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With the holiday season behind us, the new year is rapidly getting underway, and with

it a new year of space activities around the world. It will be an exciting time in the evo-

lution of space, but as always a time of both opportunity, challenge, and change.

The assembly of the International Space Station will dominate our human space

program during this new year, as our teams of astronauts and cosmonauts work on

completing the earliest stage of the facility. Flights of both the space shuttles, Soyuz

capsules, and Progress tankers will continue throughout the year, along with several

extended space walks. While this is underway, our European and Japanese partners will

continue their final preparations for launch of their station modules. 

The competition for commercial launch is sure to heat up as the Ariane 5 returns

to service during the year, and as the U.S. fleet of new Evolved Expendable Launch Vehicles (EELVs)

make their debuts. This long-awaited era of the EELV promises to make U.S. launchers more competitive

in the international marketplace, a development that is certain to be reflected in the decisions of satellite

makers to choose launch services in 2002. Commercial space, which had a difficult year in 2001, will

hopefully rebound this year. The main uncertainty will be the state of the U.S. and global economy.

Research into the next generation of reusable launcher will continue this year in the Space Launch

Initiative program. We hope to see new designs and uses flowing from that project for a safe and more

affordable human space launch vehicle.

With orbital reconnaissance underway, 2002 will surely bring more analysis of the state of Mars’ sur-

face features, and the prospects for finding liquid water — or better yet, life — among its mountains and

plains. Textbook makers face a challenge indeed, as new discoveries about Mars and new ideas about its

evolution seem to spring forth every month. 

Here at home, the first new leader of NASA in a decade will take office this month. We wish Sean

O’Keefe all the best as he takes over the helm of the nation’s civil space agency. Working with the new

Commission on the Future of the U.S. Aerospace Industry, O’Keefe will be setting his priorities on space

and shaping the administration’s space policy for the years just ahead. The leadership of the National Space

Society will be directly involved in these decisions, using our Washington, DC presence to help inform,

explain, and support civil and commercial space as our new leaders take their offices.

But the biggest challenge we face in space will be right here on Earth. Since the September 11th

tragedies, the country and most of the world has been focused on security and the war against terrorism.

In this climate, setting space before the public has been increasingly difficult. But all of us together must

work to maintain the relevance of space technology to today’s world and to the future generations ahead.

The technologies and discoveries that will flow from space are essential components of our future world.

We will simply be unable to live without them. So we must make certain that the research dollars are made

available today so that tomorrow’s world will be able to make use of them.

Whether it be the building of the space station, safe flights of the shuttle fleets, new discoveries about the

Mars environment, or development of the next generation space vehicle that could carry tourists, the new year

just underway will see major events in each area-and some that we, in January 2002, can’t even imagine!

So 2002 will be an exciting time in space history. Let’s roll up our sleeves, and make some history of

our own!! Happy New Year to all.

Dan Brandenstein
President, National Space Society

THE YEAR

AHEAD

IN SPACE

M O D U L E S a

Dan Brandenstein

NSS President
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In 1998 I served as guest editor for the first dedicated issue of Ad Astra on

Astrobiology. At that time, Astrobiology was a still a somewhat generalized

idea only partially on the way toward becoming a focused discipline. The issue

was published in January 1999 and was surprisingly popular. Indeed, it is the

only issue of Ad Astra to have ever sold out its entire reserve of extra copies. 

Flash forward to 2002. NASA’s Astrobiology program has more than met

the challenge. It is not only focused, but is expanding. The NASA

Astrobiology Institute (NAI) has been established with a Nobel Laureate as its

director with more than 700 researchers across the U.S. and the world.

Astrobiology has arrived. 

In this issue we’ve tried to provide another snapshot of Astrobiology, a work in progress. 

In “ Astrobiology at T+5 Years” NAI Director Baruch Blumberg starts us off on our tour by

describing the growth of Astrobiology as a discipline over the past five years.

In “The NASA Astrobiology Institute: Reaching Within and Beyond,” NAI Associate

Director Rosalind Grymes walks us through the diverse research activities of the NAI’s member

institutions. 

Carl Sagan once mused about the prospect for finding other Earths calling them “pale blue

dots.” Astronomer Jeff Foust gives us an overview of the search for extrasolar planets in “Finding

Those Pale Blue Dots.” 

How do we find out if a planet supports life — or the conditions that could lead to its

appearance? In “How Do You Build A Tricorder? NASA’s ASTID Program Is a Good Start,”

NASA’s Greg Schmidt examines NASA’s ASTID program and the new sensor technology NASA

is looking to develop.

