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of the eastern Libyan Plateau in central Egypt represent a stable landscape
preserving Middle and Upper Paleolithic artifacts. Detailed measurements of pavement clasts indicate
significant variability in clast size, density, lithology and orientation between pavements, but no spatial
relationship among any of these pavement variables over the study area. Pavement characteristics are
unrelated to local geomorphic features including slope gradient and aspect, suggesting a desert pavement
surface that has developed without significant influence from transporting mechanisms such as overland
flow and slope failure. Meridional vertical cracks in surface clasts implicate thermal stresses due to diurnal
solar variation as a mechanical weathering process, whereas the presence of a clast-free silty layer within all
soil profiles indicates that these are accretionary pavement surfaces that have grown upward over time. The
desert pavement in this region has likely developed in situ through mechanical breakdown of surface clasts
and desert pedogenesis, indicating long-term stability for this region and minimal taphonomic effects on
artifacts N2 cm in diameter deposited on this surface over the last ca. 100 ka.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The Abydos Survey for Paleolithic Sites (ASPS) has been conduct-
ing a systematic surface survey of the eastern Libyan Plateau near
Abydos, Egypt since 2000 (Fig. 1). The unexpectedly rich Middle and
Upper Paleolithic record preserved in this high-desert environment,
representing periods of hominin activity during the last 140,000 years
(Chiotti et al., 2007), has the potential to inform models of desert
occupation that could serve as a comparison to landscape use in the
nearby Nile Valley (Olszewski et al., 2005). However, the almost
exclusively surface context of these artifacts necessitates a thorough
understanding of desert pavement formation and developmental
processes in order to recognize possible depositional and taphonomic
effects on archaeological materials. Site-scale examination of desert
pavements on the Libyan Plateau performed as part of the ASPS survey
focused on both surface and subsurface characteristics of these
pavements in order to clarify the relationship between archaeological
materials and their depositional setting.

Both archaeological and geomorphologicalwork in arid zones often
involves a primary focus on surface contexts, in which the dating and
correlation of different desert surfaces can be difficult (e.g., McFadden
et al.,1989). Because they are commonarid zone landforms (Cooke and
Warren, 1973), desert pavements are often the focus of arid landscape
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studies. Desert pavements can also be useful relative age indicators, as
the comparisonof desert pavementmorphology (Al-Farraj andHarvey,
2000) or desert varnish development (Dorn and Oberlander, 1982)
may offer one of the only feasible in situ methods for determining the
relative ages of desert surfaces such as river terraces and alluvial fans.
Other potential taphonomic information can be obtained from desert
pavement surfaces, including the potential for lateral transport of
surface clasts as well as downward movement of artifactual materials.
Once the transport processes acting on any given desert pavement
clast are known, more reliable behavioral interpretations can be made
using artifacts obtained from these desert pavement surfaces. Under-
standing archaeological context begins by understanding the pave-
ment formation and landscape stability of the region in question.

The Libyan Plateau of Central Egypt is currently a hyperarid
environment, as even the nearest Nile Valley cities receive less than a
millimeter of rainfall per year on average (Shahin, 1985). This area has
probably been an arid region since the early Holocene, when pluvial
conditions were last present in North Africa (Szabo et al., 1995;
Hoelzmann et al., 2001). A more significant humid period also
occurred across the Sahara ca. 120–140 ka (e.g., Gaven et al., 1981;
McKenzie,1993; Smith et al., 2004); thesewetter conditionsmay have
encouraged the use of the Libyan Plateau byMiddle Paleolithic groups,
and would explain the presence of earlier artifact assemblages in this
currently uninviting environment. Pluvial events likely served as the
primary control on the timing of human occupation in the high desert
environments of Egypt (Chiotti et al., 2007).

In most places the Libyan Plateau is capped by the Eocene Thebes
Group limestones (Said,1990); in the studyarea examinedhere this cap is
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Fig. 1. A. Abydos Survey for Paleolithic Sites field area illustrated over MODIS imagery of Egypt, image credit Jacques Descloitres, MODIS Land Science, courtesy of Team Visible Earth
(http://visibleearth.nasa.gov/). B. Pavement and archaeological sampling locations shown against satellite imagery of the eastern Libyan Plateau. The Nile Valley is the dark low area
to the east; plateau edge is outlined in white.
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composed of the Drunka and Serai Formations of the upper Thebes Group
(Klitzsch et al., 1987). Given that rates of granite weathering in the
climatically similar Central Namib Desert exceed 30–80 cm per 100 ka
(Cockburn et al., 1999), surface lowering in areas of the Libyan Plateau
where limestone bedrock is exposed has probably averaged more than a
meter per 100 ka. However, plateau surfaces here are almost uniformly
covered by desert pavement, with very little post-Eocene sedimentary
deposition other than limited soil formation and localized deposition of
“old” (undifferentiated Oligocene to Pleistocene (Klitzsch et al., 1987))
gravels. The uniformnature of the pavement surface present here and the
lack of significant post-Eocene sedimentation or erosion indicate wide-
spread stabilityof the soil horizonspresent. Surface loweringhasprobably
been limited to unprotected (pavement-free) surfaces, whereas sediment
accumulation occurs only where the surface gravels produce sufficient
surface roughness to serve as a dust trap (e.g., Dong et al., 2002). These
processes limit sediment removal and accumulation, as they both require
significant geologic timescales to effect significant change on a landscape;
the plateau surface has probably remained relatively unchanged since
Middle Paleolithic times (140–40 ka (Chiotti et al., 2007)).

The majority of Quaternary erosion in this region would have
occurred along the edge of the escarpment and as headward erosion
within drainages, as is apparent in the modern landscape. Wadi
downcutting and headward erosion has resulted in isolated plateau
surfaces connected by narrow ridges separating opposing wadi heads.
The result of these erosional patterns is a modern plateau surface
incorporating significant topographic variation, where wadi-facing
slopes may be significant (measuring up to 10–15°in the field). The
modern plateau has therefore evolved from a much less dissected
landscape, and further headward erosion may lead to completely
isolated plateau surfaces in someareas.Wadis in the studyarea are often
composed of numerous straight stretches oriented NE–SW and NW–SE
(Fig. 1). This rectangular drainage pattern indicates structural (jointing)
control on the formation of drainages in this area (Howard, 1967).

1.1. Desert pavements and desert surface geomorphology

Desert pavements are generally characterized by a surface layer of
coarse clasts overlying finer sedimentary units (McFadden et al.,1987).
The specific characteristics of pavement surfaces are often described
through measurement of individual clasts, the determination of
overall grain size and sorting, and a measure of overall clast coverage
on a given surface (e.g., Poesen et al., 1998; Al-Farraj and Harvey,
2000). These measurements may provide an indication of the relative
ages of desert surfaces, where decreasing clast sizes and increased
coverage by smaller clasts indicate older pavement surfaces (Al-Farraj
and Harvey, 2000). Clast coverage may also vary with slope gradient
due to spatial variation in the depositional and erosional history of
particular desert slopes. In these cases, both coverage and size of
fragments increase as slope gradient increases (Poesen et al., 1998),
resulting in larger clasts on steeper slopes.

Clast lithology can affect pavement formation, since lithologies
more susceptible to weathering processes will break down more
quickly into smaller pieces (Poesen et al., 1998; Al-Farraj and Harvey,
2000; Allison et al., 2000). Clast coverage, while related to landform
development itself, is probably not directly influenced by clast
lithology (e.g., Poesen et al., 1998). However, coverage may control
infiltration, underlying soil development and the location of vegeta-
tion within an arid landscape. Pavement surfaces will prevent
infiltration, leading vegetation to prefer (and disturb) more open
areas in a pavement landscape (Wood et al., 2005). The presence of
vegetation may in turn prevent erosion on hillslopes, leading to
lowered rates of pavement formation on those slopes (Poesen et al.,
1998). The measurement of pavement clasts and the percent coverage
of desert pavement surfaces may elucidate the primary controls on
desert landscape development by revealing the relationships between
lithology, clast size, slope and coverage.

The soil profile underlyingmany desert pavement surfaces consists
of a vesicular A (Av) horizon (Cooke, 1970; Dixon, 1994; McFadden
et al., 1998), which may develop through repeated cycles of wetting
and drying and entrapment of air within silty sediments at the surface
(Miller, 1971; Nettleton and Peterson, 1983). The development of a
vesicular layer is dependent upon the accumulation of aeolian silts
and clays, which would trap air during seasonal shrinking and
swelling (Wells et al., 1985; McFadden et al., 1986, 1987). Beneath the
Av horizon is a relatively gravel-free B horizon, which may be similar
in composition to the A but lacks the vesicular nature of the Av. In
some cases the nature of underlying soil horizons may influence
overlying pavements; vertical cracking and shrink/swell actions
within Vertisols maymove clasts toward the surface (e.g., Moeyersons
et al., 2006). Regardless of underlying soil composition, more mature
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pavements tend to have a smoother surface expression and a more
interlocking pavement surface (Al-Farraj and Harvey, 2000) as well as
a thicker and less gravelly B horizon (Amit et al., 1993).

