (Almog and Yair, 2007).
Potential evaporation is 2000-2200 mm/yr as measured at the Nizzana station in the
southwest corner of the NW Negev dunefield (Stern et al., 1986). Further details of the

dunefield climate are available in Littmann and Berkowicz (2008).

It has been suggested that the Late Pleistocene climate along the Sinai-Negev Erg, while
similar to the Eastern Mediterranean synoptic configuration, was also stormier, wetter, and
windier than today, and it was responsible for the Sinai-Negev dune mobilizations and Negev
loess deposition (Enzel et al., 2008). In addition, an archaeobotanical study of the Central
Negev Highlands south of the Negev dunefield has suggested a wetter Late Pleistocene
between 18-10 ka (Baruch and Goring-Morris, 1997). Vaks et al. (2006) also maintain that
prior to 14-13 Kka, during the Late Pleistocene, the northern Negev received 300-350 mm of

rain.

Since there is currently no dune incursion, despite the various spatial and temporal
anthropogenic changes, one can assume that dune incursions transported sand and dunes
eastwards into the Negev under different climatic and environmental conditions. The northern
Sinai region provides an unlimited source of sand and this was not a constraining variable for
dune incursion into the Negev. This research proposes that linear dune extension developing
into dunefield encroachment is mainly the result of effective wind regimes transporting sand
from Sinai. From the geometric, morphologic, and spectral properties of the NW Negev dunes
and sand supported by luminescence ages, and from the spatially varied standing-water
deposits and prehistoric site ages, we can infer several periods of incursion and mobilization

controls resulting in distinct sand and dune bodies.
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1.3.  Research hypotheses and goals

The research hypothesis states that several sand incursions into the NW Negev took place
during the late Quaternary creating dunefields of different geomorphic units (Karnieli and
Tsoar, 1995). In general, each dunefield accumulated during a relatively rapid pulse in
response to environmental factors marked mainly by strong wind intensities. In some cases,
several dunefield sectors may have accumulated simultaneously since their spatial distribution
probably resulted either from different sedimental supply sources or different wind directions
of similar wind intensities.

The main aims of the research were to 1) identify the periods of sand and dune incursion into
the NW Negev Desert that formed the NW Negev dunefield; 2) demarcate the spatial extent of
these incursions; and, 3) interpret and conceptually model the dune-driving palaeoclimates.

Several tasks were involved.

e Spatial and temporal identification of the sand incursions and stabilization periods that
formed the current NW Negev dunefields.

e Examination of the link between dune and sand grain color and spectral
characteristics, and the significance of the spatial distribution of sand color in regard

to, dune stability, dunefield evolution, and palaeoclimate.

e Evaluation of the importance of the major palaeoclimatic factors of wind regimes
and/or rainfall patterns in triggering dune mobilization.

e Discussion of the results and inferred palaeoclimate in the context of global dune
mobilization and global Late Quaternary climate change. This will help to identify

and conceptualize a model of the conditions for dune mobilization and stabilization.

e Discussion of the impact of future environmental and climate change, for example

increased aridity, upon the NW Negev dunefield and its environs.

1.4.  Thesis outline

This thesis is based upon three peer-reviewed articles. The present chapter described the
relevance and importance of global research, and particularly the Sinai-Negev dune and
dunefield research, for defining the research hypotheses and goals. Chapter 2 systematically
reviews the research methodologies and methods, and expands and partially overlaps the
methods sections presented in the peer-reviewed articles in Chapters 3, 4, and 5. The results

and various discussions of the thesis are found in the following articles:
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Chapter 3 — Roskin, J., Porat, N., Tsoar, H., Blumberg, D.G., Zander, A.M., 2011a. Age, origin
and climatic controls on vegetated linear dunes (VLDs) in the northwestern Negev desert (Israel).
Quaternary Science Reviews, 30: 1649-1674.

The article examines the research regarding the Sinai-Negev Erg, discusses the reliability and
accuracy of the OSL age results, presents stratigraphic and sedimentological data of the Negev
dunefield dunes, sands, and palaeosols, and discusses the contribution of OSL ages and
stratigraphy of the Negev to temporally and spatially map the dune incursions. It also attempts
to decipher the sand and dune transport path and chronology from the Nile Delta through
northern Sinai into the NW Negev.

Chapter 4 — Roskin, J., Blumberg, D.G., Porat, N., Tsoar, H., Rozenstein, O. Do dune sands

redden with age? — The case of the northwestern Negev dunefield, Israel. Aeolian Research 5: 63-
75.

The article deals with the sedimentology of the Sinai-Negev Erg sands and their transport
route. Based upon the relationship between spectroscopic redness intensity and OSL
depositional ages of sand samples taken from exposed and fully-drilled VLDs and interdunes
of the NW Negev dunefield it is suggested that sand-grain redness does not progress with
depositional time. Following spectroscopic analysis of northern Sinai sand samples, remote
sensing of the Sinai dunefield, and data from previous studies on the Nile Delta sands, it is
suggested that sand grain redness attributes were inherited from upwind sources and are not
related to the age of stabilization.

Chapter 5 — Roskin, J., Tsoar, H., Porat, N., Blumberg, D.G., 2011b. Late Pleistocene regional
and global palaeoclimate of dune mobilization and stabilization; evidence from the vegetated

linear dunes of the northwestern Negev Desert, Israel. Quaternary Science Reviews 30: 3364-
3380.

This article builds on the dune elongation and accretion understandings presented in
Chapter 3 (Roskin et al. 2011a) and refine the analysis of VLD stratigraphy, mobilization and
stabilization dynamics and periods. Combined with regional sediment records, global proxies,
and global dune luminescence ages, this enables interpretation of Late Pleistocene Negev and
global dune-driving palaeoclimatic controls such as increased low-latitude cold-event and
glacial windiness.

Chapter 6 summarizes the main findings and conclusions of this study, its scientific
importance and significance and proposed future research. The GPR profiles and
interpretations are presented in Appendix A. As they did not considerably contribute to the

research goals, the profiles are not discussed in the main body of the thesis.
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2. METHODOLOGY AND METHODS
2.1. Reconnaissance work

The large Sinai-Negev Erg, between the Nile Delta and the northern Negev, along with the
expanse of the NW Negev dunefield study area where field work took place, required a sound
knowledge of the landforms, sediments and sites, as well as the details and methods used by
previous researchers, in order to choose optimal sampling sites to serve the study goals. First,
the NW Negev dunefield was studied using aerial photographs and Landsat image
classifications and with the aid of reconnaissance surveys along dirt-roads. This also assisted in
locating exposed dune sections. Dune crests were mapped from orthophotos at a scale of
1:5,000 in a GIS and validated by field surveys and fused images (Fig. 2.1a). Dune
morphometries and morphologies were mapped and classified using ArcMap 3D, and spatial
analysis modules on digital elevation models obtained from online SRTM and airborne LiDAR
(Appendix A.1; Fig. 2.1b).

Geomorphic units were classified qualitatively based on dune crest orientation and spatial
density, dune and cross-section morphology, and single and spatial dune slope distribution
(Figs. 2.2 and 2.3a+b). This approach followed the hypothesis that stable, mature dunes could
have degraded (O'Connor and Thomas, 1999; Lancaster, 2007), and different dune
morphologies and related geomorphic units may represent different histories of dune
mobilization, buildup, stabilization, and degradation. Ultimately, the geomorphic units merged
into three main west-east trending dune bodies, delimiting discrete incursion or encroachment

corridors as partially consistent with Tsoar et al. (2008) (Fig. 2.3c; Table 3.2 in Chapter 3).

2.2.  Sampling site strategy, selection and stratigraphy

The sampling strategy for stratigraphy, sedimentological analyses and OSL dating was
designed to identify the earliest dune incursions and to analyze dune elongation/advancement
rates. The dunefield was sampled along 5 lines: western and eastern north-south transects and a
west-east transect along each incursion corridor (Fig. 2.3c). The NNW-SSE sampling line
("western transect”) at the western end of the study area along the Israel-Egypt border,
transected and is almost perpendicular to the VLD orientation. Sampling was performed along
this line in nearly every dunal geomorphic unit. In the eastern transect, the easternmost extent

of each incursion corridor was sampled in order to date dune advance and cessation.

Sampling was conducted at defined sites. Sites often included several sampled exposed
and/or drilled sections of the dune, interdune and upper dune substrates (Appendix A.2). All of
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the exposed sections identified in the dunefield were described. Additional sites were sampled
by drilling in keeping with the sampling strategy. Dune stratigraphy in the exposed sections
was described using standard sedimentological and pedological methods (Dan et al., 1964;
Birkeland, 1999). Ground-penetrating radar (GPR) surveys were conducted primarily to
identify sedimentary units and determine their depths prior to sampling by drill.

Sampling was aimed at retrieving the dune-base sand (the lowest ~1 m) and its underlying
substrate in order to detect the earliest sand activity and create a stratigraphically uniform age
database which has been lacking from previous studies (Telfer and Thomas, 2007). Dune axes
were generally targeted for sampling in order to obtain the dune core sediment, presumably

least affected by slight possible lateral dune sand movement (Bristow et al., 2007).

The BM VLD flanks were sampled in order to provide a picture of VLD elongation,
buildup and lateral migration dynamics across a full dune cross-section and to provide
correlation with GPR profiles. The BM VLD was also sampled at two sections along its axis in
order to investigate the longitudinal morphological changes, elongation, and narrowing of the

linear dunes over time.

Splits of sixty-two northern Sinai sediment samples (for location of analyzed samples, see
Fig. 4.5 in Chapter 4), mainly sands, along with general sampling site description data, were
provided to Dr. Dan Muhs who split the sand with me. The sand was courtesy of Dr. Amihai

Sneh (GSI emeritus) who sampled it for the Geological Survey of Israel during the late 1970s.

2.3.  Sampling

Drilling techniques for sampling sand from drills were developed on the job as dune-

drilling techniques for OSL samples has only recently been published (Munyikwa et al., 2011),

Drilling was performed with Dormer Engineering hand augers (Figs. 2.4a-f). of diameters of
85, 95 and 105 mm (Figs. 2.4a, € & f). A Drillmite 6Hp hydraulic engine was found to be
ineffective as it does not facilitate sample extraction (Fig. 2.4b). Drill auger retrieval was
usually manual and as it becomes laborious beyond ~7 m, a maximum drill depth of 11.4
meters was achieved (Fig. 2.4c). Several horizontal auger probes of steep dune flanks were also
carried out though these were not found to be advantageous over vertical drilling (Fig 2.4d).
Beneath the upper 2-3 meters of the dune, the unconsolidated sand was usually slightly moist
(~1%), providing easy penetration and drill hole stability. Drill hole surfaces were cased with

0.5 m-long PVC pipes and drill holes were cased with 3" and 4" PVC or Dormer 3" 1.5 m
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Figure 2.1 Topographic-geomorphic analysis of the NW Negev dunefield landforms

a. Dune crest line mapped upon shaded elevation map.

b. Geomorphic unit (g.u.)classification (numbers) upon shaded relief map. The geomorphic unit
names signify their main features as follows:1. Sekher dunes and sands. 2. Ze’elim basin.

3. Northern corridor (Haluzit — Ze’elim) dunes. 4. Haluzza east dunes. 5. Haluzza (west) dunes.
6. Revivim-Besor wadi confluence. 7. Qeren Ridge. 8. Dune-blocked wadis. 9. Crescentic dunes.
10. Agur dunes. 11. Shunera dunes. 12. North Nahal Lavan dunes. 13. Nahal Nizzana. 14.
Halamish dunes. 15. Shivta Chalk Hills. 16. Nahal Lavan floodplain. 17. Lavan dunes.
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Figure 2.2 Slope analysis of the NW Negev dunes.
a. Slope distribution map and geomorphic classification (numbers of geomorphic units as in

figure 2.1b) of the central NW Negev dunefield. For map location, see figure 2.3a.
b. Close-up of dune slopes (black triangle in 2.2a ). Note the crescentic shaped transverse-

like eastern-facing lee slip faces. c. Relatively steep slope frequency per dunal geomorphic
unit. d. Slope distribution of the Haluzza geomorphic unit. e. North — south dashed lines of

parallel eastern-facing crescentic slip faces in the Haluzza geomorphic unit.
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sand-sampling metal pipes in order to stabilize the borehole and prevent sediment fall and

contamination (Fig. 2.4a). Depth was measured by 10 cm-interval marks on the extension rods.

Sampling for OSL dating of drilled sediment was performed at 1.5 m intervals unless field
examination of the samples indicated changes in sediment properties, in which case sample
frequency was increased. An opaque cloth draped upon the extension rods and sampler
protected the extracted OSL sample from sunlight (Figs. 2.4g+h). The lower section of the
auger sediment was discarded due to suspected drill hole contamination (Figs. 2.4e & f).
Sediment from the central section of the auger was immediately placed in opaque black bags.
An additional sediment sample was collected from the same probe or the next probe for dose
rate determination. OSL sampling from both exposed sections and drills was often executed at

night in order to easily avoid exposure to light (Figs 2.5a+b).

Sampling for OSL dating of exposed sections usually began 1-2 m below the surface to
avoid the bioturbated and active dune crests. Sampling points were chosen for each unit at least
10 cm from sedimentary contacts and usually in mid-unit. Sampling involved driving hard,
opaque, 20 cm long by 3 cm diameter plastic pipes into the exposure by hand or hammer (Fig.
2.5c). Here, where possible, cosmic and y dose rates were derived from in situ measurement

using a calibrated portable gamma scintillator (Fig. 2.5d)

Altogether more than 300 samples for OSL dating and sedimentology were collected from
40 exposed sections and drills from 20 sites. A sampling density of one site per approximately
65 km? provides a relatively reliable numerical age dataset for environmental and

palaeoclimatic interpretation (after Telfer and Thomas, 2007).

2.4.  Ground penetrating radar (GPR) profiles
2.4.1. Background

Ground-penetrating radar (GPR) is an electromagnetic geophysical exploration technique
for mapping shallow subsurface structures and locating underground objects. GPR uses short
pulses of electromagnetic energy (radio waves) that are propagated into the ground by a
transmitting antenna that is placed upon the ground surface. At the same time a receiving
antenna detects the waves that are reflected up to the ground surface when the transmitted
pulse encounters a subsurface interface across which exists an electromagnetic impedance
contrast. The delay between the transmitted pulse and the arrival of a reflection is proportional

to the depth of the subsurface feature (reflection surface) that generated the reflection.
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Figure 2.3 Geomorphic unit (green names) and dune orientation analysis of the NW Negev
dunefield. a. Geomorphic units and dune crest line planar pattern and density.

The black box marks figure 2.2a.

b. Inset of orthophoto-mapped Lavan geomorphic unit VLD crest lines.

c. Dune encroachment (incursion) corridors according to VLD patterns and geomorphic units.

Named sampling sites, usually including several sections or drills, are located near the
dune encroachment corridor edges.



The past 25 years have seen a substantial growth in GPR applications for earth sciences,
including aeolian deposits (Neal, 2004). Good results have been obtained for coastal dunes
(Pedersen and Clemmensen, 2005; Barboza et al., 2009), though limited work has been
published for inland linear dunes and specifically VLDs. Bristow et al. (2005, 2007) calculated
historical unvegetated linear dune advance and lateral migration in Namibia using GPR facies
analysis coupled with optical ages. They showed that in some cases GPR can further our
understanding of dynamic sand movement in and along a single dune based on analysis of
bounding surfaces and the field relations between the dune structure and its substrate.
Clemmensen et al. (2007) used GPR to map the internal structures of a relatively low recent
linear dune on an island off of the Denmark coast, where recent/historical ages revealed age

inversion.

Until now, GPR surveys of the Negev dunes have been limited to mapping the moisture
content of linear dunes (Basson, 1992; Gev, 1997), the relationship of the Nizzana VLDs to
their substrate (Ben-David, 2003) and the comparison of GPR reflections to Single-Aperture
Radar (SAR) reflections of sandy deposits in buried channels (Blumberg et al., 2004). Ben-
David (2003) identified interfingering of dune "roots" with later, younger, silty, playa-like
accumulations, but did not describe internal dune structures. The low electric conductivity (3-
5mSec) of the Nizzana dune section (Blume et al., 1995, 2008) which is similar to the Negev
dunes suggests low salinity, which should not inhibit GPR profiling. Bristow et al. (2007)
reported limited penetration and poor resolution due to signal attenuation which prevented
imaging of primary vegetated linear dune sedimentary structures in central Australia. This was
attributed to a combination of physical factors: clay illuviation, salt, biological disturbance of
the structure and sediment homogenization, rubification, and the age of the dunes. The Negev
dunes, however, lack clay horizons, are younger, less red, have low salt contents, and were

predicted to be more responsive to GPR imaging.

The limited accessibility of dune cores, mainly due to the unstable stature of exposed
excavated dune deposits, restricts achieving detailed mapping and analysis of the internal
structure of linear dunes (Bristow et al., 2007). GPR profiling was chosen to map the internal
dune structure since unsaturated clean sand is considered a good material for GPR transmission
due to its low relative dielectric permittivity (2.55-7.55) and conductivity values (0.01 mSm™),
which limit attenuation (0.01-0.14) (after Neal, 1994) and enable good penetration. For an
antenna central frequency of 100 MHz GPR resolution is calculated to be 0.25 m for damp
sand and 0.375 for dry sand (Bristow, 2009). Interchanging cross-strata laminae, due to grain-

size differences, have corresponding moisture differences that may cause changes in velocity,
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Figure 2.4 Field drilling methods. a. Sand drilling equipment and auger diameters. Note Dormer
pipes inserted in orange PVC pipe. They grey PVC pipe sealed with a black bag eased extraction
of the sediment from the auger. b. Dormer Drillmite engine. c. Auger extension poles following
retrieval from Tzidkiyahu interdune section. d. Horizontal drilling at the southern base of the
BM east VLD. e. Auger tip. f. The maximum sand fill in an auger. g. Drape cloth over drill rig
and (h) during sampling, enabling extraction for OSL-dating without exposure to sunlight.
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Figure 2.5 OSL and GPR field work methods and spectroscopic measurement setup.

a. OSL sample extraction by dune-drilling and from an exposed section (b) at night.

c. OSL sampling at the Sekher VI section with plastic tubes. d. Cosmic and gamma dose rate:
measurement with a calibrated portable Rotem P-11 gamma scintillator.

e. Topographic surveying with a Total Station, here positioned upon the BM transverse dune.
f. GPR profiling at the BM site.

g. Spectroscopic measurement set up including a (1) black box for the sample and (2) probe
muzzle. h. Different redness intensities of sand samples being room-dried in plastic plates.
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inducing reflections (after Bristow, 2009). Internal cross-strata bedding patterns and bounding

surfaces were hypothesized to be possible reflection surfaces.

2.4.2.

GPR survey goals and site locations

It was hypothesized, first, that the internal dune structure obtainable from GPR would

contribute valuable data for analyzing VLD elongation, accretion, lateral migration and crest

and surficial activity. Second, it would help to differentiate the more prominent upper young

and active dune crest even deep in the dune, from the dune and dune substrate. The GPR

survey goals included:

2.4.3.

Determining dune depth and contact with interdune sands, palaeosols, and playa loams,
in other words, the palaeosol reflectors found by Hollands et al. (2006) at depths of 4 m

in Australian linear dunes.

Determining the VLD’s internal structure, both along the dune axis and axis cross-
section, in order to advance our knowledge of dune elongation and accretion dynamics
in the NW Negev.

Identifying the main dune units for OSL sampling.
Identifying the internal structure of the inferred transverse dunes that infill the VLD

interdune in order to validate their internal structure and advancement dynamics and

identify units for OSL sampling.

GPR profiling and processing

Sites were chosen based upon geomorphic unit mapping and identification of various
dune sub-types (Appendix A.3). This was based on the reconnaissance work noted
above.

Data acquisition in the field included marking the GPR transects perpendicular to the
VLDs axis using a measuring tape. Along this line, topographic cross sections were
measured using a Total Station (Fig. 2.5e) and the GPR survey was conducted (Fig.
2.5f). Transects were marked upon high resolution orthophotos.

GPR measuring used hand-held transmitter-receiver antennae with 1 m spacing at step-

size increments of 10 cm.
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e The GPR unit included a RAMAC system which transmitted mainly at 100 MHz for
reaching dune depths and at 200 MHz to achieve higher resolution albeit with shallow
differentiation.

e Figures of GPR settings, profiles and interpretations are presented in Appendix A.4-
A1l

e Data processing included several gain amplification levels (to increase depth of data),
migration, bandpass filtering and decon. Data was processed without and with
topographic corrections based on the cross-section profiles.

e The GPR display used both variable-intensity (color) and wiggle (b&w). Subjective
image interpretation was mainly based on the migration and wiggle processed sections.
Illustrations of the interpretations often only show the main reflection surfaces (see
Appendix A.7).

e The GPR measurement and processing was led by Dr. Uri Basson of Geo-Sense Ltd.

e GPR terminology and interpretation techniques are according to Neal (2004).

2.5.  Particle size distribution and moisture content analysis

Variations in particle size distribution (PSD) of sands exist at three scales; (a) on individual
dunes; (b) between dunes types and dunes and interdunes; and (c) regionally across the
dunefield (Pye and Tsoar, 2009). Beyond the fact that these scales are analyzed in this research,
PSD analysis was undertaken to identify changes along the VLD axis and to identify post-
depositional changes such as pedogenesis, i.e. addition of fines.

PSD analysis of 118 samples that included sand and loams was carried out by laser
diffraction (using a Malvern Mastersizer MS-2000) at the Sedimentology Laboratory of the
GSI (Appendix B.1). Compared to pipette results, laser diffraction measurements of PSD of
sand fractions using different machines has been found to produce similar PSDs (Beuselinck et

al., 2008; Cheetham et al., 2008) making the results comparable to other studies.

Samples were split into 5-g portions, sieved to <2 mm, and stirred for dispersion in sodium
hexametaphosphate solution for 10 min followed by ultrasonification for 30 s. Three replicate
aliquots, later modified to two aliquots for sand samples due to good reproducibility of the
results, were run for each sample. Each aliquot was subjected to three consecutive 5-s runs at a
pump speed of 1800 RPM. The raw laser diffraction values were transformed into PSD using
the Mie scattering model with optical parameters of R1=1.52 and A=0.1.
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Sand and loam samples from representative sites and sections collected in sealed jars were

measured for moisture content by oven-drying (Appendix B.2).

2.6. Relative mineral abundances

X-ray diffraction (XRD) was used to determine relative mineral abundances for Negev and
Sinai sand. Relative abundances were established by measuring XRD peak heights using
Materials Data Inc. JADE 5 software at the USGS in Denver.

The following XRD procedure was used:

e Sample splits of several grams were pulverized in a shatterbox for a standard time of 5
min.
e Slides for XRD were prepared as random mounts.

e Slides were X-rayed from 8° 20 (most samples) or 20° 26 (several samples) to 55° 260

on a Phillips 3100 X-ray diffractometer, using copper radiation.

e The resulting diffractrogram showed the relative intensity (count/s) versus the angle of
radiation for calcite, quartz, and plagioclase. This was then interpreted to establish the

relative abundance of the minerals.

The above method offers a low level of accuracy, sometimes with errors reaching tens of

percent. The results are therefore taken to indicate "relative abundance" (Appendix B.3).

2.7.  Optical stimulated luminescence (OSL) dating
2.7.1. Introduction
2.7.1.1. Background

Optically stimulated luminescence (OSL) dating is a method used extensively in the earth
sciences and archaeology. It dates the burial age of sediment when it loses contact with
sunlight. It is based on the accumulation of dose and emission of light, luminescence, mainly
from sand-sized quartz grains. The method can be applied to a wide range of sediments and
materials containing even small quantities of sand-sized quartz grains. The age range over
which the method can be applied is from several hundred years to several hundred thousand
years (Wintle, 2008). The fundamentals and status of luminescence dating are described in
detail in major reviews (Aitken, 1998; Duller 2004, 2008), and specifically regarding drylands

and aeolian sediments (Singhvi and Porat, 2008).
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Luminescence age is determined by the ratio between the measure of the natural radiation
dose (D) absorbed by the quartz grains and the rate at which the energy was delivered (dose

rate). This is according to the simple formula:

Luminescence age = D¢/dose rate Equation 2.1
Age = Time since the sediment was last exposed to sunlight
De = Equivalent dose measured in Gy (Gy = 1 J kg™)

Dose rate = Radiation flux within the sediment (Gy a™)

Natural (o, B, y) radiation is largely emitted by radioactive potassium (K) isotopes and
isotopes in the decay chains of uranium (U) and thorium (Th) present in the sediment. At a sub-
atomic level, energy is stored by excited electrons trapped at sites within the crystal structure,
where they cannot normally reside, but can be stored as a result of defects in the crystal
structure. In general, the deeper the defect’s location beneath the conduction band, the longer
the electrons can be trapped (Fig. 2.6). When an electron is released, it loses the energy gained
during burial and may emit part of that energy in the form of photons of light, termed
luminescence. Measurement of the luminescence signal intensity can be used to calculate the
amount of radiation to which the sample was exposed during burial. Measurement involves
(optical) stimulation of the sand grain using light of blue or green wavelengths. The total
absorbed dose of radiation is known as the equivalent dose (D).

In the natural environment, quartz OSL traps are emptied by exposure to wavelengths from
ultraviolet to green of the electromagnetic spectrum present in sunlight (Aitken, 1998). This
luminescence signal bleaching, also known as zeroing or resetting, is not always complete
under all depositional circumstances. For example, sediments in fluvial environments (Olley et
al., 1998, 2004; Rittenour, 2008), do not necessarily receive sufficient sunlight for complete
bleaching. Aeolian sediments are often assumed to have been well bleached during transport.
However, it cannot always be assumed that the signal was completely reset upon deposition
(Aitken, 1998; Singhvi and Porat, 2008). Sand-grain mixing can introduce grains of different
ages into the sections (Bateman et al., 2003, 2007). In this study it was assumed that the

luminescence signals of saltating sand grains are fully reset.
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2.7.1.2. Equivalent dose (De) measurement

The radiation doses given to sediments in the laboratory consist of  radiation only. The radiation
is applied on small aluminum discs (aliquots) usually ranging between 2 to 10 mm that contain
several hundred quartz grains.

The luminescence sensitivity of the aliquot — the amount of light it emits for each unit of
radiation, i.e. light stimulation, heating, and radiation, to which it is exposed, changes depending
on the laboratory procedures undertaken. This can create an inconsistent response and poses a
problem for the accurate measurement of D.. To overcome this problem, the Single Aliquot
Regenerative dose (SAR) protocol was developed (Murray and Wintle, 2000, 2003). The SAR
protocol is a regenerative-dose protocol, which measures both the natural and regenerated OSL
signals (Fig 2.7).

The SAR protocol comprises a series of cycles. In the first cycle the OSL signal (denoted L)
from the aliquot arises from the radiation dose to which the sample was exposed in nature, and
hence is given the term Ly. In the second cycle the aliquot is exposed to an artificial
(regenerated) source of radioactivity in the laboratory. The OSL signal is then measured.
Subsequent cycles measure (L) as different regeneration doses are given to the aliquot. All of
these measurements of luminescence are preceded by a preheat — heating the sample to a fixed
temperature (usually between 160°C and 300°C) and holding it there for a short period of time
(10s). This procedure removes unstable electrons from shallow traps so that the OSL signal
comes only from electrons that would have been stored safely through the burial period. The
brightness of these luminescence signals (L) are used to construct a dose response curve (Fig.
3.4b in chapter 3).

The luminescence sensitivity is measured by giving a small fixed radiation dose (test dose)
in the second half of each SAR protocol and then by measuring the resulting OSL signal (Tx)
(Fig. 2.6). The effect of any change in sensitivity is corrected by plotting a graph of the sensitivity
corrected luminescence signal (Lx/Tx). De can then be calculated, based upon this luminescence
signal, corrected for any changes in sensitivity that may have occurred (after Murray and Wintle,
2000, 2003).

OSL-SAR dating is the currently most established method for dating sands and dunes,

especially where organic material for **C is lacking. Errors are usually in the range of 5-15%.
2.7.1.3. Dose rate measurements
Dose rate measurement tries to identify the amount of natural radiation the sediment

underwent since deposition. As this cannot be accurately measured or assessed, dose rate
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calculation includes uncertainties that affect the calculated age error. Dose rate is determined
by concentrations or activities of K, Th, and U radioelements and cosmic energy.
Radioelement concentrations can be measured using different methods; neuron activation
analysis, different mass-spectrometry procedures like inductively-coupled plasma mass-
spectrometry (ICPMS), atomic absorption or X-Ray fluorescence spectroscopy (XRF). The
concentrations are converted into dose rates using conversion factors for radioactivity (Aitken,
1998).

Alpha (o) radiation dose rate can penetrate a few microns into sand grains. HF etching of the
OSL samples makes the o dose rate negligible. Beta () derived dose rates have substantial
influence on sand samples. Beta particles (electrons) penetrate several mm into sand grains.
Gamma (y) rays are high energy photons that penetrate approximately 0.3 m into sediment
(Aitken, 1998). Both B and y radiation experience scattering throughout sediment (after Aitken,
1998).The proximity of B-emitting grains to quartz grains can cause substantial dosage
variation between grains. Beta particle attenuation by sediment-pore moisture content reduces
the dose rate. Measured moisture content of selected samples along with taking a significant
uncertainty into consideration are implemented in dose rate calculation. This uncertainty is
crucial as the moisture content value incorporated represents constant moisture content in the
sediment since burial. Calculation of dune ages with moisture content estimations from 2% to
12% was found to change age errors by 4% (Bubenzer and Hilgers, 2003).

A proportion of the cosmic radiation energy does reach and penetrate the planet surface. The
radiation dose reaching Earth decreases with depth, a particularly rapid process in the uppermost
meter of the Earth (Duller, 2008) (a depth that was not usually sampled in the present study). The
contribution of cosmic rays to sediment dose rate is assumed to be constant over time, and is a
function of latitude, altitude and burial depth (Prescott and Hutton, 1994).

2.7.2. OSL measurement and age determination
2.7.2.1. Sample preparation

Thirteen preliminary samples from shallow depths (labeled ISR in Table 3.3; Chapter 3)
were dated using OSL at the Marburg Luminescence Laboratory, Germany. An additional 84
samples were prepared and measured at the Luminescence Laboratory of the Geological
Survey of Israel (GSI), Jerusalem. Sample preparation follows Porat (2007). Briefly, this
involved dry-sieving to isolated grain-size fractions of 125-150 um or 150-177 um, followed

by immersion in 8% HCI to remove carbonates. After washing and drying, heavy minerals and
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most feldspars were separated from the quartz using a Frantz magnetic separator on high
(1.5A) current on the magnet (Porat, 2006). Grains were then submersed in concentrated (40%)
HF for 40 minutes to etch grain rinds affected by o particles and dissolve any remaining
feldspars. This was followed by 16% HCI treatment to remove any precipitated fluorides. The
quartz grains were mounted on 10 mm aluminum discs with 5 mm masks using silicon (oil)

spray as an adhesive.

2.7.2.2. Equivalent dose (De) determinations

Equivalent dose (D.) determinations used a modified single aliquot regenerative-dose
(SAR) protocol (Murray and Wintle, 2000) that included a cleaning step of heating to 280°C
for 100 s at the end of each measurement cycle. The protocol started with measuring the
natural signal, followed by a zero dose point to test for thermal transfer; three beta dose points;
a second zero; a repeated dose (recycling ratio), and a second repeated dose after infrared (IR)
bleaching (IR depletion ratio) (Fig. 2.7). Measurements were made either on a DA-12 or a DA-
20 TL/OSL Risg reader equipped with blue LED’s. Irradiation was from a calibrated *Sr B

source and the luminescence signal was detected through 7.5 mm U-340 filters.

Dose recovery tests included bleaching discs in the sun for 1 hour and then giving a dose of
15 Gy. After a pause of 3 hours, a SAR protocol was used to measure the given dose over a
280-280° C range of preheat temperatures. The ratio between measured and given doses is 0.9-
0.95 at temperatures above 220° C (Fig. 2.8). These ratios, similar to values found by Murray
and Wintle (2003) and Pruesser et al. (2007) for glacial deposits seem to represent the inherent
nature of the Negev quartz grains and contribute to the age errors that often exceeded 10%.
Thus, preheats of 220°-260° C for 10 seconds were used before OSL measurement at 125° C.
Test dose cutheat was applied for 5 s at 20 °C lower than the preheat. The D, of each aliquot

was determined by fitting a linear + exponential curve to the data points.

2.7.2.3. Dose rate determination

Where possible, cosmic and y dose rates were derived from in situ measurement using a
calibrated portable Rotem P-11 gamma scintillator with a 2" sodium iodine crystal (Porat and
Halicz, 1996). For drillholes, cosmic dose rates were estimated from burial depths, though
changing burial depth over time was not considered. For most samples age calculation relied
mainly on the cosmic dose rates based on the sample depth. Chemical analyses of radioactive

elements (K, Th, and U) of the sediments were performed using inductively coupled plasma
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Figure 2.6 Energy level diagram illustrating the luminescence process (after Duller, 2008):

(1) radiation interacts with the crystal (ionization), pushing electrons into the conduction band
and leaving ‘holes’ in the valence band.

(ii) electrons become trapped at defect sites (T1,T2, etc’) and remain for a period of time

the trap below the conduction band (E) (eg T2) the more stable the electron and the longer it
stays trapped.

(111) crystal is stimulated by heat or exposure to light, releasing electrons which recombine
with holes at luminescence centers (L) and emit light photons = the luminescence signal.
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Figure 2.7 The Single Aliquot Regenerative dose (SAR) protocol used for this study.
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mass-spectrometry or atomic emission spectrometry (ICP-MS/AES), and their concentrations
converted into a, 3, and y dose rates using the factors given by Nambi and Aitken (1986). A
moisture content of 2+1 %, based on moisture measured for oven-dried samples, was used for
age calculations of the sand samples. For samples with >25% fines, a moisture content of 6+2

% was used (Appendix B2).

2.7.2.4. Age calculations

For most dune and interdune samples, age calculations relied on a D, averaged from a
minimum of 13 measurements (aliquots) per sample, with approximately half the samples
relying on more than 17 measurements. However, very old (~100 ka) and some of the very
young (0-150 years) samples were measured from only 8-13 aliquots as these ages were not the
focus of this study. Several samples had a high scatter and further twenty-four to forty-eight 2
mm (~150 grains) aliquots were measured to assess the source of the scatter and obtain a more
reliable age. Average D. values and errors for each sample were calculated using the
unweighted mean with Analyst (version 3.24) and LDBase software packages (developed by
G.A.T. Duller). Several samples were also calculated using the central age model (CAM) in
order to better identify age differences for dune accretion and elongation. The precision and
accuracy of the OSL ages are analyzed in Chapter 3 (Section4.4)-

2.8.  Spectroscopic analysis of sand grain redness
2.8.1. Background
2.8.1.1. The temporal significance of sand redness

The reddish color of sands is understood to be the result of quartz grain staining, usually by
thin orange to dark red coatings concentrated in grain pits and blemishes (Gardner and Pye,
1981; Hunt, 1991; Stanley and Chen, 1991; Besler, 2008). Scanning electron microscope
(SEM) images show the surface of reddened quartz sand to be covered in flakes and granular
aggregates of hydrates of iron oxides with goethite (FeOOH) and hematite (Fe,O3), forming
the primary and secondary iron oxide compounds, respectively (Wopfner and Twidale, 1988;
Pye and Tsoar, 2009). In time, these compounds fully coat the sand grain (Phener and Singer,
2001) in a process known as rubification or brownification (Felix-Henningsen et al., 2008),
defined as a change of soil color to yellow or red during intense weathering, thereby
liberating iron which then attaches to clay minerals (Mayhew and Penny, 1992). This quasi-

pedogenic process involves the breakdown and weathering of iron-bearing minerals (Gardner
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and Pye, 1981) usually from the parent rock (Folk; 1976; Anton and Ince, 1986) or in aeolian
dust (Walker, 1979; Gardner and Pye, 1981; Hunt, 1991).

Gardner and Pye (1981) and Anton and Ince (1986) hypothesized that sand grain redness is
acquired following deposition irrespective of the parent rock in surface to near-surface
oxidizing conditions in drained sand. Iron release and deposition is controlled by several
environmental factors such as mineralogy, temperature, moisture, and water pH. When source
factors and environmental conditions are homogenous, it is suggested that varying hues of red
in sand indicate different depositional ages (Norris, 1969; Folk, 1976; Hagedorn et al., 1977;
Walker, 1979; Gardner and Pye, 1981; Wopfner and Twidale, 1988; Goudie et al., 1993,
White et al., 1997; Tsoar et al., 2008, 2009). Although grain reddening has been simulated in
the laboratory (Williams and Yaalon, 1977; Merrison et al., 2010), adapting this experimental
data to natural processes is complicated. Thus, in some cases, sand redness quantification can

potentially be a relative indicator of elapsed time.

It seems that time is an important factor for both laboratory experiments and the natural
rubification process. However, there is no proof of a direct relationship between reddening
and the age of sand using numerical dating. Grain residence time has been suggested as an
important factor in reddening (Lancaster, 1989). Though inland sand rubification is a slow
process in arid and semi-arid climates, distinguishable reddening can be attained in stable
sand in less than 10 k years (Gardner and Pye, 1981). It has also been suggested that remotely
sensed progressive rubification of presumably late Holocene Israeli coastal sands moving
from the coast inland correlated to time (Ben-Dor et al., 2006), but this concept has not been
proved by in-situ dating for either inland or coastal dunes.

Studies have shown that most ergs, such as the Great Sand Sea in Egypt, the Taklamakan
Sand Sea in China, Rub’ al Khali in Arabia, and the Fachi-Bilma Erg in the central-eastern
part of the Tenéré Desert in Niger (after Besler, 2008), are homogeneous in color. Felix-
Henningsen et al. (2008) reported that a section of a Nizzana VLD in the Negev had uniform
brownification. These studies, which lacked spectral analysis, did not describe entire dune
sections and neglected to include sufficient luminescence ages to investigate the relationship

of sand redness to age.

2.8.1.2. Spectroscopy of sand redness

Laboratory spectroscopy provides a uniform measuring environment without the physical

and spectral constraints of remote sensing and field spectroscopy — changing surface cover
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(mixed pixels), variations in radiance relative to slope, atmospheric conditions, corrections, and
varying observation angles. Furthermore, remote sensing and field spectroscopy only measure
the surface of the Earth (which can be covered by vegetation and crust), while laboratory

spectroscopy can also measure sediment extracted from the subsurface.

The redness index [(RI), Rl = R*(B*G®)] was found to be a useful index for the quantitative
spectral measurement of sand rubification in the laboratory (Ben-Dor et al., 2006; Levin et al.,
2007). Tsoar et al. (2008) applied it to the Negev dunes. RI values, correlated to extractable
iron oxide after Ben-Dor et al. (2006) and Tsoar et al. (2008) (R? = 0.89, 0.67 respectively) for
Israeli coastal and Negev sand coatings, suggest that the index is suitable for quantifying sand
grain coating redness. The RI was calculated using specific, albeit different, R, G, and B bands
by Ben-Dor et al. (2006) and Tsoar et al., (2008). The dimensionless redness indices provide a
ratio of relative redness. Based on the sand’s 8-10 YR colors, it is suggested that geothite is the

predominant iron-oxide sand grain coating in the NW Negev (Felix-Henningsen et al., 2008).

Continuum removal (CR) transformation of the NW Negev sands spectra showed a distinct
absorption at 498 nm (Wenkart, 2006), which is close to that of goethite (485 nm) (Spectral
Library, Grove et al., 1992), indicating the spectral potential to map this mineral. In the present
research, the specific R, G, and B bands were selected after Ben-Dor et al. (2006), although
both RI results are positively correlated (R? = 0.94) when the Ben-Dor et al. (2006) and Tsoar
et al. (2008) bands are used.

2.8.2. Spectroscopic measurement

Laboratory spectroscopic preparation included carefully measuring 60 cc of split loose sand
room-dried at 20° C for 24 h in plastic plates (Fig. 2.59) in order to evaporate water and
eliminate condensation during measurement. To preserve the components that give the sample
its natural color, samples were neither sieved nor purified. Sand samples were gently broken up
by hand to reduce the pedons. Immediately prior to measurement, the sand samples were
transferred to a 4 x 4-cm opaque, plastic black box and gently shifted to create a flat surface.
Sand reflectance was measured with the contact probe of an ASD (Analytical Spectral Device)
Fieldspec spectrometer (covering the VIS-NIR-SWIR spectrum, 350-2500 nm) with an
electrically-powered built-in Tungsten (1000W) lamp at 45°. The contact probe was placed in a
specially prepared wooden probe muzzle designed to ensure a uniform measurement distance
of 1 cm between the probe edge and the sand surface (Fig. 2.5h). Measurements from four

directions were taken for each sample to avoid a Bidirectional Reflectance Distribution
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Function (BRDF). All readings for each sample were averaged. Spectral bias between internal
sensors at around 1000 and 1800 nm was corrected and the redness index was calculated using
Ben-Gurion University of the Negev’s Earth and Planetary Imaging Facility’s (EPIF) bias

correction MatLab algorithm.

2.9. Landsat image processing

Landsat 5 TM images (Row 175, images 38, 39) from June 1987 (30 m/pixel) were used for
mapping landforms, paludal deposits and sand redness. Since 1982, the relatively bare Negev
dunes have been closed to Sinai Bedouin livestock grazing and wood gathering, leading to the
rehabilitation of biogenic crusts and vegetation (Meir and Tsoar, 1996; Karnieli and Tsoar,
1995; Tsoar, 2008; Tsoar et al., 2008). By 1987, developing Negev dune vegetation and crust
covers are presumed to have already created a bias in the Wenkart (2006) ferric index analysis
based on Landsat imagery. To compare the Sinai results to those of the Negev and to minimize
the effect of the biogenic crust on Negev surface reflectance, the 1987 images were
nevertheless chosen because they were closest (earliest) to the land cover change that began in
1982. Another image, taken in August 2003, was examined for control and is mainly applicable
to the relatively bare Sinai sands.

The images were corrected using an improved dark object subtraction method, assuming 1%
surface reflectance for the dark objects (Chavez, 1996; Song et al., 2001) (Appendix C.1).

To fit the single band ASD Fieldspec spectrometer-measured RI to the RI of wide-band
Landsat multispectral reflectance, the ASD Fieldspec spectrometer RI values were recalculated
by resampling to match the reflectance spectra to Landsat’s spectral resolution (Appendix C.2).
An R? correlation of 90% was found between the ASD Fieldspec spectrometer Rl and the
resampled bands (Chapter 4; Table 4.2). Regional redness index maps of northeastern Sinai
and NW Negev sands were processed using the RGB bands.

The spatial extent of the upper surficial standing-water/paludal deposits, believed to be
formed by dune-damming of wadis (Magaritz and Enzel, 1990; Ben-David, 2003) in the
northeast Sinai and the NW Negev, were mapped by supervised classification of a Landsat TM

(2003) image mineral composite spectral enhancement (Appendix C.3).
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3.0 Abstract

The stabilized northwestern Negev vegetated linear dunes (VVLD) of Israel extend over
1,300 km? and form the eastern end of the Northern Sinai — northwestern Negev Erg. This
study aimed at identifying primary and subsequent dune incursions and episodes of dune
elongation by investigating dune geomorphology, stratigraphy and optically stimulated
luminescence (OSL) dating. Thirty-five dune and interdune exposed and drilled section were
studied and sampled for sedimentological analyses and OSL dating, enabling spatial and
temporal elucidation of the NW Negev dunefield evolution.

In a global perspective the NW Negev dunefield is relatively young. Though sporadic
sand deposition has occurred during the past 100 ka, dunes began to accumulate over large
proportions of the dunefield area only at ~23 ka. Three main chronostratigraphic units,
corresponding to three (OSL) age clusters, were found throughout most of the dunefield,
indicating three main dune mobilizations: late to post last glacial maximum (LGM) at 18-11.5
ka, late Holocene (2-0.8 ka), and modern (150-10 years). The post-LGM phase is the most
extensive and it defined the current dunefield boundaries. It involved several episodes of dune
incursions and damming of drainage systems. Dune advancement probably occurred in rapid
pulses and the orientation of VLD long axes indicates long-term wind directions similar to the
present. The late Holocene episode included partial incursion of new sand, reworking of Late
Pleistocene dunes as well as limited redeposition. The modern sand movement only
reactivated older dunes and did not lengthen VLDs.

This aeolian record fits well with other regional aeolian palaeoclimatic evidence. We
suggest that sand supply and storage in Sinai was initiated by the Late Pleistocene exposure of
the Nile Delta sands and by an increase in global gustiness during the LGM. Globally
controlled LGM and continuing post-LGM gustiness transported the dune sands into the
northwestern Negev.

Our results demonstrate the sensitivity of dunes located along the (northern) fringe of the
sub-tropical desert belt to climate change (i.e. wind) and sediment supply.

