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ABSTRACT
Integrated lithostratigraphic and geochronologic studies of Umm Akhtar Playa, a newly
discovered dry lake located at = N 22° 36' E 30° 18' in southern Egypt, indicate the
accumulation and rapid desiccation of a sizeable (> 65 km-) standing water body during the
Late Quaternary. An optical date of 15,120 cal yr on basal aeolian sediments indicates that
the deflation basin was mantled with aeolian sands during the Late Pleistocene. An
overlying sequence of Holocene fluvio-lacustrine muds and gravels attests to the former
availability of ponded runoff waters at this now-hyperarid locality. Playa waters were deep
and persistent enough to create beach berms composed of well-rounded pebbles, and to
sustain cultural activities of Neolithic pastoralists.
Twenty-two radiocarbon dates bracket 'wet' phases and concurrent prehistoric human
occupation from = 8915 - 8580

yr BP (9925 - 9544 cal yr BP) and = 7105 - 5955 BP

(7878 - 6799 cal yr BP). Increasing amounts of sand were incorporated into the playa after
7500

yr BP; two optical dates constrain the timing of enhanced aeolian activity from

6720 - 6250 cal yr. These optical data comprise the only existing absolute ages for the
emplacement of aeolian sediments during the rapid transition from wet (playa) to dry
(sands) conditions in the Holocene. Playa desiccation after 5955

yr BP (6799 cal yr

BP) was marked by cultural abandonment, evaporite precipitation, dune migration, and
deflation.
The AMS dates from Umm Akhtar Playa fall in the same range as other published
radiocarbon data from contemporary sites and playas in Egypt and northern Sudan; the
main period of enhanced surface water storage from 8100 - 6000 BP is linked to the
intensified Afro-Asian monsoon forced by cyclical astronomical variations. The record
from the Arba'in Desen of Egypt and northern Sudan lags the Northern Hemisphere

11

seasonal insolation maximum (centered at 10,400 BP) and the greatest frequency of African
lake highstands (9500 - 8500 BP). This lag may result from biogeophysical feedback
mechanisms involved with the 'recycling' of water within the continental interior. Submillenial variability apparent in the composite record from Egypt reflects the influence of
atmospheric-oceanic dynamics throughout the Holocene.
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CHAPTER I

Introduction to the study

At present the desert area west of die Nile River is largely barren of human occupation and
is one of the most arid places on Eanh (Bomkamm and Kehl. 1989). However, the
diversity of landforms in southern Egypt and northern Sudan attests to the variability of
climate regimes over recent geologic time; stabilized dunes exist in close proximity to relict
lake beds, fossil-spring deposits and currendy active dune systems. Ancient lake
boundaries and now defunct drainage patterns such as the "radar rivers" (McCauley et al.,
1982) are among the physical evidence that water once flowed over the landscape surface
(Haynes. 1980; Breed et al.. 1982).

During the so-called 'pluvial maxima' of the Late Quaternary (= 9-6 ka BP), southern
Egypt was occasionally at the leading edge of the "Sudano-Sahelian wetting front" of
monsoonally influenced weather which penetrated far into the African continental interior
(Haynes, 1987). During former rainy periods, topographically closed, internally drained
basins collected rainwater and overland flow, forming ponds known as playa lakes.
Though Uiey are no longer active, the playas likely exerted a major control on the peopling
of the region throughout prehistory (Wendorf and Schild, 1980). Since playas rapidly
respond to changing hydroclimatic conditions by fluctuating in their areal extent and style
of sedimentation, they are valuable archives for reconstructing changing
paleoenvironmental conditions across the Eastern Sahara.

13

The broad objective of this dissertation project was to decipher the recent hydroclimatic and
geomorphic history of the Bir Nakhlai region of southern Egypt through an integrated
study of sediments at a recently discovered playa located at =N 22° 36' E 30° 18' (figure
1). Umm Akhtar playa was first detected on Landsat satellite imagery processed to
enhance the spectral differences between near surface and bedrock units. Ground
reconnaissance indicated that the relationship of the playa sediments to local bedrock
features and recent alluvial sequences remains well preserved, with some sediments
partially exposed in vertical section due to recent deflation. Moreover, an abundance of
archaeological artifacts at the surface and interstratified with the playa sediments suggests
that the site was frequented during Holocene time.

Field and laboratory study of Umm Akhtar playa accomplished the following objectives:
(1) documented the Quaternary stratigraphic sequence as a basis for reconstructing the
environmental history of the playa area: (2) bracketed the chronology of playa lake
sedimentation through optical dating of quartz aeolian sediments and radiocarbon analysis
of preserved charcoal and other organic materials in stratigraphic context; (3) described the
geomorphic and hydroclimatic processes which contributed to sedimentation in this pan of
the Sahara during the Holocene; and (4) correlated the lacustrine episodes with human
occupation of the region, as documented in the archaeologic and lithostratigraphic records
of other localities in southern Egypt.

This dissertation text interprets the lake muds, aeolian sands, and other related sediments of
Umm Akhdar playa as an archive of recent climatic oscillations and environmental change.
Chapter I discusses the regional setting of the Arba'in Desert, and outlines the playa

14

RGURE 1 (next page)
Geographic location of the BTr Nakhlai study region in southern Egypt, with relative
position of Umm Akhtar playa (N 22° 36', E 30° 18') marked with a star.
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features which have been formerly studied therein. Chapter 11 contains a detailed
description of methodologies employed and presents the main analytical results. Chapter
III summarizes the playa lithostratigraphy as documented in the appendix, and discusses
sedimentation at Umm Akhtar in context of radiocarbon and optical dates. Chapter IV
correlates the paleoenvironmental record of Umm Akhtar to other contemporary deposits
from sites across southern Egypt and elsewhere in North Africa. Chapter V summarizes
the main conclusions of this study, and discusses some implications for interpreting recent
climatic change and prehistoric settlement patterns within this now-desolate region.

Regional Setting of the Darb el Arba'in Desert

Hydroclimatologv

The Western Desert of Egypt comprises an area of more than 400,000 km^ in the eastern
Sahara, extending over 1000 km from the Mediterranean Sea toward northern Sudan
(figure 2). The region is also known as the Arba'in Desert (Haynes, 1982b), named for the
Darb El Arba'in ('Road of Forty'), a famous caravan route which uaverses the region
(Shaw, 1929). Today, the Arba'in Desen is within the hyperarid core of the eastern
Sahara delineated by Dubief (1963); this region west of the Nile lacks perennial water
bodies and southern Egypt characteristically receives less than 1 cm of rainfall per decade.
Few rainfall events have been recorded in recent history (Bagnold, 1933), and many years
may pass before measureable rainfall occurs (Bagnold, 1954; Haynes et al., 1987); these
rare events usually occur during the winter.

17

FIGURE 2 (next page)
Geographic setting of the hyperarid Arba'in Desen (shaded area), showing the approximate
position of modem isohyets (modified after Haynes. 1987) and vegetation zone boundaries
(modified after Hamilton, 1982; White, 1983; and Ritchie and Haynes, 1987).
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At present, the Arba'in Desert is an internally drained, highly continental region isolated
from the southernmost reach of the winter rainfall belt of the Mediterranean Sea and the
northemmost occurrence of the summer tropical rainfall belt of central Africa (figure 3).
Neither of these atmospheric systems presently contributes significant amounts of moisture
to the region, although they affect seasonal changes in the climate (Tiirstig. 1908 a and b;
Bhalotra, 1963). The southerly winds from the South Atlantic that bring summer rains to
the Sahel become desiccating winds (i.e. fohns) as they reach the low-lying deserts of the
eastern Sahara (Dorize, 1974). The present decreasing moisture gradient across the Sahara
from west-to-east is exacerbated by the upwelling of the cold Somali current off the eastern
African coast during the summer months and by the northeastern passage of the dry Asian
monsoon during the winter months. Effects of the southerly-southwesterly July monsoon
from the Indian Ocean are now confined to the Indian subcontinent, and have a minimal
impact upon Saharan North Africa.

Today the condnental anticyclone over the modem study region is a relauvely constant and
stable feamre, and low-level circulation is characterized by slow subsidence of warm, dry
air (Hadley cell circulation). During most of the winter, a high pressure cell extends over
the Arba'in Desen, resulting in stable atmospheric conditions and temperatures ranging
from 6 - 27°C at Kharga and up to 29° C along the Nile Valley at Aswan (Hester and
Hobler, 1969). Strong, persistent winds with speeds ranging between 4-20 km/hour
typically blow from the N-NW over the whole region and are subject to seasonal reversal
(Oliver, 1965). During the spring, a southerly shift of the storm track steers lows eastward
along the Mediterranean Front, rapidly moving approximately 2 to 7 depressions across
Egypt each month. In March-April, these low-pressure systems are usually preceded by
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FIGURE 3 (next page)
Meteorological features of North Africa. Approximate maximum trajectories of surface air
flow boundaries, and limits of the polar front and monsoon rains (Dubief. 1979). At
present, the Arba'in Desert is isolated from the southernmost reach of the winter rainfall
belt along the Mediterranean Sea and the northemmost occurrance of the summer tropical
rainfall belt of central Africa.

Modern Trajectories of Sudano-Saharan Storm Depressions
(after Dubief, 1979)

southernmost limit of
polar front rains
hyperarid
study region
" northernmost limit of
monsoon rains
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hot, dry, dust-laden, southerly winds known as the khamssin (Arabic for 'Fifty-Day
Winds'); these strong gusts up to 18 km per hour (Ezzat, 1974) cause severe sand and dust
storms lasting two to three days before abating and resuming (Hume. 1925).

In summer, circulation is steered around the Asiatic low pressure system centered over the
Indian sub-continent. Moderate-to-severe heat waves occur as the Sudan low-pressure
trough moves northward, bringing hot, dry airmasses into the Arba'in Desert (El-Tom,
1975). Summer months (June-September) are very hot and dry: the mean daily maximum
temperature at Kharga in July is about 40°C, and the mean daily minimum temperature is
22°C (Embabi, 1967). The prevailing winds are from the north-northwest, steered by the
circulation around the Asiatic low centered over northwestem India. Autumn months of
October and November are transitional and resemble the spring months, with milder
temperatures and occasional high winds accompanying low pressure systems moving from
the west toward the east (El Dansouri, 1957).

As a result of strong winds, continuous sunshine, low relative humidities, and high
temperatures, the modem region is characterized by a water deficit. Potential evaporation
rate estimated for the Arba'in Desert are in excess of =5.000 millimeters per year (Haynes,
1987). Net losses along the shores of Lake Nasser in the Nile Valley amount to >6 m /year
(Haynes. personal communication. 1992).
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Flora and Fauna

The present-day hyperaridity precludes lush vegetation across the Arba'in Desen; as a
whole, the region is an "absolute desert" (sensu White, 1983) characterized by low plant
productivity, low biomass, and reduced nutrient flow (Bomkamm and Kehl, 1989).
Harsh microclimatic conditions enhance the effects of local winds, which erode silt and
clay-sized particles from bedrock and soil surfaces and carry the dusts great distances
downwind. As deflation persists, watering places emerge where the land surface is
lowered to the capillary fringe of the local water-table; these wells ( abyar (plural form) or
bir (singular form) in Arabic) comprise the only watering places scattered across the broad
expanse of the hyperarid desert.

Except at various bir and oases, vegetation is now almost entirely absent from the region.
Where present, plants cluster where the groundwater is at or slightly below the ground
surface, or along the mouths of dry valleys (wadis ) which concentrate runoff during rare
rainfall events (Boulos, 1982). Today, the dominant plants in areas where water is
available are date palm {Phoenix dactylifera), doum palm {Hyphaenae thebaica), tamarisk
(TamarLx amphexicaulis and TamarLx nilotica), and acacia {Acacia raddiana and Acacia
flaua). However, across most of the desert, the distance between two trees is often several
hundreds of kilometers (Bomkamm and Kehl, 1989). Occasionally present are legume
varieties such as halfa grass {Desmostachya bipinnata and Imperata cylindrica) and camel
thom {Alhagi mourorum) as well as ephemerals such as triple-awned grass {Arisnda
p////77£>5a) and various weeds (el Hadidi, 1980). Rteds {Phragmitis communis and Typha
australis) occur in the marshy areas of large oases (Kassas, 1952).
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Today, the scarcity of vegetation limits the number of animals in the region (Hume. 1921).
Animal life exists sporadically, and food chains rely upon the aeolian input of organic litter,
beetles, and migrating birds (Osbom and Krombein, 1969: Bomkamm. 1987). Varieties
of rodents (Gerbillus sp.. Jaculus sp.). Fennecus. and some geckos and lizards are
sparsely present in the open desert; passers-through include gazelle (Gazella dorcas), fox
(Vulpes sp.) and occasional birds (Osbom and Helmy, 1980; Goodman and Haynes.
1989). Desert-adapted gazelles live mosdy on grasses and herbs and can exist for months
or more without water other than that from plants and dew (Haltendorth and Diller. 1977).

General Phvsiograohv

As a whole, the Arba'in Desert lacks extensive areas of high relief; the regional topography
is characterized by broad plains, basins, and plateaus, locally interspersed with irregular
hills, cuestas, low mountains, and uplands ranging in elevation from 500 m to about 1500
m (Ball. 1912). The study region overlies nearly horizontal Mesozoic and Cenozoic rocks,
locally reaching several thousands of meters in thickness in some portions of the larger
tectonic basin (Handley et al.. 1987). The bedrock is composed of sandstones and
variegated shales of the Cretaceous to lower Paleocene Dakhla Formation, capped with
occasional outliers of Paleocene limestones (Said, 1962; Issawi, 1973). Locally, the crossbedded sandstones and interbedded shales are well fermginized, and contain high
concentrations of manganese (Hermina and Issawi, 1971). Outcrops of sedimentary rocks
are topographically expressed as shallow basins, low plateaus, escarpments, and cuestas.
Structural control on the landscape of the study region is apparent only locally where
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features are truncated along die Nakhlai fault (Issawi. 1968); the area has remained
tectonically quiescent for many millenia. Outcrops of Precambrian crystalline basement
rocks occur within the region (Issawi, 1971; Klitsch et al., 1979), most noteably at the
Chephren Quarries, which were exploited as a source for decoradve stoneworks during the
Phaoronic period (Murray, 1939; Haynes, 1985). The morphometry of the UweinatSafsaf basement uplift between BIr Sahara and BIr Nakhlai (Issawi, 1982) exerts some
control on the local water-table; according to Klitsch (1983), the shallow structural depth of
basement rocks "dams up" the S-N migradng groundwater, causing it to remain near the
surface.

Soudiem Egypt presendy lacks integrated surface drainage systems and is dominated by
aeolian surface processes. Though a few inactive wadis drain the escarpments, the only
vestiges of formerly active rivers are sinuous ridges of wind-resistant channel gravels;
these inverted wadis are best preserved near the Nile River Valley (Giegengack, 1968).
The desert landscape's broad, flat erosion surfaces are characteristically separated by
escarpments and erosional remnants (inselbergs) mantied with late Tertiary to Quaternary
fluvioconglomerates, calcretes, lacustrine muds, paleosols, and aeolian sands. Locally,
water and wind have eroded outcrops of bedrock into hollows, mountains {gehel in
Arabic), and occasional dome-shaped knolls and yardangs ranging in size from meters to
several tens of kilometers (Peel, 1941). Wind activity is farther apparent where barchan
sand dunes travel southward in long belts trending roughly parallel to basinal axes. Thin
sheets of sand and lags of angular, wind-blasted, faceted pebbles and gravels {serir in
Arabic) cover much of the desert surface (Holm, 1960).
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Across the landscape, there exist a great number of shallow silt- and clay-filled depressions
in which overland flow, suspended-load, and rainwater formerly collected during times
when the regional climate was wetter, and surface conditions were considerably different
than in the modem hyperarid environment. Known as mudpans orplayas (the Spanish
word for 'shore' or 'beach'), these are low-gradient surfaces located in the central basin of
a flat desert plain where water ponded and persisted above the zone of saturation for some
time. Playa mudpans have been called by many names including clay pan. salt pan, salt
flat, alkali flat, and salina, and are the subject of a wide and dispersed literature (e.g. see
Russell. 1885; Motts. 1965; Neal. 1969; Smith, 1970; Shaw and Thomas. 1989; Harmse
et al.. 1990; Goudie and Wells. 1995). In Egypt, these short-lived lacustrine features are
called balata or hattiya by local Bedouins; the word hattiya (colloquial Arabic for
'temporary setdement') refers to the fact that water from the occasional (and unusual)
rainstorm collects there, and is available for the nomads who pass through the area
(Mitwally, 1953; Said, 1980). For simplicity, this paper uses the term "playa" to refer to
ponded waters which have formerly collected in topographic lows within closed basins
lacking a visible link to a discharge channel (sensii Neal, 1975). "Playa muds" are their
associated sedimentary deposits consisting of sand, silt, and clay, often displaying a
polygonal pattem of large desiccation cracks, and a vulnerability to erosion by wind.

Geomorphic expression of plava mudoans

Although mudpans have long been recognized as sedimentary remains of formerly ponded
water across the Arba'in Desert landscape (Zittel. 1883; Beadnell, 1909; Ball, 1927;
Bagnold, 1931; Peel, 1939), they are not often distinguished or subdivided from general
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Quaternary alluvium (Qal) on geological maps published by the Egyptian Geological
Survey. Said (1980) mentions that many unmapped dry lake mudpans exist in the lowest
points of enclosed basins in southern Egypt Playa and lacustrine sediments located near
the scarp between Kharga and Dakhla were described by Caton-Thompson (1952) and
Embabi (1968, 1969). Other ephemeral lakes in the desen include those studied by Issawi
(1969), Haynes et al. (1979). Haynes (1983), Wendorf and Schild (1980); Pachur and
Braun (1980), and EI-Baz and Maxwell (1982).

A review of the literature suggests that Quaternary playas occur in certain geomorphic
settings across southern Egypt and northern Sudan. Playas have been documented in (1)
interdunal areas (Haynes. 1982a); (2) abandoned river channels (e.g. Wadi Howar —
Pachur and Kropelin. 1987); (3) topographic lows (Haynes et al.. 1979); and (4) within
unconsolidated sediments of Quaternary units, including deflated lake beds (e.g. BTr
Kiseiba — Haynes, 1982 a,b). alluvial deposits (e.g. Barqat el Shab playa --Haynes. 1982
a. b) or aeolian sediments (e.g. Wadi Wassa Wassa —Peel. 1939; and Haynes, 1982 a, b).

Many playa mudpans lie at the footslopes of plateaux capped with Eocene limestones
(Embabi, 1972; Said, 1980) or form on bedrock surfaces of shale or fine-grained
sandstone (McDonald, 1992). These lithologies characteristically have a low cohesive
strength and weather easily via processes of salt-splitting and the desiccation of expandable
clays. This produces fine-grained particles easily entrained in aeolian and fluvial transpon
by suspension, saltation, or surface creep (Haynes, 1980); the removal of materials
downslope and downwind in discrete or aggregate form excavates bedrock hollows,
forming topographic lows where water can pond. Wind deflation, riverine action, and/or
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rainfall may be involved in the creation of playa basins in southern Egypt (Hobbs 1917;
Bryan, 1923; Bali 1927; Said 1962; Haynes, 1980). Some clusters of playa lakes may
have originated as river systems which flowed during the Tertiary (Issawi and McCauley.
1992) but are now defunct due to a climatically-induced drop in hydraulic gradient (Smith,
1970).

Unmapped playa mudpans are often found during field reconniassance along the leeside of
escarpments (i.e. south side) or in places where water might collect, downslope from
poorly-drained fluvial systems or along faults and fractures. Playa mudpan surfaces in the
Arba'in Desert are virtually flat (gradient < 0.5 m/km) or topographically inverted and
range in area from a few to several hundred square kilometers (Az-Izz, 1971). The
surfaces of mudpans have certain common characteristics (table 1), including large
polygonal shrinkage cracks and surface mudcurls. The lithostratigraphy of playas in the
Arba'in Desert is dominantly comprised of fine-grained sands, silts, and clays with
occasional lenses of pebbles, gravels, and cobbles. Playa sediments are often highly
oxidized, and typically do not preserve organic materials well; playas lack the chalk-like
marls, organic muds, laminated sediments, and fossils commonly preserved in
groundwater-fed lakes (e.g. ostracodes, pollen, diatoms). Thick accumulations of
evaporite minerals are not widely present or preserved in southern Egypt. This contrasts
with the nitrate and alum surface crusts associated with the "economic" lacustrine
environments which are mined in northern Sudan.

Playa surfaces are typically devoid of vegetation and highly vulnerable to wind erosion;
many cohesive playa mud deposits have been sculpted by abrasive winds to form
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TABLE I
Characteristics of playas in the Arba'in Desert of southern Egypt and northern Sudan

• occupy regional or local topographic lows
•

lack surface outflows (i.e. are internally-drained)

•

were formerly occupied by standing water bodies

•

have a relatively flat surface, commonly wind-eroded to form yardangs

•

are generally characterized by evaporative losses (P«<ET)

•

are comprised of dominantly pelitic sediments with some aeolian siliclastic input

•

may be patterned with polygonal desiccation cracks along surface

• are generally lacking in surface vegetation (occasional halophytes)
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aerodynamic ridges called yardangs (Hedin, 1903; Grolier et al.. 1980) or mudlions
(Beadnell. 1909: Bagnold. 1939). Near the Kharga Oasis region, playa mud yardangs are
as much as 10 m above the present basin floor (Embabi, 1972; Said, 1980). The piaya
near Gebel Nabta reflects deflation-lowering by at least 4 m since the Neolithic; several
portions of the dunes underlying the playa-sediments form small hillocks = 4 m higher
than the current level of the playa floor (Wendorf and Schild. 1980). At the present time,
playa mud deposits in the Arba'in Desert are loci of desiccation and deflation-excavation as
well as a sources of sediments easily eroded by the wind.
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CHAPTER II

Study Methodology and Analytical Results

This project employed several different techniques, the specific details of which are
documented in this section. Landsat data were processed to map landscape environments,
recognize geomorphic features, and discover new areas suitable for field study. During
field reconnaissance, geometrically-rectified basemaps were ground-truthed. stratigraphic
relationships were mapped, and sediments were sampled from a new playa lake.
Radiocarbon and optical dating techniques were employed to bracket ages for playa
sedimentation and contemporaneous human occupadon.

Landsat Ima^e Processing

Landsat satellite images are invaluable geologic field study of the Arba'in Desen, an area of
difficult, unmapped terrain and harsh climatic conditions. Mapping the surficial geology in
southern Egypt was greatly aided by the use of synoptic satellite data because the
discrimination of different surficial sediments by the unaided eye is limited by the extremely
flat and featureless terrain, and subtle changes in mineralogical composition. Twelve
adjacent Landsat Multispectral Scanner (MSS-1) scenes (figure 4) were utilized to view the
broadscale distribution of sedimentary features in the Arba'in Desert, and to define areas of
research interest with accessible Quaternary aeolian, fluvial, and lacustrine deposits.

Figure 5 summarizes the basic image processing methodology. The processing was
accomplished at various institutions, including the Center for Earth and Planetary Sciences
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FIGURE 4 (next page)
Shaded area on the map shows the geographic area covered by the twelve adjacent Landsat
Multispectral Scanner (MSS-l) scenes that were processed in this study.
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FIGURE 5 (next page)
Rowchart depicting the basic steps of Landsat image processing.
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of the National Air and Space Museum, Smithsonian Institution; the Planetary Imaging
Research Laboratory at the Planetary Sciences Department at the University of Arizona; the
Remote Sensing Division at NASA-Goddard Space Center, and the Department of
Geography at the University of Arizona.

After Landsat MSS-1 scenes were retrieved from tape archives, random and periodic noise
such as stripes (or six-line banding) in the raw data was removed or supressed. A twopass destriping method was applied to the images using an algorithm module in ELAS.NS
software. Radiometric correction compensated for discrepancies between data collected by
satellite sensors and "true" sediment colors, the scattering of light by atmospheric aerosols,
and the aquisition of adjacent scenes at different umes, days, and years (table 2). Each
scene was normalized for solar irradiance by considering the differences in gains and
offsets between the Landsat I sensors, and calibrating the radiance for each band (Dokken,
1990). Absolute reflectance among images was correlated by taking into account
differences in sun angle and the Earth-to-sun distance during the acquisition times of each
scene, after methods in Shon (1982). Using modules within the software package
ERDAS, mean digital numbers (dns) for each scene were converted to normalized
reflectance values (albedos) following procedures outlined by Markham and Barker (1986).

To correct pixel (i.e. picture element = 79 m x 58 m) locational errors and to place ground
features in their correct geographic positions throughout the image, geometric
rectification adjusted the default comer coordinates after "ground truthing" (table 3).
Precise geometric control of the locations of particular features is limited by a lack of detail
in the few existing maps available for the study region; these are at a scale of 1:250,000
which was suitable for strategic navigation during World War II, but not precise enough

TABLE 2; Landsat MSS-1 scene specifics and values used in radiometric calibrations

Scene
path-row

Dute of
scene
uquisition

Lundsut
MSS-l
scene II)

Decimal
latitude
of scene
center
point

Radiometric Calibration

Multiplier

Coefficient^

values'
d

a

h

0s

Band 4

Band 5

Band 6

Band 7

189-42
189-43
189-44
189-45

11-01-72
11-01-72
11-01-72
11-01-72

111(K)7561
111007563
111007570
111007572

N 25.76'^
N 24.32°
N 22.88°
N 21.44°

2.34
2.34
234
2.34

-17.94
-17.94
-17.94
-17.94

3().(X)
30.37
30.44
30.81

52.4
51.6
50.6
49.6

1.659
1.623
1.587
1..557

1.563
1.5.36
1.503
1.473

1.707
1.683
1.647
1.614

4.23
4.17
4.08
3.99

190-42
190-43
190-44
190-45

1-04-73
2-09-73
2-09-73
11-11-72

116508014
116508022
120108025
111108031

N 25.99°
N 24.55°
N 23.12°
N 21.44°

289
316
316
2.35

-22.60
-17.31
-17.31
-18.19

29.92
30.28
30.60
30.73

56.6
51.2
50.3
49.7

1.8.33
1.608
I..578
I..557

1.737
1.521
1.494
1.473

1.902
1.668
1.6.38
1.614

4.71
4.11
4.05
3.99

191-42
191-43
191-44
191-45

11-13-72
11-12-72
11-12-72
11-12-72

111308132
111208080
111208083
111208085

N 25.75°
N 24.31°
N 22.88°
N 21.45°

2.36
236
236
236

-18.45
-18.45
-18.45
-18.45

29.99
30.08
30.45
.30.82

52.9
51.8
50.8
50.0

1.674
1.632
1.593
1..569

1.584
I..545
I..509
1.485

1.7.37
1.695
1.6.56
1.629

4.29
4.17
4.08
4.02

Values used in radionielric calibration equations ol Short (1982); d = d^iys past venial equinox (21 Miirch);
f) = solar declination; h = hour angle lo Sun in degrees; 0s = solar zenith angle in degrees.
Multipliers used to convert mean digital numbers (dns) to rellectance values alter equations in Markhain and Barker (1986).