Models of desert pavements as deflated gravel lags (e.g., Summer-
field,1991) or as the result of upwardmigration of coarse gravels due to
the shrinking and swelling of finer-grained soil horizons (e.g., Cooke,
1970) have been replaced in some cases by the accretionary model
developed byMcFadden et al. (1987). Somepavements are now thought
to form in situ through the deposition of fine-grained aeolian sediment,
which accumulates beneath and maintains a layer of coarse material at
the surface (Wells et al., 1985; McFadden et al., 1986, 1987; Wells et al.,
1995). In the absence of dateable surface materials, the evidence for
accretionary pavement formationwould be largely subsurface, where a
clast-free zone of fine eolian sediment would be present instead of a
mixture of coarse and fine (wind-removable) sediments.

The fabric of pavement surfaces is largely controlled by slope
gradient (e.g., Abrahams et al., 1990). Clasts on arid slopes tend to be
oriented with their long-axes parallel to the downslope direction,
most likely due to hydraulic activity (Abrahams et al., 1990) or creep
Fig. 2. A. Cleared archaeological sample circle after sampling, field packs for scale. B. Sketch
common areas of clast counts within 100 cm2 squares inside each sample.
(Mills, 1983). In desert environments local hydrology may vary
significantly over small areas, leading to increased runoff and
variations in surface characteristics on slopes of particular aspect
due to microtopography at the surface and the variable susceptibility
of different surfaces to rill formation even when local bedrock is
homogenous (Yair et al., 1980). Variations in local overland flow may
therefore account for non-uniform clast orientation over even small
areas of the same slope.

Fabric may be more pronounced on steeper slopes (Mills, 1983), as
the movement of clasts can be dependent upon both clast size and
slope gradient (Frostick and Reed,1983). Gradient and aspectmay also
control the degree of clast coverage and the sorting of clasts on arid or
semiarid slopes, with coarser materials present in some areas due to
variations in erosion and deposition (Poesen et al., 1998), which can
also vary significantly within a small local area (Reid and Frostick,
1985). The rates and likelihood of clast movement on slopes may also
be increased significantly when exposed to anthropogenic activities,
particularly trampling by livestock (Nyssen et al., 2006). Given all of
these controls on pavement fabric, a consistent relationship between
of 0.25 m2 pavement sample area (defined by 0.5 m wooden edge guides) illustrating



Table 1
Comparison of pilot season data and the subset of clasts represented in Table 2.

Chert Limestone Quartz Calcite

Pilot Full Pilot Full Pilot Full Pilot

Average area 7.54 2.45 8.17 1.63 3.32 1.24 3.07
Average length/width 1.63 1.47 1.56 1.34 1.44 1.26 1.50
n 1483 2235 893 315 121 460 3

Average clast sizes obtained by random selection of fifty clasts (pilot) are significantly
larger than those obtained by full counts of small sample areas (full), whereas length/
width ratios are more similar. ρ=0 for all two-sample Student's t-tests comparing both
individual clast area and length/width ratios.

Fig. 3. Results of three long-count samples illustrating the number of clasts that must be
counted in order to obtain representative measurements for the pavement sample as a
whole.
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size or orientation of clasts and gradient may not occur in all arid
areas. However, considering the significant slopes present on the
modern Libyan Plateau, the formation of desert pavements during the
Quaternary (as well as the positions of any archaeological materials
associated with these surfaces) may have been influenced by the
presence of slopes.

Although well-known as stable landscape features, desert pave-
ments are easily disturbed (Ward, 1961), and lateral movement of
clasts may serve to “heal” areas of disturbance (Cooke, 1970) over a
period of only decades (Prose and Wilshire, 2000). In some cases the
creep associated with pavement healing may occur over distances of
several centimeters (Haff and Werner, 1996), indicating that pave-
ment clasts are capable of significant lateral movement. However,
clast movement in undisturbed pavements is probably minimal, on a
scale of only several millimeters even where pavement is subject to
rainfall events and overland flow (de Ploey and Moeyersons, 1975).
Lateral movement of clasts may therefore occur even in the absence of
significant slopes, changing the orientation and position of pavement
clasts at the surface. Creep and non-slope-related effects should be
considered in any study examining pavement fabric.

This study investigates the clast-scale characteristics of desert
pavements in an effort to recognize the primary developmental
controls (e.g., slope, bedrock, soil formation) on pavement variation
by identifying existing relationships between surface clast character-
istics (e.g., size, coverage, lithology) and regional landscape features
(e.g., slope, bedrock). The orientation of clasts along slopes and
correlation of clast orientation with slope steepness would support
slope-controlled (overland flow, gravity-driven processes) influences
on pavement development (e.g., Reid and Frostick, 1985), whereas the
recognition of a subset of pavement surfaces containing significantly
smaller clasts or more open pavements may indicate different ages of
formation for portions of the pavements in question (Al-Farraj and
Harvey, 2000). A clast-free soil horizon beneath pavement surfaces
would support an accretionary developmental model (Wells et al.,
1985; McFadden et al., 1986, 1987; Wells et al., 1995), whereas
orientation of clasts may indicate lateral transport of surface clasts
(Mills, 1983). Understanding these aspects of pavement development
during the Quaternary will clarify the taphonomic history of artifacts
found on the plateau during archaeological surface survey, which will
in turn inform the reliability of behavioral interpretations based upon
these assemblages.

2. Methods

Desert pavement surfaces were analyzed adjacent to archaeologi-
cal sample localities in order to characterize the pavements most
relevant to potential taphonomic issues in the archaeological record.
During archaeological survey, samples were taken from circles one
meter in radius at 100-meter to 250-meter intervals across the survey
area (Fig. 2A); archaeological site samples were also taken wherever
artifacts were found in dense concentrations (sites) between
sampling points. Because time constraints prohibited geologic
analysis of every archaeological sample, geologic studies of pavement
surfaces were carried out on a less regular and wider spacing in an
effort to characterize pavements throughout the study area (Fig. 1).
Pilot season data from the winter of 2002/03 revealed that random
selection of clasts along circlemargins led to a bias toward larger clasts
(Table 1); random selection was therefore avoided during pavement
sampling.

Each pavement surface was photographed as a 0.25 m2 section
(this section will be referred to as a “sample”) with one edge oriented
N–S (after Poesen et al., 1998; Al-Farraj and Harvey, 2000). Within
each sample, 100 cm2 areas (referred to as “squares”) were defined to
obtain representative subsamples of the pavement surface (Fig. 2B).
Lithology and maximum length to the nearest half centimeter,
measured with a measuring tape, were recorded for all clasts found



Table 3
Spearman rank order correlation for slope indices (calculated using Wessa (2008))
versus pavement characteristics (Spearman, 1904).

R (uncorrected) R (corrected) t-test Z score n

# Chert clasts 0.11 0.07 0.72 −1.23 116
% Chert 0.11 0.08 0.82 −1.32 116
Average area 0.10 0.05 0.54 −1.06 116
Median area 0.14 0.05 0.54 −1.52 116
Stdev area 0.09 0.04 0.42 −0.94 116
Burial 0.22 0.17 1.88 −2.31 115
Density 0.16 0.11 1.23 −1.71 115
Slope (DEM) 0.14 0.10 1.02 −1.51 115
Elevation 0.01 −0.05 −0.49 −0.08 115
Aspect 0.17 0.12 1.29 −1.77 115
Pavement orientation (kappa) 0.11 0.08 0.37 −0.54 25

Spearman rank correlation (R) values near −1 indicate negative correlation, 0 indicate
no correlation, and 1 indicate positive correlation. n value indicates number of pairs
tested in each case.
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at the surface. Pavement clasts included in the counts were not
incorporated into the underlying soil horizon and were freely
removable from the underlying clast-free silt. This method of
measurement allowed for faster collection of field data without
reducing the value of the data collected, as mm-scale variation in the
diameter of coarse gravels has less geomorphic and depositional
significance than similar variation among sandy sediments (Briggs,
1977). Data from additional squares were collected in the same
manner until 100 clasts had been counted (Fig. 2B). Once a count of
100 clasts was reached, all clasts were counted within the current
square before ending the sample. Finishing counts within squares
allowed for a more accurate determination of the density of surface
clasts on both inter- and intra-sample scales, as the densities of
individual squares could be calculated in addition to the density of the
sample as a whole. One hundred clasts was used as the minimum
count following “long counts” of 500+ clasts within a sample to
determine the point at which the data collected represented the
pavement lithology and clast density in the immediate area (Fig. 3). A
total of 16,392 clasts were measured in this manner from 120
individual sites.

Measurement of bothmaximum (length) andmaximummeasure-
ment perpendicular to length (width) surface dimensions of 5510
clasts allowed for the determination of average length/width ratios
for chert, quartz, calcite and limestone clasts in regional desert
pavement surfaces (Table 2). These numbers were later used to
estimate the average surface area of clasts when only the maximum
length had been measured in the field. This method of data collection
allowed us to expedite field measurements and sample a larger
number of clasts over a larger portion of the study area. Surface area of
clasts provides a reliable comparative measure of clast coverage
because, although the orientation of clasts relative to the ground
surface may vary (e.g., split fragments versus primary material), the
majority of clasts within desert pavements lie with their long-axes
parallel to the ground surface (Cooke, 1970). These length/width data
were also used to calculate surface coverage of pavement clasts within
squares (see Appendix).