Where should we look for life on other worlds? In “Life in Extreme Environments: The uni-

verse may be more habitable than we thought,” NASA’s Lynn Rothschild looks at all the extreme

places Earth life inhabits with an eye on what we might find elsewhere.

How do we make sure that we don’t contaminate other worlds with Earth life? Moreover,

how do we make sure that any alien life does not adversely affect life on Earth? In “A Sense of

Place: Planetary Protection’s Role in Astrobiological Exploration,” the SETI Institute’s Margaret

Race and John Rummel, NASA’s Planetary Protection Officer, provide us with an update on

how planetary protection concerns are affecting Astrobiology research.

ASTROBIOLOGY

HAS

ARRIVED!

M O D U L E S a

Keith Cowing

Guest Editor
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NASA DIRECTIVES FOR THE

21ST CENTURY

The new NASA administrator

must be able to balance and influence

the internal and external politics that

are stagnating the agency. Can Sean

O’Keefe handle this juggling act? Like

his predecessor he already has two

strikes against him. He is an outsider

and he wants to make changes. 

The first time Mr. O’Keefe sits

behind the administrator’s desk, he

must be in charge. He must have a

plan that excites the aerospace com-

munity into action. The threat of clos-

ing NASA centers or prolonging the

development of the International

Space Station will only be the catalyst

for more dissension.

Mr. O’Keefe must have knowl-

edge of the key issues that are plagu-

ing NASA. He must be aware that a

crew escape module is the number

one safety upgrade for the Space

Shuttle. He should know that to priva-

tized the Shuttle without first

automating the flight system would

only continue the operation of an

obsolete and cost prohibitive launch

system. Automation and privatization

are also the key to correcting the

space station problems. 

The new administrator must have

insight into internal working of the

agency. Mr. O’Keefe must have a pro-

grams assessment office that reports

directly to his office. His goal to get

NASA back to basic research must be

supported by the establishment of

technology offices for the three tech-

nologies that define the capability of

space exploration: propulsion, struc-

tural materials, and avionics. 

It is very doubtful that Mr.

O’Keefe is aware of these critical

issues, much less the solutions. To

inform him, the NASA Advisory

Council has been requested to review

and advise the new administrator on

directives for leading NASA in the

twenty first century. These directives

were formulated from inputs from

concerned American aerospace engi-

neers (see "NASA Operations

Directives for the 21st Century" at

http://www.nasaproblems.com). 

NASA is on a collision course with

disaster. Can the new administrator

correct NASA direction? If history is an

indicator, the answer is no. If the

NASA directives for the 21st century

are adopted, it will be one small step

in the right direction.

Don A. Nelson

Concerned American 

Aerospace Engineer

Alvin Texas
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WAITING TO EXHALE... 

HUBBLE SPIES ATMOSPHERE

ON EXTRASOLAR PLANET

Astronomers using NASA’s

Hubble Space Telescope have made

the first direct detection and chemical

analysis of the atmosphere of a plan-

et around another star. The planet,

about the size of Jupiter and orbiting

the star HD209458, has an atmos-

phere loaded with sodium, officials at

NASA said at a briefing. The atmos-

phere was probed when the planet

passed in front of its parent star,

allowing astronomers to see starlight

filtered through the planet’s atmos-

phere. It is the first time the atmos-

phere of a planet has been directly

detected around a body outside our

solar system. “This opens up an excit-

ing new phase of extrasolar planet

exploration, where we can begin to

compare and contrast the atmos-

pheres of planets around other stars,”

said David Charbonneau of the

California Institute of Technology, and

the Harvard-Smithsonian Center for

Astrophysics. 

Hubble made observations of four

separate transits of the planet in front

of the star and detected the telltale

“fingerprint” of sodium. However, the

astronomers actually saw less sodium

than predicted for the Jupiter-sized

planet, possibly because high-altitude

clouds in the alien atmosphere

blocked some of the light. Fortunately,

the planet — 150 light-years away in

the constellation Pegasus — is an

ideal target for repeated observations

because it orbits the star at a mere six

million kilometers. With this success

under their belt, astronomers say the

way is open for a new phase in plan-

etary exploration, and ultimately the

search for Earth-like planets that har-

bor life.

