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meteorites are mainly derived from small 
interplanetary bodies that escaped significant 

LATE endogenic activity

they provide our best rock record of early solar 
system processes

^^ Vigarano (CV3 carbonaceous chondrite)
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A. Meteoroids, meteors, and meteorites

Meteoroid Object in space, smaller than asteroid

Meteor Object burning up (ablating) in
(Fireball) atmosphere

Meteorite Object found on ground, originated on 
different planetary body



Fireball
break-up

>

<
Meteorite
strewn field

Homestead, Iowa
(1875)



>>
Leonid shower

72 min composite,
8 exposures (F. Espenak)



1992 Peekskill fireball video clips
(How to turn a $300 car into one worth $10,000.)





Results of ablation:  fusion crust, thumbprints, fragmentation



Size-frequency diagram for meteoroids hitting Earth

meteorites are mainly derived from meter-sized meteoroids



B. Sources of meteorites

sources:
-- interplanetary bodies (mostly asteroids,

but some comet-like)
-- Moon
-- Mars



Spectral
reflectance
comparison:
meteorites & 
asteroids



comet nuclei 
similar to this



Orbits of meteoroid that produced meteorites:
aphelia between Mars & Jupiter (asteroid belt),
suggests objects derived from there

Jupiter

Mars

meteoroid orbits
resemble those 
of Near-Earth 
Asteroids 
(NEAs)



Example of meteorite derived from water-rich (comet-like)
body, outer part of asteroid belt

Tagish Lake (C2 ungrouped carbonaceous chondrite)

5.8% C
density = 1.67 g/cm3

spectra similar to D-type asteroids
& comet nuclei

rich in phyllosilicate (saponite &
serpentine), carbonate (siderite)

contains forsterite, sulfide, 
magnetite, spinel, low-Ca
pyroxene, FeNi-metal, pre-solar
grains, PAHs, chondrules, CAIs



Comparison of mineral assemblages in Tagish Lake & comets

Tagish Lake P/Wild-2 P/Tempel-1
meteorite comet dust comet

phyllosilicate -- phyllosilicate
carbonate -- carbonate
organics (PAHs) organics organics (PAHs)
olivine olivine olivine
sulfide FeNi-sulfide sulfide
magnetite -- --
spinel -- spinel
low-Ca pyroxene low-Ca pyroxene pyroxene
FeNi-metal -- Fe-metal
pre-solar grains pre-solar grains --
chondrules -- --
CAIs one CAI --
-- -- H2O + CO2 + CO ice



Meteorite Express: How to get from the 
asteroid belt to the Earth

(1) Perturbations by Jupiter…
can put asteroidal material into Earth-crossing orbits 
(Kirkwood gap clearing).  Gravity of Mars also important.

(2) Collisions occur…
among asteroids, producing meteoroids

(3) The Yarkovsky Effect…
can cause rotating m-sized objects to spiral inwards to 
(or outwards from) the sun.
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asteroid orbits: Jupiter & Mars control
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Inner belt edge:
Mars “Nu6”
resonance

Within belt:
various Jupiter
resonances



afternoon (warm)
hemisphere radiates
this way

Prograde
revolution +
prograde rotation

1. IR thrust 
pushes object 
forward, like 
extra booster

2. Object 
gradually moves 
away from sun 
(orbit expands)

The Yarkovsky Effect



afternoon (warm)
hemisphere radiates
this way

Prograde
revolution +
retrograde 
rotation

1. IR thrust acts 
like break

2. Object 
gradually falls 
towards sun 
(orbit shrinks)

The Yarkovsky Effect



The Yarkovsky Effect is most effective for m-sized bodies

Bodies << 1 m across (e.g., dust)
-- more affected by photons from sun

e.g., light pressure
causes micron-sized particles to spiral away from sun

e.g., Poynting-Robertson Effect
causes cm-sized particles to spiral in towards sun

Bodies >> 1 m across (e.g., asteroids)
-- more affected by gravity



Designation Proportion of metal & silicate

Iron >> 50% metal alloy

Stony-iron ~ 50% metal, ~ 50% silicate

Stony >> 50 % silicate

C. Meteorite types

Types of meteorites… a simple classification



Kinds of
meteorites Iron >

< Stony-iron
pallasite (L), mesosiderite (R)

Stony >

chondrite (L)
achondrite (R)



FALLS
(957)

FINDS
(3854)

Meteorite statistics (as of year 2000)

Probably now have >20,000 meteorites, thanks to recovery from 
Antarctica & the Sahara.  New find statistics resemble the fall statistics.  



