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Landsat images of the Selima sand sheet in southwestern Egypt display alternating
hght and dark chevron-shaped patterns that occur downwind from low scarps and
major dune fields. Images acquired between 1972 and 1988 indicate that these
features move as discrete bedforms at a rate of up to 500 meters per year. Extremely
long-wavclcngth (130 to 1200 meters), low-amplitude (10 to 30 centimeters) bed-
forms were measured in the field; the light chevrons seen in the orbital data may be
thin accumulations of active sand sheet deposits in the lee of these bedforms. Dark
chevrons contain an admixture of coarse-granule lag deposits that are continually
winnowed by aeolian erosion on the windward sides of the large bedforms. Sediment
transport budgets derived from orbital and field analyses suggest net movement of up
to 83,000 cubic meters per year for a single light chevron; such measurements can be
used as a check on similar calculations from dunes and other smaller scale features to
determine sand transport budgets for large areas of the eastern Sahara.
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100,000 km? of southwestern Egypt
and northern Sudan (Fig. 1) (1) and
consists of a barren, featureless plain of
bimodal sand and coarse granules overlying
alluvium with paleosols of varying stages of
development (2). During our study of the
Selima sand sheet, we observed chevron-
shaped light- and dark-toned streaks in
Landsat images, but we were unable to
identify any features on the ground that
could be responsible for the albedo contrast
(3). In 1985, using a 1972 Landsat image
for navigation, we made a detailed longitu-
dinal traverse to sample the light and dark
areas of these “chevrons.” Variations in
grain size and lithology were not apparent in
the field, even after repeated traverses. Con-
sequently, we acquired new image data to
determine whether the patterns were still
there. Visual comparisons of 1972 and 1986
Landsat Multispectral Scanner (MSS) scenes
indicated that not only had some of the
chevrons moved, but others had simply dis-
appeared. On the basis of further field stud-
ies in an area of discrete chevron patterns
and new orbital data acquired in 1988, we
now suggest that these features are thin
bedforms created by migration of active
sand and remobilization of the upper surface
of large-scale, low-amplitude bedforms in
the sand sheet.

As depicted in Landsat MSS images (at
80-m spatial resolution), chevron patterns
consist of irregularly spaced, light-toned,
0.5- to 2.0-km wide streaks oriented gener-
ally transverse to the dominant northerly
wind direction, but with acute angles that
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create an en-echelon, or chevron pattern
(Fig. 2). Spacing between individual chev-
rons varies from 0.5 to 6 km, with a mean of
3.0 km, and although the features become
more distinct in a downwind direction,
there is no consistent variation of spacing
downwind. The region of chevrons in the
western part of the Selima sand sheet is
bordered on the west by a dark, manganifer-
ous, iron-rich sandstone surface and on the
cast by giant ripples with amplitudes of up
to 10 m and wavelengths of about 500 m
(4). Because of the distinct appearance of the
chevrons at the western edge of the Selima
sand sheet, we chose this area for detailed
field and remote sensing investigations.

To determine changes between 1972 and
1988, we geometrically corrected and regis-
tered the 1972, 1986, and 1988 scenes by
using default corner coordinates for the
1986 scene to map 10,000-km? subsets of
the data into the UTM (Universal Trans-
verse Mercator) ground coordinate system
at a resampled pixel size of 50 m (5).
Because of the lack of absolute ground
control points, especially in the sand sheet
where changes in albedo were observed, we
used prominences on low bedrock ridges
and barchan dunes as tie points.

We referenced field survey lines and sam-
pling locations determined by multiple satel-
lite fixes to the registered images by deter-
mining the offset between stable ground
positions that could be seen in the images
and recalculating the coordinates of the im-
age data. We estimate that the cumulative
error in these procedures is less than 200 m,
which, in this area of extensive, homoge-
neous sand sheet cover, suggests that surface
sampling is rcprcscntativc of the orbital
depiction of reflectance variation.

We performed a radiometric cahbratlon
of the 1972, 1986, and 1988 images by

considering the differences in gains and off-
sets between the Landsat 1, 4, and 5 MSS
sensors and calculating the radiance for each
band (6). We normalized for solar irradiance
by taking into account differences in sun
angle and in sun-Earth distance between the
acquisition times of each scene in order to
compare absolute reflectance between the
images (7). All images are cloud free, and we
assume that atmospheric conditions were
similar during the times each image was
acquired. Several seasons of fieldwork dur-
ing the fall and winter indicate that near-
ground haze rarely occurs during the winter.