3.1 Introduction

Dunes compose unique archives of past climates (Sarnthein, 1978; Lancaster, 2007; Telfer
and Thomas, 2007; Lancaster, 2008; Telfer et al., 2010) and in many arid regions compose the
main landform for palaeoclimatic research (Chase, 2009) that can infer on past winds upon
the surface (Tsoar, 2005). Until recently, the chronological framework on dunes was

constrained due to limited access to the dunes internal structure and lack of datable materials
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(Singhvi and Porat, 2008). A recent proliferation of luminescence dating of quartz has
highlighted the potential of dating of dunes. Recent works have addressed the need to achieve
a certain density, quantity and depth of luminescence samples in order to reliably evaluate
past periods of dune activity and stability (Bateman et al., 2003; Bateman et al., 2007; Telfer
and Thomas, 2007; Stone and Thomas, 2008).

The northwestern (NW) Negev Desert dunefield constitutes the easternmost terminus of
the 13,000 km? Northern Sinai Peninsula — NW Negev Erg (Fig. 3.1) (Tsoar et al., 2008),
which includes the Northern Sinai dunefield and the NW Negev dunefield. The Erg is situated
in the northern edge of global desert latitudes (N30°20/ E32°15'— N31°10" E34°45) and has
clearly defined borders (Fig. 3.1a). The northwest corner of the Northern Sinai dunefield is in
fact part of the northeast Nile Delta stagnant Pelusiac branch (Sneh et al., 1986; Neev et al.,
1987). Sand transported from the northeast Nile Delta into northwest Sinai is believed to be
the Erg's sole sand source (Hunt, 1991) although this hypothesis requires testing.

The Northern Sinai dunes comprise mainly of active and elongating linear seif dunes and
partially vegetated compound linear dunes (Abdel Galil et al., 2000; Rabie et al., 2000).
Nevertheless, the Northern Sinai dunes of Egypt are currently not encroaching into the Israeli
Negev section of the Erg. The Negev dunefield is composed of stable vegetated linear dunes
(VLD) (Tsoar et al., 2008) that are covered by biogenic crusts (Danin et al., 1989; Kidron et
al., 2009) although some dune crests are active. Thus it appears that the incursion of sands
from Northern Sinai that created the dunefield occurred in an environment more conducive
for sand mobilization and transportation than today (Tsoar et al., 2008). Situated at the
downwind end of the Sinai-Negev Erg, the NW Negev dunefield constitutes an ideal setting
for the study of dune encroachment chronologies.

Several geomorphological and archaeological studies have been published on the
Northern Sinai and NW Negev dunefields. In Northern Sinai, the age of the dunes and sands
were estimated at a few archaeological sites (Goldberg, 1977, 1986; Neev et al., 1987; Bruins,
1990; Gladfelter, 2000) (Table 3.1). In the northern sector of the Negev dunefield, artifacts
have been found mainly on the stabilized dune and interdune surfaces, dating to the Byzantine
period (100-400 years AD) and younger (Nahshoni and Aladjem, 2009). In the center of the
Negev dunefield there is currently no archaeological finds. Archaeological dating has been
conducted on sites in the south and eastern fringes of the dunefield (Table 3.1; Fig. 3.1c)
mainly of Epilpaleolithic (22-11 ka) age (Goring-Morris and Bar-Yosef, 1987; Goring-Morris
and Goldberg, 1990). Impressive remains of the Roman-Byzantine towns of Nizzana, Shivta,

Saadon and Halussa delimit the dunefield in the south (Rubin, 1990). According to most of
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these studies, the onset of dune encroachment into the NW Negev began in the Late
Pleistocene (Magaritz and Enzel, 1990; Zilberman, 1991; Ben-David, 2003; Enzel et al.,
2008; Tsoar et al., 2008) or, based on prehistoric sites, during the Epipaleolithic period
(Goldberg, 1986; Goring-Morris and Bar-Yosef, 1987; Goring-Morris and Goldberg, 1990). It
has also been suggested based on one site that the main dune incursion occurred during the
Younger Dryas (Enzel et al., 2010). The Holocene, though interpreted as being generally
more arid based upon archaeology (Goldberg, 1986), stream incision (Harrison and Yair,
1998) and speleothems (Vaks et al., 2006; Lisker et al., 2010) shows surprisingly limited and
sporadic evidence of sand activity.

Aside from archaeological chronology, radiocarbon dating has been applied mostly to
calcium carbonate deposits and nodules (Magaritz and Enzel, 1990; Zilberman, 1993) whose
reliability is often questioned. Two well-developed (stage I1-111) palaeosol development
periods at 35-30 ka and 27-24 ka, and weakly developed (Stage I-11) palaeosols at 14-12 ka
have been identified and dated by radiocarbon along the southern edge of the Negev dunefield
(Table 3.1; Fig. 3.1c). The palaeosols are interpreted to postdate periods of sedimentation.
(Zilberman, 1993), These periods have been suggested to be relatively humid in contrast with
dune activity which was associated with a more arid climate (Goldberg, 1986; Goring-Morris
and Goldberg, 1990; Zilberman, 1993). Thermoluminescence (TL) and infrared stimulated
luminescence (IRSL) dating has been applied to scattered samples in the southern and
southwestern part of the NW dunefield (Ben-David, 2003), mainly from interdune areas and
stream terraces, but dunes and their underlying palaeosols were rarely targeted (Table 3.1;
Fig. 3.1c). These ages suggest that dunes had limited lateral movement and that they have
been in their current configuration throughout the Holocene.

A compilation of previous palaeoclimate interpretations of the northern Negev by
Zilberman (1991) showed rapid humid-dry fluctuations with conflicting chronologies. This
compilation distinguished between repeated cycles of Late Pleistocene climatic regimes with
three phases: moist, characterized by dust (loess) deposition; semi-arid, allowing pedogenesis;
and arid, characterized by stream incision and sand penetration. Ben-David (2003) suggested
that as dunes have been in place since 25 ka, the wind regime has not changed since then.
Vaks et al., (2006), based upon U-Th ages speleothem growth, shows that late Pleistocene
rainfall in the northern Negev dropped below ~300 mm/a around 13-14 ka. Crouvi et al.
(2008, 2009) shows loess deposition in the periphery of the Negev dunefield between 100-11
ka, a period covering several climate regimes. Accordingly, a methodological study on

regional palaeoclimate and sedimentology of the northern Negev is necessary.
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Figure 3.1

a. Location map of the eastern Mediterranean region. The Sinai-Negev Erg (Figure 1b) is
outlined by a black box.

b. False Landsat (2000) composite image of the central and northern Sinai Peninsula and
the western Negev Desert, Israel. The Sinai-Negev Erg, marked in light yellow, stretches
south and parallel to the southeastern Mediterranean coastline from the northeastern Nile
Delta across the Egypt-Israel border (dotted black line) into the northwest Negev. The
northwest (NW) Negev dunefield which is the main research area is outlined in black. Note
that in Sinai, the mountain ridges of Gebel (G.) Maghara and Lagama that block part of the
dunes, and that Wadi Al-Arish is the only watercourse that crosses the entire Northern Sinai
dunefield section.

c. Dune axis mapping results, sampling site names and incursion corridors (in capital
letters). Dunefield regions [southwestern (SW), western and eastern] are also displayed and
are referred to in the text. A geologic cross section of the central and northern incursion
corridors east of the border appears in figure 7. Main sites of previous works are numbered
in coordination with Table 1. Ben-David (2003),and Goring-Morris and Goldberg (1990)
worked on several dozens of sites in the southwest and southern dunefield, respectively.



No. Work Year Research location Methods Upper Initial sand Dune buildup Dune Remarks
palaeosol encroachment (ka) remobilizat
(ka) (ka) ion (ka)
1 Goldberg (in 1977 | Gebel Maghara, Northern | Radiocarbon dating of ostrich shells, >15.7-13.2 ~40-33 Epipaleolithic
Bar-Yosef and Sinai charcoal and nodules. 14.5-10
Phillips)
2 Goldberg 1986 | Southern Levant 25 20 Geometric | Fluvial loess-silt
Kebaran- deposition
Neolithic (Historic fill)
1.75-0.6 ka.
3 Magaritz and 1990 | Nahal Mobara and Nahal Radiocarbon dating of gypsum, ostrich 12-14 15-20 17-175 2 Suggested sand
Enzel Sekher shells, laminated carbonate minerals, incursion 30-34
charcoal and nodules. ka.
4 Zilberman 1991, | NW Negev Radiocarbon dating of pedogenic carbonate 12-14 30-25 (mid Late 14-16 2.2-3 Sand sheets
1993 nodules and charcoal. Paleolithic) (Epipaleolithic)
5 Goring-Morris 1990 | Southern NW Negev Radiocarbon dating of carbonate in ostrich 22-16 (LGM) Epipaleolithic Neolithic,
and Goldberg, dunefield margins shells, charcoal and nodules. (14.5-10) Chalcolithic
, Byzantine
6 Rendell et al., 1993 | Halamish (Nizzana TL dating 9-43 6-10—since | Age inversions
Harrison and 1998 | research site) then stable | in the dated
Yair section.
7 Tsoar and 1994 | Ramat Beqa quarry Radiocarbon dating of hearths, amino acid 6,1.1-14
Goodfriend, epimerization of land snail-shells ka, 200yr.
8 Gladfelter 2000 | Wadi Gayifa, NE Sinai Mainly archaeological artifacts 28+4.6 20-14.5/10 15-9.5 in both, 22-15 ka dry;
(Th/U) sand 15-11 Kka - wet
accumulate | phases.
d
9 Greenbaum and 2001 | Southeastern section of IRSL dating at GSI 98 (fine sand) 20
Ben David Negev dunefield
10 Ben David 2003 | Southwestern section of IRSL dating at GSI + TL dating 110 (sand) 30/25-12 One 67 ka sand
Negev dunefield exposure.
11 Zilberman et al. 2007 | Qerem Shalom OSL dating (SAR) at GSI 14.5+2.3 40-90 Composes base
13.4+1.7 of upper sand
soil unit.
12 Wieder et al. 2008 | Ruhama OSL dating (SAR) at GSI 13.6+1.2
13 Crouvi et al. 2008, | Three loess hilltop OSL dating (SAR) at GSI 10.7+0.7 Pre/para-loess Not mentioned
2009 | sections by dunefield 13.740.7 deposition
periphery
14 Enzel et al. 2010 | Gulley in Qeren Ridge OSL dating at GSI and calibrated 13 11-10

northern slope

radiocarbon dating on ash.

Table 3.1: Previous ages in and adjacent to the study area. Radiocarbon dates of charcoal and ostrich shells were calibrated using Calib6.0.
Radiocarbon dates from carbonate mineral and nodules are viewed only as a general estimation.
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The seminal paper of Enzel et al. (2008) lays out a generalized palaeoclimatic scheme for the
Eastern Mediterranean and southern Levant. It suggests a Mediterranean-controlled rainy and
colder late Pleistocene north of the central Negev followed by a more arid Holocene
throughout Israel,. The model though, lacks a detailed regional dating framework, especially
for the northern Sinai and northwestern Negev dunes.

Advances in optically stimulated luminescence (OSL) dating (Murray and Wintle, 2000)
have increased the feasibility, reliability and effectiveness of dating Quaternary deposits. This
has generated a proliferation of research of inland quartzose dunefields. An OSL age provides
the time of the end of exposure of quartz grains to direct sunlight, which occurs by burial by
additional sediment. Therefore, OSL ages of dunes indicate the time of burial to a depth of
several cm within an aeolian sand section. A large number of OSL ages facilitates the
construction of a time-dependant framework of aeolian processes (Bateman et al., 2003;
Chase and Thomas, 2007; Fitzsimmons et al., 2007; Miao et al., 2007; Telfer and Thomas,
2007).

This study is aimed at identifying primary and subsequent dune incursions and episodes of
dune elongation by studying dune geomorphology/stratigraphy and OSL dating. The OSL
chronostratigraphic framework of the study area has been compiled by designating sampling
sites along VLD elongation corridors and by transecting the dunefield perpendicular to the
transport pathways.

Here, we present sedimentological and stratigraphic attributes of the landforms in the
Negev dunefield with emphasis on the vegetated linear dunes, combined with over 100
luminescence ages. These will be used to interpret the timing of genesis and growth episodes
of the NW Negev dunefield. Our assumption at the onset of the study was that during the Late
Quaternary there were several separate sand incursions into the NW Negev that created
distinct geomorphic units in the dunefield. Each geomorphic unit may have accumulated in
pulses mainly as a response to a certain climatic regime in which strong wind played a major
role. Possibly, two or more geomorphic units accumulated simultaneously as their spatial
distribution was dictated by different sediment supply sources or varying wind directions but
similar pronounced wind intensities. We test these hypotheses through a detailed OSL

chronology combined with field studies.
3.2 The research area

The NW Negev dunefield covers approximately 1,300 km? (Fig 1b) and is bordered on the
west by the Northern Sinai dunefield of Egypt, in the south by floodplains and in the east by
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an incised plateau composed of Lower Eocene carbonates (Avedat Group) (Zilberman, 1982),
gently rising 10-50 m above the dunefield. However, this plateau does not appear to
topographically block the migration of the dunes to the east. The dunefield is divided by the
Qeren-Rogem anticlinal ridge (Qeren ridge) that trends WSW-ENE and protrudes 50-150 m
above the dunes. The ridge is the most northerly exposure of the Northern Negev Syrian-Arc
anticlinal system (Zilberman, 1982, 1991). It is composed of the Avedat Group carbonates
and is dissected, mainly on its northwest flanks, by steep, short, small drainage systems that
are in turn dammed by dunes (Tsoar, 1983; Enzel et al., 2010).

The portion of the dunefield south of the Qeren ridge fills an east-west synclinal
depression and is locally bounded by wadis, Eocene chalk buttes and ridges. The dunes
intercept and fill several wadis from the south such as Nahal (ephemeral stream in Hebrew,
equivalent to wadi) Mobra (Blumberg et al., 2004). Dissected surfaces underlain by loamy
sediments are evidence for palaeolakes created by dunes damming the wadis (Harrison and
Yair, 1998; Ben-David, 2003; Blumberg et al., 2004) and larger drainages with Late
Pleistocene flood plains (Zilberman, 1993).

The main aeolian sand body lies north of the Qeren ridge. It covers a gently seaward
sloping landscape that was established by the receding Pliocene shore and later covered by a
sequence of Pleistocene calcareous loam palaeosols (Bruins and Yaalon, 1979; Zilberman et
al., 2007; Hatzor et al., 2009). Tsoar et al. (2008) classified the dunefield into three sectors,
based on spectroscopic redness index of sand sampled from the surface. They suggested that
the west-central part of the dunefield north of the Qeren ridge is the latest incursion due to its
lower redness, while the northern and eastern fringes are the most mature.

The climate in the study area has been summarized by Littmann and Berkowicz (2008).
Situated along a desert margin, between the semi-arid Mediterranean and the arid to hyper
arid Negev, rainfall in the NW Negev mainly depends on the frequency and southerly extent
of wintertime tracks of central and eastern Mediterranean cyclonic (Cyprus lows) fronts
skimming the area. Some rain, mostly in the spring and autumn, is associated with the Active
Red Sea Trough (ARST) systems (Kidron and Pick, 2000). The winds associated with the
winter fronts mainly come from the southwest, west and northwest and have velocities of up
to 20 m/s (Sharon et al., 2002). Summer winds are unidirectional with usually lower velocities
(Allgaier, 2008; Tsoar et al., 2008). Nizzana, in the south of the study area, has drift potential
(DP), directional variability wind index (RDP/DP) and resultant drift direction (RDD) values
[terminology from Fryberger (1979)] that vary between 21 and 108 vector units, 0.48-0.73
and 241°-289° respectively (Tsoar et al., 2008). The resultant drift potential (RDP) and RDD
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indicate the main winds are from the west, consistent with the dune orientation. The low DP
and RDP values are a measure of the low-energy wind environments which explains, at least
in part, the current natural stable status of the dunes (Tsoar, 2005; Yizhaq et al., 2009). This
observation emphasizes the extreme changes in environmental conditions that are required to
initiate dune activity.

Average annual precipitation in the research area is approximately 150 mm in the north,
decreasing to 80 mm in the south at Nizzana, though in the last decade rainfall has overall
decreased by 40% (Siegal, 2009). At Nizzana, several storms have been found to bring 10-30
mm of precipitation in daily events (Kadmon and Leschner, 1995; Sharon et al., 2002; Almog
and Yair, 2007). Potential evaporation is 2000-2200 mm/yr at Nizzana (Littmann and
Berkowicz, 2008). Despite the low precipitation and high evapotranspiration, biogenic
microphytic (soil) crusts preserve the dunes from reactivation by strong winds, unless they are
trampled or covered (Almog and Yair, 2007; Kidron et al., 2008, 2009), even when perennials
have wilted (Siegal, 2009).

3.3 Methods.
3.3.1 Field Methods: Site selection and sampling procedures

The dunefield was first studied using aerial photographs and Landsat images. Preliminary
analysis using an ArcMap 3D module of DEM from SRTM, characterized dune
morphometries. Dune crests were mapped from orthophotos at a scale of 1:5,000 in a GIS and
validated by field surveys. Geomorphic units were qualitatively classified based upon dune
crest orientation and spatial density, and dune morphology and cross-section morphology.
This approach was motivated by the assumption that mature stable dunes may have degraded
(O'Connor and Thomas, 1999; Lancaster, 2007) and thus different dune morphologies may
represent different histories of buildup and stabilization. Ultimately, the geomorphic units
were merged into three main west-east trending dune bodies that delimit discrete incursion
corridors, partially consistent with Tsoar et al. (2008) (Fig. 3.1c; Table 3.2).

Sampling strategy for sedimentological analyses and OSL dating was designed to identify
the earliest dune incursions and to analyze elongation/advancement rates (Table 3.3). The
dunefield was sampled along 5 lines; western and eastern north-south transects and a west-
east transect along each incursion corridor (Fig. 3.1c). The NNW —SSE sampling line (the
"western transect"”), located at the western end of the study area along the Israel-Egypt border,

transects the VLD orientations sub-diagonally. Sampling was performed along this line in
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a. Cross section of the late Holocene Tzidkiyahu transverse dune in the central incursion
corridor. Dune advancement direction is from west to east. An older 5-10 m thick aeolian
sand section underlies the transverse dune and overlies a calcic loam palaeosol.

b. Schematic cross-section of aeolian sand and dunes in the western part of the central
incursion corridor. Transverse dunes (see 2a) fill the interdunes between 8-12 m high late
Holocene vegetated linear dunes. For a regional cross-section see figure 9.

c. The chronostratigraphy of the Negev VLDs as found at the Haluzit 1 exposed dune
section. Throughout the dunefield, unit thickness varies, though the general
chronostratigraphy is similar.
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every geomorphic unit, both from dune crests and interdune topographic lows. In the eastern
transect, we sampled the easternmost extent of each incursion corridor, to date dune advance
and cessation. Sampling was aimed at retrieving the dune-base sand (the lowest 1 m) and the
underlying substrate, to detect the earliest sand activity and to create a stratigraphically
uniform age database which has been lacking from previous studies (Telfer and Thomas,
2007). Dunes axes were generally targeted for sampling to obtain the dune core sediment
presumed to be the least affected by possible slight lateral dune sand movement. Five dune
flanks were sampled in order to understand VLD elongation and buildup dynamics. One VLD
was sampled at two sections located along its axis in order to investigate the longitudinal
plunge, elongation and narrowing of the dune over time. A majority of the sections were
sampled from exposures. Dune stratigraphy was described using standard sedimentological
and pedological methods (Dan et al., 1964; Birkeland, 1999). Sampling points were chosen
for each unit at least 10 cm from contacts and usually in mid-unit. Sampling involved driving
hard opaque 20 cm long by 3 cm diameter plastic pipes into the exposure by hand or hammer.
Drilling was performed with Dormer Engineering hand augers, mainly manually or assisted
with a Drillmite 6Hp hydraulic engine. Sampling for OSL dating was performed at 1.5 m
intervals unless field examination of the samples revealed changes in sediment properties, in
which case sample density was increased. OSL sampling usually began 1-2 m below the

surface to avoid the bioturbated and active dune crests.

Incursion | Annual | Incursion Dune Dune cross- Dune Slip face Biogenic Est. Interdune
corridor | rainfall | corridor crest section Cross- orientation crusts vegetation | characteristics
(mm) length in | elevation | approximate section thickness | cover (%)
the (m) widths (m) sand (mm)
Negev erodibility
(km)
Northern 140- 25-30 W:5; E: | W:100-150; Fully No slip 7.6 12-17 1-3 m thick sands over
160 12-18 E: 400-500 encrusted. faces. palaeosol
Central 100- 50-55 W: 20; W: 150; C: Sporadic Changes 4.2 10-12 Tranverse dunes 200-
130 C:5E: 50 + 200; E: active annually, 500 m long between
5-10 moderate crests. mainly depressions with a 5-
morphologies northern. 10 m thick sand
sequence overlying a
palaeosol.
Southern 80-90 30-35 W+C: W+C 50+200 | Active 10- Mainly 2.7 5-10 Fluvial and standing
10-15; E: | E:30-50 m, 50 m. northern. water deposits
5-10 moderate wide interchanging with
morphology crests. sand.

Table 3.2: The morphological characteristics of the three dune incursion corridors. Rainfall data and
vegetation cover is after Siegal (2009). Biogenic crust thickness is after Almog and Yair (2007). Dune
crest elevations and widths were retrieved from measurements by a total station in regard to west (W),
east (E) and central (C) parts of the incursion corridors. Sand erodibility estimations are based on field
work and a supervised classification of a Landsat (2000) image. Slip face orientations are based on
field work and aerial photograph interpretation.
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3.3.2 OSL dating
3.3.2.1 Sample preparation

Thirteen preliminary samples (labeled ISR in Table 3.3) from shallow depths were dated
by OSL at the Marburg Luminescence Laboratory, Germany. Additional 84 samples were
prepared and measured at the Luminescence Laboratory of the Geological Survey of Israel
(GSI), Jerusalem. Sample preparation follows Porat (2007). Briefly, dry sieving isolated grain
fractions of 125-150 um or 150-177 um, followed by immersion in 8% HCI to remove
carbonates. After washing and drying heavy minerals and most feldspars were separated from
the quartz with a Frantz magnetic separator using a high (1.5A) current (Porat, 2006).
Subsequently, quartz was etched with concentrated (40%) HF for 40 min, to etch grain rinds
affected by a particles and dissolve any remaining feldspars, followed by 16% HCI treatment
to remove any precipitated fluorides.

Approximately 1000 grains were mounted on 10 mm aluminum discs with 5 mm masks
using silicon (oil) spray as an adhesive. Equivalent dose (De) determinations used a modified
single aliquot regenerative-dose (SAR) protocol (Murray and Wintle, 2000) that included a
cleaning step of heating to 280°C for 100 s at the end of each measurement cycle. The
protocol started with measuring the natural signal, followed by a zero dose point to test for
thermal transfer, three beta dose points, a second zero, a repeated dose (recycling ratio) and a
second repeated dose after infrared (IR) bleaching (IR depletion ratio). Measurements were
carried out either on a DA-12 or DA-20 TL/OSL Risg Readers equipped with blue LED’s.
Irradiation was from a calibrated “°Sr 8 source and the luminescence signal was detected
through 7 mm U-340 filters.

Dose recovery tests over a range of preheats showed that in the preheat range of 220-
280°C the ratios between measured and given doses is 0.9-0.95, similar to values found by
Murray and Wintle (2003) and by Pruesser et al. (2007) for glacial deposits. Thus preheats of
220°-260° C for 10 seconds were used before OSL measurement at 125° C. Test dose cutheat
was applied for 5 seconds at twenty degrees lower than the preheat. The De of each sample
was determined by fitting a linear+exponential curve to the data points.

For most dune and interdune samples, age calculations relied on a De averaged from a
minimum of 13 measurements (aliquots) per sample, with approximately half of the samples
relying on more than 17 measurements. However, very old (~100 ka) and some of the very
young (0-150 years) samples were measured on only 8-13 aliquots as these ages were not the

focus of this study. Several samples had a high scatter and further 24 to 48 2 mm (~150
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grains) aliquots were measured to assess the source of the scatter and obtain a more reliable
age. Average De values and errors for each sample were calculated using the unweighted

mean.

3.3.2.2 Dose rate determination

Where possible, cosmic and y dose rates were derived from in situ measurement using a
calibrated portable Rotem P-11 gamma scintillator with a 2" sodium iodine crystal (Porat and
Halicz, 1996). For drillholes, cosmic dose rates were estimated from burial depths, though
changing burial depth over time was not considered. Age calculation relied mainly on the
cosmic dose rates based on the sample depth. Chemical analyses of radioactive elements (K,
Th and U) of the sediments were done by inductively coupled plasma mass-spectrometry or
atomic emission spectrometry (ICP-MS/AES), and their concentrations were converted into
a, B and y dose rate using the factors by Nambi and Aitken (1986). A moisture content of 2+1
%, based on moisture measured on oven-dried samples, was chosen for age calculations of the

sand samples. For samples that have >25% fines, a moisture content of 62 % was used.

3.3.3 Particle size distribution and mineralogy

Particle size distribution (PSD) was measured using a laser-diffraction Malvern
Mastersizer MS-2000. Samples were split to 5 g, sieved to <2 mm, and stirred for dispersion
for 10 min in sodium hexametaphosphate solution followed by ultrasonification for 30 s.
Three replicate aliquots for each sample were run, and after good reproducibility was
achieved modified to two aliquots. Each aliquot was subjected to three consecutive 5-second
runs at a pump speed of 1800 RPM. The raw laser diffraction values were transformed into
PSD using the Mie scattering model. Optical parameters were R1=1.52 and A=0.1.

Semi-quantitative abundance of quartz, calcite and plagioclase were determined by X-ray
diffractometry (XRD) peak heights (quartz=20.8°26; plagioclase=27.9°26; calcite=29.4°26).

3.4 Results
3.4.1 Dune morphology and field relations

The NW Negev dunefield VLDs orientations show a general west-east orientation (Fig.
3.1). Dune lengths are usually limited to several kilometers before coalescing, often in Y
junctions (Tsoar and Moller, 1986; Tsoar et al, 2008). The Negev VLDs differ from VLDs

that extend for many kilometers, as found for example in Australia (Folk, 1971). This
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Figure 3.3
a. A ternary diagram showing the relative abundance of sand, silt and clay. Ellipse 1 contains
dune sand, ellipse 2 contains loamy palaeosols, and ellipse 3 contains standing water silt loams.
b. Particle size distribution of sediments from various depositional environments in the NW
Negev dunefield.
c. Ternary diagram showing relative abundance of minerals for selected sand samples,
determined by XRD. Sand samples with relatively high calcite proportions are found along
dunefield margins and mainly in the southern incursion corridor while in the central incursion
corridor samples tend to have more than higher quartz values (black polygon).
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constrains the ability to date accurately single dune elongation rates. Rather, dune elongation
rates can be measured along short increments or along longer general west-east azimuths.
Interdune (ID) spacing between VLDs ranges from 100-400 meters.

Interdune surfaces are composed of two different sediments. In the northern and
southwestern sectors and north of the Qeren ridge, the interdune corridor is composed of flat
loamy aeolian and playa sediments with a sparse sand cover. In the central incursion corridor,
the interdunes are mostly filled with usually structureless, aeolian sand 0.5-10 m thick (Fig.
3.2a).

Each dune's morphology changes towards its easternmost end (Table 3.2). Dune width,
height and width/height ratios also differ along and between the three major west-east
incursion corridors. This differs significantly from linear dunes in the Namib Desert that have
uniform height for great distances (Livingstone, 1989). The northern incursion corridor VLDs
are broad and low, though at the northeast corner of the dunefield (Baladiya) the VVLDs are
broad and high and are covered by Ttamarisk aphilla trees originally planted in the 1930's
(Liphschitz and Biger, 2004). The central incursion corridor is characterized in the west by 5-
10 m thick interdune aeolian sands that are overridden by VLDs and transverse dunes.
Transverse dunes with 5-10-meter-high east-facing slip faces fill the interdune areas between
the VLDs. Here, the cumulative aeolian sand thickness of the dunefield attains a maximum of
25-30 m. (Fig. 2a, b). Further east, the sands cross Nahal Besor and relatively deep dune and
interdune sections are found at the Retamim and Baladiya sections, respectively (Fig. 3.1c).
The furthest eastern lobe of the dunefield has dunes with less distinct morphology. Sands
breach a short section of Nahal Sekher and fill several western facing wadis/depressions in the
Ramat Beqa plateau (Fig. 3.1c).

In the southern incursion corridor (south of the Qeren ridge) interdune areas is mainly
composed of fluvial sediments. Dune substrates include fluvial sediments, calcic palaeosols

and Plio-Pleistocene terrace deposits (Zilberman, 1991; Ben-David, 2003).

3.4.2 VLD stratigraphy and internal structure

Understanding the stratigraphic setting and buildup of the internal dune structure is a
prerequisite for interpretation the OSL ages of a single dune section and of the entire
dunefield (Fitzsimmons et al., 2007). This is highly important as previous works such as in
the Kalahari (Telfer and Thomas, 2007; Stone and Thomas, 2008) have not fit the OSL ages
to an internal dune structure. Before discussing the dune structure there is a need to define a

few key terms. Sand mobilization relates to any sand activity, may it be of a sand sheet or
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dunes. Dune buildup refers to vertical accretion of sand, and dune elongation indicates
extension of a linear dune along its axis. During dune buildup and elongation, the dune sand
undergoes phases of erosion and accretion making the stratigraphic sequence discontinuous
with unconformities (Bateman et al., 2003; Munyikwa, 2005) that are often difficult to
recognize.

The wide extent of abundant exposed sections enabled us to identify stratigraphic contacts
and thus specifically target our OSL sampling points. This significantly improved our
understanding of the ages obtained from additional drilled sections. Exposed vertical outcrops
of dune and interdune cross-sections, (Figs. 3.2¢c & 3.4) also enabled close examination of the
dunes internal structure. At the Haluzit sections, bulldozed trenches of VLDs exceeding 1 km
along and perpendicular to their axis, exposed rare and short-lasting full cross and
longitudinal dune sections (Fig. 3.2c).

The three main stratigraphic units found in sections and cores drilled into a VLD along the
dune axis are; 1. The substrate that underlies the dune. 2. The main bulk of the dune interior.
3: The upper 1-3 meters of the dune slopes and crest, named here the dune mantle. This
division is based upon identification of horizontal sedimentary units of dune sand and
substrate, employing criteria such as the completeness, size and relative abundance of land
snail shells, bedding, hue and consistency of the sand, and carbonate contents. Laboratory
analyses such as PSD and OSL dating further contributed to this division.

Dune substrates include in the center and north palaeosols that are easily identified in
exposed sections (Haluzit 1 section) and in cores by a darker color, 2-20 mm concentric
carbonate nodules and a finer sandy-silty loam texture due to a mixture of sand and loess (Fig.
3.3b). The presence of the carbonate nodules at the top of the palaeosol attests to truncation of
the palaeosol’s A and upper B soil horizons with thicknesses of several tens of cm, possibly
by dune sand erosion. Lag deposits containing carbonate nodules and clay pellets at the base
of some dunes attest to surface windiness and sand erosion.

In the southern incursion corridor dunes are underlain by floodplains (Ben-David, 2003).
The only evidence of ancient watercourses beneath the central and northern incursion corridor
dunes is found in the Baladiya drillings that penetrated gravels beneath the dune section
(Machta, 2005). These may have been deposited by the lower Nahal Mobra prior to dune
encroachment (Blumberg et al., 2004).

The VLD interior structure reveals several stacked sand units with up to two horizontal to
sub-horizontal contacts which can be identified by slight changes in consistency, color and

particle size. Bedding is rarely apparent in the Negev dunes (other than for the upper 2-3
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meters), similar to observations in the Strzelecki Desert of Australia (Telfer and Thomas,
2007; Cohen et al., 2010) and the Kalahari linear dunes (Telfer and Thomas, 2007).
Bioturbation may explain the lack of bedding in some dunes of the Negev. We observed
krotovina and cicada burrows that have previously been described in the southwest dunefield
(Halamish) (Filser and Prasse, 2008) and in other aeolian environments (O'Geen and Busacca,
2001). Bioturbation may also explain the scatter in some of the OSL data. At Haluzit, an
exposure along the VLD long axis shows continuity of the stratigraphic units in dune interior
and mantle, implying that the VLD axis core is relatively stable and is not constantly
reworked by bi-directional winds that are characteristic of seifs and non vegetated linear
dunes (Tsoar et al., 2004; Bristow et al., 2007). These observations suggest that the Negev
VLD's are extending-elongating forms that at specific episodes deposit several horizontal to
sub-horizontal stacked units that can be traced along the dunes axis. The horizontal unit
contacts are suggested to be formed by wind erosion that usually initially includes erosion of
the existing unit followd by a subsequent depositional phase. The finds show that the VLD
internal structure has a net accumulative buildup that is not fully reworked, interrupted by
hiatuses representing periods when only the upper dune section was partially active. Thick
chronostratigraphic units exceeding 2-3 meters probably did not undergo bioturbation to an
extent that penetrated and mixed the middle-lower parts of the unit.

The VLD mantle surface includes 5-15% vegetated dune crests that commonly lack a
biogenic crust cover and are at least partially active (Tsoar et al., 2008). In contrast, even
steep dune flanks host a biogenic crust. The dunes’ internal structure reflects its external
physiography. Cross-bedded sets (5°-25°) and dips are identifiable and are separated by a
clear contact from the main dune section. Roots are common along with approximately 1%
organic material. In the upper 1-2 meters of some dune crests and slopes, where dune sand
contains minimal moisture, thin remnants of covered biogenic crusts were found, indicating
shallow burial by very recent reworked sands. Thus the upper 1-3 meters of the VLD, whether
active or encrusted, contrasts sharply with the dune interior.

Dune mantles attest to recent surficial aeolian activity but the recent reworking and
additions may not contribute to elongation and net accumulation (see Allgaier, 2008). These
recent reworking of sand occurred mainly in a period when grazing was active and vegetation
and crust cover was minimal (Meir and Tsoar, 1996; Tsoar, 2008). Similar young active dune
mantles have been reported on dunes in the Kalahari Desert (Thomas et al., 1997; O'Connor
and Thomas, 1999).
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Palaeosol indicators such as carbonate horizons are a useful marker for dune stabilization
(Fitzsimmons et al., 2007). The absence of any obvious palaeosol in the Negev hinders the
possibility of extracting reliable dune accumulation OSL ages especially when sampling is
from coring and at intervals of 1- 2 meters (Telfer and Thomas, 2007; Stone and Thomas,
2008). The discrete NW Negev VLD structure though, as found at several exposed sections,
suggests that the base of the dune and the section beneath the dune mantle should give reliable

ages of the main dune buildup and elongation episodes even when retrieved from drills.

Table 3.3 (next 5 pages): Optically stimulated luminescence (OSL) ages with field and
laboratory data organized according to incursion corridors. VLD=vegetated linear dune;
TD=transverse dune; D=Interdune; E=exposure; A=sampled by an auger. Dunes were
sampled from their axis unless mentioned. y+cosm — measured in the field; Calc. vy -
calculated from radioelements; Cosm. - estimated from burial depth; sa — small (2 mm)
aliquots. All ages are in thousands of years (ka) except for ages below 100 years (a) which are
in years and italicized.

The ISR-labeled samples were analyzed and calculated by Anja Zander at the Marburg
Luminescence Laboratory, Department of Geography, Philipps-University Marburg (see

Supplementary Data Captions).
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Samplin

Site and Depth  y+cosm. Calc.y Cosm. Grain K ] Th Ext. o Ext. B Total dose No.of OD De Age Morphology

Sample method (m) (uGyla)  (uGyla) (uGyla) size (um) (%)  (ppm) (ppm) (uGyla) (uGyla) (uGyla) discs (%) (Gy) (ka) & Comments

Northern incursion path

Haluzit 4 VLD

DF-31 E 0.55 490 150-177 0.56 0.7 21 2 513 1005+54 10/12 66  0.09+0.05 85445 a

DF-32 E 1.15 490 150-177 0.61 0.6 1.7 2 525 1017454 11/12 68 0.14+0.1 0.14+0.09

DF-34 E 1.9 576 150-177 0.71 0.8 2.8 3 643 1222+62 10/13 23 1.8+0.2 1.4+0.2

DF-35 E 3.3 507 150-177 0.75 0.6 1.7 2 619 1128+56 13/13 14 12.0+1.8 10.6+1.6

DF-301 A 3.25 317 141 0.73 05 1.9 2 605 1065+28 13/13 10 9.4+0.8 8.9£1.0 VLD continuation, 150
m downwind of

DF-302 A 3.9 330 131 125-150 0.72 0.6 2.0 2 613 1077432 13/13 12 12.9+1.7 12.0+1.6 exposure

DF-304 A 5.1 319 115 125-150 0.73 0.6 1.7 2 613 104827 17/17 12 13.4+1.6 12.8+1.5

DF-308 A 6.9 457 95 88-125 0.71 15 3.5 6 699 1256+40 8/8 18  145x30 116+23

Haluzit 4 Hothouse ID

DF-41 E 1.0 490 150-177 0.7 0.6 2.0 592 108454 13/13 7 10.4+0.9 9.6+0.9

DF-42 E 2.0 573 150-177 0.83 0.6 1.7 673 1247461 13/13 11 15.4+19 12.3+1.7

Baladiya VLD

DF-75 E 2.4 333 156 150-177 0.75 0.6 1.9 2 624 1114427 7/24 67 3.4+0.7 3.0£0.6

DF-76 E 3.2 321 142 150-177 055 0.8 2.2 3 521 987128 13/13 12 13.5%16 13.7£1.7

DF-714 A 5.7 271 107 125-150 0.72 0.36 1.3 2 566 946133 17/17 13 148422 15.6+0.7

DF-715 A 8.0 266 85 125-150 0.66 0.4 14 2 532 885129 19/19 10 14.2+16 15.9+0.7

DF-719 A 9.8 345 72 125-150 0.76 0.6 21 3 642 1061+33 17/19 28 15.6+2.0 14.7£1.9

Haluzitl VLD

DF-53 E 1.8 350 168 125-150 0.66 0.7 25 3 597 1118427 9/13 53  0.09£0.03 751230 a Northern VLD flank

DF-60a E 2.6 500 150-177 0.62 0.6 1.6 2 529 1031+54 13/13 26  0.06x0.02 60+20 a

DF-802 E 2.9 365 147 125-150 0.76 0.7 2.3 3 660 1175£30 12/12 16 2.1+0.4 1.7£0.3

DF-803 E 3.7 289 134 125-150 0.71 0.5 14 2 579 1004+28 14/14 5 13.8+0.9 13.7+£0.9

DF-804 E 4.5 324 122 125-150 0.76 0.5 1.9 2 625 1074431 14/14 6 14.7+1.1 13.7+1.1

DF-81 E 6.8 377 96 125-150 0.83 0.7 2.2 3 705 1180+35 12/13 10 18.4+2.6 15.5+2.2
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DF-83
DF-85

Haluzit
ISR 6
ISR5

Central incursion path

KD 73 depression

DF-681
DF-685 sa

DF-11
DF-13
DF-16
DF-17A sa
DF-18 sa

m m

m m

A
A

E
E
A
A
E

Retamim Plain

ISR 4
ISR 3

Retamim dune base

E
E

DF-541 A
DF-543 A
DF-545 A
DF-548 A
DF-700 A
Retamim VLD

7.5
8.5

0.24
0.57

2.0
6.0

9.2

1.25
2.6
5.7
7.0
11

0.26
0.43

1.7
3.3
4.6
6.7
7.6

665
886
610

777

320
523

276
216

256

315

250
195
181
268
429

89
81

207+10
202+10

164
104

76

94

214+11
212+11

170
140
121
97
88

125-150
125-150

150-200
150-200

125-150
125-150

125-150

150-177
150-177
150-177
150-177
125-177

150-200
150-200

125-150
125-150
125-150
150-177
125-150

0.65
0.91

0.72
0.77

0.61
0.46

0.55

0.79
0.71
0.79
0.70
0.83

0.71
0.59

0.63
0.46
0.42
0.62
0.83

0.7
1.6

1.09
0.64

0.6
0.5

0.5

0.6
0.6
0.7
0.8
1.0

0.42
0.33

0.4
0.4
0.4
0.5
1.0

2.5
3.8

3.02
2.35

1.4
11

15

2.1
1.7
2.0
13
3.5

1.89
1.52

1.2
0.9
0.8
14
2.6

AN DN DNDDN

AN P PN

54

537
809

524
402

473

655
592
665
601
751

507
385
355
512
753

949+33
1417+33

1400+£70
1100+55

966+27
724+31

806+30

1322+70
1480491
1278+65
1012+27
1532+82

1200+60
1000+50

928427
722428
659126
878+31
127334

13/13
11/11

24124
24124

11/13
15/24

17/17

10/13
13/13
13/13
24/25
12/24

24
24

17/17
13/13
13/13
22125
30/31

29
17

15
69

53
19

27
68

10
12

20
14

101+17
153+30

0.07 £0.01
0.11+0.01

12.8+1.3
13.0£1.9

12.6£1.1

0.06+0.01
0.06+0.01
1.6+0.1
9.4+2.0
15.0+2.8

1.33+0.19
1.18 £0.02*

1.4+0.1

11.5+1.5
12.7+1.1
23.943.2
29.0+3.8

106+19
108+22

51t4 a
96+7 a

13.3+1.4
17.9+2.8

15.6x1.5

45+10 a
40+10 a
1.320.1
9.3+2.0
9.8+£1.9

1.2+0.1
1.2+0.1

1.5+0.2

16.0+2.1
19.3+1.8
27.2+3.8
228431

VLD crest

VLD

VLD

Broad VLD



DF-568 A

Ramat Bega quarry

DF-579
DF-578
DF-575

ISR 2
ISR 1

Nahal Sekher VI site, southern section

E

E
E
E
E

NS-1 E 0.5

NS-2 E 0.75

NS-3 E 1.5

NS-4 E 2.65

Nahal Sekher VI site, northern section
NS-5 E 1.6

NS-6 sa E 1.8

NS-7 E 2

7.8

4.3
4.85
8

1.36
2.6

Nahal Sekher XXX site

NS-11 E

Nahal Sekher

NS-10 E

Tzidkiyahu Transverse

DF-534 A
DF-537 A
ISR 8 E
ISR7 E
Tzidkiyahu

DF-557 A

0.45

0.3

4.6
7.85

0.28
0.7

7.2

208

252
291
458

247
258

235
316

290
310
292

262

439

230
213

227

87

125
118
85

200£10
18319

210
193

174
151

172
168
164

214

219

121
86

208+10
202+10

92

150-177

125-150
150-177
125-150

150-200
150-250

125-150
125-150

125-150
125-150

125-150
125-150
125-150

125-150

125-150

125-150
150-177

150-200
150-200

150-177

0.50

0.64
0.66
0.83

0.70
0.81

0.61
0.59

0.57
0.65

0.64
0.66
0.61

0.63

0.74

0.52
0.58

0.74
0.62

0.62

0.3

0.4
05
11

0.41
0.7

0.4
0.5

0.4
0.34

0.6
0.7
0.6

0.5

1.0

0.5
0.3

0.28
0.24

0.3

1.2

1.2
1.7
3.0

1.67
3.22

13
14

1.2
2.9

1.6
1.7
1.8

1.3

3.6

11
0.9

1.66
1.18

1.0

527

55

402

514
546
765

490
492

467
534

542
571
985

516

690

443
448

477

697429

893+24
956+33
1308+38

1100+55
1400+70

94934
944434

878+31
1004+34

1006+33
1051+31
985+35

1004+29

1352+36

796+30
748429

1200460
1000+50

79730

13/13

13/13
13/13
18/19

24
24

15/17
16/17

17/17
19/19

17/17
22/24
17/17

15/17

19/19

8/11
13/13

24
24

12/13

12

12
16

25
15

12

11
37

17

14

29

16

7.5£1.0

5.0+0.5
4.6+0.6
15.2+2.3

9.11 £0.28*
12.0 £ 0.25*

3.0£05
11.3+1.3

12.0£1.1
11.4+1.6

3.0£0.4
4.0£1.3
12.3+1.1

10.7£1.5

Infill of topographic trough
5.6£0.6
4.8+0.7
11.6+£1.8

Quarry wall at mid-

8.2104 section
8.810.5 "

Undulating vegetated sand cover

3.240.5 Above artifacts

Below Natufian

11.9+14 artifacts
13.7£1.3

12.4+1.8

Undulating vegetated sand cover
2.9+0.4

3.841.2 Lag + Natufian unit
12.3+1.2

Edge of undulating vegetated sand cover at top of
southern N. Sekher bank

11.8+1.0

11.2+1.8

1.1+0.1
0.88+0.09

0.06 +0.00
0.07 £0.01

1.09+0.08

11.5+1.3
Reworked loess (sandy
loam) top adjoining
9.0+1.5 edge of sand cover
TD
1.4+0.1
1.2+0.1
50+3 a
6845 a
VLD

1.4+0.1



Tzidkiyahu depression
DF-522sa A
DF-524 A
DF-660 A

BM west
DF-509
DF-511
DF-153
DF-110
DF-111

>> > > >

BM east
DF-513
DF-514
DF-515
DF-122
DF-134

>>>> >

BM depression

DF-506 A
DF-507sa A
BM west playa
DF-100 E
DF-101 E
BM east playa
DF-487 A

Southern incursion path

Halamish West
ISR 13 E
ISR 12 E

3.4
4.5
10.2

55
10

5.0
4.0
4.7

4.5
6.3
7.5
3.0
2.5

6.5
6.8

0.25 640
0.65 474

7.85

1.05
1.58

279
254
200

217
217
247
213
203
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290
226
253
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224
466

179

139
122
69

110
70

116
129
120
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89

145
154
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96

86

125-150
125-150
125-150

150-177
125-150
125-150
125-150
125-150

125-150
125-150
150-177
125-150
125-150

125-150
125-150

88-125
125-150

150-177

199+10 150-200
197+10 150-200

0.58
0.63
0.46

0.58
0.58
0.58
0.52
0.50

0.55
0.61
0.51
0.56
0.54

0.58
0.75

0.75
0.58

0.43

0.82
0.85

0.6
0.4
0.4

0.3
0.3
0.4
0.3
0.3

0.5
0.6
0.4
0.5
0.3

0.4
1.3

2.3
0.3

0.4

0.68
1.39

1.6
1.3
1.0

1.0
1.0
14
1.2
11

1.2
1.7
1.3
1.4
11

0.9
31

4.8
0.9

0.7

2.19
3.58

R, RN R

P N P NN

10

56

508
510
387

451
456
478
420
404

466
531
423
477
431

466
748

929
454

355

928432
888430
657+28

77929
745+29
843+26
763+27
728+26

832+34
924435
740+32
878+28
799425

790+31
1315+35

1579469
929452

622429

1300+78
1600+80

17/20
13/13
17/17

9/9
11/13
10/12
9/12
9/12

11/13
13/13
12/13
11/12
12/12

16/19
17124

12/12
12/12

18/19

24
24

43

14
44
100
27
27

28

15

26
11

22
30

43

14.6£1.9
13.8+0.7
10.5+1.0

0.36+0.1
0.66+0.09
0.01+0.005
0.35+0.04
1.30+0.16

0.65+0.07
0.78+0.06
1.25+0.17
0.13+0.03
0.93+0.11

13.9+1.6
39.0+4.5

2.86+0.24
2.02+0.11

9.1+1.2

4.49 +0.16
14.90 £ 0.40

ID
15.8+2.2
15.5+0.9
15.9+1.7
VLD
0.5+0.1
0.9+0.1
8t5a Northern VLD flank
0.5+0.1 Southern VLD flank
1.8+0.2 Southern VLD flank
VLD, 250 m.
0.8+0.1 downwind and beyond
0.8+0.1 plunge of BM west
1.7+40.2
0.15+0.03  Northern VLD flank
1.2+0.1 Southern VLD flank
ID
17.7+2.1
29.7+3.5
ID
1.8+0.2
2.240.2
ID
14.7+2.0
VLD base-ID contact
3.4+0.2
9.5+0.4
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Halamish ID
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DF-626 E
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Nizzana floodplain

A
A
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DF-3
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E
E

E

E
E
E
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0.83
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0.66

0.40
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0.9
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15
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17.5+1.4
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3.4.3. Particle size distribution and mineralogy

Unimodal distribution and fine to very fine sands characterize most dunes and interdune
aeolian sands (Figs. 3.3a & 3.3b). PSDs along a dune’s vertical section are often quite
uniform. Transverse dunes contain slightly coarser grain size modes than VLDs. Some dunes
are characterized by higher contents of fine-grained sediment at their base (Fig. 3.3b),
suggesting incorporation of the underlying palaeosol substrate by abrasion and erosion. At
fifteen localities the dune substrates are brown calcic palaeosols with bimodal textures
ranging between sandy to silty loams (Fig. 3.3a).