U)

TABLE 3: Geometric calibration data for processing Landsat MSS-1 scenes

Scene
path-row

Default Corner Coordinates
Upper Right

Upper Left

Lower Left

Lower Right

189-42
189-43
189-44
189-45

N 26.30°,
N 24.95°,
N 23.51°,
N 22.07°,

E 32.21°
E 31.80°
E 31.41°
E 31.03°

N 26.66°,
N 25.22°,
N 23.78°,
N 22.34°,

E 30.39°
E 30.02°
E 29.66°
E 29.30°

N 25.13°,
N 23.69°,
N 22.25°,
N 20.81°,

E 29.94°
E 29.58°
E 29.22°
E 28.86°

N 24.86°,
N 23.42°,
N 21.98°,
N 20.55°,

E 31.71°
E 31.33°
E 30.95°
E 30.58°

190-42
190-43
190-44
190-45

N 26.60°,
N 25.17°,
N 23.74°,
N 22.07°,

E 30.91°
E 30.43°
E 30.05°
E 29.61°

N 26.87°,
N 25.45°,
N 24.01°,
N 22.34°,

E 29.13°
E 28.67°
E 28.31°
E 27.88°

N 25.36°,
N 23.93°,
N 22.49°,
N 20.81°,

E 28.68°
E 28.22°
E 27.86°
E 27.44°

N 25.10°,
N 23.66°,
N 22.22°,
N 20.54°,

E 30.43°
E 29.96°
E 29.58°
E 29.16°

191-42
191-43
191-44
191-45

N 26.38°,
N 24.94°,
N 23.50°,
N 22.07°,

E 29.34°
E 28.94°
E 28.55°
E 28.17°

N 25.65°,
N 25.21°,
N 23.78°,
N 22.34°,

E 27.54°
E 27.17°
E 26.80°
E26.44°

N 25.12°,
N 23.68°,
N 22.24°,
N 20.81°,

E 27.09°
E 26.72°
E 26.35°
E 25.99°

N 24.85°,
N 23.41°,
N 21.98°,
N 20.55°,

E 28.86°
E 28.47°
E 28.09°
E 27.71°

OJ

00
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for the identification and subdivision of surficial geologic units. During the 1992-1996
field seasons, a hand-held Garmin Global Positioning System (GPS) determined the
geographic coordinates of feature-specific ground control points (GCPs) via triangulation
to passing satellites. Landsat MSS-l scenes were geometrically registered and mapped into
the Universal Transverse Mercator (UTM) World Geodetic System 1972 (WGS 1972)
ground coordinate system at a resampled pixel size of 100 meters. Bilinear interpolation
(Moik, 1980) was used in resampling, and the accuracy of geometric control was within 36 pixels. Registration between adjacent scenes of mosaiced images averaged within 5
pixels.

The twelve-scene mosaic informed navigation and served as a base map for field studies, as
well as spectral analyses leading to the classification of landforms and geologic units.
Using georeferenced playas and paleosols visited during field seasons as training data, the
spectral properties of known surficial sand, lake and soil deposits were classified.
Supervised classification techniques (Taranik, 1978: Lillesand and Keifer, 1987) were
employed to identify similar Quaternary deposits on the basis of spectral variations due to
differential chemical and physical properties, including composition, texture, and
roughness. Statistical measures generated for the pixels in the training areas of known
surface cover were input to the classifier, which grouped areas with similar spectral
characteristics in the study area. Five categories were classified: "red" desert windstreak,
barchan dunes, sand sheet, shale bedrock, and playa deposits (figure 6).

To accentuate farther the contrast between these features of interest in the digital image, the
range of input digital numbers (dns) were redistributed to fill a larger output scale (Rohde et
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FIGURE 6 (next page)
Average spectral characteristics of four categories of observed features in Landsat images
of the Bir Nakhlai region, southern Egypt; 'red' desen windstreak. barchan dunes, sand
sheet, shale bedrock, and playa deposits. Note: Band 4 (500-600 nm); Band 5 (600-700
nm); Band 6 (700-800 nm); and Band 7 (800-1100 nm).

• 'red' desert
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A sand sheet
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al., 1978). Application of a linear contrast stretch preserved the original radiance
relationships by reassigning digital pixel values over a range of 0 to 255 (where dnmin =0
and dnmax=255). The enhanced image and annotated map in figures 7 and 8 document the
digital processing and classification of landscape features in the BTr Nakhlai study region.

On the enhanced image, a large, unmapped surficial deposit was apparent within the BIr
Kiseiba-Bir Nakhlai region. The spectral signature of the unknown feature resembled that
of distinctive surficial playa mud units at Btr Murr and BTr Ayed (Issawi, 1968; 1971).
suggesting a similar origin. Ground reconnaissance was essential to confirm the nature of
this feature.

Field Investigations

Reconnaissance during the 1992. 1994. and 1996 field seasons in the BTr Kiseiba-BTr
Nakhlai region confirmed the location and spatial extent of several geomorphic features
recognized on processed Landsat MSS images, including drainage networks, hillslopes.
wind streaks, and sand dunes. Among the features observed were formerly studied playa
lake muds located in topographically-low areas along the southem base of the Kiseiba
escarpment trending NE-SW from approximately 22°60' N latitude. On the ground, the
playa lakes were similar to the unmapped, unnamed surficial deposit discovered at
approximately N 22° E 30°. thereby suggesting a similar playa lake origin (figure 9).

The playa lake we have named Umm Akhtar (Arabic for 'Green Mother') occurs as mudrich surficial sediments which outcrop continuously over a considerable geographic
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FIGURE 7 (next page)
Detail of enhanced Landsat Multispectral Scanner image of the Bir Nakhlai study region;
Umm Akhtar Playa is located near the central right-hand side, marked with a star, its
geographic coordinates are N 22° 36'. E 30° 18'. (Please compare with figures 8 and 9).
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FIGURE 8 (next page)
Surface geology of BIr Nakhlai study region as categorized by digital classification
techniques and field checking. Umm Akhtar Playa is located near the central right-hard
side, marked with a star, its geographic coordinates are N 22° 36". E 30° 18'. (Please
compare to figures 7 and 9).
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FIGURE 9 (next page)
Map drawn from satellite images, depicting location of Umm Akhtar playa in the larger Bir
Nakhlai region. The dashed line shows the approximate location of the caravan route
known as the Darb El Arba'in ('Road of Forty'), after which the region is named.
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distance (>20 km^) within the 160 masl (meters above sea level at Alexandria) contour
(Egyptian General Desert Development Organisation. 1965). The muds floor an extensive
topographic hollow incised in local bedrock, the nearly horizontal sandstone and mudstone
units of the Dakhla Formation. Throughout the perimeter of the basin, the sediments form
a continuous surface deposit characterized by polygonal cracking patterns up to several
meters in diameter (figure 10). Playa muds are locally mantled with aeolian sediments and
an armor lag of wind-abraded cultural materials and fluviolacustrine gravels and cobbles.
On aerial photographs of the region, the surficial deposit can be traced by its tonal contrast
with that of the surrounding bedrock, which rises in a series of low steps to the north due
to differential erosion along the bedding planes of outcropping sandstones and shales
(figure 11).

The extent of the surficial playa muds is confined by bedrock promontories and inselbergs
along its northern and westem ends. Along the southern flank of the playa, however, no
shoreline features or bedrock sills are apparent today, complicating an accurate estimation
for the total areal extent of the playa mud deposits; the southern boundary of the playa may
have formerly been bounded by dunes, older lake sediments, or alluvial sediments. The
playa lake extended at least 25 km-, which is significant because no perennial water bodies
are in the immediate area of Umm Akhtar playa today, and the modem water-table is deeper
than any hole we were able to dig with an auger core (about = 3 m below the ground
surface). Within the region, the closest water wells occur farther southwest at Btr Nakhlai,
a traditional watering place on a caravan route that has not been used during this century
(Haynes, 1980) although it was an important outpost during the revolt of the Mahdi (ca.
1888-1898). Two stone-and-mortar block houses were built at Bir Nakhlai in 1893-1894
(Gleichen, 1905) to assert British military presence and to monitor activities of the Dervish
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HGURE 10
Photographs of the mudpan surface and meter-scale desiccation cracks at Umm Akhtar.
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FIGURE 11 (next page)
Digitally-compiled aerial photomosaic of playa Umm Akhtar. Note the long dune field
along the eastem perimeter of the playa; barchans are marching southward across the
bedrock.
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raiding parties from the Sudan. Presently at Bir Nakhlai (elevation =185 masl), the
pieziometric head is at 1 m below the ground surface, and the low pH, iron-rich water is
potable.

In the north-central part of the larger basin, the relationship of playa sediments to local
bedrock features and recent alluvial sequences is well preserved, and some sediments are
partially exposed in vertical section due to recent deflation (figure 12). A portion of the
mud-floored basin (figure 13) was selected for surveying and detailed study at N 22° 36'
06.5" E 30° 18' 19.4". An EDM (Electronic Distance Meter) Total Station (figure 14) was
used to survey the horizontal and vertical distance relationships among the various
morphometric elements of the playa and its margins over a 0.6 km^ area bounded by
distinctive, mappable geomorphic features: the terminal section of a dry wadi (north), a rise
in the elevation of the basin floor (south), a longiwdinal dune (east), and a bedrock bench
(west). The precision of repeated survey measurements averaged <2 cm. The surface
topography of the study area in Umm Akhtar playa is depicted in a contoured map (figure
15) and cross sections (figure 16).

Natural and hand-dug exposures of playa muds and shoreline facies were systematically
examined and local sedimentary units and their stratigraphic relationships were described in
detail. Stratigraphic profiles were described and correlated among 11 trench sites and 2
auger holes (figure 17) along transects spanning the wadi, the basin depocenter, and the
bedrock-beachface junction (figures 18. 19, and 20). Basic characteristics of sediments
exposed along the trench face were noted, including unit thickness, geometry, dry color
(using notation of Munsell, 1994), state of coherence, bedding, structural characteristics,
nature of boundaries, fossil content, and associated archaeology (please see appendix for
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HGURE 12

Pictures depicting the general geomorphic setting of playa Umm Akhtar study area
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FIGURE 13 (next page)
Detail of aerial photo showing study area where field work was conducted within the larger
playa basin.
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FIGURE 14
Picture of EDM station B along the western edge of the playa study area. Note the sand
stripes and rock debris mantling the gebel (hill).
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FIGURE 15 (next page)
Map depicting topography of playa surface relative to EDM station B. Dashed line
indicates edge of playa study area as bounded by bedrock (to the west) and a 10+ m high
self dune (to the east).
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FIGURE 16 (next page)
Cross-sections depicting latitudinal and longitudinal profiles of the playa study area, with
elevations relative to datum EDM survey station B.
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FIGURE 17 (next page)

Map view of study localities within the surveyed area.
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FIGURE 18 (next page)
Transverse profile of Umm Akhtar Playa from trenches 1 - 7 (West to East). Elevation
datum is EDM station B.
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FIGURE 19 (next page)
Longitudinal profile of Umm Akhtar Playa from trenches 11-7 and Ostrich Eggshell
(OES) location C (North to South). Elevation datum is EDM station B.
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FIGURE 20 (next page)
Transverse profile of Umm Akhtar Playa from Ostrich Eggshell locations A - C (West to
East). Elevation datum is EDM station B.
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figures A1 - A13 and tables Al- A13 ). Where applicable, charcoal and other dateable
items were collected and mapped into the stratigraphic profile using a line level and tape
measure. Sediments were systematically collected for analysis from the surface, and from
within trench pits.

Textural and Compositional Analyses

To validate the field subdivision of Quaternary stratigraphic units at Umm Akhtar playa.
detailed textural and compositional analyses of collected samples were employed in the lab
at the University of Arizona. Thin sections prepared from grain mounts of a few selected
vacuum-impregnated samples were examined via petrographic microscopy. Grain sizes
and compositions were determined using modified methods detailed in Tucker (1971).
Singer and Jantizky (1988), and McManus (1988). Collected sample splits were weighed
to 0.1% and digested in generous amounts of dilute (5:1) HCL for 36 hours to remove
carbonates. Samples were then oven dried at 110°C, cooled, and reweighed.

Selected sample splits were processed to retrieve fossil plant materials preserved in the
sediments. Pollen were isolated from sampled muds according to the methods oudined by
Faegri and Iversen (1975), following a detergent disaggregation and filtradon.
Unfortunately, the extracted pollen was not present in amounts large enough to develop a
database of viable counting statistics. Farther enhanced extraction techniques were applied
to the sediments in die hopes of concentrating larger quantities of fossil pollen, but not

71

enough pollen could be concentrated to apply traditional paleobotanical reconstruction
methods to the sediments from Umm Akhtar.

Sample splits for textural analyses were then treated with H2O2 for 36 hours to remove
organic materials (Jackson. 1958), oven dried, cooled, and reweighed. Sediment size
fractions were then analyzed using a standard sieve series and a shaker on identical
sediment splits that were immersed in water containing the dispersant sodium
hexametaphosphate. The sediment was then agitated for two hours before being washed
through 2 mm (granule), 0.063 mm (very fine sand), 0.0039 mm (very fine silt) and
0.0005 (clay) stainless steel meshes with a solution of dispersant and distilled deionized
water. Sediments were washed through until the water was clear, transferred to weighed
beakers, and oven dried at 80°C. The total fines content was determined by calculating the
difference between the initial and the retained sediment weights.

Collected fines fractions (silt and clay particles <63 |im) were farther separated using
pipette techniques (Folk, 1974). In a large measuring cylinder, approximately 15-20 g
splits of sediment fines were stirred into a prepared solution of distilled deionized water and
Calgon detergent. After suspension. 20 mL aliquots of known sediment particle sizes were
successively extracted by pipetting specific depths at time intervals (Krumbein and
Pettijohn. 1961). Sediment-water extractions were placed in beakers, oven dried at 100°C,
cooled, and weighed to 0.001 g. By comparing the weights of successive sediment
aliquots, the weight of the dispersant was computed and subtracted from the weight of each
size interval.

The pipetted clay aliquots and fines fractions retrieved from dry sieving were reserved for
qualitative mineralogical analysis via x-ray diffraction (XRD), whereas mineral constituents
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of larger fractions (>63 |im) were point counted under a binocular microscope following
methods of Galehouse (1971). Splits of the fines were mixed with acetone to form a
partially oriented smear mount on a glass slide. Slides were scanned in a Phillips
Diffractometer at 0.05° 20 per 5 seconds using Ni-filtered. copper K-alpha radiation.
Scans from 3 to 18° 20 were measured to cover the dominant diffraction 001 peaks of
constituent quartz, evaporite, and clay minerals (Carroll, 1970; JCPDS, 1974).
Glycolation after methods in Bmnton (1955) allowed discrimination of smectite and
chlorite.

Textural and compositional analyses conducted in the lab largely confurned the field-based
observations. Results are documented in the stratigraphic profiles, trench descriptions, and
ternary texoiral diagrams in the appendix (figures A1 - A17; tables A1 - A13). The
assignment of textural classifications follows conventions established by the U.S.
Department of Agriculture Soil Conservation Service (Soil Survey Division Staff, 1993).

Geochronological methods

Absolute age-determinations provided a temporal context for sedimentation and concurrent
human occupation of the Umm AkJitar region. Two methods of absolute age determination
were utilized: radiocarbon dating and optical dating, a developmental dating technique.
This section briefly documents the details of each technique.
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Radiocarbon Dating

Radiocarbon (or

analysis) is a well established dating technique, the premises of

which are well described in Goudie and Lewin (1990) and Bowman (1990). Radiocarbon
ages were determined on samples of organic materials in archeological and stratigraphic
contexts within the muds at Umm Akhtar study area. The dated materials include charcoal
from archeological hearths and detrital contexts, in addition to ostrich eggshell. Eggshell of
the African ostrich Struthio camelus is often in stratigraphic context with Neolithic cultural
sites; large eggshells were utilized as water storage vessels and in the manufacture of beads
and other decorative items by regional prehistoric pastoralists (Yellen and Harpending,
1972; Hoffman, 1991). Dates on fragments sampled from in situ ostrich eggshell vessels
buried by playa muds provide minimal ages of deposition for the associated stratigraphic
units.

After organic materials were collected from specific stratigraphic contexts, samples were
pretreated (figure 21) to remove surficial carbonate contaminants by soaking in dilute HCl,
and subjected to repeated water washes to dissolve salts. Ostrich eggshell materials were
pyrolyzed by packing in sand and heating to 500°C. Plant materials were subjected to
farther standard pretreatment procedures (methods detailed in Ernst, 1989) in vycor
conversion tubes to avoid loss of sample. During even the gentlest pretreatment, much of
the charcoal dissolved away or became colloidal. This is fairly typical of samples from
North Africa (Haas and Haynes, 1980) and may reflect incomplete carbonization of the
burned firewood (and other fuel materials such as animal dung), or poor preservation
conditions.

FIGURE 21 (next page)

nowchart describing methods of sample pretreatment for C-14 analyses.

75

Description of study site stratigraphy

Flowchart:
C-14 sample collection

Basic Steps in
Radiocarbon
Analyses

Laboratory Preparation

Inspection and
cleaning
to remove surface
contaminants

J/:
dilute acid wash
(1 N HCI and H20)

water washes to
remove soluble
chlorides

test for salts
with
silver chloride

plant materials
digested in hot acid
(3 N HCI)

test for salts
with
silver chloride

<

^

carbonate samples
oven-dried and
submitted to AMS
lab for analysis

water washes to
remove soluble
chlorides

31
residue digested in
hot base (1% NaOH)

decalcified and dehumified
residue becomes fraction A

test for salts
with
silver chloride

< >

water washesl^

^

water washes to
remove soluble
chlorides
weak acid treatment
(3 N HCI or HP04)

supernatant becomes
humate fraction B

water washes

samples
oven-dned and
submitted to AMS
lab for analysis
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The

activities were measured by tandem accelerator mass spectrometry (TAMS)

following conventional techniques at the University of Arizona-NSF Regional Facility for
Accelerator Mass Spectrometry (Donahue et al., 1983 ). Measured

values were used to

correct samples for isotopic fractionation and atmospheric variations (Stuiver, 1982; Long
et al., 1983). In table 4, radiocarbon ages are reported in years BP (where BP = 1950 AD)
following the convention of Stuiver and Polach (1977). The twenty-two AMS dates
provide reasonable minimal ages for playa sedimentation and concurrent human
occupation.

Optical Dating

Optically stimulated luminescence (OSL) is a dating technique valuable for the construction
of absolute chronologies for the deposition of aeolian and other quartz-rich sediments
(Huntley et al., 1985; Huntley, 1993; Stokes and Gaylord, 1992; Wintle, 1993). The
application of optical dating methods permits direct age determination on sedimentary
particles themselves, providing an accurate method of assessing the amount of time elapsed
since buried sands were last exposed to daylight (Duller, 1996). This section will briefly
review the basic principles of this developmental technique which was performed at the
Research Lab for Archaeology and the History of An (RLAHA) at Oxford University.

The fundamental concept of optical dating is to use naturally-occurring semi-conducting
minerals (e.g. quartz) as dosimeters that record their exposure to ionizing radiation from the
environment as a result of cosmic ray flux and the radioactive decay of elements (U, Th, K)
contained within the sediment (figure 22). While the sediment is at the land surface.
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TABLE 4: Sample infomiation and AMS dales from Umm Akhtar Playa, southern Egypt
Lab
number
AA28349
AA28351
AA28352
AA28353
AA28355
AA28356
AA28688
AA28689
AA28690
AA28691
AA28692
AA28693
AA28694
AA28695
AA28696
AA28697
AA28698
AA28699
AA28701
AA28702
AA28703
AA28704
1
2

Sample
number

Description of material dated^

99A
single lump of charcoal - trench 5
89A
detrital charcoal fleck - trench 6
89B
humates of charcoal 89 - trench 6
humates of charcoal - trench 5
55B
humates, hearth charcoal - trench 2
I20B
humates of charcoal 88 - trench 6
88B-1
69-AP in situ ostrich eggshell - site b
69-AP2I in situ ostrich eggshell - site b
69-ATl in situ ostrich eggshell - site b
69-AT2 in situ ostrich eggshell - site b
74-API in situ ostrich eggshell - site a
74-AP2 in situ ostrich eggshell - site a
74-AT2 in situ ostrich eggshell - site c
74-ATl in situ ostrich eggshell - site c
88A
charcoal - trench 6
humates, charcoal - trench 6
88B-2
charcoal - trench 6
90A
humates of charcoal 90 - trench 6
90B
121-lB humates, charcoal 121 - trench 2
121-2A charcoal in hearth context - trench 2
charcoal - trench 2
I23A
humates, charcoal 123 - trench 2
I23B

A13C
(%c)
-21.729
-25.499
-25.527
-25.000
-21.544
-21.560
-3.630
-2.978
-3.106
-2.940
-7.281
-7.232
-7.147
-7.340
-23.357
-21.524
-21.550
-23.505
-21.018
-20.874
-23.526
-23.337

Age
in yr BP^
6755 ± 60
6430 ± 60
6380 ± 60
6480 ± 80
5955 ± 55
6780 ± 60
8580 ± 70
8710 ±75
8670 ± 65
8680 ± 95
8765 ± 65
8690 ± 70
8915 ±70
8870 ± 65
7105 ±60
6820 ± 60
6830 ± 60
6765 ± 55
5960 ± 55
6245 ± 90
6085 ± 55
6165 ±55

F^ofiles depicting the stratigraphic context of each sample are in Appendix 1.
These uncalibrated dates are corrected for fractionation and are reported in
yr BP ± la, where zero BP = 1950 AD (Stuiver and Polach, 1977).
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FIGURE 22 (next page)

Schematic diagram explaining optical daring. Opucal dating relies upon the premise that
quartz grains are natural dosimeters which record their exposure to environmental ionizing
radiation (Huntley et al., 1985). While at the landscape surface, grains are 'bleached'
through exposure to sunlight during erosion, sedimentary transport, and deposition. Any
latent luminescence signal is effectively zeroed. After burial, die grain is exposed to
environmental radiation due to the decay of radioisotopes in the adjacent sedimentary
matrix. The radiation damage is manifested within the crystal as trapped electrons. After
grains are sampled and pretreated in the laboratory, the quartz grains are irradiated with a
laser, thereby ejecting the electrons from their traps, and generating a luminescence signal
which can be measured. Since the optically stimulated luminescence (OSL) is proponional
to the accumulated radiation damage in the crystals, the paleodose can be used to model the
amount of time elapsed since quartz grains were buried, which is an approximate age of
bedform emplacement.
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incident sunlight bleaches the grains, thereby evicting electrons from trap sites which exist
due to the presence of mineral impurities and/or structural defects. After burial,
environmental radiation bombarding the crystal leads to a predictable increase in the
occupation of these traps by electrons (figure 23). After a sample is collected for optical
dating, exposure to a laser in the laboratory ejects the trapped electrons that have
accumulated since burial. The resulting luminescence is measured to calculate the
equivalent dose, or paleodose, which is defined as the energy absorbed per kilogram of
material, expressed in SI units gray (Gy) where 1 Gy = 1 Joule per kilogram. The sample
age is then obtained by dividing the paleodose by the radiation dose rate. The radiation
dose rate is estimated either by in situ or lab-based dosimetric determinations in which
concentrations of radioactive elements in the sample and its surrounding matrix are
measured, with an additional minor contribution assumed from cosmic rays (Aitken,
1985).

Quartz-rich Quaternary deposits in the Umm Akhtar playa are highly suitable for optical
dating. First, the sand grains are monominerallic and were well-bleached at the original
time of deposition; this is to say that exposure to light during sediment transportation (e.g.
via saltation) removed any residual luminescence signal in the grains. Second, the
stratigraphic units are well preserved and have not been exposed to daylight since their
original burial. Hence, the luminescence signal measured through laboratory analyses of
collected samples is a function of the ionizing radiation dose that the constituent sample
grains have absorbed since burial.