Classes, rock types, and parent bodies
# parent 

Designation Class & rock types bodies*

Stony chondrites: agglomerate > 13
Stony achondrites: igneous, often breccia > 8

Stony-iron pallasite: igneous > 3
Stony-iron mesosiderite: igneous, meta-breccia 1 (2)

Iron many groups: igneous 50-80?

* as inferred from chemical & isotopic studies



Designation Rock type

Chondrite agglomerate-- never melted
(stony)

All else igneous; impact breccias--
(stony, stony- melted at least once
iron, iron)

Types of meteorites… a fundamental classification



Designation Rock type

Chondrite agglomerate-- never melted
(stony)

Types of meteorites… a fundamental classification

unique (yet common) rock type in solar system;
formed in early solar system only



Chondrites All other rocks



NWA 1464 (urelilite)

Gibeon (IVA iron) Millbillillie (eucrite)
D. Differentiated
meteorites

• achondrites
• irons
• stony irons



Achondrite - any stony meteorite NOT a chondrite - samples of 
crusts and mantles of differentiated asteroids, the Moon, and Mars



Big! iron meteorite

Irons - samples of the cores of differentiated asteroids



Iron meteorite:
slow-cooling in
a metallic core 



olivine (mantle)

metal (core)

olivine + metal



Mesosiderite

collision of
two differentiated
asteroids?

collisionally- target
stripped body
metal core



E. Chondrites

Agglomerates of materials with 
diverse histories

Solar-like bulk composition (planetary 
building blocks)

Formed in protoplanetary disk (solar 
nebula)



Chondrites-- agglomerates of 
materials with diverse histories

chondrules – remelted objects

CAIs – high-T condensates 
& vaporization residues

matrix, includes
pre-solar grains
& low-T organic matter

Vigarano (CV3 chondrite)



Mg
Ca
Al

CR2 chondrite

CAIs = Ca-Al-
rich inclusions
a.k.a. 
“refractory 
inclusions”

chondrules = 
ferromagnesian 
objects (rich in 
olivine & 
pyroxene)

matrix



chondrites– different types, vary in proportion of carbon & oxygen 



Chondrites
uniquely have 
quasi-solar 
composition 

^^ chondrites vs. sun

differentiated meteorites vs. sun >>



protoplanetary disks (proplyds)



F. Important results
1. Planetary rock-swapping has occurred throughout solar
system history.

• ~30 martian meteorites, ~40 lunar meteorites
recognized on Earth; younger than 4.56 b.y.

• Impact-blasted off surfaces; brought to Earth in last ~0.1-10 m.y.
probably many more at earlier times 

• Now finding meteorites on the Moon and Mars

<< Meridiani Planum
iron meteorite (IAB)
(MER Opportunity 
image, sol 339)



Important results
2. The decay of short-lived radioactive nuclides was an
important heat source in the early solar system.

• Evidence for many short-lived nuclides found in various
meteorites, can be used as relative chronometers

• Many meteorite parent bodies melted & differentiated.
Short-lived radioactive decay most promising heat source



Important results
3. The solar system formed in a short period.

• Dating by short-lived chronometers & precise Pb-Pb system

• Time to make & melt meteorite parent bodies ~2-5 Ma

molecular cloud (cold gas + dust)
proplyd (warmer gas + dust)
proplyd (warmer gas + dust + planetesimals)

time ~ 0.1-5 Ma



Important results
4. Pre-solar grains were incorporated & preserved
in chondritic meteorites

<< contains
microscopic
pre-solar grains,
found by acid
dissolution, gas
extraction, or
isotope
mapping



Pre-solar grains:
SiC
nanodiamond
graphite
corundum
Si3N4
organic matter

Formed around multiple types of stars (red 
giants, supervovae)



Important results
5. Pre-biotic organic synthesis occurred in solar
system building blocks

• Organic compounds found in interstellar medium (ISM)--
molecular clouds

• Solar system formed by collapse of molecular cloud;
chondrites formed in the early solar system and
contain similar organic compounds 



Rich in pre-biotic
organic material 
(incl. amino acids)



Many organic compounds in carbonaceous chondrites

Include: macromolecular (kerogen-like) carbon, carboxylic acids, 
dicarboxylic acids, amino acids, lower alkanes, higher alkanes, aromatic 
hydrocarbons, N-compounds

Pre-terrestrial origin:

• no terrestrial source for some compounds

• compounds destroyed by terrestrial exposure & weathering

• racemic mixtures

• often isotopically anomalous (e.g., high D/H ~ 10x seawater) 



Important results
6. A substantial amount of dust in the early solar system
was processed by intense heating events to make
chondrules & CAIs (Ca-Al-rich inclusions).