The interdune fill of aeolian sands, mainly in the central incursion corridor, usually has
similar PSD to the overriding VLDs and transverse dunes. In the southwest, the interdune
deposits are aeolian-fluvial loamy sands to standing-water silty loams (Fig. 3.3b).

Dune sands of the central incursion corridor contain the least amount of fines. In contrast,
dunes of the northern incursion corridor are characterized by finer grain size modes. There is
no indication of sand grain size fining towards the eastern edge of the dunefield as suggested
by Hunt (1991) and Enzel et al. (2010).

Negev dune sands are quartz rich with smaller amounts of plagioclase. The variability in
mineralogy correlates with the incursion corridor classification. The central incursion corridor
Is more quartz rich than the northern and southern corridors (Fig. 3.3c). Several samples,
mainly from dunes along the southern and northern fringes of the dunefield contain
measurable calcite that was probably incorporated into the section from neighboring

floodplain and loess deposits.

3.4.4 OSL ages
3.4.4.1 Analytical OSL precision

All the OSL ages, with their field and laboratory attributes, are presented in Table 3.3 and
Fig. 3.5. Several lines of evidence increase our confidence in the reliability of the OSL ages.
All the OSL ages were derived using the same SAR protocol on quartz grains of similar grain-
size fractions, and can therefore be compared between the laboratories. All samples display a
strong initial OSL signal and rapid decay, indicating the dominance of the fast OSL
component. Samples showed good preheat plateaus in the range of 180-280 °C, with
negligible recuperation (1-3%). IRSL depletion ratios were within 1.0+0.1, indicating
negligible feldspar contamination, and 90% of the recycling ratios are within 1.0£0.1,

suggesting that the SAR protocol corrects appropriately for any sensitivity changes.
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The relatively homogeneous nature of the dune sands resulted in similar and low dose
rates, reflecting the higher quartz content. The dose rates of the ISR samples, measured at the
Marburg Luminescence Laboratory, show similar dose rates to the samples measured at the
GSI and a comparable range of ages (Table 3.3). The modern samples with ages of 150-8
years indicate that the aeolian transport and deposition conditions have the potential to
efficiently bleach any remnant doses in the quartz grains.

De distributions were usually normal, however samples may have had a few tailing
aliquots of higher and/or lower De values. This is mainly attributed to contamination by
bioturbation and minute contribution of underlying older sand. For example sample DF 685
contained 1-2 mm loam pellets that comprised ~1% of the bulk dune base and could be
identified visually. These pellets are assumed to have originated from underlying palaeosols
that are considerably older.

To assess the systematic uncertainly, 24 aliquots (2 mm) of six samples were bleached
and dosed several times. All aliquots were then given the same laboratory 3 dose (10-16 Gy)
and the OSL signal measured and normalized using the conventional SAR protocol. A scatter
ranging from 2% to 11% was found on the Lx/Tx values, with the greater scatter for the
smaller (2 mm) aliquots. These values represent systematic uncertainties and indicate that
samples with less than 10% scatter on the natural De were probably well bleached at the time
of deposition, and can be dated with errors of <15% on the ages.

Over-dispersion (OD) values represent the scatter beyond the systematic uncertainties
(after Galbraith et al., 1999), and the values calculated for the samples measured at the GSI
are given in Table 3.3. Fifteen samples from mid-dune sections have the lowest OD, less than
10%. The majority of the samples (54) have OD values below 20%. Another 17 samples,
many being dune bases overlaying calcic palaeosols, have OD values between 20-30%. High
OD (>30%) values are found for modern age samples and for samples from the bases of the
dunes that had incorporated some underlying older material.

For dune base samples with ODs exceeding 13%, distinct outliers, usually 1-3 aliquots,
were removed from the average De calculation (Fig. 3.4), thus lowering the OD of the
remaining aliquots to below 13%.

To summarize, most of the ages show low OD values and narrow De distribution.
Disregarding dune crests, the errors of dune sand ages usually do not exceed £15% and the
ages are considered reliable. Overall, the ninety-seven OSL ages are, within errors, in
stratigraphic order; the rare cases of age reversals can mostly be attributed to reworking of

sediment without sufficient solar resetting.
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a. Natural OSL decay curve for a 2-mm aliquot of sample DF-200. Signal integration
was for the first two channels, and background was subtracted from the last 10
channels.

b. Dose response curve for the same aliquot as in a. D,= ~10 Gy.

c. Preheat plateau over the temperature range of 200-260°C for sample DF-621.

d. Relative probability plot for 18 aliquots of sample DF-621. Note normal distribution.
D= 17.5+1.4 Gy.

e. Relative probability plot of sample DF-518 from a basal sand unit. The plot shows
two outlying aliquots that caused over-dispersion of the sample to be 17%. Removal of
these two aliquots reduced the over-dispers6ioon to 11% and resulted in an age of 20.4+2.4
ka.



Site Source Setting Method & Previous ages This Remarks
target- (ka) paper's
OSL ages
(ka)
Halamish | Rendell et Alternating silty loam | TL on KF 11.46+1.1 11.9+1.0 OSL sampling was in mid unit.
ID al., 1993; and sandy loam units 15.1+15 14.3+1.8 OSL age of 19.1+2.9 ka at base of
Harrison in interdune trench. exposure.
and Yair,
1998
Halamish | Ben David, | Cored base of VLD IRSL-SAAD 23.6+£3.4 23.3+34 OSL age from same VLD 3 km
Dune 2003 axis. (Ref) on KF down dune and taken from
northern flank base.
Ramat Tsoar and Hearths in sand Charcoal, **C 4100 BC (6.1 5.6+0.6 OSL sampled from mid section,
Bega Goodfriend, | quarry. B.P) 4.8+0.7 | estimated to be above *C site.
quarry 1994 Ceramics from Early Bronze |
was also found (3,200 BC).
Sekher Barzilay, Two 3 m outcrops in Joint layer of Early 12.3+1.2 This paper's samples were taken
VI site 2010 shallow sands above Early and Natufian 12.5- and 10 cm below the Natufian
northeastern bank of Late Natufian 11.5 BP; Late 11.9+1.4 artifacts. The surface was
Nahal Sekher. microlith Natufian 11.5- stabilized around 12 ka and
lunates. OSL 10.75 BP underwent Early Natufian activity
ages sampled followed by later Late Natufian
beneath layer. activity.
Sekher Goring- Artificial 1 m Small Harifian — 11513 Similar age to Sekher VI
XXX site | Morrisand | exposure at brink of microlith 10.75-10.1 BP reaffirms surface sand
Goldberg, Sekher sands above lunates are stabilization around 12 ka.
1990 southern bank of presumed
Nahal Sekher. Harifian. OSL
age was
sampled
beneath
Harifian layer.
Qeren Enzel et al., | Hearth over sand Charcoal, **C 9.6-10.2 BP 11.4+1.3 OSL (performed at GSI) sampled
Ridge 2010 exposed in incised (by Enzel) | at top of sand unit 50 cm beneath
channel hearth.

Table 3.4 Comparison between the OSL ages obtained in this study for samples from the NW

Negev and previous ages from the same area.

3.4.4.2 Comparison to previous dates and ages

In the Negev dunes where materials datable by radiocarbon or palaeosol indicators are

absent, luminescence ages provide the only numerical chronology. In order to incorporate

previously published ages into one chronological framework, these ages are compared to our

OSL ages in places where similar units were dated (Table 3.4). The combination of *C and

OSL ages may also provide a better age control on features other than sand (Bubenzer et al.,

2007). Chronological comparisons were made with interdune sediments and archaeological

sites along the dunefield fringe, where charcoal and ostrich egg shells were dated by

radiocarbon. Uncalibrated dates such as from Goldberg (1977) are now calibrated using Calib
6.0. Previous TL (Rendell et al., 1993; Harrison and Yair, 1998; Ben-David, 2003) and IRSL
(Ben-David, 2003) ages sampled at identical or similar settings are also compared.

Table 3.4 presents side-by-side our OSL ages and previous luminescence and radiocarbon
ages from similar units or locations. In most cases the ages agree very well, despite not being

sampled at the same time or at the exact same location or stratigraphic section. This multiple
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suite of concordant ages derived by different dating methods comprises positive evidence for
the reliability and significance of the OSL ages and places the Northern Sinai and NW Negev
Erg in one chronological framework, as well as harnessing ages from past luminescence

protocols as elaborated by Chase (2009).

3.4.4.3 OSL dated landform types

OSL ages were obtained from a variety of landforms to improve our understanding of
landscape evolution and to correlate the ages with previous studies that mainly targeted fluvial
and interdune sections. Aside the VLDs, other landforms in the study area include: 1) mature
palaeosol substrates beneath the dunes; 2) interdune (ID) fluvial-aeolian sediments; and 3)
transverse dunes (Fig. 3.2). Section names are presented in Fig. 3.1c and their dated
stratigraphic sections are presented in Fig. 3.5.

The oldest ages come from loamy palaeosols that underlie much of the dunefield in its
western part (Fig. 3.5). In the north the OSL ages of this palaeosol range from ~116 to ~106
ka, broadly within the last interglacial period. Farther south a similar palaeosol was dated to
~30 ka (DF 507), suggesting aeolian accretion of fines and sand well after the last interglacial
period. These data indicate that major dune-building in the Negev post-dates the last
interglacial.

Interdune sediments in the southern and eastern dunefield that have lower sand fractions
(Fig. 3.3a&b) gave ages between 33 ka and 2 ka (Fig. 3.5 sections 11, 20-25, 33c; Fig. 3.6f).
The earliest age (DF 3; 33.2+4.1 ka) comes from extensive floodplain deposits in the southern
dunefield area, previously dated to 30-50 ka (Rendell et al., 1993; Harrison and Yair, 1998;
Ben-David, 2003) (Fig. 3.7). The rest of the interdune sediments mainly display ages in the
range of ~14 - 9 ka, similar to the dune section ages (Fig. 3.5). These interdune deposits are
currently incised by streams. Ben-David (2003) inferred that these finer sediments were
deposited in standing water due to extensive dune damming.

Two different types of transverse dune were dated. Transverse dunes, found mainly in the
central incursion corridor, fill the interdune between VLDs (Fig. 3.2a). The lower sections of
these transverse dunes at Tzidkiyahu show 25°-33° eastern facing steep slip faces and date to
1.4-1.2 ka (Table 3.3). At Beer Malka, the western stoss base of an outstanding 1 km wide
and 40 m high tranverse dune on the eastern Nahal Nizzana floodplain gave ages of
17.8+3.3ka and 12.2+2.1 ka (Figs. 3.5 & 3.7).
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3.4.4.4 OSL age clustering

The main bulk of the ages is from within dune and interdune aeolian sections and range
from 23 ka to recent. Three main age groups are easily discerned in the relative probability
plot (Fig. 3.8): 18 ka to 11.5 ka (Late Pleistocene), 2 ka to 0.8 ka, (Late Holocene) from the
upper dune sections and 150 to 8 years (modern) from dune mantles. Additional ages span
from 23 ka to 18 ka, with a single age of 27.3+3.8 ka. Several sand units, mainly in the east
date to ~3 ka.

Twenty samples from the bases of dunes or interdunes throughout the dunefield overly
loamy soils (Fig. 3.5) and date to 23-11 ka and were retrieved from the basal 0.5 m of the
dunes. The dune-base age-span overlaps with the major Late Pleistocene incursion,
substantiating this main and major encroachment event.

Deciphering dune activity solely upon age clustering analysis can be deceptive if not
embodied in the dunes structure and stratigraphy and its dynamic implications. In the
Kalahari, where exposed dune sections are unavailable, Stone and Thomas (2008) showed
that dune age clustering is often a function of dune core sampling density. The consistent
vertical internal sedimentary structure of the Negev VLDs (Fig. 3.2c) affirms the
chronological clustering of the dunefield OSL ages, which overcomes the somewhat blind and
inconsistent sampled method of dune drilling. Age-depth profiles (after Fig. 3.5) though,
show that sediment ages cannot be directly correlated to dune depth, mainly due to the
regional and local variation in dune height, implying differing spatial and possibly temporal

rates of sediment supply as found in Australia (Cohen et al., 2010).

3.5 Discussion
3.5.1 Aeolian sand incursion episodes
3.5.1.1 Earliest evidence for aeolian sand deposition

The palaeosols underlying the dunes contain aeolian sand (Fig. 3.3), but their loamy soil
characteristics indicate different climate regime prior to dune encroachment and buildup. Four
samples from the upper 1 m of the calcic palaeosol substrates date to ~116-30 ka. They
exhibit bimodal grain size distribution (Fig. 3.3b). Some of the palaeosols have low sand
contents, similar to the upper loess unit ("L1") defined by Crouvi et al. (2008; 2009) and
dated to 50-10 ka at three locations in the dunefield periphery. The sandy parent material of
the palaeosols dated to 116-106 ka (Figs. 3.2¢c & 3.5) suggests some aeolian input prior to the
last interglacial period. Sands may have encroached slowly on the region as thin sand sheets,

later to be stabilized. Soil formation processes were, contemporaneous with an input of
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aeolian fines (loess) that currently surround the study area to the east, south and north
(Crouvi et al., 2009; Zilberman et al. 2007). Sand deposition would likely require a vegetation
cover (Pye and Tsoar, 2009) and a semi-arid climate in contrast to the current arid climate,
supporting palaeoclimatic interpretations of a moister Late Pleistocene (Bar-Matthews et al.,
1999, 2003; Vaks et al., 2006). Vegetation impedes sand transport and is suggested to inhibit
dune buildup, which results in sand sheet development (Kocurek and Nielson, 1986).

At Qerem Shalom, north of the study area, a 3-m-thick aeolian sandy loam deposit dated
to 40-90 Ka is attributed to a coastal source (Zilberman et al., 2007). Limited sand transport
may also have been controlled by limited available sediment in the west. The Nile Delta
section contains thick coarse quartz sand accumulations overlain by stiff clays dated no earlier
than ~38 ka (Coutellier and Stanley, 1987; Stanley et al., 1996), suggesting limited
availability of exposed interglacial sand. In any case, sand supply was also initially controlled
by the erosivity and exposure of the Nile Delta sand source complexes despite the frequency
and strength of sand transporting winds in Northern Sinai possibly being higher than today's
(Enzel et al., 2008).

Additional evidence for incipient aeolian activity in the NW Negev without dune buildup
is the presence of quartzose sand within fluvial sections draining the southern incursion
corridor (Fig 1c; Table 3.1): An IRSL age of 98+12 ka was obtained for a 1 m-thick fine sand
unit at the Nahal Besor-Revivim confluence terrace (Greenbaum and Ben-David, 2001); a
calcic gravelly sandy basal palaeosol in a Nahal Lavan fluvial section was dated to 67+6 ka
by TL; and several samples of fluvial sand matrix between cobbles in Nahal Nizzana were
dated by IRSL to 115-76 ka (Ben-David, 2003) (Fig. 3.1c; Table 3.1). Zilberman (1993) also
identifies sand within the Late Pleistocene flood plains, mainly in the southern dunefield, and
concluded that sand has been in the system since ~100 Kka.

The BM interdune calcic loamy palaeosol (DF-507; 29.7+3.5 ka), overlain by aeolian sand
(DF 506; 17.7+ 2.1 ka) (Figs. 3.5 & 3.9) is the youngest palaeosol dated beneath the aeolian
sands. This sample marks the shortest hiatus identified between a palaeosol and clean
unconsolidated aeolian sand, indicating that while at ~116-30 ka sandy-silty loam
pedogenesis occurred, substantial aeolian activity probably began only post ~30 ka. This is
clear evidence that dune sands did not reach the western dunefield beforehand. Though being
the only palaeosol in the dunefield dated to ~ 30 Kka, its calcium carbonate content resembles
the Stage IlI-111 Early Upper Paleolithic palaeosols 5 km to the south at the Nahal Lavan-
Nizzana fluvial confluence (Zilberman, 1993). It also resembles a calcic unit beneath the

prehistoric site Azariq X111 along Nahal Lavan (Goldberg, 1986; Goring and Morris and
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were dated by radiocarbon to ~27-24 and-14-12 ka (Magaritz and Enzel, 1990; Zilberman,
1993), These ages suggest that roughly during episodes of dune encroachment, calcic
horizons in local settings unaffected by sand may have developed, also implying that the
dune-building climate was not arid.

In the east of the central incursion corridor, the base of the Retamim ID section preserves
the oldest unconsolidated aeolian sand unit that overlies a calcic palaeosol, dated to 27.3+3.8
ka with PSD similar to slightly younger dune sand (Figs. 3.5 & 3.6). This sand, which is only
slightly younger than the youngest palaeosol, marks the onset of the aeolian phase in the
northwest Negev that soon matured into the initial dune incursion. The Retamim ID base
resembles the section at Halamish (Fig. 3.7), where Ben-David (2003) suggested initial sand
accumulation at 25-27 ka. It also strengthens Zilberman's (1991) synthesis of the southern
dunefield that suggested initial sand incursion followed by dune incursion, that, based upon
Epipaleolithic artifacts, began evolving at 25-30 ka and overrided the fluvial stratigraphic
sequences.

The Retamim ID section also preserves evidence of the thickness of the initial aeolian
sand cover on the palaeosols. This sand contains small quantities of calcic nodules and stains
that suggest that it formed as periodic sand sheets or deposits and not as dunes. The ~27-19 ka
ages are not found at basal sections along the western transect of the central and northern
incursion corridors (Fig. 3.9). This may mean that the western transect bases have been fully
reworked and the OSL signal of the sand grains was fully reset. The Retamim basal ages
could represent sands that were probably reworked in the west, possibly due to local
physiography of local depressions or pockets (after Stone and Thomas, 2008), were locally
preserved. The ~16 ka age of Retamim ID section attests that later incursions were recorded
in the section and it is intriguing how much of the sand dated between ~27-19 ka was
subsequently eroded.

The consistent lack of preservation of old basal units throughout the dunefield,
considering the sampling resolution of dune bases, suggests that the thickness of the initial
sand was thin. Furthermore, the thinning and final disappearance of the sand and dune cover
east of Retamim does not support the notion that a thick sand unit was deposited there at ~27-
23 ka or even earlier, and later transported and accumulated further east during later dune
incursions. This comprises additional support that dunes did not cover the NW Negev before
~23 ka.

Archaeological evidence also supports the transition from a thin sand and loess - loam

surface to dune encroachment. Archaeological remains at the Shunera XV —XV1 sites by
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Nahal Mobra overly fluvial loess and are embedded in a deflated sandy mixture (Fig. 3.1c;
Table 3.1). The sites date to the Early Epipalaeolithic (~19 ka) and indicate that the surface
was thinly covered with sand (Goring-Morris and Goldberg, 1990; Goring-Morris, 1998) that
probably stabilized around 19 ka as found further northeast at the Retamim ID section.
Southwest of the dunefield at Wadi Gayifa, west of the Egypt-Israel border, carbonate nodules
from a palaeosol were dated by Th-U to 28+4.6 ka, perhaps equivalent to the BM site
palaeosol dated to 29.7£3.5 ka (Fig. 3.5). These are overlain by thin sand (Gladfelter, 2000)
(Table 3.1)

To summarize, episodic thin sand covered the region already by ~100 ka. The sand was
incorporated and stabilized into calcic loamy palaeosol units until ~30 ka, though in areas
preserved from erosion by advancing dune palaeosols may have continued to develop. The
late Pleistocene palaeosols were eroded differentially by the dune incursion. There is evidence
of aeolian sand accumulation as sheets in the central incursion corridor and southern incursion

corridor that occurred between ~27-19 ka and was soon followed by dune encroachment.

3.5.1.2 Initial dune incursion

There are limited and spatially sporadic luminescence ages for the initial episode of dune
buildup. The oldest (>20 ka ) evidence for dune presence was found in the southwestern part
of the southern incursion corridor at Halamish, limited to the west bank of Nahal Nizzana
near the Egyptian Israeli-border (Figs. 3.5 & 3.7). A single dune-base IRSL age of 23.5+1.4
ka is presented by Ben-David (2003) (Fig. 3.7). The exposed base of the northern dune flank,
3 km down the same dune to the east, OSL-dates to 23.3+3.4 ka (DF 618; Fig. 3.9). A clayey-
silt to sand interdune section nearby (Halamish West) was dated by IRSL to 24.5+1.4 ka
(Ben-David 2003, section KR1), probably pin-pointing the same sand burial event along with
slack water sedimentation (Fig. 3.7).

Along this dune elongation corridor, on the eastern Nahal Nizzana floodplain, an eroded
dune exposed in a wadi terrace and assumed to be part of a dune dam, was dated by TL to
18.4+1.6 ka (Ben-David, 2003). On this same floodplain the next oldest dune age of 17.8+3.3
ka is found at the stoss slope base of the Beer Malka transverse dune (Fig. 3.7). South of the
Halamish dunes at the current dunefield fringe, sand covers a broad chalk hill on the western
bank of Nahal Nizzana. The exposed colluvial hill base revealed aeolian sandy loam units
interchanging with silty loam layers similar to those found in the Halamish interdunes (Fig.
3.5). The aeolian basal unit dates to 20.4+2.4 ka (Fig. 3.5). As there is limited sand upstream,
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this dated unit delimits the southern fringe of the initial incursion corridor which has not been
changed since.

The limited spatial extent and quantity of corresponding archaeological finds support the
age and limited spatial extent of the initial dune incursion. A single Late Upper Palaeolithic
site (~20 ka) at Azarig X111, 2 km east of the Nahal Lavan-Nahal Nizzana confluence, crop
out in an eroded base of a VLD and overlies a weathered calcic palaeosol (Goldberg, 1986;
Goring-Morris and Goldberg, 1990) (Fig. 3.1c). The stratigraphic relations point that a thin
sand cover was present during artifact deposition, though its difficult to acertain if the site was
situated upon a sand sheet prior to dune buildup or upon a dune nose or flank toe that later
slightly migrated eastwards. The rest of the archaeological sites in the southern dunefield
post-date the initial dune incursion.

The examples cited above suggest that initial dune formation in the Negev began around
23-20 ka in the southwest corner of the current dunefield (Figs. 3.5 & 3.6b). The lack of
dunes that are dated by OSL to this age in other parts of the dunefield could possibly be due
to later erosion or remobilization resulting in resetting of sediment luminescence. The
southwest dunefield is also where fluvial fine deposits buried sands and linear dune sand

flanks, and protected the basal initial dune sand from later reworking.

3.5.1.3 The main dune incursion

The main dune incursion, which defined the current spatial extent of the dunefield and
transported the main bulk of sand, took place around 18-11.5 ka (Figs. 3.5, 3. 6, 3.8 & 3.9).
Evidence for this incursion is found throughout the dunefield, mainly at dune bases up to their
mid-sections, in interdune sediments and sands (Figs. 3.5 & 3.6). Several dune bases, mainly
in the west (Fig. 3.9), exhibit slightly earlier ages of ~19-17 ka (Fig. 3.6¢), which may
indicate an incipient stage of the main incursion that was concentrated at ~16-11.5 ka.
Sporadic younger ages between ~11-9 ka are not found in dune bases but rather in the dunes
mid-sections, and therefore do not represent the dune incursion but later reworking. Fluvial
sand dated by TL and IRSL to 15.4-10 ka, with three older ages between 18-23 ka (Ben-
David, 2003), support our finds.

The evidence for the main incursion along the western and eastern dunefield transects is
presented below, followed by analysis for each incursion corridor. Along the western transect,
dune base ages range from 14 to18 ka (Figs. 3.2c, 3.5& 3.9). In the southwest (Halamish),
where preserved basal dune ages are >20 ka, a VLD axis base dates to 13.2+1.8 ka (Halamish

East) (Fig. 3.10). This younger age possibly represents elongation or reworking of the older
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Figure 3.8

Relative probability plots of OSL ages:

a. The entire data set of 97 OSL ages from the NW Negev dune, sand and dune
substrate.

b. Samples younger than 30 ka. The graph indicates age clustering at: (1) 18-11.5 ka,
(2) 3 ka. (3) 2-0.8 ka. (4) 150-8 years.

c. Ages obtained from the base of dune and aeolian sand sections. Note how they fit
into cluster (1) of graph b.
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dunes which is also supported by the nearby Beer Malka transverse dune ages between
12.2+2.1 and 17.8+3.3 ka (Figs. 3.5& 3.7).

The northeastern edge of the dunefield shows ages similar to those found in the western
transect. The northern incursion corridor eastern edge at Baladiya displays exceptionally
broad (200-400 m) and high (10-15 m) dunes (Fig. 3.5) with a 7 m thick lower section, dated
to 15.9+0.7 - 13.7£1.7 ka (Fig. 3.5). The Late Pleistocene section is overlain by a 0.6 m sand
unit lightly cemented by carbonate (DF 75; 3.0+0.6 ka). The section signifies rapid elongation
and buildup roughly over ~1,000-2,000 years, followed by extensive stability. In the
easternmost extent of the central corridor, the basal sands at Ramat Bega and Nahal Sekher
display slightly younger ages than at Baladiya in the northeast (Fig. 3.5). In the southeast, the
base of a stream terrace composed largely of dune sand is dated to 12.3+0.9 ka. The formation
of this terrace predates the early Holocene incision of Nahal Besor (Greenbaum and Ben-
David, 2001; Ben-David, 2003). The limited thickness and spatial cover of sand east of this
site make it unlikely that sand arrived to this section before ~ 12 ka (the basal age), as if so,
later aeolian activity would have transported sand further east.

These results indicate that while dunes initially developed in the southwest, dunes
accumulated in the northeast only at 14-15 ka. Slightly later at ~12.5-11.5 ka, dunes reached
their easternmost extent in the central and south incursion corridors and stabilized (Fig. 3.6d).

Though the dunefield lacks continuous VLDs that elongate continuously as a single
defined dune for many kilometers, OSL ages at the end points of the 30-50 km long incursion
corridors indicate that west-east sand transport in this period was rapid. The basal and the
mid-section ages of Haluzit 1 (Figs. 3.2c & 3.5, 3.9) in the west (15.5 £2.2 ka; 13.7 0.9 ka,
respectively) and the basal and the mid section ages of Baladiya (Fig. 3.5) in the east (14.7
+1.9 ka; 13.7 1.7 Kka, respectively) present essentially identical ages. This indicates rapid
encroachment and settlement of sand across the northern incursion corridor within ~1,000
years. After ~14 ka, wind intensities probably subsided resulting in less sand input and dune
growth. Nevertheless, based on the broad and 12 m high Baladiya section and the limited sand
found further east, wind did not substantially erode the dune axes that accumulated during this
period. The current presence of abundant vegetation throughout the northern part of the
dunefield (Siegal, 2009), which may have also been present in the past, decreased sand input
and may explains the low broad VLD morphologies of the northwestern section of the
dunefield that seems to not have substantially changed since stabilization at ~14 ka.

Ages mainly around ~12 ka indicate the end of the main incursion and dune buildup with

the NW Negev dunefield attaining its maximum and current spatial configuration (Figs. 3.5 &
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3.6d). The Sekher VI OSL age of 13.7+1.3 ka (Fig. 3.5) shows that at the end of the main
incursion phase some sand reached the eastern edge of the present dunefield. This coincides
with an OSL age of 13.1+1.5 ka for basal dune sand on the Qeren ridge (Table 3.4) (Enzel et
al., 2010). North of the research area at Qerem Shalom the upper sand sheet base (1.5 m
depth) was dated to 14.5 +2.3 ka and 13.4 +1.7 ka (Zilberman et al., 2007). The three Sekher
sites dated by OSL contain a Natufian assemblage ~12.5-10.75 ka (Goring-Morris et al.,
1998; Barzilay et al., 2009; Barzilay, 2010)]. A surface with mixed prehistoric artifacts was
dated to ~3 ka and interpreted to be a lag deposit that was exposed from ~12 ka to ~3 ka (Fig.
3.5; Tables 3.3 & 3.4).

Abundant sand accumulated in the western section of the present dunefield during this
main phase of dune-building at 16-11.5 ka. In the central incursion corridor, at the Tzidkiyahu
site, cumulative sand thickness reaches approximately 30 meters (Figs. 3.2a, b & 3.5),
providing evidence for a rapid dune accretion episode of approximately up to 10 m/1000 yr,
as inferred previously from the northern incursion corridor sections (Fig. 3.5). The basal 6
meters at Tzidkiyahu shows nearly identical ages of 15.9 +1.7 ka 15.5 £0.9 ka and 15.8 +2.2
ka (Figs. 3.2a, 3.5 & 3.9). The consistent PSDs of the section compliment the similar ages and
indicate a uniform sedimentary aeolian environment. Ten km to the north, at KD 73, PSD and
dune base ages (DF 695; 15.6 £1.5 ka) are similar to Tzidkiyahu (Fig. 3.5) suggesting that the
whole basal section of the western part of the central incursion corridor accreted in a similar
event.

The Negev rapid dune movement and high accumulation rates indicate rapid accretion and
stabilization of a short but extreme episode. The rates are approximately an order of
magnitude greater than those of the Egyptian Sand Sea (Libyan Desert, west of Cairo), with
calculated net-accumulation rates of 30-100 cm/1000 years (Bubenzer et al., 2007). Average
net sedimentation rates of 10 cm/ka for vegetated linear dunes in South Australia are also

substantially lower (Lomax et al. 2011).

3.5.1.4 Dune damming in the southern incursion corridor

The southern incursion corridor contains additional evidence of dune migration that
dammed wadi courses (Magaritz and Enzel, 1990; Ben-David, 2003). Dune-dammed paludal
sediments are found throughout the southern dunefield in exposed sections commonly
overlying basal dune flanks. Standing-water palaeolakes expanded into the interdunes (i.e. the
Halamish sections) (Figs. 3.5 & 3.7) past the current Egypt-Israel border and upstream,

reaching the Nizzana road (Nizzana reservoir section; Fig 1c). Ten interdune sections with
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stratigraphy of interchanging aeolian, fluvial and standing water deposits (Fig. 3.5) were
studied and dated from underlying and overlying sandy sediments, as the paludal fine-gained
sediments themselves usually lack datable quartz sand (Figs. 3.3a & 3.3b).

Interdune basal paludal sediment overlie dunes dated to ~23 ka and 18 ka (Ben-David,
2003)(Figs. 3.5 & 3.7) and post-date these ages. The upper-parts of five interdune sections
were date to 8-10 ka, younger than the main incursion stabilization age (Fig. 3.6f), suggesting
accumulation in response to the main incursion period due to intensive dune damming. The
earliest archaeological remains in the Halamish interdune surface are from the PPNB (Pre-
Pottery Neolithic B period; 9.4-7.6 ka) (Goring-Morris, pers. comm.) and are slightly younger
than the upper Halamish ID unit. Following the cessation of dune elongation, water-lain
sediments continued to accumulate behind the dune dams. The unique magnitude of the Beer
Malka transverse dune, with ages of ages of 17.8+3.3 ka and 12.2+2.1 ka (Figs. 3.5 & 3.7),
suggests an episode with strong unidirectional winds and substantial sand supply. The
transverse dune seems to have advanced considerably since 12.2+2.1 ka, though this may be
due to a surplus of available sand due to possible dune-damming of Nahal Nizzana.

Other than Nahal Besor, all the wadis crossing the southern incursion corridor were
periodically blocked by dunes (Ben-David, 2003). Wadi Al-Arish, currently the only water
course that crosses the Northern Sinai dunefield, may have also been periodically blocked.
The wide floodplain silty and bright deposits (Sneh, 1983; Kusky and El-Baz, 2000; Ben-
David, 2003), easily identified along the wadi by space imagery between Gebel Hallal and Al-
Arish on the Mediterranean coast, are suggested to be an evidence of palaeolakes (Kusky and
El-Baz, 2000). They differ from the underlying fluvial muds, sands and gravels that are
exposed in the wadi's section as described by Sneh (1983) and appear similar to the dune
dammed deposits in the Negev.

Thus, dune damming exemplifies the extent of environmental impact of a massive dune
incursion. We suggest that the main dune incursion transported large sand volumes across
Wadi Al-Arish and blocked it. Mid-sized (10%-10° km?) NW Negev catchments breached and
destroyed the dune dams in the Early Holocene (Fig. 3.6e) leaving residual standing water
deposits (Harrison and Yair, 1998; Ben-David, 2003). In contrast, smaller drainage basins are
still covered by dunes (Blumberg et al., 2004). This aeolian-fluvial history may explain the
occurrence of Mid-Epipaleolithic [(~15-12.5 ka; Goring-Morris et al. (1998)] to Harifian
[(~10.75-10.1 ka; Goring-Morris et al. (1998)] artifacts and camps in this part of the Negev
(Goldberg, 1986; Goring-Morris and Goldberg, 1990; Barzilay et al., 2009). While it has been

pointed out that those archaeological sites have a limited spatial extent in the region (Goring-
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Morris and Goldberg 1990), palaeolakes and ponds created by dune dams would have been
favorable sites for at least short-term human settlement.

The color of interdune sand between paludal silts, based on a spectral redness index, is
similar to the adjacent dune sand color (Roskin et al., 2010), indicating the short-term extent
of these palaeolakes and ponds. If standing water remained for a long time and the water has
contact with the sand underlying the silts, it is likely that bleaching of sand grain color would
have occurred, though probably at a different rate than what was identified in active

transverse dunes between lagoons in Brazil (Levin et al., 2007).

3.5.1.5 Summary of the Late Pleistocene aeolian episodes

Field and geochronological evidence indicates that aeolian sands have existed in the
Negev Desert at least since 100 ka, the last interglacial (Fig. 3.10), however there is no
evidence for dune remnants in the NW Negev earlier than ~23 ka. Our work shows that by
~23 ka there is initial dune buildup evidence only in the southwest, while by 19-17 ka, sand,
but not necessarily dunes, advanced through the central incursion corridor (Fig. 3.10). From
~16 ka, several major and rapid incursion events occurred, marking the main incursion phase.
Sand advanced in the north to its easternmost extent and thick, uniform-grained sand deposits
accumulated in the western parts of the central and southern incursion corridors. The dunes
dammed drainage systems, resulting in ponds or palaeolakes spreading upstream and laterally
into the interdune areas, where fine-grained sediments were deposited. The main incursion is
older than suggested by Enzel et al. (2010) and is not associated with the Younger Dryas
cooler period of ~13-12 ka. In fact, the main dune incursion period rather ends with the
Younger Dryas. By 13-11.5 ka though, in the south and center of the dunefield, the dunes and
sand were remobilized and reached their easternmost extent. At some locations in the
dunefield, small-scale sand movement slightly truncated the 15-11.5 ka surface and finally

stabilized by ~10 ka. By 10-9 ka, many dune dams were breached due to stream incision.

3.5.1.6 Late Holocene dune activity

While dune ages from the middle and early Holocene are limited, a significant cluster of
late Holocene ages (~2-0.8 ka) was found for the upper dune sections (Figs. 3.5 & 3.6e). This
episode is preceded by a sporadic, ~3 ka event, identified only in the east, perhaps due to
better dune preservability. This event may also be represented by dune damming between
~3.5-1.2 ka in Nahal Lavan (Ben-David 2003) in the south (Fig. 3.6f).
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Though the late Holocene aeolian episode between 2 ka and 0.8 ka was extensive, it has
not been previously identified in the Negev, although Hunt (1991) and Goldberg (1986)
identified significant loessy silt accumulation at this period. The Tzidkiyahu VLDs (Fig. 3.2a)
that date at 8 meters deep to ~1.4 ka show that the late Holocene episode, with substantial
dune buildup, was as significant as the Late Pleistocene in the central incursion corridor. This
incursion contributed new aeolian sand and not only remobilized Late Pleistocene sands (Fig.
3.5). At Tzidkiyahu, VLD and interdune transverse dune sands with identical ages (1.4 ka)
cover the main incursion unit. The 8-12-m-thick late Holocene dunes do not contain any
evidence of pedogenesis, indicating that this episode was probably rapid with strong and
mainly uni-directional sand-transporting winds. Although by this time humans had long
occupied the Northern Negev, the dune thickness argues against reactivation due to
anthropogenic effect of decimation of the stabilizing biogenic crust and vegetation cover. The
coeval formation of vegetated-linear and transverse dune types may be due to strong west-east
winds that elongate VLD's (Tsoar et al., 2008). Allgaier (2008), studying dune dynamics by
Halamish, found that during strong winds of cyclonic storms, sand is also transported through
the interdunes. This process might explain the transverse interdune sand influx and their east-
dipping slip faces. Additional evidence for late Holocene dune activity include pottery sherds
at a Late Byzantine (~1.4-1.7 ka BP) gathering site discovered upon an exposed upper dune
surface impregnated with calcium carbonate (the Mitvakh site) (Figs. 3.1¢c & 3.5). This
indicates dune activity just prior to Byzantine presence. Finally, Tsoar and Goodfriend (1994)
dated the upper Ramat Bega aeolian sand section by radiocarbon to similar ages (1.57-1 ka).

There are abundant late Holocene palaeoclimatic stratigraphic, archaeological and historic
data from the Negev. This has furnished the debate if climate change, i.e. increased aridity,
induced the collapse of the Byzantine towns and the extensive agricultural infrastructure in
the Northern Negev (Issar et al., 1989; Rubin, 1990; Avni et al., 2006). The ruins of the
Byzantine city of Halussa are covered by 1-2 m of sand, and historical letters attest to sand
incursion that decimated the grape vines (Meyerson, 1994). The ages from the Retamim 1D
section (Fig. 3.5) upper ages, 3 km to the east of the ruins, corresponds to this period.
Byzantine sites along the Northern Sinai and southern Mediterranean coast of Israel have been
covered by several meters of sand (Neev et al., 1987) which may imply stronger winds from
Mediterranean winter storms.

This late Holocene episode of sand remobilization and partial incursion into the Negev
illustrates unusual spatial characteristics and dune superposition. In the western part of the

central incursion corridor, a thick 8-12 m sequence of late Holocene sand overlies the main
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incursion sand unit, whereas in the east there is only limited evidence for late Holocene sand
accretion. The dunefield did not extend eastward beyond its Late Pleistocene depositional
limits during this episode (Figs. 3.5 & 3.10). Was this due to a local sand-supply surplus in
the west or strong and possibly locally confined westerly winds that somehow mainly affected
the western part of the dunefield? This question is the beyond the scope of the present study
but provides working hypotheses for future research.

The cluster of modern (150-8 yr) OSL ages of dune mantle samples probably documents
remobilization without dune elongation. This short episode could be due to anthropogenic
causes, mainly trampling of biogenic crusts by livestock (Tsoar and Moller, 1986; Meir and
Tsoar, 1996; Tsoar, 2008) in a climate with wind power similar to today's.

3.5.2 The temporal and spatial aspects of sediment supply for dune encroachment into
the Negev
3.5.2.1 The inferred source and dynamics of the Northern Sinai dunefield

Sediment supply and strong winds are both prerequisites for sand transport from the Nile
Delta through the Sinai portion of the Sinai-Negev Erg towards the NW Negev, and it is
crucial to evaluate the geomorphic and palaeoclimatic controls of the dune encroachment into
the Negev. The mechanism of sediment delivery from the Nile Delta and Mediterranean coast
to northwest Sinai has not been investigated in detail (Hunt, 1991), however Nile Delta
sediment storage is affected by the contribution of the Nile tributaries (Williams et al., 2000),
the Mediterranean Sea currents and sea level change that defines the position of the coastline.

Strong southeastern aeolian sand transport drift potentials (DP=1139; RDP=529) were
calculated for the years 1987-1993 from meteorological data from the Port Said airfield,
Egypt, at the northeast edge of the Nile Delta. These winds had annual monthly averages of
7.4-10 m/s between the years 1989-1999 (GASCO, 2007). If these winds occurred in the past,
they could have been the driving mechanism behind transport of both deltaic and coastal sand
inland into northwest Sinai. These winds may explain the occurrence of non-vegetated linear
dunes in the western part of the Sinai dunefield south of Port Said, that are currently
elongating to the SSE by several meters/yr (Tsoar et al., 2004). Wind data from central and
eastern parts of Northern Sinai also indicate that wind power decreases to the east towards the
Negev. The Sinai dunes, in contrast to the NW Negev dunes, are currently uncrusted and
active (Tsoar, 1995; Abdel Galil et al., 2000; Rabie et al., 2000). Dunes near Gebel Maghara
(Fig. 3.1b) in Northern Sinai advance only several m/yr (Goldberg, 1977) while

reconnaissance dune hazard studies imply that northern Sinai dunes elongate between 5-15
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m/yr (Abdel Galil et al., 2000; Rabie et al., 2000). Although there is evidence for measurable
sand movement in Northern Sinai at present, there must have been times in the past when
sand advanced at substantially higher rates.

Sand transport across the Northern Sinai is controlled by sand availability and transport
strength. The northern Sinai dunefield is spatially continuous over substantial areas, with dune
heights exceeding 30 meters (Gad, no date), suggesting essentially constant availability of
sand supply. This implies that the dynamics of Sinai sand movement is controlled chiefly by
wind strength.