The location and appearance of chevrons
changed during both a short-term (2.7-year)
and long-term (16-year) period for which

* orbital remote-sensing data are available.

Such changes consisted of (i) migration of
discrete chevrons in a downwind (southerly)
direction and (ii) appearance of new, light-
toned chevrons and disappearance of some
which had been present in 1972. Using
images obtained in January 1986 and Octo-
ber 1988, we measured movement of 1400
m for individual light chevrons that retained
their shape (Fig. 3), suggesting an annual
rate of movement of 500 m per year. Using
analog images at 1:1,000,000 scale, we had
previously measured an annual rate of 100
m per year on the basis of a comparison of
images acquired between 1984 and 1986
(8), although these earlier estimates are sub-
ject to greater error because of the scale of
the images. The true migration rate most
likely is somewhere between the two values.
Digital comparisons of the 1972 and 1986
data indicate that some light-toned chevron
patterns in the 1972 i images did not com-
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Fig. 1. Location of Selima sand sheet, southern
Egypt and northern Sudan. Box outlines detailed
area of remote sensing and field studies of large-
scale bedforms and reflectance changes shown in
Fig. 2.
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pletely disappear by 1986, but remained as a
faint outline barely visible above the noise
level of the image data (Fig. 4).

Differences in reflectance values between
light and dark chevrons are extremely small
(1 to 3%); if the patterns were not spatially
coherent, such minor variations would be
indistinguishable from normal brightness
variations in the surrounding sand sheet.
Comparison of the reflectance of light and
dark chevrons in three bands (MSS 1, 3,
and 4) of the 1972 and 1986 Landsat
images indicates that dark chevrons became
brighter and some light chevrons showed
little apparent change (Fig. 5). Overall re-
flectance was extremely high for the sand
sheet, approaching 0.50 in the near infrared.

Fig. 2. Landsat multi-
spectral scanner (MSS)
scene (band 4) of areas
of large-scale bedforms
and chevron patterns de-
tected from orbit. Dune-
fields to the west of the
chevrons and low bed-
rock outcrops north of
this area provided con-
trol for geometric regis-
tration of 1972, 1986,
and 1988 scenes.

Fig. 3. Composite of band 4 MSS images taken in
1986 (Left) and 1988 (Right) showing move-
ment of light chevrons over a 2.7-year period. The
light patterns have retained their shapes, and have
migrated 1.4 km southward during this time
period.
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During the 1985 through 1988 field sea-
sons, we sampled and systematically photo-
phed surfaces representative of broad
(several hundred square meters) areas of the
sand sheet. The difference between light and
dark chevrons in the topmost layer of sand
sheet deposits (the uppermost 0.5 cm) is
that areas of dark chevrons contained a few
percent of subrounded to rounded, 3.5- to
4.5-mm granules, equal to about 10 weight
percent of the bulk sample. These dark, iron-
stained granules were in a matrix of coarse
sand-size particles that were compositionally
indistinguishable from the grains in areas of
light chevrons (9), and the grain size distri-
bution of sands from areas of both light and
dark chevrons showed the bimodality that is

typical of sand sheet deposits (10).

Although the coarser grain size of the
dark granules may contribute to the lower
reflectance of the dark chevrons, we believe
that their different composition is more
important. Shadows cast by the larger grains
could contribute because a spherical grain
0.4 mm in diameter would cast only a 0.4-
mm shadow on a planar surface under the
nominal 45° sun elevation at the time of the
Landsat passes during late fall and winter.
However, both the glancing sun angle on
the top surface of the grains and the sur-
rounding matrix of 0.1- to 0.2-mm grains
suggest that little true shadowing is present.
In addition, a compositional difference be-
tween the light and dark chevrons is sug-
gested in that the reflectance changes are
nonlinear with wavelength (Fig. 5).