<<
NWA 2697
(CV3 chondrite)

CAIs

chondrules

matrix



Chondrule textures in thin-section

<< barred olivine, almost completely remelted

radial pyroxene & microporphyritic
pyroxene , completely or partly remelted >>

<< microporphyritic olivine >>
mostly remelted



General picture of solar nebula: hotter closer to sun…
so dust composition must vary with distance from sun



But chondrules & CAIs indicate we have also localized intense heating.  
Heated particles must become mixed with cooler dust to form chondritic
material (unmelted asteroids & comets).



Were CAIs heated close to sun, 
transported outward by X-wind?



Were chondrules heated close 
to planetesimals further from 
sun?



























































































Around midnight on 6 October 2008, 
a white dot flitted across the screen 
of Richard Kowalski’s computer at an 
observatory atop Mount Lemmon in 

Arizona. Kowalski had seen hundreds of such 
dots during three and a half years of scanning 
telescope images for asteroids that might hit 
Earth or come close. He followed the object 
through the night and submitted the coordi
nates, as usual, to the Minor Planet Center in 
Cambridge, Massachusetts, which keeps track 
of asteroids and other small bodies. When the 
sky began to brighten, he shut down the tele
scope, went to the dorm down the mountain 
and fell asleep.

The only thing that had puzzled Kowalski 
about the midnight blip was the Minor Planet 
Center’s response to his report. Its website posted 
the discovery right away but when he tried to 
add more data, the system stayed silent.

Tim Spahr, the Minor Planet Center’s direc
tor, found out why the following morning. The 
centre’s software computes orbits automati
cally, but this asteroid was unusually close to 
Earth. “The computer ran to me for help,” says 
Spahr. He did some quick calculations on Kow
alski’s data to figure out the path of the asteroid, 
which was now named 2008 TC3. “As soon as 
I looked at it and did an orbit manually, it was 
clear it was going to hit Earth,” he says. 

The brightness of 2008 TC3 suggested it 
was only a few metres across and, assuming 
it was a common rocky asteroid, would prob
ably split into fragments soon after entering 
the atmosphere. But safe as that might seem, 
Spahr had procedures to follow. He called Lind
ley Johnson, head of NASA’s Near Earth Object 

Observations programme in Washington DC, 
on his BlackBerry — a number only to be used 
in emergencies.

“Hey Lindley, it’s Tim,” said Spahr. “Why 
would I be calling you?”

Johnson’s response: “We’re going to get hit?”
Spahr also called astronomer Steve Ches

ley of the Jet Propulsion Laboratory (JPL) in 
Pasadena, California, who at the time was hus
tling his kids out of the door for school. Chesley 
hurried into the office, ran a program to calcu
late the asteroid’s orbit and “was astounded to 
see 100% impact probability”, he says. “I’d never 
seen that before in my life.” Chesley calculated 
that the asteroid would hit Earth’s atmosphere 
less than 13 hours later, at 2:46 
ut the next day; the impact 
site would be northern Sudan, 
where the local time would be 
5:46 a.m.. He sent his results to 
NASA headquarters and the 
Minor Planet Center, which cir
culated an electronic bulletin to 
a worldwide network of astronomers. A group 
called NEODys in Pisa, Italy, also confirmed 
that an impact was nearly certain.

Although several small objects such as 2008 
TC3 hit Earth each year, researchers had never 
spotted one before it struck. Kowalski’s dis
covery, therefore, provided a unique chance to 
study an asteroid and its demise in real time, if 
astronomers could mobilize resources around 
the world quickly enough. 

