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It is difficult to gain a visceral sense of the immensity of 
energy involved in an asteroid or comet impact on Earth. 

Although asteroids and comets can range anywhere from 
meters to many kilometers in diameter1 (imagine Mt. 
Everest falling from the sky!), the actual effect of an im-
pact is greatly enhanced by the enormous speeds in-
volved. The total kinetic energy released in such a colli-
sion is the product of the mass of the impactor multiplied 
by the square of the velocity, and the impact speeds range 
from 10 to 70 km/second, or 20,000 to 150,000 miles per 
hour!2 

For example, take two notable cases: 1) the impact of 
an extremely large object, ~10 km, creating the 180 km 
diameter Chicxulub crater in the Yucatán Peninsula in 
Mexico, formed around 65 million years ago, which may 
have helped put an end to the dinosaurs; and 2) the Tun-
guska event in Siberia, Russia, in 1908, which, though 
believed to have been caused by a much smaller object, 
only about 30-50 meters across, resulted in local devasta-

1. All sizes of comets or asteroids will be given in the length of the di-
ameter of the object, unless otherwise noted. E.g., a “1 km asteroid” 
refers to an asteroid with a diameter of 1 km across.

2. For comparison, a typical passenger jet travels at around 500-600 
mph (~250 m/s); the speed of sound (at sea-level) is about 770 mph 
(343 m/s); and the fastest jet ever flown (unmanned) was NASA’s X-
43A scramjet, which reached mach 9.8, which is 7,500 mph or 3.1 
km/s.
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tion. These two significant cases will help provide a sense 
of a range of possible scenarios.

Based on studies of Mexico’s Chicxulub crater, it has 
been estimated that a roughly 10 km object, hurtling at 
around 20 km/s (~45,000 mph), slammed into the Earth 
~65 million years ago. Though the exact details of the ef-
fects are left to models and simulations, we can certainly 
get an idea of the scale of destruction: mega-tsunamis3 
thousands of meters high; an expanding cloud of boiling 
dust, vapor, and ash; rock and other surface material 
ejected out of the atmosphere, raining back down over a 
huge area, redhot from its atmospheric re-entry; and 
shock waves that trigger volcanic eruptions and earth-
quakes around the entire globe.

To give a rough sense of scale, the energy released by 
such an impact is estimated to be in the range of 100 mil-
lion megatons of TNT, 20,000 times larger than public es-
timations of the entire global thermonuclear weapons 
stockpile (see table I). In addition, besides the immediate 
effects of collision, an impact this large would launch so 
much dust and debris into the atmosphere that a dust 

3. Megatsunami is a term used to describe a tsunami that has wave 
heights which are much larger than normal tsunamis. They originate 
from a large scale landslide or collision event, rather than from tec-
tonic activity. A recent example is the 1958 Lituya Bay megatsunami, 
near Alaska, which resulted in a wave hundreds of meters high, the 
largest known in modern times.

cloud would cover the entire planet, blocking out the Sun 
for years: the impact winter, only one of many possible 
long-term, global effects. 

Fortunately, the Chicxulub case represents an extreme, 
and relatively rare threat. Such large impacts, though 
more destructive, are much less frequent than smaller im-
pacts. As will be expanded shortly, our neighborhood in 
the Solar System is populated with many asteroids and 
comets; however, the frequency of impact by these ob-
jects, generally, is inversely proportional to their size. 
Nevertheless, while a big object, in the range of 1 km or 
larger, can create massive global damage, even a relative-
ly small object, can cause significant damage.