Although pilot season data indicated that random selection of
clasts led to the measurement of larger clasts on average than did the
sampling methodology used in this study, it is likely that the methods
used here still led to a size bias, this time against the identification of
large boulders within the study area. When selecting 0.25m2 areas for
pavement counts, wooden guides were placed as parallel as possible
to the modern surface, and large boulders were avoided in order to
provide pavement samples that were most relevant to artifact
taphonomy and which could provide the 100-count minimum
required for accurate regional characterization (Fig. 3). Boulder
avoidance required no more than one meter of lateral adjustment of
our sampling area, and probably had little effect on the data obtained
for smaller pavement clasts. These counts are therefore a more
accurate means of characterizing small-scale pavement characteris-
tics, but may under-represent the proportion of larger (N0.25 m2)
boulders within the study area. Observations of local surface geology
were made in an effort to identify those pavements found in regions
containing larger numbers of boulders, but boulder-distribution was
not specifically relevant to the aims of this study.

Where vertical cracks were present in surface clasts, their
orientations were measured using a Brunton compass corrected to
the currentmagnetic declination of 3°E. The locations of measurement
Table 2
Length/width ratios of pavement clasts divided by lithology.

Chert Limestone Quartz

Average 1.47 1.34 1.26
Stdev 0.53 0.44 0.38
n 2235 315 460
sites were recorded using hand-held GPS units and described
qualitatively in terms of slope (flat, gentle, moderate or steep) and
slope direction (N, NW, S, etc.). Orientations of pavement clasts were
determined on a subset of 27 pavements by drawing straight long-axis
(maximum measurable dimension) orientations of individual clasts
on photographs of pavement samples taken parallel to ground surface
and corrected for photographic distortion using ArcGIS 9.2. Orienta-
tions were drawn on all clasts where a long-axis could be identified.
Resulting vector directions were exported as degrees to correspond
with Brunton measurements made in the field. The results of both of
these vector analyses were plotted as non-polar frequency lines in 10-
degree bins within full-circle rose diagrams, and circular statistics
were evaluated using GEOrient 9.2. Statistical values reported by this
program are based on Fisher (1993) and Mardia and Jupp (1999).
Vectors determined from pavement photographs were weighted
equally regardless of clast size. These data may be biased in that the
orientations determined are preferentially on larger clasts as well as
those found closest to themodern surfacewithin the pavement, as the
overlap of clasts makes it difficult to determine clast orientation for all
clasts from photographic evidence. Therefore, more open pavements
as well as those with larger clasts are more likely to provide more
accurate orientation data; however, all data presented here were
determined through the same method by the same observer.

In addition to surface clast measurement and sampling, we
excavated 97 small pits to gravel or limestone bedrock. Profiles of
these pits were described in terms of pavement thickness, subsoil
thickness, A-horizon development and consolidation, presence or
absence of salts, and presence or absence of subsurface clasts. Pits
were placed on a variety of pavement types (varying in primary
lithology and density of surface clasts) as well as a number of different
slopes (varying in slope direction and degree). All mapped points
were recorded using hand-held GPS units. Additional geomorphic
data (slope, aspect, elevation) were extracted from a (30m) Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Digital Elevation Model (DEM). However, these DEM data average
30m per pixel, representing a much coarser scale than that of the data
collected in the field. In order to provide a more spatially accurate
means of comparing slope variation with pavement characteristics,
each pavement was assigned a more qualitative “index” of gradient
based upon field observations, where 0=flat, 1=gradual, 2=mod-
erate and 3=steep (see Appendix). There is only a very weak positive
correlation between qualitative slope indices and DEM-derived slope
values (uncorrected Spearman rank order correlation 0.14, t=1.02
(Wessa, 2008)) (Table 3). The fact that the steepest slope extracted
from the DEM, 22°on sample 07PV49, received only a “moderate”
slope index (Appendix) indicates that these extracted data are indeed
less than representative of the actual slope affecting a given pavement
surface. Spatial statistics (Morans I spatial autocorrelation) were run



Table 4
R2 values for linear regressions for pavement measurements and potential geomorphic
controls and von Mises–Fisher distribution kappa values for pavement orientations.

Burial Slope (DEM) Aspect Kappa

# Chert clasts 0.05 0.02 0.00 0.08
% Chert 0.05 0.00 0.00 0.00
Average area 0.39 0.03 0.01 0.12
Median area 0.17 0.00 0.00 0.07
Stdev area 0.30 0.03 0.01 0.03
Burial – 0.10 0.00 0.02
Density 0.14 0.04 0.02 0.02
Slope (DEM) 0.10 – 0.02 0.08
Elevation 0.13 0.14 0.03 0.05

Data, calculations, units and definitions from Appendix.

Table 5
Morans I spatial autocorrelation results for pavement and geomorphic characteristics.

Moran's Index Variance Z score

# Chert clasts 0.15 0.00 2.75
% Chert 0.24 0.00 4.02
Burial 0.32 0.00 5.39
Density 0.05 0.00 0.88
Average clast area 0.17 0.00 3.92
Median clast area 0.13 0.00 2.31
Stdev clast area 0.01 0.00 0.25
Slope (DEM) 0.16 0.00 2.86
Aspect 0.03 0.00 0.69
Elevation 0.59 0.00 9.89
Kappa −0.08 0.00 −0.61

Z values indicate deviation; 95% confidence intervals lie between −1.96 and 1.96. Z
values above 1.96 indicate statistically significant clustering. Data, calculations, units
and definitions from Appendix, except for kappa values which were used in Table 4.
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using ArcGIS 9.2 in order to evaluate potential clustering in these
datasets.

3. Results

3.1. Pavement characteristics

3.1.1. Clast size and density
Pavement maturation is generally measured by an increase in clast

coverage, a decrease in clast size, and an increase in the thickness of
soil horizons (Al-Farraj and Harvey, 2000). We determined measures
of clast size (surface area), clast burial (total clast surface area/surface
area of pavement measured) and clast density (number of clasts
measured per surface area of pavement analyzed) using values
obtained in the field (Appendix), which can be used to compare the
relative maturity of these pavement surfaces. Measures of clast
density and burial in these pavements cannot be separated into
distinct groups, suggesting that pavements examined here are
developed to similar extents. Clast density and clast size are often
linked to both pavement maturity (Al-Farraj and Harvey, 2000) and
arid hillslope processes, where increased gradient and gravity-driven
transport lead to size sorting and variations in clast coverage (e.g.
Poesen et al., 1998). On the Libyan Plateau these measurements are
unrelated to local geomorphologic characteristics including slope
direction (aspect) and gradient (Tables 4). Because values extracted
from the DEM represent an averaged area much larger than that
relevant to the sampled pavements, we also compared pavement
characteristics to semi-quantitative slope indices (Table 3, Appendix)
and found no significant relationship (only slightly positive rank
correlations) between any pavement characteristics and these index
values.

The lack of correlation of pavement maturity indices (clast burial
and density) with any potential expression of geomorphic control
(slope, aspect, elevation) (Tables 3, 4, Appendix) suggests that
geomorphic changes such as slope retreat or gravity-driven clast
movements have not been the primary control on pavement
formation during the Quaternary. In order to test whether variations
in the local landscape have determined similar variations in pavement
characteristics, we used Moran's Index spatial autocorrelation to
determine whether the characteristics of adjacent pavements are
more similar to each other (clustering in the data) (Moran, 1950). We
would expect significant positive autocorrelation indices when
characteristics such as clast density are controlled by spatially
autocorrelated landscape features such as slope, drainage proximity,
or sub-regional bedrock characteristics. Moran's I values close to zero
indicate no spatial autocorrelation (no similarity between adjacent
pavements),whereas values closer to 1 are more significantly
positively spatially autocorrelated and values closer to −1 are more
significantly negatively spatially autocorrelated (Moran, 1950). Z
values indicate degree of deviation, where a 95% confidence interval
of randomness is indicated by Z values between −1.96 and 1.96;
values outside this range indicate statistically significant non-random
distribution. The values determined here are positive but close to zero,
indicating largely random distribution for some pavement character-
istics but spatial autocorrelation for lithology, burial, and clast size
(Table 5).

The strongly significant autocorrelation for landscape character-
istics indicated by Moran's I Z values is expected: slopes are steeper at
the escarpment edge aswell as alongwadi cuts, and elevation is higher
andmore similar between sites as wemovewestwithin the study area
(Fig. 1). Pavement characteristics that are controlled by these
landscape features should therefore also be spatially autocorrelated.
Z values for pavement characteristics indicate clustering of clast burial
and clast size, which are also the only correlated values observed by
linear regression (r2=0.39 burial vs. average size, r2=0.30 burial vs.
stdev size, Table 4). This linear relationship is not surprising, as burial is
likely a function of size; field observations indicated that smaller clasts
often cluster beneath the edges of larger clasts in interlocking
pavements. Pavementswith larger clasts on average and a correspond-
ing increase in clast burial are found primarily in the eastern portion of
the study area (Fig. 4). This may be due to the exposure of bedrock
units to the east providing locally weathered materials, whereas many
of the pavements in the western portion of the study area are formed
on transported gravel deposits (Fig. 4).

3.1.2. Clast lithology
Although linear regression indicates that slope and aspect are not

directly related to clast lithology, burial or density (Table 4), these
pavement characteristics may be related to the greater susceptibility
of clasts of particular lithologies to erosion, which would in turn
correlate with bedrock composition. Moran's I Z values indicate
positive autocorrelation for lithologic composition within pavement
surfaces (positive I, ZN1.96, Table 5), suggesting that lithology is being
controlled by landscape features to some extent. The lithology of the
pavement clasts is made up exclusively of four rock types: chert,
limestone, quartz pebbles, and calcite crystals. Chert is the most
common material found in these pavements, and is available as a
weathering product from local bands within the limestone bedrock
(Klitzsch et al., 1987). Chert cobbles are also a component of the
Tertiary clastics and the undifferentiated Oligocene to Pleistocene
gravel unit (“old gravel”) (Klitzsch et al., 1987) mapped on the
western edge of the study area (Fig. 4). Calcite crystals occur most
frequently along the northern edge of the plateau, where calcite veins
are frequently found at the surface. The lack of similar veins to the
south and west account for the lack of calcite in other pavements
studied here.