Soon emails and phone calls were flying 
across the globe as scientists raced to coordi
nate observations of the incoming asteroid. 
“IMPACT TONIGHT!!!” wrote physicist Mark 

Boslough of Sandia National Laboratories in 
Albuquerque, New Mexico, to colleagues, 
including a Sandia engineer responsible for 
monitoring US government satellite data.

Countdown to impact
Peter Brown, an astronomer at the University 
of Western Ontario in Canada who heard the 
news from JPL, ran to his local observatory, 
fired up the telescope and began tracking the 
asteroid, which looked like “a very small, faint, 
fastmoving streak”, he says. Alan Fitzsimmons 
at Queen’s University Belfast in Northern Ire
land called two of his colleagues, who had just 
arrived at the William Herschel Telescope at La 

Palma on the Canary Islands 
and were not scheduled to use 
the tele scope until the next day. 

“Listen guys, this is happen
ing, this is going to happen 
tonight,” he told the research
ers, who arranged to borrow 
an hour of observing time from 

another astronomer.
All day, observations poured into the Minor 

Planet Center, which released new data and 
orbit calculations several times an hour. NASA 
notified other government agencies, including 
the state and defence departments, and issued 
a press release that afternoon saying that the 
collision could set off “a potentially brilliant 
natural fireworks display”. About an hour 
before impact, the asteroid slipped into Earth’s 
shadow and out of view to optical telescopes. 
By then, astronomers from 26 observatories 
worldwide had already captured and submitted 
about 570 observations, allowing JPL to refine P.
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When an asteroid was spotted heading towards our planet last October, researchers rushed to 
document a cosmic impact from start to finish for the first time. Roberta Kwok tells the tale.

“Listen guys, this  
is happening,  
this is going to 
happen tonight.”  
— Alan Fitzsimmons
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When the meteoroid was 121,100 
kilometres from Earth, a telescope 
in the Canary Islands measured 
how much light the body reflected 
at different wavelengths.

The little boulder 2008 TC3 went through a series of name changes during its 
brief moment in the scientific spotlight. In space, the hunk of rock was called 
an asteroid or meteoroid. After it hit Earth’s atmosphere, frictional heating 

set it aglow and it became a meteor. The pieces that 
fell to the ground are called meteorites. Here is 

the 2008 TC3 biography, from the moment it 
was discovered.

A fast-moving meteoroid 
close to Earth was spotted 
by the Catalina Sky Survey 
on Mount Lemmon in 
Arizona. Orbital calculations 
suggested it would hit the 
planet in 20 hours.

When the meteoroid broke apart, 
it left behind clouds of hot dust, 
observed by the Meteosat-8 
weather satellite.

Ron de Poorter, a 
KLM pilot flying 
at an altitude of 
10,700 metres 
over Chad, saw 
three or four short 
pulses of light 
beyond the 
horizon as the 
meteoroid flared 
through the sky.

A photograph captured clouds left behind after 
the fireball disappeared.

A search team combed 
the desert multiple times 
and recovered some 280 
meteorites.

its predicted collision time to 2:45:28 ut, give 
or take 15 seconds.

As the countdown progressed, Jacob Kuiper 
fretted. Kuiper, an aviation meteorologist on 
the night shift at the Royal Netherlands Mete
orological Institute in De Bilt, had seen an 
email about the incoming asteroid. And he 
was worried that no one would see the explo
sion in the sparsely populated Nubian Desert.

With less than 45 minutes left, Kuiper real
ized he could notify Air FranceKLM — the 
airline to which he routinely issued weather 
reports — which probably had planes flying 
over Africa. About ten minutes later, pilot Ron 
de Poorter received a message printout in the 
cockpit of KLM flight 592, fly
ing north from Johannesburg 
to Amsterdam. The message 
gave the latitude and longi
tude of the predicted asteroid 
impact. De Poorter calculated 
that he would be a distant 1,400 
kilometres from the collision. 
Still, at the appointed time he 
and his copilot dimmed the instrument lights 
and peered northeast. 

Far above the plane, asteroid 2008 TC3 hit the 
top of the atmosphere at about 12,400 metres 
per second. The collision heated and vaporized 
the outside of the rock, ripping material from 
its surface. The impact of rock atoms with air 
molecules created a brilliant flash that lit the 
desert below. Less than 20 seconds after 2008 
TC3 entered the atmosphere, calculations sug
gest, pressure on the rock triggered a series of 
explosions that shattered it, leaving a trail of 
hot dust.