One often-cited example of an impact thought to be 
caused by a smaller object is the Tunguska event, in which 
a sudden explosion leveled roughly 80 million trees over 
an area of 2,150 square kilometers in Siberia, Russia. 
Though some mystery and debate still surrounds this 
1908 case, the most well-supported theory is that the 
blast was due to a comet or asteroid exploding as it im-
pacted the atmosphere, disintegrating before it could hit 
the Earth’s surface, and generating a massive blast wave.4 

4. Though the Tunguska event drew and has continued to draw in-
tense interest and study, no unambiguous, single impact crater has 
been found. For example, there is some evidence that it could have 
been generated by a massive release and explosion of natural gas 
from underneath the Siberian crust. In any case, we investigate the 

impact effect circles copied from analysis of the “Earth Impact Effects Program,” Copyright 2010, G.S. Collins 
Robert Marcus, and H.J. Melosh, Imperial College London, http://impact.ese.ic.ac.uk/, Original map by Ron Blakey, NAU Geology

The calculated effects of the asteroid which is associated with the Chicxulub crater, estimated to have hit the Earth 65 
million years ago. Shown here, from the center outward, are: 1. the range of thermal radiation; 2. ejected material; 3. 
seismic shaking; and 4. tsunami range.
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Setting aside any lingering debates on the subject, stud-
ies have been conducted to determine what size asteroid 
or comet could have flattened 80 million trees over a re-
gion the size of a major metropolitan area. The results of 
these studies have shown that an object only 30-50 me-
ters across could have generated such a blast wave.5 

In order to put the range of threats further into perspec-
tive, this table presents a comparison of the levels of en-
ergy released from various types of events, both man-
made and natural.

Structure and Composition
It is also highly important that we determine the physi-

cal composition of the interplanetary bodies. Some of the 
deeper implications of this will be discussed in the sec-
tions on defense options and exploratory missions, but 
here we must note that not all of these objects are struc-
turally similar. Some are almost solid iron-nickel, some 
solid rock, while many others are loose piles of smaller 
objects held together by their gravity (sometimes referred 
to as flying rubble piles).

The Objects 
The next question is, where do these objects come 

from? Our solar neighborhood is much more populated 
than you may realize. Here, we concentrate only on two 
specific classes of objects: near-Earth objects and long-

asteroid-impact theory in this report.

5. See, Comet/Asteroid Impacts and Human Society: An Interdisci-
plinary Approach, Peter T. Bobrowsky, Hans Rickman, Springer, Feb 
21, 2007 - 546 pages.

period comets. The classical image of our Solar System, 
four inner planets, then the asteroid belt, followed by four 
outer planets, while true, does not present the full picture. 
As Johannes Kepler indicated, and as Karl Gauss proved, 
there is a major discontinuity between Mars and Jupiter 
separating the inner from outer planets, which is the home 
of the majority of the asteroids in our Solar System. How-
ever, in addition to this “main belt” of asteroids, there are 
other populations of asteroids and comets. Some share 
Jupiter’s orbit. Some dwell in between Saturn and Uranus. 
Many populate the area of the inner planets, including 
around Earth. 

The most successful way to further investigations of the 
ordering of the entire Solar System will be an elaboration 
of the methodological approach of Kepler and Gauss, the 
great minds who discovered the ordering of the Solar Sys-
tem. Instead of starting from pairwise interactions, we 
must investigate the Solar System as a single, harmonic 
system, taking a top-down view of the orbital systems and 
subsystems. Ultimately, applying those methodological 
considerations will be the key to improving our under-
standing of the orbits, and determining well into the fu-
ture what bodies may threaten our planet.

Consider, first, a class of objects known as near-Earth 
objects (NEOs). This class of potentially threatening ob-
jects are mostly asteroids, but include some short-period 
comets.6 

6. The comets included in the near-Earth objects grouping (some-
times referred to as short-period comets) have dramatically different 
orbits than the long-period comets mentioned above. Some of these 
short-period comets can have orbits that are similar to that of aster-
oids, and constitute a small part of the total near-Earth object popula-

Table I
Impacts, Energy Release, and Effects

Asteroid /Comet Size  
(Meters)

Energy Released 
(Megatons TNT)

Effects of Impact or 
Comparable Events

30 2 Fireball, Shockwave, Minor Damage

50 10
Comparable to Largest Thermonuclear 

Weapon in Existence

200 600 Destruction on a National Scale

500 10,000 Destruction on a European Scale

1,000 80,000 Global Effects, Many Millions Dead

5,000 10 Million Global Climate Change, Billions Dead

10,000 80 Million Complete Extinction of the Human Species
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The defining character of NEOs is that they orbit the 
Sun in paths that are either in the same general region as 
the Earth’s orbit, or can even cross the Earth’s orbit on a 
regular basis, raising the possibility of a collision with the 
Earth at some point in the future. 