The basic steps involved in optical dating of sediments are summarized in figure 24.
During collection, samples (table 5) were extracted by hammering opaque
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FIGURE 23 (next page)

Energy-level representation of the OSL dating process (after Aitken. 1985).
(i) Ionization. Exposure of the crystal to the flux of nuclear radiation results in
trapping of electrons at defects (denoted by T = trap) and holes (denoted by L=
luminescence center).
(ii) Electron Storage. Over time, electrons are trapped as a function of exposure to
environmental radiation. The lifetime of the electrons in the traps must be much longer than
the age span of the sample. The lifetime is determined by the depth of the trap below the
conduction band (represented by AE). For optical dating, we are interested in traps that are
deep enough so that the lifetime is at least a million years (i.e. >1.6 eV).
(iii) OSL. By shining light of appropriate wavelength onto a sample (i.e. green
light >1.6 eV), electrons are evicted from traps and some of these reach luminesence
centers (L); the electrons which combine into luminescence centers will emit light (OSL).
Other electrons may be recaptured by other traps, or recombine at other centers (such as
'killer' centers).
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FIGURE 24 (next page)

Rowchart of the basic steps involved in optical dating, including sample collection and
pretreatment.
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Basic Steps in Optical Dating

Description of study site stratigraphy

Sample collection and gamma measurements

Laboratory Preparation

1
Splits for paleodose estimation (OSL)

Splits for dose rate estimation

Sieving
Remove carbonates, organic
materials, heavy minerals

Water
saturation
content
estimated

Etching
cosmic ray
dose rate
contribution
calculated

Sieving

31Z

Splits crushed
and ring-milled

Neutron
Activation
Analyses
for U, Th
and K20

Mountinq of sediment grains
on several stainless steel discs

test for
contaminant
grains

further
bleaching
and
preheating

irradiation

equal total dose
normalization

calculated

natural OSL
measured
natural
normalization

induced OSL
measured

radiation
dose rate

pretreat:
heat to
remove
unstable
populations

Optical Age Calculated

OSL growth
curves
generated

3E:
paleodose
calculated

Paleodose (Gy)
Age (ka) =
Dose Rate (Gy/ka)
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TABLE 5 : Specific sample information for optical dating in this study
Sample
ID
(OX Q D )

Location in
Umm Akhtar
Playa

Depth
below
modern
ground
surface

K1018/1

trench 10

45 cm

quartz-rich silty sand, occasionally
bimodally laminated

K1018/2

trench 10

90 cm

bioturbated. weakly platy, silty unit with
occasional salts

K1018/3

trench 10

1.15 m

quartz-rich, well-laminated sands at base of
pit. below stone line; some effluorescent
salts present

Description of Sediment Sampled
(see appendix for detailed
stratigraphic profile)
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polyvinylchloride (PVC) containers of = 500 cm^ volume horizontally into the vertical
walls of the freshly cleaned trench face so that sediments were not exposed to daylight
during sampling (figure 25). The ends of the cylinders were sealed with black tape and
placed in light-proof black polyethylene bags for transportation back to the optical dating
facility at Oxford University.

In the laboratory, all samples were processed under subdued red light, and paleodose
measurements were made on a quartz fraction refined from a bulk sediment sample. A
portion of each sample was wet-sieved to separate the 90-125 |im size fraction and
immersed for two days in I N HCl to remove carbonate, followed by submersion for two
days in H2O2 to remove organic matter. Heavy minerals (density >2.72 g/cm^) were
removed from the treated sample fraction by magnetic and heavy liquid (sodium
polytungstate) separations (methods modified from Mejdahl. 1985). Sediment samples
were then etched with 48% HF for 60 minutes and H2SiF6 for two days to remove
residual feldspar minerals and the outer 10 |im of the quartz grains (Murray et al., 1995).
An additional heavy liquid separation, water washes, and a second stage of dry sieving
through a 75 |im sieve concentrated the quartz grains for the dating procedure. The cleaned
quartz separates were finally mounted as monolayers onto 10 mm diameter stainless steel
discs (approximately 5 mg per disc) using a silicone spray adhesive (Silkospray). Some of
the prepared discs were tested for contaminating grains, and mounted dies were then
pretreated at 160°C for 16 hours to remove charge populations that are not stable under
geologic time periods and those possibly created during laboratory procedures (Stokes,
1992, 1994).
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FIGURE 25 (next page)
Picture of OSL sampling locality at trench 10. Note survey stake and the famous 30 cm
trowel for scale.

88

Paleodoses were calculated using the multiple aliquot additive dose method (Aitken. 1992).
which compares the natural levels of luminescence in a sample to OSL generated from
aliquots with known amounts of lab-induced beta radiation. A best fit curve is applied to a
plot of the data and extrapolated to determine the dose received by the sample since burial
(i.e. the paleodose); this plot is a called a growth curve. For each sample, over 20 aliquots
measuring = 5 mg were used in the calculation of each paleodose.

Aliquots were exposed to an Ar"*" laser (Coherent 2W) operated at an emission wavelength
of 514.5 nm (green light) and at a power level of approximately 50 mW cm'- (Smith et al..
1991). Resulting sample OSL emissions were detected using a photomultiplier filtered by
Schott BG-39 and Coming 7-51 glass filters. Disc-to-disc normalization was achieved by
sampling small ponions of the total population of trapped charge prior to any additional
dosing or preheating (normal normalization). After additive dosing, each sample was
heated to 220°C for five minutes in order to remove thermally unstable charge populations
(Aitken. 1994). The OSL intensity was measured on sample splits exposed to a test dose
following the series of bleaching, preheating, and irradiation procedures (equal total dose
normalization) described in Stokes (1994). Growth curves were plotted (figure 26) to
depict the intensity of luminescence as a function of added dose for multiple aliquots of
prepared sample splits. Paleodose estimates in table 6 were calculated using the Brumby
fitting procedure (Brumby. 1992) as applied to data generated from the integrated laser
exposure of =3 J cm"-. In all cases, the resulting paleodoses agree within one standard
deviation, regardless of the normalization procedure used.

Concentrations of K2O, Th. and U were estimated via neutron activation analysis on
sample splits that were crushed and homogenized by ring milling for one hour. These
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FIGURE 26 (next page )
Growth curves for multiple aliquots of samples K1018/1. K1018/2, and K1018/3
calculated from total integrated OSL (0-800 mJ). The intensity of normalized OSL in
atomic units (a.u.) is represented on the y-axis; note change in scale for each sample.
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concentrations were measured and convened to dose rates following the procedures
outlined in Aitken (1985) and Nambi and Aitken (1986), assuming that sediment moisture
contents measured from field samples represented the average moisture levels during the
burial period (i.e. the value for WF=0.4 ±0.02). The cosmic ray dose rate contribution was
estimated using the method described by Prescott and Hutton (1988). Calculated optical
dates incorporate both random and systematic errors (Aitken and Alldred. 1976). The
optical dates in table 6 are calendric estimates of the amount of time elapsed since burial,
until the date of the analysis (i.e. 1997).

Comparison of radiocarbon and optical dates

Considered separately, both the radiocarbon dates and the optical ages for sediments from
Umm Akhtar playa appear in a reasonable stratigraphic order, and constrain approximate or
at least minimum ages of deposition for associated sediments. In order to compare directly
the absolute age data, and to develop a chronology with a consistent time scale, it was
necessary to calibrate the radiocarbon ages (reported in ^'^C yr BP) to calendric ages
(reponed in cal yr BP). Calibration of radiocarbon ages followed techniques in Stuiver et
al. (1993), and utilized the software package CALIB (revision 3.0.3) of Stuiver and
Reimer (1993).

Table 7 presents the complete set of absolute age data available for Umm Akhtar Playa,
both the calibrated radiocarbon ages (in cal yr BP. where zero BP=1950 AD), and the
calendric optical dates referenced to the same datum (in yr BP, where zero BP=1950 AD).
The remainder of this dissertation text refers to absolute dates using these conventions.
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TABLE 6: Optical dating of sediments from Umm Akhtar piaya, southern Egypt

Neutron Activation Analyses
Lab
sample
number
(OXOD)

K2O

Dose rate! Paieodose Calendric
(Gy)
Optical age^
(Gy/ka)
(yr)

(%)

Th
(ppm)

(ppm)

K1018/1

0.80

2.5

8.5

2.99

18.701

6250 ± 1057

K1018/2

0.61

2.9

9.3

3.07

20.644

6720 ± 1062

K1018/3

0.52

2.2

6.7

2.33

35.221

15,120 ± 1232

U

Dose rates are based on the average of the two methods used, where applicable.
Median ages incorporate random and systematic errors and are quoted i la after
Aitken and Alldred (1976).
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TABLE 7: Composite geochronologic data from Umm Akhtar playa, Egypt
Lab
number

Radiocarbon Age Control
Uncalibrated
Sample
Collection ID,
age in
I4c yr BP2
description^

Calibrated
age in
cal yr BP-^

AA28349
AA28351
AA28352
AA28353
AA28355
AA28356
AA28688
AA28689
AA28690
AA28691
AA28692
AA28693
AA28694
AA28695
AA28696
AA28697
AA28698
AA28699
AA28701
AA28702
AA28703
AA28704

99A 7549 ± 67
6755 ± 60
89A -- *
7325 ± 57
6430 ± 60
89B -- H
7294 ± 80
6380 ± 60
55B -- H
7317±81
6480 ± 80
I20B -- H
6793 ± 63
5955 ± 55
88B-1 -- H
7586 ± 46
6780 ± 60
69-AP -- O
9544 ± 94
8580 ± 70
69-AP21 --0
9687 ±147
8710 ±75
69-ATl - O
9667 ±143
8670 ± 65
69-AT2 - O
9679±155
8680 ± 95
74-API -- O
9755 ±103
8765 ± 65
74-AP2 -- O
9680±148
8690 ± 70
74-AT2 - O
9925 ± 58
8915 ±70
74-ATl -- O
9828 ± 144
8870 ± 65
88A -- *
7878 ±62
7105 ±60
88B-2 -- H
7600 ± 48
6820 ± 60
90A - *
7606 ± 50
6830 ± 60
90B -- H
7579 ± 44
6765 ± 55
121-lB -- H
6799
± 59
5960 ± 55
121-2A -- *
7118±98
6245 ± 90
123A -- *
6944 ± 66
6085 ± 55
123B -- H
7058 ±104
6165 ±55
Optical Age Control
Calendric optical
Lab number (OXOD)' Calendric optical
age in yr
collection ID
age in yr BP'*
K1018/1
6203 ±1057
6250 ± 1057
K1018/2
6673 ±1062
6720 ±1062
K1018/3
15,073 ± 1232
15,120 ± 1232
1
2
^

Symbols: * = charcoal (A fraction), H = charcoal humates, O = ostrich eggshell
Reported after conventions established by Stuiver and Polach (1977).
Calibrated using CALIB vers 3.0.3 software of Stuiver and Reimer (1993).
Reported as [sample median age - (1997 analysis date - 1950)] i la.
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Together, the OSL and radiocarbon ages provide a chronological framework for
reconstructing the history of playa sedimentation, the main subject of the following chapter.
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CHAPTER III

Discussion: Sedimentology and Chronostratigrdphy of Playa Lake Umm Akhtar

General Geomorphic Setting

The main environments in the Umm Akhtar Playa study area include bedrock-controlled
hillslopes, dry playa floor, beach shore, dry stream valleys (wadi), and dunes (figure 27).
The western margin of the playa lake sediments (Qp) is flanked by linear headlands (Kd)
and preserves a paleobeach ridge or bar. The berm runs parallel to the bedrock scarp and is
littered with numerous cultural (e.g. ceramics, lithics) and faunal remains. The northern
edge of the playa is fringed with alluvial (wadi) sediments (Qal) that formed a
noncoincident shoreline that onlapped the adjacent bedrock knolls, which rise up to 221
masl high (Egyptian General Desert Development Organisation, 1965). The bedrock
highland bordering the northern and western edge of the playa is relatively linear and only
locally embayed, mantled with alluvial-colluvial aprons extending off the ridge at the angle
of repose. A 15 m high longitudinal dune (Qd) or seif (Arabic for 'sword') tlanks the
eastern side of the playa study area. Smaller accumulations of wind-blown sand are
deposited as cover sands and falling dunes in the leeward side of bedrock highs. All of the
windblown sand at the surface is younger than the playa lake deposits.

Umm Akhtar playa has an unvegetated, generally flat and hard surface (gradients ranging
from 0.012 - 0.050). Flutes and hummocky topographic relief (up to 50 cm) may have
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FIGURE 27 (next page)
Map depicting surficial geology of Umm Akhtar playa study area and adjacent
surroundings.
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resulted from wind deflation and sheetwash erosion graded toward the playa. The playa
muds in the study area are most eroded within the path of currently active aeolian transport
corridors (couloirs) toward the southeastern portion of the local depression. Some
sediments form yardangs up to ~5 m high, such as the yardang at the site of trench 7
(figure 28). Comparing the highest height of the yardang to the lowest level of the plain in
the degrading portion of the active aeolian corridor suggests that a minimum of 3 m of
sediments have been removed by deflation. The concentration of erosional removal in
specific corridors is likely due to vorticity effects that enhanced the efficiency of
sandblasting and deflation-excavation in a downwind direction (se/isu Whitney. 1978).

As a whole, the study area shows evidence of bedrock streamlining with an average
measured orientation of = N 10° W, which correlates to the modem prevailing winds
(methods after Marrs and Gaylord, 1982). Wind-shaped outcrops and yardangs range in
size from the microscale (centimeter) to macroscale. In some places the wind has shaped
sharp-ridged hillocks or nusab which are separated by troughs in which sand accumulates;
this kharafish (Arabic for 'hummocky terrain eroded by the wind') topography is common
in southern Egypt (Beadnell, 1909) and can make terrain difficult to traverse. The bedrock
capping the highland plateau has been furrowed by the wind, creating well polished, fluted
surfaces. Varnished, ventifacted colluvial lags (Qc) extend off the bedrock scarp toward
the playa basin floor along the surface, forming hammada (Arabic for 'stony desen
surface') and armored surfaces. Locally, colluvial accumulations concentrated in runnels
are topographically inverted, exhibiting relief up to 20 cm.
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RGURE 28
Playa yardang at the site of trench 7 stands above the main playa floor, which is covered
with coliuvium (Qc). The seif dune (Qd) bordering the study area is apparent in the
background.
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General Playa Lithostratigraphy

Sedimentary units at Umm Akhtar playa are dominantly composed of poorly sorted
mixtures of silt and clay diat are locally laminated and finely graded, and interbedded with
siliclastic sands and lenses of pebbles and gravels. Quartz, phyllosilicate clays, and other
detrital silicate minerals dominate the playa fill, with evaporites (e.g. halite, anhydrite,
thenardite, gypsum) constituting <5% by weight. Occasional concentrations of manganese
and iron hydroxides persist in the sedimentary matrix. The dominant clay minerals present
(smectite »illite »kaolinite) are derived from local bedrock or other upwind sources.

Trenches along a transect spanning the playa lake shores to the mid-basin study area reveal
interbedded sediments of playa-lacustrine. wadi. colluvial. and aeolian origin (tables 8, 9.
and appendix). The playa basin fill is mainly composed of horizontal playa lake sediments
(Qp) alternating with inclined wadi and sheet flow sediments (Qal). The playa edges are
interbedded with slope wash ((^) and aeolian sands (C^d).

The playa-lacustrine facies (Qp) preserved at Umm Akhtar is represented by sediments
composed of very fine sand, sill, and clay dusts derived from erosion of local siliclastic
outcrops. The sediments are noncalcareous (<7% CaC03 by weight) and are dominantly
composed of expandable and mixed-layer clays with accessory detrital quartz, minor
evaporites, and rock fragments. Playa muds vary in texture, but the average composition
ranges from sandy clay and sandy clay loam to silty clay and silty clay loam (definitions
after Soil Survey Staff, 1990) and are interstratified with layers of aeolian sand along the
lake perimeters.
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TABLE 8: Summary Chart of Sediment Compositions, Umm Akhtar Playa
Feature

Inferred Depositional Environment
Aeolian
Wadi (Fluvial)
Playa-Lacustrine

Qp
clast grain
size
dominant
size
fraction
matrix

sorting
clast
roundness
clast types

other

Qc

Qd

silt, sand and clay

coarse sand to gravels

silts and sands

cobble to granule

<63 [im (coarse silt
and fmer-grained)

3 cm pebbles

>5 cm

matrix-supponed

grain-supported

fine-to-medium
grained 16 }im
sands
grain-supported,
loose (i.e. noncemented)

matrix may ix: wellsorted
not apparent

generally poor

phyllosilicate clays
and other silicates
with occasional shale
fragments

mineralogy quartz, smectite,

main
textures

Qal

Colluvial

illite. kaolinitc.
minor authigenic or
reworked evaporites.
siderite,
manaanosideritc.
clay rich: sandy clay,
silty clay, clay loam,
silt loam, silt
terrigenous detrital
components can be
derived from local
bedrock sources clay fractions arc not
likely authigenic.
Identified evaporites
includc halite,
gypsum, anhydrite
(surface): mirabilite,
thenardite (basal).
High organic
contents (up to 10%)

well-sorted

surficial unit ranging from
random to an
interlocking
pavement
poor

subangular to well- overall is angular:
many fiat dies and
rounded equant to
shingles (tabular
spherical sands
plates)
rock fragments of
frosted quartz
crystalline and
shale and sandstone
grains with minor
sedimentary bedrock
debris -no carbonates salts, carbonate and bedrock, often
aeolianized
clay constituents
present
«7%)
shale bedrock
quartz, minor
shale bedrock
fragments. sand.slone smectite, kaolinite. fragments,
sandstone bedrock
bedrock fragments,
fragments, quartz
quartz, minor
smectite, illite.
chlorite
pebble-gravels
sand, loamy sand,
loam, sandy loam
silt loam, silt
angular to rounded

all sediment
components can be
derived from local
bedrock sources
- clay fractions are
not likely authigenic.
Low oruanic contents
«10%)T

main local source
of dune sands is to
the NE: that sand
is predominantly
fine-grained and
well-rounded
quartzes. <8%
clays and
carbonates. Very
low organic
contents (<5%).

may be
ventifaceted: may
have varnish or
surficial stains of
Mn or Fe. May
includc cultural
artifacts. Minimal
organic content.
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TABLE 9; Summary Chart of Stratigraphic Features. Umm Akhtar Playa
Feature
Playa-Lacustrine

Qp

Inferred Depositional Environment
Wadi (Fluvial)
Aeolian
Qai

geometry of on playa lake tloor
and along lower
sediment
body
margins of alluvial

structures

thickness
contacts
bedding
types

along slopes and
playa margins: fans,
suingers and lenses
of pebbles and
fans
gravels Hoating in
muddy matrix are
common near basin
margins and pinch
out
polygonal cracking:
may appear massive
or show crude
some units locally
graded: scours with
lakeward-dipping
tabular foresets:
complex fills and
normal graded
draped sediments:
bedding: imbrication,
peds and soil
structures,
1/2 m thick scours,
soft sediment
slickensides, filled
deformation: weak
desiccation cracks,
roots, arthropod unce pedogenic features:
occasional rootlet
fossils); primary
laminations preserved traces apparent.
locally: constructive
many original
beach berm present
laminations well
preserved
beds < 1 m
mm scale beds
erosional scour
interfinaering
crudely stratilled to
massive,
locally well-stfatified
subhorizontal to
horizontal laminae:
may be finely
laminated to churned:
manganese coatings

archaeology in situ and reworked
dominant
transport
mechanism

along beachface
susTXinded sediment
flow and settling of
waters: wave action:
evaporation along
retreating capillary
fringe

none apparent
fluvial, alluvial,
sheet flow, density
currents initiated
during Hood input to
the basin

Colluvial

Qd

Qc

irregular sheets and
shoestrings on fan
slopes and in
topographic wind
shadows

surtlcial or
intraformational
in character, form
seiir and

bimodal
laminations:
rare burrow
structures: may be
occasionally related
to lags and
occasional stone
lines

may be windabraded to form a
pavement: may
mantle an
erosional surface
where landscapes
have been 'let
down'

beds 2 - 10 cm
finaers
Lamination
indistinct to wellpreserved. parallel
to gently dipping,
undulating w/ lowangle climbing
ripple forms.
none apparent

beds < 2 cm
surtlcial
indistinctively
laminated: may
be
topographically
inverted

wind dispersal,
saltation, abrasion,
processes of
lowering and
pavement
formation

hanmuida

some artifacts in
surface lag
surface creep,
mass movement,
wastage deposits
and mudflows

103

Much of the sedimentary package in the central basin is composed of playa muds which are
massive, faintly laminated to unstratified. structureless sediments with occasional
slickensides. High clay concentrations toward the basin center suggest intermittent
deposition via gravity setding of dispersed single particles or clay floes from quiet standing
water. Gleyed areas where the matrix is mottled with concentrations of manganese and
iron oxides are common, especially toward the basinal center in units with a fine-grained
matrix (figure 29). Effluorescent evaporite salts are dispersed throughout the playa muds,
most commonly in the silty layers (figure 30). The presence of gleys and salts reflect
changes in local Eh-pH conditions as the local water-table fluctuated.

Whereas much of the sedimentary package was deposited in a low energy environment,
playa muds are locally interdigitated with bedded lithic gravels (Qal). especially along the
basin margins (figure 31). The erosional basal contacts, scour features, and lenticular
geometries of these clast-supported, coarse-grained, graded units retlect rapid incursions of
sediment-laden flows that discharged into the playa basin after seasonal or periodic floods.
Along the northern end of the study area, the apparent dips are low (angles < 10°). and
suggest sediment influx from a northerly source. The sheetwashes often preserve flat,
lenticular sandy or silty laminae capped with mud drapes which formed as flow dissipated.
The wadi-sheetflow deposits are laterally and vertically heterogeneous, thinning in a
basinward direction.

Toward the playa perimeters, increasing amounts of sand comprise the basin fill matrix and
there is a general upsection increase in grain size (see appendix figures A15, A16, A17).
Average sediment textures change from clay-rich to sand-rich with increasing elevation.
Along the western margin of the study area, pebble clastics are well rounded and sorted.
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FIGURE 29 (next page)
Gleys are especially prevalent at lower depths of the playa sediments (Qp) outcropping
below -5 m elevation along the southern side of the study area in Umm Akhtar playa. Red
(Fe-rich) and black (Mn-rich) mottles result Irom water-table tluctuations. The arrow
depicts the main direction of wind erosion. Photoscale is in inches.
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RGURE 30 (next page)
Evaporite salts accumulate in playa sedimentary matrix (Qp) in trench 4. Hockey puck
(used for scale) is = 52 mm wide. See figure A1 for symbol conventions.
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FIGURE 31 (next page)
Playa sediments with lenses of bedded imbricated gravels and ribbons of aeolian sand in
trench 2. Frosted quartz grains mantle the colluvial (Qc) ground surface and wind-blown
sand (Qd) quickly accumulates in the trenches dug within the main couloir. As a result, the
trenches fill in and must be dug out constantly; one must then stand in the active saltation
layer to describe the trench stratigraphy. Trowel (used for scale) is = 30 cm long. See
figure A1 for symbol conventions.
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reflecting high energy conditions along the shore zone. Sediments along the paleobeachfront exhibit parallel horizontal and inclined (angles < 20°) stratification, unconformably
overlying the local bedrock, forming a berm. Sediments along the paleoshoreline preserve
incipient pedogenetic features, insect burrows and galleries (krotovina), and preserved
roots and traces (dikaka) (figures 32 and 33). Primary sedimentary laminations have been
farther disrupted by the contraction of expandable clays and the development of cracks that
developed along the surface of the desiccating playa. Distinctive ribbons of well-sorted
silty sands containing frosted aeolian quartz grains (Qd) are interlaminated with beach
sediments along the playa margins.

Chronology of Deposition and Recent Environmental Change

Optical and radiocarbon dates for Umm Akhtar Playa are mutually consistent and appear
sensible in relation to observed geomorphic and topographic contexts (figures 34. 35. 36);
the data corroborate relative age estimates based upon relationships of stratigraphic
superposition and associated archaeology. The absolute ages and the observed
lithostratigraphy provide a basis for interpreting patterns of sedimentation and
environmental change over Late Quaternary timescales. Figiu-e 37 summarizes the
chronology of deposition and inferred environmental change at Umm Akhtar playa. The
following section cites the absolute age data in calendric form (in yr BP for optical dates or
cal yr BP for radiocarbon dates) as described in Chapter 2, followed by associated
radiocarbon ages in parentheses (in ^^C yr BP). Though this style of presentation is
somewhat redundant, it is precise, and those readers who are more conversant with
radiocarbon years will follow the text with less effort (and page-flipping to table 7).
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FIGURE 32 (next page)
Playa sediments (Qp) in trench 3 are comprised of slightly inclined primary laminations
capped with a vesicular horizon (V). Desiccation cracks and bioturbation have disrupted
the original sedimentary fabrics. Matrix contains pebble stringers. Note colluvium (Qc)
mantiing surface sediments. Trowel (used for scale) is = 30 cm long. See figure A1 for
symbol conventions.

bioturbation

desiccation crack
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FIGURE 33 (next page)
Top-down view of colluvial surface and in situ insect burrows in trench 3. Sediments
along the playa surface (Qp) are often bioturbated. Penknife (used for scale) is = 9 cm
long. See figure A1 for symbol conventions.
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FIGURE 34 (next page)
Transverse profile of Umm Akhtar Playa from trenches 1 - 7 (West to East), with
associated chronostratigraphic control. Elevadon datum is EDM survey station B.
Radiocarbon data are reported as follows: (Arizona Accelerator lab number), sample ID.
sample fraction analyzed (A=charcoal, B= humates), age ± la in cal yr BP. Calibrated age
determinations followed techniques of Stuiver and Reimer (1993).
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FIGURE 35 (next page)
Longitudinal profile of Umm Akhtar Playa from trenches 11-7 and Ostrich Eggshell (OES)
location C (North to South), with associated chronostratigraphic control. Elevation datum
is EDM survey station B. Optical data are reported as follows; Sample and lab number,
optical date i la in yr BP calculated as [sample median age - (1997 analysis date - 1950)]
± iCT. Radiocarbon data are reported as follows: (Arizona Accelerator lab number), sample
ID. sample fraction analyzed (A=charcoal. B= humates), age ± lo in cal yr BP. Calibrated
age determinations followed techniques of Stuiver and Reimer (1993).
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FIGURE 36 (next page)
Transverse profile of Umm Akhtar Playa from Ostrich Eggshell locations A - C (West to
East), with associated chronostratigraphic control. Elevation datum is EDM survey station
B. Radiocarbon data are reported as follows: (Arizona Accelerator lab number), sample
ID, age ± la in cal yr BP. Calibrated age determinations followed techniques of Stuiver
and Reimer (1993).
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FIGURE 37 (next page)
Summary diagram of the lithostratigraphy and chronology of environmental change at
Umm Akhtar Playa. southern Egypt. In order to compare the optical dates (in yr) with the
radiocarbon dates (in

yr BP), both a calendric (cal) and a time

The cal kyr BP scale was determined by calibrating

scale are included.

dates with CALIB vers 3.0.3

software of Stuiver and Reimer (1993). A stylized sedimentary column is depicted using
symbol conventions described in the lithology key in the appendix (figures Al, A2).
For dates reported in chronostratigraphic control column: samples with lab number prefix
AA are radiocarbon ages reported in

yr BP. after conventions established by Stuiver

and Polach (1977); samples with lab number as K-prefix are optical ages reported in yr BP.
which are calendric dates.
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Lithostratigraphy and Chronology of Environmental Change, Umm Akhtar Playa, Egypt
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The oldest chronological control for sedimentation at Umm Akhtar playa is provided by the
15,073 ± 1232 yr BP optical date on basal aeolian sands sampled from the northern end of
the playa (trench 10). These well-soned, bimodal sands were found beneath a stone line
composed of faceted shale bedrock cobbles; this stone line may be a lag surface which
protected the underlying sands from persistant wind deflation and erosion since the Late
Pleistocene. The 15,073 ± 1232 yr BP optical date provides a minimal chronological
context for excavation of the shale bedrock-floored basin and aeolian sedimentation, as well
as a possible maximum age for the deposition of overlying playa sediments.