From the cockpit of his plane, de Poorter saw 

flickerings of yellowishred light beyond the 
horizon, like distant gunfire. The flash woke a 
station manager at a railway outpost in Sudan. 
In a village near the Egyptian border, people 
returning from morning prayers saw a fireball 
that brightened and flared out, according to 
accounts collected later by researchers.

Electronic eyes watched, too. US govern
ment satellites spotted the rock when it was 65 
kilometres above the ground. Moments later, it 
was picked up by a European weather satellite, 
which caught two dust clouds and light from 
the fireball. An array of microbarometers in 
Kenya normally used to monitor for nuclear 
explosions detected lowfrequency sound 

waves from the blast, which 
Brown later calculated would 
be equivalent to about 1–2 
kilotonnes of TNT, roughly 
onetenth the size of the atomic 
bomb dropped on Hiroshima.

Tracking of the fireball’s tra
jectory by US satellites showed 
that JPL accurately predicted 

the object’s location within a few kilometres 
and a few seconds. “We have never had such 
a concrete affirmation that all the machinery 
works,” says Chesley.

But for Peter Jenniskens, an astronomer at 
the SETI Institute in Mountain View, Califor
nia, the spectacular light show was not enough. 
For weeks after the asteroid hit, Jenniskens, 
who studies meteor showers, waited to hear 
whether someone had found the fallen mete
orites. No news emerged. “Somebody needed 
to do something,” he says.

Jenniskens flew to Sudan in early Decem
ber and met with Muawia Hamid Shaddad, 

an astronomer at the 
University of Khartoum who had already 
obtained pictures of the fireball’s trail from 
locals. Together, they drove north from Khar
toum to the border town of Wadi Halfa, asking 
villagers where the fireball had exploded in the 
sky. These eyewitness accounts convinced Jen
niskens that the rock had disintegrated high in 
the atmosphere — in good agreement with US 
satellite data — and that any fragments were 
most likely to be found southwest of Station 6, 
a tiny railroad outpost in the Nubian Desert.

Desert search
On 6 December 2008, Jenniskens and Shaddad 
set out with a group of 45 students and staff 
from the University of Khartoum to scour the 
area. Team members lined up about 20 metres 
apart over a kilometrewide strip, facing a sea 
of sand and gravel interspersed with hills, 
rocky outcrops and dry winding riverbeds. 
Flanked by two pairs of cars and trailed by a 
camera crew from news network Al Jazeera, 
the line of searchers began marching slowly 
east, like the teeth of a massive comb being 
dragged through the desert.

Towards the end of the day, a car approached 
Jenniskens with news that a student might 
have found a meteorite. “I remember think
ing, ‘oh no, not again’,” says Jenniskens, who 
had already fielded several false alarms. Still, 
he jumped in the car and drove to the stu
dent, who presented him with a small square 
fragment, about a centimetre and a half across 
with a thin, glassy outer layer. The surface 
resembled the crust that meteorites form after 
being melted and solidified, and the rock’s 
deep black colour suggested it was freshly 
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“We have never 
had such concrete 
affirmation all the 
machinery works.” 
— steve Chesley
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fallen. It was the team’s first meteorite — and 
the first time that scientists had ever recov
ered a meteorite from an asteroid detected in 
space (see page 485).

The next day, the team walked 8 kilome
tres and found 5 meteorites, all very dark 
and rounded. On the third day, a trek of  
18 kilometres yielded larger meteorites nearly 
10 centimetres across. A few weeks later, a team 
of 72 students and staff found 32 more, and 
the most recent field campaign, completed in 
March, brought the tally to about 280 frag
ments weighing a total of several kilograms.

Jenniskens couriered a sample to Mike 
Zolensky, a cosmic mineralogist at the NASA 
Johnson Space Center in Houston, Texas. 
Examining the rock, Zolensky discovered that 
it contained large chunks of carbon and glassy 
mineral grains resembling sugar crystals. Tests 
at other labs confirmed that the sample was a 
ureilite, a type of meteorite thought to come 
from asteroids that have melted during their 
time in space. Only 0.5% of objects that hit 
Earth yield fragments in this category. But 2008 
TC3’s pieces are strange even for ureilites: they 
are riddled with an unusually large number of 
holes, says Zolensky. “It boggles the mind that 
something that porous could survive as a solid 
object,” he says.