GENESIS GETS TO THE POINT

Off to a good “beginning,”

NASA’s Genesis spacecraft success-

fully entered into a perfect orbit

around the balanced-gravity Lagrange

1 point — 1.5 million kilometers from

Earth — where it will collect solar

wind particles. “The mission opera-

tions team did a great job, the orbit

insertion went off exactly as planned,

and we’re in our...science collection

orbit,” said project manager Chet

Sasaki, of NASA’s Jet Propulsion

Laboratory. For the next 30 months,

Genesis will fly in a path nicknamed

“the lazy eight” — a flight path that

resembles a potato chip. 

Soon after arriving at L1 in late

November, the spacecraft opened its

science canister to reveal solar-wind

collector arrays made of diamond,

gold, silicon and sapphire. “We

expect to start getting particle hits

right away,” said Donald Burnett,

Genesis principal investigator.

Genesis’ suite of instruments also

features an ion and electron monitor

and an ion concentrator to separate

and focus elements like oxygen and

nitrogen in the solar wind into a spe-

cial collector tile. 

The advent of Genesis was a

desire by scientists to determine the

average composition of the solar sys-

tem with greater accuracy, and uncov-

er clues about the process that led to

the incredible diversity of environ-

ments in today’s solar system. Such

data are crucial for improving theories

about the origin of the Sun and the

planets.

Genesis will return to Earth in

September 2004, and release a cap-

sule containing the samples that will

be picked up in a dramatic airborne

capture. As the sample-return capsule

parachutes toward the ground at the

Utah Testing and Training Range of

the U.S. Air Force, specially trained

helicopter pilots will catch the cap-

sule in midair to prevent the delicate

samples from being disturbed by the

impact of a landing. The precious

samples will be distributed for scien-

tific analysis and safely stored for

future planetary science studies.

Genesis is NASA’s first sample return

mission since the last Apollo mission

in 1972, and the first ever to return

material collected beyond the Moon.

M O D U L E S a

MISSION
CONTROL

spacebeat
BY JOHN KROSS

what’s up
BY ASTRO-USU

unconventional space
BY TAYLOR DINERMAN

Technicians prepare the Genesis spacecraft.
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IN THE CROSSHAIRS

OF KILLER ASTEROIDS

The odds of Earth dodging killer

asteroids over the next century are

better than previously thought accord-

ing to recent published reports.

Astronomers using data from the

Sloan Digital Sky Survey found that

the solar system contains about

700,000 asteroids big enough to

destroy civilization. That figure is

about one-third the size of earlier esti-

mates, which had put the number at

around two million and the odds of a

catastrophic collision at roughly one

in 1,500 over a one hundred-year peri-

od. “Our estimate for the chance of a

big impact contains some . . . uncer-

tainties . . . but it is clear that we

should feel somewhat safer . . .” said

lead researcher Zeljko Ivezic of

Princeton University. Although Earth

remains in the cosmic crosshairs, the

chance of a civilization-busting colli-

sion is now estimated at one in 5,000

over the next century.

The new estimate draws on

observations of many more asteroids,

particularly small faint ones, than

were available in previous impact risk

estimates, said Ivezic. However, the

new impact risk estimate, like most

previous ones, relies on assumptions

about a single event 65 million years

ago when a 10-kilometer asteroid col-

lided with Earth and doomed the

dinosaurs. The researchers assumed

that such impacts occur on roughly

100-million-year intervals and used

that statistic to calculate the impact

odds for the more common asteroids

of smaller sizes. 

LANDING SITES DOT

MARS FOR 2003 MISSION

Mission managers pouring over

maps of the Red Planet have penciled

in several potential landing sites for

the twin Mars Exploration Rovers now

being built for a mid-2003 launch. The

four just-chosen sites — Terra

Meridiani, Melas Chasma, Gusev

Crater, and Athabasca Vallis (Elysium)

— will now get close scrutiny by

Mars rover engineers and scientists.

“We’ve got some really good ones.

There’s going to be some hard deci-

sions to make,” said John Grant, co-

chair of the Landing Site Steering

Committee from the Center for Earth

and Planetary Studies at the

Smithsonian’s National Air and Space

Museum.

Over the next six months, NASA

will whittle down the candidate Mars

landing targets and select two sites.

“I think we’re on a reasonable track to

do that,” said Matt Golombek, a Mars

scientist at the Jet Propulsion

Laboratory, and co-chair of the

Landing Site Steering Committee.

“Everyone has to work together to

make sure we get the best site for the

science that is absolutely safe,”

Golombek said. Superficially, the

Mars 2003 missions mimic the Mars

Pathfinder project. However, after

touchdown on the Red Planet, the

Mars 2003 rovers will provide far

greater mobility than Sojourner and

trundle up to 100 meters per Martian

day. 