The 6673 i 1062 yr BP and 6203 — 1057 yr BP optical dates for the stratigraphic unit
above the stone line near the base of trench 10 suggests that a considerable amount of time
elapsed before deposition of the overlying sediments at this locality within the playa. The
stratigraphic disconformity between =15,000 and 6700 yr BP is a diastem which may
reflect sediment bypassing and/or cannibalism along sediment-transport corridors along the
active wadi-playa lake junction. During wetter times, flow along the active wadi eroded
away any accumulating sediments, transporting them farther downgradient. As baseflow
diminished during more arid periods, sediments were trapped in the valleyward reaches,
and aeolian sedimentation intensified. This model explains die absence of playa sediments
dating to the 10 - 9th millenium cal BP in trench 10 — any sediments were simply eroded
away (i.e. cannabilized) by subsequent wadi activity during the 7 - 6th millenium cal BP.
While active, the wadi was not competent enough to remove all of the underlying
Pleistocene sediments, leaving them in place. As wadi activity dwindled, the last sediments
discharging toward the playa basin remained in the wadi, preserved there during the
ensuing hyperaridity.
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Dates bracketing playa highstands cluster trom 9925 ± 58 to 9544 ± 94 cal yr BP (8915 ±
70 to 8580 i 70
— 75 to 6085 — 55

yr BP, respectively), and 7878 i 62 to 6944 ± 66 cal yr BP (7105
yr BP, respectively). Umm Akhtar playa was therefore

intermittently wet from 9900 - 9500 cal yr BP and from 7800 - 6900 cal yr BP. The
paucity of dates between these two intervals may represent a depositional hiatus. A
disconformity may reflect an intervening period of aridity between 9500 - 7800 cal yr BP;
however, diis interpretation is based on negative evidence and should be regarded
circumspecdy. It is possible that playa sedimentation continued without significant
interruption throughout the time bracketed by the radiocarbon dates (i.e. from = 9925 i 58
to 6944 ± 66 cal yr BP, or = 8915 to 6085 ^*^0 yr BP), but observed stratigraphic
relationships neither support nor refute this interpretation.

Middle Holocene-aged playa lake sediments are exposed along the surface of the
southeastern portion of the study area due to removal of over 3 m of sediment by wind
deflation. Seven radiocarbon dates on i/i siru ostrich eggshells sampled from contexts
within the -7 m topographic contour (figure 38) reflect human occupation and subsequent
deposition of clay-rich playa lake sediments around (or after) 9925 ± 58 to 9544 ± 94 cal
yr BP (8915 — 70 to 8580 — 70

yr BP). Splits of pretreated ostrich eggshell yield

radiocarbon ages that agree within lo, thus providing reliable age control for the
surrounding sediment.

Many dates from stratigraphically-higher contexts along the paleoshoreline (trenches 2, 5,
6) cluster in the 8 - 6th millenlum cal yr BP (i.e. 8000 - 6000 cal yr BP), evincing a playa
highstand for a millenium. Radiocarbon dates on charcoal from both detrital and in siru
hearth contexts span the time period from 7878 ± 62 to 6799 ±59 cal yr BP (7105 ±75
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FIGURE 38
Photograph of the in situ ostrich eggshell encased in playa muds at location C, which was
sampled from the southern end of the study area in Umm Akhtar playa. Two radiocarbon
ages were obtained from this water storage vessel: (AA28695) 9828 ± 144 cal yr BP and
(AA28694) 9925 ± 58 cal yr BP.
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to 5960 ± 55

yr BP), and bracket the timing of concomitant human activity in the

area. The older dates are generally from stratigraphic contexts below the younger dates,
reflecting progradation toward the beach area as the playa basin filled.

A majority of the sediments in Umm Akhtar Playa were deposited episodically through
inputs via aqueous transport processes after seasonal or occasional flooding during the
Early to Middle Holocene (= 9 - 5 ka BP), a time characterized by enhanced moisture
availability and surface water storage. Heralded by muddy flows and/or sheet floods,
active wadis prograded across the playa basin, depositing lenses of coarse clastics.
Overland flow and sheetwash also contributed sediment-laden waters to the basin; in
addition, ground-water seepage through local dunes, alluvial materials, or local bedrock
may have contributed to the accumulation of standing water, though no direct evidence of a
ground-water source is apparent. Runoff draining into Umm Akhtar basin was likely
intermittent, and sufficient to deposit playa lake sediments >5 m thick. During the most
recent highstand, the waters were persistent and deep enough to produce well-rounded
beach pebbles and gravels along the paleoshoreface. The beach area was colonized by
vegetation and insects, and preserves traces of human activities, including numerous stone
tools, grinding tablets, beads, ceramics, hearths, and concentrations of animal bones
(figure 39).

Though the sediments retain organic carbon compositions up to 10% by weight, the playa
mud samples lack well-preserved aquatic plants and fauna. A few nacreous shell pieces
were in surface contexts, but these were not identifiable to the species level. Although
limited concentrations of fossil pollen preclude traditional paleobotanical studies at Umm
Akhtar, the presence of certain species may help reconstruct some components of the
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FIGURE 39
Representative cultural artifacts from Umm Akhtar Playa region - lithics, pottery shard, and
ostrich eggshell fragments and beads.
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regional floral environment. Most of the recognizable pollen present in the playa muds is
Sudano-Sahelian or Saharan in origin (sensu Ritchie. 1987). One recognized species was
Zizyphus, a plant that can grow in the modem desert zone but is usually considered a
subdesertic to Sahelian floral component (Ritchie 1987). Other identifiable floral remains
include Acacia scndTamarLx. plants that occur in some well-watered areas today. Remains
of Scirpus/Schoenoplecms were identified; this plant requires swampy, marshy conditions
(Boulos and el-Hadidi. 1984) that are not characteristic of the modem setting. The general
paucity of aquatic flora and fauna preserved in the playa muds may reflect high turbidities,
poor preservation conditions, high salinities, hard water conditions, rapid lakewater
fluctuations, a depauperate assembly, and/or a combination of these factors. During
highstand periods when runoff flooded the playa, it is likely that the playa was only a
marginal biotope in which suitable lacustrine conditions prevailed intermittently. The
rapidly changing conditions likely sustained a meager aquatic fauna, and limited the
preservation potential of the colonizing biota.

Lithostratigraphic studies at Umm Akhtar demonstrate that the mean grain sizes of particles
in the playa lake muds generally increa.sed over time, from clay to silt and sand (see ternary
diagrams in appendix figures A13 - A17). Increasing amounts of frosted quanz grains
incorporated along the playa sediment perimeters reflect enhanced aeolian mobilization after
= 7500 cal yr BP. Well-sorted (mean size; 2 - 3 <|)) sands and silts occur at similar depths
(-3 m and higher elevations) across the whole playa study area; the widespread distribution
and abundance of these sediments suggests emplacement by wind transport. Wind-blown
particles were likely trapped at the flooded playa surface via processes similar to those
described by Kocurek and Neilson (1986). The general textural trend from basal clay-rich
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units to sand-rich units in higher stratigraphic contexts literally reflects the 'sanding up' of
the desiccating playa.

Changing hydroclimatic conditions and diminished runoff from the highlands limited wadi
sedimentation after = 6673 yr BP. Standing water persisted in the depocenter (i.e. the
deepest part of the playa basin) and human activities continued along the shoreline through
7000 cal yr BP. Around this time (= 6085 ^^C yr BP), the regional water supply was
likely waning, and the water-table dropped. The northern edge of the playa basin filled up
with sand from 6673 - 6203 cal yr BP. Evaporite salts were precipitated within the
sediment matrix, and the local vegetative cover diminished in the ensuing hyperaridity.
Slopewash and sands remained in the high valley reaches, and aeolian sediments
accumulated as dunes or coversands. Deflation eroded local bedrock surfaces and the
unconsolidated playa lake sediments, resulting in the eventual formation of yardangs,
desert pavement, and hammada.

Since playa lake sedimentation is not reconcilable with the present-day climatic regime of
southern Egypt and northern Sudan, Umm Akhtarcan be interpreted as a local pieziometer
that has responded to recent hydrological change. The basin was periodically inundated by
drainage waters fi^om surrounding watershed area during former times of greater effective
moisture from 9900 - 9500 cal yr BP and from 7800 - 6900 cal yr BP. These 'wet' or
moister phases were characterized by greater effective moisture when rainfall was enhanced
and water was stored at the landscape surface. Deposition was not likely steady-state, but
event-driven in response to specific flood episodes during the early to middle Holocene.
Flood magnitudes and frequencies diminished sometime after 7500 cal yr BP. and aeolian
sedimentation dominated as desiccation ensued. A rapid transition to a more arid climate
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regime is recorded by deposition of a sandy unit in the northern end of the basin (trench
10). Optical dates on the sand unit bracket the deposition of = 45 cm of sediments over the
time span = 6673 - 6203 cal yr BP, indicating a significant pulse of aeolian sedimentation at
higher rates than those inferred for die concomitant accretion of the Selima Sand Sheet
(0.01 - 0.12 mm/yr) in southern Egypt (Stokes et al., 1998).

To summarize, the chronology and lithostratigraphy of Umm Akhtar playa suggest that the
local environment was arid to semi-arid, with limited water availability, throughout most of
the early to middle Holocene. 'Flashy' floodwaters episodically brought gravel
sheetwashes and sediment-laden runoff into the basin, where clay and silt panicles settled
out of suspension. The ponded water was deep enough to create a berm inset with beach
gravels along its western shore, and to sustain cultural activites. The persistence of the
sizeable standing water body at the local base level within the internally-drained basin was
likely affected by periodic droughts which limited human activities in the region after 6900
cal yr BP (6000

yr BP). Deposition of sands in the 7 - 6 millenium cal yr BP marked

a rapid change in the style of playa sedimentation; aeolian input dominated aqueous
sedimentation and the playa literally 'sanded up' rapidly. Desiccation, crystallization of
evaporite salts, and deflation prevailed during the ensuing aridity: the environment at Umm
Akhtar became windswept, parched, and inhospitable in the middle Holocene.
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CHAPTER IV

The record of Umm Akhtar in context of regional Late Quaternary Climatic Change

Introduction

This chapter correlates the paleoenvironmental record from Umm Akhtar Playa to other
documented sites in Egypt and northern Sudan. Synthesis of converging lines of evidence
reveals how the Darb el Arba'in Desert and surrounding region reflected the changing water
balance of the African Continent throughout the Late Quaternary. Correlation of wet-dry
periods to consonant global, oceanic, and atmospheric changes provides a foundation for
discriminating potential forcing mechanisms for the observed environmental conditions.

Regional Archives of Late Quaternary Paleoenvironmental Change

Among the challenges of conducting integrated paleoenvironmental research in southern
Egypt and northem Sudan are the variable quality and patchiness of continuous organicrich sedimentary records, the extensive removal of sediments by wind erosion, and the
general paucity of well-preserved dateable material (in addition to logistical problems). In
spite of formidable obstacles, however, a number of archaeological, geochemical.
palaeontological, and geomorphological investigations conducted at various locations in the
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Arba'in Desert and surrounding region are available as background material for the present
study. Paleoenvironmental reconstructions proposed for southern Egypt and northern
Sudan are based on a corpus of data which includes chronostratigraphic analyses of
sediments and their associated flora, fauna, and cultural artifacts.

Correlations based upon stratigraphic succession, archaeology, and absolute dating indicate
periods of playa, lake, and paleosol formadon during "pluvial" or wet conditions (Haynes.
1982b; Haynes and Johnson, 1984; Simmons and Mandel. 1986). Aeolian sediments are
deposited during intervening semi-arid to hyperarid intervals (Stokes et al., 1998).
"Pluvial" times are characterized by enhanced runoff rates, leading to enhanced erosion,
dissection, vegetative growth, water ponding, and water-table recharge. During times of
greater effective moisture, surface sediments were stable for varying periods of time,
subjected to weathering, bioturbation. pedogenesis, cannabalism, and partial reworking by
fluvial processes. In addition, humans occupied the region, settling at sites with sufficient
water supplies. Arid time periods are characterized by diminished runoff, limited fluvial
erosion, falling water-tables, high deflation rates, playa desiccation, evaporite formation,
aeolian deflation, and cultural abandonment of lake shore sites. Figure 40 models the
comparative interactions of the dominant landscape processes during wet conditions and
times of aridity.

The chronology of wet periods in the Arba'in Desert and surrounding region has been
largely constrained by stratigraphic relationships, archaeological correlation, and absolute
dating of the organic-rich components within playa lake sediments, paleosols, and
archaeological sites. The precise definition of arid time periods is more complicated,
however, and traditionally has been bracketed by 'windows' in the wet chronologies; these
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FIGURE 40 (next page)
Process-Response flowcharts modeling the interaction of landscape surface processes as a
function of water availability.
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lacunae are characterized by a dearth of radiocarbon dates which reflect cultural
abandonment and/or depositional hiatuses, aeolian processes, erosion, and other
geomorphic and sedimentary features. Application of developmental optical dating
techniques has recently permitted the development of absolute chronologies for quartz-rich
bedforms, providing valuable age control for previously-undateable aeolian deposits.

Radiocarbon chronologies generated for archaeological localities reflect the general human
setdement patterns in the region, and frame the temporal context of cultural activity during
wet periods when the region was habitable. Although the focus of research is biased
toward certain geographical areas and limited to specific cultural entities in the Late
Prehistoric Period, the radiocarbon chronologies constitute a valuable paleoenvironmental
database. Besides the 22 radiocarbon dates from Umm Akhtar Playa (this study), there are
355 published radiocarbon dates from cultural sites in the Gilf Kebir, Kharga Oasis,
Dakhla Oasis. Abu Ballas, Kiseiba-Nabta region, Farafra and the S. Sand Sea region,
Faiyum, the northern Oases, and Sand Sheets/Inter-Oases Passages in Egypt. In northern
Sudan, 181 radiocarbon dates are available from Selima, Merga, EI'Atrun, Laquiya
Depression, Gebel Tageru region, and wadis that were formerly tributaries of the Nile.
These localities are depicted in Figure 41. The next section describes briefly the specific
sources of the radiocarbon data by location as they are attributed in table 10.

FIGURE 41 (next page)
Index map of Egypt and northern Sudan showing the general locations of
paleoenvironmental records mentioned in the text.
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TABLE 10: Radiocarbon Database for Egypt and northern Sudan

Location

Number
of Dates
Plotted

Data Sources

Egypt
Umm Akhtar
Kiseiba-Nabta Environs

22
107

Gilf Kebir
Abu Ballas
Farafra-Sand Sea
Northern Oases

43
29
29
27

Dakhla
Kharga
Faiyum

70
15
35

this study
(6), (8), (10), (11), (16), (22).
(26), (28)
(5), (7), (8), (21), (23), (31)
(7), (8), (21), (23), (32)
(10), (11), (21), (23), (27)
(2), (3), (5). (9), (10). (21), (23).
(30)
(18), (29), (34)
(5), (7), (8), (11), (13), (24)
(1), (12), (17), (20)

66
43
54
18

(4), (11), (19), (25)
(11), (12), (15), (25)
(25)
(25), (33)

Sudan
Selima
Oyo-Laquiya-Merga-El'Atrun
Tageru-Ergs
Former Nile Tributaries

Data Source Citations
(1) Wendorf and Schild, 1976; (2) Hassan, 1976; (3) Hassan, 1978; (4) Haynes et
d., 1979; (5) Close, 1980; (6) Haynes, 1980; (7) Pachurand Braun, 1980; (8)
Wendorf and Schild, 1980; (9) Haynes, 1982a; (10) Close, 1984a; (11) Haynes,
1985; (12) Ritchie etal., 1985; (13) Gabriel, 1986; (14) Hassan, 1986b; (15)
Haynes and Mead, 1987; (16) Wendorf et al., 1987; (17) Close, 1988; (18)
Brookes, 1989; (19) Haynes et al., 1989; (20) Kozlowski and Ginter, 1989; (21)
Kuper, 1989; (22) Mc Hugh etal., 1989; (23) Neumann, 1989; (24) Holmes, 1991;
(25) Pachur and Hoelzmann, 1991; (26) Wendorf et al., 1991; (27) Alessio et al.,
1992; (28) Wendorf et al., 1992; (29) Brookes, 1993 a and b; (30) Cziesla. 1993;
(31) Hiihn, 1993; (32) Kuper, 1993; (33) Ayliffe et al., 1996; (34) McDonald,
1998.
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Kiseiba-Nabta Environs

Excavations by the Combined Prehistoric Expedition (CPE) in the general region of Gebel
Nabta and BIr Kiseiba have resulted in a significant database of radiocarbon dates; over
100 dates bracket cultural activity and consonant playa lake stands (Close, 1987).
Intensive study of Nabta Playa suggests that some sites were continually reoccupied by a
large aggregation of people during wet periods throughout the Holocene (Close, 1992). A
few dates for "herding camps" located in the adjacent sand sheet regions (Close and
Wendorf, 1990) are also available. Other data are available from playas that formed in
deflation hollows within the Nakhlai-Sheb pediplain (sensu Issawi, 1971) or along the
base of the =100 m Kiseiba scarp. Various radiocarbon dates are available from playas at
Two Hills, el Ghorab, Gebel el Feel, el Adam, and el Balaad. Dates are also available for
Bir SafSaf, Wadi Tushka, Bir Takhlis, and BIr Abu el Hussein.

Gilf Kebir - Gebel Uwein'at - Gebel Kamil

The Gilf Kebir is a long, high (elevation approximately 1(X)0 masl) sandstone massif with
steep, near-vertical cliffs rising =300 m above the surrounding plains of southwestern
Egypt. A number of dated archaeological sites are in stratigraphic context with playas that
formed behind sand dunes blocking the wadis draining the southeastern side of the massif
(Bagnold, 1939; Maxwell, 1981). The 43 dates available for the Gilf Kebir area span the
6th - 3rd millenium, and include data from Wadi Ard el Akhdar and Wadi el Bakht
(Kropelin, 1987). A few data points are available from Gebel Uwein'at and Gebel Kamil,
two prominent high points in the landscape. Gebel Uwein'at rises to =2000 masl.
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occasionally generating enough orographic rainfall to sustain a meager flora today
(Bagnold, 1941; Leonard, 1971). Several passers-through have noticed the presence of
extensive "Neolithic" scatters in the general region (e.g. Bagnold, 1939; Haynes. 1985),
but these have not been studied in detail and lack age control. Many of these undated sites
are located in playa basins that were likely active during the middle Holocene.

Abu Dallas

Investigations by the interdisciplinary Besiedlungsgeschichte der Ost-Sahara (BOS) Project
(Kuper, 1988) have generated a chronology for Neolithic settlement near Abu Ballas in
central Egypt. Near Abu Ballas, many playas formed in deflational hollows along the base
of a 50 km-long escarpment exhibiting 110 m of relief. Archaeological and
sedimentological excavation revealed at least one period of playa formation between pulses
of aeolian sedimentation. A total of 29 dates are associated with Abu Ballas. including dates
from sites where there is evidence of dwelling strucoires (Kuper, 1993), and from isolated
Steinpldtze ('stone places' sensu Gabriel, 1976), the remnant stone circles at the site of
former fire hearths (Pachur and Braun, 1980).

Farafra - Great Sand Sea Region

Roughly bounded by the 400 masl contour, the Great Sand Sea is an erg, an extensive tract
of sandy desert comprised of parallel longitudinal dunes with steep-sided ridges up to 140
m; individual dunes may extend distances over 100 km in a downwind direction. A few
radiometric dates are available from scattered sites and playas in the Great Sand Sea
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(Pachur and Roper, 1984; Haynes, 1985). but progress toward reconstructing the record of
human occupation and sedimentation is difficult in this largely impassable terrain. Around
Farafra Oasis, archaeological sites are often associated with former water ponds (Hassan,
1976); excavations at Bahr Playa have yielded some dates, though the associated
stratigraphic contexts are not well documented (Alessio et al., 1992). Only 20 dates are
available for this broad region, comprising a rather fragmentary record for such a large
geographical area.

Northern Oases

Sites near Baharia, Siwa, and Sitra are among those that have been studied in northwestern
Egypt. In the region of Siwa Oasis, playa sediments have formed along wadis emanating
off the scarp and in deflation depressions and pans (Nicoll, personal observations, 1996).
In many cases, accumulated playa sediments have eroded away, creating gaps in the
record. However, radiocarbon dates are available from Hatiet Umm el-Hiyus, el Arag,
Gara, Shyiata, and other isolated sites south of Siwa (Hassan, 1978; Wendorf and Hassan.
1980; Hassan and Gross, 1987).

Dakhla Oasis

Bounded on its north side by an escarpment that extends eastward toward Kharga Oasis,
the 70 km by 20 km basin of Dakhla lies within the 140 masl contour (Egyptian General
Desert Development Organisation Survey Department, 1965). Most of the playas in the
Dakhla Oasis region formed in deflation basins that were periodically inundated throughout
Late Prehistory. Systematic excavations by members of the Dakhleh Oasis Project (DOP)
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have yielded 70 radiocarbon dates from various sites located near playas at Sheikh Muftah,
Bashendi, and Masara. Some sites are closer to the Libyan Plateau, the 500 m high scarp
that surrounds the Kharga - Dakhia Oases (collectively known as Wadi Gedid in Arabic, or
'New Valley'). Some lakes in the Dakhia Oasis region were groundwater-supported
through the Graeco-Roman era (Brookes, 1989, 1993a), although few persist in the
present-day (Beadnell, 1909).

Kharga Oasis

The Kharga Oasis region is a basin (220 km by 80 km) bordered by a long escarpment on
the eastern and northern sides; at its lowest point, the elevation of the depression is close to
sea level. Many playa lakes are within the Kharga region (Said. 1990); in fact, eroded mud
formations (yardangs) in the Kharga Oasis Depression were first recognized as the
remnants of former lakes by Zittel in 1833. The extensive playa lakes and their associated
archaeology have been the subject of various studies (e.g. Beadnell, 1909; CatonThompson and Gardner. 1932; Gardner, 1932; Embabi, 1972). Unfortunately, few
published dates constrain the local chronology of cultural activity and sedimentation,
although the archaeology suggests persistence from the Early Neolithic through GraecoRoman times. Available radiocarbon data are from the Airport Playa (Haas and Haynes,
1980). Shurafa (Haynes, 1985), and Umm Dabadib. which is located north of Kharga
along the Libyan scarp skirting the Oasis Depression (Holmes. 1991). It is very likely that
some of the lakes in the Kharga region were fed by ground-water throughout antiquity
(Ball. 1927); in modem times, the local resident population uses anesian wells.
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Faivum

Lying 60 km west of the Nile Valley, the Faiyum depression is an oasis that was formerly
connected to the Nile River (Hassan, 1986b). Birket Qarun, now a shallow saline lake,
has persisted throughout the Late Quaternary, though it has fluctuated in size due to
changes in the local groundwater-table. Formerly known as Lake Moeris, the lake
morphometry reflected base level and flow condidons of the Nile River, which responds to
hydroclimatic conditions in its source area along the Ethiopian Plateau of the African tropics
(Said, 1981). High lake-levels in the Faiyum region were important during the later
prehistoric period of Egypt (Hassan, 1986a) when farming communities first emerged.
Available radiocarbon dates indicate some of the earliest Neolithic and Predynastic sites in
and around the Nile Valley (Hassan, 1986b).