The palaeoclimate that enabled the Negev dunefield development has traditionally been
interpreted to be the result of past aridity (Goring-Morris and Goldberg, 1990; Magaritz and
Enzel, 1990; Hunt, 1991; Harrison and Yair, 1998). Elsewhere, active inland desert dunes
were also interpretated to be indicators of arid conditions (Sarnthein, 1978; Hesse and
Simpson, 2006) and this paradigm is in accordance with the assumption that dune
mobilization thresholds are defined in part by a decrease in effective precipitation (Lancaster,
1988). In many parts of North America dunes are active in hyperarid environments where
wind strength is low, while vegetated dunes are stable in semiarid environments where wind
strength is high (Muhs and Holliday, 1995; Muhs and Wolfe, 1999). Recent modeling shows
however, that dune activity is controlled dominantly by wind power and dunes can be
mobilized even in humid climates when stripped from vegetation (Tsoar, 2005; Yizhaq et al.,
2007, 2009).

In the NW Negev, dune erosivity and activity is controlled to a great degree by the amount
of biogenic crust and vegetation cover (Tsoar and Moller, 1986; Tsoar, 2008; Kidron et al.,
2009; Siegal, 2009). The thick late Holocene VLDs and transverse dunes that overlie the Late
Pleistocene 5-10 m thick dune sands suggest that in some cases later incursions cover
previous depositions, rather than rework them. This can be explained by an influx of sand that
covers the still-stabilized encrusted sand and dunes. Buried crusts identified in pits dug into
recent dune slopes and crests in the central study area also imply that recent sand
remobilization can cover and bury biogenic crusts quickly and thus neutralize their stabilizing
effect.

In scenarios where there is substantial sand supply, dune vegetation can however, direct
sand transport mainly along pre-existing dune crests and thus exerts a certain control on dune
morphology (Tsoar and Moller, 1986; Tsoar et al., 2008). Thus, we suggest that in some
scenarios, for sand to encroach from Sinai into and on to the current NW Negev VLD

landscape, sand supply is sufficient and Negev dune erosivity is not a prerequisite. Strong
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winds, therefore, may be the main driver for sand transport from the northeast Nile Delta to
northwest Sinai, across northern Sinai and into the NW Negev. Thus, the past incursion
episodes that initiated dune elongation and buildup were mainly characterized by increased

windiness.

3.5.2.2 The chronology of sand transport in Northern Sinai

The chronology of sand transport in Northern Sinai is important in understanding the
process that led to the encroachment of dunes into the NW Negev. Analysis of the existing
chronological and sedimentological data from the northeast Nile Delta across Northern Sinai
allows a construction of a general chronological framework of the controls on and episodes of
aeolian activity in the Sinai-Negev Erg.

Sediment supply into Sinai is influenced by sea level change (Edgell, 2006), as found for
other regions (Preusser et al., 2002; Lancaster, 2008). The significant glacial to interglacial
Mediterranean sea-level oscillations most likely have affected northwest Sinai — northeast
Nile Delta sand availability (Edgell, 2006). The last glacial period (35-18 ka) lowered global
sea-level by approximately 120-130 m (Fairbanks, 1989; Bard et al., 1990). The
Mediterranean Sea dropped similarly and retreated 40-50 km north of the Nile Delta's mouth
(Stanley and Warne, 1993; Butzer, 1997). Enzel et al. (2008) suggest that this regression
exposed Nile Delta sediments to erosion and aeolian transport and was closely followed by a
30 m entrenchment of the Nile River into its delta (Butzer, 1997). Dated Late Pleistocene
sediments from the northeast Nile Delta are sparse as most of the cores are 20-40 m long and
have penetrated the full Holocene record but only the top of the Pleistocene sediments
(Stanley et al., 1996). Coutellier and Stanley (1987) described two major fluvial sand units
dated by radiocarbon to ~42-24 ka and ~24-11.5 ka, the latter deposited concurrent with the
Mediterranean Sea level rise and is overlain by finer Holocene sediments (Stanley et al.,
1996). In accordance, between ~30-11.5 ka the Nile Delta was a sandy alluvial plain (Stanley
and Warne, 1993; Butzer, 1997).

Carbonate deposits beneath northwest Sinai sand by the Nile Delta Pelussian branch were
also dated to ~35-30 ka, providing a basal age for dune sand (Neev et al., 1987). The Sinai
dunefield southern end is directly east of the apex of the Nile Delta (Fig. 3.1). This
juxtaposition could imply that the Nile Delta sand is the source for the Sinai dunes.
Furthermore, desert sand facies in the northwestern Sinai dunefield and in the western Delta
show strong and distinct similarities in sedimentological properties with the Late Pleistocene

Delta sands, such as grain coating intensity (Stanley and Chen, 1991). The redness intensity
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of the Negev dune sand was found to be similar to the Sinai sands (Roskin et al., 2010),
suggesting that they all draw from the same source.

The impressive Mesozoic carbonate ridges of Gebel Maghara and Gebel Lagama rise
several hundred meters above the western-central part of the Sinai dunefield. The ridges are
dissected by wadis of different sizes and are surrounded by linear dunes, climbing dunes and
sand ramps that have attracted researchers (Bar-Yosef and Phillips, 1977; Goldberg, 1977;
AMEA, 2006)(Fig. 3.1b). The geo-archaeological investigation of Late Quaternary sand
stratigraphy at the basal slopes of Gebel Maghara and Gebel Lagama (Goldberg 1977) is the
only detailed study of past sand activity and stabilization in northwestern Sinai, 150 km west
of the Negev dunefield. The age estimates for the cultures in this work are derived from
prehistoric sites with similar artifact assemblages and radiocarbon dates on charcoal and
ostrich shells (Table 3.1). At Gebel Lagama, basal aeolian sand predates Lagaman sites; thus
initial sand buildup is estimated to ~40-33 ka (calibrated) (Table 3.1; after Goldberg, 1977;
Goldberg, 1986; Goring-Morris and Goldberg, 1990). This gives abundant time for dune
buildup in northern Sinai prior to and during the LGM, and precedes the NW Negev dune
incursion that starts after 30 ka. Based on this evidence, along with finds in northeastern Sinai
(Goldberg, 1984, 1986; Gladfelter, 2000) and the corresponding NW Negev OSL age suite
(Table 3.1), we suggest a basal age for the Sinai- Negev Erg sands of ~35 ka. Nevertheless,
luminescence ages of basal Northern Sinai aeolian deposits and dunes are essential for
validation.

Near Gebel Maghara, Mushabian and Geometric Kabaran (~15.6-13.2 ka) sites lay
directly over a weak calcic palaeosol located in the middle of an aeolian sand section
(Goldberg, 1977). Such young palaeosols were not found in the Negev dunefield, only around
it (Zilberman, 1993; Zilberman et al., 2007; Crouvi et al., 2008; Wieder et al., 2008). The
palaeosols may attest to a pause in sand mobilization, interpreted by Goldberg (1977) as a
more humid climate. In addition, Mushabian artifacts are contemporaneous with a palaeolake.
Thus a dune incursion that blocked a wadi occurred in northern Sinai at a time similar to dune
damming in the NW Negev (Fig. 3.6f).

The Gebel Maghara-Lagama aeolian sand dates suggest similar dune activation and
stabilization ages for Northern Sinai and the Negev, particularly in regard to the main dune
incursion (16-11.5 ka) indicating rapid and episodic dune advancement across the Erg as
found around ~15 ka in the Negev. The similar ages in the Sinai and Negev parts of the Erg,
as well as the ages suggested for the northeast Nile Delta, which was the likely source of sand

during lowered sea level (Coutellier and Stanley, 1987; Stanley and Chen, 1991; Stanley and
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Warne, 1993; Stanley et al., 1996) leads us to hypothesize that the initiation of the Sinai-
Negev dune incursion was possibly constrained by insufficient sand supply before ~35 ka.
Differential sand supply from Northern Sinai can also explain the differences between the
three NW Negev incursion corridors (Fig. 3.1). The morphological characteristics of the
dunes in the Negev incursion corridors, other than vegetation and biogenic crust cover, are
similar westward in northeast Sinai, between Wadi Al-Arish and the Egypt-Israel border. The
low and broad (Table 3.2) northern incursion corridor dunes are probably restricted by limited
sand supply, as their upwind direction coincides with the Mediterranean Sea. The central
incursion corridor though, which has the thickest sand section (Fig. 3.9), the relatively higher
quartz content (Fig. 3.3) and the easternmost extent (Fig. 3.1c), is the easternmost part of the
main Sinai sand transport corridor that crosses the center of the Northern Sinai dunefield
north of Gebel Maghara. The similar basal dune incursion age throughout the western transect
(Figs. 3.5 & 3.9) also suggest that at the same time and climate, sand influxes differed
between the north and south parts of the dunefield, mainly due to sand supply controls upwind

in Northern Sinai.

3.5.2.3 Last glacial luminescence-dated global linear dune activity

The short but main 16-11.5 ka episode of dune-building in the NW Negev (Fig. 3.8) is
striking and invites comparison on the one hand with episodes of linear dune formation in
similar low latitude arid regions, and on the other hand with global windiness. The concept of
gustiness (McGee et al., 2010) attempts to explains the LGM global dust, and it had been
suggested that many regions experienced stronger winds in the LGM (Petit et al., 1990;
Mahowald et al., 1999). Previous compilations of luminescence-dated global dune building
and activity episodes (Lancaster, 2007; Singhvi and Porat, 2008 and references therein) from
varying dune types show possible distinct episodes, but with significant local variability.

Extensive luminescence dating of linear dunes has been conducted only in Australia
(Fitzsimmons et al., 2007) and southern Africa (Telfer and Thomas, 2007; Stone and Thomas,
2008). These dune chronologies, along with the NW Negev OSL ages show a peak of dune
activity from the end of the LGM until the beginning of the Holocene.

Global Holocene dune activity differs from the Late Pleistocene record and is
characterized by a highly variable and spotty records of short-term mobilization episodes
(Singhvi and Porat, 2008). This may be due to a higher resolution stratigraphy and sampling,
anthropogenic influence and lack of differentiation between dune elongation and dune

mobilization episodes. The distinct late Holocene episode of the NW Negev does not match
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most of the global records. However, at the Godolla Hills, Hungary, an IRSL-dated sand
section has been found to be strikingly similar to the NW Negev dunes with an upper 1.5-2.2
ka unit overlying a 14.3-15.5 ka unit (Novothny et al., 2010).

Beyond these observations, most global dunefield luminescence age suites lack a
sufficient quantity of ages to configure a reliable palaeoclimatic scheme (Telfer et al., 2010).
The global age suites may also partially be a result of sampling, where clustering of dune ages
was biased to upper dune sections that were more commonly sampled (Bateman et al., 2003).
In addition, conclusions were drawn from small age sets of 10-20 samples that represent vast
areas from different sedimentary environments. Though there is no universally accepted
minimum number or density of OSL ages recognized for dunefield studies, a data set of
around 100 ages (depending on dunefield size and morphology), seems to be a minimal
condition for a reliable reconstruction of dunefield evolution (Telfer et al., 2010).

Nevertheless, there seems to be a certain contemporaneous activity of dune in low-
latitudes around the LGM and during the post-LGM period, with a dramatic cessation of
activity with the commencement of the Holocene. This suggests that the Late Pleistocene -
Holocene transition involved a long-term decrease in gustiness, a hypothesis that requires

more testing.

3.6 Conclusions

In this study, we present a large and spatially dense OSL database for the NW Negev
dunefield, supported by fully documented dune sections, sedimentological data and
geomorphic attributes. The Sinai-Negev Erg is young in a global perspective. Encroachment
episodes in the Sinai section of the Erg are suggested to be chronologically similar to the dune
incursion episodes into the NW Negev. While evidence for sand is found since 100 ka in the
NW Negev, sand supply that generated the most OSL-dated dune accretion and elongation is
suggested to have begun only since ~35 ka due to ample Nilotic sand supply. Calcic soils in
the NW Negev were exposed at the surface until ~30 ka, after which they were eroded and
buried by the encroaching dunes, indicating stability prior to the LGM. A relatively short
LGM and post-LGM (23-11.5 ka) gusty climate transported aeolian sand into the Negev in
several incursion episodes. At ~23 ka, initial evidence of dune buildup is identified. Between
16-11.5 the NW Negev witnessed extensive dune incursion. A rapid accretion event around
~16-14 ka, followed by short-term stabilization, left impressive dune and sand sections in the
Negev and suggests that the post-LGM period had a stronger aeolian imprint on the region.

By ~11.5 ka, dunes covered the full extent of the present dunefield, and a significant drop in
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the regional gustiness may have occurred shortly thereafter. These episodes generated dune
damming of Negev fluvial systems and produced lakes and ponds that supported prehistoric
short-term camps.

The distinct late Holocene (2-0.8 ka) dune mobilization and incursion episode developed
under conditions very different than the Late Pleistocene dune incursion environment. It
certainly illustrates the sensitivity of the aeolian dune system to external forcing mechanisms,
and additional investigation is needed to define the controls for this episode.

The sedimentary archive of the Negev VLDs demonstrates that different VLD
morphologies have similar chronostratigraphy and VLD buildup and elongation are probably
reliable proxies for periods of regionally gusty climates, as long as sand supply is not a
limiting factor. These finds reinforce the value of VLDs for evaluating past regional

environments.
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4.0 Abstract

The redness index (RI) (Rl = R%/(B*G®) of aeolian sand has been shown to be a promising
qualitative spectroscopic method to define sand grain redness intensity, which reflects the
extent of iron-oxide quartz grain coatings. This study investigates the relationship between
redness intensity and optically stimulated luminescence (OSL) based depositional ages of
sand samples taken from exposed and fully-drilled vegetated linear dunes in the northwestern

Negev dunefield, Israel.

Sand redness intensity did not vary greatly along the Negev sand transport paths and dune
sections dated to be active during the Late Pleistocene (~18 - 11.5 ka), late Holocene, and
modern times. No correlation was found between RI intensity (i.e., redness) and the

depositional age of the sand.

The relatively uniform RI values and sedimentological properties along most of the dunes
suggest that sand grain coating development, and consequent rubification, have probably been
minimal since the Late Pleistocene. Although it is possible that RI developed rapidly
following deposition in a wetter Late Pleistocene climate, the drier and less stormy Holocene
does not seem conducive to sand-grain rubification. Based on analyses of northern Sinai sand
samples, remote sensing, and previous studies, we suggest that the attributes of the sand grain
RI have been inherited from upwind sources. We propose that the sand grain coatings are
early diagenetic features that have been similarly red since their suggested aeolian departure
from the middle and upper Nile Delta.

4.1 Introduction
4.1.1 Sand color

Aeolian sediments in arid environments lack sedimentological characteristics such as
organic remains, thus preventing palaeoenvironmental and palaeoclimatic reconstruction.
Geochemical information, such as sand color intensities in quartzose sands, was often
accepted as promising evidence for environmental reconstruction (Pye and Tsoar, 1987;
Bullard and White, 2002).

Although it is poorly understood in terms of its formative process, sand color is a basic
and easily described bulk property. Variation in sand redness intensity has been extensively
described, mainly based on Munsell color criteria in arid tropical, humid tropical, and humid

temperate climates across the globe, both in coastal (Lancaster, 1989; Ben-Dor et al., 2006)
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and inland desert dunes (such as Folk, 1976; Gardner and Pye, 1981; Anton and Ince, 1986).
Whereas Munsell colors have been correlated to sand redness measured by field radiometry,
the description of Munsell color is subjective, and radiometric measurements have higher
precision (Bullard and White, 2002).

The reddish color of sands is understood to be the result of quartz grain staining, usually
by thin orange to dark red coatings concentrated in grain pits and blemishes (Gardner and
Pye, 1981; Hunt, 1991; Stanley and Chen, 1991; Besler, 2008). Scanning electron
microscope (SEM) readings show that the surface of reddened quartz sand is covered in
flakes and granular aggregates of hydrates of iron oxides, in which goethite (FeOOH) and
hematite (Fe,O3) are the primary and secondary iron oxide compounds, respectively
(Wopfner and Twidale, 1988; Pye and Tsoar, 2009). In time, these compounds fully coat the
sand grain (Phener and Singer, 2001) in a process called rubification, which is defined as a
change in soil color to yellow or red during intense weathering, thus liberating iron which
then attaches to clay minerals (Mayhew and Penny, 1992). This quasi-pedogenic process
involves the breakdown and weathering of iron-bearing minerals (Gardner and Pye, 1981)
that usually originate from the parent rock (Folk; 1976; Anton and Ince, 1986) or in aeolian
dust (Walker, 1979; Gardner and Pye, 1981; Hunt, 1991). Gardner and Pye (1981) and
Anton and Ince (1986) hypothesized that sand grain redness is acquired following deposition
without direct connection to the parent rock in surface to near-surface oxidizing conditions
in drained sand. Iron release and deposition is controlled by several environmental factors
such as mineralogy, temperature, moisture, and water pH. When source factors and
environmental conditions are homogenous, we can assume that varying hues of red in sand
indicate different ages (Norris, 1969; Folk, 1976; Hagedorn et al., 1977; Walker, 1979;
Gardner and Pye, 1981; Wopfner and Twidale, 1988; Goudie et al., 1993; White et al., 1997;
Tsoar et al., 2008, 2009). Thus, in some cases, sand redness quantification can potentially be

a relative indicator of elapsed time.

There is considerable disagreement about the sand-grain rubification process (Besler,
2008). Time seems to be an important factor for both laboratory experiments and the natural
rubification process, but there is no proof of a direct relationship between reddening and the
age of sand using absolute dating. Although grain reddening has been simulated in the
laboratory (Williams and Yaalon, 1977; Merrison et al., 2010), adapting this experimental
data to natural processes is complicated. Grain residence time has been suggested as an

important factor in reddening (Lancaster, 1989). Inland sand rubification is a slow process in
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arid and semi-arid climates, but in stable sand, distinguishable reddening can be attained in
less than 10 k years (Gardner and Pye, 1981). The remotely sensed progressive rubification
of late Holocene Israeli coastal sands moving from the coast inland is suggested to be
analogous to time (Ben-Dor et al., 2006), but this concept has not been proven by in-situ

dating for either inland or coastal dunes.

Previous studies have shown that most ergs, such as the Great Sand Sea in Egypt, the
Taklamakan Sand Sea in China, Rub’ al Khali in Arabia, and the Fachi-Bilma Erg in the
central-eastern part of the Tenéré Desert in Niger (after Besler, 2008), are homogeneous in
color. These studies, however, did not describe entire dune sections and neglected to include

sufficient luminescence ages to investigate the relationship of sand redness to age.

4.1.2 Spectroscopy of sand redness

For Earth scientists studying aeolian processes, spectroscopic analysis techniques improve
upon, and complement, the tools available for analyzing sediment properties. Various
methods have been applied to spectrally measure sand redness. Free iron oxides that give soils
their red color are identifiable across the VIS-NIR range and are spectrally active between
550 - 650 nm and 750 - 900 nm (Ben-Dor et al., 2006). Multi-spectral remote sensing and
laboratory spectroscopy using different indices have proven themselves reliable tools for
quantifying sand redness, even though they are based solely on the visible red (R), green (G),
and blue (B) bands (Madiera et al., 1997; White et al., 1997). Sand redness was evaluated
using the R,G, B bands of a digital camera (Levin et al., 2005) and field spectroscopy was
used to quantify the iron oxide coatings of dune sand (Bullard and White, 2002). Iron oxide
coated sands have also been multi-spectrally mapped based on laboratory measurements
(Bullard and White, 2002; White et al., 2001; 2007). Recent remote sensing of central Saudi
Arabian dune forms and sand redness demonstrate the complexities in understanding the

significance of dune sand redness intensities (Bradley et al., 2011).

Redness indices are reliable in quantifying iron oxide sand-grain coatings. In the laboratory,
spectroscopic spectral index measurements of sand grain coatings have been positively
correlated with the Fe mass extracted from the grain-surface iron coatings using dithionite-
citrate-bicarbonate (DCB) (Bullard and White, 2002; Ben-Dor et al., 2006; White et al., 2007,
Tsoar et al., 2008).

Laboratory spectroscopy provides a uniform measuring environment without the physical

and spectral constraints, such as changing surface cover (mixed pixels), variations in radiance
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relative to slope, atmospheric conditions, corrections, and varying observation angles, of
remote sensing and field spectroscopy. Furthermore, remote sensing and field spectroscopy
only measure the surface of the Earth (which can be covered by vegetation and crust), while

laboratory spectroscopy can also measure sediment extracted from the subsurface.

Recent improvements in dune-drilling techniques (Stone and Thomas, 2008; Roskin et al.,
2011a; Munyikwa et al., 2011) enable full dune profiles to be sampled. Hand drills can easily
penetrate over 10 m into a dune and retrieve sand samples while preserving the dune’s
stratigraphy. Advances in the optical dating of quartz as the single aliquot regenerative (SAR)
dose protocol (Murray and Wintle, 2000) have triggered a growth in the number of sand
samples dated per study, significantly improving the chronological framework of studies. This
study combines these improvements, which greatly facilitated the spatial and vertical

quantitative analyses of dune sand rubification over time.

4.2 Study goals

In this study we challenge the hypothesis that dune sands redden with time. Our goal is to
investigate the redness of the Negev and Sinai aeolian sands. We examine the relationship
between the OSL age and redness intensity of dune sand sampled from the northwestern
(NW) Negev dunefield (Fig. 4.1). If indeed dune sands do redden with time, deeper, more
mature sands should be redder, and downwind dunes that have undergone longer periods of

transport may also be redder.

By concurrently using spectroscopic measurements of sand grain redness acquired in this
study and OSL ages of NW Negev dune profiles from Roskin et al. (2011a), we analyzed
post-depositional changes in redness in-situ and along Negev transport paths. Using the
northern Sinai sand sample and multi-spectral remotely sensed sand redness values, we
analyzed spatial trends in an effort to understand the transport, source, and formational

controls of red coatings of sand.
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Figure 4.1. a. A regional map of the Sinai-Negev erg. The erg, stretches south and parallel to
the southeastern Mediterranean coastline and extends eastward from the middle and upper
northeastern Nile Delta, crosses the Egypt-Israel border (dotted black line) and extends into
the northwestern (NW) Negev Desert. In northern Sinai, the mountain ridges of Gebels
Maghara and Lagama block part of the dunes and expose Jurassic and Lower Cretaceous
sandstones. The NW Negev dunefield was geomorphologically classified by Roskin et al.
(2011a) into a northern (N on map), central, (C) and southern (S) dune encroachment
corridors. A dashed black line distinguishes between the northern and central corridors while
the Qeren ridge stands between the central and southern corridors. Grey box depicts figure 1b.
b. Dune axis mapping results, sampling site names and incursion corridors (in capital letters).
Dunefield regions [southwestern (SW), western and eastern] are also displayed and are
referred to in the text.
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4.3 Study area

The study area consists of the northern Sinai-NW Negev erg (Sinai-Negev erg), which is
geopolitically split by the Egypt-Israel border (Fig. 4.1a). Unfortunately, the presently
restricted access to the Egyptian portion of the erg precludes sand sampling in the northern
Sinai Peninsula, making remote sensing a major tool for extracting data on Sinai sand
properties. The erg lies to the north and downslope of a series of Mesozoic mountain ridges
and Eocene highlands of mainly carbonate strata. Certain ridges, such as Gebel (Arabic:
mountain) Maghara and Gebel Hillal in the northern Sinai, contain erosional cirques and
expose Jurassic-Lower Cretaceous Kurnub Group thick sandstone sections boasting colors of
yellow, red, orange, and brown, (Farag, 1955; Barakat, 1956) (Fig. 4.1).

The source of the northern Sinai dunes is believed to be the Nile Delta (Hunt, 1991; Tsoar,
1990; Roskin et al., 2011a), though this has not been proven. The coastal quartz sand dunes of
the northern Sinai (Tsoar, 1976) and southern Israel (Ben-Dor et al., 2006) are whiter than
those further inland. It is suggested that this is due to the bleaching, probably by the
dissolution of oxides in water, of sand grain coatings in the submerged portion of the Nile
Delta (Stanley and Chen, 1991) and of sand grains being carried by longshore currents along
and onto the northern Sinai and southern Israel coasts (Emery and Neev, 1960). Upper and
middle Nile Delta quartz sand grains that have not been in contact with the coast are partially
coated (Stanley and Chen, 1991). The Sinai sands east of the Delta mainly comprise active
bare linear seif dunes (Tsoar, 1995; Misak and Draz, 1997; Abdel-Galil et al., 2000; Rabie et
al., 2000) that allow remote sensing of the surface sand properties. The northern Sinai dunes
extend in a general west-east orientation into the NW Negev. Luminescence dating of the

Sinai dunes has not been carried out.

The NW Negev dunefield (N30°/E34°) constitutes the Israeli section, covering
approximately 1,300 km?, of the Sinai-Negev Erg (Fig 1a, b). Its location at the downwind
end of the erg, where sand has been deposited since the Late Pleistocene (Roskin et al., 2011),
is considered a suitable location to study sand rubification. The dunefield comprises stable
vegetated linear dunes (VLD), whose vegetation cover, ranging from 5 - 15% (Siegal, 2009),
provides minute organic material to the dune section (Blume et al., 1995). Similar to the linear
dunes in the Sinai, the dunes elongated in a general west-east direction. The dune flanks are
currently stabilized by biogenic crusts (Danin et al., 1989; Karnieli and Tsoar, 1995; Karnieli
et al., 1996; Kidron et al., 2000). On the other side of the geopolitical border, the Sinai sands

are barren of vegetation and biogenic crusts, and thus, they can be remotely imaged directly
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from space or air to measure sand redness. The southern dunefield corridor, OSL-dated to be
slightly older than the central and northern dunefields (Roskin et al., 2011a), blocked and
diverted ephemeral streams (wadis). Nahal Besor is the only such watercourse that transects
the dunefield.

The dunefield runs along a desert fringe between the climatic zones of the Mediterranean
Levant and the global desert belts. Situated along the southern part of the wintertime
cyclonic tracks of the Mediterranean Cyprus Low (a migratory surface low in the eastern
part of the Mediterranean region accompanied by a cold air trough in the middle and high
altitudes), the NW Negev dunefield receives approximately 150 mm of annual rainfall in the
north and only 60 - 80 mm in the south. Accordingly, the biogenic crusts are several mm
thicker to the north (Almog and Yair, 2007). Potential evaporation is 2000 - 2200 mm/yr as
measured at Nizzana in the southwest corner of the NW Negev dunefield (Fig. 4.1) (Stern et
al., 1986). Further details of dunefield climate can be found in Littmann and Berkowicz
(2008).

The Late Pleistocene climate along the Sinai-Negev Erg has been interpreted to be
stormier, wetter, and windier (Enzel et al., 2008). An archaeobotanical investigation of the
Central Negev Highlands south of the Negev dunefield suggests a wetter Late Pleistocene
between 18 and 10 ka (Baruch and Goring-Morris, 1997). During the Late Pleistocene until
14 - 13 ka, the northern Negev is suggested to have received 300 - 350 mm of rain (Vaks et
al., 2006).

Previous spectroscopic and remote sensing research of the NW Negev that targeted surface
sands and processes by applying different indices and complemented by laboratory work
yielded important data but identified only general and undated spatial trends. Dunefield
surface sand Munsell readings are 7.5 - 10 YR, value 4.4 - 7.5 and chroma 3 - 8 (Tsoar, 1976;
Hunt, 1991; Blume et al., 1995, 2008; Campbell, 1999). These and other Munsell readings of
Israeli arid and rubified soils have not been accurately converted to the redness ratio (after
Mathieu et al., 1998) (Campbell, 1999) and spectral color ratios (Kelhamer, 2000),
respectively.

Hunt (1991) suggested that the 2 - 4-um thick amorphous iron coatings of Negev sand-
grains occurred following the translocation of fines down the dune section (after Walker,
1979). Clays are retained on the grain surface as menisci films. Dissolution of fine fractions
of heavy minerals contributes Fe leading to reddening of these clay films and colorization of

the sand grain. The extractable Fe range by DCB for the majority of the Negev sand samples
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(0.06 - 0.14 % Fe) (Tsoar et al., 2008) was higher than that for Israeli coastal sands (0.02 -
0.05% Fe) (Ben-Dor et al., 2006).

The Negev dune redness ratio based on laboratory spectroscopy was found to have limited
spatial consistency with the slight reddening trend observed from west to east (Campbell,
1999). However, these were confined to surface samples, and sampling sites were based
neither on sand transport paths/corridors nor on statistical logic. Using laboratory
spectroscopy, Wenkart (2006) and Tsoar et al. (2008) divided the dunefield into three sand
units based solely on contouring a grid of the spectroscopic redness index (Rl = R%/(B*G®) of
sand sampled ~20 cm beneath the surface. Wenkart (2006) and Tsoar et al. (2008) suggested
that the west-central part of the dunefield north of the Qeren Ridge represents the latest dune
incursion due to its lower RI values, whereas the redder northern and eastern dunefields
contain the most mature sands. However, these sand units only partially agree with sand-
transporting wind directions and linear dune orientation, and therefore, they were
subsequently modified into three dune encroachment or incursion corridors (northern, central,
and southern) by Roskin et al. (2011a) based on GIS dune axis and slope mapping (Fig. 4.1).
Dune corridor classification was further supported by mineralogical analysis and a spatially
dense sampling campaign of 97 OSL ages from dune and interdune sections that generated
several important findings. Sporadic aeolian sand deposition between ~116 - 30 ka stabilized
and developed into calcic loamy palaeosols, pre-date the Negev dune encroachments. Aeolian
sand cover, sufficient to form dunes, began to accumulate only at ~23 ka in the southwest
dunefield corner. Following the last glacial maximum (LGM) (22 - 18 ka), the dunes invaded
the NW Negev along the three main west-east encroachment corridors, and three main
chronostratigraphic layers accumulated. The main dune encroachment occurred between 18 -
11.5 ka (Roskin et al., 2011a), and thick sand sections developed in the western dunefield. It
has been suggested that dune elongation occurred in a windy climate during the Heinrich 1
and Younger Dryas cold events and that the eastern dunefield developed mainly in the
Younger Dryas (Roskin et al., 2011b). Additional incursions and remobilizations have been
dated to the late Holocene (~2 - 0.8 ka) and modern times (150 - 8 yrs), respectively (Roskin
et al.,, 2011a). Beyond these episodes, the dunes were usually quasi-stable and probably
partially encrusted (Roskin et al., 2011a). Observations and experimental results suggest that
these relatively prolonged periods of dune quiescence may have enabled sand grain

rubification.
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4.4 Field and laboratory methods
4.4.1 Sampling methods

Sites in the Negev dunefield were selected at the western and eastern extents of each
encroachment corridor to measure the hypothesized dune age-controlled color change from
west to east (Fig. 4.1). Sand was sampled from full vertical sections of dunes and sand
deposits in the Negev (Roskin et al., 2011a). This sampling strategy is hypothesized to
account for an understanding of sand rubification trends, both spatially along sand transport
corridors and temporally due to in-situ conditions. Most of the sections are exposed, which
improved the reliability of the chronostratigraphic analysis. Drilling was performed with
Dormer Engineering hand augers, and drill holes were usually cased with PVC pipes to
stabilize the borehole and prevent sediment fall and sample contamination. Sand was usually
sampled approximately every 1.5 meters along drilled sections or according to stratigraphic
units identified in exposed sections. More than 200 sand samples were gathered from 32 dune
and interdune sand sections. Samples for OSL dating were chosen from 28 sites (Table 4.1).

Northern Sinai sediment samples, which helped validate the remotely sensed results, were
acquired courtesy of Dr. Amihai Sneh, who sampled them for the Geological Survey of Israel
during the late 1970s. To assess whether the southern Negev dunefield sands originated from
a northern Sinai Late Cretaceous and Jurassic source, samples were taken from Negev
analogues of these sands. Exposures of the Lower Cretaceous Kurnub Group (Hatira
Formation) (Nubian) sandstones and Jurassic Inmar Formation sandstones in the Ramon
erosional cirque in the central Negev Highlands were sampled (Fig. 4.1). Several samples
were collected near representative sampling sites of Wenkart (2006) and Tsoar et al. (2008)
and several samples from throughout the Negev dunefield, measured by Wenkart (2006) and
Tsoar et al. (2008) were re-measured to ensure that our Rl measurements were consistent with

the previous work.
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Table 4.1 List of the main sedimentological, RI, and OSL results for all sites and samples.
The main site names appear in Fig. 4.1b and the numbered sites appear in Fig. 4.5b.

Cc = calcium carbonate. A = Hand augered section. Ex = Exposure.

Section no' + Main field description + Section Redness % fines OSL age  Section
physiography / location (for Sinai) type and Index (silt+clay) (ka) RI
sample (DF) sampling (RD) average
depth (m) and Std.
Deviation
NORTHERN CORRIDOR
1. Haluzit4 Ex+A
Broad VLD crest
31 sand 0.6 37.7 13.2 0.085+0.04 36.3
5
32 sand 1.2 41.2 0.14+0.03 5.5
33 sand 15 45.2
34 sand 1.9 37.6 14.8 1.440.2
35 sand 3.3 28.1 12.6 10.6+1.6
301 fine dry sand 29 30.8 8.7+1.0
302 sand 3.8 30.3 12.0£1.6
303 sand 4.5 36.6
304 sand 4.9 34.6 13.9 12.8£1.5
305 sand+clay peds 5.9 41.3
2. Haluzit4 Ex
Interdune (ID) sand
40 disturbed sand 0.3 32.9 38.1
41 relatively coarse sand 0.6 36.6 19.1 9.6+£0.5 55
42 slightly cemented dark sand 1.8 449 21.5 11.4+0.6
3. Haluzitl Ex
VLD axis
802 moist sand 2.9 32.5 20.4 1.740.3 33.3
803 sand 3.7 28.4 8.6 13.7£0.4 4.7
804 sand 4.5 27.3 10.2 13.7+1.1
81 sand 6.8 35.3 19.3 15.542.2
82 sand + dark cc nodules (lag 7.0 37.8 22.6
deposits)
83 clay-silty sand 7.5 38.4 27.4 106£19
4. Baladiya Ex+A
Wide broad VLD
71 fine sand 0.4 70.4 73.0
72 fine sand 0.7 69.2 24.1 9.8
73 fine sand 1.1 75.4
74 fine sand 1.8 77.6 13.4
75 cemented sand 2.4 50.8 24.2 3.0+0.6
76 slightly coarser sand 3.2 66.2 17.9 13.7£1.7
712 moist, 1-2% 1 mm cc stains 3.6 725
713 sand, slightly moist, peds 4.7 71.7
714 1% white cc stains, soft peds 5.7 829 8.7 15.6+£0.7
715 1% white cc stains, soft peds 6.7 87.3
716 uniform brown sand, no cc 7.8 88.1 15.9+0.7
717B sand 8.0 66.0
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T17A single cc stains 8.5 71.7

718 fine silty sand 9.3 60.0
719 light uniform fine sand 9.8 76.4 20.3 14.7+1.9
720 condensed sand 10.3 81.9 26.1

CENTRAL CORRIDOR

5.KD 73 A
Interdune depression
beneath transverse dune

slip face
681 dry fine sand 2.0 21.5 17.1 13.3+14 26.6
682 slightly moist coarse sand 3.0 25.9 13.2 3.8
683 sand 4.0 29.6 6.0
684 slightly moist coarse sand 45 25.2 9.4
685 sand 6.0 31.0 14.0 17.9+2.8

6. KD 73 A

VLD crest
690 moist sand 15 21.0 11.4 22.4
691 moist like DF 690 3.0 22.7 15
692 increasingly moist 45 20.8 7.0
694 slightly moist sand 8.0 23.1
695 moist sand 9.2 245 6.1 15.6£1.5

7. Tzidkiyahu Interdune A

Depression beneath
transverse dune slip face

521 2.5 23.3 5.6 24.9
522 3.4 23.0 15.8+£2.2 15
523 moist sand 4.0 22.9
524 moist sand 45 23.8 7.0 15.5+0.9
525 moist, slight brown streaks 55 25.6
526 " 6.6 24.8
527 " 7.3 26.7
528 " 7.9 25.0
529 " 8.7 25.1
530 moist sand, brown pigmentaion 97 26.4
660 moist sand 10.3 26.9 4.0 15.9+1.7
Tzidkiyauh ID transverse A
dune base
651 very slightly moist sand 1.6 234 23.5
653 4.0 24.0 0.4
654 moist sand 4.9 23.2 4.6
8. Tzidkiyahu tranverse A
dune between VLDs
531 sand 1.0 31.9 30.3
532 slightly moist sand 2.1 29.5 1.1
533 moist sand 3.1 30.6
534 moist 4.6 28.5 53 1.4+0.1
535 more moist 5.8 30.6
536 "brown sugar" texture 6.8 30.4
537 more moist sand smears auger 7.9 30.6 9.2 1.2+0.1

circumfrence

9. Tzidkiyahu VLD crest A
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550
551
552
553
554
555
556
557

10. BM west VLD crest
8001
8002/508
8003
8004/509
8005
8006/510
8007
8008/511

110
111

11. BM East VLD crest

7001
7002
7003

7004/513
7005a

7005 (b)/514

7006

7007/515

BM East VLD flank
130
135
136
137
138
139

13. BM
VLD interdune
4000
4001
4003
4004
4005
4008 / 506

BM east
Interdune playa, (South)
485
486
487
488

BM east Interdune playa,
(North)
6000

dry/initially cohesive sand
dry/initially cohesive sand

moist sand
moist sand

moister sand

moist sand

slightly less moist sand
moist sand

sand

sand

slight moist sand

moist sand
moist sand

slightly consolidated sand

moist sand
moist sand
moist sand

sand
sand
sand
sand
sand

slightly moist sand

quite moist sand
moist sand

less moist sand

moist sand
moist sand
sand

moist sand

silty sand
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1.2
1.8
2.9
3.8
4.9
6.2
6.0
7.2

1.5
3.1
4.0
5.5
6.6
7.7
8.8
9.8

4.0
4.7

24
3.1
3.8
45
5.3
6.3
6.8
7.6

1.0
25
~1.4
13

0.8

15
2.5
3.8
5.0
5.6
6.5

5.9
6.9
7.9
8.6

0.5

31.5
29.7
31.7
27.5
26.7
25.9
26.5
27.1

29.8
28.5
29.8
217.7
27.3
30.0
28.5
27.6

28.7
28.4

31.6
32.6
32.7
31.5

29.7
29.7
29.9

29.3
27.9
30.8
29.4
29.9
29.0

27.5
28.3
34.5
43.2
42.1
37.8

41.7
48.3
53.6
45.2

29.0

6.4

4.8

4.4

7.3
6.3
12.7
13.1

9.0
13.5

6.6
5.4
16.2

14.6

9.7

8.7

7.3

7.9

1.4+0.1

0.5+0.1

0.9+0.1

0.5+0.1
1.8+0.2

0.8+0.1

0.8+0.1

1.7+0.2

1.2+0.1

17.7+2.1

14.7+2.0

28.3
2.3

28.7
11

311
13

29.9
0.9

35.6
6.7

47.2
50

35.0



6001
6002
6003

13. MM
VLD crest
10
11
12
13
14
15
16
17a

14. Retamim
Interdune
540
541
542
543
544
545
546
547
548
549
700
701
702

15. Retamim Broad VLD
crest
560
561
562
563
564
565
566
567
568

16. Ramat Bega quarry
575
576
577
578
579

580

17. Sekher VI, South
1

2
3

18. Sekher VI, North

sand with 5% silt
dry sand
dry sand

sand
sand
sand
sand
sand
sand
sand
sand

dry sand

moist sand

moist sand, 1-5cm cc nodules

dark brown moist sand

clean sand

white stains sand friable peds
peds with red rusty stains inside
silt y blocky peds, no nodules

moist sand

moister sand

silty-sand

silty sand
sand+snail shells
sand

sand with cc stains and 1-2 mm
nodules
sand with cc stains and 1-2 mm
nodules

Uniform structureless sand, roots,
slight consistency, vertical crack,
burrows, 3% snailshells <lmm
Below Natufian layer, sand

dry loose sand

1.0
2.2
2.8

Ex. + A

0.5
13
2.0
2.6
3.6
4.7
5.7
7.0

0.8
1.7
24
3.3
3.8
4.6
5.3
5.7
6.7
7.4
7.6
7.7
7.8

0.4
15
2.3
2.9
4.0
4.6
6.1
7.1
7.8

Ex.
8.0
5.2
4.9
4.9
4.3

3.1

Ex.
0.5

0.8
15

Ex.
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29.5
40.1
41.2

31.4
334
36.4
34.9
44.7
36.4
36.3
33.3

30.7
33.0
36.6
241
21.3
39.0
20.6
42.9
49.0
45.7
50.3
53.0
34.0

40.0
35.2
40.1
38.9
354
38.3
37.9
37.5
35.0

55.9
42.0
46.6
57.2
64.4

52.2

39.1

38.3
38.4

10.6
9.1

9.3
13.5

10.3
5.8

3.5

8.3
17.1

9.0
26.5

13.1
12.4

8.8

6.5
5.1

4.4

219
16.6
13.9
6.2

14.8

8.9

9.1
10.4

0.045+0.01

0.04+0.01

1.3+0.1

9.3+2.0

1.5+0.1

16.0+2.1

19.3+1.8

27.3+3.8

22.8+3.1

10.7+£1.5

11.6+1.8

4.8+0.7
5.6+0.6

3.2+0.5

11.9+1.4
13.7+1.3

6.6

35.8
4.0

36.9
11.0

37.6
2.0

53.1
8.0

38.6

0.5



SOUTHERN
CORRIDOR
19. Halamish west
VLD crest
611
612

20. Halamish East
VLD crest
581
582
583
584
585
586
587
588
589
632

21. Halamish
VLD flank
618

22. Halamish
Interdune
625
626

23. Beer Malka Transverse

dune
1
4

24. Nizzana Reservoir

516
518

25. Mitvakh
VLD
200

26. Mitvakh
VLD crest East
671
672
673

27. Shunera West
VLD flank
601
602

horizontally bedded sand

10 cm Natufian layer. wavy, cc

nodules, lag deposits
sand

sand
sand

slightly moist sand
moist sand
moister sand

moister sand

extremely moist sand
extremely moist sand
moist sand “brown sugar"

dune sand

fine sand
fine sand

coarse sand
coarse sand

fine horizontally bedded sand
sand

sand
drill
slightly moist sand

loose sand
loose sand

active sand
clean sand

100

1.6
1.8

2.0

Ex.

1.0
1.7

1.0
1.8
3.0
4.0
4.8
6.0
7.0
8.0
9.0
9.4

EX.

1.2

EXx.

13
2.3

Ex.

3.0
3.0

EXx.
2.3
3.7
EXx.

9.3

3.6
55
6.5

Ex.

3.0
8.0

40.6
41.7

36.0

41.6
37.3

60.2
59.0
56.5
64.8
63.7
59.3
78.7
56.4
64.2
66.9

61.1

35.6
40.2

44.3
49.7

53.9
61.1

62.0

44.5
42.3
40.8

50.1
63.4

10.2
8.1

7.2

10.7

15.5
9.6
7.5

20.9

14.9

26.8
27.1

59
8.0

30.0
259

21.0

2.9+0.1
3.7+0.3

12.5+0.5

13.2+1.8

23.3+3.4

14.3+1.8
19.1+2.9

17.5+3.3
12.2+2.1

14.7+1.7
20.4+2.4

14.3+0.8

39.4
3.0

39.4
3.1

63.0
6.6

61.1

37.9
3.2

47.0
3.8

57.5

5.0

62.0

42.5
1.9

64.5
10.6



603
604

28. Besor terrace
Fluvial dune terrace
635
637
638
639
640
641b

641a

RAMON CIRQUE,
KURNUB GROUP —
HATIRA FM
SANDSTONES

RAM1
RAM2
RAM3
RAM4
RAM5
RAM6
JURASSIC SANDSTONE
RAM10
RAM11
RAM12

NORTHERN SINAI
SANDS
A20
A24
A30
A22
A4
A38
Al
A26
A32
Al6

A39
A46
A34
AG7

AG2

sand with carbonate stains
sand

dry sand

moist sand

sand

sand few fines, slightly moist
dark sand , slightly moist

dark sand, few peds, slightly
moist, white auger smears
sand

red

pink

purple

green yellow
white

orange

brown
brown
brown

Wadi Ghazala dune sand
Bardawil Sabkha dune sand

Al Arish dune sand

Gebel Hamir (base?) dune sand
Bir Hasana barchan dune
Bardawil Sabkha sand

Bir Hasana barchan dune

Bir Gafgafa dune sand

Al Arish dune sand

Wadi Kharadein channel fluvial-

reworked? sand

Wadi Al Arish (by A-A airport)

bank sand
Gebel Libni jnct. rippled and

laminated fluvial-reworked? sand

Al Arish beach sand, heavy
minerals

(Bir) Maqdaba (Al-Arish?) wadi
bank horizontal stratified fluvial-

reworked? sand

Al Arish (Wadi ?) channel bank

fluvial-reworked? sand

10.5
12.7

Ex.+A

11
2.1
3.0
3.5
44
4.6

4.5

no data
no data
no data
no data
no data
no data
no data
no data
no data
no data

no data
no data
no data

no data

no data
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73.3
71.4

52.0
56.8
55.8
54.6
61.2
43.3

63.4

98.1
10.2
60.2
6.8
42.9
22.5

137.1
47.1
30.8

44.6
44.5
31.3
31.0
27.3
26.2
25.9
24.0
21.6
21.2

21.0
18.9
18.2
16.6

12.1

23.7

12.3+0.9

55.3
6.5

40.1
34.9

71.7
57.3



4.4.2 Spectroscopic measurements and indices

Laboratory spectroscopic preparation included carefully measuring 60 cc of split loose sand
that was room-dried at 20 °C for 24 h in plastic plates to evaporate water vapor and eliminate
condensation during measurement. To preserve the components that give the sample its
natural color, samples were neither sieved nor purified. Sand samples were gently hand-
ground to decimate peds. Immediately prior to measurement, the sand samples was
transferred to a 4 x 4-cm opaque plastic black box and gently shifted to create a flat surface.
Sand reflectance was measured using a contact probe of an ASD (Analytical Spectral Device)
Fieldspec spectrometer (covering the VIS-NIR-SWIR spectrum (350 - 2500 nm) with an
electrically-powered built-in Tungsten (1000 W) lamp at 45°. The contact probe was placed in
a specially prepared wooden probe muzzle designed to ensure a uniform measurement
distance of 1 cm of the probe edge from the sand surface. Measurements were taken from four
directions for each sample to avoid a Bidirectional Reflectance Distribution Function
(BRDF).