NASA SELECTS

ADVANCED TECHNOLOGIES

FOR TEST FLIGHT

In a step towards developing

smarter spacecraft, NASA has select-

ed three advanced technologies for its

next New Millennium Program to fly

on three different spacecraft in 2004.

“We are pushing the envelope and

pursuing technologies that have the

potential to significantly benefit

future space science missions by pro-

viding new capabilities or significant-

ly reducing the cost of current capa-

bilities,” said Christopher Stevens,

program manager of the New

Millennium Program at the Jet

Propulsion Laboratory.

The selected technologies include

a high-precision autonomous ren-

dezvous system that will allow two

spacecraft to approach and meet each

other in close proximity, and sophisti-

cated software that will give a future

spacecraft unprecedented decision-

making capabilities. Also on the

drawing board is a miniature star

camera and microscopic gyro that will

enable a spacecraft to determine its

orientation whether it is spinning or

stable. It will also enable a spacecraft

to sense its position and recover its

orientation after a power loss. 

The New Millennium Program

was created in 1994 to identify, devel-

op and flight-validate advanced tech-

nologies that can lower costs and

enable critical performance of science

missions in the 21st century. A recent

success for the program was the Deep

Space 1 spacecraft, which snapped

close-up pictures of comet Borrelly. 

“GOOD VIBRATIONS” 

MAY PREVENT BONE

LOSS IN SPACE

New NASA research suggests

bones that are slightly shaken may

help astronauts stay healthier during

long space flights. “Bone and muscle

are plastic tissues that undergo struc-

tural changes to match the functional

demands that are placed on them,”

said Bruce Hather, a muscle specialist

at NASA Headquarters’ Office of

Biological and Physical Research.

“The people you see working out with

barbells at the local gym typically

have larger muscles and stronger

bones than someone who does little

or no exercise.” While researchers do

not fully understand the physiological

mechanism at work, the vibrations

appear to fool the bones into thinking

they are working hard. This results in

the retention, and even additional

growth, of bone tissue, which could

be particularly beneficial for long-

duration space missions and for

bedridden patients on Earth. a
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WHAT’S UP?
BY ASTRO USU
Name Date Launch Launch Period Incl Apogee Perigee

2001 Vehicle Site (min) (°) (KM) (KM)
Picosat 7 07-Sep Mightysat II LEO N o  O r b i t a l  D a t a  I s s u e d
Picosat 8 07-Sep Mightysat II LEO N o  O r b i t a l  D a t a  I s s u e d
USA NRO 08-Sep Atlas IIAS Vandenberg N o  O r b i t a l  D a t a  I s s u e d
Pirs 14-Sep Soyuz-U Baikonur 92.4 51.6 396 385
Progress M-SO1 14-Sep Soyuz-U Baikonur 92.4 51.6 396 385
Orbview-4 21-Sep Taurus 2110 Vandenberg F a i l e d
QuikTOMS 21-Sep Taurus 2110 Vandenberg F a i l e d
SBD 21-Sep Taurus 2110 Vandenberg F a i l e d
Celestis-4 21-Sep Taurus 2110 Vandenberg F a i l e d
Atlantic Bird 2 25-Sep Ariane 44P Kourou 1435.8 0.1 35796 35766
Picosat 30-Sep Athena-1 Kodiak 100.8 67.0 800 789
Sapphire 30-Sep Athena-1 Kodiak 100.8 67.1 801 791
PCSat 30-Sep Athena-1 Kodiak 100.8 67.1 801 791
Starshine 30-Sep Athena-1 Kodiak 94.0 67.1 801 791
USA 161 5-Oct Titan 4B Vandenberg N o  O r b i t a l  D a t a  I s s u e d
Raduga-1 6-Oct Proton K Baikonur 633.9 48.8 35906 224
USA 162 11-Oct Atlas IIAS Cape Canaveral N o  O r b i t a l  D a t a  I s s u e d
QuickBird 18-Oct Delta II Vandenberg 93.8 97.2 464 460
Soyuz TM-33 21-Oct Soyuz-U Baikonur 92.4 51.6 399 387
TES 22-Oct PLSV Sriharikota 96.0 97.8 579 550
BIRD 22-Oct PLSV Sriharikota 96.0 97.8 580 551
Proba 22-Oct PLSV Sriharikota 97.0 97.9 677 553
Molniya-3 25-Oct Molniya-M Plesetsk 720.7 62.8 39885 612

mission control what’s up?
M O D U L E S a

September 2001

7 September: Two Aerospace Corporation Picosats, Picosat 7 and

Picosat 8, were ejected from the Mightysat II satellite into orbit.