Selima Oasis

Selima Oasis lies in a wind-excavated depression at the base of a south-facing cliff = 75 m
high; caravans make use of the potable water which is presently available at a depth of 1 m
(Haynes et al., 1979). A deep, groundwater-supponed meromictic lake formerly persisted
at Selima, the sedimentary remnants of which flank the bedrock cliff. Studies of the
laminated clays and marls and their included fossil diatoms, pollen, gastropods, vertebrate
remains, and evaporite minerals have been valuable in reconstructing the local
paleoenvironmenL Over 60 radiocarbon dates are available from laminated cores (Haynes
et al., 1987; Pachur and Hoelzmann, 1991), as well as from various archaeological sites in
the Selima-Gebel Tulia area (Haynes, 1985).
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Ovo - Laquiya - Merga - El'Atmn

The region of north-central Sudan stretching from N 20° to 18° latitude contains many
paleolakes and playas at Laquiya, Oyo, Merga, and El'Atrun. The shallow water-tables at
these sites have made them integral watering-places for caravans throughout antiquity
(Arkell, 1922: de Almasy, 1935). The Laquiya Depression extends for 140 km in a
northwesterly direction, and is bounded along its north side by a steep scarp (=100 m
relief) that was well-dissected in the early Pleistocene (Gabriel. 1986). Wadis and playas
that formed near the scarp were occupied throughout the Holocene, from the Early
Neolithic to the Dynastic times (Sandford, 1933; Lange, 1998). Radiocarbon dates are
available from many sites within the Laquiya region, including Wadi Shaw, Wadi Sahal,
Laquiya Arba'in, Laquiya Umran, and Burg el Tuyur. Fanher to the south, paleolake
deposits are also found in deflation basins at Oyo and Merga (also called Nukheila).
Today, Oyo is located at the southem edge of the hyperarid core in the eastern Sahara; the
modem rainfall gradient increases to the south, becoming =10 mm MAP south of the saline
lake at ErAtrun (Leroux, 1983). Local dated paleoenvironmental records include
calcareous lake beds, sapropels, and fossil plant materials in association with lake
sediments and playa muds as well as paleosols containing relict terrestrial gastropods
(Haynes and Mead, 1987). Other dated sites within the region include Wadi Wassa, BIT
Bidi, Wadi Hussein, Wadi Hidwa, Wadi Sahl, Naga Hamra, and Wadi Maghour (i.e.
Haynes, 1985; Haynes et al., 1987).
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Tageru region and Sudanese Ergs

Today, die north-central region of Sudan is semi-arid with a mosaic vegetation of desert
steppe-shrub and occasional ouUiers of Sahelian savanna in the refugia of Gebel Tageru
(White, 1983). Evidence of wetter climates is preserved in sediments, including dunes,
fluvial deposits, soils, lake sediments, calcsinters located in wadis and shallow detlation
hollows near Gebel Tageru (Pachuret al, 1990). Along the 120 m high escarpment at
Nagshush, runoff and groundwater-supported lakes have deposited carbonate muds, tufas,
and alluvial fans. Over 50 radiocarbon dates are available from Lake Guirenat. Lake
Sidigh, and various unnamed ponds in the surrounding ergs of Ennedi. Tageru. and
Nagashush (Pachur and Hoelzmann. 1991).

Former Nile Drainages

Eighteen radiocarbon dates are available from Wadi Howar. Wadi Mansourab. and Wadi
Melik, extinct tributaries of the Nile River which formerly drained northwestem Sudan.
Wadi Howar is a 500 km-long paleovalley that contains various fluvial sediments,
lacustrine carbonates, and rain-fed playa muds (Kropelin and Soulie-Marsche. 1991).
Thick (10 - 20 m) sand dunes along the wadi banks were formerly stabilized by vegetation,
and the area was occupied by humans and a diverse mammalian fauna. However, the
modem rainfall (<40 mm/year) is insufficient to sustain life (Pachur and Kropelin. 1987).
After rare rainfall events along Wadi Howar and Wadi Melik. growth of gizu vegetation
(Wilson, 1978) allows nomads to pasture their camels in the region (Pachur et al.. 1990).
A few radiocarbon dates are available for sedimentation in shallow depressions along Wadi
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Mansourab, a shallow ephemeral channel draining into the White Nile. Geochronological
and isotopic studies of the relict semi-aquatic to freshwater and terrestrial mollusc shells
constrain the paleoenvironmental conditions for rain-fed basins (Williams and Adamson,
1973; Ayliffe et al., 1996). Today this region of Sudan receives =150-200 mm of rainfall
during the three month monsoon season (Ayliffe et al., 1996), enough to support
vegetation of a Sahelian savanna.

Radiocarbon Databases: Patterns of Water Availability and Human Occupation

A total of 558 Late Prehistoric radiocarbon dates for Egypt and northern Sudan evince wet
conditions and consonant human activity in the region. Figure 42 is a plot of the
distribution of the 22 mean estimated radiocarbon age data from Umm Akhtar Playa. in
comparison with 110 dates available from study sites at nearby playas in the Kiseiba-Nabta
region. Three data clusters bracket episodes of human activity at Umm Akhtar Playa when
it was filled with water; 8900 - 8600 BP, 7100 - 6700 BP, and 6400 - 5900 BP. The
distribution of radiocarbon dates for Umm Akhtar indicates general contemporaneity with
nearby playas in the Kiseiba-Nabta region, and likely reflect similar environments and
cultural histories. However, the data cluster from 8200 - 7900 BP apparent in the KiseibaNabta database is absent at Umm Akhtar Playa. This may reflect site selection or
preservation issues; only a portion of the playa basin at Umm Akhtar was studied,
compared to the large corpus of data available for sites in the Kiseiba-Nabta region, which
have been intensively studied since the 1970's (for a review, see Kobusiewicz, 1987).

147

FIGURE 42 (next page)
Histograms showing the distribution of radiocarbon dates from Umm Akhtar playa, in
comparison with dates from playas in the nearby Kiseiba-Nabta region of southern Egypt.
Mean estimated ages are plotted by century. Data sources are attributed in table 10. Please
compare with figures 43 and 44.
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Figures 42, 43,44, and 45 plot the distribution of the mean estimated radiocarbon ages by
general location within Egypt and Sudan. A general comparison of data sets indicates
water availabilit>' at many locations after 8900 BP. marked by coincident human activity.
The Arba'in Desen and surrounding region was wetter than it is today, capable of
supporting the activities of gatherer-hunters and pastoralists. It should be noted, however,
that the distribution of dates depicted on the histograms does not reflect settlement density
by region, but more likely reflects study biases.

Some major trends can be discerned from the available data. Most of the dates on the
histograms fall between 8500 and 6000 BP, and fewer dates exist after 5000 BP. At some
localities influenced by groundwater discharge (e.g. Dahkla, Kharga, Faiyum), water
availability and concomitant cultural activity persisted longer. The radiocarbon
chronologies can be broadly interpreted as archives of the spatial and temporal distribution
of surface water availability, since people go where their resource needs are met (Smith,
1980). Temporal discrepancies among sites may reflect local controls (e.g. local
geomorphic thresholds, lagged response period, basin morphometry, hydrogeologic
conditions), stratigraphic discontinuities, or the Inherent biases associated with site
selection and field excavation.

The variability of records across the general region indicates that Holocene time was not
marked by uniform hydroclimatic conditions across the broad region. Lacunae, or gaps in
the record, are not consistent from place to place and complicate the definition of pervasive
arid phases. In this vein, the spatial and time-transgressive storage of water at the
landscape surface can provide important information regarding the nanare of changing
boundary conditions. A variety of controls, including geographic setting and synoptic
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nGURE43 (next page)
Histograms showing the distribution of radiocarbon dates from Gilf Kebir, Abu Ballas.
Farafra-Sand Sea, and Northern Oases. Egypt. Mean estimated ages are plotted by
century. Data sources are attributed in table 10.

Gilf Kebir
n = 43

Abu Ballas
-

n = 29

Farafra-Sand Sea
:

n = 29

number of radiocarbon dates

N. Oases
n = 27

152

FIGURE 44 (next page)
Histograms showing the distribution of radiocarbon dates from Dakhla. Kharga. and
Faiyum in Egypt. Today, these localities remain ground-water-supponed, unlike many of
the localities represented in figures 42 and 43. Mean estimated ages are plotted by century,
and data sources are attributed in table 10.
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FIGURE 45 (next page)
Histograms showing the distribution of radiocarbon dates from Seiima Oasis, the OyoLaquiya-Merga-El'Atrun region, the Tageru-Ergs region, and former tributaries (wadis) of
the Nile in northern Sudan. Mean estimated ages are ploned by century, and data sources
are attributed in table 10.
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hydroclimatic conditions, affect water storage in playa. lakes, and wadis. To evaluate these
changes and their controlling mechanisms, it is necessary to consider the cultural history in
context of the available geomorphic and sedimentary evidence (figure 46). The next section
integrates multiple lines of converging evidence for Late Quaternary hydroclimatic change
in the Arba'in Desert, and recounts the recent paleonvironmental history of the region since
the Late Pleistocene.

Synthesis: The Changing Character of the Arba'in Desert during the Late Quaternary

Late Pleistocene (18 - 10 ka BP^

During the Late Pleistocene, the northeastern Sahara was generally hyperarid (Pachur et al.,
1987; Close and Wendorf, 1990). Harsh conditions generally precluded human settlement
across southern Egypt and northern Sudan, resulting in a paucity of well-dated
archaeological sites. Geomorphic and sedimentary evidence attest to extensive deflation
and landscape lowering throughout the Late Pleistocene (Grolier et al., 1980; Haynes,
1982c; Pachur and Roper, 1984; Maxwell and Haynes, 1989; McHugh et al.. 1989).
Local outcrops of friable materials (i.e. Nubian sandstone and Dakhla shale) weakened by
salt efflourescence were actively eroded by wind and saltating sands, creating topographic
hollows of various sizes as the water-table dropped (Haynes 1977; Haynes et al.. 1979).

During the Late Pleistocene, the region was internally drained, and sands and runoff
accumulated within disjunct internal drainage divides. The flow of the Nile River was
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nGURE46 (next page)
Summary of Quatemary time, cultural chronology, and main environmental events.
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diminished (Paulissen and Vermeersch, 1987; Williams et al.. 1993), and portions of its
headwater reaches along the White Nile were blocked by dunes (Williams and Adamson,
1974). Dunes were mobilized across central and northern Sudan, resulting in an expanse
of the sand deserts southward to N 16° latitude (Grove and Warren, 1968; Samthein. 1978;
Talbot, 1984). Optical dates bracket the deposition of aeolian sands within the Selima Sand
Sheet from 21,000 - 16,000 yr BP (Stokes et al., 1998), and in Umm Akhtar Playa basin
around 15,000 yr BP (this study: Nicoll, 1998). Around 12,000 BP, dune activity
occurred at Nabta Playa (Wendorf and Schild, 1980), the Great Sand Sea, and Wadi Bakht
in the Gilf Kebir (Pachur and Roper, 1984).

A variety of floral, faunal, archeological. and sedimentological evidence suggests that
conditions of aridity were suspended during the early to middle Holocene. Unfortunately,
the timing of the transition from Late Pleistocene aridity to ameliorated conditions during
the Holocene is not well constrained across the broad region. Along the Nile, a major
downcutting episode =12,400 BP known as the Birbet recession (Paulissen and
Vermeersch, 1987) is associated with the "wild Nile" floods (Wendt, 1966). High river
strand lines along the White Nile indicate enhanced discharge during wet times around
11,500 - 11,000 BP, after which the Nile transported a suspended load (Williams and
Adamson, 1980). According to Close (1992). the onset of wet conditions in the Arba'in
Desert dates to =12,000 BP at Bir Kiseiba. However, the commencement of wet
conditions dates to the 10 - 9th millenium BP at many localities, including el Adam playa in
the Kiseiba region (Close, 1987) and Abu Ballas in south-central Egypt (Pachur et al.,
1987).

160

Early Holocene (10 - 7 ka BP)

The early Holocene was characterized by the advent of wetter conditions across much of
Egypt and northern Sudan. By 9800 BP, groups using pottery congregated at Adam Playa
and Beid Playa in the Kiseiba-Nabta region (Close, 1987). Around 9700 BP. a carbonatedepositing lake formed at El 'Atrun (Pachur et al., 1990), and a deep (= 14 m), stratified
lake formed at Selima in northem Sudan (Haynes et al., 1989).

Rising water-tables were sufficient to support lakes at many localities in Sudan around
9500 BP. The sedimentary records of these lakes includes sands, muds, freshwater
carbonates, diatomaceous units, sulfate layers, and salts in addition to plant fossils valuable
for reconstructing changes in the local vegetation. Pollen spectra suggest that the Selima
Oasis area was colonized by a sparsely wooded steppe desert during the early to middle
Holocene. Local vegetation was dominated by Acacia, Commiphora, and Maenia with
fluctuating components of perennials such as Tribulus, Blepharis, and ChenopodiaceaeAmaranthaceae (Haynes et al., 1989). Modem analogues for this floral assembly are found
at Ennedi, Darfur, and other places within the modem Sahelo-Sudanian vegetation zone
(Ritchie and Haynes, 1987).

Birket Qarun, the Nile-controlled lake in Faiyum, rose around 9500 BP (Wendorf and
Schild, 1976). Enhanced discharge of the Nile is contemporaneously recorded in the
sediments of the Arkin Aggradation along the Nile Valley (Said, 1981; 1983). Meanwhile,
in the more southerly reaches of Egypt, rain-fed playas filled in southem Egypt toward the
middle of the 9th millenium BP. Phytogenic dunes were stabilized within several deflation
basins (Wendorf et al., 1976) such as Nabta, which filled with surface washes, dune
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sands, and thin pond deposits made up of silts and clays (Wendorf and Schiid, 1980).
Lakes, swamps, and playas existed at N 17° latitude around 9400 BP (Pachur el al., 1990).

Playas in the Gilf Kebir region formed prior to 9400 BP (Kuper. 1989); within the playa
deposits at Wadi El Akhdar are root structures, bioturbation features, measurable organic
carbon, oxidized lenses, and red-bed stringers, and high percentages of clay and gleys
which resulted from water-table fluctuations (Kropelin, 1986). Widespread charcoal flecks
found in sediments lacking hearth contexts suggest a steppe vegetation during the early to
middle Holocene (Kropelin, 1986); identified species include flora from families
Mimoaceae, Rhamnaceae, Capparidaceae, Tamaricaceae, and Balanitaceae (Neumann,
1986). Dates on identified charcoal samples suggest increased humidities and depressed
temperamres by 9 ka BP (Neumann, 1993).

Although limited, faunal evidence from sites within the Gilf Kebir region reflect a semi-arid
to arid environment during the early Holocene (Van Neer and Uerpmann, 1989). Identified
fauna from Siwa, Abu Ballas, the Sand Sea, and the Nabta-Kiseiba area are dominantly
hare (Lepus sp.) and gazelle {Gazella sp.), with some rodents and small carnivores
(Hassan and Gross, 1987; Van Neer and Uerpmann. 1989). Other notable finds in
contemporary deposits include rhino at Merga, as well as elephant, oryx, caracal, and
giraffe bones at Abu Ballas (Pachur and Roper. 1984; Van Neer and Uerpmann, 1989).
The distribution of giraffe bones in context with undated Early Neolithic sites along the
Egypt-Sudan border implies that sufficient tree vegetation was extant across the general
region, since giraffes subsist by browsing, eating the leaves, buds, and twigs of Acacia
and other plant species (Pachur and Roper, 1986). Corresponding early Holocene faunal
remains at Dakhla include hartebeest, gazelle, equuid. hippo, bovid. elephant, and fish
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(Churcher, 1983; personal communication. C.S. Churcher, 1996). Van Neer and
Uerpmann (1989) broadly categorized the early Holocene fauna of the region as savanna to
semi-desert dwellers.

Cliffs along the Gilf Kebir, Gebel Uwein'at, Wadi Hussein, and Libyan Plateau near
Dakhla occasionally have undated rock an depicting animals (Bagnold, 1933; de Almasy,
1936; Shaw, 1936; Winkler, 1938-1939; Rhotert, 1952). A wide diversity of animal
forms are represented, including giraffes, lions, rhinos, crocodiles, hippos, elephants,
homed oryx, sheep, ibex, antelope. Though the rock art has not been dated
radiometrically, the art may be older than the Early Neolithic-Neolithic, since regional
records suggest that the depicted animals were not widely extant during the Holocene,
largely existing in refugia (Churcher, 1983; personal communication, R.S. Churcher,
1996). However, the pictures may have depicted local animal populations within specific
refugia. It is also possible that the pictures were merely fetishes drawn from memory by
people who had travelled through areas where these animals were common.

Besides illustrations of animals, the local rock art scenes also depict humans as pastoralists
with herds of cattle. Considering the ecological requirements of the animals depicted in the
rock art and the needs of modem African pastoralist tribes living in arid environments,
McHugh (1974 a and b, 1981) suggested that the region must have received 200-800 mm
MAP when these animals occupied the region. The fact that the temporal context of the
faunal remains has not been established complicates estimations of former rainfall amounts.
Other workers have offered more conservative estimates between 50 and 200 mm MAP
(Pachur and Braun, 1980; Banks, 1984; Kropelin and Pachur, 1991). A minimum annual
rainfall of at least 100 mm is required for human habitation in areas between oases and
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rivers (Jackson, 1957), and an annual rainfall of at least 24 mm is necessary to suppon a
nomadic existence (Bagnold. 1954).

Possible evidence for local pastoralism lies within the southem part of the Great Sand Sea.
which may have supponed a grass cover during moist conditions of the early-middle
Holocene. Within the gassi (Arabic for 'dune corridors'), Pachur and Roper (1984)
discovered numerous clusters of large stones 50 cm long and 20 cm in diameter, with a
notched portion or groove around the middle of each stone. They interpreted these as
anchorstones that were designed to have ropes fastened to them, allowing prehistoric
pastoralists to hobble their catde, thereby controlling their animals during dmes of good
grazing. The exact timing of these activities, however, remains indeterminate. The
widespread distribution of these Fesselsteina ('tethering stones') across southem Egypt
may suggest that catde-rearing was an important activity, and that forage conditions were
suitable on at least an occasional basis during antiquity (Pachur, 1991). Isolated
radiocarbon evidence suggests that environmental conditions were apparenUy sufficient to
support a population of antelope through the middle Holocene (Pachur and Roper. 1984).

By 9300 BP. Wadi Howar was active and flowed into the Nile River in northern Sudan
(Pachur and Roper, 1984; Pachur et al., 1990); conditions were sufficient near Gebel
Rahib to sustain a long-lived, cool oligotrophic freshwater lake with deptiis of 4 to 11 m
(Kropelin and Soulie-Marsche, 1991). Conditions were also wet at Nabta Playa before
9400 BP (Haynes, 1980), and playa muds accumulated along Wadi Tushka (Haynes,
1985), and at various locations in the Great Sand Sea south of Siwa (Haynes, 1982a). By
9100 BP, springs and anesian-fed lakes existed in the Kharga depression (Wendorf and
Hassan, 1980) and at sites in Dakhla (Brookes, 1989, 1993b). Other playas active during
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the early Holocene are those observed at Umm Dabadib along the Libyan Plateau north of
Kharga Oasis (Haynes, 1985), and near Bir Tarfawi, =100 km west of Kiseiba (Haynes
1982a). In addition, Umm Akhtar Playa was wet after 8900 BP, and persisted through
8500 BP (this study). By 8500 BP, pottery users had settled along playas at Wadi Akhdar
in the Gilf Kebir (Kropelin, 1987). Early Neolithic artifacts are associated with most of the
sites that were wet before 8500 BP.

During wet periods of the early Holocene. grassy vegetative cover stabilized aeolian sands
at many localities, including the Selima Sand Sheet (Banks, 1984; Stokes et al., 1998). In
Kharga Oasis, accumulated sands in the swales between the sandstone bedrock ridges were
stabilized. Sands also accumulated locally in the throats of once-active spring mounds, and
where the vegetation surrounding the vents stabilized the sediments. Locally the sands
contain fresh Early Neolithic artifacts (Wendorf et al., 1976). In some portions of the
basin, aeolian sands cover playa sediments with a thick basal clay and finely laminated beds
of alternating sand and silt deposits. The change in the sedimentation regime from
lacustrine clays in the base of the section to sand and silts toward the top of the section may
reflect cycles of diminished spring discharge and increased aeolian transport (Wendorf et
al., 1977). The top of playa deposit was eventually truncated and subsequently covered by
more recent sands, though the exact timing remains indeterminate.

Commensurate early - middle Holocene playa formation at Nabta and Kiseiba was also
episodic, punctuated by intervening arid phases (Haynes, 1980; 1982b; Haynes et al..
1979; Schild and Wendorf, 1984). Early Holocene sedimentation of lacustrine silts and
clays resulted from scattered heavy rainfalls and consequent flashfloods (Wendorf and
Schild, 1980). Early Neolithic artifacts are associated with the playa deposits of the Playa
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I episode (sensu Wendorf and Schild, 1980). Three distinctive cultural entities recognized
within the 9th millenium record at Nabta Playa suggest episodic reoccupation and playa
sedimentation (Close, 1992). Distinctive associated faunal remains include large bovids
(perhaps domesticated cow), suggesting that pastoralism was practiced locally (Gauthier,
1980).

Paralleling the record of Nabta Playa, other playas located near the oasis at Bir Kiseiba
were occupied from 10,000 - 8200 BP. Playa muds accumulated in topographically-low
areas along the plateau escarpment trending NE-SW from = N 22° 60', and are
stratigraphically above aeolian sands. Adjacent to the playas, paleosols developed in
successively-stacked sand sheet materials (Haynes and Johnson, 1984).

A paucity of radiocarbon dates in the Kiseiba region indicates an arid period from 8200 8100 BP (passim Close, 1984 a and b), while a hj^erarid interval in the Nabta region
extended from 8500 - 8200 BP. The arid interval in the Nabta region is documented by an
extensive Early Neolithic settlement preserved in sediments of the El Kortein Playa.
Instead of being covered by aggrading lacustrine sediments, the artifacts were churned up
by contracting expandable clays within the playa sediments (Wendorf and Schild, 1980).
A dearth of radiocarbon dates between 8500 - 7100 BP suggests that the nearby Umm
Akhtar playa may also have endured similar arid conditions.

Nabta Playa was wet again after 8100 BP (Playa II phase), as evinced by playa clays which
covered up Neolithic storage pits (Wendorf and Schild, 1980). TTie highstand of the Playa
II period at Nabta was characterized by Neolithic occupation of the area around 8300 7900 BP, as evidenced by the presence of pottery in the early Khartoum style immediately

166

above the latest Paleolithic artifacts (Gauthier. 1981). During this time, encampments at
Nabta seem to have been continuously occupied, and became more sophisticated, with
'stone houses' arranged in rows (Close. 1984). Two Hills Playa in the Kiseiba region was
correspondingly wet from 8100 - 7900 BP. In the nearby playa at El Ghorab.
contemporary 'house' structures have extensive underground storage areas (Close. 1984).
Many of the settlements in the general Kiseiba-Nabta region have wells, some of which
have sunken access ramps (Wendorf et al.. 1985).

The Playa II phase at Nabta closed with a period of aridity characterized by deflation and
dune migration, causing erosion of playa sediments and deposition of aeolian sand over top
of the lacustrine deposits (Haynes, 1980). At Kiseiba. sands enchroached the playa
sediments at Two Hills. Both at Nabta and Kiseiba, a period of aridity lasted from 79007700 BP before the Playa III wet period commenced, persisting through the end of the
early Holocene.

Early Holocene fauna preserved at Kiseiba and Nabta comprise a relatively impoverished
assemblage dominated by gazelles (Gazella dorcas and G. nrflfrons ) and hare {Lepus
capensis ), with ostrich and bovids. including Bos (Gauthier, 1980). The dominance of
small ruminants has been interpreted by Wendorf and Schild (1980) as indicative of a
semiarid grassland with a relatively low biomass. The absence of larger ungulates suggests
less favorable forage conditions during the Early Neolithic-Neolithic than during the Middle
and Early Paleolithic (i.e. before = 20,000 BP) (Kowalski et al.. 1989).

Excavation of cultural sites at Nabta and Kiseiba has yielded an assemblage of edible plants
with associated radiocarbon dates falling between 8600 - 7400 BP (Wendorf et al.. 1990).

167

Excavations at Nabta revealed evidence of domestic barley by 8100 BP, and domestic
emmer wheat by 7000 BP (EI Hadidi, 1980). Edible plant remains are associated with
storage pits in stone-built 'house' structures, granaries and surrounding cooking holes at
many sites across the Sahara (e.g. El Kortein, El Ghorab, to name two). Local food
cereals were intensively exploited by Saharan people during the 8th millenium (Wendorf et
al., 1992).

Beyond the Nabta and Kiseiba region, contemporary wet conditions persisted at many
localities in southern Egypt: sand sheet sediments near Black Hill and Bir Tirfawi were
pedogenized during the early Holocene (Haynes, 1982a: Haynes, 1985: Stokes et al.,
1998). At 8700 BP, playa lakes were accumulating in the Dakhla Oasis, and the region
was culturally occupied (Brookes, 1989). The playa at Hatiet Um el-Hiyus in Siwa Oasis
filled around 8500 BP. and was a locus of cultural activity during the Early Neolithic
(Wendorf and Hassan, 1980). Similar early Holocene playas were active in Kharga basin
(Wendorf and Schild, 1980: Haynes, 1985), Abu Ballas (Kuper, 1989), and along the
Libyan Plateau (Simmons and Mandel, 1986). Fluvial and Stillwater sediments
accumulated at Wadi Bakht in the Gilf Kebir, and the active river incised its previous
course during a wet phase sometime in the 8th millenium (Pachur and Roper, 1984).
During this time, shallow rain-fed lakes accumulated in central Sudan (Williams and Clark,
1976). A vegetative cover may have stabilized much of the Great Sand Sea, and the sand
sheets extending south of the Gilf Kebir toward northern Sudan; sediments at Burg EI
Tuyur yield evidence for pedogenesis (Pachur and Hoelzmann, 1991),

Farther south in Sudan, swampy-to-lacustrine conditions existed across the N 17° latitude
(Pachur et al., 1990). From 8400 - 7000 BP, shallow lakes were scattered among the
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dunes west of the Nile Valley in Sudan (Williams and Adamson, 1980). After 8300 BP.
waterways near Naga Hamra, Gebel Nageru and Wadi Howar supported a diverse fauna,
including crocodile (Crocodylus niloticus ), hippopotamus (Hippopotamus amphibus ),
land tortoise {Testudo sulcata ), domesticated cattle {Bos taurus). and several varieties of
fish (Haynes, 1985; Pachur et al., 1990) in addition to land mammals such as rhino,
warthog, and giraffe {Ceratotherium simum. Phacoerus sp.. and Girajfa camelopardalis).
The presence of fossil aquatic fauna (especially crocodile and species of fish) in this part of
Sudan indicates that the local waterways were persistently active, and that some were
connected to the Nile (Beadle. 1981). Lakes on the western side of Gebel Nageru
deposited 9 m of sediments throughout the Holocene (Pachur and Hoelzmann, 1991).