Our field surveys of the sand sheet indi-
cate that this area is characterized by ex-
tremely long wavelength, low amplitude
bedforms that are generally detected only
with a laser theodolite with an accuracy of 5

Fig. 4. (A) 1972 Landsat MSS 4 image showing
two of the sample sites used for comparison with
orbital data, and the location of the 2.7-km survey
line across the light chevrons. (B) Same area as
seen in 1986; chevrons have migrated from their
prior position, and only a faint light trace of the
1972 bright streak remains at the northern end of
the survey line.
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mm. Two survey lines were made during
1987 and 1988, a 130-m line transecting a
low bedform visible in the field (Fig. 6), and
a 2.7-km line transecting one of the chev-
rons visible in the 1972 image, but greatly
subdued in the 1986 data (Fig. 4). We
measured elevations at 10- to 20-m inter-
vals, and at each station, dug a 20- to 40-cm
test pit to determine the subsurface stratig-
raphy.

The overall shape of the bedform sur-
veyed in the 130-m line was asymmetric, in
contrast to that of most small-scale ripples
(11). Although a 100-m long form could be
considered as a transverse dune, the steeper
slope is on the stoss side (opposite the case
of transverse dunes where the lee slope is
steep), and the amplitude of 10 to 30 cm is
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Fig. 5. Three-point spectral curves for areas of
light and dark chevrons. Brightening of dark
chevron areas occurred, but is not linear with
spectral band, suggesting that compositional vari-
ations are the cause of reflectance differences.
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an order of magnitude less than that of
normal transverse dunes. The low relief bed-
form shown in Fig. 6 had a 10- to 15-cm
thick layer of active sand sheet on its lee side,
and in contrast to foreset beds of typical
dunes, the primary stratification was planar,
with alternating fine sand and granule layers
typical of sand sheet deposits. Similar bed-
forms with amplitudes of 4 to 8 cm and
wavelengths of 130 to 180 m were apparent
in the longer survey line, where they were
recognized from the thickening of active
layers of sand sheet associated with minor
topographic variations.

In addition to the 130- to 180-m bed-
forms, we identified even wider-spaced bed-
forms with wavelengths of 800 to 1200 m,
within the range of the chevron patterns
detected in the orbital data. Amplitudes
varied from 15 to 30 cm, and two shorter
wavelength forms were superposed on the
northernmost crest of the larger bedform
(Fig. 6). The crests of the long wavelength
bedforms had 3 to 5 cm of active sand sheet
deposits that thickened to 5 to 15 cm on the
lee side. Beneath these deposits were older,
pedogenesized sand sheet deposits that
lacked primary planar stratification but had
a bimodal sediment size distribution (2).
The cores of the bedforms on the 1987-
1988 transect consisted of calcified, fine
pebble—gravel alluvium (cpg) set in a matrix
of coarse silt- to sand-size grains. The topog-
raphy of the upper contact of the cpg
mimics the surface variations, with ampli-
tudes of 10 to 15 cm, and between the
bedforms, cpg was found in some areas at
depths of 30 to 40 cm.

On the basis of our field surveys and
remote sensing data, we interpret the light
chevrons seen at orbital heights to be areas
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sheet. (A) Short profile 0 40
over 20-cm-high bedform
showing thickening of ac-
tive sand sheet in the crest
and lee; (B) 2.7-km pro-
file of chevron area: three
long-wavelength (800 to
1200 m) bedforms have

Elevation (cm)

amplitudes of 15 to 30 cm,
and are cored by calcified
pebble-gravel (cpg). Total
relief of this section is 60
cm, and only representative
stratigraphy is shown based
on 175 shallow pits. (C)
Enlargement of large-scale
bedform showing cpg core

and thickening of active
sand sheet deposits.
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of active sand sheet deposits that cover
the coarse, ferruginous granule component
prevalent in the areas of the dark chevrons.
Because of the difficulty of identifying any
topographic variations associated with light
chevrons in the field, we are not certain that
the large scale of these features is the result
of single bedforms, but suggest that it is, on
the basis of the similarity of the patterns
observed in the 1986—-1988 comparison.