Though not all NEOs pose a threat to the Earth, a large 
number could. Of these, a number have orbits which 
come within 0.05 AU of the Earth’s orbit, and are large 
enough to cause damage to the Earth. These are referred 
to as potentially hazardous objects (PHOs).7 This particu-
lar class of objects are of great concern for government 
agencies and scientific organizations all over the world, 
who have set out to find and track them, in order to iden-
tify potential threats, and to give advanced warning time 
to prepare defensive actions if needed. 

Before going into the current estimations of the NEO 
population, how to observe and track them, as well as de-
fense options, we must first identify a second class of po-
tentially threatening objects, long period comets (LPCs). 
The orbits of these comets are completely different from 

tion.

7. AU stands for astronomical unit, the average distance from the 
Earth to the Sun. It is used as a standard measure of distance in the 
Solar System. Also don’t be fooled by the image above, as bodies in 
the Solar System orbit within a thin volume, not a flat plane. Two orbits 
that may look like they intersect, when drawn on paper, may not, be-
cause one could be above the other.

those of NEOs. Whereas NEOs spend their entire life in 
the inner Solar System, long period comets spend the vast 
majority of their lifetime out in the farthest depths of the 
Solar System (often well beyond the orbit of Pluto.) The 
extreme ellipticity of some of these distant creatures can 
take them on rapid trips through the interior of the Solar 
System, and possibly across Earth’s orbit. 

These create a number of significant problems for de-
fending the Earth. First, the key to planetary defense is 
early detection. While we have had success in detecting 
NEOs which populate the inner region of the Solar Sys-
tem, it is basically impossible, with present technology, to 
see the vast majority of these long period comets when 
they are farther away. Not only does this dramatically 
shorten warning times, but, since the majority of these 
comets take hundreds of thousands of years to complete a 
single orbit around the Sun (some even take millions of 
years), we know little to nothing about the nature of the 
long period comet population. In addition, from what we 
do know, they are often very large, and can have impact 
speeds of up to about 70 kilometers per second (over 
150,000 mph), significantly greater than asteroids.8 

Currently, compared to NEOs, we see far fewer long 
period comets passing our region of the Solar System, so 
it is expected that their impacts with the Earth are much 
less frequent. However, they have hit the Earth in the past, 
and if one were on a future impact trajectory, its great 
speed, large mass, and undetectability until close to the 
Earth would make it a particularly dangerous global 
threat. These are the type of bodies that could eliminate 
all human civilization with one impact. 

There is also reason to believe that the population of 
long period comets which pass into the interior of the So-
lar System is not completely random. The current hypoth-
esis is that these long period comets may originate from 
an extremely distant spherical structure surrounding the 
Sun, at the farthest reaches of the Solar System, known as 
the Oort cloud. Presently we do not have the observation-
al capability to see comets that far away (a 10 km object 
at 10,000 times the distance of the Earth from the Sun is 
hard to spot), but it is thought that the number of large 
comets (larger than 1 km) in the Oort cloud is in the range 
of trillions. 

Since they extend so far beyond the Solar System, these 
comets become sensitive to galactic factors. Other stars 
coming close to our Solar System can perturb the Oort 
cloud, changing the orbits of potentially millions of com-
ets. Beside individual influences, at these distances, the 
gravitational effect of the Sun is less dominant and the 

8. Remember that the energy released on impact goes up with the 
square of the speed. To give one example, the 70 km/second impact 
speed of a comet, going three and a half times faster than the 20 km/
second impact speed of an asteroid of the same size, would deliver 
over 12 times more energy.