All readings for each sample were averaged. The spectral bias between internal sensors at
around 1000 and 1800 nm was corrected and the redness index was calculated using Ben-
Gurion University of the Negev’s Earth and Planetary Imaging Facility (EPIF) bias correction
MatLab algorithm.

4.4.3 Spectroscopic indices

The redness index [(RI), RI = R¥(B*G®)] was found to be a favorable index for the
quantitative spectral measurement of sand rubification (Ben-Dor et al., 2006; Levin et al.,
2007) and has been applied to the Negev dunes by Tsoar et al. (2008) (Table 4.2). RI values
correlated to extractable iron oxide after Ben-Dor et al. (2006) and Tsoar et al. (2008)
(R>=0.89, 0.67, respectively) for Israeli coastal and Negev sand coatings, suggesting
compatibly of the index for quantifying sand grain coating redness. The Rl was calculated
using specific though different R, G and B bands by Ben-Dor et al. (2006) and Tsoar et al.,
(2008) (Table 4.2). The dimensionless redness indices represent a ratio that indicates relative
degree of redness. Continuum removal (CR) transformation of the NW Negev sands spectra
showed a distinct absorption at 498 nm (Wenkart, 2006), close to that of goethite (485 nm)
(spectral library, Grove et al., 1992), indicating the spectral potential to map this mineral. We
chose the specific R, G, and B bands after Ben-Dor et al. (2006), though both RI results using
the Ben-Dor et al. (2006) and Tsoar et al. (2008) bands are positively correlated (R? = 0.94).
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4.4.4 Landsat imagery
Landsat 5 TM images (Row 175, images 38, 39) from June 1987 (30 m/pixel) were used.

Since 1982, the relatively bare Negev dunes have been closed to Sinai Bedouin livestock
grazing and wood gathering, leading to the rehabilitation of biogenic crusts and vegetation
(Meir and Tsoar, 1996; Karnieli and Tsoar, 1995; Tsoar, 2008; Tsoar et al., 2008). By 1987,
developing Negev dune vegetation and crust covers are presumed to have already created a
bias in the Wenkart (2006) ferric index analysis based on Landsat imagery. To compare the
Sinai results to those of the Negev and to minimize the effect of the biogenic crust on Negev
surface reflectance, the 1987 dates were nevertheless chosen because they were closest
(earliest) to the land cover change that began in 1982. Another image taken in August 2003

was examined for control and is mainly applicable to the relatively bare Sinai sands.

The images were corrected using an improved dark object subtraction method, assuming 1%
surface reflectance for the dark objects (Chavez, 1996; Song et al., 2001) (supplementary

material A).

To fit the single band ASD Fieldspec spectrometer-measured RI to the Rl of wide-band
Landsat multispectral reflectance, the ASD Fieldspec spectrometer RI values were
recalculated by resampling to match the reflectance spectra to Landsat spectral resolution. An
R? correlation of 90% was found between the ASD Fieldspec spectrometer RI and the
resampled bands (Table 4.2). Regional redness index maps of northeastern Sinai and of the

NW Negev sands were processed using the RGB bands (Table 4.2).

Table 4.2. Redness index band data from previous studies and the Landsat TM images, and
their inter-relationship and relationship to Fe mass of sand-grain coatings.

R” of RI vs Fe mass
Source R-Band | G-Band | B-Band extr_acted b_y dithionite- R
citrate-bicarbonate
(DCB)
Tsoar et al., 640 510 460 0.67
2008
Ben Dor et al., 693 556 477 0.89 0.94 between Tsoar
2006 et al. (2008) and Ben
Dor et al. (2006)
RGB bands
Landsat 5 TM Band 3; | Band 2; | Band 1; 0.90 between ASD
images 500- Fieldspec
(Row 175, 614- 624 nm 435- spectrometer derived
images 38,39) | 704 nm 520 nm Rl to RI by
resampling the ASD
spectra to Landsat
bands
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4.4.5 OSL dating laboratory procedures

OSL dating used a modified SAR dose protocol to measure the equivalent doses. Purified
quartz sand-grain fractions of 125 - 177 um were measured on Riso TL/OSL readers. Gamma
and cosmic dose rates were mainly estimated from burial depths. o and 3 dose rates were
calculated from concentrations of the radioactive elements (K, Th and U) in the sediments
measured by inductively coupled plasma atomic emission spectrometry. Further details and
discussion regarding the accuracy and reliability of the OSL results are described in Roskin et
al. (2011a).

4.4.6 Sedimentology

To better understand other sedimentological factors that may promote or hinder sand-
coating redness, we investigated the link between sand redness and particle size distribution
(PSD). PSD was measured mainly to investigate the contribution of the sand-silt ratio to
rubification and to establish a cut-off range for defining “sand” samples. This was carried out
by laser diffraction (using a Malvern Mastersizer MS-2000). Samples were split into 5-g
portions, sieved to <2 mm, and stirred for dispersion for 10 min in sodium
hexametaphosphate solution followed by ultrasonification for 30 s. Three replicate aliquots,
later modified to two aliquots due to good reproducibility of the results, were run for each
sample. Each aliquot was subjected to three consecutive 5-s runs at a pump speed of 1800
RPM. The raw laser diffraction values were transformed into PSD using the Mie scattering

model.

Sand samples from representative sections were measured for moisture content by oven-
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Figure 4.2. The reflectance spectra of sand samples from different parts of the NW Negev
dunefield. The samples display different RI values. For sample details and section location,
see Table 1 and Figure 4.5.
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4.5 Results
4.5.1 Redness index properties

The reflectance spectra of seven samples from sections throughout the Negev dunefield at
depths ranging from 2 - 10 meters are similar with respect to spectral features, although slight
differences can be noted in the average reflectance and brightness (Fig. 4.2). Rl and
sedimentological results are presented in Table 4.1. The re-measured samples of Wenkart
(2006) and Tsoar et al. (2008) had an R* = 0.88 correlation with the RI results of this study
and samples collected near Wenkart (2006) sites displayed correlative RI values. This
indicates that our Rl measurements were in accordance with, and comparable to those of

previous measurements.

Northwestern Negev dunefield RI values ranged from 21 to 87. Sand samples of both dune
and interdune sand sections usually displayed relative sand color, as observed in the sampling
plates, and corresponding RI down their vertical profile (Figs. 4.3 and 4.4; Table 4.1).
Therefore, to obtain a representative Rl value for each section, an average RI value and
standard deviation of each section was calculated. This enabled the spatial trends of the RI to
be mapped. Standard deviations for the RI of sections did not usually exceed ~15 % (Table
4.1; Fig. 4.5).

0
- a
A e - —— OSL age b
=~y O-%-'-O. "—_'.:; - == _RI
* 1.7+0. [ — — %silt + clay
X 13.7+0 £ _ -
£ y’
L, 13781 2 )
7.5 g a .
AN * .
N »
8 T T T T T T T
0 5 10 15 20 25 30 35 40
v ka/%/RI

Figure 4.3. a. The Haluzit 1 section exposing a vegetated linear dune (VLD) axis. The OSL
samples were defined based on dune stratigraphy. Observe the similarity of the sand color.
The bottom two ages are from calcic sandy palaeosols and not dune sand.

b. A depth profile of the OSL age, RI, and fine content of the section sands.
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Figure 4.5. a. Remotely sensed RI values of the Sinai dunes derived from Landsat images
taken in June, 1987. The colored boxes mark the location and spectrally measured RI of the
Sinai sand samples. Note by the southwest corner of the Negev dunefield the redder Sinai

sands close to the border.

b. Map of the encroachment corridors and average RI and standard deviation for the sampled

dune and sand sections of the Negev. The Negev dunefield section numbers (in grey)
correspond to Table 4.1.
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The RI values of the Negev sands do not correlate with their OSL age (Fig. 4.6). In each
section, OSL ages are naturally more mature with depth (Table 4.1; i.e., Fig. 4.3). At a
regional level, due to variances in sand sedimentation rates in the Negev dunefield, OSL ages
cannot be tied to specific depths. RI values per each section do not necessarily intensify with
depth (Figs. 4.3 and 4.4).

Spatial changes in the RI show that the southernmost encroachment corridor is significantly
redder than the central corridor, which is the least red (Fig. 4.5), in agreement with changes
identified by Tsoar et al. (2008) for surface sands only. However, eastern sections and, in
some cases, even more in their lower sections (i.e., Retamim ID; Fig. 4.1b; section 14 in Fig.
54.b; Table 4.1), are also slightly redder (Roskin et al., 2011b). An outstanding section is
Baladiya (Fig. 4.1b ; section 4 in Fig. 4.5b), in the northeast corner of the dunefield, which
shows the highest RI values in the entire NW Negev dunefield (Table 4.1; Fig. 4.5).

Compared with the RIs of Negev sands, those of the Ramon Cirque Lower Cretaceous sands
proved significantly variable (Rl =7 - 98), with red and purple sands exhibiting higher RIs.
Variability was also found in the light-brown to brown Jurassic sands (RI = 31 - 137) (Table
4.1).
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Figure 4.6. Scatter-plot showing the Negev OSL sand ages and their non-correlative RI
values.
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4.5.2 Sedimentology and RI

The Negev sands are mainly fine-grained (125 - 250 um). All sands were found to exhibit
unimodal distributions, usually around 150 - 220 um. Fine (silt and clay) content of dune sand
is usually less than 20% and per section the fine values are often quite uniform. Samples with
over 30% fines were not included in the RI analysis. Interdune silty sand units that
interchanged with fluvial sourced loams and some dune bases had up to 30% fines (16

samples). Sand RI did not positively correlate with fine content.

Sand moisture and XRD-derived sand mineralogy did not correlate to RI. Sand moisture
was very low, between 0 - 2%. Sections from different parts of the dunefield have different
moisture profiles. The relative abundance of calcite to plagioclase and quartz in several
samples, mainly from the fringes of the dunefield (Roskin et al., 2011a), did not show a
positive link with RI values. This may be spectrally explained by the absence of calcite
absorption in the measured RI bands and exemplifies that while post-depositional
mineralogical mixing is probably occurring, it does not affect sand-grain coatings and color,

signifying that sand-grain redness has probably been inherited at least since deposition.

4.5.3 Sinai sand data

Except for local variability due to littoral and fluvial processes, the northern Sinai sand
samples, at first glance, appear slightly less red than the Negev samples. The highest Sinai RI
value is 44 while several Negev RI values top 80. The lowest Sinai sample had an Rl of 18,
similar to the minimal RI values (DF 690; RI = 21; Fig. 4.1b; section 6 in Fig. 4.5b; Table
4.1) of the Negev sand. The RI values of the Sinai samples showed spatial variability,
although the limited and sporadic amount of data precludes the identification of spatial trends
and does not allow a consistent comparison with the Negev RI values (Fig. 4.5). The lowest
RI (=18) was recorded for a coastal sample, as these sands were probably bleached during
their seaward transport path (Emery and Neev, 1960; Ben-Dor et al., 2006). However, low-RI
(=18) samples were also retrieved at Gebel Libni in the south and Wadi Khareidin located
approximately 30 km west of the Egypt-Israel border were higher RI values are identifies for
the Negev and by remote sensing (Fig. 4.5). These sands may be fluvial or lacustrine
reworked sand (Sneh, 1983; Kusky and EI-Baz, 2000; Roskin et al., 2011c) that has
undergone abrasion and/or bleaching. Thus, most of the samples are comparable and

exhibited RI values from 24 to 44 RI, similar to the range found in the NW Negev.
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Satellite imagery can help us overcome the lack of samples for extracting spatially
continuous RI for the Sinai sand surface. Rl maps for the Sinai sands derived from the 1987
Landsat image show values of 20 - 40 RI that are similar to the spectroscopically measured
values of the Sinai sand samples (Fig. 4.5; Table 4.1). The RI map also shows limited change
in RI across the central Sinai sand body that continues into the central corridor of the NW

Negev dunefield.

4.6. Discussion
4.6.1 Controls of in-situ sand rubification

The similar RI values along the Negev dune and sand sections for sands of different ages
are quite striking. They indicate that these sands are probably not subject to rubification
processes, but instead, to rather limited and weak pedogenic alterations (Blume et al., 1995),
and therefore, these sections have been in a fairly steady state since their deposition.
Similarly, dune section sands in the southern Kalahari exhibit a homogeneous red color
(Stone and Thomas, 2008) (Munsell 2.5 YR 4/8-R), and the uniform iron coatings are
explained as pre-depositional features that have not undergone color change since deposition.
Whereas water (moisture), dust (fines), and minerals have been suggested to contribute to
sand rubification (Walker, 1979), we propose that the Negev sand sections have not
undergone substantial leaching, infiltration of fines, and the dissolution of dust and heavy

minerals to have generated subsequent oxidation and grain-coating growth.

The minute sand moisture variations of 0 - 2% are mainly controlled by crusts and seasonal
sand movement of the upper dune section. Annual and seasonal rainfall infiltration studied in
the southwest dunefield usually does not infiltrate the dune section to depths greater than 1 - 2
m (Yair et al., 2008). Beyond that depth, dune moisture is relatively steady and low. Gev
(1997), who studied a dune east of Nahal Besor in the Negev dunefield (Figs. 4.1 and 4.5),
also suggested that a limited amount of water percolates through the dunes and that the deep
dune section usually has a steady moisture content. However, during the Late Pleistocene the
northern Negev is suggested to have been rainier (Vaks et al., 2006) and to have experienced
substantially higher loess dustfall than today (Crouvi et al., 2008, 2009). In that rainier
climate, rainwater probably often percolated and the dune section probably had higher

moisture content.

Red colorization results from the presence of ferric oxide, which is derived from the

weathering of iron-bearing minerals such as augite, olivine, horneblende, and epidote
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(Gardner and Pye, 1981) that are not abundant in Negev sands (after Hunt, 1991). Though the
Negev sands are quartz-dominated (Hunt, 1991), we cannot prove that the sands did not
previously contain mafic minerals and that those minerals did not already decompose in the
past. Late Pleistocene water percolation and heavy mineral and dust mineral dissolution
shortly after dune deposition may have formed a uniform color through the sand section.
Ultra-natural rates of hot water circulation and leaching experiments by Williams and Yaalon
(1977) proved that iron-rich heavy minerals, mainly horneblende, laterate and precipitate iron

on surrounding quartz grains.

Sample DF 83 of the Haluzit 1 section (Fig. 4.1b; section 3 in Fig. 4.5b; Table 4.1) of a
sandy palaeosol dune substrate dated to 106+19 ka (Fig. 4.3), situated below a significant
hiatus and presumably covered previously by sandy to silty palaeosols (Roskin et al., 2011a),
has an RI value of 38 similar to the main dune section dating to 15 ka to the Holocene (Table
4.1). This finding presents strong evidence that RI values do not increase with time during the
Late Pleistocene, and it does not support the possibility that earlier deposits were lighter-
colored sands that underwent rapid reddening processes following deposition. These results
indicate that Negev sand redness has not changed since the drier Holocene.

Hunt (1991) identified a slightly positive relationship only between the amount of fine-
grained heavy mineral content and the grain coatings of Negev surface sands, weakly
suggesting that solute Fe caused sand-grain coatings. From the current data, we cannot prove
a relationship between heavy minerals and sand grain rubification in the Sinai and Negev.

Current silt and clay fractions also do not contribute significant weathered iron oxides to the
dune section. This may be due to the present and past high calcite and quartz contents of

regional dust (Littman, 1997; Crouvi et al., 2008) that lacks ferric materials.

The upper dune section, suggested to enable ferric precipitation due to oxidation (Gardner
and Pye, 1981; Anton and Ince, 1986), lacked the moisture and dust, in both the encrusted and
active dune surface scenarios, essential to this process. The Negev VLDs of today are
characterized by biogenic crusts that trap fines and limit rainfall percolation (Kidron et al.,
2000; Yair, 2008). Where these crusts are absent due to burial by sand or decimation by
trampling, seasonal activation of the sand of the upper dune section occurs even despite
rainfall-induced sand moisture (Allgaier, 2008). This sand reworking mechanism releases

trapped fines, promotes water evaporation from the upper dune section, and keeps the sand
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column in a relatively well preserved state that limits the factors and materials contributing to
pedogenetic processes.

A mechanism for trivalent to bivalent Fe iron reduction of sand grain coatings in the Negev
and Sinai dune fields, such as the bleaching process occurring in anaerobic conditions of
inundated sands between active parabolic coastal dunes in Brazil, is not likely (Levin et al.,
2007; Tsoar et al., 2009). Various color degrees down to depths of 8 m of inland vegetated
linear dunes in the Simpson Desert, Australia, have also been found to display similar ages
(Nanson et al., 1992). As this may be due to later reworking, it also suggests that sand redness
cannot be directly attributed to depositional age and that it may be attained either prior to

and/or shortly following sand deposition.

The lack of supporting and convincing evidence that the NW Negev sands reddened in-situ
following deposition or contact with carbonate fines seems to suggest that the red color of the

sand grains was inherited before their deposition in the Negev.

4.6.2 Spatial and vertical distribution of sand redness

It seems that there were two sand-color types that encroached into the Negev, with the sands
that initially encroached being redder. The southern encroachment corridor sections and lower
parts of some of the eastern sections have relatively higher RI values (~55 - 75) (Figs. 4.1 and
4.5; Table 4.1). Based on OSL dating, they appear to slightly predate the central corridor
sands (Roskin et al., 2011a), as suggested by Tsoar et al. (2008). The southern corridor is
more arid than the dunes to the north (Fig. 4.1), and this should imply that the rubification
processes shown to be connected to rainfall moisture are less intense. This strengthens our
argument that the Negev sands were probably not reddened or bleached during the more arid
Holocene. Therefore, this may imply that these sands were redder than their counterparts in
the central corridor already during their initial encroachment in the Late Pleistocene, which, in
turn, may suggest that the redder sands have a different sand provenance or stratigraphic

position than the lighter-colored sands.

Sands of the eastern dunefield sections with higher RI values probably reached the Negev at
a similar time to the southern corridor sands and were re-transported further east or covered
by lighter-colored sands during the main sand encroachment at 18 - 11.5 ka (Roskin et al.,
2011a). These include the Baladiya section (Fig. 4.1b; section 4 in Fig. 4.5b; Table 4.1) in the
northeastern corner of the dunefield that is dated to the main dune encroachment (~15.9 - 13.7

ka) but that has the highest RI values (average of 73). Also in the eastern part of the central
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corridor, the basal sand of the Retamim interdune section (Fig. 4.1b; section 14 in Fig. 4.5b)
dating to ~27 - 23 ka is also redder (Rl =43 - 53) than the overlaying 11-m thick interdune
and dune sands (Rl =20 - 37). This also strengthens the notion that the initial Negev dune
sand was possibly redder and not reddened shortly after deposition. Thick, fluvial, brownish-
yellow sand units along Nahal Besor IRSL dating back to ~20 ka may have originated in these
sands (Greenbaum and Ben-David, 2001; Ben-David, 2003) in the central corridor, but were
then partially washed out during seasonal flow in Nahal Besor. Further east, the slightly
darker sands of the Ramat Bega section (Rl =42 - 64) may also be remnants of early redder
sand that mixed with the later sand of the main encroachment, a process that reset the

luminescence ages.

Sand grain collision during downwind transport in the Muleshoe dunes of the SW United
States has been hypothesized to abrade grain coatings, explaining an observed downwind
decrease in dune sand color (Muhs and Holliday, 2001). Abrading sand grains for up to 500 h
in an aeolian abrasion chamber has led to a decrease in sand spectral redness (White and
Bullard, 2009) in support of this hypothesis. Assuming that the Negev sands did not acquire
their color shortly following deposition in the wetter Late Pleistocene, this trend is not
observed for the NW Negev dunefield. The observation that linear dune sand has been found
to be redder than transverse dunes, possibly due to their longer stabilization episodes and less
abrasion (Livingstone and Warren, 1996), holds for the Negev regarding the former dune type
that are usually stable since the Late Pleistocene (Roskin et al., 2011a, 2011b). These are
additional indicators of the negligible changes in sand properties and sand-grain coatings

during transport.

4.6.3 Sinai sand redness

The general fit between spectroscopic RI values for Sinai sand samples and the
multispectral Rl mapping provide a reliable picture of the redness intensity of the Sinai sands.
These values cover the whole of the main (central) and northern dune body between the ridges
of Gebel Maghara and the Mediterranean coast (Fig. 4.5). The similarities of the upwind
remotely-sensed Sinai and central and northern corridor Negev sand sample RI values,
suggests that the sands from the western Sinai and throughout the Negev have relatively
constant RI values. This strengthens the understanding that Negev sand redness was inherited
from the Sinai. Similarly, like the Negev sand dunes, the Sinai dunes show no significant

color changes downwind of their transport path. Accordingly, and with reference to
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Livingstone and Warren (1996), we also suggest that the sand grains have not been
significantly abraded.

The redder values for sands in the Negev southern encroachment corridor also shows higher
upwind RI similarity to remotely sensed Sinai surface sands (Fig. 4.5). Directly west of the
border, the Sinai sands are observed to be even redder than further upwind. For the southern
corridor, however, the upwind sedimentological setting in Sinai is diverse and was therefore
examined for possibly accounting for the increased sand redness. In the Sinai, the
corresponding upwind southern corridor dunes are usually not as thick as those upwind of the
central Negev corridor (Abdel-Galil et al., 2000), a situation that may give the sand grains of
the Sinai greater contact with the underlying carbonate substrate. These dunes also block
ephemeral watercourses of fine grained carbonate sediments, and their interdunes are infilled
with bright silts that form the top section of the Wadi Al-Arish floodplain (Sneh, 1983). This
is probably due to standing-water deposits from Wadi Al-Arish (Kusky and El-Baz, 2000),
which is blocked, probably by dune-damming (Roskin et al., 2011c). Extensive floodplains
are situated further west around Gebel Libni (Kusky and EI-Baz, 2000). The readily apparent
and significant deposits of fine-grained carbonate sediment adjacent to redder sands recall the
unexplained proposed connection between playas and sand rubification in the Great Sand Sea
dunes in Egypt (Besler, 2008) while in the Balearic Islands of Spain, calcium carbonate

content lowers the redness values of sandy palaeosols (Wagner et al., 2011).

According to Besler (2008), the red sand color of the Great Sand Sea may be inherited
mainly from Lower Cretaceous sandstone formations. This may also be the case for Sinai.
Therefore, Jurassic and Lower Cretaceous sandstones were investigated as possible, albeit
partial, sources sufficient to intensify the bulk sand color of the Negev’s southern
encroachment corridor. The eroded Jurassic and Lower Cretaceous Kurnub sandstone
outcrops of Gebel Maghara are located upwind of the southern corridor and are more than 100
km closer to the Negev than the presumed Late Pleistocene middle-to upper Nile Delta sand
source (Roskin et al., 2011a). Surface dune sands near the base of Gebel Maghara have been
qualitatively described as yellow (Farag, 1955), whereas Gebel Maghara’s Jurassic sandstones
are iron-oxide brown (Barakat, 1956). Lower Cretaceous outcrops at various northern Sinai
mountain bases are yellow, pink, and purple (Farag, 1955). These descriptions are similar to
the Jurassic and Lower Cretaceous sandstones sampled in the Ramon Cirque, suggesting that

the sampled sands are reliable analogues.
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The varying values of the Ramon Cirque sand RI are both below and above those found in
the NW Negev dunefield. The Jurassic sands show two different values (Table 4.1). While the
RI values of 30.8 and 47.1 are similar to the NW Negev encroachment corridor values, the RI
value of 137 is the highest measured. The measured Lower Cretaceous samples are medium-
size sand that are mainly attributed to a fluvial environment. Limited PSD analysis of the
Lower Cretaceous from the northern Negev "Big erosional cirque” sandstone showed a
polymodal distribution ranging from 70 to 370 um (Weinberger, 1980). This differs from the
Negev’s fine-grained aeolian sands. The coarser grain-size makes part of these sands less
prone to aeolian saltation from Gebel Maghara toward the Negev though smaller grain size
fractions are possible winnowed sources. However, the grain size in the Negev’s southern
corridor is not relatively larger than those in the other corridors. The considerable grain-size
and color differences between the Jurassic and Late Cretaceous Gebel Maghara sand grains
and the erg sands make it unlikely that the former provide a significant source for the southern
corridor Negev sands. Therefore, the reasons for, or origin of, the intensified redness of the

southern corridor sands are probably due to their source, i.e., the Nile Delta.

4.6.4 Nile Delta sand-grain coatings

Thick, Late Pleistocene (generally > 12 radiocarbon ka BP) fluvial sand facies (Coutellier
and Stanley, 1987; Stanley and Chen, 1991) from the Nile Delta have been suggested as a
plausible source of the Sinai erg sands that stretch into the NW Negev (Roskin et al., 2011a).
We suggest, based mainly on the extensive work of Stanley’s team in the Nile Delta, that the
Delta is also the site where the Sinai erg sand grains rubified. Fluvial abrasion of sand-grains
down the long course of the Nile down to the Delta probably eliminated previous grain-
coatings while the mineralogical suites and the coatings of the Delta sands contain
supporting data for in-situ Delta rubification.

In the northeastern Nile Delta by the southern periphery of Lake Manzala, several Late
Pleistocene sand sections have been found to contain opaque minerals such as magnetite in
addition to amphiboles, pyrocenes, and epidote (Stanley et al., 1988). These heavy minerals
may have been winnowed out during sand transport. At a different location, an upper Late
Pleistocene iron-stained sand layer overlain by a silty clay layer radiocarbon dated to ~20 -
15 ka is rich in heavy minerals, notably hornblende (Coutellier and Stanley, 1987). These

generally yellowish-brown clay layers display oxidized patches suggesting a connection
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between thick quartz sand sections and the heavy minerals exposed to changing and mainly

stagnant aquatic environments that cause intermittent oxidation.

Exposed sand samples from the lower (northern) Nile Delta and lower Nile River, along
with Late Pleistocene core sands from the central Delta, were classified petrographically
according to sand grain content as transparent or either partially or fully stained with iron-
oxides (Stanley and Chen, 1991). The Nile Delta sand grains from cores 43.7 m to 2 m deep
(Late Pleistocene - Holocene) and currently exposed sands were found to be yellow-brown
and partially (~50%) stained. These sands are also often interspersed with marsh and swamp
deposits (Frihy and Stanley, 1987) that may have contributed ferric oxides and influenced
rubification. Desert dune sands in the western Delta found to be 90% partially stained with
iron-oxides may also be source sands for the Sinai erg. Other facies found mainly in the
northern Nile Delta, protruding into and near the Mediterranean coast (lagoon, beach,
transgressive, and near shore) to the northwest of the Sinai-Negev Erg, show only ~20%
staining (Stanley and Chen, 1991).

Petrographic analysis of Negev sand grains shows they are also partially to fully
coated/stained with the ferric oxides that give the sands their reddish color (Wenkart, 2006)
similar to the color of lower and central Delta sands. SEM analyses of NW Negev sand
grains also revealed extensive, finely disseminated, non-crystalline, ferric oxyhydroxides
(Hunt, 1991).

Linear dunes in the lower Nile Delta are advancing eastward toward the Sinai (Misak and
Draz, 1997). As the general direction of the East Mediterranean region sand-transporting
wind has not substantially changed since the Late Pleistocene period (Ben-David et al.,
2003; Enzel et al., 2008) and may even have had a stronger west-east sand-transporting wind
component in the past (Roskin et al., 2011b), desert, fluvial, and older sand deposits from
the lower and central Delta may have been transported eastward into the NW Sinai. Between
30 - 11.5 ka the Nile Delta was an alluvial plain where sands were prone to aeolian erosion
(Stanley and Warne, 1993). Accordingly, relatively unstained sands in the upper Delta along
the coast were probably not transported into northern Sinai.

Therefore, we suggest that the Sinai sands inherited their reddish ferric coatings from
deltaic sands. Further sedimentological and chronological work is required, however, to
prove the source of the erg sands and to differentiate between the darker and lighter red-

colored sands found in the Negev.
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4.7 Conclusions

The results of this paper diverge from its initial hypothesis, and it challenges the
prevailing assumption that sand grain red color intensity derived from iron oxide
filmy quartz grain coatings may be positively correlated to the depositional age of the
sand. Based on full dune and interdune sand throughout the NW Negev dunefield, the
spectrally-measured RI of the Negev sands is not positively connected to sand OSL
depositional age. We cannot rule out the possibility that Negev sands that have been
in-situ since the Late Pleistocene may have undergone pedogenetic processes and
rubification shortly after their deposition in a rainier Late Pleistocene climate, though
there is no supporting evidence for this. Since the Holocene, sand color has not
changed. The current Sinai sands have similar RI values to the sands of the Negev,
suggesting that the iron-oxide coating of the sand grains is an earlier, diagenetic
characteristic of the sands.

Late Pleistocene to current Nile Delta sand grain stain intensity and mineralogy
values derived from previous works constitute supporting (though partial) evidence
that Nile Delta sands may be the main, already-red source of sand for the Sinai-Negev

Erg.
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The vegetated linear dune (VLD) field of the northwestern (NW) Negev Desert, situated at
the downwind eastern end of the northern Sinai - NW Negev Erg, constitutes an ideal setting
for dating and interpreting its Late Quaternary dune encroachment episodes. This study builds
upon the results of Roskin et al. (Age, origin and climatic controls on vegetated linear dunes
in the northwestern Negev Desert (Israel), Quaternary Science Reviews 30 (2011), 1649-
1674) that presented the stratigraphy of 35 sections and 97 optically stimulated luminescence
(OSL) ages from the NW Negev dunefield. Here we refine our analysis of the Negev Late
Pleistocene dune mobilizations and stabilizations and interpret their palaeoclimatic controls in

light of regional and global sediment records and proxies.

While initial dune encroachment into, and stabilization in, the NW Negev took place during
the Last Glacial Maximum (LGM) at ~23—18 ka, spatial and statistical analyses of the OSL
dataset suggest that since the LGM, Negev dune activity was concentrated in two significant
mobilization-stabilization episodes: a main episode at ~16—13.7 ka and a minor one at
~12.4—11.6 ka when the dunes reached their maximum spatial extent and stabilized. These
episodes include rapid dune encroachment and accretion events and coincide with the
Heinrich 1 and Younger Dryas cold events, respectively. The Late Pleistocene sand-
transporting winds were characterized by a westerly direction that resulted in west-east VLD
elongation.

Dune mobilizations may have occurred in response to wintertime East Mediterranean
cyclonic systems that brought storms of rainfall and strong winds. The rapid dune
mobilization events and their concurrence with the Heinrich 1 and Younger Dryas cold events
suggest a more global control. Despite the rainfall, the elongating VLDs were probably
sparsely vegetated because of the high wind power; their stabilization resulted from a

decrease in storminess, with the onset of a more arid Holocene climate.

Other global low-latitude dune mobilizations and stabilizations are concentrated at the end
of the Late Pleistocene, leading us to suggest that these were also controlled mainly by global

cold-events and subsequent changes in windiness.

The recurring discontinuous aeolian sedimentation pattern found in OSL-dated VLDs
provides new and important chronological and sedimentological insight into prominent dune
mobilization and stabilization processes. The suggested link between global drops in cold-

event windiness and low-latitude dune stabilization episodes emphasizes the prevalence of
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winds over aridity regarding major dune mobilizations for low-latitude dunes, even if

vegetated.

5.1 Introduction
5.1.1 Dunes as palaeoclimate records

The study of global palaeoclimate change has relied mainly on temperature and rainfall
fluctuations as depicted in ice, marine and lacustrine cores, traditionally the proxies of choice
due to their high resolution, sensitivity and continuity, and their ability to represent expansive
parts of Earth. On land, speleothems have become the leading terrestrial palaeoclimate
proxies as they comprise direct, specific environmental signals of in-situ rainfall (Enzel et al.,
2008). They are excellent proxies of palaeo-temperatures, source of water vapor, and rainfall
amounts (Bar-Matthews et al., 1999). High resolution dating of global and local windiness,
however, has been less studied. Based on continuous dust records in ice, marine and lacustrine
cores that show changes in global dustiness, recent studies have suggested that these changes
were driven by global changes in wind gustiness (McGee et al., 2010). Terrestrial aeolian
loess deposits are relatively continuous palaeoclimate proxies of glaciogenic and desert dust
transport and deposition (Chen et al., 2003; Muhs et al., 2008), but their palaeoclimatic
interpretations are complex due to varying grain-size distributions, mineralogy from mixed
sources, varying transport distances and post-depositional processes (Kohfeld and Harrison,

2001) such as pedogenesis (Jacobs and Mason, 2007).

Dunes cover approximately one-third of the regions of Earth defined as arid (Lancaster,
2007). Geologically young landforms, dunes have been regarded as an important terrestrial
source of information on palaeoclimates (e.g. Sarnthein, 1978; Lancaster, 2008). In general,
active inland dunes have been used as indicators of arid conditions (e.g. Sarnthein, 1978;
Munyikwa, 2005; Hesse and Simpson, 2006; Lomax et al., 2011). In accordance with the
assumption that dune mobilization is induced by threshold decrease in precipitation and
increased evaporation, this paradigm was shown to be true for mid-latitude dunes (Muhs and
Holliday, 1995). Earlier models suggested that dunes are controlled both by precipitation and
by windiness (Lancaster, 1988), but more recent models show that dune activity is primarily
the result of wind power, and as such, even in humid climates with annual precipitation well-

exceeding 1000 mm, exposed dunes can be mobilized (Tsoar, 2005; Chase, 2009; Tsoar et al.,

120



e~ A 1

2 , 0 O N o

CYPRLS ‘_/,{

Medizerranenn Seq win g

~ "
N |Jausaice
1

JRIZAN

Nile Delta
. &
'l
7
Ve A
g 4
v ’
= T ; :
?"-" ,‘ ol .b..."
2 ovama 1 :..."
- ~ - o
- PR,
3 Y L] qmy el 2 Lot LTSRS ) -z
A ey 3 2 '@:' R LSRR Tl IR

~ soankas Jans U Terw pobarsand 5 om 050

Figure 5.1. Regional map and location of regional sediment records.

a. Regional location map. Figure 1b is depicted in the black rectangle.

b. The Sinai-Negev Erg, extending from the Nile Delta eastwards into the northwestern
Negev (NW). The arid Negev dunefield, situated south-southeast of the Eastern
Mediterranean Sea, is currently still under the climatic control of wintertime cyclonic
storms. Further south, the Negev is extremely arid as indicated by the isohyets (after Amit
et al., 2006; Enzel et al., 2008). Note how only the central part or encroachment corridor
(see Figure 2) of the NW Negev dunefield has up-dune continuity to the west into northern
Sinai (see arrow), indicating that this part was spatially and temporally accessible to a larger
sand supply. It can also explain why this part extends the furthest to the eastern limits of the
dunefield south of Beer-Sheva. The locations of sediment records are as follows: a. Tzavoa
Cave (Vaks et al., 2006); b. Lake Lisan (Dead Sea) (Bartov et al., 2003; Stein et al., 2010);
c. Soreq Cave (Bar-Matthews et al., 1999; Bar-Matthews et al., 2003); d. Dead Sea Rift
western escarpment cave speleothems (Lisker et al., 2010); e. SL112 EM core (Hamann et
al., 2008), located approximately 100 km north of the edge of the map; f. Redeposited
Hazeva Formation sand, (Dody et al., 2008); g. Wadi Faynan sand (McLaren et al., 2004);
h. Hura loess section (Crouvi et al., 2008); i. Ramat Bega loess section (Crouvi et al., 2008);
j. Ruhama loess palaeosol section (Wieder et al., 2008); k. Qerem Shalom coastal aeolian
sand and loess palaeosol section (Zilberman et al., 2007).

c. Synoptic map (Israel Meteorological Service);
http://www.ims.gov.il/IMSEng/All_tahazit/SynopticMaps.htm ) of the Mediterranean region
during the December 12th 2010 storm. Note the northerly track of the Cyprus Low that is
centered over Cyprus and southern Turkey. This cyclonic storm delivered over 100 mm of
precipitation to northern Israel while the northern Negeyv, in this case located south of the
Low, received only strong southwestern to western winds.
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2009; Yizhag et al., 2007, 2009). Palaeoclimate studies of dune bodies, however, have failed
to fully demonstrate the connection between wind power and dune activity.

Advances in optically stimulated luminescence (OSL) single aliquot regenerative-dose
(SAR) protocols (Murray and Wintle, 2000) and sand drilling techniques (Munyikwa et al.,
2011) increased the quality and quantity of OSL-based age estimates and enabled better
chronological control of episodes of dunes and dunefield activity (e.g. Fitzsimmons et al.,
2007; Telfer and Thomas, 2007). Despite the greater accuracy of OSL in dating dunes,
however, the reliability of OSL ages in representing episodes of dune activity and their
palaeoclimatic significance has been questioned on several grounds. OSL dating cannot
pinpoint the onset of dune activation (Nanson et al., 1992; Telfer and Thomas, 2007;
Fitzsimmons and Telfer, 2008), only their stabilization. Sampling does not always include a
full dune section due to technical limitations (Bateman et al., 2003), and thus, sampling has
often been neither systematic nor of sufficient spatial resolution (Telfer et al., 2010).
Moreover, due to their dynamic and erosive characteristics, dunes constitute discontinuous
records (Telfer and Thomas, 2007), and distinguishing between episodic and continual
sedimentation is not always possible (Bateman et al., 2003; Telfer and Thomas, 2007; Chase,
2009).

Despite the common use of a probability density function (PDF) graph to display the
distribution of the full age dataset, there is no universally accepted method to present OSL age
distributions that will maximize palaeoclimatic interpretation. This ambiguity hindered the
full understanding of the significance of the ages in southern Africa (Stone and Thomas,
2008). The relationship between linear dune formation dynamics, dune internal structure and
the chronological and interpretation of luminescence ages for an entire dune field as a basis
for palaeoclimatic reconstruction has not been fully addressed. On this line, this study will
investigate the palaeoclimate of the northwestern (NW) Negev dunes (Fig. 5.1) by firstly
improving the chronostratigraphic interpretation and temporal and spatial dune OSL
chronologies presented by Roskin et al. (2011).

5.1.2 Episodes of northwestern Negev dunefield activity

The NW Negev dunefield, Israel (latitude 30° N, longitude 33° E) is a marginal low-latitude
dunefield at the downwind end of the northern Sinai - NW Negev Erg (Sinai-Negev Erg)
situated south of the Eastern Mediterranean (EM) Sea (Figs. 1a & 1b). The extensive northern
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Sinai dunes upwind of the Negev dunefield hold ample sand reserves for the NW Negev,
therefore, the encroachment of sand and stabilization of the Negev dunes are attributed mainly
to climate change, i.e., windiness, and the processes are usually not supply-limited (Roskin et
al., 2011).

The 40-km (from north-south) wide dunefield of ~1,300 km? (Tsoar et al., 2008) protrudes
into the northern Negev Desert and is surrounded by Late Pleistocene aeolian loess deposits
(Zilberman, 1991; Crouvi et al., 2008). It is positioned along the southern part of the main
wintertime Mediterranean Cyprus Low (a migratory, low altitude, cold surface low in the EM
accompanied by a cold air trough in the middle latitudes) cyclone tracks (Fig. 5.1c). The
dunefield receives approximately 150 mm to 80 mm annual average rainfall between October
and April in the north and in the south, respectively. The annual average relative deviation of
the rainfall by Nizzana in the southwestern dunefield is ~40% (n=30 yr), characteristic of arid
lands (Z. Siegel pers. comm.). Thus, the dunefield is along a desert fringe of the Levant
between the semi-arid and hyper arid climate belts. Droughts affect perennial shrub
survivability (Siegal, 2009), which in some cases may affect dune dynamics (Tsoar, 2005;
Yizhaqg et al., 2009). The dunefield consists of stabilized VLDs (Tsoar and Moller, 1986;
Tsoar et al., 2008) aligned in a general west-east direction and whose ground cover comprises
5-20% perennial shrubs while biogenic crusts stabilize the dune flanks and in some cases the
crest (Danin et al., 1989; Tsoar et al., 2008; Siegal, 2009).

A spatially dense sampling and OSL-dating campaign from dune and interdune sections
down to the dune substrate (Roskin et al., 2011) found sporadic aeolian sand deposition
between 116—30 ka that had stabilized and developed into a sequence of calcic sandy to silty
loamy palaeosols and that pre-date dune encroachment. Aeolian sand cover sufficient to form
dunes only began to accumulate at ~23 ka and unconformably overlies these palaeosols,
suggesting intense erosion at some localities preceding dune deposition, perhaps due to
sandblasting. Following the Last Glacial Maximum (LGM; 22—-18 ka), dunes covered the
current boundaries of the dunefield along three west-east encroachment corridors between 18-
11.5 ka (Figs. 5.2 and 5.3). This massive encroachment caused dune-damming of wadis and
consequent formation of short-term standing-water bodies that deposited fine sediment units
(Roskin et al., 2010b; Roskin et al., 2011) Additional remobilization episodes in the NW
Negev were dated to the late Holocene (~2—0.8 ka) and to modern times (150—8 yrs) (Roskin
etal., 2011).
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Two post-LGM peaks in dune activity were suggested for the Negev dunes, based on
radiocarbon dates (calibrated after Goring-Morris et al., 2009) for cultural entities; the Middle
Epipalaeolithic Mushabian and Geometric Kebaran cultures (~18—15.1 ka) and the Late
Epipalaeolithic Harifian culture (~12.8—11.6 ka) (Goring-Morris and Goldberg, 1990). Roskin
et al. (2011) identified a rapid encroachment event at ~16-14 ka that covered the western and
central Negev dunefield. Only toward the end of this encroachment episode, dunes reached
the far eastern parts of the dunefield, beyond Nahal Sekher in the central encroachment
corridor and Nahal Besor in the southern corridor (Fig. 5.2). However, a distinction of two
events during 18-11.5 ka is not apparent in the PDF plots of OSL ages in Roskin et al. (2011),
nor have the age distributions been fully analyzed in regard to the VLD stratigraphy and

dynamics.

5.1.3 Northern Negev Late Pleistocene palaeoclimate interpretation

Interpretation of the northern Negev Late Pleistocene palaeoclimate is complex, being
situated along a fluctuating rainfall climate gradient. Evaluations of palaeoclimate changes
relied mainly on sedimentological records that traditionally were used to examine wet-dry
transitions, as summarized by Zilberman (1991). Archaeobotanical investigation of the
Central Negev Highlands south of the Negev dunefield suggests a wetter Late Pleistocene
between 18 and 10 ka (Baruch and Goring-Morris, 1997). On the other hand, the invasion of
sand dunes from the Sinai into the NW Negev around the same time was interpreted to have
occurred in arid (Magaritz and Enzel, 1990; Zilberman, 1991, 1993) and hyper-arid
environments whose annual rainfall is assumed to have been less than 50 mm (Goring-Morris
and Goldberg, 1990). Little attention, however, has been given to Late Pleistocene wind
intensity changes in the Levant. Ben-David (2003) suggested that wind directions, despite
increased Holocene aridity, have not changed since the Late Pleistocene dune encroachment.
Enzel et al. (2008) proposed in a general fashion that more frequent, persistent and much
intensified W-SW Late Pleistocene winds are needed to mobilize the Negev dunes. Ben David
(2003) claimed that the correlation between Negev dune progression and an accurate
palaeoclimatic picture is problematic. This calls on reviewing the Negev palaeoclimate by
analyzing dune records with other types of sediment records and proxies from the Negev and
from the same EM synoptic regime.
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The Late Pleistocene in the Levant is accepted to have been rainier based on high-resolution
speleothem analyses and the Lake Lisan level records. Soreq Cave, located 65 km north of
Beer-Sheva in the Judean Mountains (within a Mediterranean climate), currently receives an
average of ~550 mm rainfall annually (Fig. 5.1). The 80 values in speleothem carbonates
(whose "amount effect” interpretation has been questioned among others by Enzel et al., 2008
and Stein et al., 2010) reflect a Late Pleistocene with stable, cooler temperatures and a rainier
climate in the EM region (Bar-Matthews et al., 1999; Bar-Matthews et al., 2003).