Because it is the major bedrock lithology in this area, limestone is a
common component of pavements and occurs more frequently where
bedrock is exposed, particularly along the eastern edge of the plateau
(Fig. 4). Although quartz pebbles were frequently observed



Fig. 4. Clast lithology at pavement sample sites illustrated as relative percentages (graduated colors, with higher percentages indicated by darker circles) for A. chert, B. limestone,
C. calcite, and D. quartz. Clast burial and size also illustrated as relative values: E. burial index (dimensionless), F. average clast size (cm). Solid black line indicates the edge of the
Plateau; the majority of sample sites occur on the Plateau (left of the line). The Nile Valley lowland lies on the right side of the figure. Local geologic units identified were mapped by
Klitzsch et al. (1987). Fanglomerates, Tertiary Clastics and Travertines are all found at the foot of the Plateau and serve to designate the boundary between Plateau edge and Nile
Valley lowland. Undesignated areas are underlain by Thebes Group limestones.
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weathering out of undifferentiated gravels, the frequency of quartz
pebbles in pavement surfaces is not directly related to the presence of
the undifferentiated gravel. However, well-rounded quartz pebbles are
found in all obviously transported gravel units. The distribution of
quartz within pavement surfaces is presumably related to discontin-
uous patterns of gravel deposition; gravels were probably deposited as
fluvial lags, which have since been deflated to form bedrock surfaces
for more recent desert pavement development. The lack of a detailed
geologic map illustrating the underlying bedrock facies present on the
Fig. 5. Field photos from ASPS: A, B. Vertical cracks in surface chert clasts; C, D, E, F. Examples o
pavement sample. All clasts within the square outlined by the guides would be counted and me
clasts within the horizon and their consolidation. Displayed on field notebook, pen for scale;
plateaumakes it difficult to determine potential relationships between
pavement lithology and bedrock composition with any certainty, but
the autocorrelation of pavement lithology and the observed variation
of clast composition with bedrock (e.g., presence or absence of calcite
crystals) indicates a relationship between pavement lithology and
bedrock as well as minimal long-distance transport of surficial
materials.

The limestone plateau is composed of a number of different facies,
including chert-bearing, bedded limestones and friable silty limestone
f pavement surfaces examined in this study. Wooden guides outline 0.50 m edges for each
asured (see Fig. 2B); G. Portions of Av horizons, illustrating vesicularity, presence of small
H. Field photo illustrating the nature of the landscape through much of the study area.
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deposits, each of whichmay have a controlling influence on pavement
lithology (i.e., percent chert or calcite) as well as the depth of soil
formation and resistance to erosion. The lack of correlation between
major pavement qualities and any obvious, measurable geomorphic
characteristics suggests that differences in the chert content and
resistance to weathering of locally variable bedrock facies played a
major role in later pavement formation and development. The loose
demonstrable relationship between pavement lithology and bedrock
units, to the extent that these relationships can be made using our
current understanding of bedrock lithology, as well as the lack of any
indication of clast transport (e.g., no identifiable correlation between
slope gradient and pavement development or clast size) suggest that
soil and pavement formation in this area has been controlled by pre-
existing bedrock conditions.

3.2. Erosional processes

Parallel vertical cracks were observed in chert cobbles at a number
of sites in the study area. These cracks were often parallel to the long-
axis of the cobbles and always vertical where multiple cracks were
present (Fig. 5). Measurement of parallel vertical cracks in surface
clasts reveals a strong N–S preferential orientation of cracks on all
pavement surfaces, within the range of “meridional” cracks (within
33° of N–S) defined by McFadden et al. (2005) for the majority of the
data (Fig. 6, Table 6). The estimated kappa (κ) value obtained by the
von Mises–Fisher distribution for the entire dataset is 0.30, where
κN0 indicates unimodal distribution, higher κ values indicate more
concentrated data and κ=0 indicates uniform (random) distribution
of the data (Mardia, 1975; Fisher et al., 1987). Although variances for
these data are relatively high, κ values indicate unimodal distribution
and a higher level of preferred orientation for cracks than for any
pavement clasts examined elsewhere in this study.

The N–S orientation of the measured cracks (Fig. 6, Table 6),
suggests mechanical weathering due to thermal stresses caused by
diurnal solar variation, following McFadden et al. (2005). Although
these cracks were not observed in all parts of the study area, their
presence solely in chert cobbles suggests that chert is more
susceptible to cracking, potentially due to its dark color (Summerfield,
Fig. 6. Crack orientation for all data, as well as for subsets of this dataset separated accordin
illustrated as an independent rose diagram. Arrows indicate vector mean values in degrees,
rose diagrams.
1991), shape, size, or other physical properties that would enhance
thermal stresses within a chert cobble. The presence and size of chert
cobbles within local pavement surfaces may therefore determine the
presence or absence of vertical cracks (Fig. 6).

Solar-controlled mechanical weathering is probably acting to
break down clasts at the surface by forming the initial (thermal)
cracks. Additional processes such as salt weathering (e.g., Amit et al.,
1993), frost shattering or hydration shattering (e.g., Summerfield,
1991) may play a role in further breakdown and shatter of these clasts
by widening the initial thermal cracks. The occurrence of thermal
cracking, salt weathering, hydration shattering and freeze-thaw action
on the Plateau suggests that clast breakdown could occur in situ, and
pavements may not have been dependent upon additional processes,
such as transport or trampling, for the development of smaller and
more numerous clasts over time. Thermal cracking would play a role
in the breakdown of larger clasts, but thermal processes would have
little effect upon clasts too small to develop significant thermal
gradients (McFadden et al., 2005). This minimum size limit for
thermal cracking may determine a minimum clast size for these
pavements, as thermal shattering (and in turn other mechanical
processes) would have no effect upon pavements below a particular
size threshold.

3.3. Pavement fabric

Orientations of surface clasts within full 0.25m2 sample areaswere
determined from digital photographs taken parallel to the ground
surface (Fig. 5). Orientations obtained for these pavements have been
quantified as estimated κ values obtained by von Mises–Fisher
distribution (Mardia, 1975), where larger κ values indicate less
variance in the data (Table 6). In arid environments, surface clasts
are often oriented on slopes where hydraulic activity or creep has
played a role in clast movement (e.g., Mills, 1983; Abrahams et al.,
1990). However, comparison of κ values for the pavement samples
examined here with both geomorphic and pavement characteristics
indicate no relationship between pavement orientation and any other
measured characteristic (r2≤0.12 for all comparisons) (Table 4). Some
pavements are oriented to varying degrees, whereas others contain
g to slope direction. Total data includes four measurements on west-facing slopes not
which are also listed as “mean” for each diagram. Tick marks on axes indicate 5% for all



Table 6
Orientation data for both vertical cracks and pavement clasts, including number counted (n), vector mean (mean) in degrees, circular standard deviation, circular skewness, circular
kurtosis, circular variance and von Mises–Fisher distribution kappa values.

Crack orientations

Slope aspect n Mean Variance Stdev Skewness Kurtosis Kappa

All 474 6 0.85 2.0 0.05 0.23 0.30
East 165 19 0.76 1.7 −0.14 0.22 0.49
North 116 147 0.78 1.7 0.10 −0.05 0.45
South 98 12 0.76 1.7 −0.13 0.69 0.49
Flat 67 24 0.83 1.9 −0.01 0.21 0.35
NE 12 134 0.63 1.4 −0.38 −0.01 0.80
SW 12 62 0.90 2.1 0.29 −0.59 0.21
West 4 109 0.58 1.3 0.05 −1.70 0.93