Adapted from a graphic by Jen Christiansen. Source: NASA Jet Propulsion Laboratory

http://www.scientificamerican.com/article.cfm?id=graphic-science#  

Orbits of various bodies in our Solar System. The Earth’s orbit 
is in blue, some examples of orbits of near-Earth objects are 
shown in red, and a long period comet is in yellow. 
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general gravitational field of the galaxy 
begins to have an influence—an effect 
which varies as the galaxy evolves, and 
as our Solar System travels through it.

Even though our current scope of un-
derstanding regards these galactic pro-
cesses as having slow, long-term effects, 
they are the type of considerations that 
mankind must begin to take into ac-
count at this stage. First and foremost, 
there is still little in the way of solid 
knowledge about these outer regions of 
the Solar System, and much less known 
about our Solar System’s relationship 
with our galaxy and how those galactic 
changes affect us here on Earth. There 
are many theories and models, but as 
we are reminded by the fact that recent 
readings from the two 35-year old Voy-
ager spacecraft continue to surprise the 
scientific community, we cannot as-
sume that we understand these neigh-
boring regions, or the solar-galactic in-
teractions, until we go out and 
investigate. 

If there is some doubt as to why man-
kind has an imperative to understand 

Adapted from Donald Yeoman’s Illustration, JPL, NASA 

An artist’s mapping of the Solar System on a logarithmic scale. The planets are various sized dots on the line, the edge of 
the Sun’s magnetic field is indicated as the heliopause, and the hypothesized location of the Oort cloud is shown at its 
farther distance. 

 Original by R. Mewaldt & P. Liewer, JPL, NASA 

Artist’s depiction of the hypothesized Oort cloud distribution of cometary 
bodies populating the farthest reaches of the Solar System.
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Data from NEOWISE Mission, 
Image Credit NASA/JPL-Caltech 

http://www.nasa.gov/mission_pages/WISE/multimedia/gallery/neowise/pia14734.html 

This chart shows the percentage found (tan) of the estimated total population (green) of near-Earth asteroids of various 
size categories.

Adapted from: Catastrophic Events Caused by Cosmic Objects; 2008, Springer; Chapter 2, “Size-frequency distribution of asteroids and impact craters: estimates of impact rate.”
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our solar and galactic environment, let long period com-
ets draw for us a larger neighborhood.

While our current capability to defend against the 
threat of long-period comets is limited, the state of our 
knowledge of near-Earth objects is less uncertain.

Population and Impact Frequency Estimations
Due to their close orbits, near-Earth objects can be 

observed and tracked with Earth-based and space-
based telescopes. Following on a few decades of obser-
vation programs, astronomers have developed a signifi-
cant catalogue of known near-Earth objects. Depending 
on how well and for how long each individual NEO is 
observed, computer models can be used to extrapolate 
each NEO’s orbit and trajectory, years or decades into 
the future.9 These multi-decade extrapolations are cru-
cial, since the key to defense against a potentially 
threatening asteroid is having as much advanced warn-
ing time as possible.

Presently, we are far from having discovered and 
tracked every NEO, and that must be done. The limited 
population that has been characterized by current sur-
veys has been used to extrapolate statistical estimations 
of the expected total NEO populations. For example, in 
September 2011, a NASA-led team published updated 
estimations of NEO populations based on the data ob-
tained from the Wide-field Infrared Survey Explorer 
(WISE) space telescope.

Since then, various estimates continue to be refined 
as increasing amounts of data from Earth-based tele-
scopic surveys are received. One of the more recent 
available estimates was released in April of 2012, and 
presented by the head of NASA’s NEO program, Lindley 
Johnson, at a May 2012 Workshop on Potentially Haz-

9. Obviously, the more observations of an object we have, and the bet-
ter those observations are, the better the forecast will be. Still there are 
certain subtle effects which require greater investigation, such as 
composition, spin rates, and non-gravitational effects, such as an un-
even heating/emission action referred to as the Yarkovsky effect. 
Moreover, there are questions about the methodology of the computer 
models themselves: they generally rely on only a few dozen large bod-
ies to model the field through which the others pass.