Tzavoa Cave, located ~30 km northeast of the Negev dunefield eastern edge, is at similar
latitude and within a comparable isohyet range (150—160 mm) as the northern dunefield (Fig.
5.1). Based on several speleothems from arid regions of Israel, the estimated annual minimum
rainfall required for speleothem formation in arid regions is double, roughly 300 mm (Vaks et
al., 2006). Tzavoa speleothem growth intervals, dated by U-Th, indicate that indeed, the
northern Negev Late Pleistocene annual rainfall was at least 300 mm between ~80 ka and 14-
13 ka (Vaks et al., 2006). Tzavoa speleothem Sr concentrations, reflecting a relative dusty and
windy environment, were generally higher during 38-14 ka (Vaks, 2008), the same time span
initially suggested for the Sinai dunes (Goldberg, 1977; Roskin et al., 2011). This semi-arid
Late Pleistocene northern Negev climate raises questions regarding the conditions conducive

to Negev dune encroachment.

Water levels of Lake Lisan, the large, Late Pleistocene precursor of the Dead Sea (Fig. 5.1),
have been accepted as a regional rain gauge (Enzel et al., 2008) and interpretations of changes
in Lisan levels provided a regional palaeoclimatic synthesis with an emphasis on rainfall in
the rainier Mediterranean climate zone north of the NW Negev dunefield. It may be noted that
the Lisan levels were also strongly controlled by high evaporation rates. Studies have shown
that at 2925 ka, Lake Lisan rose 120 m, and after 25 ka it dropped 260 meters to the Lake’s
Holocene level (Bartov et al., 2003; Stein et al., 2010) suggesting a long-term though
fluctuating Late Pleistocene aridification. Enzel et al. (2008) explained the formation of
Negev dunes that coincided with the rise in Lake Lisan at 29—25 ka within a common general
palaeoclimate scenario, whereby increased rainfall in the north is accompanied by stronger
winds in the south. Could such a scenario also hold for the post-25 ka Lake Lisan decline,
which coincides with the post-23 ka dune encroachments into the NW Negev (Roskin et al.,
2011)?

Some fluctuations in the isotope record of Soreq Cave and the water levels of Lake Lisan
coincide with the North Atlantic Heinrich 1 (H1) and Younger Dryas (YD) cold events (Bar-
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Matthews et al., 1999; Stein et al., 2010). The palaeoclimate interpretations however,
markedly differ: the H1 generally implies an arid environment while the YD implies a cold
and rainy climate in the Mediterranean zone of the Levant (Bar-Matthews et al., 1999; Stein et
al., 2010).

It has been proposed that fluctuations in the Late Pleistocene climates of the northern Negev
and of central and northern Israel were controlled by winter storms generated in the EM Sea
that brought rain and wind at magnitudes and frequencies higher than those of today (Enzel et
al., 2008). This model was also used to explain Late Pleistocene Negev loess deposition and
loess-generating Sinai-Negev dune migration that is suggested to have begun before 100 ka
(Crouvi et al., 2008; Enzel et al., 2008; Crouvi et al., 2010; Amit et al., 2011). According to
this model (Enzel et al., 2008), the Mediterranean Sea, as today, was the main control of Late
Pleistocene rainfall in the Mediterranean climatic zone east of the EM and in the northern
Negev. The model positively correlates the frequent and intense southerly Cyprus Low EM
tracks to more frequent rainfall and windiness, as observed today in Beer Sheva (Dayan et al.,
2008), which subsequently led to greater dust deposition. The southern Negev, over 50 km
south of the NW Negev dunefield, is suggested to have been under a stable, extremely arid
climate regime throughout the Late Pleistocene (Amit et al., 2006; Enzel et al., 2008). This
implies that the general regional EM palaeoclimatic configuration proposed to have been over
the northern Negev has also not changed drastically since the Late Pleistocene (Enzel et al.,
2008). During the LGM, however, sea-level dropped by ~100—130 m and the Sinai coastline
receded northward some 50 km (Goring-Morris and Goldberg, 1990; Butzer, 1997; Enzel et
al., 2008) (Fig. 5.1a). This is suggested to have caused increased aridity and desertification in

the northern Negev, although the dunefield still received cyclonic winds (Enzel et al., 2008).

According to Enzel et al. (2008), throughout the Late Pleistocene, aeolian sand, along with
winter cyclonic rainfall, was transported toward the Negev by strong southwesterly and
westerly winds. As the strongest EM winds are generated by a deep and cold Cyprus Low
(Enzel et al., 2008), this can suggest that palaeoclimatic evidence of increased regional EM
rainfall can correspond to increased regional windiness. Therefore, rainfall amounts
interpreted from speleothem records in the dunefield region and further north that are derived
from the EM cyclonic storm tracks may be a general proxy for past windiness, an assumption
that will be further tested in this paper. Interpretations of the detailed chronologies and
structure of the NW Negev VLDs are proposed to investigate the relevance of the EM

palaeoclimate model and global climate change to Negev dune mobilization episodes.

127



5.1.4 LGM — Holocene transition climate changes

Windiness fluctuations during the LGM — Holocene transitional period were derived by
drastic climate changes (Oldfield, 2005; Stein et al., 2010). A strong thermal gradient between
the Late Pleistocene glacial cover and the equator has been suggested as the reason for a
turbulent LGM atmosphere, which decreased at the beginning of the Holocene (Ditlevsen et
al., 1996; McGee et al., 2010). This gradient inflicted windiness and consequently increased
dust emissions in both hemispheres that subsided at differing rates following the LGM
(McGee et al., 2010). However, the connection between global post-LGM - Holocene dune
mobilization and stabilization and dust proxies, and this reduction in atmospheric turbulence,
has not been established (Munyikwa, 2005; Chase, 2009).

Indeed, global environmental changes (and their consequences) from the LGM until the
onset of the Holocene (post-LGM — Holocene transition) were extraordinary in every respect.
These oscillations, such as the North Atlantic cold events, were most prominent in the mid to
high latitudes (Shakun and Carlson, 2010). As such, the imprint of these events is difficult to
detect at lower latitudes (Stein et al., 2010) though Roberts et al. (2008) identified isotopic
shifts specifically in lakes around the entire Mediterranean basin during the H1 and YD, best
explained by regional aridity. Based on PDFs of luminescence ages (>50), here replotted into
histograms (Fig. 5.3), low-latitude dunes indicate that there was substantial dune mobilization
since the LGM that stabilized by the Holocene in the Strzelecki Desert in Australia
(Fitzsimmons et al., 2007), the Southern Kalahari and southern Africa (Chase and Thomas,
2006; Telfer and Thomas, 2007; Telfer, 2011), and the NW Negev (Roskin et al., 2011). This
apparent post-LGM global synchronicity of dune ages (Roskin et al., 2011) has remained

unexplained in a global palaeoclimatic context.

The relationship between global climate change in terms of windiness, dustiness, and dune
activity has profound palaeoclimate and future climate implications. Evidence that aeolian
dust input was twenty-five to thirty-fold higher in the polar regions during times of peak
glaciations than during times of peak interglaciations (Broecker, 2000; Lambert et al., 2008)
dictates that we should improve our understanding of this aspect of climate change (Broecker,
2000). The coincidence of similar dust-flux changes at the high and low latitudes of both
hemispheres has been suggested to be the result of dust-driving global gustiness, i.e.,
relatively rare high-speed wind events (Winckler et al., 2008; McGee et al., 2010). Whether
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Figure 5.3. Late Pleistocene Negev and global dunefield age histograms and regional and global
palaeoclimate records.

Stacked graphs comparing the NW Negev dunefield OSL age distribution with regional and
global proxies. Light grey bars mark cold events corresponding to the Last Glacial Maximum
(LGM), Heinrich 1 (H1) and Younger Dryas (YD).

Graphs from bottom: (A) Histogram of the NW Negev dunes OSL ages. The dark-lined bins with
lighter insets show the ages for the dune bases. (B) Histogram of the Tzavoa cave speleothem
Th-U ages. Higher age frequency indicates higher annual rainfall (after Vaks et al., 2006). (C)
Plot of d'80 values from the Soreq cave speleothem dated by Th-U (Bar-Matthews et al., 2003).
(D & E) Records from the GeoTu SL112 marine sediment core west of Haifa, Israel (Hamann et
al., 2008) showing the percents of aeolian silt and fine sand, respectively, based on end-member
analysis. The sharp and short early Holocene peaks of silt and sand are attributed by Hamann et
al. (2008) to a Nilotic source and not to a regional aeolian event. (F) Histogram of compiled
southwest Kalahari linear dune luminescence ages (after Telfer and Thomas, 2007). (G)
Histogram of Australian linear dunes (after Fitzsimmons et al., 2007). (H) Non sea-salt Ca?*
fluxes (Rothlisberger et al., 2008) from EPICA DOME C (EDC) in Antarctica. (I) Ca?*
(Mayewski et al, 1997) from Greenland’s GISP2) (J) d!80 from Greenland’s GISP2 (Grootes et
al., 1993).



terrestrial proxies are suitable for detecting these rapid changes, however, has been questioned
(Allen et al., 1999). ,

5.1.5 Study goals

Using improved modeling of VLD elongation and accretion dynamics to refine the OSL
chronological framework of the dunefield, this study aims to interpret the environmental and
palaeoclimatic controls on the Late Pleistocene dune mobilization episodes in the NW Negev.
We hypothesize that VLD mobilization and stabilization were in response to global changes
in windiness. This study is based on 97 OSL ages and stratigraphy from 35 exposed or drilled
dune sections of the NW Negev dunefield presented in Roskin et al. (2011), of which 15 were
dated down to the base of the dune section. The resulting dataset for the ages of the dune base
should resolve previous criticism of dune luminescence ages and PDFs (Telfer and Thomas,
2007; Stone and Thomas, 2008; Telfer et al., 2010) by creating a consistent and reliable
spatial chronology of the early dune encroachment episodes.

The Late Pleistocene dune ages cited in Roskin et al. (2011) are analyzed spatially and
statistically by running Mann-Whitney tests to investigate age grouping. The resulting dune
mobilization-stabilization episodes are interpreted by comparison with regional dated aeolian
and lacustrine sediments, speleothems and high latitude ice-core dust fluxes and isotope
records. We then discuss the relationship between the Negev and global luminescence-dated
dune mobilization and stabilization episodes that occurred from the LGM until the Holocene
in the contexts of global and rapid climate changes, dust-driving windiness and gustiness
(McGee et al., 2010).

5.2 Northwestern Negev dune encroachment episodes

Spatial analyses of the sand and dune sections of the main NW Negev dune encroachment,
dated to ~18—11.5 ka (Roskin et al., 2011) divide the dunefield into two key Late Pleistocene
dune encroachment episodes, at ~16—13.7 ka and at ~12.4-11.6 ka (Figs. 3, 4 & 5). The first
episode covered the northern and western parts of the dunefield and includes an initial stage
of basal sand cover that occurred at ~18—16 ka. The second episode ages are identified mainly

in the eastern part of the dunefield (Fig. 5.2).
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To clarify the spatial distinction between the two age groups, we also statistically analyzed
the grouping using the Mann-Whitney test (Fig. 5.4). This test was chosen because it is a non-
parametric statistical hypothesis test that compares two unpaired groups. The statistical p
value answers the question: if the populations have the same median, what is the chance that
random sampling would result in medians as far apart as observed. Two dune encroachment
episode groups of western dunefield ages of ~18—13.7 ka and eastern ages of ~12.4-11.6 ka
were analyzed from two OSL datasets; the entire dataset, and the dune base dataset that
uniformly represents initial dune encroachment ages, despite its limited number of ages
(n=17). The results indicate that the two episode groups are distinct. The Mann-Whitney
value for the full dataset was 0.00 and p<0.001, while that for the dune base dataset was 0.00
and p<0.01. The low p value indicates that a significant difference exists between the two

episode-representing groups.

During the earlier dune encroachment episode (~18—13.7 ka), sand sections of 2—10 m thick
accumulated throughout the western part of the dunefield, mainly from ~16 ka (Fig. 5.2)
onwards. To the east, dune and sand thickness decreases as evident in the Rt ID section where
only 1-2 meters of sand accumulated. During this episode, sand was transported over ~85%
of the dunefield. The substantial thickness and spatial cover of the sand led us to define the
first episode of the main encroachment as the main episode. Its time span is similar to that of
the H1 cold event (Fig. 5.3).

During the second episode (~12.4—11.6 ka), the dunes and sands elongated and stabilized in
their easternmost configuration (Fig. 5.2). The dunes dating to this episode have indistinct
undulating morphologies and are usually no more than 5 m thick. This episode exhibits less
intense accretion, lower sand transport distances, and a shorter duration relative to the main
episode. The time span of this episode is similar to that of the YD cold event (Fig. 5.3). The
sands probably originated from dunes deposited during the main episode in the western
dunefield. A single 13.7+1.3 ka age in the Sekher 6-S section (Fig. 5.2) may indicate small
sand quantities already deposited in the east at the end of the main episode. The Hz4 dune
section in the west with ages of 12.8+1.5 ka and 12.0£1.6 ka may be an example of a western
dune being reworked during the second episode. This finding is also supported by the similar
redness intensity of the sand grains along the transport paths, regardless of grain ages (Roskin
et al., 2010a) and similar grain size distributions (Roskin et al., 2011). Aside the Hz4 section,

the paucity of units dated to ~12.4—11.6 ka in the west is probably due to later erosion of this
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Figure 5.4. Analysis of the two NW Negev encroachment episodes.

a. A probability density function graph of the NW Negev dune base ages (data after Roskin et
al., 2011) with rectangles delimiting the west and east dunefield age groups. Ages that were
found only in the southwest corner of the dunefield were not included. b. Mann Whitney test
data and results. c. Box and whisker display of the two dune encroachment groups.
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Figure 5.5 (previous page). VLD formation and stratigraphy.

a. Incipient VLD formation scheme. During a high wind-speed episode, a VLD forms/elongates
via the formation of a nebkha that develops into a dune on its lee side. More shrubs clutch to
the lee dune to form another nebkha, which continues the dune on its lee side (1), and so on and
so forth. This process continues until the sand supply is exhausted or the wind speed relaxes
below sand transport thresholds. This culminates in a VLD mobilization-stabilization episode —
El (2).

b. The VLD internal structure along its axis. The dashed box depicts what has been observed in
an exposed OSL-dated (cross) section (Hz1) perpendicular to a VLD axis (Roskin et al., 2011)
(for location, see Fig. 2). E1-E3 units represent dune formation episodes that include accretion
and elongation. t0 marks sand pockets from incipient sand or dune sand sedimentation that was
not eroded by later mobilizations as found south of the Hz1 section. t1 and t2 mark samples
taken from the base and top of the main dune mobilization-stabilization episode unit. The units
may only be identifiable in an exposure by an unconformity based on bedding or by relict
features from vegetated surfaces (organic material, snail-shells) that may represent a certain
time interval when vegetation was sustained and its detritus was possibly slightly reworked and
re-deposited. The VLD crest (dotted lines) undergoes intermittent activation from crosswinds
that slightly erode and redeposit sand.

c. The VLD cross-section. Fig. 5¢c-7 portrays the axis section (rasterized) that is preserved while
the dotted lines (c-8) represent the changing dune crest configurations due to crosswinds. Note
how the active crest does not fully erode the main episodic units delimited by horizontal dashed
lines.

d. This figure portrays dune elongation and accretion ages from the drilled late Holocene BM
section (ages after Roskin et al., 2011), which is suggested to have a local sand source and
comprises a field laboratory for understanding VLD formation. t1 marks the lower part of the
episodic E1 unit and, based on OSL ages, it dates to the age of the primary nebkha and the lee
dune deposition. This is followed by continued mobilization of sand that is deposited beyond
t1', forming an initial elongated VLD structure. The time elapsed between t1 and t1' that
indicates sand transport/dune elongation rate/time is regarded here as an "event" of dune
accretion/elongation. The t2-t2' segment date an additional event from episode E1. It's age is
naturally younger than the t1—t1' event. Thus, the t1 and t2 event ages represent separate VLD
accretion and elongation events separated by ~850 years. When scaled to the Late Pleistocene
Negev ages, both events can exemplify how the main encroachment episode (16-13.7 ka)
section (Fig. 5b) accumulated.

Dashed-line b represents the truncated t2 unit top. Line c represents the current dune surface,
reactivated only several years ago. Unit a-b represents local dune activation that has not been
reworked so deeply since 150 a.&
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relatively thin, episodic unit during the late Holocene remobilization, a process that is
explained in the following section.

5.3 Negev vegetated linear dune dynamics, structure and chronology
5.3.1 Vegetated linear dune formation

Large proportions of the low to mid-latitude dune bodies in Australia (Nanson et al., 1992;
Fitzsimmons et al., 2007; Cohen et al., 2010), southern Africa (Telfer and Thomas, 2007), and
South America (Tripaldi and Forman, 2007; Tripaldi et al., 2011) comprise vegetated linear
dunes (VLDs) that are currently stable in regions with low wind power. Accordingly, in past
climates and environments, the dunes, either with or without vegetative cover, were active
until stabilizing at their current position. Accordingly, a better understanding of the processes
of VLD formation and elongation, whether the VLD is partly or fully vegetated, is needed.
Hollands et al. (2006) suggested that linear dunes in the northwestern Simpson Desert,
Australia mainly accrete by wind rifting and are not elongating. Recently, Telfer (2011), by
densely OSL-dating full dune-sections spaced along the 600 m elongating tip of a simple
linear dune in the south-western Kalahari has clearly demonstrated episodic sand accretion

and dune elongation.

Vegetation cover is assumed to be the main reason behind VLD formation, for which several
theories have been proposed. In contrast to the sinuous elongation that occurs with linear,
unvegetated seif dunes, VLDs are thought to lengthen along straight lines and approximately
in the direction of the prevailing wind (Tsoar and Moller, 1986; Tsoar, 1989; Tsoar et al.,
2008). One simple explanation perceives VLDs as seif dunes that formed during the Late
Pleistocene and that were subsequently stabilized during the Holocene, when the climate
became more humid and less windy (Lancaster, 1994; Lancaster, 1995). But this approach
cannot explain how the tuning fork pattern (Tsoar et al., 2008) or Y-junctions (Kocurek and
Ewing, 2005), common in VLDs but missing from seifs (Tsoar and Moller, 1986; Tsoar et al.,
2008), is formed. This coalescence, though not clearly understood, has been attributed to
deflection by cross-winds of the extreme of the dune ridge during the elongation process in
order to preserve dune spacing (i.e. Tsoar et al., 2008 and references within). It seems,
therefore, that VLDs have always been vegetated to some degree, though probably more
sparsely during colder periods when wind power was greater (Hesse and Simpson, 2006;
Hollands et al., 2006; Cohen et al., 2010).
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We propose that VLDs were formed under conditions of high wind power that prevailed
during the Late Pleistocene but that are virtually unknown today. The transport of sufficient
amounts of sand by high wind power is understood to lead to the formation of large nebkhas
behind shrubs, followed by the development of lee (shadow) dunes behind each nebkha. The
lee dune then connects to the nebkha downwind of it to form an incipient, elongated VLD
(after Tsoar, 1989) (Fig. 5a). Consequently, parallel to the incipient VLDs, swales develop

into interdune corridors where sand deposition is limited (Allgaier, 2008a).

The vertical accretion of sediment, in part by the coalescence of new nebkhas alongside and
upon the VLD axis, is thought to occur along with dune elongation (Fig. 5.5). But strong cross
winds can erode the upper dune surface, causing the depth of erosion and sedimentation on
the dune crest and slopes to vary (Fig. 5.5b). In the southwest (SW) part of the Negev
dunefield north of Nizzana (Figs. 1 and 2), annual summer sand erosion and winter storm
sand deposition were found to amount and affect the upper 25 cm of the dune crest (Allgaier,
2008Db). This explains how perennial shrubs on VVLDs gradually adapt themselves to winds
and consequent sedimentation and/or erosion. If the dune surface is held quasi-active, it will
also not undergo pedogenesis, as described for the SW Negev dunefield (Blume et al., 1995)

and observed by Roskin et al. (2011) for a majority of the dunefield.

5.3.2 Negev VLD mobilization-stabilization episodes

The densely dated NW Negev VLDs that include fully exposed and dated dune sections
(Hz1, Fig. 5.2) helps clarify and model the episodic chronology of VLD mobilization. The
model explains the significance of VLD OSL ages and VLD development and is further based
on GPR profiles (Tsoar et al., 2010) and aided by concepts from papers by Kocurek (1998),
Allgaier (2008a and b), Stone and Thomas (2008) and Tsoar et al. (2008).

Interpreting dune chronostratigraphy requires a familiarization with the terms linear dune
activation, mobilization, elongation, and stabilization. A linear dune can be defined as active
when it undergoes erosion and the deposition of sand while dune elongation is negligible.
Negev dune activation usually entails crosswind-driven to and fro movements of the crest
amounting to a thickness of several meters (Allgaier 2008b; Roskin et al, 2011) as discussed
by Kocurek, (1998) and Telfer et al. (2010) and demonstrated by Telfer (2011). The
luminescence signal of the upper dune is reset (Fig. 5.5) but this does not involve substantial
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dune elongation. In climates with less than 80 mm annual precipitation, dune crests can be

active at low wind powers (Tsoar, 2008).

VLD elongation, however, involves the transport of sand along the dune axis and its
deposition at the dune nose, where the lengthening occurs. During elongation, sand is highly
mobilized as it accretes on the dune axis and partially on the dune slopes. Sediment supply is
a prerequisite for VLD elongation (mobilization) and subsequent dune encroachment, while
dune (sand) erosivity and erodibility (Chase and Brewer, 2009) control local dune activation.
Dune stabilization is a passive situation recognized as the absence of either dune elongation or
limited lateral crest movement (activation). Vegetation and a biogenic crust cover usually
develop on stabilized dunes (Tsoar et al., 2008).

Previously dune time-series have generally been interpreted in terms of "dunefield activity"
(Fitzsimmons et al., 2007) or "dune accumulation™ (Stone and Thomas, 2008). Both of these
interpretations do not differentiate between mobilization or stabilization, since no account can
be taken of erosive periods that are absent in the dune record. Because OSL ages represent the
burial age of the sample, the specific location and OSL age represent the end of
accretion/sedimentation (i.e., stabilization) of a mobilized VLD. A series of OSL ages along a
section located in the dune axis (Fig. 5.5b; t1, t2), provide burial ages of sand during an
accretive episode that occurred while the dunes were continuously mobilized. A basal age
(Fig. 5.5b; t1) may generally date the initiation of sand accretion, while the upper age (Fig.
5.5b; t2) marks a later time of deposition immediately prior to stabilization. A t2 sample can
also mark a later event of dune crest reworking. If this pattern is spatially repetitive
throughout the dunfield, as found in the NW Negev (Fig. 5.5¢), OSL age clustering, mainly
between these bottom (t1) and top (t2) "end" event ages, can be perceived as representing
what we define as a dune mobilization-stabilization episode. As concluded by Telfer et al.

(2010), periods of enhanced activity are readily preserved.

The luminescence age taken at t1 specifically marks the burial time of sand at t1. However,
the age can be interpreted to generally date (within errors) the range of the t1-t1' event that
includes burial during mobilization (t1) and, due to elongation, burial shortly thereafter at t1'.
As this mobilization event ended somewhere further down the dune in space and time, we can
assume that both the t1 and t1' ages, taken along a partial segment of a dune axis, are
somewhat older than the end (stabilization) event (t2) of the mobilization episode that

probably occurred with maximum VLD elongation.
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On asingle VLD scale, this pattern was identified for Late Holocene dune movement at the
BM site in the southwestern part of the Negev dunefield when dating two VLD axis sections
260 m apart (Fig. 5.5d). The OSL ages, recalculated using the Central Age Model (CAM)
show that the t1 and t1' ages are 1.77£0.1 ka and 1.68+0.1 ka and the t2 and t2' ages are
0.88+0.05 ka and 0.85+0.04 ka, respectively. The ages, though within errors, appear to be
slightly younger downwind and the two age sets mark two distinct and rapid mobilization and
elongation episodes. The t2-t2' elongation, occurred in a maximum time-span of 130 years
(including errors) so that dune elongation was surely greater than 2m/a. This pattern can be
observed along the densely-dated linear dune in the south-western Kalahari for Late
Pleistocene and Holocene ages (Telfer, 2011).

On a Late Pleistocene scale and at a dune encroachment corridor, the t1-t1' age differences
are larger. The Hz1 section basal t1 age of 15.5+2.2 ka is similar to the basal t1' ages 25 km
downwind at section Bl (15.9£0.7 ka and 14.7+1.9 ka) (Fig. 5.2). These units are part of one
main mobilization-stabilization episode. The upper t2 type ages, such as 13.7+1.1 ka and
13.7+0.4 ka in the Hz1 section and 13.7+1.7 ka in the Bl section, date the stabilization.
However, when sampling is based on drilling at 1-2 m intervals, both t1 and t2 ages may not
be identified. In such cases and when additional chronological indicators are absent, any of
the four (t1—t2") event ages can be taken to generally represent the whole E1 episode, and in
the case of the Hz1 and Bl section, therefore, would fall into the span of the main episode,
dated to ~16—13.7 ka.

To varying degrees, active dune surfaces can slightly truncate the depositional surface of the
previous episode (Fig. 5.5b). Thin mobilization-stabilization event units may even be fully
reworked by intermittent and possibly long-term local surficial activity, which can erase them
from the chronostratigraphic record. For example, in the Hz1 section the second mobilization
episode (12.4-11.6 ka) is not always apparent. Remnants of a minor dune mobilization-
stabilization episode may be evident in sporadic ages of ~3 ka, found for example at the S6
section (2.9£0.1 ka) and at the upper Bl dune in the east (3.0+0.6 ka) (Fig. 5.2). Basal
charcoal layers overlying pedogenic sand in a quarry at the southeast dunefield were dated by
radiocarbon to ~3 and ~2 ka (Zilberman, 1991). At Nahal Lavan dune-dammed sediments
began to accumulate by ~3.5 ka (Ben-David, 2003). Most likely this short episode was
decimated in most places by the late Holocene VLD remobilization and dune crest activity.

The outcome of such episodic erosion and deposition is that initial sand arrival ages will be

lacking and stabilization ages may be either post-dated by later dune crest activation or
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truncated by later dune activity or mobilization. Accordingly, the OSL age clusters from the
Negev dunes presented by Roskin et al. (2011) as PDF and histogram (Fig. 5.3) reliably
represent the main VLD mobilization-stabilization episodes, with the older ages within each
cluster usually representing initial encroachment and mobilization and the younger ages
represent the time of dune stabilization. This may also explain the coincidence of the Negev
age groups with the H1 and YD cold events, where the older sediments were buried and
preserved due to increased windiness, and the younger ages mark stabilization due to drops in

windiness at the end of the cold-events.

5.3.3 Rapid accretion and elongation

The thick aeolian sand and dune sections in the western Negev dunefield record a short-
term, high wind-power event that is suggested to have formed the majority of the sand record
of the Late Pleistocene main mobilization-stabilization episode (Fig. 5.2; see sections Hz1
VLD, BI VLD, KD 73, Tz ID) (Roskin et al., 2011). Based on the 16-15 ka ages of the Tz and
Bl sections, it seems that around ~15.8 ka there was a rapid event (Roskin et al., 2011). The
nearly identical ages of ~13.7 ka for the end of the main mobilization-stabilization event at
different parts of the dunefield are striking and indicate a joint abrupt stabilization, probably
due to a sharp drop in wind power. Furthermore, the late Holocene section at BM-VLD,
which formed under a different environmental regime (Roskin et al., 2011) (Fig. 5.5d), also
suggest rapid mobilization and accretion, such that two mobilization-stabilization episodes (at

~1.7 ka and at ~0.85 ka), less than 1000 years apart, caused VLD accretions of 4-5 meters.

Varying sand thicknesses for the same mobilization-stabilization episode between the
different encroachment corridors (in the west; Fig. 5.2) can be explained by differences in
wind power, erosion or sediment supply. Sediment supply is probably the dominant factor:
the central encroachment corridor, with the thickest sand accumulation and the easternmost
extent, is connected directly upwind to the substantial dune field in Sinai with ample sand
supply, whereas the northern and southern corridors, which are less extensive, partially
continue into Sinai (Fig. 5.1). Wind speed and direction of the prevailing sand transporting
storms were probably similar throughout the northern and central dunefield; the quite uniform
west-east VLD orientations and OSL ages support this. Additionally, the regional extent of
cyclonic wind properties can be inferred from current EM storms. The December 10-12"

2010 cyclonic storm of a northern EM Cyprus Low track led to over 100 mm of precipitation
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in northern Israel (Fig. 5.1c). Throughout the Negev, far beyond the boundaries of the

dunefield, strong and quite uniform, mainly southwesterly and also westerly winds persisted.

We suggest that VLD buildup was a rapid process. If dune accretion was a gradual
sedimentological process, each small-scale sand deposition would be either eroded or reset
luminescence-wise during dune activity, or prone to bioturbation during dune stabilization
(Bateman et al., 2007). Assuming constant mobilization rates, the rapid TZ section dune
accretion of 10 m in several hundreds of years reflects an average accretion rate of several
cm/a while Southern Australia linear dunes were found to slowly accrete at only 1 cm/100a
(Lomax et al., 2011). These accretion rates do not seem sustainable. Accordingly, the VLD
mobilization-stabilization sections do not necessarily result from a gradual sedimentation
process, but are rather sporadic, intense responses to extreme windiness events. This scenario
emphasizes the non-linear dune-scape response to forcing events (Telfer et al., 2010). Most
likely, between the two dune-building events, despite the Late Pleistocene climate suggested

to have been stormier and rainier, the Negev dunefield was not fully mobilized.

Elongation rates of a single VLD such as for fresher late Holocene ages at the BM site (Fig.
5.5d), can support our assumption of rapid accretion during short mobilization-stabilization
episodes. Based on the Late Pleistocene ages, we estimated that for the second episode at
~12.4—11.6 ka, average sand transport rates along the VLD elongation direction were
approximately several m/a. An elongation rate of 20—30 m/a along the northern encroachment
corridor is feasible (Fig. 5.2) for the main episode, which lends further support to the intensity

of this episode. These dune elongation rates, however, are perceived as gross averages.

5.3.4 The change in Negev sand-transporting wind orientations since the Late

Pleistocene

The west-east orientation of the Negev VLDs dated to the Late Pleistocene suggests a
uniform west-east dune-elongation palaeo-wind direction that slightly differs from the current
main sand-transporting wind directions. Since their formation, the dunes have not undergone
noticeable lateral movement (Ben-David, 2003; Roskin et al., 2011). Late Holocene
transverse dunes in the central encroachment corridor with eastern-facing slip-faces (Roskin

etal., 2011) also imply westerly winds needed for dune encroachment.

Linear dunes in eastern Sinai are devoid of vegetation because of grazing and wood

gathering activities by Bedouin nomads since the 18"—19™ centuries up to recent times (Tsoar
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1995) (Fig. 5.6a). As a result, small transverse dunelets were formed on the VLDs, as well as
partially in the NW Negev dunes that were periodically exposed to grazing (Fig. 5.6¢) (Tsoar
et al., 2008). These dunelets were formed by the strongest current southwest winds in the area
(Figs. 6b & d). Dune crests and slopes that date back 150 years (Roskin et al., 2011) support
this scenario. In the same manner, when dunes formed during the Late Pleistocene, the
strongest dominant wind was from the west and not the southwest as it is today.

Unpublished wind data from the Shivta Meteorological Site, ~8 km south of the dunefield,
shows that the southwestern winds usually exceed the sand transport threshold and comprise
42% of all of the winds (at various categories of durations) (after Enzel et al., 2008). Summer
northwesterly winds are less intense but more frequent (Fig. 5.6b & 5.6d). Winds typically
encountered today, however, do not cause substantial VLD elongation nor do they rework the
dune crest beneath depths of ~3 m. These observations indicate that the Late Pleistocene sand-
transporting winds were not only more vigorous, but they also consistently blew from the
west. This hints that the Late Pleistocene dune-transporting winds were possibly part of a

different synoptic regime than the winds of today.

5.4. Regional palaeoclimate records

Palaeoclimatic interpretations of dune ages in themselves is often insufficient and therefore
must be compared with and complemented by additional proxy data (Fitzsimmons et al.,
2007; Lomax et al., 2011). To place the Late Pleistocene Negev dune mobilization-
stabilization episodes within a regional context, we assembled a large set of regional Late
Pleistocene palaeoclimate sediment records, mainly from Israel and within 100-km of the NW
Negev dunefield. These include rainfall and isotope records from cave speleothems, Lake
Lisan level records, and aeolian loess and sand records. We also addressed the timing of

prehistoric findings in the NW Negev within the framework of the encroachment episodes.

5.4.1 Speleothems and Lake Lisan records

Tzavoa Cave speleothem records indicate that in the Northern Negev, the LGM was a
relatively dry period of the Late Pleistocene (Fig. 5.3). During that time, the dunefield was
farther from the Cyprus Low tracks (Enzel et al., 2008), as a result received less rain, but was
still affected by the winds that accompanied the cyclones, which had mean radiuses of
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Figure 5.6. Superimposed dunelets on Sinai and Negev linear dunes.

a. Aerial photograph of braided linear west-east oriented (thin dashed arrow) dunes in
northeast Sinai (300 51' 18.36"N, 340 12' 09.9"E) approximately 10 km west-north-west of
Nizzana (Fig. 1). Northeast facing dunelets are clearly apparent (double-line) on their crests
in accordance with southwest sand-transporting winds (thick black arrow) as measured for
Bir Lahfan (Fig. 6b - below).

b. Wind rose diagram collected by Bir Lahfan, Sinai (for location see Fig. 1) showing strong
southwest dunelet-forming component. Being located only 37 km from the Mediterranean
coast, the strong northeast component is due to sea-breeze.

c. Braided Negev VLD by the BM site. Symbols are as in Fig. 6a.

d. Wind rose diagram (after Sharon and Margalit, 2002) of winds 15 meters above the surface
at the Halamish ecosystem study site 5 km north of Nizzana and 5 km south of the BM site

(Fig. 2).
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~400-600 km (Campins et al., 2010) as observed for the December 10—12" 2010 storm (Fig.
5.1c). LGM ages are found only in the southwest corner of the Negev dunefield, perhaps
because the ample sand supply required for dune buildup simply had not yet reached the NW
Negev from Northern Sinai, despite the prevalence of strong winds which may have already
transported sand into Sinai. The higher speleothem growth rates and high Sr concentrations in
the Tzavoa Cave at 19—17 ka, towards the end of the LGM, indicate a relative windy and
dusty environment (Vaks, 2008). This may be correlated to several ages of 18—17 ka from
dune bases that are suggested to have preserved the incipient stage of the main episode
(Roskin et al., 2011).

The rapid western Negev dunefield accretion event at ~15.8 ka is not contemporaneous with
increased speleothem growth (i.e. increased rainfall) in the Tzavoa Cave record or with
speleothem deposition periods in the arid Judean Desert west of the Dead Sea (Lisker et al.,
2010) that indicate a drop in rainfall at ~16—15 ka. However, the Tzavoa speleothem terminal
age of ~14-13 ka coincides with dune stabilization ages of 13.7-13.3 ka of the main episode.
This implies that the main mobilization-stabilization episode occurred in a significantly
rainier climate then the second episode. The Late Pleistocene %0 record from the Soreq cave
(Fig. 5.3) is level throughout the LGM, followed by gradual warming that precedes a short
cooling event at ~15.5 ka, after which there is a sharp warming that peaked at ~14.5 ka, (Fig.
5.3). The ~15.5 ka short cooling event is in agreement with the ages of the rapid dune
mobilization-stabilization event at ~15.8 ka and the sharp re-warming age is similar to the

drop in rainfall at 14-13 ka in Tzavoa Cave.

When compared to the fluctuation of Lake Lisan levels (Stein et al., 2010), it appears that
the rapid drop in lake levels at 17.4—16 ka cal BP roughly coincides with the initial deposition
of dune bases at 19-17 ka. A brief rise in lake levels at ~16—15 ka, indicating a more moist
climate in the north, agrees with the rapid ~15.8 ka dune mobilization event. The return to
aridity at 14.6-13.2 ka cal BP coincides with the major dunes stabilization at ~13.7-13.3 ka.
The association of rapid Lake Lisan level fluctuation at 15—14.6 ka cal BP with the North
Atlantic Heinrich 1 event, led Bartov et al. (2003) and Stein et al. (2010) to suggest that the

following period in the Levant was colder and generally drier.

The Lake Lisan curve (Bartov et al., 2003; Stein et al., 2010) and the Soreq *330 records
identify a short, cool spell associated with the YD, with a short increase in rainfall, coeval

with the second, less intense dune encroachment episode (Fig. 5.3). Speleothems in arid
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regions (Vaks et al., 2006; Lisker et al., 2010) do not register this event. Several post-YD
dune ages (10.7 — 9.3 ka) (Fig. 5.3) seem to indicate that there was a gradual subsidence in

wind until the Holocene.

The partial correlation between rainfall-induced speleothem deposition and Lake Lisan
fluctuations and the Negev dune mobilizations and stabilizations suggest that the Negev dunes
are not solely controlled by windiness that occurred during periods of intensified rainfall.

5.4.2 Aeolian sand records

Regional aeolian chronologies coincide with the NW Negev main mobilization-stabilization
episode ages of ~16—13.7 ka. The SL112 EM marine core, retrieved ~20 km east of Haifa and
at water depth of 892 m, contained Late Pleistocene and Holocene fine sand, silt, and clay
fractions (Hamann et al., 2008). The silt fraction sizes underwent end-member modeling to
distinguish between aeolian, marine, and Nile sediments. The end member silt fraction modal
grain size was 40 um, similar to North African and Israeli dust storm grain sizes (Crouvi et
al., 2008, 2009), and thus, those sediments were interpreted to be aeolian. Although fine sand
and silt deposition was high during the LGM, an equivalent, outstanding episode that ended
rapidly is recorded at 17—14.5 ka, based on accelerator mass spectrometry (AMS) radiocarbon
dating (Hamann et al., 2008) (Fig. 5.3). The timing is similar to the Negev main dune
mobilization-stabilization episode. The core's record of rapidly ending sedimentation is
similar to the information gleaned from the Negev VLDs. The jumps in both sand and silt
percentages are explained by Hamann et al. (2008) as "Heinrich-equivalent events".
Sedimentological changes in the YD cold event, however, are only slightly visible in the
SL112 core (Hamann et al., 2008) (Fig. 5.3). This again suggests the less intense regional
effect of the YD relative to the H1 events.

Other studies of Mediterranean and North Africa dust and sand records at latitudes similar to
those of the Sinai-Negev Erg also suggest regional-global windiness that began at the end of
the LGM and continued until just before the start of the Holocene. Aeolian quartz/clay, Si/Al,
and Zr/Al ratios in a piston core in the EM, roughly-dated to the LGM (23—18 ka) are
interpreted to reflect a more arid climate, with increased wind speeds and greater dust
transport (Calvert and Fontugne, 2001). Another piston core off the NW African margin
shows low-latitude dustiness, i.e. windiness, synchronous with high-latitude Heinrich events

(Julliena et al., 2007). Fe concentrations in a Nile Delta core represent aeolian dust input and
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shows a major reduction in (Saharan) dust at 14.6 ka (Revel et al., 2010). Fine aeolian sand
was also found to be deposited in the Atlantic off the NW coast of Africa during the H1
(Moreno et al., 2002; Mulitza et al., 2010). Along with the Hamann et al. (2008) SL112 core
(Fig. 5.3), these finds indicate an extremely windy episode that was capable of transporting
fine sand into the sea which co-occurred with the Negev main dune mobilization-stabilization
episode.

Small dunefields, east and southeast of the study area, exhibit similar stabilization ages.
Thirty-five km east of the southern part of the Negev dunefield, coarse-grain sand, reworked
from the Miocene Hazeva Fm., was dated by OSL to 14.1£1.2 ka (Dody et al., 2008). At
Wadi Faynan in the southern Dead Sea Rift Valley, OSL age clustering suggests that aeolian
activity subsided at ~13.7 ka (McLaren et al., 2004), which closely fits the stabilization ages
of the Negev main mobilization-stabilization episode (Fig. 2). Similarities in dune
stabilization ages between the NW Negev and these neighboring areas provides another
indicator of a regional decrease in wind strength around ~14 ka, whereas OSL ages from these
areas that match the second (YD) Negev episode are absent from the record. Although this
may be due to the paucity of data, it may also suggest that this less intense episode did not

significantly affect sand bodies located farther away from the EM.

5.4.3 Northern Negev loess records

Despite their dynamic and spatial similarities (Crouvi et al., 2010), the comparisons between
NW Negev loess and dune chronostratigraphies are complex. Ben-David (2003) initially
suggested that the NW Negev Late Pleistocene aeolian (dust) loess deposition and (sand) dune
activity were synchronous events that reflect a windy environment. But sand and loess have
different particle size distributions, which control their inherent dynamic thresholds and
characteristics (Pye and Tsoar, 2009), making deposits of these aeolian sediments unique
recorders of past, though differing, wind properties. Sand grains saltate whereas loess silt and
clay particles are transported by suspension, and they require higher threshold friction
velocity and lower transport speed than sand grains for erosion and transportation,
respectively (Tsoar and Pye, 1987). Sand and dune bodies mobilize and stabilize in direct
response to increases and decreases, respectively, in wind power, whereas the depositional
behavior of loess remains to be elucidated, as it is aided by additional factors like rain
(Kohfeld and Harrison, 2001) and vegetation (Pye and Tsoar, 1987). Hence, sand is eroded at
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relatively lower wind velocities while the saltating sand can entrain silt and clay into
suspension. Therefore, where dust is being transported, dune mobilization is expected.

Past windiness and particularly gustiness is inferred from dust influx. Gustiness is defined as
short-term high-speed wind events that carry significant relative proportions of dust, the
transport of which is non-linearly correlated to wind speed (Gillette, 1974; McGee et al.,
2010). As dust deposition flux is controlled not only by windiness but also by the extent of
moisture in the environment (Harrison et al., 2001), it may not be exactly correlated with peak
windiness. On the other hand, sharp drops in dust-flux can signal a drop in windiness and in
this scenario, dunes will probably stabilize. Moreover, Crouvi et al. (2009, 2010) and Enzel et
al. (2010) suggested that the Negev loess, similar to other global loess fields adjacent to
dunefields, is mainly formed by sand abrasion. Accordingly, the Negev primary loess deposits
should somehow reflect both dune encroachment and stabilization events and the ages of the
two sediments should be quite synchronous. However, the loess ages in the Negev indicate
major and continuous deposition since ~95 ka (Crouvi et al. 2008; Crouvi et al. 2009), long
before the Negev dune encroachments at 23-11.5 ka. Only the termination of loess deposition

and sand stabilization ages are synchronous, at ~11.5-10 ka.

In northern Sinai, radiocarbon dates of late Upper Paleolithic sites of ~35—30 ka cal BC in
basal climbing dune (ramp) sections, along with later ages similar to the Negev's main
encroachment episode (Goldberg, 1977; Goring-Morris and Goldberg, 1990), while
increasing the age range of dune stabilization, are still much younger than the ages of the
Negev loess. The younger Sinai (~35 ka) and even younger Negev dunefield may have
formed this late due to a limited sand supply from the presumed source, the Nile Delta region
(Roskin et al., 2011).

The similar Negev upper loess and dune mobilization and stabilization ages may suggest
synchrony between dune encroachment and massive loess-building dust deposition. The OSL-
dated Hura loess section, 30 km northeast of the dunefield's eastern fringe, is the only loess
section that shows rapid loess accumulation at ~18.9+1.3 —17.3+1.3 ka, eventually ending
around 10.7£1.3 ka (Crouvi et al., 2008). This may be associated with the main dune
mobilization-stabilization episode, when the bulk of dune sand reached the NW Negev

environs.

Other ages from northern Negev upper palaeosols (Fig. 5.1b) correlate with the main dune

episode, though they may not represent the terminus of loess sedimentation. In the Ruhama
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section, 30 km northeast of the dunefield, the upper loess palaeosol OSL age ranges between
14.8 and 12.4 ka (Wieder et al., 2008). At Qerem Shalom, immediately north of the study
area, calcic sandy palaeosols were dated by OSL to 14.5+£2.3 and 13.4+1.7 ka (Zilberman et
al., 2007). This regional drop in loess deposition coincide with the onset of the more arid
Holocene (Baruch and Goring-Morris, 1997; Vaks et al., 2006; Lisker et al., 2010),
suggesting a corresponding drop in wind power (Tsoar and Pye, 1987), which also explains
dune stabilization. Thus, despite being both aeolian sediments deposited in the same climatic
and geographic contexts, the only full agreement between the current Negev loess chronology
and the NW Negev dune ages is the simultaneous sand stabilization and the cessation of loess
deposition by ~10 ka.