The findings suggest that 2008 TC3 broke 
from the surface of a larger asteroid, as the 
pores would have been crushed if they 
were near the rock’s centre, says 
Zolensky. He suggests that 
future studies of the mete
orites’ chemistry could 
help reveal the history 
of its parent asteroid. 
Moreover, the new 
finds might eventu
ally yield clues to how 
planets form, he says, 
because the asteroid 
had melted during 
its history, a process 
that young planets go 
through.

2008 TC3 gave astrono
mers a rare chance to connect 
a dot in the sky with rocks in 
their hands. “We have a lot of meteor
ites on the ground and a whole lot of asteroids 
up there, and forging a link is not easy,” says 
Don Yeomans, manager of NASA’s NearEarth 
Object Program Office at JPL.

Jenniskens and his team concluded the aster
oid belonged to a group called Fclass asteroids. 
These asteroids reflect very little light, and sci
entists had been unsure what they were made 
of. The new evidence “opens a huge window”, 
says Glenn MacPherson, a meteorite curator 

at the Smithsonian Institution in Washington 
DC, who was not involved in the studies of 
2008 TC3. Although not all Fclass asteroids 
may be the same, he says, the data suggest at 
least some of them may contain the same mate
rial as ureilites, such as carbon and iron.

Clark Chapman, a planetary scientist at 
the Southwest Research Institute in Boulder, 
Colorado, says the connection between Fclass 
asteroids and ureilites does not surprise him. 
But, he adds, “this is a proven 
link and we don’t have many of 
those”. 

Scientists have tried to fig
ure out the composition of 
asteroids by studying how they 
reflect various wavelengths of 
light and matching these fea
tures to meteorite samples in 
the lab. But such connections 
are often tenuous unless the reflection signa
ture is very distinct. The most secure example is 
an asteroid called 4 Vesta, which has been asso
ciated with a group of igneous meteorites. No 
missions have yet returned asteroid fragments 
to Earth, although a NASA spacecraft orbited 
the asteroid Eros for a year and landed on it 
in 2001. Japan’s Hayabusa mission attempted 
to collect a sample from the asteroid Itokawa 
in 2005; scientists will find out whether it suc
ceeded when the spacecraft returns next year. 

Knowing what asteroids are made of 
will be crucial if we ever need to 

deflect one, says Yeomans. 
NASA aims to provide 

decades of warning if 
any killer asteroids 
are headed for Earth 
so that a strategy 
can be devised 

to avoid a collision. That strategy will differ 
for various asteroids, which can range from 
“wimpy excometary fluffballs”, to solid rock, 
to slabs of nickeliron, says Yeomans.

With the advent of new surveys, scientists 
could spot objects hurtling towards Earth more 
frequently. Today’s surveys have found almost 
90% of nearEarth objects with a diameter of  
1 kilometre or larger, says Yeomans, but smaller 
rocks can easily slip by unnoticed. Discover

ing 2008 TC3 was like finding 
“a man in a dark grey suit 50% 
farther away than the Moon”, 
says Kowalski, who is part of 
the Catalina Sky Survey, an 
effort that discovers 70% of all 
the nearEarth objects found 
every year. The detection rate 
will increase with the next 
generation of surveys, per

haps up to a few Earthbound asteroids per 
year, says Alan Harris, a planetary astronomer 
at the Space Science Institute who is based in 
La Canada, California. The Panoramic Survey 
Telescope and Rapid Response System (Pan
STARRS) in Hawaii will officially begin obser
vations with its prototype system this year, and 
the Large Synoptic Survey Telescope in Chile is 
scheduled to begin full operations in 2016.

In the meantime, Kowalski and his col
leagues are still on the job. The night after spot
ting asteroid 2008 TC3, Kowalski headed back 
up Mount Lemmon, heated his dinner and 
settled down in the telescope’s control room. 
As his discovery plunged towards the desert 
on the other side of the world, Kowalski was 
surveying another part of the sky, waiting for 
the next white dot. ■

Roberta Kwok is a news intern in Nature’s 
Washington DC office.
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“It’s like finding a 
man in a dark grey 
suit 50% farther 
away than the Moon” 
— richard kowalski

Peter Jenniskens (above) led the search for meteorite fragments in the Sudan desert (inset). 
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