Lake sediments in the northern Sudan have permitted detailed paleoenvironmental
reconstruction for the early - middle Holocene. Superb pollen records in laminated cores
from Selima Oasis and Oyo depression, in tandem with the pollen record from El'Atrun
demonstrate a steep vegetational gradient within the eastern Sahara during the early to
middle Holocene (Haynes et al., 1989). Pollen spectra published by Ritchie and Haynes
(1987) suggest a zonation of vegetadon across a 500 km wide belt in the northwest Sudan,
from wooded savannas at the latitude of El 'Atrun (N 18°) to sparsely vegetated steppes at
the latitude of Selima (N 21°). Fanher south (N 16°), pollen preserved in shallow rain-fed
lakes west of Khanoum indicate an "acacia-tall grass" commmunity which required 400
-500 mm rainfall/year, twice the amount of present-day rainfall, during the period 8500 7000 BP (Williams and Clark, 1976; Williams and Adamson, 1980).

Pollen-bearing sediments from El 'Atrun indicate a dominance of local taxa (Graminae,
Chenopodiaceae-Amaranthaceae, Cyperaceae, Typha) and some tropical flora of mixed
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Sahelian and Sudanian affinities during the early-middle Holocene. An abundance of wellpreserved pollen suggests limited transport from its local source in the surrounding wooded
savanna and scrubland during the Holocene (Ritchie, 1987). Partial replacement of
savannas by semi-desert scrub may have occurred between roughly 8500 and 6500 BP at
El'Atrun (Ritchie, 1987); however, erratic pollen frequencies preclude secure
reconstructions of the source vegetation (Ritchie, 1994).

A consistent floral reconstruction is corroborated by the pollen stratigraphy in laminated
cores from the Oyo depression. Between 8500 - 7000 BP, the Oyo depression supported a
relatively deep stratified lake with stagnant deep water and annual inputs of freshwater,
resulting in the deposition of laminated carbonate muds containing fossil diatoms,
gastropods, and pollen (Haynes, 1989a). During this time, the lake was surrounded by a
mosaic savanna vegetation which is no longer extant. A comparable modem assemblage
can be found =500 km to the south or =350 km to the west in the Ennedi Massif in Chad
(Ritchie, 1994). The lower portion of the core from Oyo preserves a predominance of
Sudano-Sahelian elements (namely Grewia tenax and Pilostigma ), both of which are tree
taxa characteristic of the modem deciduous savanna zone. Higher in the sediment column,
an increase in Sahelian and Saharan elements typical of modem Sahelian thom scrub
reflects an increase in desertic flora (Ritchie, 1994).

High strand lines along the White Nile indicate flood flow about 3 m above the modem
maximum flood stage around 8500 - 8000 BP (Williams and Adamson, 1980). Wadi
Howar continued to flow into the Nile throughout the early Holocene (Kropelin, 1987),
crossing north-central Sudan, and draining into the Nile. Wadi Melik, another tributary of
the Nile, sustained flow from >7700 - 6000 BP (Pachur et al., 1990). Humid conditions
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along the Nile Valley resulted in the deposition of silts, muds, and gravels before 5000 BP
(Paulissen and Vermeersch. 1987). Around 8400 BP the Nile flow was low. and the lakelevels of Birket Qarun in the Faiyum were low before = 8200 BP (Wendorf and Schild.
1976; Said. 1983). Subsequent flooding of the Nile River throughout the time spanning =
8200 to 6600 BP (Stanley and Maldonado, 1977; Adamson et al., 1980) created high lakelevels in the Faiyum (Mehringer et al., 1979) and discharged a significant amount of
freshwater into the eastern Mediteranean Sea. The enhanced freshwater input along the
Nile cone resulted in the deposition of turbidites interbedded with hemipelagic sediments,
and organic-rich sapropel layers collectively called SI (Adamson et al.. 1980; VergnaudGrazzini, 1985; Sancetta, 1994).

Playas in the northern oases of Egypt region dried up by 7000 BP. Deflation basins such
as Umm el Hatiet filled with dune sands (Hassan. 1976) as the water-table dropped
(Wendorf and Hassan. 1980). The playa at Hatiet Um el-Hiyus in Siwa Oasis was active
through 7900 BP. after which time it began to dry out from its highstand in the mid 8th
millenium (Wendorf and Hassan, 1980).

Middle - Late Holocene (7000 BP - present)

As the middle Holocene commenced, the general environment was semi-arid across the
wide region of southern Egypt and northern Sudan. Moist conditions of the early
Holocene had established a disjunct ground cover with seasonal grassy plains, shrubs and
trees which were especially concentrated in favourable places such as wadis, lakes and
springs. Surface waters ponded in wadis, playas, and lakes, attracting animals and people.
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Within the region, the pattern of surface water storage, vegetation, and fauna indicates a
definate gradient of decreasing moisture from south to north. Pollen studies suggest that
rainfall isohyets shifted northward up to 5° from their present location (Ritchie et al., 1985:
Ritchie and Haynes. 1987). Between N 20° and 16° latitude, widespread lake and swamp
environments supported freshwater molluscs, ostracods. diatoms, and a rich mammal
fauna (Pachur and Hoelzmann. 1991). From N 20° - 22° latitude, a wooded savanna was
extant over much of the region and groundwater-supported lakes comprised significant
draws (Ritchie et al. 1985). North of N 22° latitude, the local vegetation had more Saharan
floral components, and rainfall sustained patches of grasses (Banks, 1984) and playas at
the landscape surface.

During the middle Holocene. conditions of effective moisture in northern Sudan and
southern Egypt generally waned. The continuance of wet conditions varied by location,
with some places drying up more rapidly than others; groundwater-supported lakes
persisted longer than the rain-fed playas. which responded more sensitively to conditions
of drought. As aridity set in. vegetation diminished, and sands were mobilized, resulting
in the deposition of aeolian sediments. Pollen studies suggest that aridification progressed
rapidly after the middle Holocene; the 100 mm-isohyet migrated = 250 km southward
(Wickens, 1982) at an average estimated rate =36 km/100 years, which is roughly
equivalent to 1° latitude/300 years (Haynes, 1987). Over much of the region, flora and
fauna were eventually extirpated or confined to refugia in areas of higher relief (e.g. the
Gilf Kebir and Gebel Uwein'at; Osbom and Krombein, 1969) and/or sustained
groundwater discharge (e.g. Kharga-Dakhla Oases).
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From the early Holocene through =6600 BP, the Nile flowed at high stage. From 6600 2700 BP, flow of the Nile River was flashy. Alternate intermittent flood events and low
flow stages resulted in the deposition of turbidites interbedded with hemipelagic sediments,
oxidized layers, and calcareous oozes along the Nile cone (Paulissen and Vermeersch
1987). After 6500 BP. lake-levels in the Faiyum dropped 15 m, resurging to a high level
around 5800-5700 BP. and subsequendy waning from 5700-3700 (Wendorf and Schild.
1976). Along the higher reaches of the river, tributaries of the Nile stopped flowing during
the middle Holocene; around 6000 BP, Wadi Melik ran dry (Pachur et al., 1990) and input
from Wadi Howar diminished significantly (Kropelin, 1987). The period of time from
5000 - 4500 BP is generally recognized as arid in areas west of Nile valley and the Faiyum
(Bell, 1970: Wendorf and Schild, 1976; Mehringer et al., 1979).

Review of botanical evidence from southern Egypt suggests that grasslands established in
the early Holocene were diminishing around 7000 BP. Between 7000 and 6500 BP. a
desertic flora with components similar to the modem was in place, with some tropical
savanna species present in isolated outposts at their northernmost range (Neumann. 1989).
After 6500 BP, the savanna floral elements diminished and Saharan elements dominated.
A full desert flora was in place by 6000 BP in most areas of southern Egypt except some
oases and wadis (Ritchie et al., 1985) and the Gilf Kebir region (Neumann, 1993).

Charred wood and charcoal identified from prehistoric sites in the Gilf Kebir region
suggest that the middle Holocene environment continued to offer pastoralists a hospitable
environment. Through 5000 BP, water was seasonally available, and the rich vegetation
was comparable to the modem gallery forests of Tibesti and Hoggar (Neumann, 1986).
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Some identified species no longer occur throughout the desert {Acacia albiclia and Ziziphus
lotus ), but are limited in their present geographical distribution, occurring exclusively in
the mountains of the central Sahara (Hamilton, 1982). The fossil floral assemblages from
the Gilf Kebir region suggest a relatively arid climate with an estimated mean annual
precipitation (MAP) <100 mm through 4000 BP (Neumann. 1986). Aridity may have
slightly abated during the 6th millenium BP. with a MAP <150 mm (Peters. 1988). A
woody taxa with Sahelian elements was present in the Gilf Kebir during its wettest period
from 6000 - 5000 BP (Neumann. 1986; Kropelin. 1987).

While humans seem to have abandoned many locations in southern Egypt around 6000 BP.
the main phase of settlement in the Gilf Kebir region lasted from 6000 - 5000 BP (Kuper.
1989). Playas at Wadi Bakht and Wadi Ard el Akhdar persisted through 5000 BP
(Kropelin. 1987). After 5000 BP, playa sedimentation abruptiy stopped; the dunes
damming up the playas may have been breached. Kropelin (1987) suggested that
unprecedented high water discharge from an exceptional rare rainfall event (perhaps a 100year storm or higher) may have displaced the dune, causing the water to spill downstream,
where it evaporated.

Records in northern Sudan suggest similar patterns of aridifcation and environmental
degradation, though conditions were generally wetter than in southern Egypt. Some lakes
and playas in northern Sudan dried up by 7000 BP, including those along Wadi Hussein
(Haynes, 1985). A coincident interruption in lake sedimentation occurred in the Laquiya
and Tageru areas, with many lakes drying up around 6500 BP (Gabriel and Kropelin,
1983; Pachur et al., 1990). Some middle Holocene lakes in the general region of Merga
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remained active at 6900 BP: these include Wadi Hidwa, Naga Hamra, and Wadi Maghour
(Haynes, 1985). Playas at Laquiya Umran were still active around 5100 BP (Haynes.
1985). and some hearths in Wadi Sahl near Laquiya Arba'in date to 4700 BP (Haynes,
1983). Playas and slackwater environments along Wadi Howar and Wadi Mansourab
waned after 7000 BP, and ended sometime before 4800 BP (Pachur et al.. 1990; Ayliffe et
al., 1996).

After 7900 BP, Selima Lake-levels fluctuated, responding to changes in the height of the
water-table. The stratigraphic record at Selima suggests that the lake endured profound
evaporation from 7000 - 6000 BP, resulting in the formation of a saline lake around 6400.
Pollen records indicate that the Sahelo-Sudanian vegetation established in the Selima region
persisted until = 6000 BP (Ritchie and Haynes, 1987). Afterwards, the lake at Selima
diminished in size, and desiccated around 4 ka BP.

Similar changes were simultaneously occurring at Oyo, 400 km south of Selima, where a
deep lake persisted until 7000 BP. Afterwards, the lake diminished in size and became
saline. By 6600 BP, the established mosaic flora of deciduous savanna-woodlands began
to degrade. Between 6000 and 4500 BP, extant subtropical Sudano-Sahelian savannas
were replaced by the Acacia -thorn savanna and scrub-grasslands (Ritchie et al., 1985).
Sediments record a change in the proportions of Graminaceae and Cyperaceae; the increase
in Cyperaceae may have reflected a drop in lake-level which produced a larger marginalmarshy area, or may be related to the expansion of a dune-colonizing taxa such as Cyperus
conglomeratus (Ritchie et al., 1985). As the lake-level dropped, the water salinity
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increased and evaporite minerals such as trona crystallized. After 4900 BP. aeolian sands
covered the lacustrine sediments at Oyo (Ritchie et al., 1985).

Data from a site in the Great Sand Sea south of Siwa suggest a similar trend toward
eventual desiccation. The stratigraphic relationships of playa sediments alternately
interfingering with longimdinal dunes and archaeological sites suggests that arid periods
interrupted wet conditions through the 7th millenium. Radiocarbon dates on individual lag
concentradons of ostrich shell indicate at least two seperate cultural occupations, one at
6660 BP, and another at 4780 BP. The Neolithic occupation site dating to 6660 BP is
located at the top of wened dune sand interbedded with playa facies, reflecting a rise in the
water-table. Further deposition of aeolian sands reflects a minor arid event around 6300
BP before the dune sands were again partially inundated with water and stabilized by
vegetation around 4780 BP. After 4700 BP, the area remained hyperarid (Haynes. 1982a).
Evidence of hand-dug wells at playa sites near Siwa suggest that similar dry conditions had
set in around the same time (Haynes, 1982a).

Many rainwater-fed playas established in Egypt began to wane after 7000 BP, and most
had desiccated before 5500 BP. The more northerly playas in southern Egypt recorded
significant environmental degradation or desiccation as early as 7600 BP. Increasing
amounts of wind-blown sand were brought into Umm Akhtar playa basin after 7500 BP,
reflecting enhanced aeolian mobilization attibuteable to conditions of drought and local
devegetation. As the playa diminshed and the water-table dropped, the area remained
occupied by humans until = 6000 BP; lithics, numerous grinding stones, and beads are
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among the cultural anifacts left behind by the Neolithic pastoralists. After 5900 BP. the
playa basin was literally 'sanded in,' and the area was inhospitable.

Alternating foreset layers of aeolian sands interbedded with muds at Nabta Playa suggest
that arid intervals interrupted the wet conditions of Playa III phase (7700 BP - 5800 BP)
(Haynes, 1982b). Associated faunal assemblages included hare, gazelle, mongoose
(Hei'peres ichneumon ), wild cat (Fe//5 libyca ), hedgehog (Erinaceus sp.), domesticated
cattle (Bos ) and caprovids (Wendorf and Hassan, 1980; Wendorf et al., 1991). The most
recent cultural occupation at Nabta Playa dates to 4780 BP, occurring toward the end of the
most recent playa phase (Playa III), or possibly later. Hand-dug wells in stratigraphic
association with the = 4700 BP site suggest that water supplies at Nabta had significantly
diminished since the early Holocene. The modem hyperarid climate at Nabta Playa was
probably established shortly after 4700 BP.

Wet conditions in the Kiseiba region lasted a bit longer (Close, 1984). The playas near BIr
Kiseiba persisted through = 5400 BP, perhaps due to the presence of perched groundwater
within buried layers of dune sands. As deflation lowered the playa floor, water may have
wicked up to the surface where it ponded (Haynes, 1993, personal communication).
Alternate local geomorphic or sedimentological conditions may have served to maximize
the ponding of rainwater at specific places in the landscape. Isotopic investigations of
shallow groundwater within the region demonstrate that some local recharge occurred
during late Holocene time (Haynes and Haas, 1980).
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Playa water supplies were also dwindling at Abu Ballas through 6300 BP (Kuper, 1989)
after which aeolian sands buried the playa muds. Ayed playa along the Kiseiba scarp was
active through 6900 BP (Haynes, 1985). Dated charcoal hearths constrain playa
sedimentation and human activities at Bir Takhlis around 5900 BP (Haynes. 1985). Some
evidence suggests coincident human activities away from the playa sites. Various "herding
camps" located in the sand sheets near the environs of Nabta and Kiseiba were likely
utilized after 6000 BP, though they lack age control (Close, 1990). A = 6000 BP date on
charcoal hearth adjacent to a snare trap attests to human hunting activities along Ammonite
Ridge in the Great Sand Sea northwest of Dakhla Oasis (Haynes, 1985).

In the Kharga region, artesian springs discharged and large silty playas continued to form
in the basinal areas during middle - late Holocene lime (Gardner, 1932; Caton-Thompson,
1952; Embabi, 1972). Playa mud pans are associated with Neolithic cultural materials,
including early Khanoum pottery and lithics, as well as storage pits, and walk-in wells
(Wendorf and Schild, 1980). Sites in Kharga pre.serve a few animal remains, most of
which are desert-adapted animals; Gardner (1935) doumented gazelle (G. dorcas ), hyaena
{hyaena cf. striata ), bovids {Bos sp.), and caprovids {Capra sp.), and Wendorf et al.
(1977) reported domesticated cattle.

In the southern end of Kharga basin at Shurafa Hill, Haynes (1985) has qualitatively
interpreted two phases of playa lake deposition during the middle - late Holocene. Between
6000 - 5000 BP. intensive deflation-excavation occurred in the southern end of Kharga
basin, removing significant amounts of surficial sediment (Haynes, 1985). The depth of
the deflation may have kept pace with the drop of the local water-table in the near-surface,
but it is likely that other controls were involved. After = 5000 BP, extensive barchan
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dunes and sand sheets began to cover many of the occupation sites in the Kharga Basin
(Embabi, 1985).

Around 4500 BP, the once-extant flora of desert scrub-grasslands disappeared from most
habitats in southern Egypt and northern Sudan, except at some oases and wadis (Ibrahim.
1980; Ritchie et al., 1985). The lack of vegetative cover allowed sands to be mobilized
across much of the region (Wickens. 1975, 1976; Pachurand Roper, 1984). Aeolian
dynamism during the Late Holocene affected the Selima Sand Sheet (Haynes, 1989b;
Stokes et al., 1998), the Erg of Ennedi, and the Nagashush Erg (Pachur et ai., 1990).

The diminishing baseflow of Wadi Howar around 4800 BP (Kropelin, 1987) and
subsequent desiccation of the lakes in northern Sudan marked the final denouement of the
'general wet period in NW Nubia' (sensu Pachur etal., 1990). Selima dried up <4000
BP (Ritchie and Haynes, 1987). and lakes at El 'Atrun and the region of Gebel Tageru
dried = 3600 BP (Pachur et al.. 1990). The general consensus among workers is that aridto-hyperarid conditions were established across the region by = 4500 BP (Ritchie et al..
1985; Haynes, 1987; Kropelin. 1987). The record of cultural and faunal activity in the
desert regions after this time is sparse (LeHouerou, 1992); the dearth of dates suggests
abandonment of the desert regions. Hand-dug wells at many of the playa sites after 6000
BP suggest that the onset of arid conditions and comensurate falling water-tables influenced
human activities.

As aridification progressed and water sources diminished, people likely migrated toward
sites with reliable resources. Dependable water sources in Dakhla Oasis may have attracted
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settlers "dusted out" of their normal rounds in the desert: a flourishing population was
sustained throughout the close of the Neolidiic into historic times (McDonald, 1998).
Playa sediments in association with Graeco-Roman. Islamic, and modem artifacts in the
Dakhla region attest to the continuity of water and human activities despite the onset of
modem hyperarid conditions (personal observations, 1996).

Similar persistence of playas within Kharga can be attributed to sustained discharge of
groundwater reserves through the present time (Haynes, 1982c). At playas sites in
Kharga, aeolian sands interfinger with playa deposits which encase historical anifacts
(Caton-Thompson 1952; Embabi. 1972; Wendorf and Schild, 1980; Haynes, 1985) and
mollusc shells {Melanoides tuberculata and Bulinus tnmcatus , Wendorf et al., 1977).

Historical accounts Indicate that the playas in Kharga-Dakhla area may have been active
during the Pharaonic period = 4000 BP (Giddy. 1987; Clayton, 1994). Historical records
from Dakhla indicate that the region of Sheikh Muftah (then known as Kellis) was the
focus of intensive agrarian efforts throughout the Graeco-Roman period in Egypt (A.J.
Mills, personal communication, 1996). Extensive irrigation networks called kanats
(Persian for 'canal') suggest that local residents directed the flow from natural anesian
wells, and may have depleted the water resources significantly. The timing and magnitude
of recent water-table fluctuations have not been well constrained, however. One estimate
suggests that groundwater levels in Kharga have dropped over 10 m between GraecoRoman times (= 2350 BP) and the middle of this century (Murray, 1952). Haynes (1980)
noted that the rate of deflation in prehistoric to early historic times paralleled the rate of
water-table fall, resulting in tremendous rates of deflation-excavation in the Kharga
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region. Measurements suggest that approximately 30 m of sediment were removed since
the playas in Kharga were active during the Graeco-Roman period (Haynes, 1985).
Remnants of playa sediments occasionally comprise fleets of yardangs (Grolier et al.,
1980) which are now subjected to wind erosion and encroachment by migrating sands
(Embabi, 1970).

While the Dakhla and Kharga Oases sustained a human population throughout antiquity,
the rest of the Arba'in desen (including the Gilf Kebir) depopulated after 5000 BP. Butzer
(1959) linked the coincidence of desert lands becoming uninhabitable to the subsequent rise
of Pharaonic culture in the Nile Valley (Butzer, 1959; Hassan, 1988). A few sites in
northeastern Sudan were occupied after 4600 BP (e.g. Wadi Shaw in the Laquiya
Depression; Lange, 1998). A general exodus of people from the desen areas of southern
Egypt around = 5000 BP coincides with a major settlement phase of the Nile Valley during
the Predynastic = 7000-5000 BP (Malville et al.. 1998).

Rainfall during the late Holocene through the late historic period was not sufficient to cause
substantial groundwater recharge in the Kharga-Dakhla Oases or in the southem part of the
Arba'in Desert (Haynes et al., 1987). By 2075 BP, Wadi Howar was defunct, and northcentral Sudan became internally drained (endorheic) (Pachur et al., 1990). A brief wet
period at = 2500 BP is preserved along the southem end of the Selima Sand Sheet (Haynes
et al., 1989). Wet conditions evidentiy recurred around 2000 BP at N 15° - 17° in Sudan
(Mawson and Williams, 1984), but similar conditions were not generally apparent in more
northerly regions. Merga Lake, a shallow groundwater-supported salt lake basin a few
hundred kilometers northwest of EI'Atrun in northern Sudan, reveals some evidence for
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very recent hydroclimatic change. Fossil pollen spectra record a major change in the
abundance of Phoenix dacrylifera and Graminae after = 600 BP (Haynes et al., 1979),
indicating a recent fluctuation in the local water-table. Coincident phases of water-table rise
have not been documented elsewhere; most of the lakes and wadis in north-central Sudan
were defunct after = 4000 BP (Pachur et al., 1990; Kropelin and Soulie-Marsche, 1991).
The present MAP of <100 mm is inadequate to sustain wadi flow or playa lakes (Oliver,
1965).

Today, groundwater is not being recharged at the rate it is being removed by inhabitants of
the New Valley (i.e. the Kharga-Dakhla Oases) (Munnich and Vogel, 1962; Heinl and
Thorweihe, 1993). Wells in the New Valley and watering places along the Darb el Arba'in
have become progressively deeper and brackish over the timescale of recent Bedouin
memory; water supplies at certain wells have become mish quels (Arabic for "no good")
for all but the thirstiest camels and automobile radiators (personal communication, Salah
Zeidan, 1996). As the water-table has dropped, watering places have dried up (Beadnell,
1931; Kropelin, 1993), trees in the oases have died (Haynes, 1983) and dunes have
enchroached the saline lake at Merga (Haynes et al., 1979), and setdements in Kharga and
Dakhla (Embabi, 1985). The modem desert is largely lifeless, with the populations limited
to the hardiest of the desert-adapted plants, animals, and passers-through (Newbold and
Shaw, 1928; Von Dumreicher, 1931; Osbom and Helmy, 1980; Bomkamm and Kehl,
1989). Indeed, since 6500 BP, the once marginal environment of southern Egypt and
northern Sudan has dried up, becoming oases lost to human memory, the wonderstuff of
legends lost to the singing sands.
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Mechanisms of regional hydroclimatic change: A global perspective

A review of paleoenvironmental evidence suggests that the climate of the Arba'in Desert
and surrounding region was arid during most of the Late Quaternary, with occasional semiarid or wetter conditions. Despite the involvement of local factors in surface water storage
and persistence, the unevenness or patchiness of well-preserved study sites, and the lack of
continuous sedimentary records, radiocarbon dates from Umm Akhtar Playa fall in the
same range as other published data from sites and playas in Egypt and northern Sudan.
Pattems of recent environmental change are synchronous to a first approximation across the
region: aridity was pervasive during the Late Pleistocene; wet conditions were established
after 10.000 BP; water persisted at the landscape surface and diminished through = 7000
BP; and a period of general desiccation followed, with hyperaridity established around
4500 BP.

Trends interpreted from the radiocarbon database available for Egypt and Sudan closely
parallel the composite record of African lake-level changes (figure 47) as documented by
Street and Grove (1979), Surface water storage peaked between 10.000 and 6000 BP.
Both records contain evidence of an arid interval between 8000 and 70(X) BP. and water
surface storage significantly diminished after 4500 BP. The strong similarity of consonant
changes in surface water storage and persistence in the Arba'in Desert and larger
surrounding region cannot solely be attributed to local hydrogeological factors. Instead,
coincident changes in the rates and magnitude of precipitation and/or evaporation suggest
common ascendant mechanisms modulate the regional hydroclimate.
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FIGURE 47 (next page)

Composite histogram showing the distribution of radiocarbon dates from Egypt (dark bars)
and northern Sudan (shaded bars). Mean estimated ages are plotted by century, and data
sources are attributed in table 10. The record of African lake-level changes is adapted from
Street and Grove (1979); the histogram depicts the percentage of lake-levels in Africa
which were classified as high (solid), low (white) or in-between (stipple pattern).