The late Holocene (2-0.8 ka) brief Negev dune encroachment and reactivation episode
(Roskin et al., 2011) is also unrelated to any recorded Holocene loess deposition; this raises
further questions about the suggested loess-dune chronological inter-relationship (Enzel et al.;
2008; Crouvi et al., 2010; Enzel et al.; 2010) and addresses the need to investigate additional

palaeoclimatic controls on the Negev dunes mobilizations and stabilizations.

5.4.4 Northern Negev prehistoric sites

Early to Late Epipalaeolithic (~22—-9.6 ka cal BC) site density of the arid southern Levant
(Sinai and Negev) compiled by Goring-Morris et al. (2009), peaks during the Older Dryas
(associated with the H1) and the YD periods. This spans the Negev dune ages and is the only
record that covers all of the Negev dune mobilization-stabilization episodes from the LGM
until the Holocene. Increased human presence during a period of increased windiness seems
incongruous. However, the prehistoric sites in the southern dunefield portray short-lived,
seasonal camps situated mainly by paludal sediments. These sites were usually inhabited for
less than 2 weeks (Goring-Morris and Goldberg, 1990) and are associated with dune-dammed
standing water bodies dating to the same time (Roskin et al., 2010b). The clustering of
prehistoric sites and seasonal movements between the Negev Highlands and dunefield
lowlands may indicate a human response to seasonal availability of water. The sites were
possibly inhabited during the less windy season at times when the dunes were stable and

maintained the seasonal water bodies.

5.4.5 Summary: Late Pleistocene VLD mobilization-stabilization environment
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Based on estimated doubled Late Pleistocene rainfall (\Vaks et al., 2006), we suggest that the
Negev dunes were vegetated in the past. Despite the higher rainfall, vegetation cover is not
expected to have exceeded 20—30% in dunes, as observed for Israeli coastal dunes, and
modeled by Yizhaq et al. (2009). Wind erosion stress, limited soil moisture and rapid
infiltration due to the sand grain size limit vegetation proliferation on dunes (Tsoar, 1997).
During mobilization episodes, higher crest wind speeds meant that the sparse dune vegetation
was concentrated mainly on the dune flanks, helping to preserve the VLD morphology. Dune
dynamics modeling in terms of vegetation, rainfall, and drift potential proposes that in a
climate that receives 300 mm rain per year, dunes with 20—30% vegetative cover can be
active when drift potentials (DP) [terminology from Fryberger (1979)] exceed ~400 (Yizhaq
etal., 2007; Yizhag et al., 2009). The Late Pleistocene DPs were probably significantly
higher, considering that current DPs in northwestern Sinai have been calculated to be ~1000
(Roskin et al., 2011). Thus the Negev dunes were probably VLDs since their establishment,
according to the formation models proposed above.

Regional aeolian sand records show abundant indicators of aeolian activity during the main
Negev dune mobilization-stabilization episode, while the second episode stabilization ages
resemble the upper loess sections dated to the onset of the Holocene. Accordingly, the Negev
dunes stabilized due to the drop in windiness that, in some cases, was contemporaneous with
a drop in rainfall, as understood from speleothem and Lake Lisan records. While these
regional proxies indicate that the H1 and YD North Atlantic cold-events may have affected
the EM differently in terms of temperature and rain, our findings suggest that during these
cold-events also dune-driving windiness increased. Accordingly, we emphasize that dune
stabilization events which are caused by decreased windiness (event t2 on Fig. 5.5) can be

important markers for identifying climate change (Lomax et al., 2011).

5.5 The global palaeoclimate connection

5.5.1 Coincidence of GISP H1 and YD dust fluxes with Negev dune mobilization-

stabilization episodes

The timing of NW Negev dunefield mobilization-stabilization episodes is comparable to the
North Atlantic H1 and the YD cold events. These events are identified in the Greenland Ice
Sheet Project (GISP) ice core records, such as §'20 changes and dust-flux (Fig. 5.3). Antarctic
EPICA Dome C (EDC) cores show sharp post-LGM drops in 520 and dust-flux at 14.6 ka,
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however Greenland is closer to the Negev than Antarctica, which makes the GISP records
more relevant for the Negev data. The interpreted GISP §'%0 reveals a temperature increase at
~14.5 ka, corresponding to the Bglling-Allerad warming, an event that separates the H1 and
the YD (Liu et al., 2009) (Fig. 5.3). The YD, which was more pronounced in the Northern
Hemisphere, was found to have ended abruptly (Steffensen et al., 2008). The Mediterranean
in general and the EM region in particular were only partially affected by these North Atlantic
climate systems (Allen et al., 1999; Bar-Matthews et al., 1999; Fletcher et al., 2010; Flocas et
al., 2010; Stein et al., 2010).

Specifically, the Negev VLD stabilization ages coincide well with two declines in GISP ice-
core dust Ca”* flux between the LGM and Holocene at 14.5 ka and 11.6 ka that match the
ends of the H1 and YD events, respectively. Although the debate continues over the possible
sources of GISP and EPICA dust records, it is generally accepted that the high-latitude cold
event high dust concentrations must have originated in mid- to low-latitude regions (such as
the Sahara or the Sinai-Negev Erg) which were prone to dust entrainment by strong winds
(McGee et al., 2010). Accordingly, these winds were also capable of generating regional dune
mobility. This lends further support to our classification of two encroachment episodes (Figs.
2, 3 and 4) and suggests a connection between Negev dune mobility and global windiness.
The sharp decline in dust-flux to negligible values also fits our interpretation that dune

mobilization in the Negev was halted abruptly due to sharp decrease in wind power.

5.5.2. Post-LGM - Holocene global luminescence-dated dune mobilization and

stabilization

The relationship between windy global cold events and dune mobilization and stabilization
can be tested on other dunefields. Late Pleistocene linear dune activity younger than 35 ka has
been identified in many deserts in the (low) latitudinal range but no clear-cut relationships
were found with glacial/deglaciation transitions (Munyikwa, 2005; Lancaster, 2007; Singhvi
and Porat, 2008). This implies that dune systems are not solely or immediately controlled by
global glacial-interglacial fluctuations or by the subsequent climatic impact of those

fluctuations, as initially proposed (Sarnthein, 1978).

Similar to the Negev VLDs, major luminescence age datasets of mainly vegetated linear
dunes from the Southern Hemisphere shows a peak of ages following the LGM (Roskin et al.,
2011) (Fig. 5.3). Episodes of dune activity also preceding the LGM were identified for the
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Southern Hemisphere dunefields (Telfer and Thomas, 2007; Fitzsimmons et al., 2007; Lomax
et al., 2011). This accentuates the palaeoclimatic significance of the large age clusters post-
dating the LGM, while acknowledging the possibility that these later mobilization episodes
are better preserved. Studies with fewer ages also support this find. Based on 11 OSL ages
from two sections, Tripaldi et al. (2011) identifies for the southern fringe of the Medanos de
los Naranjos dunefield in Argentina one long dry windy interval extending from 23-13 ka or
two intervals from 23-20 ka and 16-13 ka. Luminescence dating of North African dunes
produced similar age clustering: Fourteen OSL ages from the Great Sand Sea of Egypt,
though sampled from depths of only 2—5 m, range from 22.8 to 11 ka (Besler, 2008).
Nineteen OSL ages from the Western Sahara desert of Mauritania also cluster around 25-15
ka and 13—10 ka (Lancaster et al., 2002). All these dunes stabilized by ~10 ka, probably
reflecting a general global decline in windiness. Radiocarbon dates, mainly from interdunal
sediments, suggest major dune activity in the Sahara at ~18—12 ka (Nicholson and Flohn,
1980), and Swezey (2001) also identified aeolian activity in different parts of the Sahara since
~25 ka, with a distinct stabilization at 11 ka.

Dunefields in the Southern Hemisphere show increased dune mobilization and stabilization
at 14-10 ka, later than the EDC drop in dust-flux around 14.6 ka. This continued post-dust
dune mobilization in the Southern Hemisphere may reflect a drop in windiness, such that the
wind lacked sufficient power for dust entrainment but was still able to transport sand.
Furthermore, dune mobilization and stabilization in southeastern Australia coincides with the
Antarctic cold reversal (ACR) at ~14.5-12.5 ka (Fitzsimmons et al., 2007; Lomax et al.,
2011). The Kalahari age dataset between 14—10 ka (Telfer and Thomas, 2007) has a slightly
different age distribution compared to the Australian age distribution (after Fitzsimmons et

al., 2007) (Fig. 5.3) that may be attributed to local climatic factors and lagged response.

The strong correlation between Northern Hemisphere global and regional Late Pleistocene
dust flux, and consequently between windiness, colder climates and dune mobilization,
suggests that when annual average rainfall is equal to or above 100 mm, globally-controlled
powerful, sand-transporting winds are a major factor in dune transport. Although arid
conditions enable dune activation, this alone cannot trigger major dune elongation.
Furthermore, VLD elongation in association with vegetation that functions as a wind obstacle,
requiring stronger wind power than for bare (vegetation-free) dunes (Tsoar, 1989), further
strengthens the connection between Late Pleistocene VLD elongation and globally enhanced

windiness.
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5.5.3. Post-LGM — Holocene palaeoclimatic control of NW Negev windiness

General atmospheric circulation during the glacial period through the LGM is accepted as
having been more vigorous than in the Holocene, largely because of enhanced temperature
gradient between the upper latitudes and the tropics (Ditlevsen et al., 1996). During the LGM-
Holocene transition, cold temperatures still reigned in the upper latitudes, causing sharp
baroclinic temperature gradients, though global circulation and windiness, including in the
EM, subsided (Delmonte et al., 2004). The temperature gradient during glacial times and the
North Atlantic (H1 and YD) cold events is suggested to have generally increased global low-
latitude windiness (Swezey, 2001) along with rain (Hemming, 2004) and EM cyclogenesis
(Enzel et al., 2008).

In order to resolve the effect of past temperature gradients on EM cyclogenesis we can
harness studies on the current EM climate. Analogous to the baroclinic conditions that
currently launch EM cyclonic storms (Enzel et al., 2008; Campins et al., 2010), the sharp
baroclinity of the Late Pleistocene may have intensified EM cyclonic storm characteristics,
which were further intensified in the winter and spring (Denton et al., 2005) when the
temperature gradient between the high and the low latitudes became even steeper. Analysis of
the last 40 years of EM cyclonic tracks has shown a positive connection between a decrease in
winter storm track frequency and size to a decrease in baroclinity (Flocas et al., 2010)
suggesting that an increase in baroclinity will yield higher storm frequency. Enhanced
baroclinity has also been positively correlated with Beer-Sheva dust deposition, which, in
turn, has been positively correlated to probably colder and rainier EM cyclonic winters
(Dayan et al., 2008; Enzel et al., 2008). These findings may be analogous to times of
significantly increased EM baroclinity, such as during glacial periods and North Atlantic cold

events, implying that cyclone tracks were then larger and more frequent.

In addition, westerly (originating from the Atlantic and western Mediterranean) and also
southwesterly (passing over North Africa) EM cyclones were found to have high velocities
(>5 m/s; Flocas et al., 2010). Accordingly, Late Pleistocene dune-encroaching windiness may
have been of a more westerly direction which fits the Late Pleistocene northern Negev dune

orientation.

To summarize, the increased windiness of the Late Pleistocene may have been part of the

recognized typical EM wintertime cyclonic mechanism, of events that today usually last ~24
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hours, but in a few, rare cases approach 72 hours (Campins et al., 2010). The Late Pleistocene
EM cyclonic mechanism may also have been more enduring at both the daily and the annual
levels, enabling dune mobilization. This climate was punctuated by exceptionally strong wind
events mainly during global cold-events, unrecognized in the modern record that explain the

stratigraphic evidence of rapid accretion and transport rates and pulses.

The proposed direct control by global cold events on Negev dune formation may help
approximate climate change scenarios for the Negev dunefield. Expected global warming and
possible drought, as observed during the last decade and a half in the Negev dunefield (Seigal,
2009), if prolonged, will probably enable a certain small-scale activation of the Negev dunes
due to vegetation dieback. However, global warming will probably include a decrease in
baroclinity, EM cyclogenesis and consequent wind power (Pryor et al., 2009), thereby

limiting dune mobilization and preventing dune encroachment into new territory.

5.6 Conclusions

By building on the data of Roskin et al. (2011), this paper: 1. Presents a model for VLD
elongation, stabilization and accretion. 2. Improves the spatial and temporal resolution of the
dune mobilization episodes in the NW Negev. 3. Temporally and conceptually ties the Negev
dune mobilization-stabilization events to Northern Hemisphere cold events. 4. Shows the
connection between Late Pleistocene windiness and drops in windiness to global dune activity

and stabilization.

The NW Negev dunefield OSL-dated record is easily accessible due to the relatively high
preservation of VLDs at the eastern end of the Sinai-Negev Erg. Here the major dune
mobilization-stabilization episodes cause dune elongation and accumulation. The exposed,
drilled and dated VLD sections together with previous modeling enabled us to suggest a
general model of VLD formation. Combined with statistics and spatial analyses, this model
enabled us to identify two post-LGM Negev dune mobilization-stabilization episodes: a main
one at ~16—13.7 ka, and a minor one at ~12.4—11.6 ka, when the dunes reached their
maximum spatial extent and stabilized. These episodes included rapid dune encroachment
events and coincided with the H1 and YD cold events. In contrast to current southwestern
sand-transporting winds, the Late Pleistocene dune-mobilizing winds were characterized by a
strong western direction that dictated west-east VLD elongation.
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Greenland ice core dust-flux records fluctuating during cold-events are controlled by
changes in interpreted global wind power during the LGM-Holocene transition, at the same
times that the Negev dunes mobilized and stabilized. Among others, Australian and southern
African vegetated dunes, abundantly dated by OSL, also contain indications of significant
post-LGM to Holocene dune mobilization and stabilization in accordance with Antarctic dust
records. We therefore suggest that some of the post-LGM global dune mobilizations were
controlled mainly by global cold-events and subsequent changes in windiness. The low and
mid-latitude global windiness that entrained dust also transported dunes and drops in

windiness caused dune stabilization.

The Late Pleistocene EM cyclonic systems were probably deeper, more frequent, and
longer-lasting than those of today, thereby generally enhancing sand-transporting windiness
in the Sinai and Negev. Sufficient amounts of rainfall allowed the dunes to support vegetation
which in turn demanded increased windiness for sand transport. The H1 and YD cold-events
further increased windiness in the EM, boosting the Negev dune mobilizations and
stabilizations. Stabilization of Negev VLDs was brought about by a decrease in regional

storminess with the onset of a more arid Holocene climate.

The discontinuous aeolian sedimentation pattern found in VLDs provides new important
chronological control on prominent dune mobilization-stabilization episodes. The suggested
link between global drops in wind power following cold-events and low-latitude dune
stabilization emphasizes the prevalence of winds over aridity regarding major dune

mobilizations for low-latitude dunes, even if they are vegetated.

The anticipated global warming and the increased potential for severe drought conditions,
based on observations of the last decade and a half in the Negev dunefield, could eventually
enable a certain level of Negev dune activation. However, the counteracting absence of a cold
and windy climate will limit dune elongation and subsequent considerable dune

encroachment.

This work highlights the importance of luminescence dating of VLDs down to their base and
across their internal structure, as well as their contribution to understanding regional and
global palaeoclimate changes. It also laid the groundwork for future, comprehensive research
in different ergs and dunefields (including northern Sinai) to improve the temporal resolution
and palaeoclimatic implications of late glacial global aeolian activity.
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6. SUMMARY
6.1 Synopsis
6.1.1 Overview

The study presents a large and spatially dense optically stimulated luminescence (OSL) age
database of the NW Negev dunefield, which it supports with fully documented dune sections,
sedimentological and spectroscopic data, geomorphic attributes, and remotely sensed spatial
patterns. OSL age clustering reveals the main NW Negev dunefield development stages from
the age of the underlying substrate to the current dune activation modes. That data helps us
understand and model the vegetated linear dune elongation and accretion dynamics, which
combined with the spatial and statistical analysis, allows us to refine the timing and intensity of
the Negev dune mobilizations. This enables us to perform a palaeoclimatic analysis focusing
on heightened periods of windiness in the past.

This information allows us to identity the timing and characteristics of the palaeoclimatic and
paleoenvironmental controls of the NW Negev dunefield mobilizations which were useful for
tracing aspects of the origins and timing of the incipient Sinai-Negev erg history.

The Negev dune mobilization-stabilization events are temporally and conceptually tied to
Northern Hemisphere cold events and the study proposes a connection between Late
Pleistocene windiness / drops in windiness and global dune activity and stabilization.

The evolutionary account of the Late Pleistocene Negev dunefield is an invaluable asset for
interpreting historical late Holocene and recent Negev dune mobilizations and reactivations as
well as for assessing future dune and dunefield responses to climate change scenarios. Several
methodologies and concepts were found to challenge accepted notions: Ground penetrating-
radar (GPR) profiles of Late Pleistocene vegetated linear dunes showed no differentiation
between chronostratigraphic units. Dune sand redness intensity was not found to correlate with
age.

The methodologies, sedimentological, and chronological data in this study combined with the
proposed interpretations that it offers can serve as a "tool-kit" for future palaeoclimate research
into arid aeolian sand and specifically, vegetated linear dunes (VLDs). These issues which

comprise the main scientific input of this study are briefly reviewed in the following sections.
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6.1.2 Methods for dune studies
6.1.2.1 Exposed VLD stratigraphy

OSL ages were obtained from a variety of landforms relevant to understanding landscape
evolution and for correlating the ages with previous studies that targeted mainly fluvial and
interdune sections. Aside from the VLDs, other landforms in the study area were: 1) mature
palaeosol substrates beneath the dunes; 2) interdune (ID) fluvial/aeolian sediments; and 3)
transverse dunes. Stratigraphy of exposed dune sections perpendicular to the dunes axis
combined with OSL dating of discerned sand units was invaluable for analyzing VLD

dynamics and chronostratigraphy.

6.1.2.2 OSL age performance

OSL ages, determined using the single aliquot regenerative dose (SAR) protocol was found
to be a reliable age estimator for the Negev sands and sediments. All sand samples displayed a
strong initial OSL signal and rapid decay. The relatively homogeneous nature of the sands
produced similar, low dose rates, reflecting the high quartz content. De distributions were
usually normal and most of the OSL samples had over-dispersion values below 20%. Samples
with several tailing aliquots of higher and/or lower De values were attributed to contamination
by bioturbation, a minute quantity of underlying older sand, subtle differences in beta micro-
dosimetry and possible differences in sand grain exposure to light during saltation.

In order to organize previously published and unpublished ages into a single chronological
framework, the ages from past luminescence protocols and published *C dates were compared
to the OSL ages in this study in places where similar units were dated. In most cases, a high
correspondence was found between the ages even though they were not sampled at the same
time or at the same location/stratigraphic section. This multiple suite of concordant ages
obtained via different dating methods is a positive evidence of the reliability and significance
of the OSL ages, and places the NW Negev dunefield in a well-defined chronological

framework.

6.1.2.3 Sand age - redness index ratio

Throughout the NW Negev dunefield, the spectrally-measured redness index of full dune and
interdune sand does not correlated with the OSL depositional age found for the sand. These
results disagree with the initial hypothesis, challenging prevailing assumptions. Though there is

no supporting evidence, it cannot be ruled out that Negev sands that have remained in-situ
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since the Late Pleistocene may have undergone pedogenetic processes and rubification shortly
after their deposition in a Late Pleistocene climate rainier than today's and have not changed
since then. However, the Sinai sands have similar RI values to the Negev sands, suggesting that

the iron-oxide coating of the sand grains is an earlier diagenetic characteristic of the sands.

6.1.2.4 GPR applicability for VLDs

The GPR reflection profiles of the dune cross-sections and playas penetrated 5-10 meters but
were an unreliable tool for sampling-based identification of sand units which came mainly
from Late Pleistocene dunes. Vague horizontal contacts found in the dune axis may have been
caused by bioturbation of bounding surfaces and homogeneous grain-size. Bedding sets of the
upper dune crests and slopes were distinguished by GPR.

Although the GPR interpretation of playas identified reflection units, ground-truthing drilling
showed that the playa stratigraphy usually consisted of a main silt unit several decimeters
thick, close to the surface, overlying a sandy sequence. The GPR interpretation may have been

biased by thin silty units inducing reflection.

6.1.3 Evolution of the NW Negev dunefield

The NW Negev dunefield’s OSL-dated record is relatively accessible due to the high
preservation of VLDs. In this case, the major dune mobilization-stabilization episodes led to
dune elongation and accumulation. The sedimentary archive of the Late Pleistocene Negev
VLDs reveals that different VLD morphologies usually have similar chronostratigraphy, thus
allowing the dunefield’s evolution to be mapped.

OSL ages support earlier works (Zilberman, 1991, 1992; Ben-David, 2003) which contended
that sand deposits had been in the NW Negev since ~100 ka. The sands are part of calcic sandy
to silty palaeosols that were exposed at the surface until ~30 ka and then eroded and buried by
the encroaching dunes. These palaeosols point to a relative stability in the Negev prior to the
LGM and provide invaluable markers that dunes were not present in the Negev before ~30 ka.
Archaeological evidence also indicates a transition from sand and loess-loam surface sediments
to dune encroachment around ~25 ka (Goring-Morris and Goldberg, 1990). OSL probability
density functions (PDFs) delimit the main episodes of aeolian sand transport and deposition
into the Negev, while spatial, stratigraphic, and statistical analysis complements the age
clustering, promoting an inclusive understanding of the Negev dunefield’s evolution. The OSL

age distribution revealed three age clusters; 24-10 ka, 2-0.8 ka, and 150-10 years which are
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consistent with the chronostratigraphic units of the VLD axis and point to the main dune

encroachment and remobilization episodes.

At ~24 ka, initial evidence of dune encroachment was only found in the southwestern
dunefield. The main NW Negev dune encroachment, dated to ~18—11.6 ka, can be divided into
two important Late Pleistocene dune encroachment episodes: ~16—13.7 ka (first episode) and
~12.4—11.6 ka (second episode). The first episode covered the northern and western parts of
the dunefield and encompassed several mobilization events. An initial event of basal sand
cover occurred at ~18—16 ka. Later, sections of 2—10 m thick accumulated throughout the
western part of the dunefield, mainly from ~16 ka onwards; dune and sand thickness decrease
in the east. During this episode, sand was transported over ~85% of the dunefield. Based on the
substantial thickness of the sand and its spatial cover, the first episode of the main
encroachment was defined as the main episode. Its time span resembles the Heinrich 1 cold
event dated by ** C to be in the range of 16.8 ka (Hemming, 2004) to ~14ka (Vidal et al., 1999)

and suggests that the post-LGM period left a strong aeolian imprint on the region.

During the second episode (~12.4—11.6 ka), the easternmost configuration of the dunefield
was shaped and dunes and sands became elongated and stabilized. The dunes dating to this
episode have indistinct undulating morphologies and are usually less than 5 m thick. This
episode involved less intense accretion, lower sand transport distances, and a shorter duration
than the main episode. The sands probably originated from dunes deposited during the main
episode in the western dunefield. In the western field, the paucity of units dated to ~12.4-11.6
ka was probably due to the later erosion of this relatively thin, episodic unit during the late
Holocene remobilization. The time span of this episode resembles the Younger Dryas cold

event.

Massive dune encroachment in the southern dunefield caused the damming of fluvial
systems, and formed shallow standing-water bodies that deposited light-colored, often sandless
loam units that supported short-term prehistoric camps. Spectrally mapped by the supervised
classification of a Landsat TM (2003) image of the spectral enhancement of a mineral
composite, exposed surfaces of standing-water deposits show similarities between the
southwestern Negev dunefield and northeastern Sinai in the vicinity of Wadi Al-Arish. It is
therefore suggested that Wadi Al-Arish was also blocked during the main dune encroachment,

causing extensive upstream and interdune flooding and deposition of fines.

Based on chronostratigraphy and intermittent OSL age clustering between 2 and 0.8 ka this
study provides the first identification of the distinct late Holocene dune remobilization episode.

This episode contains unusual spatial characteristics and dune superposition and probably
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developed under windy conditions, albeit less intense than the Late Pleistocene encroachment
episode.

The abundant late Holocene palaeoclimatic stratigraphic, archaeological and historic data in
the Negev has furnished the debate on climate change and whether increased aridity in fact
induced the collapse of the Northern Negev’s Byzantine towns and extensive agricultural
infrastructure (Issar et al., 1989; Rubin, 1990; Avni et al., 2006). The present study supplies
new evidence for the discussion, suggesting that drought followed by strong winds, probably
triggered the later Holocene dune mobilization. The ruins of the Byzantine city of Halussa
(Haluzza) are covered by 1-2 meters of sand, and historical letters attest to sand incursion that
decimated its grape vines (Meyerson, 1994). Although by this time humans had long occupied
the northern Negev, the dune thickness argues against possible reactivation solely due to the
anthropogenic effect brought on by the decimation of the region’s stabilizing biogenic crust
and vegetation cover. The coeval formation of vegetated-linear and transverse dune types may
be a consequence of strong west-east winds which elongate the VLD's (Tsoar et al., 2008).
Byzantine sites along the northern Sinai and southern Mediterranean coast of Israel have been
covered by several meters of sand (Neev et al., 1987), which may imply that stronger winds

from Mediterranean winter storms, affected Israel, including the northern Negev.

Intermittent sand activity and stabilization in the last 150 years ago has reactivated dune
crests and slopes but without causing dune elongation. The OSL ages are consistent with
anthropogenic land-use changes. Six OSL ages date to ~68-40 years, probably relating to
increased dune activity due to Bedouin presence and grazing that gradually ended in the early
1950's.

6.1.4 VLD dynamics
The study proves that the Negev VLDS to be accreting and elongating duneforms. This is

based on OSL dating of exposed sections that displayed discrete sedimentary units, with 12
sections dated by at least 3 ages. OSL ages essentially represent the burial age of the sample.
While the location of the OSL age in a dune section is generally accepted to represent the end
of dune mobilization, this study extends the significance of OSL ages in regard to VLDs.

A series of OSL ages along the defined sedimentary unit of a VLD axis provided burial ages
of sand during an accretive event that occurred while the dunes were continuously being
mobilized. The basal age of a defined sand unit generally dates the initiation of sand accretion,

whereas the age of the upper unit marks a later time of deposition immediately prior to
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stabilization. If this pattern is spatially repetitive throughout the dunefield, as found in the NW
Negev, we can perceive OSL age clustering, mainly between the bottom (initial — mobilization)
and top (end — stabilization) event ages, as representing what we define as a dune mobilization-
stabilization event. If the several units are of similar ages, that sequence represents a dune
mobilization-stabilization episode composed of several events.

The bottom of mobilization-stabilization dune units might be lost, and the top slightly
truncated, with missing ages. To varying degrees, active dunes can slightly truncate the upper
unit and depositional surface of the previous mobilization-stabilization event/episode. Thus,
stabilization ages may be postdated by later dune crest activation and re-deposition or truncated

by later dune mobilization events/episodes.

As discontinuous landforms, linear dunes can be considered problematic for palaeoclimate
reconstruction (Telfer and Thomas, 2007; Chase, 2009). Nonetheless, the discontinuous aeolian
sedimentation pattern in VLDs provides important new chronological control of prominent
dune mobilization-stabilization episodes by recording the major dune building events and
episodes. Thin mobilization-stabilization units may have been fully reworked by intermittent
and possibly long-term local surficial activity, which could have erased them from the
chronostratigraphic record. Therefore, VLDs are prime recorders of dominant periods of

enhanced windiness.

Furthermore, following the line that increase in dust during the Late Pleistocene is due to
(short-term) gustiness (McGee et al., 2010), it is suggested that the thick aeolian sand and dune
sections recorded short-term, high wind-power events that formed the majority of the sand
record during the main encroachment at 16-13.7 ka. Around ~15.8 ka there was a rapid
accretive event that probably involved dune elongation. Different sections of the dunefield
revealed almost identical ages of ~13.7 ka, marking the end of the main mobilization-
stabilization episode and show a joint abrupt stabilization, probably due to a sharp drop in wind

power.

Other measurements also supported the rapid-event windiness hypothesis presented here. If
dune accretion was a gradual sedimentological process, each small-scale sand deposition would
be eroded or reset luminescence-wise during dune activity, or else prone to bioturbation during
dune stabilization (Bateman et al., 2007). Gross averaged sand transport rates along the
direction of the VLD elongation were approximately several m/yr to several tens of m/yr,

lending further support to the suggestion of rapid mobilizations of the Negev dunes.
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6.1.5 Relationship of Negev dune mobilization ages to loess depositional ages account

A chronological comparison and interpretation of the partial, dynamic, and spatial similarities
between the NW Negev dunes and three documented northern Negev primary hilltop loess
deposits encompassing the NW Negev dunefield recently reported by Crouvi et al. (2008,
2009) is inevitable. Around the NW Negev dunes, considerable variance has been found in
deposition amounts and rates for sections of Negev hilltop loess, which according to Crouvi et
al. (2008), are connected to the Sinai-Negev dune mobilizations. They postulate that the silt
grains comprising most of the loess are not reworked from the dunes but are generated
probably through active eolian abrasion of the sand grains under past climates characterized by
intensified winds. It is reported that Negev loess deposition included several depositional
phases, the first beginning already around ~200 ka near Har Harif (Crouvi et al., 2008), long
before the Negev dune encroachments. The loess ages in the Negev indicate significant dust
deposition after ~95 ka (Crouvi et al. 2008, 2009), long before the Negev dune encroachments
at 23-11.6 ka. During this period, loess sections recorded relatively thick, though varied, dust
deposition. The only apparently synchronous occurrences were the termination of loess
deposition (Crouvi et al., 2008) and Negev dune stabilization at around ~11.6-10 ka, which
may by the results of a sharp (global) drop in windiness at the end of the Younger Dryas. So,
based on the similarity between the ages of the Negev upper loess and the NW Negev dune
stabilization, can we offer any insight regarding the chronological and palaeoclimatic
similarities between the older Sinai and Negev sand mobilizations and loess-building dust
depositions? One could attribute the earlier loess deposits to low-latitude windiness such as
earlier glacial and (Heinrich) cold-events, during which time sands and dunes may have been
activated further west. A sand loess sequence activated during global cold-events since the
Heinrich 5 event been suggested for Mu Us sand field in China (Zhou et al., 2009). However,
for lack of chronological records regarding dune mobilization in Sinai, the Nile Delta and the
Egyptian desert west of the Delta this cannot be confirmed here. It should also be noted that
dune radiocarbon dates and OSL ages southwest of the Delta in the Great Sand Sea of Egypt
usually do not exceed the LGM (Bubenzer et al., 2007; Besler, 2008).

There is no report of loess deposition related to the late Holocene (2-0.8 ka) Negev dune
encroachment and reactivation episode. The relatively limited scale of this episode might have
incorporated limited dust deposition, which was possibly later and more-easily eroded from the
upper sediment record. In several interdunes, dust sections overlay thick sand deposits and may
mark a dust deposition slightly postdating sand stabilization and/or additional late Holocene

dust deposition.
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Figure 6.1 The December 10-
12t 2010 Eastern Mediterranean
cyclone storm.

a. Image of the cyclone over the
East Meditarranean Sea..

b. Synoptic map of the
Mediterranean region during the
December 12 2010 storm. Note
the northerly track of the Cyprus
Low that is centered over Cyprus
and southern Turkey.

c. Israel wind map 11.12.10.

d. Israel wind map 12.12.10.
Note increased speeds of
southwesterly wind directions
measured at the Haluzza
metrological station.

e. Northwestern Negev wind
direction and speed at the
Haluzza station (for location see
d) on 12.12.10.

Data acquired from the Synoptic
map Israel Meteorological
Service
http://www.ims.gov.il/IMSEng/
All_tahazit/SynopticMaps.htm )
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Figure 6.2 Annual Cyprus cyclone
track density (after Campins et al.,

2010). Note the strong gradient
north of northern Sinai.
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Figure 6.3. Time slice palaeogeographic maps of the
northern Nile Delta (Stanley and Warne, 1993). The
red line marks the current coast-line. Note how the
30-11.5 ka age fits the full age span of Negev dune
activity.
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Indeed, further research is required to define the links between dune mobilization and

downwind loess deposition and their corresponding palaeoclimates and palaeoenvironments.

6.1.6 Negev dune-driving palaeoclimates

As suggested by Enzel et al. (2008), the Late Pleistocene Eastern Mediterranean Sea cyclonic
systems were probably similar to the current Cyprus low pressure synoptic conditions that
produce winter storms, rain, and windiness, in lIsrael, including and north of, the northern
Negev (Fig. 6.1). The current routes of the Cyprus Lows run mainly in the center and northern
parts of the EM (Figs. 6.1 and 6.2) (Campins et al., 2010), their radius averages around 400-
600 km (Flocas et al., 2010), extending over northern Sinai, and their duration rarely exceeds 3
days (Campins et al., 2010). Today, when these systems move across the EM, a high pressure
gradient is formed over the northern Sinai region generating strong SW-W orientated winds.
Based on the orientations of the VLDs, we can infer strong westerly palaeowinds that differ
from the current SW-W sand-transporting dominating winds, suggesting that Late Pleistocene
winds also differed slightly in direction

General atmospheric circulation during the glacial period through the LGM is accepted as
having been more vigorous than in the Holocene, largely because of enhanced temperature
gradient between the upper latitudes and the tropics (Ditlevsen et al., 1996). During the LGM-
Holocene transition, cold temperatures still reigned in the upper latitudes, causing sharp
baroclinic temperature gradients, though global circulation and windiness, including in the EM,
subsided (Delmonte et al., 2004). Analogous to the baroclinic conditions that launch EM
cyclonic storms today (Enzel et al., 2008; Campins et al., 2010), the sharp baroclinity in the
EM during the Late Pleistocene may have intensified EM cyclonic storm characteristics. These
were probably further intensified during winter and spring (Denton et al., 2005) when the
temperature gradient between the high and low latitudes became even steeper. Analysis of the
last 40 years of EM cyclonic tracks has shown a positive connection between a decrease in
winter storm track frequency and size, and a decrease in baroclinity (Flocas et al., 2010)
suggesting that increased baroclinity yields higher storm frequency. Enhanced baroclinity has
also been positively correlated with Beer-Sheva dust deposition, which, in turn, has been
positively correlated to colder and rainier EM cyclonic winters (Dayan et al., 2008; Enzel et al.,
2008). These findings may relate to periods of significantly increased EM baroclinity, such as
glacial periods and North Atlantic cold events, implying that cyclone tracks were then larger,

deeper, more frequent, and longer-lasting.
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Generally, adequate Late Pleistocene rainfall allowed the dunes to support a denser
vegetation cover than today's, so that for sand transport to occur, increased windiness was
required. The receding northern Sinai coastline during the LGM distanced the cyclonic systems
from the Sinai-Negev erg (after Enzel at al., 2008) and probably caused a drop in rainfall and
consequent vegetation cover. This led to increased dune sand erosivity and probably more sand
erodibility and transport due to the strong winds. This climate was punctuated by exceptionally
strong wind events (gustiness; see McGee et al., 2010), mainly during the global cold-events,
which are not recognized in the modern climate record, explaining the stratigraphic evidence of

rapid accretion, transport rates, and pulses.

Stabilization of the Negev VLDs resulted from a decrease in regional storminess and
accompanying windiness at the end of the Younger Dryas, and the onset of a more arid
Holocene climate.

6.1.7 Evolution of the Sinai-Negev erg

It is suggested that Northern Sinai dune encroachment is chronologically similar, though
slightly earlier, than the Late Pleistocene NW Negev encroachments. With reference to wind
data for the Sinai and to the modeling of dune activity under differing wind regimes and
vegetation (Yizhaqg et al., 2009), I wish to suggest that in some scenarios, during the wetter
Late Pleistocene which sustained a higher vegetative cover, Negev dune erosivity was not a
prerequisite for sand to encroach from Sinai into the NW Negev. Rather, | propose that strong
winds and sand availability were the primary factors underlying sand transport across northern

Sinai and into and onto the NW Negev.

Differential sand supply from Northern Sinai can also explain the morphologic differences
between the dunes of the three NW Negev encroachment corridors. This is also expressed by
the lack of a regional correlation between sand age and sand thickness. Western parts of the
central corridor boast maximum sand thicknesses that taper off to the north, east and south.

Based upon limited Sinai radiocarbon ages from the Gebel Maghara vicinity (Goldberg,
1977), this research suggests that the sand supply that eventually reached the Negev only began
to appear in Northern Sinai after ~35-40 ka, as a result of ample Nilotic sand supply that was
probably available to erosion during the last glacial period when global and Mediterranean Sea
levels dropped (Fig. 6.3). Late Pleistocene to current Nile Delta sand grain stain intensity and

mineralogy values (Stanley et al., 1988; Stanley and Chen, 1991; Stanley and Warne, 1993)
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offer supporting (though partial) evidence that Nile Delta sands may be the main, already-red

source of sand for the Sinai-Negev Erg.

However, due to the paucity of the data we cannot rule out that dune mobilization which was
confined to the Sinai took place long before the above mentioned ages.

6.1.8 Global dune-driving windiness

Greenland ice core dust-flux records that fluctuated during cold-events were controlled by
changes in interpreted global wind power during the LGM-Holocene transition at the same
times that Negev dunes were mobilized and stabilized. The Australian and southern African
vegetated dunes, also densely dated by OSL, contain indications of major post-LGM to
Holocene dune mobilization and stabilization events. | therefore suggest that some of the post-
LGM global dune mobilizations were controlled mainly by cold-events and subsequent
changes in windiness. The low and mid-latitude global windiness that entrained dust that was
deposited in higher latitudes also transported dunes, and drops in windiness caused dune

stabilization.

The suggested link between falls in global wind power following cold-events and low-
latitude dune stabilization strongly points to the prevalence of winds rather than aridity as
responsible for major dune mobilizations in low-latitude dunes, even though these may have
been vegetated.

The anticipated global warming and the increased potential for severe drought conditions
based on observations of the last decade and a half in the Negev dunefield (Siegal, 2009; Siegal
et al., in prep.) might eventually bring about a certain level of Negev dune activation. However,
global warming will probably include a decrease in baroclinity, EM cyclogenesis and
consequent wind power (Pryor et al., 2009) thus limiting dune mobilization and preventing
dune encroachment into new territory. Therefore, the counterbalancing factor of a warm and

windy climate will act to limit dune elongation and any considerable dune encroachment.

6.2 Overview of research contribution
6.2.1 General

My Ph.D. research has involved intensive field work and laboratory analyses on the aeolian
sediments of the northwestern Negev Desert. | have gained new insights into sedimentological
research methods for sand and dunes and the internal structure and formation dynamics of

vegetated linear dunes. An unprecedented number (97) and density of optically stimulated
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luminescence (OSL) sand ages leaves us with a better understanding of quartz grain
luminescence properties and capabilities. Aided by dense spatial and vertical OSL ages, age
clustering was identified in probability density functions (PDF), representing Late Pleistocene
and Holocene periods when dunes encroached into the Negev. Exposed stratigraphic sections
permit the refinement of the PDF interpretation. These sections have supported the
development of a conceptual regional palaeoclimate model which emphasizes sand-
transporting windiness, a climate feature that is generally overlooked in palaeoclimatic studies,
explaining dune encroachments and stabilizations. Also the palaeoclimatic model suggests a
global palaeoclimatic interpretation of worldwide dune mobilization and stabilization between
the Last Glacial Maximum (LGM) and the Holocene.

The results also improved the (OSL) chronology to the Epipalaeolithic to recent
archaeological survey and research of the northern Negev and for the first time enable us to
date the periods when standing-water deposits synchronously developed with dune
encroachments as a result of dune-damming. The results and modeling have improved our
differentiation between anthropogenic and natural influences on the upper dune section. The
learned controls of past dune mobilization allowed a conceptual forecast to be made of
potential dune mobilization and consequent dustiness relevant to future climate change and

global warming.

The data collected in this research allowed me recently to become a contributing member of
the Sand Seas and Dunefields of the World Digital Quaternary Atlas
http://inquadunesatlas.dri.edu/

6.2.2 Details

6.2.2.1 Research Methods

a. Sands with minimal moisture content may usually be hand-drilled and sampled easily for
OSL and sedimentology to depths of 10-12 meters using Dormer drilling equipment.

b. For the first time, systematically dated dune bases were found to be unequivocally
beneficial for dating initial dune encroachment.

c. OSL ages measured by the single aliquot regenerative (SAR) protocol can date extremely
recent (up to 8-10 years) landform changes such as surficial dune activity. The recent ages
were correlated to periodic anthropogenic and domestic land-use changes in the last 150

years.

165


http://inquadunesatlas.dri.edu/
http://inquadunesatlas.dri.edu/

d.

Ground penetrating radar (GPR) which is believed to be a promising tool for mapping
shallow sediments, failed to provide reliable imaging of the main internal VLD structure

where palaeosols are absent and there is a uniform fine sand and grain-size distribution.

6.2.2.2 Late Quaternary landscape evolution and palaeoclimate implications

a.

Both Late Pleistocene and Holocene Negev dune mobilization occurred over short time
spans of 1-2 kyr and were probably characterized by rapid accretion and elongation events

subjected to wind duration and intensities that are unrecognized today.

Accordingly, apart from crestal activity, the Negev dunes were generally stable in the Late

Pleistocene and Holocene.

The correlation between the Late Pleistocene Negev dune encroachment episodes and the
Northern Hemisphere cold-events marks the regional climatic extent of these cold events,

and more uniquely, the reason for windy palaeoclimates at low-latitudes in the past.

Using global dune age data and dust flux data in ice cores, low-latitude vegetated linear
dunes with accretive stratigraphy can be unique recorders of significant changes in past

global windiness, especially since the LGM.

First time evidence of an intermittent late Holocene 2-0.8 ka dune mobilization episode
highlights the impact of intense anthropogenic activity on sand erosivity and the potential
for future dune mobilization due to short-term climate fluctuation.

Standing-water bodies dated to Late Pleistocene dune encroachment and late Holocene

remobilization were formed due to massive dune-damming.

6.2.2.3 Vegetated linear dune structure, dynamics, and sedimentology

a.

The present research mapped the internal structure of the VLD and showed for the first

time that this is different from the internal structure of seif dunes.

The dune mobilization-stabilization model defines the capabilities and limitations of OSL

dating for sand accretion and dune elongation in preserved VLDs.

For the first time, the intensity of spectrally measured Negev sand grain redness was found

not to increase with age, as previously suggested. This implies inherited sand redness.

Unimodal grain-size distribution peaks plotted along the sand transport paths do not

indicate a decrease in grain-size downwind.
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6.3 Future research

The present research highlights the importance of luminescence dating of VLDs down to
their base and across their internal structure, and the contribution of VLDs to understanding
regional and global palaeoclimate changes. It also lays the groundwork for future
comprehensive research of different ergs and dunefields (including northern Sinai) to improve

the temporal resolution and palaeoclimatic implications of late glacial global aeolian activity

To complete the story and palaeoclimatic interpretation of the Sinai-Negev erg and present
the future environmental implications, it is important to conduct a research program similar to
the present one, for the northern Sinai dunefield, and to implement a comprehensive, goal-

oriented sampling scheme.

The contribution of sand and dune mobilization to dust formation and downwind loess (soil)
deposition is a hot subject in the aeolian and sedimentological scientific community. It is a
crucial factor in understanding dunefield-derived dust generation and loess formation and
geologic, historic, and current dust characteristics in arid and semi-arid environments. Based

on the data collected in this study, | have developed hypotheses that | plan to pursue.

The correlation between Late Pleistocene glacial and cold-events and Negev dune
mobilization may also have left an imprint on loess accumulation rates in the joint form of
close-range deposition of dune mobilization products and deposition of distal dust. These

hypotheses can be tested for the Sinai-Negev erg and downwind aeolian loess deposits.

Dune-dammed standing water bodies may provide possible positive feedback regarding
climate change in the NW Negev. By mapping the spatial and volumetric characteristics and
analyzing the quality, genesis, endurance, failure, and infiltration of the Negev standing-water
bodies, we can assess their contribution to life sustenance and aquifer refill.

I would also like to compare the 2-0.8 ka VLD mobilization episode of the Negev with the
(mainly) parabolic dune and sand mobilization ages along the Israeli coast, which are reported
to cover Roman-Byzantine sites.

These future research topics encompass various methodologies and sedimentologies relating
to palaeoclimates from the Pleistocene to the present. The results will invariably improve our
understanding of past and future climate change—mainly with regard to increased windiness
and the conditions that form, modify, entrain, transport, and deposit sand and dust particles,

and their environmental impact on the air, and on the earth’s surface and sub-surface.
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A.1 Topographic cross-sections of the Negev dunes, sampled for OSL.. For dune location see
figure 2.3. Notethe different geometries; height, width, slope angle and face and general
height/width ratio. Dunes 5 and 7-9 were chosen for GPR profiling. One of the reasons was
their differing cross-section geometries.
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A.2. Sampling sites and sections data, where OSL sampling took place.