Pavement orientations

Site name n Mean Variance Stdev Skewness Kurtosis Kappa Slope index

07PV13 485 36 0.87 2.0 −0.05 0.06 0.27 0
07PV25 576 13 0.87 2.0 −0.05 0.13 0.26 0
07PV33 102 2 0.91 2.2 −0.19 −0.04 0.18 0
A2000 289 11 0.91 2.2 −0.07 0.04 0.18 0
S1051 303 162 0.94 2.4 −0.04 0.01 0.12 0
S1102 463 13 0.85 2.0 0.07 0.00 0.30 0
07PV01 138 4 0.87 2.0 0.07 0.22 0.26 0
PAV011 451 19 0.97 2.6 −0.07 −0.07 0.06 0
07PV05 321 19 0.88 2.1 −0.04 −0.04 0.24 1
07PV08 295 52 0.92 2.3 0.00 −0.01 0.15 1
07PV17 277 16 0.94 2.4 0.01 −0.1 0.11 1
S2100 438 76 0.95 2.4 0.05 −0.01 0.10 1
S3062 160 45 0.97 2.7 −0.12 0.05 0.06 1
S4118 404 34 0.96 2.6 −0.07 −0.03 0.07 1
PAV013 469 11 0.93 2.3 −0.02 0.02 0.13 2
S2012 492 30 0.90 2.2 −0.10 −0.09 0.19 2
07PV49 548 156 0.95 2.5 0.08 −0.11 0.09 2
S4012 322 135 0.85 2.0 0.03 0.04 0.30 2
S4017 418 14 0.96 2.5 −0.03 0.02 0.09 2
S4041 259 38 0.86 2.0 −0.14 0.02 0.29 2
S4077 659 40 0.90 2.1 0.00 −0.01 0.21 2
07PV35 375 43 0.94 2.3 −0.03 −0.07 0.13 3
07PV45 315 11 0.91 2.2 0.03 0.02 0.18 3
S1032 485 32 0.85 2.0 0.04 −0.03 0.30 3
S2023 457 42 0.85 1.9 0.00 0.02 0.30 3
S3127 301 5 0.90 2.2 −0.03 0.15 0.19 3
S4003 381 44 0.93 2.3 0.10 −0.03 0.14 3
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clasts with random orientations (Fig. 7). All κ values are greater than
zero, indicating some level of orientation, but κ values vary from 0.09 to
0.39 and only three pavements provide κ values ≥0.3, exhibiting the
highest level of orientation in this dataset. Examination of these
orientations grouped according to slope indices (Fig. 7, Table 6), in
addition to Spearman rank order correlation of slope indices with
pavement κ values (Table 3), indicates no relationship between
increasing slope and increased orientation as measured by κ values;
the variation shown here cannot be directly explained by any particular
feature of the local landscape or of the pavements themselves.

The lack of correlation between κ values and slope suggests that
slope-controlled processes such as overland flow and gravity-driven
creep have not been the controlling factors in clast orientation. In fact
the largest κ values determined for pavement orientations can be
found on both flat and steep slopes (Table 6). Lateral transport of
pavement clasts has probably been minimal during pavement
development, as transport of clasts on slopes would presumably
have led to preferred clast orientations (e.g., Anderson et al., 2002).
Similarly, the lack of a meridional preferred orientation in pavements
indicates that the northerly wind in this region is not causing a
preferred clast orientation, and that thermally-controlled shattering is
not the only process acting upon pavements at the surface. We would
expect shattering alone to result in pavements with similar orienta-
tions to those measured for vertical cracks (Fig. 6) and for this
orientation to be more significantly correlated with pavements
containing more chert cobbles, which are the clasts being affected
by thermal stresses. Instead, we see no correlation between chert
content and κ values (Table 4). Kappa values measured for pavement
surfaces also show no spatial autocorrelation (Table 5, ZN−1.96),
indicating random degrees of pavement orientation across our study
area.

The bias involved in the determination of pavement orientation via
photographic evidence leads to the preferential measurement of
larger clasts. Themovement and preferred orientation of clasts may be
occurring at a scale smaller than that measured for pavement
orientations here (e.g., movement of clasts b1–2 cm), as movement
of smaller clasts would not be identified using this method.
Orientation of larger clasts may have been inherited from fabrics
present within gravel deposits or bedrock structure, or they may have
been produced entirely through shrinking and swelling of underlying
clays during pedogenesis, but any transport and orientation occurring
at small scales would be invisible to the current study.

3.4. Desert soils

The soils found beneath the desert pavements on the Libyan Plateau
almost always consist of a vesicular Av horizon varying in thickness
(often between3 and7 cmthick) and consolidation (Fig. 5G) overlying a
clast-free horizon of fine to coarse silts, and occasionally fine sands, of
equally variable thickness. This clast-free layer in turn overlies the
bedrock unit present in the area, which can be well-consolidated
limestone bedrock, heavily weathered (silty) limestone, or chert-
dominated gravel (Fig. 8). The silty horizon (B horizon) beneath the
Av often reddens with proximity to limestone bedrock and sometimes



Fig. 7. Clast orientations for individual 0.25 m2 sample areas determined by vectorizing observed clast orientations in ArcGIS 9.2 grouped according to slope gradient (0=flat,
1=gradual, 2=moderate and 3=steep). Arrows indicate vector mean values (see Table 6). Observed slope direction (where available) is indicated by directional symbols written at
the top right-hand corner of each diagram. Tick marks on axes indicate 2% for all rose diagrams.
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contains salts. Subsurface investigations revealed relatively clast-free
horizons beneath all pavement surfaces. These clast-free horizons
probably develop through the accumulation of aeolian materials
beneath the pavement surface (McFadden et al.,1986,1987). Pavements
are limited in thickness to the overlap of only two clasts, where smaller
clasts often occur beneath the edges of larger clasts. Where they are
found in the subsurface, gravel clasts are small (often ≤1 cm in
maximum diameter) and are found within the first 5 cm of the soil
profile, often incorporated into particularly well-developed Av horizons
(Fig. 5G). No visual evidence of desiccation cracking (slickensides,
sediment infilling, modern cracks) is present in soil profiles.

Although development on flat surfaces as well as the presence of
more easily weathered limestone bedrock (often found asmore friable
silty units) seem to lead to an increased depth of soil formation in
many cases, there is no lack of thick soil horizons on gravel bedrock
surfaces as well as on steeper slopes (Fig. 8). Depth to bedrock can be
25 cm on the steepest slopes, whereas 39 cm to bedrock is the
maximum measured depth in this study. In addition, qualitative
indices of Av development (1=poor, 2=moderate, 3=well-devel-
oped) are not strongly correlated with Av horizon thickness
(corrected Spearman rank correlation 0.17, t=1.20, n=50) or depth
to bedrock (corrected Spearman rank correlation=−0.12, t=−0.79,
n=48). Similarly, Av horizon thickness is not related to the depth of
the soil column as a whole or to the population density, burial, or size
of pavement clasts (r2=0 for all linear regressions), suggesting that
Av development (qualitative determination of vesicularity and
consolidation, measurement of horizon thickness) is not an indication
of soil development but is more likely related to specific shrink-swell



Fig. 8. Example soil profiles from the ASPS study area illustrated according to observed slope index (0=flat, 3=steep) and bedrock composition (gravels versus limestones).
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and permeability conditions at the surface of any given pavement
sample. However, the fact that Av development indices are not directly
related to either clast density (corrected Spearman rank correlation=
−0.16, t=−1.11, n=50) or burial (corrected Spearman rank correla-
tion=−0.15, t=−1.02, n=50) in turn suggests that the pavements
themselves are not controlling soil formation or Av development.

The lack of discernable transport of clasts (e.g., lack of clast
orientation or correlation between clast size and slope gradient) on
desert pavement surfaces and the relative stability of this landscape
indicated by the development of accretionary pavement surfaces
suggest that erosion has not been significant on the Libyan Plateau
during the Quaternary. The thickness of desert soils, particularly the
clast-free B horizons of these soils, on many steep slopes and the lack
of any direct relationship between slope and the depth of soil
formation indicate that slope probably has no direct effect on the
thickness of soil horizons, and that the ability of gravel surfaces to trap
aeolian dust played the largest role in increasing the thickness of these
soils. The extent towhich a given surfacewould act as an effective dust
trap may be controlled by a variety of factors including wind velocity
and gravel roughness during any given time period (Dong et al., 2002),
as well as the amount of vegetation present (Gerson and Amit, 1987).
However, the variable importance of these particular controls on dust
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accumulation would not be discernable from the soil characteristics
examined here.

4. Discussion

The clast measurements made here fail to delineate any subset of
pavement surfaces containing lower than average clast sizes or higher
coverage by smaller clasts compared to those in other areas. This
suggests that, unlike desert fan surfaces (e.g., Al-Farraj and Harvey,
2000), there are either no significant differences in the ages of desert
pavement surfaces found on the eastern Libyan Plateau, or all surfaces
are old enough to have evolved to an equilibrium form where clast
parameters can no longer be used to distinguish between pavements
of different age. The area examined in this study exhibits seemingly
random and gradual change in almost all pavement characteristics
including clast coverage, with only slightly significant clustering in
clast size. The lack of distinct surfaces of different identifiable ages
allows us to use the entire Plateau pavement as a single entity, where
any differences between pavement samples are more likely the result
of localized landscape changes, in situ soil formation processes such as
shrink/swell of Av horizon clays, or pre-existing bedrock conditions
instead of maturity differences between soils on the Plateau.

The data obtained from desert pavement surfaces across this study
area indicate very few spatial patterns in pavement characteristics.
The seemingly random variation in pavement parameters other than
clast size and lithology suggests that the development of the modern
desert pavements has not been controlled by any specific external
surface process, and is more likely the result of the variable nature of
the preexisting bedrock and gravel units fromwhich these pavements
are derived. The degree of clast orientation is not related to slope
gradient and is not spatially autocorrelated, suggesting that pavement
clasts, as well as any associated archaeological materials, would not
have been affected by significant overland flow or other gravity-driven
processes that would orient surface clasts. Clast size also has no
relationship to slope gradient, suggesting that slopes have not had a
significant impact of clast sorting. The accretionary nature of the soils
on the Plateau additionally suggest limited erosion or transport of
surface sediments in this region, and a number of identifiable in situ
weathering processes provide a mechanism for desert pavement
formationwithout lateral transport. The lack of developmental control
by any measured geomorphic parameter, particularly slope, indicates
a very stable landscape on the eastern Libyan Plateau.