Mightysat II launched in July 2000. The 0.25 kg satellites are con-

nected by a small tether and are cataloged as a single object. 

8 September: A Lockheed Martin Atlas IIAS launched from

Vandenberg Air Force Base (AFB). The payload was for the National

Reconnaissance Office (NRO) and is believed to be the first of a

new series of naval electronic intelligence satellites. 

14 September: Pirs and Progress M-SO1 launched from Baikonur

aboard a Soyuz-U launch vehicle for the International Space Station

(ISS). Pirs/Progress docked with the Zvezda module to give extra

clearance from the Station for ships docking underneath Zvezda,

and will be used as an airlock for spacewalks using the Russian

Orlan EVA suits.

21 September: A Taurus 2110 failed to remain in orbit after launch

from Vandenberg AFB. A problem occurred a few seconds after first

stage separation, causing the T6 rocket to go off course. The pri-

mary payload on T6 was the OrbView-4 imaging satellite, built by

Orbital Sciences Corporation. OrbView-4 carried a 1-m resolution

panchromatic camera and an 8-m resolution 200-channel hyper-

spectral imager. It was to be used by the US Air Force. The second

payload, QuikTOMS, was a NASA-GSFC project that carried the

TOMS-5 ozone mapper. The loss of QuikTOMS may hinder NASA’s

attempts to monitor the ozone layer. The third payload, Orbital’s

Special Bus Design (SBD), was a test version of an enlarged

Microstar bus. It would have remained attached to the third stage;

together with two Celestis burial canisters containing cremated

human remains, and an experimental third stage avionics box.

25 September: An Ariane 44P placed the Atlantic Bird 2 satellite

into orbit from Kourou. Atlantic Bird 2 is a Ku-band communications

satellite owned by the European consortium Eutelsat. It will replace

the Telecom 2A satellite and provide TV broadcast, telecom and

data services for Europe and for transatlantic links. 

30 September: An Athena-1 carried the Picosat, Sapphire, PCSat

and Starshine into orbit from Alaska’s Kodiak Island. Picosat carries

a polymer battery experiment and ionospheric instruments.

Sapphire, built by Stanford University students, carries experimen-

tal infrared horizon sensors, a voice synthesizer and a digital cam-

era. PCSat is a UHF/VHF amateur radio satellite built by US Naval

Academy students at Annapolis. Starshine, managed by NASA

GSFC, was deployed in a geodetic sphere that will be observed by

school students. 

October 2001

5 October: A Titan 4 launched from Vandenberg AFB deploying a

NRO payload into a sun-synchronous orbit. Analysts speculate that

the payload is an improved CRYSTAL imaging satellite.

6 October: A Proton-K launched from Baikonur carrying a Globus

military communications satellite into orbit. 

11 October: An Atlas IIAS carried an NRO satellite into orbit from

Cape Canaveral. The satellite is speculated to be either a data relay

satellite used to return data from imaging satellites or a signals

intelligence payload. 

18 October: The second QuickBird commercial imaging satellite

launched aboard a Boeing Delta 2 from Vandenberg AFB. The first

QuickBird was lost in a launch failure in Nov 2000. QuickBird is

owned by DigitalGlobe (formerly EarthWatch). 

21 October: A Soyuz TM-33 launched from Baikonur. Soyuz TM-33

is expected to dock with Zarya on the ISS. The crew includes Viktor

Afanasev (commander), Konstantin Kozeev (flight engineer) and

Claudie Haignere (flight engineer-2). Afanasev and Kozeev repre-

sent the Russian Space Agency and Haignere is an astronaut for

the French Space Agency, CNES. 

22 October: A Polar Synchronous Launching Vehicle (PSLV)

launched from Sriharikota, India carrying the Technology

Experiment Satellite (TES) and two secondary payloads, Bispectral

IR Detector (BIRD) and Proba. Designed by the Indian Space

Research Organization, TES carries cameras and instruments

designed to develop a future Indian space reconnaissance capabil-

ity. BIRD, a German research satellite, will test a new sensor for

Earth imaging studies, detecting forest fires and other hot spots

and studying vegetation changes. Proba is a Belgium minisatellite

carrying an IR spectrometer, debris impact detectors, and Earth

imaging cameras as well as an experimental spacecraft processor

and spacecraft autonomy experiments. 