The long wavelength bedforms identified
in the field interact with the migrating chev-
rons in two ways. First, the stoss side of
the long-wavelength bedforms provides a
source for the minor component of lag
granules that creates the dark chevrons seen
in the Landsat images, and which are ex-
posed on the surface in areas where the
active sand sheet deposits are thin. Because
the large-scale bedforms are cored by calci-
fied pebble-gravel, these features most likely
have not migrated during the time period
studied; they may represent the planated
core of what once were much greater ampli-
tude giant ripples, like those that now occur
east of the chevron area, and farther to the
south (4). Second, the thickening of the
planar stratified sand sheet deposits in the
crest and lee of the large bedforms may be
due to entrapment of individual layers of the
sand sheet, formed as the light chevrons
migrate downwind.

The rapid changes and lack of topography
associated with the light chevrons suggest
that their movement is restricted to a thin
(0.5- to 2-cm) layer of the sand sheet.
Despite such a thin layer, advance of 500 m
per year of even a 1-cm thick individual light
chevron equates to a bedform transport rate
of 8.3 m? per year (12), or a net movement
of 83,000 m® per year for a 10-km wide
chevron. Continued monitoring of such fea-
tures will allow more accurate estimates to
be made of sand transport in large desert
regions and will permit comparisons with
mass movement derived from dunes and
other smaller scale acolian bedforms.
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Stishovite at the Cretaceous-Tertiary Boundary,

Raton, New Mexico
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Stishovite, a dense phase of silica, has become widely accepted as an indicator of
terrestrial impact events. Stishovite occurs at several impact structures but has not been
found at volcanic sites. Solid-state silicon-29 magic-angle spinning nuclear magnetic
resonance (silicon-29 MAS NMR) and X-ray diffraction of samples from the Creta-
ceous-Tertiary boundary layer at Raton, New Mexico, indicate that stishovite occurs in
crystalline mineral grains. Stishovite was indicated by a single, sharp resonance with a
chemical shift value of —191.3 ppm, characteristic of silicon in octahedral coordina-
tion, that disappeared after heating the sample at 850° Celsius for 30 minutes. An X-
ray diffraction pattern of HF residuals from the unheated sample displayed more than
120 peaks, most of which correspond to quartz, zircon, rutile, and anatase. Eight
unambiguous weak to moderate reflections could be ascribed to d-spacings characteris-

tic of stishovite.

INCE ALVAREZ et al. (1) SUGGESTED

that an extraterrestrial impact was the

cause of Cretaceous-Tertiary (K-T)
extinctions, mineral grains showing multiple
sets of shock lamellae have been discovered
in weakly indurated sediments from the K-T
boundary (2) at numerous locations around
the world (3). Although such features were
thought to be indicative of violent impact
events, several workers have recently sug-
gested that shocked mineral grains can also
originate during explosive volcanism (4).
The mineral stishovite, another strong indi-
cator of shock history, does not survive
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near-surface exposure to volcanic tempera-
tures. Therefore, detection of stishovite
would indicate that shock effects observed in
K-T boundary sediments were due to mete-
oritic impact, rather than volcanic eruption.

Quartz, a common mineral in the earth’s
crust, is a silica (SiO;) polymorph with
silicon in tetrahedral coordination with oxy-
gen. At pressures of 3.5 GPa, quartz con-
verts to coesite, a dense, tetrahedrally-coor-
dinated monoclinic polymorph. At pres-
sures greater than 8.5 GPa, stishovite forms
(5). Stishovite is an even denser, tetragonal
polymorph, with silicon in octahedral coor-
dination with oxygen. Stishovite can also
form from zircon, which decomposes to
ZrO, and Si0, at pressures above 22 GPa
(6). Once formed, stishovite is metastable at

atmospheric pressure and moderate tem-
perature and reverts to other silica poly-
morphs when heated (7). Natural stishovite
has been found only in rock samples from
known or suspected meteoroid impact sites
and is considered diagnostic of impact-in-
duced shock metamorphism (8).

SSB
B
WA,
ST
SSB
[ [ I [

-175

A
I [

[

-75 -100 -125 150 -200

ppm
Fig. 1. 2Si MAS NMR spectra of K-T boundary
mineral grains (16). (A) Residual K-T boundary
grains isolated by sedimentation, magnetic sepa-
ration and HNO; digestion. (B) Same sample
after heating at 850°C for 30 min. Spinning
sidebands are indicated by SSB; stishovite by ST.
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