Lowering of this landscape has probably been punctuated and
slow, with erosion affecting only the outermost edges of the plateau
and wadi heads as slopes have retreated over time. The stability of the
plateau appears to be lateral in nature, both because erosion is moving
inward from the plateau edges and because soil formation mechan-
isms may still be acting vertically upon each pavement surface on a
small (site-relevant) scale. Pavement surfaces would therefore be
extremely stable in a lateral sense, whereas the associated desert soils
would exhibit much more significant vertical change over time.
Downward migration of surface clasts can occur through repeated
trampling, although vertical movement is limited in fine-grained
contexts, such as those on the Libyan Plateau, compared to sandy
sediments (Gifford-Gonzalez et al., 1985). However, vertical displace-
ment can occur on the scale of centimeters, particularly through the
upwardmixing of particles by biogenic activity (Moeyersons, 1978) or
through the closure of desiccation cracks (Moeyersons et al., 2006).
Mixing of materials vertically may be considerably more significant
than lateral displacement within or between stratigraphic units (Villa,
1982), such as the soil horizons examined here.

On gravel surfaces, particularly those underlain by well-consoli-
dated units, surface runoff results in only minimal creep (several mm
of movement) downslope, or upslope in the case of whirlpool
formation on the upslope side of pebbles (de Ploey and Moeyersons,
1975). Even the smallest clasts present within the pavement surface
are therefore moving laterally only on the scale of millimeters, if at all,
during rainfall events. The primary processes acting upon pavements
seem to be the accumulation of dust and thickening of an accretionary
layer, as evidenced by the ubiquitous presence of a clast-free silt layer
beneath pavement surfaces, which is present regardless of the
underlying bedrock composition. The continual accretion of this silt
serves to buoy coarser clasts at the surface as finer sediments are
washed beneath (Wells et al., 1985; McFadden et al., 1986, 1987; Wells
et al., 1995).

Coarse gravels can serve as an efficient dust trap due to their high
porosity, permeability and surface roughness (Gerson and Amit,
1987), particularly when gravel coverage exceeds 15% (Dong et al.,
2002), as it does throughout this study area. Rates of dust entrapment
may have varied significantly over even short periods of geologic time,
just as dust fluxes in the Western US have been shown to be
significantly variable during the Quaternary (e.g., McFadden et al.,
1987; Reheis and Kihl, 1995). Climate fluctuations may lead to
variations in aeolian entrapment due to variations in the deposition
of atmospheric dust and the availability of dust for transport as well as
changes in local controls on dust preservation, such as the presence of
vegetation (e.g., Gerson and Amit, 1987; Prospero and Lamb, 2003;
Pelletier, 2007). It is also likely that during the early stages of
pavement formation these surfaces accumulated dust at a faster rate
than at present, due to their more open surfaces (lower clast
coverage) and their increased aerodynamic roughness (which
decreases through weathering over time) (Gerson and Amit, 1987).

An increase in dust availability would, in turn, increase the rate of
accretionary layer formation. During periods of increased dust
accumulation small clasts may have been buried by the accumulating
accretionary layer even as the larger pavement clasts remained at the
surface, or these smaller clasts may have worked their way down into
underlying soil horizons through other pedogenic processes including
bioturbation and shrink/swell process. Small clasts are found within
the Av horizon in many cases (Figs. 5G, 8). Given the lack of evidence
for lateral transport of clasts, the primary concern for archaeologists
from a taphonomic standpoint should be pedogenic processes and the
loss of smaller clasts on a very small lateral scale as well as vertical
movement within the first few centimeters of the Av horizon.

The primary difficulty in examining data at the small scales
relevant to the taphonomy of individual artifacts and artifact
assemblages is that the conditions present at a given pavement
surface are not necessarily similar to those of the larger landscape,
whereas the majority of the (DEM-derived) data available concern-
ing regional geomorphology utilizes a much larger scale of inquiry.
However, even a semi-quantitative examination of the major
potential geomorphic controls, specifically slope-related effects, on
pavement formation indicates that the relationship between
hillslope processes (e.g., overland flow, gravity-driven creep) and
pavement development is not strong. This, in turn, suggests that
pavement development has been controlled in situ with primary
alteration through vertical processes. The archaeological materials
preserved in this region have probably been preserved with their
horizontal position intact, similar to surface artifact scatters in
Australia (Fanning and Holdaway, 2001).

The majority of surface studies in arid environments reveal spatial
patterns in the distribution of clast burial, lithology and orientation,
and often invoke surface runoff and gravity-driven, slope-controlled
clast transport as local controls on these spatial variations (e.g.,
Frostick and Reed, 1983; Abrahams et al., 1990; Poesen et al., 1998).
The lack of similar spatial relationships on the Libyan Plateau suggests
a lack of runoff- or gradient-controlled pavement development in this
region, which in turn indicates a lack of significant erosion or slope
movement during pavement formation. The stability of these
pavement surfaces is supported by the presence of thick Av horizons,
which may take several thousands of years to develop (e.g., Anderson
et al., 2002).
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5. Conclusions

Desert pavements examined on the eastern Libyan Plateau
adjacent to the Nile Valley near Abydos, Egypt, do not exhibit
areas of identifiably variable maturation that would indicate
different ages for pavement surfaces. Clast size, density, lithology,
and orientation within pavements have not been directly influenced
by slope gradient or aspect, indicating that bedrock was the most
likely primary control on pavement lithology but also that pavement
formation has been largely undisturbed by local surface processes
including overland flow and slope retreat. A preferential N–S
orientation in vertical cracks in surface clasts in this study area
indicates thermal control on some mechanical breakdown of chert
clasts on the surface, which contributes to the overall development
of pavements by creating smaller clasts and larger clast populations
over time. Mechanical weathering may have been aided by salts,
which are present in many soil profiles, as well as freeze-thaw and
hydration shattering processes. However, a lack of preferred
orientation for clasts within most pavements indicates that solar
fracture was not a significant control on resulting clast orientations,
nor was lateral clast transport a primary mechanism in pavement
development on slopes. The lack of orientation of clasts within
pavements is consistent with desert pavements as a product of the
bedrock and sediment present prior to pavement development, and
suggests that slope retreat, surface runoff and gravity-driven clast
movements have had very little effect on pavement clasts or
pavement formation.

The lack of influence of external controls suggests that pavement
development in this area has been a function of in situ desert soil
formation mechanisms, including shrink/swell within a vesicular
accretionary Av horizon and the maintenance of a gravel pavement
surface through the accumulation and down-washing of fine
sediments. The presence of refitting Middle and Upper Paleolithic
artifacts on these pavement surfaces (Chiotti et al., 2007) in addition
to the apparent in situ control of pavement characteristics indicate a
minimumof approximately one hundred thousand years of stability in
this area, even if the pavements themselves have not been actively
developing throughout this period. Archaeological materials found in
surface contexts in this region have therefore been preserved with
minimal, small-scale taphonomic effects wherever pavement surfaces
are found intact.
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Appendix A

All data used for pavement comparisons: UTM coordinates (easting and northing), surface area calculated for all chert clasts (cm2), % chert
clasts in sample, number of chert clasts in sample, burial value for sample, density value for sample, average surface area of all clasts in sample
(cm2), median surface area for the sample (cm2), standard deviation of surface areas for the sample (cm2). Slope (°), aspect (°), and elevation (m)
of sample localities obtained from ASTER DEM. Slope index values indicate relative gradient, where 0=flat, 1=gradual, 2=moderate and
3=steep.
Site
 Easting
 Northing
 Chert areaa
 % Chert
 # Chert
 Burialb
 Densityc
 Av. area
 Median
 Stdev
 Slope (DEM)
 Slope (index)
 Aspect
 Elevation
A1009
 389519
 2887298
 411.90
 91.53
 115
 2.25
 0.69
 3.28
 1.53
 6.90
 1.72
 2
 33.69
 293