ardous Asteroids.10 
As is clear in table 2, we have been rather successful 

in identifying most of the larger NEOs. Of the discov-
ered populations, some fit the specific category of po-
tentially hazardous objects, meaning that their orbits 
come close to or even directly cross the Earth’s orbit. 
Currently, 152 of the discovered 850 near-Earth aster-
oids larger than 1 km are classified as PHOs, although 
none are expected to collide with Earth over the coming 
century. This is important, since 1 km is a rough division 
line between objects which would create truly global 
effects if they struck the Earth, and objects whose im-
pact would produce a local or regional effect.

Still, this leaves the vast majority of medium and 
small-sized objects undiscovered: ~80% (over 21,000) 
of the middle-sized NEOs, ranging from 100 to 1000 
meters; and ~99.5% of smaller NEOs, 30-100 meters 
(recall that the Tunguska-sized event is associated with 
objects in the range of 30-50 meters). 

Any of these undiscovered objects could already be 
on a short-term collision course with Earth, unbe-
knownst to us. Some are guaranteed to be, at some 
point in the future. We are still essentially flying blind 
through our populated region of the inner Solar System. 

Further analysis has provided estimations of the frequency 
with which various sized NEOs and comets impact the 
Earth.11 As implied by the NEO population estimates refer-
enced above, and as indicated in the graph on the preceding 
page, there is a direct relationship between the size of the 
NEO, the population level, and the impact frequency.

These estimations of NEO populations and impact 
frequencies are still approximations, and should only 
be taken as temporary reference points, paving the way 
for more rigorous investigations. We cannot entrust hu-
man lives, or potentially human civilization, to betting 
on statistics which purely extrapolate from past events. 
They can be utilized in limited applications where use-
ful, but only on the path to obtaining a principled—
causal—understanding of the system. This requires both 
a dramatic expansion of our observational systems and 
our space-faring capability generally, as well as re-
newed methodological approaches to understanding 
the organization of the Solar System, and its relation-
ship with the galaxy. Reliance on statistical extrapola-
tions from the past leaves mankind completely blind to 
unexpected shifts away from present trends, driven by 
the development and evolution of the Solar System and 
galaxy—a process driven by future changes.

10. http://neo.jpl.nasa.gov/neo/2011_AG5_LN_intro_wksp.pdf, April 
17, 2012, Alan B. Chamberin (JPL).

11. For example see, Catastrophic Events Caused by Cosmic Ob-
jects; 2008, Springer; Chapter 2, “Size-frequency distribution of aster-
oids and impact craters: estimates of impact rate.”

Table II

Size 
Range

Estimated 
Population

Number 
Found

Percentage 
Found

1 km+ 900 850 94%

300m to 1km 4,800 2,400 50%

100 to 300m 21,000 2,100 10%

30 to 100m ~500,000 ~1,950 0.4%
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The Mystery of Tunguska
by William Jones

“If you want to start a conversation with anyone in the 
asteroid business, all you have to say is Tunguska,” 

said Don Yeomans, manager of the Near-Earth Object 
Office at NASA’s Jet Propulsion Laboratory, in June 2008, 
on the 100th anniversary of the Tungskua event. Nothing 
has fascinated scientists more than the mysterious explo-
sion that occurred in a desolate area in eastern Siberia on 
June 30, 1908. Nor has any other event done more to 
feed the wild speculations about vehicles from outer 
space or other outlandish theories. The explosion was 
registered by sensitive barometers as far away as Eng-
land. The shock wave leveled more than 2,100 square 
kilometers of the forest. Vegetation over an area of 200 
square kilometers was burnt by the flashover. Minutes af-
ter the explosion, a magnetic storm began which lasted 
five hours. And reports came from all over Asia and Eu-
rope of a strange sky, covered with high clouds, but with 
a distinct light that lit up the night for several days. 