Egypt-Northern Sudan Composite Record

number of radiocarbon dates

African Lakes
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General patterns of enhanced surface water availability in the intertropical zones have been
linked to the enhanced Afro-Asian monsoon forced by cyclical astronomical variations (i.e.
Milankovitch cycles; Milankovitch, 1941); the Northem Hemisphere summer insolation
maximum (Imbrie et al., 1984; Berger and Loutre. 1991) is broadly synchronous with the
frequency of African lake highstands during the early-middle Holocene (Street-Perrott and
Roberts, 1983). Given the geographical location of Egypt and northem Sudan along the
leading edge of monsoonally-influenced weather (Haynes. 1987). surface water availability
may reflect the influence of biogeophysical feedback mechanisms (sensu Street-Perrott and
Perrott, 1990) involved with the 'recycling' of water within the continental interior. This
model accounts for the lag period between the greatest frequency of African lake highstands
(9500 - 8500 BP; Street-Perrott and Robens, 1983) and the period of enhanced surface
water storage in the Arba'in Desert from 8100 to 6000 BP.

The data from northem Sudan are well distributed throughout the Holocene period, but the
Egyptian data cluster around = 8100 - 7900 BP and = 6900 BP. In addition, the data from
Egypt display variability on a sub-millenial scale, indicating that the landscape has
sensitively responded to rapid changes in hydroclimatic variables. The high variability is
not directly linked to external (i.e. astronomical) forcing factors, and instead may reflect
various internal controls such as atmospheric-oceanic conditions, ice cover, and various
biogeophysical feedback processes. To evaluate the mechanisms which have forced shortterm changes in local water storage, the record from the Arba'in Desert must be interpreted
in the context of global patterns of recent climatic oscillations. Figure 48 compiles some of
these records as a basis for temporal correlations and convergent observations regarding the
role of hydroclimatic change and sedimentary deposition in the Arba'in Desert.
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FIGURE 48 (next page)

Correlations of hydroclimatic patterns from the Arba'in Desert and selected records of
major global changes. Histogram of Egypt-Sudan

dates is from figure 47; dark bars

are the data from Egypt, and lighter bars are data from Sudan. Estimated Sea Surface
Temperatures (SSTs) for Barbados (Atlantic) and .'>W Pacific are from Beck et al. (1997).
SSTs were derived from corals with absolute age control. The Caribbean sea level curve
(Blanchon and Shaw, 1992) estimates the changes in the volume of the continental ice
sheets, derived from dated coral reefs drilled offshore of Barbados (Fairbanks, 1989: Bard
et al., 1990a and b). The abbreviation CRE denotes a Catastrophic Sea Level Rise Event.
The record of d

values in atmospheric O2 from the GISP2 ice core varve chronology

in central Greenland is presented relative to Standard Mean Ocean Water (SMOW): the
variability in d

reflects the changing composition of seawater chemistry, which is a

function of the extent of continental ice sheets. Data sources include: web page, NOAA
Paleoclimatology Program. National Snow and Ice Data Center (NSIDC) and publications
of Meese et al.(1994) and Sowers and Bender (1995). Incorporated dusts serve as a
proxy record of colder and windier climatic conditions in the north Atlantic (O'Brien et al..
1995). Various relevant ocean events are depicted in the Misc. column: High abundances
of bioindicator F. profunda are depicted in dashed lines (Mclntyre and Molfino, 1996).
The Nova Scotia meltwater event is labelled MWE (Keigwin and Jones, 1995): the
Younger Dryas is labelled YD (Andersen, 1997), and the =15 ka Heinrich event is labelled
HI (Maslin et al., 1995). The Last Glacial Maximum is represented by the letters LGM.
Insolation values were calculated for N 23° latitude (Merger and Loutre, 1991), and periods
of monsoon intensification (after Overpeck et al., 1996) are depicted in a stippled pattern.
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Controls on the maintenance of Late Pleistocene aridity

During the Last Glacial Maximum (LGM). the Arba'in desert and portions of the AfroAsian intertropical zone were drier, windier, and colder than today, although the summers
may have been hot (Fairbridge. 1970; Samthein, 1978; Williams, 1985; Thomas, 1989;
Yan and Petit-Maire, 1994). The sparse record from the Arba'in Desert complements the
evidence from across the Sahara which suggests that arid conditions were pjervasive (Street
and Grove 1979; Rognon, 1980; Gasseetal., 1980; Street-Perrott et al.. 1985).
Established vegetation from the lowland rainforest and savanna-woodlands degraded
during the aridity (Brun 1989; Fontugne et al., 1993; Servant et al., 1993). and formerly
abundant tropical fauna of the wet Saharan uplands became progressively impoverished or
extinct (LeHouerou, 1992).

In the Arba'in Desert, wind deflation was an important geomorphic agent, carving flutes in
exposed bedrock surfaces, lowering the landscape by topographic inversion, and
excavating topographic hollows in friable lithological units (Haynes. 1977; Haynes et al.,
1979). At Nabta Playa, the Great Sand Sea. and Kharga Oasis, stratigraphic relationships
indicate that sands were deposited during the Late Pleistocene. Dated aeolian bedforms at
Umm Akhtar playa and the Selima Sand Sheet in southern Egypt indicate emplacement of
wind-blown sands from 21.000 to 13,000 cal yr BP. This period of enhanced aeolian
dynamism is contemporaneous with aridity and aeolian activity in other parts of the Sahara
(Swezey, 1997), the Levant (Goldberg, 1986), Arabian deserts (McClure, 1976; Besler,
1982; Whitney et al., 1983; Anton, 1985), Rajasthan (Allchin et al., 1978), and China
(Zhou et al., 1998).
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Pervasive deficits in the regional water balance of the Arba'in Desert and the consequent
removal of stabilizing vegetative cover likely created a positive sand budget which
facilitated aeolian transport. Local wind erosion and entrainment of fine particles was
enhanced by the strong trade winds resulting from intensified latitudinal temperature and
pressure gradients between the equator and poles (Parkin, 1974; Parkin and Padgham,
1975; Samthein et al., 1981). Sand mobilization and export of dusts from arid regions is
demonstrated by high concentrations of desert dusts and upwelling indices in equatorial
deep sea cores throughout the pjeriod 18.000 - 15,000 BP (Parkin and Shackelton, 1973;
Morales, 1979; Samthein and Koopman, 1980; Pokras and Mix, 1985; Samthein et al.,
1987; Hooghiemstra, 1989; Stabell, 1989; Sirocko et al., 1991; deMenocal et al., 1993;
Lezine et al., 1994). Previously-fixed and vegetated dunes along the semi-arid margins of
the desert were mobilized at 18,000 BP, and the sandy expanse of the Sahara extended 400
- 600 km farther south (figure 49) (Samthein, 1978; Grove and Warren, 1968).

Low sea levels and reduced sea surface temperatures (SSTs) around the globe (Bard et al.,
1997) during this time farther enhanced continental aridity (Kutzbach and Webb, 1993).
Through the incipient phases of deglaciation (= 15,000 BP), the NE Atlantic was = 10°C
cooler than today during both the summer and winter (Ruddiman and Mclntyre, 1973;
Ruddiman and Mix, 1993). Depressed ocean temperatures around the globe (Morley and
Dworetzky, 1993) and stronger Hadley cell circulation (Nicholson and Hohn 1980) had a
variety of climadc effects. Calculations of Flohn (1953) suggest that cooler ocean
temperatures suppressed evaporation from warm lanuide oceans by 20%, depressed air
mass temperatures, limited cloud formation, lowered wind speeds, and reduced rainfall
within the continental interiors.
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FIGURE 49

(next page)

Recent changes in the 100 mm mean annual precipitation (MAP) isohyet, which
approximates the Saharan-Sahelian vegetation boundary (modified after Petit-Maire. 1989);
shaded areas depict the main highland massifs, and the star marks die location of Umm
Akhtar Playa. The sandy expanse of the Sahara was at its largest during the Last Glacial
Maximum (LGM) = 18.000 BP. At 9000 BP.there was a shift of Sahelian vegetation by =
4 - 5 ° latitude (Haynes et al., 1989). Today, the Saharan boundary is migrating southward
(Tucker et al., 1991).

Recent Changes in the Saharan-Sahelian Boundary
(after Petit-Maire, 1989)
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The strong meridional temperature gradient due to the ice covering northern Europe and the
disturbed thermal regime of the North Adantic = 20.000 - 15,000 BP made the westerly jet
stream more prone to disturbance than today (Rognon and Williams, 1977). Displacement
of the westerlies and the main tracks of cyclonic storms equatorward brought moisture into
some areas of the African continent (e.g. Hoggar, Tibesti, Morocco —Rognon, 1967:
Jakel. 1980; Lamb et al., 1995). Storm disturbances penetrating the edges of the desen
during the winter were likely heralded by strong surface winds which raised dust into the
atmosphere (sensu Morales, 1986) as their cold fronts passed through, depositing dust and
loess along the tracks of the moving depressions (Issar et al.. 1989). However, basins
located within the continental interior at longitudes along the Tropic of Cancer remained
arid to hyperarid through 12,000 BP (Petit-Maire, 1989). Reduced seasonal migration of
the Intertropical Convergence Zone (ITCZ) prevented moisture-bearing winds from the
Gulf of Guinea from crossing the Sahara (Nicholson and Flohn 1980). The Afro-Asian
monsoon circulation system was weak through 12.000 BP (Prell and Kutzbach, 1987).

Orbitally-forced changes in the Eanh's precession caused radiation receipts within the
tropics to increase after 17,000 BP (figure 48). The increase in sensible heat due to
changing orbital parameters (Manabe and Broccoli, 1985) resulted in the initial rise of of
SSTs in the Indian Ocean (at S 20° latitude) (Bard et al., 1997) and the eastern
Mediterranean basin (Nesteroff et al., 1983; Bottema, 1987). As a consequence of the
higher summer radiation balance and starved precipitation input, the volume of Northern
Hemisphere ice sheets and glaciers reduced in volume (Ruddiman and Mclntyre, 1981;
McCabe and Clark, 1998). The first deglaciation steps during the late Pleistocene resulted
in immediately wetter conditions in most ocean margin areas of the Sahara (Duplessy et al.,
1992; Ruddiman and Mix, 1993). The continental areas, however, remained dry and
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windy. Aeolian deposition of sands in the north end of Umm Akhtar playa and in the
Selima Sand Sheet region of southern Egypt around 15.000 cal yr BP correlates with the
recession of the East African montane glaciers (Hamilton, 1982) and Fennoscandian ice
sheet margins (Lehman et al., 1991).

Sand deposition in the Arba'in Desen = 15,000 cal yr BP is broadly contemporaneous with
a short period of intense iceberg production off the disintegrating Laurentide icesheet.
The 'Heinrich' ice rafting event known as HI (Heinrich, 1988) has been AMS-dated to
13,000 - 15,000 BP (Jansen and Veum. 1990: Lehman and Keigwin, 1992). During this
time (see figure 48), the influx of very cold meltwaters drained into the ocean, creating low
salinity surfacewaters which suppressed the formation of deepwater in the North Atlantic
(called North Atlantic Deepwater, or NADW).

The supression of NADW formation affected ocean ventilation (Broecker and Denton.
1990) and generally reduced the efficiency of heat exchange between the low and high
latitudes (Jansen and Veum, 1990; Keigwin et al., 1991). The reduction in NADW
production created a feedback loop which decreased the flow of south equatorial waters
across the equator, cooling the waters north of the equator and warming them to the south.
This resulted in enhanced atmospheric convection in northem equatorial regions, with the
net effect of drying in North Africa (Street-Perrott and Perrott, 1990), as well as depressed
temperatures, and enhanced winter precipitation around the African tropics. Given these
complex teleconnections, the HI event has been linked to a cooling period in Europe
termed the Oldest Dryas (Keigwin and Lehman, 1994) and may have been responsible for
keeping the continental icesheets in place for another 15(X) radiocarbon years (= 2000 cal
yr) (Maslin et al.. 1995) until the Bolling-Allerod warm interval (Keigwin et al., 1991). A
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growing body of evidence suggests that the HI event initiated hydroclimatic responses
around the globe (McCabe and Clark. 1998).

By 13,000 BP, NADW production rapidly resumed (Samthein et al., 1994), increasing
global heat transfer and accelerating the disintegration of the Northern Hemisphere
icesheets (Fairbanks, 1989). The period 13,000 - 12,500 BP was characterized by abrupt
warming of the North Adantic ocean (Bard et al., 1990 a, b), melting of the global ice
cover, and intensification of the Afro-Asian Monsoon (or SW Indian Monsoon) (Duplessy,
1982; Overpeck et al., 1996), which increased rates of coastal up welling and advecdon of
moisture over the intertropical regions (Sirocko et al., 1993; Emeis et al., 1995; Schulz et
al., 1998). The monsoon did not become strong enough to influence precipitation over the
northeastern Sahara, however, due to the persistence of glaciers in the Tibetan Plateau and
the limited land-sea thermal contrast (Overpeck et al.. 1996).

Global climate deteriorated again slightly during the Younger Dryas (11,000 - 10,000 BP)
with a southward advancement of the North Atlantic polar front, a decrease in land surface
temperatures, and a decrease in sea surface temperatures back to the LGM values
(Ruddiman and Maclntyre, 1981; Pons et al., 1987). The Younger Dryas event is
complexly-linked to melt-water induced changes in the ocean-atmospheric circulation,
especially in the equatorial Atlantic via the NADW teleconnecdon (Broecker and Denton,
1990; Duplessy et al., 1992). Much of southern Egypt and northern Sudan was arid
during this time and playa basins were deepened by deflation at this time (Haynes, 1997).

The close of the Younger Dryas coincided with a rapid sea level rise (called meltwater pulse
IB of Fairbanks 1989, and CRE2 of Blanchon and Shaw 1995) around 11800 - 11000 cal
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yr BP (Bard et al., 1990). Melting icesheets forced rapid changes in eustatic sea level and
surface salinities (Hughen et al.. 1996; Rind et al., 1986). By the time of the Holocene
Period (< 10.000 BP. or between terminations 1 and 2) the influence of continental ice
sheets on global climate was limited; only remnants of the icesheet in northern Europe
persisted through = 9000 BP (Manabe and Broccoli. 1985). The major postglacial
intensification of the Afro-Asian monsoon occurred at 10.500 - 9900 BP (11500 - 10800
cal yr BP), and is synchronous with a major transition in Greenland ice (Sirocko et al..
1996). reduced evaporation along the Red Sea (Hemleben. 1996). and upwelling along the
Arabian Sea (Prell and Streeter, 1982; Emeis et al.. 1995; Schulz et al.. 1998). Production
of NADW resumed quickly after 9600 BP and was strong during the early Holocene
(Boyle and Keigwin. 1987; Jansen and Veum. 1990).

From the Holocene Optimum toward the water minimum

At = 9000 BP. the amplitude of the seasonal insolation cycle was at a maximum -- summer
insolation was 8% greater, and winter insolation 8% lower (Kutzbach and Webb, 1993).
The increased radiation receipts (figure 48) facilitated transport of heat and toward the poles
during the summer, which amplified the summer monsoon dynamics, and enhanced
advection of moisture from equatorial oceans toward the poles (Sirocko et al., 1993; Gasse
and Van Campo, 1994; Yan and Petit-Maire, 1994).

Intensification of the monsoon brought moist air into Africa (Sirocko et al., 1993;
Overpeck et al., 1996), reinvigorating mesoscale convective rainfall systems (MCSs)
which could penetrate the continental interior (Kutzbach and Street-Perrott, 1985; Petit-

196

Maire, 1989; Gasse et al.. 1990: Street-Perrott et al.. 1990; Gasse and Van Campo. 1994).
The Sahara, Levant, and general intertropical zones experienced wetter conditions during
the early to mid-Holocene (figure 49). as indicated by high lake-levels, dune stabilization,
and a variety of floral, faunal, and archaeological evidence (Maley, 1977; Goodfriend,
1991; Gasse and Van Campo. 1994). The influence of the monsoon in the Sahara initially
occurred around 9500-9000 BP. which falls within the range (9000-6000 BP) predicted
by paleoclimatic simulations (Kutzbach and Guetter, 1984. 1986; Kutzbach and StreetPerrott. 1985; COHMAP. 1988).

The lag period between the main period of enhanced surface water storage in Egypt and
northern Sudan from 8100 - 6000 BP and the general African lake highstands (9500 - 8500
BP) may result from biogeophysical feedback mechanisms involved with the 'recycling' of
water within the continental interior (Street-Perrott et al.. 1990). Rainstorms may not have
reached the highly continental portions of Africa until the local surface albedo diminished
(Street-Perrott et al.. 1990) as vegetative cover was established and surface waters
accumulated. After the broad vegetation zone of the modem N 15° latitude was displaced
northward by 4 - 5 ° latitude between 9000 - 8000 BP (Hamilton and Taylor. 1991). local
evapotranspiration could support convective thunderstorms or intensify mesoscale
convective systems (MCSs) passing through the region. The requirement of antecedent
moisture conditions corroborates the theory that water-tables were recharged in advance of
the advancing monsoon (Haynes. 1987). Furthermore, this model explains the observed
decreasing rainfall gradient and depleted isotope signals of rainwater across the Sahara
from west to east, and from south to north during the early Holocene (e.g. Haynes et al..
1980; Sonntag et al., 1980; Lezine et al., 1990).
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Though the northeastern Sahara enjoyed generally wet conditions through the middle
Holocene, conditions were locally variable and reflected the fluctuating states of semi
permanent atmospheric features, including the Azores High in the north Atlantic, the
Tropical Easterly Jet, and the jet stream or Rossby waves (Margaritz, 1993; Banlein,
1988). Toward the middle Holocene, the monsoonally-influenced climate of North Africa
decayed, and was increasingly modified by the interaction of northern Atlantic and
Mediterranean cyclonic systems (Ritchie, 1994). The timing and magnitude of the changes
in climatic conditions varied between different areas. During wet times, dunes and aeolian
bedforms in most areas were stabilized for varying periods as they were vegetated and
experienced weathering, pedogenesis, and panial reworidng by fluvial processes (Rognon
and Williams, 1977).

In southern Egypt and the broader region of North Africa, the middle Holocene was a time
characterized by regionalization of surface water storage and recharge. Patterns of
submillenial variability indicate the dimunition of water supplies around 7500 BP (= 8100
cal yr BP), accompanied by enhanced aeolian sedimentation evident at Umm Akhtar Playa
which peaked after 5400 BP (= 6700 cal yr BP). Consonant periods of aeolian activity
have been documented in the Chott Rharsa Basin of southern Tunisia (Swezey, 1997). the
Levant (Margartiz and Goodfriend. 1987; Goring-Morris and Goldberg. 1990). and across
tropical Africa (Burke et al., 1971; Talbot, 1984). These concordant periods of aeolian
activity demonstrate a rapid crossing of a regional hydrological and geomorphic threshold.

Lake-levels across Africa also record the 7500 BP arid event (Street-Perrott and Roberts,
1983; Gasse and Van Campo, 1994; Roberts et al., 1994; Lamb et al., 1995). The timing
of this arid phase coincides with the collapse of the Laurentide ice sheet over the Hudson
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Bay, and a subsequent meltwater event (MWE in tlgure 48). The rapid influx of
freshwater was mainifested in low

values off the continental margin of Nova Scotia

and lower sea surface salinities as inferred from analyses of indicator aquatic species
(Keigwin and Jones, 1995). Corresponding lower SSTs and abrupt changes in the
thermohaline circulation of the North Atlantic (Boyle and Keigwin, 1987; Keigwin et al..
1991; Duplessy et al.. 1992), cooler temperatures (von Grafenstein et al.. 1998),
strengthened trade-winds (Hughen etal., 1996), and weakened tropical easterlies
(Maclntyre and Molfino, 1996) have been documented. The 7500 BP arid event is also
synchronous with significant decreases in the NH4 content of the Greenland ice cores
(Blunier et al.. 1994), and a catastrophic sea level rise (CRE 3 in figure 48) inferred from
coral data (Blanchon and Shaw, 1995). Significant abrupt changes in the Arabian Sea
around 7300 BP have been linked to a weak monsoon (sirocko et al., 1993). Around =
7000 BP, the rate of sea level rise decelerated around the globe (Stanley and Wame. 1994).
which has been linked to a worldwide geoidal eustatic response at = 8000 - 7000 BP
(Momer, 1980).

After 6000 BP, surface water storage diminshed in the Arba'in Desert and arid conditions
were established, extirpating the flora and fauna from much of North Africa, and
desiccating the main waterbodies (Street-Perrott and Harrison, 1985). The trend of
environmental degradation correlates with a major change in the methane concentrations of
the Greenland ice cores (Blunier et al., 1995). High amounts of dust in ice and deep sea
cores suggest enhanced trade-wind transport of dust from arid regions during the period
from 6000 - 4500 BP (Samthein and Koopman, 1980; O'Brien et al., 1995). On the
African continent, aeolian activity was enhanced as vegetation declined (Samthein, 1978;
Swezey, 1997; Stokes et al., 1998).
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Summation: Major Controls on Hydroclimatic Change in Egypt

The ascendant control on water availability across North Africa during Late Quaternary
timescales is the intensity of African-Asian monsoon, which is directly linked to cyclic
variation in the Northern Hemisphere summer insolation values (i.e. precession). The
orbitally-forced insolation parameters modulate the land-sea thermal contrast, ice-sheet
dynamics, and ground surface albedo values, all of which are involved in the establishment
of monsoonal circulation dynamics.

Broader trends of water availability in Egypt ("the low pass signal") are superimposed with
shon-term, abrupt hydroclimatic changes ("the high pass signal"); this suggests that the
Holocene in Egypt and northern Sudan was a dynamic period of hydroclimatic change,
punctuated by abrupt, rapid transitions between dry and moister intervals. The small-scale
variability indicates that the landscape of Egypt has been very sensitive to subde changes in
water availability. The main controls are not known, but can be linked to concomitant
global events with remote teleconnections.

The variations of a sub-orbital scale may be explained by variation in the atmosphericoceanic dynamics such as the suppressed thermohaline circulation of the ocean during ice
sheet disintegration (e.g. MWE shutdown of NADW production). Additional mechanisms
which may have influenced the climate of southern Egypt on a submillenial scale include
albedo feedback (Chamey et al., 1975), soil-moisture feedback (Walker and Rowntree,
1977; Gallimore and Kutzbach, 1989; Gordon and Hunt, 1991) and various
biological/anthropogenic effects such as plant growth and dieback (Otterman, 1977).
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These parameters are often interactive and may be iterative, enhancing climate change via
complex feedback mechanisms (Kutzbach ei al., 1994). Unfortunately, available terrestrial
records are neither precise nor complete enough to evaluate these mechanisms and the
models which have attempted to elucidate their influence (e.g. Street-Perrott et al.. 1990).

201

CHAPTER V

Conclusions

This dissertation project deciphered the recent hydroclimadc and geomorphic history of a
new. unmapped, and unnamed dry playa lake basin located in the Arba'in Desen of
southern Egypt at = N 22° 36' E 30° 18'. Since this area of the eastern Sahara is
hyperarid today, this large extinct surface waterbody is an important unstudied archive of
hydrocUmatic change. This dissertation manuscript documents the initial discovery of
Umm Akhtar Playa on Landsat MSS-1 images, and the subsequent field and laboratory
studies conducted to characterize its spatial dimensions, lithostratigraphy, and
paleoenvironmental history.

Lithostratigraphic relationships at Umm Akhtar Playa suggest that the internally-drained
basin experienced significant environmental changes over Late Quaternary timescales. The
region of Umm Akhtar Playa has been generally arid since die Last Glacial Maximum
(LGM), punctuated by a period of greater effective moisture in the early-middle Holocene.
Optical dates on a basal quartz sand unit bracket sand deposition at = 15,000 cal yr BP,
indicating emplacement of aeolian bedforms and wind deflation in the Late Pleistocene.
During tiie Holocene, sediment-laden water accumulated in the basin and humans settled in
the area, leaving behind artifacts of the Early Neolithic-Neolidiic tradition, including ostrich
eggshell vessels, bead, lithics, beads, and grinding tools.
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Twenty-two radiocarbon dates indicate that the area was relatively wet from 8915 - 5955
yr BP (or 9925 - 5873 caJ yr BP), perhaps interrupted by a hiatus in deposition from
8580 - 7105

yr BP (or 9544 - 7878 cal yr BP). During this time in the early - middle

Holocene, rapid incursions of sediment-laden flows discharged into the playa basin after
seasonal or periodic floods, depositing lithic gravels (Qal) and massive muds (Qp)
comprised of very fine sands, silts, and clays. The muds are locally interstratified with
ribbons of aeolian sand (Qd) along the playa paleoshore. The ponded water was formerly
deep and persistent enough to create a beach berm of rolled pebbles, and to sustain various
cultural activities.

The radiocarbon and optical dates and the stratigraphic record constrain the timing of a
rapid change in the style of sedimentary deposition from playa muds to aeolian sands after
7500 BP. Playa desiccation is marked by the incorporation of increasing amounts of sand
upsection; two optical dates constrain the timing of enhanced aeolian activity from 6720 6250 cal yr. These optical data comprise the only existing absolute ages for the
emplacement of aeolian sediments during the rapid transition from wet (playa muds) to dry
(aeolian sands) conditions in the Holocene. Playa desiccation was marked by cultural
abandonment, evaporite precipitation, dune migration, wind deflation-excavation, and the
formation of large (= 5 m) polygonal surface cracks.

The AMS dates from Umm Akhtar Playa fall in the same range as other published
radiocarbon data from contemporary sites and playas in Egypt and northern Sudan; the
main period of enhanced surface water storage from 8100 - 6000 BP is linked to the
intensified Afro-Asian monsoon forced by cyclical astronomical variations. The record
from the Arba'in Desert lags the Northern Hemisphere seasonal insolation maximum

203

(centered at 10,400 BP) and the greatest frequency of African lake highstands (9500 - 8500
BP). This lag may result from biogeophysical feedback mechanisms involved with the
'recycling' of water within the continental interior.