A2000
 388751
 2885866
 855.78
 96.64
 125
 4.43
 0.69
 6.46
 1.53
 33.87
 3.18
 0
 257.01
 261

A3005
 389309
 2885552
 397.62
 92.48
 82
 2.15
 0.60
 3.61
 1.53
 8.92
 4.76
 0
 90.00
 249

A4005
 388764
 2885469
 198.30
 45.59
 21
 1.45
 0.38
 3.82
 0.75
 10.20
 5.81
 0
 145.01
 211

A4006
 388764
 2885486
 341.84
 63.92
 42
 1.78
 0.41
 4.31
 1.68
 7.31
 6.67
 0
 175.91
 214

PAV001
 388947
 2885815
 276.19
 96.53
 117
 1.43
 0.63
 2.27
 1.16
 3.67
 5.24
 1
 90.00
 263

PAV002
 388567
 2885772
 415.31
 91.44
 140
 2.27
 0.77
 2.97
 1.53
 3.00
 3.52
 2
 298.30
 253

PAV003
 388731
 2885717
 603.23
 98.41
 122
 3.06
 0.72
 4.26
 1.53
 14.72
 9.72
 3
 198.43
 250

PAV004
 388391
 2885564
 378.74
 88.30
 112
 2.14
 0.69
 3.13
 1.53
 4.53
 6.80
 2
 102.09
 259

PAV005
 388460
 2885366
 244.22
 69.72
 78
 1.75
 0.59
 2.97
 1.53
 6.37
 10.56
 2
 100.30
 245

PAV006
 388492
 2885047
 41.84
 9.66
 5
 2.16
 0.68
 3.18
 0.75
 10.30
 13.07
 0
 338.96
 226

PAV007
 388940
 2885328
 285.03
 80.88
 82
 1.76
 0.55
 3.23
 1.53
 5.11
 10.70
 1
 221.42
 201

PAV008
 389125
 2885491
 156.63
 23.27
 32
 2.24
 0.36
 6.17
 2.99
 9.41
 6.26
 0
 188.75
 244

PAV009
 389130
 2885684
 225.34
 57.75
 70
 1.95
 0.66
 2.96
 1.53
 4.91
 4.69
 3
 113.96
 261

PAV010
 389786
 2885753
 276.36
 79.01
 100
 1.75
 0.77
 2.29
 1.53
 3.16
 6.99
 2
 9.78
 208

PAV011
 389342
 2885810
 690.14
 97.41
 147
 3.54
 0.79
 4.48
 1.53
 12.77
 9.14
 0
 73.44
 234

PAV012
 389444
 2885712
 221.94
 57.95
 46
 1.91
 0.93
 2.07
 0.75
 5.22
 11.04
 2
 70.02
 219

PAV013
 389645
 2885605
 133.50
 32.26
 23
 2.07
 0.66
 3.13
 1.53
 5.38
 0.75
 2
 18.43
 185

PAV014
 386292
 2886551
 389.29
 88.66
 133
 2.20
 0.95
 2.32
 0.68
 9.77
 7.75
 0
 229.97
 277

PAV015
 386515
 2886608
 303.91
 92.02
 112
 1.65
 0.63
 2.62
 0.68
 8.61
 4.68
 1
 104.74
 283

PAV016
 393565
 2882787
 192.69
 78.44
 85
 0.82
 0.39
 2.08
 1.53
 2.53
 0.34
 0
 225.00
 162

PAV017a
 385262
 2885639
 792.86
 79.58
 371
 1.99
 1.01
 1.97
 0.79
 5.35
 11.08
 0
 181.22
 277

PAV017b
 385262
 2885639
 112.31
 74.00
 65
 1.52
 1.04
 1.46
 0.79
 1.36
 11.08
 0
 181.22
 277

PAV017c
 385262
 2885639
 136.27
 80.98
 85
 1.68
 1.08
 1.56
 0.79
 1.76
 11.08
 0
 181.22
 277

PAV018a
 385090
 2885609
 359.12
 99.46
 124
 1.81
 0.64
 2.84
 1.18
 5.98
 7.97
 1
 239.62
 264

PAV018b
 385090
 2885609
 376.21
 99.48
 126
 1.89
 0.64
 2.95
 1.18
 4.68
 7.97
 1
 239.62
 264

PAV018c
 385090
 2885609
 266.25
 95.83
 141
 1.39
 0.79
 1.76
 0.79
 3.79
 7.97
 1
 239.62
 264

PAV019a
 385354
 2885901
 173.18
 71.77
 65
 1.21
 0.66
 1.84
 0.79
 3.10
 7.12
 2
 25.71
 287

PAV019b
 385354
 2885901
 225.02
 69.75
 92
 1.61
 0.85
 1.92
 1.18
 2.18
 7.12
 2
 25.71
 287
(continued on next page)
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Site
 Easting
 Northing
 Chert areaa
 % Chert
 # Chert
 Burialb
 Densityc
 Av. area
 Median
 Stdev
 Slope (DEM)
 Slope (index)
 Aspect
 Elevation
PAV019c
 385354
 2885901
 266.25
 76.65
 88
 1.74
 0.75
 2.32
 1.18
 5.06
 7.12
 2
 25.71
 287