Max. sampling

No"* Name Site Description Latitude (N) Longitude (E) Sampling method depth (m)
1 Haluzit 4 Stable, broad VLD crest. 31°8'46.77"N 34°19'45.83"E 3.5 mex. +A 6.9
2 Haluzit 4 Hothouse ID Interdune sand. 31°9'46.77"N 34°19'15.83"E Ex. 24
3 Haluzit 1 west VLD axis. 31°8'28.35"N 34°18'35.76"E Ex. 8.5
4 Baladiya Broad high VLD. 31°9'46.22"N 34°31'51.28"E 3.5mex. +A 10
5 KD 73 1D Interdune depression beneath transverse dune. 31° 05'06.41"N 34°19'22.13"E A 6.6
6 KD 73 VLD crest. 31° 05'05.05"N 34°19'23.59"E A 9.2
7 Tzidkiyahu ID Interdune depression at base of transverse dune slip-face. 31°2'38.20"N 34°21'44.48"E A 11.2
8 Tzidkiyahu upper Transverse VLD interdune. 31°2'38.20"N 34°21'44.48"E A 8
9 Tzidkiyahu VLD VLD crest. 31°2'38.20"N 34°21'44.48"E A 7.2
10 BM western playa Interdune playa. 30°58'40.99"N 34°21'56.62"E Ex. 1
11 BM west flank VLD southern flank. 30°58'38.95"N 34°21'56.57"E A 5
12 BM west VLD crest. 30°58'40.99"N 34°21'56.62"E A 10
13 BM west N flank Steep (30°) northern slip face. 30°58'40.99"N 34°21'56.62"E A 5
14 BM east S flank Southern stabilized VLD flank. 30°58'39.43"N 34°22'2.25"E Ah 2.5
15 BM east Active, flat VLD crest. 30°58'39.43"N 34°22'2.25"E A 7.6
16 BM east N flank Northern stabilized steep VLD flank. 30°58'39.43"N 34°22'2.25"E Ah 25
17 BM ID Interdune depression beneath transverse dune slip face. 30°58'40.56"N 34°22'1.00"E A 7
18 BM eastern playa (W) Interdune 160 m west of transverse dune with silty surface. 30°58'33.52"N 34°22'9.05"E A 5
19 BM eastern playa (E) Interdune 150 m west of transverse dune with sandy surface. 30°58'33.52"N 34°22'9.06"E A 115
20 Halamish East Broad VLD crest 100 m west of VLD nose plunge into Nahal Nizzana. 30°56'38.77"N 34°23'38.89"E A 10
21 Halamish dune flank Trench exposing dune flank base contact with fluvial sediments. 30°56'26.81"N 34°23'25.38"E Ex. 1.2
22 Halamish 1D West Stratified sediment layers. 30°56'21.84"N 34°22'25.81"E Ex. 25
23 Halamish ID (East) Stratified sediment layers. 30°56'26.81"N 34°23'25.68"E Ex. 25
24 Beer Malka Transverse dune stoss slope contact with floodplain. 30°55'49.82"N 34°24'17.64"E EX. 5
25 Nizzana reservoir Sand piedmont upon N. Nizzana floodplain. 30°53'42.29"N 34°24'49.07"E Ex. 3.7
26 Mitvakh Stabilized fossilized VLD axis upon Plio-Pleistocene terrace. 30°53'58.16"N 34°27'37.01"E Ex. 9.25
27 Besor terrace Elevated pebble covered dune sand terrace. 30°59'58.77"N 34°25'6.11"E A 5
28 MM Low active VLD axis. 31°05'31.91"N 34°26'6.93"E Ex. + A 7.5
29 MM ID Loamy interdune. 31°05'31.41"N 34°26'6.93"E Ex. 1
30 Retamim ID Interdune - northern toe of dune. 31°05'35.27"N 34°41'52.07"E A 8.2
31 Retamim Broad active VLD crest. 31°05'35.27"N 34°41'52.07"E A 8
32 Nahal Sekher XXX Exposure of shallow Harifian site. 31° 05'48.53"N 34°45'30.07"E Ex. 15
33 Nahal Sekher VI Excavation of Natufian site. 31°05'49.35"N 34°49'41.07"E Ex. 2.6
34 Ramat Bega Sand quarry 12 m. wall beneath active sand. 31°6'11.66"N 34°49'47.95"E Ex. 8

190




A.3 Site data, description and main results for the ground-penetrating radar profiles.

Research site- | Site/profile | Latitude (N) | Frequ | Process and Length Display and Interpretation OSL ages Remarks and
section Description | Longitude (E) | ency display (m) Unit-identification radar-
MHz method stratigraphy
interpretation
BM-west Asymmetrical | 30°58'40.99"N 100 Migration, 150 10 m penetration. 2.2ka—-10 | Radar facies contacts
shaped VLD 34°21'56.62"E amplification, Discontinuous reflections throughout the VLD define radar yr were merged into
with flat crest. instantaneous facies. generally continuous
frequency Dune slopes: Radar facies of planar-wavy reflections dip and parallel main
wiggle paralel to sub parallel to the surface slope angle (7-33°%). reflection contacts.
The facies' contacts with neighboring ones vary; parallel, Northern (recent)
oblique and tangential. steep slope is
Dune axis: Radar facies of planar-wavy reflections dip tangentially
parallel to sub parallel to the horizontal-sub-horizontal differentiated. The
surface slope angle. The facies' (reflection) contacts are southern slope has
generally horizontal along the axis and oblique and cut and fill structures.
tangential with slope facies.
Dune-slope-base upper facies overlays playa facies.
BM-east Asymmetrical | 30°58'39.43"N 100 Migration and 70 8-10 m penetration. 1.67 ka - Radar facies cover
shaped VLD 34°22'2.25"E and amplification of Discontinuous reflections throughout the VLD define radar 0.15 ka large proportions of
with flat crest. 200 changes in depth facies. the dune cross-
+ wiggle (200 Dune slopes: Radar facies of planar-wavy reflections dip section other than the
MHz) paralel to sub parallel to the surface slope angle (7-20°%). southern slope and
The facies' contacts with neighboring ones vary; parallel were merged into
and oblique with truncated downlapping-toplapping topset generally continuous
reflection geometries on the southern slope. and parallel main
Dune axis: Radar facies of generally planar reflections dip reflection contacts.
parallel to sub parallel to the horizontal-sub-horizontal
surface slope angle. 200 MHz image show up to 8
reflection surfaces. The facies' (reflection) contacts are
generally horizontal along the axis and extend towards the
slopes
Horizontal VLD-axis sand units.
BM Playa west Interdune 30°58'40.99"N 100 Migration and 50 undated Drill de-validated
playa. 34°21'56.62"E bandpass filter; GPR interpretation.
wiggle
BM Playa east Interdune 160 | 30°58'33.52"N 100 Migration and 30 2-3 m penetration. Undated Calcic loam
(west profile) m west of 34°22'9.05"E bandpass filter; Horizontal reflections. Distinct 2 m deep bounding surface. and palaeosol at 8 m is
transverse wiggle uncorrected not identified.
dune with topographic The shallow
ally bounding surface

silty surface.
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BM Playa east Interdune 150 | 30°58'33.52"N 100 Migration and 30 14.7 ka at
(east profile) m west of 34°22'9.06"E bandpass filter; base.
transverse wiggle Uncorrecte
dune with d
sandy surface. topographic
ally
Tzidkiyahu West-East 31°2'38.20"N 100 Migration and 120 Upper section: 8 m penetration. 1.2-1.4 Calcic loam
Transverse transverse 34°21'44.48"E amplification of 3 distinct units/2 reflections parallel to the surface slope. transverse; palaeosol at 10 m is
/barchanoid changes in depth Slip face: 5 m penetration (not reaching ID continuation). 50-70 yr not identified.
VLD and Reflection surfaces of foresets parallel to 30° slope. Upper slip face; Survey was
sand facies is a continuation of the upper section while the 15.5-15.9 conducted from west
interdune (ID) toplapping 1D upper unit. ka ID to east.
depresssion . Interdune (ID): 10 m penetration and
3 horizontally bounding facies.
Tzidkiyahu North-south 31°2'38.20"N 100 Migration and 190 Poor and partial 4-6 m penetration with reflections 1.4 ka VLD
VLD, transverse | transverse/bar | 34°21'44.48"E amplification of following the duneslope. VVague dune axis horizontal
dune (N-S) chanoid changes in surfaces.
transect) interdune top depth; wiggle
between two
VLD crests.
Retamim VLD Asymmetric 31°5'35.27"N 100 Migration and 170 Poor and partial 4-8 m penetration with vague reflections 10.4 ka Calcic loam
and broad 34°41'52.07"E amplification of following duneslope. Possible cut and fill axis unit. VLD; 27- palaeosol at 8 m
VLD. changes in depth Possible wedge of 1D sand overlapped by colluvial dune 1.2kalD depth of interdune

base sand.

deprsion base is not
identified.
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A.4 The BM site (previous page) . This site was the most-widely drilled and GPR-profiled.
This was due to the assumption that the ancient watercourse of Nahal Lavan in the
floodplain valley south of the site (where drill KR-8 is in the figure) ran through the
site west of the large BM transverse dune (c), to be later diverted by the dune
encroachment. However, no evidence was found for this assumption.

a.  Longitudinal topographic section of the BM VLD, densely OSL-dated and profiled.
b.  Geomorphic map of the BM site.

c.  Photograph looking west over the BM site taken from the BM transverse dune. Taken
in February 2008, the site is covered with perennial vegetation, let alone the active
dune crests. The section lines correspond to figure A.3b.

d.  Topographic section of the BM east playa and the large transverse dune to its east. The
transverse dunes that often accumulate downwind of fluvial sand deposits and the playa
deposits comprised supporting data for the hypothesis that the BM site was part of the
ancient and diverted (Nahal) Lavan wadi.
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A.5 BM VLD west

a. Initial interpretation of the BM VLD west profile. The yellow lines mark interpretations
of contacts (see table A.2 for details).

b.  Main sedimentary contacts and OSL ages of the BM VLD west profile. Note the thick,
steep and young northern face, the correlation between the playa and dune base ages and
the young VLD ages. The 0.48 ka age was identified in the same unit both in the dune
axis and in the dune slope. Note the interdune aeolian sand fill whose base, dated to the
late Pleistocene, overlays calcic loam palaeosols.
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A.6 BM VLD east GPR profile. GPR processed image (see A2 for details) for 100 (a) and
200 (b) MHz antennae respectively, and (yellow line) interpretations of contacts. The
latter reveals continuous contacts but shallower penetration. Note the complexity of
the interpretation that is merged into figure A.6¢ along with OSL ages. The profile
shows sediment facies along the slopes and accretion of sand in the dune axis with
horizontal contacts. This was observed at Haluzit (see chapters 3 and 5 for details on
analysis of VLD stratigraphy). d. Particle-size distribution mode vs depth of the BM
VLD west and east profiles.
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A.7 BM playa east GPR profile. This playa includes two parts (see fig. A.4a & c). The western
part has a cover of light-colored silt with sparse cover of bushes. The eastern section is
sandy and has approximately a 20% cover of bushes.

a.  Display of black-filled wiggle traces. Contiguous wiggle trace curves, generally with a
black fill of the positive area, are one common display type of the amplitudes intensity
field. This type of plot is also known in seismic reflection as variable area (VAR).

b.  Migration processing and bandpass filtering. Migration attempts to remove diffractions,
distortions and out-of-line reflections. This makes the reflection profile resemble the
geological structure. Bandpass filters the noise and preserves the character of the primary
reflections (after Neal, 2004).

c.  Subsurface GPR interpretation based upon two drills. Note that the eastern drill did not
identify any silts. The clear reflection surface in the processed images may be due to
surface silt cover, and slight textual changes of silty sand to sand between the upper
sediments.
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A.8 Tzidkiyahu site.

a.

Orthophoto of the Tzidkiyahu site. Here three drills and two GPR profiles were
conducted.

Photograph of the Tzidkiyahu site (looking west) and impressive eastern-facing
transverse dune structure slip-face.
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A.9. Tzidkiyahu site west-east GPR profiles.

a.  West-east GPR wiggle-display profile of the late Holocene transverse dune structure, its
slip face and late Pleistocene aeolian sand that probably also underlay the transverse
structure. Slip face penetration was very limited.

b. Interpretation enhanced by OSL ages of the GPR display. At 7.8 meters depth and in the
lower unit, an OSL age of 1.2+0.1 ka was determined and sand at 4.6 meters in the middle
unit was dated to 1.4+0.1 ka. The slight age inversion which is barely within errors, may
indicate rapid accretion events at successive or similar times The upper radar facies unit
of the transverse dune is probably recent, as indicated from the recent ages of 50+3 yr and
68+5 yr dated within the upper slip face unit. OSL ages for each unit of the aeolian sand
reveal surprising and closely-fit similarity 15.9+1.7 ka, 15.5+0.9 ka and 15.8+3.4 ka
composing prime evidence of the rapidity of dune accretion. The calcic palaeosol
substrate at 9.8 m does not induce identifiable reflection.
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A.10. Tzidkiyahu site GPR profiles.

a.

Tzidkiyahu
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North-south GPR (migration) profile of late Holocene VLD and south of it forming an
interdune, the upper part of the transverse dune fill. The reflections of this profile are
more vague than for the BM VLD profiles though the general pattern is similar. The
transverse (interdune) section) reveals poor reflections compared to the east-west profile
that runs parallel to the dune advance direction. The similar (1.4 ka) ages at similar
depths, possibly beneath the same reflection surface may suggests that a planar
depositional surface formed then, possibly of a transverse like structure and later was
superimposed by VLDs such as those dated to 0.5 and 0.9 ka at the BM site.

North-south topographic profile and drill data. The dashed black box marks the upper

figure A9a.
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A.11 Retamim site GPR profiles.

a.

North-south GPR profile showing limited penetration and vague discontinuous contact
surfaces.

North-south topographic profile interpretation and drill data. The dashed line marks a
suggested contact based upon OSL ages but not discerned in the GPR profile. The calcic
palaeosol substrate at 7.2 m does not induce identifiable reflection.

Particle-size distribution mode vs depth of the two Retamim profiles.

Photograph of the VLD and the GPR profile northern part of the profile. Note the broad
VLD morphology that differs from the VLDs updune by the border while is similar to
dunes in the northwestern part of the dunefield.
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B.1 Particle size analysis results.

Incursion Setting | Depth (m.) Sand Silt Clay Fines Mode Kurtosis Skewness
path/site/ (%) (%) (%) (Silt+ (%)
sample Clay)
(%)

Northern

Haluzit4
32 D 1.15 86.8 11.3 1.9 13.2 145.9 129 479
34 D 1.9 85.2 12.5 2.2 14.8 140.5 - -
35 D 3.3 87.4 10.8 1.8 12.6 140.0 - -
304 D 4.9 86.1 12.2 1.7 13.9 131.0 .395 514
306 CS 6 20.2 60.2 19.6 79.8 14.0 - -
308 CS 6.9 34.0 44.7 21.3 66.0 3.9 4.922 2.146

Haluzit4

Hothouse
41 ID 0.6 80.9 16.4 2.7 19.1 130.0 - -
42 ID 1.8 78.5 19.3 2.2 21.5 117.0 1.875 1.025

Haluzitl
802 D 2.9 79.6 18.0 2.4 20.4 123.1 - -
803 D 3.7 91.4 7.6 1.0 8.6 167.2 - -
804 D 4.5 89.8 8.6 1.6 10.2 144.9 - -
81 D 6.8 80.7 17.1 2.2 19.3 111.7 145 2
82 CS 7.2 77.4 20.2 2.4 22.6 119.6 - -
83 CS 7.5 72.6 22.3 51 27.4 167.7 -.222 402
85 CS 8 42.0 46.5 114 58.0 111.6 .906 119

Baladiya
72 D 0.65 76.0 21.0 3.1 24.1 139.7 -.029 577
74 D 1.75 86.6 11.2 2.2 13.4 150.4 -.088 325
75 C 2.4 75.9 20.3 3.8 24.2 131.3 014 .588
76 D 3.2 82.1 155 2.4 17.9 171.7 -.002 585
714 D 5.7 91.2 7.0 1.7 8.7 202.0 .045 136
719 D 9.8 79.7 17.8 2.5 20.3 150.0 .039 .608
720 D 10.25 73.9 23.0 3.1 26.1 152.0 -.186 95
721 CS 0.3 68.0 28.2 3.8 32.0 118.0 331 796

Central

KD 73 1D

depression
680 ID 1 59.2 33.4 7.4 40.8 198.2 426 .997
681 ID 2 82.9 14.3 2.8 17.1 195.5 -.107 497
682 ID 3 86.8 115 1.8 13.2 211.0 .805 .838
683 ID 4 94.0 5.4 0.6 6.0 331.0 -.168 .364
684 ID 4.5 90.6 8.4 1.0 9.4 189.0 .286 .685
685 ID 6 86.0 12.3 1.7 14.0 265.1 -.261 .369
687 CS 6.2 40.6 447 14.7 59.4 78.3 4.345 2.13
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KD 73

690 D 1.5 88.6 9.8 1.6 114 172.0 .167 .6
692 D 4,5 93.0 6.0 1.0 7.0 162.5 322 .138
695 D 9.2 94.0 5.3 0.8 6.1 213.0 107 244
MM
11 D 1.25 89.4 9.0 1.6 10.6 1455 .052 -.031
13 D 2.6 90.9 7.9 1.2 9.1 175.7
16 D 5.7 90.7 7.7 1.6 9.3 164.8 .08 181
17 D 7 86.5 11.8 1.7 13.5 147.2 -.087 .243
18 ID 1.05 65.0 31.2 3.8 35.0 106.7 1.46 1.144
Retamim
dune base
541 ID 1.7 89.7 9.1 1.2 10.3 241.1 -2 344
543 ID 3.3 94.2 5.1 0.7 5.8 239.3 .26 251
545 ID 4.6 96.5 2.9 0.7 3.5 252.3 .937 -.024
548 ID 6.65 91.7 6.4 1.9 8.3 186.7 .166 .03
700 ID 7.6 82.9 13.7 34 17.1 143.8 -121 433
701 ID 7.65 91.1 7.2 1.7 9.0 218.0 .368 -.161
702 ID-CS 7.75 73.6 22.5 4.0 26.5 99.8 1.531 .861
704 CS 7.95 63.7 31.8 4,5 36.3 94.3 -1.48 45
Retamim
VLD
560 D 0.4 87.0 11.7 1.4 13.1 201.7 -.173 472
561 D 1.5 87.6 11.2 1.2 12.4 205.7 -.192 484
563 D 2.85 91.2 7.7 1.2 8.8 203.0 -.008 .254
565 D 4.6 93.4 5.9 0.7 6.6 243.0 514 -.044
566 D 6.1 94.9 4.5 0.7 5.1 248.0 43 .182
568 D 7.85 95.6 3.7 0.7 4.4 232.0 .863 -114
Ramat Bega
580 AS 3.1 91.1 7.6 1.3 8.9 203.0 -.112 .205
579 AS 4.3 85.3 13.1 1.7 14.8 188.3 -.343 22
578 AS 4.85 93.0 5.1 1.1 6.2 211.1 .556 -.161
577 AS 4.9 86.1 11.7 2.3 13.9 224.6 -.383 172
576 AS 5.2 83.4 14.1 2.6 16.6 207.8 -.368 .23
575 AS 8 78.1 19.2 2.7 21.9 132.2 -.063 51
Nahal Sekher
Vi
NS-1 AS 0.5 91.0 7.8 1.1 8.9 192.0 .088 -.085
NS-2 AS 0.75 90.9 7.7 1.4 9.1 191.0 197 -.066
NS-3 AS 1.5 89.6 8.9 1.5 10.4 205.6 118 -.076
NS-4 AS 2.65 91.8 7.2 1.0 8.2 199.0 377 -.207
NS-5 AS 1.6 89.9 8.4 1.8 10.2 189.7 -21 211
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NS-6 AS 1.8 91.8 6.7 1.4 8.1 194.3 147 -.004
NS-7 AS 2 92.8 6.1 1.1 7.2 191.6 312 -.004
NS-10 FID 0.3 65.0 29.0 6.0 35.0 164.0 -.55 .52
NS-11 AS 0.45 89.6 8.6 1.8 10.4 196.5 222 -.23
Tzidkiyahu
VLD
550 D 1.2 93.6 5.4 1.0 6.4 185.0 .092 227
554 D 3.8 95.2 4.0 0.8 4.8 189.9 121 274
557 D 7.2 95.6 3.9 0.5 4.4 203.4 .615 -.16
Tzidkiyahu
Transverse
534 D 4.6 94.7 4.6 0.7 5.3 187.8 .338 14
537 D 7.85 90.8 7.9 1.3 9.2 207.5 -.055 404
Tzidkiyahu
ID depression
521 ID 2.5 94.4 49 0.7 5.6 203.0 .67 -.089
524 ID 45 93.0 6.2 0.8 7.0 201.0 471 -141
660 ID 10.25 96.0 35 0.5 4.0 231.5 234 A24
662 CS 11.1 54.2 311 14.7 45.8 205.5 .366 1.039
BM west
508 D 3.1 92.8 6.3 1.0 7.2 215.6 - -
509 D 5.5 93.7 5.5 0.8 6.3 218.3 .16 .066
510 D 7.7 87.3 11.2 15 12.7 227.1 - -
511 D 9.8 86.9 11.6 15 13.1 224.3 -.304 .339
110 4 91.0 8.0 1.0 9.0 245.2 -.106 .187
111 4.7 86.5 11.8 1.7 13.5 250.5 .023 .25
BM east
512 D 3.1 93.4 6.0 0.7 6.6 245.0 .166 157
513 D 45 94.0 5.4 0.0 5.4 248.7 -.01 .307
514 D 6.3 83.9 14.4 1.7 16.2 226.4 -.214 .556
515 D 7.6 85.4 12.9 1.6 14.6 235.4 -.275 464
BM
depression
505 ID 5 90.3 8.8 1.0 9.7 219.3 -.114 .305
506 ID 6.5 91.3 7.4 1.3 8.7 217.3 501 -.163
507 CS 6.85 44.6 39.8 15.6 55.4 93.7 4.989 2.081
BM east

playa




501 D 5.1 92.0 7.0 0.7 7.7 230.0 23 .017
485 D 5.85 92.7 6.6 0.7 7.3 239.0 .302 .108
487 D 7.85 92.1 7.0 0.9 7.9 273.5 - -
489 S 9.85 66.0 28.1 5.9 34.0 201.0 -.176 .738
491 S 10.4 71.7 23.6 4.7 28.3 216.3 - -
493 S 11.3 63.8 30.3 5.9 36.2 120.6 1.327 1.235
Southern
Halamish
trench
617 FID 1.2 0.0 68.0 32.0 100.0 42 8.528 2.448
618 D 1.2 85.2 12.9 2.0 14.9 242.3 -.269 .392
631 FID 2.2 9.0 70.0 21.0 91.0 4.6 42.375 5.61
Halamish ID
620 FID 0.1 0.0 74.1 25.9 100.0 4.0 3.615 1.811
621 FID 0.35 58.3 38.2 3.6 41.7 84.9 -.041 .563
622 FID 0.45 0.0 82.0 18.0 100.0 21.0 1.437 1.365
623 FID 0.7 56.9 38.6 45 43.1 86.0 -.405 .363
624 FID 1 0.0 72.5 28.5 101.0 4.0 5.173 2.12
625 FID 1.25 73.2 22.9 3.9 26.8 174.0 -.308 439
626 FID 2.3 72.9 22.9 4.2 27.1 184.2 973 1.079
Halamish
East
581 D 1 89.3 9.0 1.7 10.7 218.0 -17 375
583 D 3 90.4 8.4 1.2 9.6 172.0 -.068 .509
585 D 4.8 92.5 6.3 1.2 7.5 230.9 -.068 .245
632 D 9.4 79.1 18.1 2.8 20.9 188.0 372 .886
633 FID 9.5 58.2 36.1 5.7 41.8 76.6 6.136 2.196
Nizzana
Reservoir
516 AS 2.3 70.0 25.9 4.1 30.0 93.6
518 AS 3.7 74.1 22.3 3.6 25.9 123.7 744 .957
Beer Malka
1 D 3 94.1 5.3 0.6 5.9 419.0 1.338 -.53
4 D 3 92.0 7.3 0.7 8.0 285.3 .556 -.387
Mitvakh
202 D 0.5 82.4 15.2 2.5 17.6 213.0 -.308 439
201 C 5 84.0 14.0 2.4 16.4 217.0 -.349 373
200 D 9.25 79.1 17.8 3.2 21.0 105.4 -.307 517
Besor terrace
639 AS 3.5 76.3 20.7 3.0 23.7 189.0 -315 491
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B.2 Sand moisture profiles for selected dune and interdune sand sections.

depth (m)

—@— Retamim VLD — A& —RetamimID
— = BM east playa - - - Halamish EVLD

—&— Tzidkiyahu transverse dune

12
0 1 % moisture 2
Sample No. Peak Height Peak Height Peak Height
(DF) Quartz 20.8° Plagioclase 27.9° Calcite 29.4°
3 12.9 0.8 2
13 12.3 4.7 0.3
16 11.6 2.5 0.6
17 15.3 2.4 0.8
32 15.8 4.9 1.2
34 21.6 4.6 1.4
35 9.8 2.8 1.2
42 14.2 3.9 1.9
74 11.2 35 0.8
75 11.4 3.1 1.2
76 14.8 5 0.8
111 17.7 5.9 18
200 13.3 13 5.6
522 14.2 3 0.7
526 18.2 2.6 0
530 16.3 1.9 0.5
534 16.8 2.4 0
537 18.6 1.6 0.6
554 21.3 5.5 0.6
557 24.1 4.6 0
565 13.9 1.2 0.6
568 11.3 2.7 0.4
571 19.9 2.8 9.6
578 195 2.9 0.9
580 15.8 4.1 11
586 15.3 1 3
589 12.9 4.8 5.1
602 15.2 1.3 35
604 19.9 35 4.6
1004 11.3 15 1.1
506 14.7 0.8 2.3
513 12.8 1.8 15
515 17.8 2.9 34
509 14.9 3.2 1.2
511 10.1 46 1.5

B.3 X-Ray diffraction (XRD) mineralogy results of the NW Negev dunefield sands.
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C.1 Pre-Processing of Landsat Images — Radiometric and Atmospheric Corrections.

Images were corrected using a Dark Object Subtraction (DOS) method following Equation 1
(Chavez, 1996, Song et al., 2001):

md? (L, —L
Eq. Al p= (L= L)
TV (EO COS(HZ )Tz + Edown)

where:

p — Surface reflectance

d’— Sun-earth distance in astronomical units (Chander et al., 2009)
L, — At-satellite radiance

L, — The path radiance

E,— Exoatmosphric solar irradiance (Chander et al., 2009)

T, — Atmospheric transmittance from the target toward the sensor.
T, — Atmospheric transmittance in the illumination direction

E,.,— Downwelling diffuse irradiance (estimation explanation below).

down

0, — Solar zenith angle (calculated for the solar elevation given in the image header file)

Due to the atmospheric scattering effects, the dark object is not absolutely dark. Assuming 1%
surface reflectance for the dark objects (Song et al., 2001, Chavez Jr., 1988), the path radiance is

estimated as

Eq. A2. Lp= (M}x DN, + Lo —0.01(E, €0S( 8, )T, + Eyon )Tv/d r
Qcal max Qcal min

Where:

L., — Spectral at-sensor radiance that is scaled to Q.. [W/(m’sr pm)]

L

'max A

— Spectral at-sensor radiance that is scaled to et [W/(m?sr pm)]
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Qeatmin — Minimum quantized calibrated pixel value corresponding to L . , [DN]

Qeatmas Maximum quantized calibrated pixel value corresponding to L, [DN]

DN, Selection was conducted according to Mauz

(http://arsc.arid.arizona.edu/resources/image processing/landsat/minimum-dn.html).

Several versions of the DOS models based on Equation 1 are reported in the literature and

summarized in Table 1:

Table Al: Parameters comparison of DOS models.

Method T, T, Eoun
Basic DOS 1 1 0
COST model (Chavez, 1996) 1 Cos(8,) 0
DOS3 model (Song et al., 2001) g r/eos®) | gtriees®) | Ravleigh (6S)
Vogelmann-DOS3 model (Paolini et al., 2006) | 1 gr/eos(92) 0

DOS1 assumes no atmospheric transmittance loss (T and T, to be unity), and no diffuse

downward radiation at the surface (E, , to be zero) in equation 1 (Chavez, 1988). DOS2

down

approximates T, by cos(d,) for TM 14, and unity for TM 5 and 7. Chavez (1996) showed that,
for most acceptable images with atmosphere optical depth between 0.08 and 0.3, and solar zenith
angle between 30° and 55°, transmittance in the illumination direction can be approximated, to a

first order, by the cosine of solar zenith angle. DOS3 computes T and T, assuming Rayleigh

z

scattering only, that is, no aerosols (Song et al., 2001). The optical hickness for Rayleigh
scattering (Tr) is estimated in Equation 3 (Kaufman, 1989) as:

Eq. A3. 7,=0.0085691" (1+0.011347 +0.000134*)

E, .. for Rayleigh atmosphere was estimated by 6S(Vermote et al., 1997) for zero aerosol optical

down

depth at 550nm.

For the current research DOS3 was chosen based on Song et al. (2001) who compared several

absolute atmospheric correction methods and a relative radiometric normalization. They

207



http://arsc.arid.arizona.edu/resources/image_processing/landsat/minimum-dn.html%0c

conducted their evaluation based on classification and change detection tests how well a multi-
temporal dataset was brought to a common scale by an atmospheric correction, and not how
absolutely accurate the obtained surface reflectance was. According to their findings the best
accuracies were obtained using the DOS3 model (although the basic DOS and a relative
radiometric normalization were also acceptable).

Further support is given by Paolini et al. (2006) who compared a DOS correction to a relative
radiometric normalization method using a similar classification accuracy assessment approach.
Their recommendation is to use the DOS model when certain data is available because it leads to
consistent results and is less complex and less time consuming comparing to the relative
radiometric normalization. The required data includes sensor characteristics, illumination and
observation geometry, estimations of atmospheric components (i.e. path radiance and molecular
absorption), and the relationship between gain and offsets of the sensors. Since this data is
available for all Landsat scenes it poses no restriction. Further, it is more recommended for use
with a long time series since as the total number of images increases, this also increases the
difficulty in finding common Pseudo-Invariant Features necessary for the normalization (Paolini

et al., 20006).
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C.2 Resampling ASD RI to Landsat TMS5 spectral resolution.

The Landsat 7 spectral response file was used to calculate a weighted average for one sample.
The result was compared it to ENVI built-in resampling. The results significantly differed.

A numerical integral instead of average (in excel - using trapezoid area calculations) was also
calculated though it seems that it is not suited for reflectance units (opposed to radiance. Thus
ENVI resampling was chosen. ENVI help: "...ENVI assumes critical sampling and uses a
Gaussian model with an FWHM equal to the band spacings..." - meaning averaging assumed a

step function for ASD bands and ENVI assumes Gaussian.

C.3 Landsat TMS5 (2003) of the southeastern dunes of northern Sinai and the southwestern part of
the NW Negev dunefield. a. mineral composite spectral enhancement (band5/band?7,
band5/band4, band3/band1). Paludal deposits are shown in yellow and red. b. Thematic map. The
Negev paludal loams (in blue) are highly calcareous suspended detritus originating from
upstream highland carbonate strata. This, along with their flat appearance and contrast with
surrounding quartz dunes (yellows) gives them a distinct spectral-mineralogical signature in the
Negev and along W. Al-Arish. Previously attributed to neotectonics (Kusky and El-Baz, 2000),
the Sinai loams are suggested to have been deposited due to dune damming during the late

Pleistocene main dune incursion.

Halamish - - ~

/ 3 ;

o ) :
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YONN PMIYYY DNYN NYIDIN MINN TNIND NNINYHA XD N IMPN 2D DY D392 MXINNN M NIND

279 MY 9NN S XHDPMON Y970 RI-N Ny 12 ORNND XN KD .0MNPT-)20 MDINN NPT
LDYPAN T PN DIND DY DPNDIVINTON DMINNM RI-N 109y ,0»99»0V00N DONNN

NNYPYN INND MIPNNI DYNINND DIND MINTRNN ,NNX 2NN MNTRNND DY DOWNIN SNV
0N L(DYPWN MY/N”HD 300-350-3) 9NV ND MO ,MNTIP MTIAY X9DY DIPNRI JPIVDMYIN 9102
Ton IRXINDY DIND N MDY MNNANNIY NN ,NT YWNIND 720N RINND DY) IMTY PRY
NYIN PP PNANND 51N MINDNIT NN 29D 202 DIND NYPYN IND THIOMdN NIdN DIND MNTRNN
IN PDI MIND O MMPHRN DYV 0N 2INN 2 DY RI-N ndNY ysm  mnnp mmay pinin
IND T DTN OVTX PN DYIAX) NPVNNYT MYNN ON 2INN 1IN MDNY YN 0NN NNYTA
DY TN VX DIXRNNND .DIPNN NNDT DV POYM 2357010 NPINN JPIVDMIN 1D TIDINOND DNNOYD
DYPADN PO NANN DMNVDMI-NY DIINNI JPIVDMYAN NON RNDTH DY DIN MTN> HYW 1IN 1)
M2IN NOWN MIAPYA YININ 10 NINA INNT DIN MPNIY TD DY WIANNY YPHNN TR PRI YHN NN

PNNIP MNPNA NINN O DI NI APY IPOYA ,NNDTN DY D»HM)

DONNNA OV YV NINN NN D12 NI OPADN DY NINIIN )1 INNND JPIVDMDIT ANPTN MDY
;20 NPT IN1NA 2NN PNIAXD PTOIN TY PAX 1PN, MM NNXY DY TN DOYPYN .0MNIMP DITIND
NPINT-I2 IRNDIY 20D DIN NI HY DMIXPN DIWPRI MITIVAND NN 200 1N 1Y MIOPR DTN
NYPYNY 1D ION NP OVIVR NINKD ONONDID NN0ITA .ONTT NN 1 TAMNN DY NPN IR DY
NOND AP YT-DY N0 N NI DYPYN .TPNINN NIADMNINN Y NIP MOYZII NI PAN
APY MINN MO MNSW 7Y ANT .DDNIN 2N ONPA TPNOWN NPIATHN NI DN
NPANN MIYD NNDNA INYN PA IR MINNN NN NN .OMINWN OPINRITIN DIVINITI)
WRND MTY PAX NNDY MWITTH NN MNXIYY NPIN 19010 DM TUNa NDNN D> NIV DYN
2NN MIPA D12 NI PPIDN MAPYI IDIRNM 1D NN ANPTY DIYNN NN ,IXVIDA DIN NYIND
LDV YVIPITN YAIYN-DITN 239710 DMWY YN NPIIYN NINT DY DIYIAXND NPT I .DXDNNIN
SV IR DY VYN PN JPIVDMYIN YD NNPTN-NT MNIN ONPOY TI DY WIANND NWY N N¥HN
DYN YV NI NN DN M OPODN HY2 ND DIYPRI IDINNN 2NN 2IYN-NIS NIVT XYY 0PN



DYVINYTON MPIND 9% NIIWND DIPNIN IR SAR-N 9170192 wapiw (OSL) 183091590 9%
N DIPOW VDO XIMPN M DY MIIOPMMON NNNIND DY NPLITIVO MP>TA 2NN 2IYN-)NON HY
217101799 DIRNN DOVITONY NI ,2IPIVINAN HY NPNINNN SON> DIVINY A=, NNIPN

SAR-n

L(379) 13103 MY (WR) MY GON 10-24 : 9% MNP wHv by Doy asn 5inn dw OSL-n 9% nndonn
NN HY MHINVIVD-1NIDN NPIVND MNIRNN DX D) MNP .39 0N 10-150-) 17D WX 0.8-2.0
TN (VD) nyomN nuvT myioo mm) DY NYidNmnn MITIDOND NN DNNN) NPT 1PN

NN DNPT MOIRNT MAYNN XYY MPR»PT MTIX NN 20 OSL n7tya o9wn 0OnN
MTIVON YV PHON INON IWON DN DY (D¥ONN) TPOINY (MNPTN NTYL) MININD MDY
NYNN VYN 1Y NPT DIN MIAVEN MAYNN VYN Y OPNPT-PAN OOPNRYI MNN .MYIOIN
T NMITIVAND TP TIRD 51N 2170 MNIN NMNNY OY NPINRD NIVTD JMINIPD IRND NPHIVY
12N 927,90 YPYIN 12-0INRY YT DY OYN NPONN DIN 101 1NN ,NT TONINA NI DN

LDMPN DOWYIN DY DIN NMITN 9901 99191 Y97)HVIVD TNN

NN NI L,NTIVON D02 .ANY D8P DOVIPN 9010 DOND MIYY 5N MTM DY NTIDIN DD
oV DNNNNN MNND ,PPT ANOY .5IND MAXMNN TV DIND NIT NDNNND AT KON 7PINVLIVD
NXPN PYN 2D DTN N ,DINN DY NP NYOIDON WIPN NDONN I XYNDP TININD TN D
NYPYN ,NYON NODIDN PPN DIN MDY TN ,NMIDINNND XD NNPTI,NITIVOND P2 .NMANNNN DN
DYDANDY MNDPIAN DIIPM dNNNN NDYON DY DOWAYN ,NON .NNPTN Y0372 IPPY2 ,NUYNINND NIOM

21N I DY MINIDIMON DIND NN

379 WK 100-5 299 925 2000 NIAND YIN DIN LPYS 200N 2IWN-NAN DY NNPTN DTV ,NPD20) NONIA
NTIVON .79 YIN 24-51 P NNVTN NTY DY MIAIWN-DITN DYDY WIS NMWURIN NIVTN TN
11.6-12.4- WX 13.7-16-1 D?IOINN 09NN MM WK 11.6-D 18 P2 NYNINN NIOININ NYIYAN
019197 TNANN NI9DINA N7IVIVNVI DT HY DN PR DY IT-NMIY 1IN MNPN 379 WIN
.mnnna L, (Younger Dryas) oot ananrm (Helnrich 1) 71 oy (cold-events) Mip »y11dxo
D»DONN DIN 29N 20N 2IYN-)AND WPYIN WO NPT DINN N2 WK 13.7-16 DY NTIVINI
MNTPNN AP .MIVTN NTY DY SNININ NXPY WD INPTN YN 11.6-12.4-2 O10900 PONA WPV
5-10-5 V) WIN 13.7-16-2 98N PYN MY/N 25-2: MTIVIRM DOPONT P2 DMV INSND) NPT
W) DY NNV ONNVY MON»NN NOX MWD .INPTN NTY NN WK 11.6-12.4-2 M/

.DYPNNIY DMIXP NYTMIOWPR DD MTIVANRNY NN, MPIPVIVD 29-DY ,TI0 NI 7PXIDMYN
MNNANNY ,MNOVY MIAPYI DNV 12T ,NPTNIN 20 NN NHON NPT NTY DINTA NPT NYIY9
NNPTN DAY PN MM P2 .0> PN NPDIN VD 1PV, 9IN SPWN WPV TUN DITNIY D 29
DTNN MDOYAY DN 90 P2 WP YY WIANNN T2T ,DIMOINODI-AN DNPIN TP DINN 19NN
Sw (supervised classification) NN 1N NIV MOIVPAD NPNIAND NVLWN N NN . PITPN

IPRT OMPPY T2 DY YIANN 0979910 DPTIN NN 1TIY IWN (2003 mwn) (Landsat) voTd mxnTn
DDN) WAIY-IN TRV Y8 729 OX OPD NONI WAIY-IN MTN) MDD PAY 202 WX DYPYN Pl
N9YN1 DXTMY D 191 MOYONNY ,2020 DNV 72T ,209 NYINY TIDININ YOOI NTIVON MIPya

.DYPYR NYPWNDY PTRIN YT NIDWA NPINND NPT P Y TNIN



PPN

YWPYNI DMNINY DM DOYPWN PV NP YD) DY DN (DDPR-INOD) 92YN MDPN DY IpPNNN
NPNINRY O YTIND MIYPR-INDY DIIN MYNYN NNPT .NNVINNVY DYPYNI TPNRNN MIYNH
PNNY MDIDNN NPINN NNIVTN IPOYI MIAINNN (NPSIN) MINPT MTY .MM PPION NHIAT ,MNIN
DV IPOYa DOMIM (MOR 1D70) OMIDINN AMIN MpPa Mavy (Vegetated Linear Dune - VLD)
YPON MDD MDY 1Y NPT (NPYIRNR ONTY TIITTH NPPIAN ,7PDIVDIND) NPT NIOIINN
-2 (DPNRY) ONTHNY DY NPT P .TONP DNXI MOINNND) 0PNV OINIPY PNNY DY

20T 7PN ONNKN NN TYNRD MDY PN 1Y TR, 0PN MDIX DINN PN NPT .ONINT

2NN 2WN-POY YW ANPTN NTY DN MAXY “n7P 1,300 YW NOW MDINN MANPH NPINK DNPT
NNYT MIND DIONHNN 2NN 2WYN-PNAX — D NI MDIND O DY HNITHN NXPN DN INNH DY NTY
.29YN-D171T) 29¥H1N MVLIDYN NIYON NINIY 522702 ,201N NI 22N NHNT TY 2D PNOY TIT DINN

LN 2IYN-NAXD IPD NIANN NNPTN NYIY HY DMIANINN DY DIMINNDN NN NN N 1PN
DXL DI 1PN GONI IOX MWD IPIOIM WNNY I12YN MDOOPNI MDD ,INMTN MIANNN
PXIDIMON NVOXVA INN DNO INPTN DIN YAXY NNPTN NONNINN P2 0NN DONNIVINTO

P7ON) YPIP-1TIN 079N DIWN NN yax mynwn (Optically Stimulated Luminescence - OSL)

TN SV 9N Nann NanY (GPR;

MNP NN NITYA 21PN DYN PINID YN MOLOWI N NTYN ,MIXTH IMON N1 NNDNI
DMNPT-PA (DXPNRY) DNTHIY .ANPTN DY 397NV THNN NMIVNINDI MNY NRYN) D) MNP0
- DYNYT MO I0INOY M0 NNVTN DTV L,D5 OXNNA 0N 10-0 DY Pnivd 1Y 019N INSND)
NNVTN \2I02Y POVITY NN OINAN 2 O30 NVPT HYPZ9 57171179 NYIVI NDIIN 1IN .NPINNINY
TV DY DYNITNM DMAWNN MNP NP 1IN DMIPOY DINT NN .NII-19YN OHDD N»oa
NYTN MNTPNN 22D X9 NIIYNIYT NPT DIND MIMIRND MTINX YN DY PPN PN TNND NNY
NITY IOONIY DONPT-)PA DOYPWNI NNPT OONN DY N7P 1 VYND DY 72081 TN P7/NN YNNI

,TI9 N .NPTN TPNYN DX IDPY RY 9N YPIpn-Nn DY 1251 ') 4-8 19> 170 ,MHZ 100 nvix
LDXNYTP YT HOLY DINT NIY DIN NN MDD DY RD OYNNIND NN P7NN

NPT SY DT DMPP 199 YN .DINNR 20-0 DN 40-2 MDYINY MITH NN 95N T2
P72 DN IPVPTN PAIPVLIVDN MTIX 27 YN 1INY DAWN DXINNY DPNPT-PA DX NTHIOM
5y .0»9N) DYPYNY DXTMY-D0 SYPWN DY INNON 9IN HY PAYDIN 1999w DPNPT-P DXINN NIVY
IPT2) MINDIT 118 ;9INN NITRNN NHYIWY MDD TNYY HNPDINVPID 1TTHI IDONI MNHNT 300
YN0 P72 MNONT 3671 ,(OSL) $01mM591 NVIWI 1NN MINDNT 97 ,7N-9T) NNYINN NIY

JON9IN

200 NPT OVYD TY (DIN 20-72%) Y0IN PPO 257N MPANY NVPXOP MYPIP PN ,NNPTH NdPNYN
M2IN .ONATP DOPXOP YPIANN INYN) NPT SNYA PN (DNOIND) MPINY MYPIP 1TYI )XY
197 ,75-95% 1N DINN 2357 FONOW-TN NNDANN DY 1PN OYDPT-PIAN OMNTHINN NPT
D»29Y9N DINNA DIND DY NN DT NNZONN .4%-1D JOP 2D NDINN 2997 5-20% 1N VION
NV D9 NTHINN DY DINN 29970 .IOPPIVI VYN DY XINPA MPYY NPT .NINIAY IOND NNY'T

A9PPIA VINOP L (NPDINY VLIID) DIPT NN H¥913) OITTI NIXN IINNNI
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