Sub-millenial variability of surface water storage and persistence is apparent in the
composite record from Egypt. Playas there are sensitive recorders of short-term climatic
changes throughout the Holocene and comprise valuable records of abrupt, rapid
transitions between dry and moister intervals. The main controls on the small-scale
variability in Egypt are likely complex and cannot be direcdy linked to Milankovitch-forced
orbital parameters. The two main suborbital 'arid' phases at 7500 and 4500 BP reflect
large-scale meterorological processes. Concomitant atmospheric-oceanic dynamics
recorded in the North Adantic suggest a teleconnecdon with the water balance of continental
Africa.

Rapid hydroclimatic changes have played a key role in the geomorphic evolution and
human history of Egypt and northern Sudan. Environmental change may be one of the
driving forces of Late Prehistoric cultural innovation, settlement, and migration; rapid
aridification after =6000 BP can be linked to an "Exodus event" in which humans migrated
out of the Arba'in Desert toward reliable watering sites (Malville et al., 1998) and formed
hierarchical societies in the already-overpopulated Nile Valley. This chronostratigraphy for
Umm Akhtar Playa complements and refines other existing data sets. Furthermore, the
synthesis of published regional and local records provides correlations of rapid, abrupt
climate change over Late Quaternary timescales in this now-desolate ponion of the Sahara.
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APPENDIX

This appendix is an archive for data pertinent to this dissertation manuscript. Within this
appendix are detailed sediment descriptions and graphical stratigraphic trench profiles for
various locations excavated in Umm Akhtar Playa (as depicted in figure 17 of the
dissertation), and their complementary descriptive keys. Analytical methods for
determining sand-silt-clay content, carbonate content, and organic carbon content followed
methods outlined in the dissertation text (see chapter II of the dissertation). Textural
classifications follow conventions established by the U.S. Department of Agriculture Soil
Conservation Service as used by the Soil Survey Division (Soil Survey Division Staff,
1993). Colors for dry samples have been described using the Munsell Color System
(Munsell, 1994).
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Figure A1 - KEY to Symbols used in Stratigraphic Profiles
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Figure A 2
KEY to fill patterns used for depicting sediment textures

clayj

islity clay

ciayTpam

silty clay
loam

sandy clay loam
loatiri
saridy loairi
loam
silt

sand

50
% SAND

263

TABLE A 1

TRENCH 1 -- SEDIMENT DESCRIPTIONS
Depth
(cm)

0-2

2-25

25 base

Description of Sedimentary Features
along trench face

Interiocidng surface colluvium of large shale bedrock
shingles forms wind-abraded mantle. Inverted paleorills along the adjacent bedrock surface.
Along western side of trench, shale bedrock outcrops.
A laminated, thick sand (7.5 YR 6/8) up to 25 cm
mantles the bedrock and its weathered broken surface,
which is rich in evaporite salts (anhydrite, gypsum,
halite). The sand unit is locally vesicular. At =25 cm
depth, a small pebble lens incorporates local shale
debris.
Silt loam (10 YR 6/6) interfmgers with weathered
shale bedrock. The silt loam is locally laminated, with
gley lenses and interspersed evaporites throughout.
Silt loam unit contains conglomerate lenses which
include pieces of local shale bedrock (up to 5 cm in
width) and well-rounded quartz pebbles. Toward base,
silt loam fines to a sandv clay (10 YR 6/5).

Inferred
Processes

Depositional
Environment

Aeolian:
topographic
inversion.

Surtlcial
aeolian.

Aeolian
sedimentation
on weathered
bedrock surface.

Water-table
fluctuations;
hillslope
processes; playa
sedimentation.

Surtlcial
aeolian.

Hillslope and
playa ba.sinal.

Figure A 3
TRENCH 1- STRATIGRAPHJC PROFILE
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TABLE A 2
TRENCH 2

Depth
(cm)

0-1

1 -2

2 - 10

10 base

--

SEDIMENT DESCRIPTIONS

Description of Sedimentary Features
along trench face

Inferred
Processes

Surface is covered with a lag of darkly stained shale
Aeolian input
bedrock chips up to 4 cm in diameter which overlies
and
well-sorted frosted quartz sands (7.5 YR 6/8).
modification.
Vesicular silt loam (10 YR 6/5) with weak, small peds
Pedogenesis;
(sub cm-scale) and plates which hold crumbly edge;
bioturbation;
evaporate salt
finely laminated, locally interrupted by rhizoliths and
accumulation
insect galleries; minor effiuorescence (evaporite salts
due to capillary
including gypsum) noticeable along root traces Silt
effects.
loam contains lenses of sandv loam to =10 cm depth
Thin suings of aeolian quartz sands (10 YR 6.5/8)
Aeolian input;
interfinger with bioturbated silt loam. Minor
desiccation and
effiuorescent salts (anydrite. ihemardite, gypsum)
formation of
evaporites;
accumulate as cm-scale frustules in silt loam matrix.
Well-rounded beach gravels up to 4 cm deposited above
wave action
noticeable contact with scour features: reverse graded.
along
Minor desiccation cracks from surface.
beachfront.
Silt loam matrix (10 YR 5.5/4) is occasionally
Wave action
interbedded with rounded-to-subangular clasts and
shingles of ferrigenized bedrock. Muddy silt units
along beach;
show fine lamination (mm scale) which appears to dip
water-table
slightly downslope <8°. Clast-supported lens of large
fluctuations;
evaporation;
pebbles on west side of U"ench face. Silt loam matrix
fines with depth into a silty clay loam interbedded with
human
lenses of sandy clay, aeolian sand, and granule-pebbles. activities during
occupation of
Fire-baked hearth present below sandy clay unit (C-14
samples 120. 121, 123). Minor gleys. Increasing
surface.
amounts of effiuorescent salts with depth.

Depositional
Environment

Surficial
colluvial
hillslope.

Surtlcial.

Surficial.
Proximal to
playa
beachface.
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Figure A 4
TRENCH 2 - STRATIGRAPHIC PROFILE

W

1m

1m

120 B 5955 ±55 BP
121 A 6245 ± 90 BP
B 5960 ± 55 BP
123 A 6085 ±55 BP
B 6165 ±55 BP

note: radiocarbon dates are reported in C-14 yr BP
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TABLE A 3

TRENCH 3

--

SEDIMENT DESCRIPTIONS

Depth
(cm)

Description or Sedimentary Features
along trench face

Inferred
Processes

Depositional
Environment

0-0.5

Well-soned, frosted quartz coversands (7.5 YR 6/8) and
reasonably angular colluvium along surface.

Aeolian input;
slope wash.

Surtlcial
aeolian and
colluvial.

Vesicular silty loam (10 YR 6/5) locally laminated
with in situ wasp burrows and nests (up to 2 cm wide
in diameter); burrows are apparent. Undisturbed
sediment preserves laminar structure, with mm to cm
scale plate structures.

Bioturbation of
surface
sediments;
pedogenesis.

0.5 - I

1 -5

5 - 10

10-70

70base

Effluoresent salts start accumulating in silty loam with
platy sub-laminations. Weak, nonblocky vesicular.
Sediment is bioturbated with insect nests and tree roots
up to 7 cm depth. Krotovina (burrows) and desiccation
cracks show evidence of infillino with silts and sands.
Local units of pebble clasts in silty loam. Clasts are
well-rounded to subangular up to 3 cm in size, and
dominantly comprised of sandstone and dark shale
shingles. Salt frustules (mostly gyspum) finely
disseminated throughout matrix. Desiccation cracks
extend down to 8 cm depth.
Increasing amounts of clay in silt loam sediment
matrix as descend toward base of the trench. Peds
become more clay-rich and larger (up to a cm+ scale).
In.sect burrows. A major truncation surface persists
laterally at =39 cm depth. Local mud drapes and scour
features support cm-scale pebbles within silt loam
matrix.
Light brown sandy clay-silty clay (10 YR 6/4) with
soft sediment deformation features below major
truncation surface. Locally laminated. Minor gleys
present, concentrated along blocky ped faces up to 4
cm; fragmoidal Mn2+-bearing minerals dominate these
features. Sediment supports lenses of pebbles and
sandy loam and thin stringers of clay (dominantly
smcctite).

Desiccation ;
salt
accumulation;
bioturbation.

Surtlcial.

Slopewash;
desiccation.

Bioturbation.
Beachfront and
fluviolacusuine
processes.

Sheet Hooding,
water-table
fluctuations,
possible aeolian
input (?).

FViriodically
inundated
beachface.

Beach-Playa
junction.
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Figure A 5
TRENCH 3 - STRATIGRAPHIC PROFILE
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TABLE A 4
TRENCH 4

--

SEDIMENT DESCRIPTIONS

Depth
(cm)

Description of Sedimentary Features
along trench face

Inferred
Processes

Depositional
Environment

0-2

Well-sorted frosted quartz coversands (7.5 YR 6/8) and
surface colluvium of 5 cm shale bedrock shingles.
Silt loam (10 YR 5.5/6) with very thin, laminated
vesicular layer at top. Bioturbated. with in situ tree
(with bark) preserved along west side. Desiccation
cracks. Fine salts disseminated after 7 cm depth. Silt
loam is truncated by pebble conglomerate unit that is
normal graded (silly loam at base to sandy loam at
top). The contact at base of conglomerate unit has
scour features that cut into the silt loam up to 40 cm
deep from the trench top.
Silt loam contains lens of sand loam and efflourescent
salts. Matrix is laminar, platy and holds a ped on the
mm scale, hut is locally disturbed by desiccation cracks
up to 40 cm deep. Conglomerate unit is comprised of
well-rounded pebbles of sand.stone. shale, and quartz
composition within a laminar silty loam matrix with
some pre.served ripples. Clasts are moderately wellrounded to subangular up to cm scale (mostly mm
scale) with occasional Mn coatings. Minor
effluorescent salts (anhydrite, gypsum). Trace fossils
present.
Silty clay unit (10 YR 5.5/6) with increasing amounts
of clay present toward trench base; trench holds a steep
face as go down. Markedly less sand is present overall
below 40 cm depth. Local units of conglomerate occur
at 75 cm depth, some of which are in discrete lenses.
Finely laminated clay-rich units extend below 85 cm
depth across trench base. Clays present include
smectite»kaolinite.

Mass wasting:
aeolian input.

Surficial.
colluvial.

2- 10

10-45

45 base

Pedogenesis:
bioturbation:
desiccation to
form
evaporites;
sheet flooding.
Periodically
inundated
beachfront.
Aeolian input
('?): desiccation:
sheet flooding;
wave action,
bioturbation.

Deposition of
fines from
standing water,
some sheet
flow.

Littoral ~ close
to shore with a
potential strand
line? (fomier
deflated
surface?)
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Figure A 6
TRENCH 4 - STRATIGRAPHIC PROFILE
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TABLE A 5

TRENCH 5

0
1
P

Depth
(cm)

0.5 - 12

12-40

40base

--

SEDIMENT DESCRIPTIONS

Description of Sedimentary Features
along trench face

Inferred
Processes

Well-sorted frosted quartz coversands (7.5 YR 6/8).
Aeolian.
Discontinuously laminated sandy clay loam with minor
Minor
amounts of pebbles dispersed throughout. Weak, thin
pedogenesis:
biotubation.
vesicular horizon at top. Unit holds face but doesn't
form coeent peds. Minor .salts. Bioturbated.
Silty clay loam (10 YR 6/4) matrix with salts grades
into a silty clay (10 YR 6/4) to the east. A pebbleStanding water
rich sandy layer floats in the silty clay loam matrix.
deposition with
Matrix is locally laminated and is nearly horizontal,
some sheet
dipping gently to the east (perhaps 5° maximum). At
flow
40 cm depth, next to a conglomerate stringer, a lump
component.
of detrital charcoal (55) was sampled.
Silty clay loam (10 YR 6/4) matrix is interrupted by
normal graded pebble conglomerate (clasts range from
< 1 cm average length to coarser gravels up to 4 cm- 6
Subaqueous
cm long in diameter). Sandstone pebbles are welldeposition:
rounded to subangular. Smaller shingles of shale form
sheet wash
platy matrix around larger clasts. Conglomerate unit
resulting from
lies over distinctive scour-truncation suri'ace and shows
storms. Hash
soft sediment features and slumps. Gravelly unit is
Hoods? Soft
clast-dominated, and slightly imbricated, losing
sediment
deformation:
structural integrity eastward. Foreset beds dip
downslope (toward the basin) about 8°E). Below
fluviotruncation surface, charcoal sample 99 was sampled.
lacustrine
At depths below 64 cm, the silty clay loam grades
processes.
eastward into a silty clay composition, interbedded with
structureless clay-rich sediments along trench base.
Clays present include smectite»kaolinite»iUite.

Depositional
Environment

Surilcial.

Likely
nearshote
subaqueous.

Near-shore
littoral.

272

Figure A 7
TRENCH 5 - STRATIGRAPHIC PROFILE

55 B 6480 ± 80 BP
99 A 6755 ± 60 BP

note: radiocarbon dates are reported in C-14 yr BP
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TABLE A 6
TRENCH 6

SEDIMENT DESCRIPTIONS

Depth
(cm)

Description or Sedimentary Features
along trench face

Inferred
Processes

Depositional
Environment

0- 10

Silty clay unit (10 YR 6/4) is slightly vesicular and
platy. interrupted by minor desiccation cracks extending
to 15 cm depth. Fine salts present.
Silty clay matrix contains lens of sandy loam (10 YR
6.5/8) with effluorescent salts throughout matrix.
Sample of charcoal (sample 88) extracted from =10 cm
depth.
A normal graded conglomerate unit fines into silty clay
matrix above major truncation surface at 30 cm depth.
Rip up clasts present in basal portion of scour fill.
Conglomerate unit is silt loam (10 YR 5.5/4) matrixsupported, with slight pebble imbrication. To the east,
the conglomerate unit fmes and the contact with the
silty clay is diffu.se. Effiuore-scent salts present,
especially above aravels.
Below truncation surface, silty clay matrix (10 YR
6/4) supports small conglomerate lenses, stringers,
and occasional floating pebbles. Charcoal sample 90
extracted just below truncation surface, and charcoal 89
sampled below small conglomerate lens at = 60 cm
depth. Unit grades into silty loam layers below 55 cm
depth, and becomes very clay-rich (10 YR 5/6) below
below 76 cm depth. Dominant clay present is
smectite. Basal ponion shows clav slickensides.

Minor
pedogenesis;
desiccation.
Aeolian input;
evaporite
formation.

Surficial.

Nearshore
subaqueous.

Sheetflow
processes
during stormflood events;
settling of
sediment-laden
waters;
evaporation.

Subaqueous.

10-25

25-40

40base

Sheetflow
processes
during fiood
events; clays
deposited from
standing water.

Figure A 8
TRENCH 6 -- STRATIGRAPHIC PROFILE

W

E
88 A
7105 ± 60 BP
B-1 6780 ± 60 BP
B-2 6820 ± 60 BP

89 A 6435 ± 60 BP
B 6380 ± 60 BP
90 A 6830 ±60 BP
B 6765 ± 55 BP

note: radiocarbon dates are reported in C-14 yr BP
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TABLE A 7
TRENCH 7 .. SEDIMENT DESCRIPTIONS

Depth
(cm)

Description of Sedimentary Features
along exposed yardang and trench face

Inferred
Processes

152 - 10
above
trench

Silty clay loam (10 YR 6/4) intcrbcdded with thin
layers of laminated sandy clay loam, and silty clay and
clays. Some frosted quartz sand grains apparent in
sandy units. Silty clay loam sediment is massive and
structureless, with burrows, insect nests, and
desiccation cracks persistent in top layers. Matrix
supports occasional pebbles and rare small angular
cobbles of bedrock.
Silty clay (10 YR 6/4) unit with small, well-rounded
shale and quartz pebble suingers.

Deposition of
sediment from
standing water,
minor aeolian
input,
bioturbation:
desiccation.

10-0
above
trench
0-20

20-53

53 - 100

100base

Massive, structureless clay-rich units intcrbcdded with
silty clays, grading into a silty clay loam with clay
slickensides. gley haloes and salt crystals. Burrows and
dessication cracks to 38 cm depth are infilled with
slightly horizontal laminations. Sediments hold a
steep face and are well indurated (hard to break off!).

Depositional
Environment

Deposition
from standing
water.
Deposition
from standing
water,
bioturbation;
water-table
fluctuations:
crystallization
of evaporites:
desiccation.

Silty clay loam supports diffuse lenses of pebble
Sheet tlow.
conglomerate: forms strong peds up to 4 cm long and
maintains steep trench face. At =53 cm depth, a
truncation surface exhibits scour features and normal
grading. Conglomerate clasts of local shale bedrock
(and a few crystalline rocks) range in size up to 5 cm.
Below truncation surface, silty clay matrix (10 YR 6/4) Playa sediment
deposition from
interfingers with a finely laminated clay rich unit (to
standing water
the west) and silty clays (to the east). Interbedded with
formation of
pebble-rich layers. Salts (halite, anhydrite) dispersed
evaporites.
throughout, and accumulating in pockets.
Deposition
At =100 cm. transition to clay-rich unit (10 YR 5/6)
with slickensides, Mn mottles, gley haloes up to 2 cm, from standing
water capillary
and an increase in the amount of eflluoresccnt salts.
effects and the
Clay-rich unit is structureless and hard. Wedge of silty
formation of
clay interfingers with a thick conglomerate unit.
evaporites:
Conglomerate is polymodal and largely mauixsheet fiow:
supporied. with a poorly sorted matrix of sandy clay
water-table
loam. Cla.sLs are locally encrusted with salts.
fluctuations:
Clay sampled from base contains identifiable floral
changing eHremains of Scirpus/Schoenplecliis. a plant which grows
pH conditions.
in swampy settings. Clays present include
smectite»kaolinite»illite.

Subaqueous.

Figure A 9
TRENCH 7 -- STRATIGRAPHIC PROFILE
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TABLE A 8
TRENCH 8

Depth

icm)

0-1.5

1.5 - 12

12 -40

40-87

87ba.se

--

SEDIMENT DESCRIPTIONS

Description of Sedimentary Features
along trench face

Inferred
Processes

Surface is armored by lag of shale pebbles and a few
Aeolian
cultural artifacts. Pebbles are very angular, tabular and
deflation.
dark - clearly they are wind-abraded.
Sandy clay loam (10 YR 5/7) with well-developed
vesicular horizon. Unit is not very platy - it holds
Pedogenesis;
crumbly face, with minor ped development. Krotovina.
bioturbation;
dessication: salt
roots, and desiccation cracks disrupt the sediment.
Salt crystals (gypsum, anhydrite) apparent in the upper
precipitation.
8 cm.
Bioturbated sandy clay loam grades into silty clay loam
Bioturbation;
(10 YR 5/6) matrix with salts dispersed throughout.
playa
deposition in
Truncation surface begins at 12 cm. and the contact
standing water.
trends eastward to 40 cm depth.
Faintly laminated conglomerate unit of fairly well
Sheet now after
rounded to slightly angular gravels in sandy loam
matrix. Unit Is slightly imbricated with an apparent dip storms; playa
to the NW <10°. Clasts range in size up to 4 cm in
sedimentation;
diameter, many of which are shingles. Unit appears to precipitation of
evaporites.
nip out to the east.
Deposition in
Silty clay loam (10 YR 5/6) matrix has silt- and claystanding water,
rich portions. Efflourescent salts present throughout.
precipitation of
Local gley haloes up to 1.5 cm wide. Occasional
evaporites;
floating clasts of shale and sandstone up to 4 cm wide.
water-table
Clay mineralogy includes kaolinite<smectite. Clayfluctuations.
rich units have slickensides.

Depositional
Environment

Surtlcial.
colluvial.

Surficial.

Subaqueous.

Figure A10
TRENCH 8 -- STRATIGRAPHIC PROFILE

N48°W

1

1m
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TABLE A 9
TRENCH 9

Depth
(cm)

0- 1

1 -48

48-82

82 base

--

SEDIMENT DESCRIPTIONS

Description of Sedimentary Features
along trench face

Surface colluvium of 5 cm shale bedrock shingles
cover a finger of well-sorted frosted quartz covcrsands
(7.5 YR 6/8).
Surface of sandy loam (10 YR 5/6) is locally
bioturbated. stratified with thin layers of sandy clay
loam and supporting occasional pebble strings and
diffuse lense.s of pebble conglomerates. Fine evaporite
salts persistent throughout matrix.
Normal graded conglomeratic unit with sandy loam
matrix (10 YR 5/6). Conglomerate clasts of shale
bedrock fragments and quartzes, <6 cm in length and
relatively angular to tabular in shape. Unit thins
eastward.
Sandy clay loam (10 YR 6/4) matrix with increasing
amounts of clay toward base of trench. Silty clay loam
grades into a sandy clay at =1 mdepth. Thin clay-rich
layers at base of trench have ped structures and
slickensides. Local stringers of pebbles. Salts
throughout.

Inferred
Processes

Depositional
Environment

Hillslope
processes.

Surficial.
colluvial.

Deposition in
standing water,
precipitation of
evaporites.
Sheet tlow after
storms; playa
sedimentation.
Deposition in
standing water,
precipitation of
evaporites

Subaqueous.
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Figure A11
TRENCH 9 - STRATIGRAPHIC PROFILE
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TABLE A 10
TRENCH 10 -

SEDIMENT DESCRIPTIONS

Depth
(cm)

Description of Sedimentary Features
along trench face

Inferred
Processes

Depositional
Environment

0- I

Interlocking surface coiluvium of 5 cm shale bedrock
shingles is wind-abraded.
Laminated bimodal sandy loam (10 YR 5/6) with thin,
weak vesicular horizon. Unit is friable, but trench face
holds a crumbly face. Roots and desiccation cracks
penetrate the sediment. At 20 cm depth, sandy loam
grades into a pebble-rich unit above a truncation
surface.
Sandy loam with rhizoliths and salt crystals (gypsum,
anhydrite) interfingers with sandy clays. Pebble
conglomerate at =38 cm depth contains well-rounded to
subangular clasts; dominately sandstones with some
shale rock components, most of which are shingles.
Some clasLs are up to 4 cm in diameter: most are < 3
cm in size. Some clasts coated with efflourescent salts
and iron stains (7.5 YR 5/8). Some lenticular-shaped
scour deposits <1 m across, with coarser sediment fill
overlying the scoured surface. Conglomerate unit rests
above a finger of sandy loam containing well-sorted
frosted quartz covereands and evaporite salts. Sandy
loam was sampled for optical dating (K1018/1)
Stone line at 62 cm depth is comprised of angular
cobbles (=3 cm) and lies over a silt loam (10 YR 5/6)
that is weakly platy and laminar on a sub mm scale.
With depth, the silt loam grades into sandy clay
composition and contains an abundance of fine salts
and occasional pebbles. Silt loam was sampled for
optical dating (K1018/2).
Line of veniefacied stones lies above a well-soned
bimodal sand unit with lenses of sandy loam.
ConcenUTition of evaporite salts toward trench base.
Strength of peds increases with depth in trench. Unit
was sampled for optical datina (K1018/3).

Hills lope
processes.
Bioturbation:
mild
pedogenesis;
rewoked aeolian
sands:
desiccation.

Surficial,
colluvial.

1 - 25

25 - 62

62-130

130base

Surficial.

Aeolian
sedimentation
and deflation:
playa
sedimentation
evaporite salt
formation.

Dune sands,
aeolian sandrich
environment:
nearshore
subaqueous
setting?; fan
delta (•?);
subjected to a
lot of aeolian
input.
Surficial setting
that may have
been inundated
periodically,
and received a
lot of aeolian
input.

Aeolian input
and deflation.

Surficial
aeolian.

Bioturbation:
sheet flow;
playa
sedimentation;
rewoked aeolian
sands; possible
emersion.

Figure A12
TRENCH 10 - STRATIGRAPHIC PROFILE

S45°W

^

1

1m

K1018/1
6.25 ± 1.06 kyr

1
K1018/2
6.75 ± 1
K1018/3
15.12 ±

note; optical ages are reported in ka calendric yr
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TABLE A 11

TRENCH n .. SEDIMENT DESCRIPTIONS

Depth
(cm)

0-2

2 -12

12base

Description of Sedimentary Features
along trench face

Interlocking surface colluvium of 6 cm shale bedrock
shingles forms wind-abraded mantle.
Laminated silt loam (10 YR 5.5/4) is unconformable
in contact with local shale bedrock, which dominates
the trench profile eastward.
On west side of trench, laminated silt loam with lenses
of sandy loam interfinger with weathered shale bedrock.
Lens of pebbles and local shale debris floats above silty
clay which extends toward ba,se of trench.

Inferred
Processes

Depositional
Environment

Hillslope
processes.
Aeolian
sedimentation
on eroded
bedrock surface.
Playa
sedimentation
with aeolian
input.

Surficial.
colluvial.
Surficial
aeolian.

Subaqueous.

Figure A13
TRENCH 11 -- STRATIGRAPHIC PROFILE
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TABLE A 12

AUGERHOLE #1 -- SEDIMENT DESCRIPTIONS

Depth
(cm)

0

Description

Clay-rich unit (10 YR 5/6).

= 33

Sandy clay-silty clay (10 YR 6/4) with occasional
small pebbles.

=66

Clay-rich unit (10 YR 5/6). Sediment was dry augerhole did not penetrate the water-table.
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TABLE A 13

AUGERHOLE #2 -- SEDIMENT DESCRIPTIONS

Depth
(cm)

0

250

Description of Sedimentary Features
along trench face

Clay-rich unit (10 YR 5/6) with occasional gley
features around floating granules

Clay-rich unit (10 YR 5/6) with quartz pebbles.
Sediment was dry - augerhole did not penetrate the
water-table.
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Figure A14
Textural Compositions of sediments sampled
from -10 to -5 m elevation

50
% SAND
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Figure A15
Textural Compositions of sediments sampled
from -5 to -3 m elevation

50
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Figure A16
Textural Compositions of sediments sampled
from -3 to -1 m elevation

50
% SAND
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Figure A17
Textural Compositions of sediments sampled from
-1 m and higher elevations

50
% SAND
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