PAV020
 388514
 2886093
 1045.65
 87.05
 436
 2.00
 0.87
 2.30
 1.96
 2.41
 10.07
 −
 309.29
 255

PAV021
 386328
 2883277
 409.52
 93.13
 113
 2.20
 0.59
 3.76
 1.53
 5.47
 2.72
 1
 52.13
 292

S1004
 389178
 2885774
 619.39
 96.81
 161
 3.20
 0.91
 3.53
 1.79
 6.48
 9.72
 1
 18.43
 253

S1030
 389319
 2885487
 196.60
 46.24
 28
 4.25
 1.04
 4.09
 1.68
 7.37
 3.44
 1
 123.69
 248

S1032
 389308
 2885289
 125.00
 47.31
 20
 1.32
 0.55
 2.40
 0.75
 4.91
 13.92
 3
 137.73
 206

S1040
 386178
 2888386
 103.57
 51.39
 33
 2.02
 1.06
 1.90
 0.79
 3.67
 5.89
 2
 255.96
 291

S1051
 385661
 2888167
 325.00
 87.00
 97
 3.74
 1.18
 3.17
 1.53
 5.00
 1.51
 0
 161.57
 301

S1095
 384501
 2886053
 399.18
 94.91
 77
 2.10
 0.59
 3.59
 0.79
 13.10
 7.01
 2
 298.30
 269

S1102
 384314
 2885655
 635.19
 67.19
 390
 1.35
 0.80
 1.69
 1.18
 2.29
 8.56
 0
 104.42
 253

S1162
 389444
 2888111
 454.08
 88.10
 159
 2.58
 1.00
 2.58
 1.53
 3.69
 12.11
 2
 60.95
 297

S1163
 389587
 2887796
 249.83
 85.47
 76
 2.92
 1.08
 2.71
 1.53
 3.98
 6.18
 2
 157.38
 265

S1169
 386527
 2883288
 665.14
 98.05
 95
 2.26
 0.37
 6.17
 1.53
 18.20
 3.44
 1
 326.31
 289

S2001
 388728
 2885876
 335.88
 93.41
 117
 1.80
 0.67
 2.68
 1.53
 4.17
 3.39
 1
 230.71
 260

S2012
 388260
 2885762
 273.30
 90.16
 143
 1.52
 0.85
 1.78
 1.53
 1.86
 5.95
 2
 267.71
 258

S2014
 388729
 2885711
 412.93
 99.48
 141
 2.08
 0.72
 2.88
 1.53
 3.90
 8.53
 1
 180.00
 249

S2023
 388872
 2885041
 0.00
 0.00
 0
 1.41
 0.71
 1.99
 0.75
 5.08
 11.20
 3
 81.53
 230

S2030
 388104
 2885033
 288.95
 81.65
 105
 1.77
 0.73
 2.42
 1.53
 2.69
 5.44
 2
 23.20
 237

S2042
 386029
 2887995
 400.34
 90.75
 77
 2.21
 0.56
 3.94
 0.79
 10.94
 12.66
 0
 139.51
 293

S2046
 386222
 2887840
 267.86
 75.80
 67
 1.77
 0.61
 2.90
 1.53
 4.77
 2.13
 0
 333.43
 275

S2052
 385670
 2887715
 211.56
 70.77
 79
 1.49
 0.74
 2.03
 0.79
 3.02
 7.42
 2
 140.19
 296

S2100
 384890
 2885729
 239.94
 87.04
 96
 1.38
 0.63
 2.21
 1.18
 3.99
 4.39
 1
 167.47
 264

S2180
 386676
 2883021
 312.59
 94.74
 111
 1.10
 0.42
 2.62
 1.53
 3.94
 1.35
 2
 315.00
 287

S3023
 386558
 2888158
 75.17
 37.62
 31
 2.00
 1.09
 1.83
 0.79
 2.79
 1.72
 2
 56.31
 270

S3037
 385316
 2887343
 284.86
 84.41
 100
 1.69
 0.74
 2.30
 1.53
 4.46
 5.48
 1
 235.62
 297

S3062
 384521
 2885930
 458.28
 95.11
 79
 2.41
 0.52
 4.68
 1.18
 8.36
 5.75
 1
 204.44
 266

S3127
 389677
 2888868
 495.92
 93.56
 103
 2.65
 0.69
 3.84
 1.53
 9.36
 2.05
 3
 324.46
 290

S3133
 389611
 2887439
 362.07
 93.73
 93
 1.93
 0.55
 3.51
 1.53
 6.54
 9.75
 2
 345.96
 282

S4001
 388725
 2886176
 305.61
 75.34
 80
 1.35
 0.40
 3.35
 1.79
 5.02
 3.02
 3
 341.57
 268

S4003
 388888
 2886059
 412.59
 87.37
 102
 2.36
 0.71
 3.33
 1.53
 7.04
 2.90
 3
 350.54
 268

S4006
 389172
 2886025
 177.72
 88.14
 83
 2.02
 1.04
 1.94
 1.53
 2.66
 11.49
 2
 28.14
 257

S4012
 389393
 2886152
 82.99
 18.24
 21
 4.55
 1.12
 4.06
 1.14
 7.99
 14.76
 2
 18.43
 202

S4017
 388960
 2886282
 552.21
 96.03
 106
 2.88
 0.65
 4.42
 1.53
 7.62
 15.64
 2
 53.47
 233

S4041
 388161
 2885397
 351.53
 98.11
 164
 3.58
 1.70
 2.11
 0.68
 5.51
 4.86
 2
 191.31
 269

S4050
 387908
 2885320
 387.76
 77.49
 88
 2.50
 0.69
 3.63
 1.53
 6.90
 3.84
 2
 119.74
 273

S4054
 386512
 2888439
 220.58
 73.53
 78
 1.50
 0.68
 2.21
 0.79
 4.54
 5.43
 0
 52.13
 270

S4077
 385276
 2887703
 206.80
 93.67
 84
 1.10
 0.57
 1.94
 0.79
 2.85
 4.68
 2
 284.74
 304

S4105
 386027
 2886429
 448.98
 91.61
 108
 2.45
 0.64
 3.83
 2.25
 4.91
 10.65
 0
 102.80
 300

S4109
 385984
 2886891
 307.31
 81.23
 101
 1.89
 0.73
 2.61
 1.53
 3.57
 8.10
 1
 290.56
 295

S4112
 386147
 2887011
 302.04
 68.74
 92
 2.20
 0.84
 2.62
 1.53
 3.15
 8.79
 2
 297.26
 292

S4118
 386480
 2886435
 346.09
 88.30
 96
 1.96
 0.62
 3.19
 1.53
 4.74
 5.01
 1
 182.73
 268

S4120
 386795
 2886480
 167.86
 81.35
 70
 2.06
 1.08
 1.91
 1.53
 1.89
 3.20
 2
 63.43
 267

07PV01
 368050
 2879026
 127.89
 90.92
 92
 0.47
 0.36
 1.30
 0.68
 1.77
 5.81
 0
 124.99
 308

07PV04
 376264
 2885366
 329.59
 99.77
 124
 1.10
 0.42
 2.64
 1.53
 2.51
 3.52
 1
 28.30
 294

07PV05
 376123
 2885556
 268.03
 87.41
 117
 1.02
 0.45
 2.29
 1.53
 2.68
 0.75
 1
 71.57
 292

07PV06
 376078
 2886088
 234.69
 88.18
 81
 1.33
 0.57
 2.36
 0.75
 3.20
 3.39
 2
 309.29
 292

07PV07
 376307
 2886342
 144.39
 58.15
 62
 0.83
 0.44
 1.90
 1.53
 3.18
 3.11
 1
 274.40
 294

07PV08
 376415
 2886768
 251.19
 91.82
 82
 1.37
 0.54
 2.53
 1.53
 5.53
 3.02
 1
 108.43
 284

07PV09
 376358
 2887460
 200.17
 67.27
 50
 1.49
 0.61
 2.46
 0.75
 6.27
 6.42
 2
 357.88
 269

07PV10
 373329
 2886885
 128.40
 82.80
 76
 0.78
 0.52
 1.51
 0.68
 2.50
 1.01
 0
 45.00
 291

07PV11
 372075
 2886868
 94.39
 81.76
 134
 0.58
 0.90
 0.64
 0.19
 1.06
 1.43
 1
 90.00
 301

07PV12
 371438
 2886899
 38.10
 80.01
 71
 0.48
 1.02
 0.47
 0.19
 0.59
 2.36
 1
 135.00
 299

07PV13
 370970
 2886900
 39.46
 77.03
 77
 0.51
 1.00
 0.51
 0.19
 0.58
 2.64
 0
 275.19
 298

07PV14
 370339
 2886977
 146.77
 59.57
 63
 0.82
 0.37
 2.20
 0.75
 6.28
 0.95
 1
 90.00
 301

07PV15
 369082
 2887022
 195.24
 78.83
 57
 0.62
 0.28
 2.23
 0.75
 3.78
 1.72
 1
 56.31
 292

07PV16
 375261
 2883112
 161.56
 77.96
 69
 0.69
 0.36
 1.94
 1.53
 1.96
 1.35
 1
 135.00
 309

07PV17
 375362
 2883591
 237.07
 85.94
 83
 0.69
 0.29
 2.40
 1.53
 3.33
 1.01
 1
 315.00
 304

07PV18
 375294
 2884574
 105.10
 65.56
 36
 0.80
 0.67
 1.21
 0.75
 1.84
 0.95
 1
 90.00
 291

07PV19
 375645
 2885094
 289.12
 94.45
 85
 1.02
 0.37
 2.73
 1.53
 3.24
 2.86
 2
 90.00
 289

07PV20
 375248
 2884894
 383.33
 100.00
 112
 1.28
 0.37
 3.42
 1.53
 4.22
 1.69
 1
 261.87
 294

07PV21
 375223
 2884202
 177.55
 81.64
 55
 0.72
 0.39
 1.84
 0.75
 2.90
 3.44
 0
 303.69
 301

07PV22
 385923
 2895191
 0.00
 0.00
 5
 1.20
 0.27
 4.50
 1.68
 15.00
 8.70
 0
 150.64
 281

07PV23
 385609
 2895182
 4.25
 3.28
 1
 1.30
 1.28
 1.02
 0.75
 1.46
 5.96
 1
 298.61
 298

07PV24
 385485
 2895200
 7.65
 5.38
 2
 0.71
 0.82
 0.87
 0.19
 1.66
 2.26
 0
 18.43
 288

07PV25
 385101
 2895520
 12.59
 13.87
 4
 0.45
 0.62
 0.73
 0.75
 0.92
 2.46
 0
 60.95
 315

07PV26
 384920
 2895594
 100.51
 37.84
 33
 1.33
 0.54
 2.48
 1.53
 3.14
 2.46
 1
 150.95
 310

07PV27
 384915
 2895219
 277.55
 82.89
 55
 1.12
 0.36
 3.07
 0.75
 6.01
 6.06
 2
 244.44
 305

07PV28
 384878
 2895679
 3.57
 5.04
 4
 0.71
 1.24
 0.57
 0.43
 0.50
 0.68
 1
 135.00
 312

07PV29
 384672
 2895738
 23.81
 20.76
 4
 1.15
 1.13
 1.01
 0.75
 1.68
 3.39
 0
 309.29
 303

07PV30
 384672
 2895738
 2.72
 2.78
 1
 0.98
 1.05
 0.93
 0.19
 1.49
 3.39
 0
 309.29
 303

07PV31
 385019
 2896013
 56.80
 23.06
 19
 0.82
 0.45
 1.84
 0.75
 2.48
 1.22
 1
 348.69
 302

07PV32
 384867
 2895201
 40.48
 21.44
 8
 0.94
 0.67
 1.41
 0.75
 2.90
 2.02
 0
 225.00
 302

07PV33
 384239
 2894745
 210.71
 54.65
 32
 0.77
 0.23
 3.35
 0.75
 4.72
 6.06
 0
 334.44
 308

07PV34
 384090
 2894704
 0.83
 0.29
 24
 1.45
 0.66
 2.19
 0.75
 3.59
 3.37
 3
 315.00
 297

07PV35
 383710
 2894477
 290.99
 90.43
 105
 1.61
 0.65
 2.49
 1.53
 3.49
 2.57
 3
 338.20
 285

07PV36
 383573
 2894333
 69.56
 46.18
 33
 1.51
 1.03
 1.46
 0.79
 1.70
 5.23
 3
 149.93
 292

07PV37
 383460
 2894403
 494.73
 91.83
 97
 1.80
 0.38
 4.68
 2.72
 6.94
 3.18
 0
 102.99
 303
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Site
 Easting
 Northing
 Chert areaa
 % Chert
 # Chert
 Burialb
 Densityc
 Av. area
 Median
 Stdev
 Slope (DEM)
 Slope (index)
 Aspect
 Elevation
07PV38
 388764
 2893226
 697.11
 99.33
 98
 2.34
 0.35
 6.68
 2.72
 10.58
 5.10
 1
 307.41
 289

07PV39
 388934
 2893134
 252.55
 91.71
 87
 1.38
 0.52
 2.67
 1.53
 3.21
 4.50
 1
 302.01
 304

07PV40
 389015
 2893057
 392.01
 98.09
 131
 2.00
 0.68
 2.94
 1.53
 3.70
 5.06
 1
 221.19
 313

07PV41
 390197
 2893376
 309.18
 88.58
 108
 1.75
 0.71
 2.48
 1.53
 2.80
 6.47
 1
 53.97
 295

07PV42
 389905
 2893287
 417.18
 97.68
 116
 2.14
 0.63
 3.39
 0.68
 15.88
 6.70
 1
 152.53
 308

07PV43
 389840
 2893190
 167.52
 79.61
 79
 1.05
 0.62
 1.71
 0.75
 2.71
 3.58
 1
 86.19
 298

07PV44
 389664
 2893084
 181.29
 74.04
 39
 1.22
 0.50
 2.45
 0.75
 6.09
 4.39
 2
 310.60
 308

07PV45
 389451
 2893143
 296.43
 97.78
 129
 1.52
 0.69
 2.21
 1.53
 3.25
 3.11
 3
 85.60
 297

07PV46
 388833
 2895034
 11.71
 25.68
 10
 1.00
 1.15
 1.91
 0.75
 4.76
 6.89
 0
 268.03
 280

07PV47
 388985
 2895003
 106.80
 42.52
 17
 1.26
 0.63
 1.99
 0.75
 5.12
 5.23
 0
 30.07
 278

07PV48
 389243
 2894867
 489.80
 89.20
 74
 1.83
 0.38
 4.86
 1.53
 17.34
 10.36
 0
 43.15
 291

07PV49
 389159
 2895053
 100.68
 38.95
 17
 1.29
 0.78
 1.66
 0.75
 2.70
 22.37
 2
 31.76
 254
aTotal surface area for all chert clasts counted. Individual clast surface areas calculated as (measuredmaximum length⁎(measuredmaximum length/(average length–width ratio for
this lithology from Table 2))).
bBurial calculated as (Total calculated surface area of all clasts/total surface area of counted squares within the sample).
cDensity calculated as (Total # clasts counted/total surface area of counted squares within the sample).
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