While the event obviously became a matter of great 
scientific interest, no serious investigation would be 
conducted for another 13 years, given the isolated loca-
tion and the formidable task, in those days, of traveling 
to such far reaches of Siberia. It wasn’t until 1921 that, 
upon the urging of leading geochemist, Vladimir Verna-
dsky, an expedition was outfitted under the leadership 
of Leonid Kulik, the secretary of the Meteoretic Depart-
ment of the Mineralogical Museum, which was headed 
by Vernadsky. The initial assumption was that a meteor-
ite had landed in Siberia, and it was Kulik’s mission to 
find remnants of the meteorite. This first mission, how-
ever, was not able to reach the exact location of the 
event, but collected material from an adjacent area. It 
was not until 1927 that Kulik, again at the urging of Ver-
nadsky, was able to launch a second expedition. While 
Kulik was able to document the devastation in the 
area—the burnt trees, many of them bent by the explo-
sion, the forest fire, and several craters that must have 
resulted from the event—there were no signs of any me-
teorite. Kulik was crestfallen, and the search for parts of 
a meteorite became something of an obsession with 
him until his death in 1942.

Not so Vernadsky. He felt that given the lack of any 
remnants of a meteorite, the explosion must have been 
a different type of atmospheric event, perhaps a comet 
that transited the Earth’s atmosphere, with devastating 
effects, but leaving no solid particles, except remnants 
of cosmic dust. In 1932, in an article entitled “On the 
Study of Cosmic Dust,” Vernadsky would write: “The at-

tempt by L.A. Kulik to find it [a meteorite] at the loca-
tion of the fall, which was probably correctly estimated, 
was unsuccessful. It’s possible, as was indicated, that 
the penetration of the Earth’s atmosphere by a mass of 
cosmic matter did not descend to the Earth’s surface, 
but again escaped into cosmic space, leaving only the 
remains of matter in the form of minute particles in the 
atmosphere. But it’s also possible that the “Vanavara 
meteorite” is a new phenomenon in the pages of sci-
ence—the penetration into the Earth’s gravitational field 
not of a meteorite, but of a gigantic cloud or clouds of 
cosmic dust, traveling at cosmic speed.”

Vernadsky’s hypothesis of a comet as the cause of the 
Tunguska explosion has been confirmed twice over. In a 
recent expedition to the area in 2010, a Russian team, 
led by Vladimir Alexeev from the Troitsk Innovation and 
Nuclear Research Institute (TRINITY), started examining 
Suslov crater, which was created by the event. Using 
ground-penetrating radar, they were able to determine 
that underneath the recent permafrost and a layer of 
damaged material, was a layer of ice. Comets, or “tailed 
stars,” consist of very unusual ice formed from water, 
methane and other gases, and dust. In addition, the expe-
dition found matter of non-terrestrial origin in the resin of 
trees in the epicenter of the explosion. The researchers 
concluded that the substance was very similar to cosmic 
dust which is a part of a comet nucleus.

A year earlier, in 2009, a Cornell research team study-
ing the exhaust plume from a NASA Space Shuttle 
launch, made another discovery, indicating that Tungus-
ka may have been a comet. The exhaust plume of the 
Shuttle at take-off spews 300 metric tons of water vapor 
into the Earth’s thermosphere. The water particles have 
been found to travel to the Arctic and Antarctic regions, 
where, for several days, they form noctilucent clouds, at 
the very edge of the upper atmosphere. These thin clouds 
are made up of ice crystals, through which glows a noc-
turnal light. Such clouds were also observed following 
Shuttle launches in 1997 and in 2003.

 So, too, with the Tunguska event, the icy tail of a com-
et could also have caused those mysterious noctilucent 
clouds, which were clearly visible for several days after 
the explosion, as far away as Great Britain. “It’s almost 
like putting together a 100-year-old mystery,” said Mi-
chael Kelley, the James A. Friend Family Distinguished 
Professor of Engineering at Cornell who led the research 
team. “The evidence is pretty strong that the Earth was hit 
by a comet in 1908.”