25 October: A Molniya-3 communications satellite launched from

Plesetsk aboard a Molniya-M launch vehicle. a
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Consider the Comanche—the heli-

copter, not the tribe. This is the Army’s

most expensive weapon in develop-

ment. It’s the core system in the

Army’s plan to transform itself into a

lighter, more agile, more up-to-date

force. Advertised as the quarterback

of the digital battlefield, it was just

announced that it is more than 2 bil-

lion dollars over budget and will be

delivered two years late. Some senior

people at the Pentagon are supposed

to be hopping mad. However, nobody

expects the project to be canceled

and the Army is not described as a

dysfunctional bureaucratic institution

— not when the Special Forces, the

Rangers and the 10th Mountain

Division are doing such a good 

job in the nightmarish terrain of

Afghanistan.

Now consider the ISS. It is any-

where from 2.5 to 5 billion dollars

over budget, depending on whose fig-

ures you want to believe. As a con-

struction project, it is more or less on

time. As an International project, it is

a symbol of how different nations can

work together to build a world class

research facility. It is also the primary

tool for learning how to build the

spaceships of the future, the ones

that will take us “Back to the Moon to

stay and then on to Mars” to quote

George Bush (41).

The Young Report’s recommenda-

tions are, if followed through on, a

disaster for the ISS, for NASA and for

the United States Government. That

is not to say that there is anything

wrong with the people who wrote it.

It is only worth pointing out that the

conclusions were inherent in the

parameters of what the Commission

was supposed to look at. They were

restricted to answering the question

of how to build the ISS within the

budget blueprint authorized by OMB.

The answer was the “US Core

Complete” solution: an ISS with a 3

man crew, a shuttle flight rate of four

a year and a two year probationary

period for NASA to fix its manage-

ment problems and get its cost

accounting straight. On the surface,

this seemed reasonable, but as soon

as people began to examine the impli-

cations, it became evident that the

conclusions of the Young report were

as dysfunctional as the space agency

itself.

NASA is not in quite as bad

shape as it sometimes appears. Its

planetary science programs are going

well. It has been making a serious

contribution to the study of Earth’s

environment and it has managed,

through innovative concepts like the

New Millennium program, to build

and fly exciting new technologies at

reasonable costs. Its failures, particu-

larly with X-33, X-34 and X-43 are all

too evident. It has seemingly lost the

knack for successfully doing large

scale, high risk, leap ahead technolo-

gy development. That is a serious

problem that has nothing to do with

the ISS.

The ISS is technologically low

risk The payoff is more in the engi-

neering experience and the long dura-

tion flight know how, and, marginally,

in the science, especially in the med-

ical science that can be done on

board. The cost is high. Any complex

human endeavor in Space is expen-

sive. The fact that NASA and every

administration since Reagan’s has

lowballed the price estimates is no

surprise to anyone with the slightest

knowledge of how Washington

works. OMB’s reaction to the cost

overruns is a little like that of the

Captain Renault in Casablanca, who

is “shocked” to find gambling going

on in a casino.

The Russians are the big winners

from the Young Report, if its provi-

sions were to be carried out in full.

With a pair of Soyuz capsules instead

of the CRV, and the Enterprise Module

instead of the Hab Module, we might

as well call it Mir 2 and hand them

the keys to the whole operation.

Today, the only way forward is for

President Bush to decide to push

ahead with the project. This will

annoy his enemies on the New York

Times editorial page. Nothing worth-

while is ever easy. America’s national

interest demands a robust human

spaceflight program and the ISS is the

only one we’ve got. Why this is so is

simple. The reason is that one planet

is just not enough for the human race

and America, as the leading nation on

this planet, must take the lead in

preparing for the transition to our

becoming a multi-planet species. a

mission control unconventional space

THE ISS AND THE

BUSH ADMINISTRATION: 
A TEST OF LEADERSHIP

BY TAYLOR DINERMAN, EDITOR,

SPACEEQUITY.COM, NEW YORK

A 1998 image projecting how the ISS would appear in 2003.

to the stars Ad Astra j a n u a r y  � f e b r u a r y  2002    9

ES
A



Astrobiology
at T+5
Years

Five years of interdisciplinary
science at NASA’s
Astrobiology Institute 
heralds that “Astrobiology
has arrived.”
BY BARUCH S. BLUMBERG, NOBEL LAUREATE

AND DIRECTOR, NASA ASTROBIOLOGY INSTITUTE

AND KEITH COWING, EDITOR, ASTROBIOLOGY.COM

Astrobiology
at T+5
Years

Humans have a long-term interest — a craving for knowledge that probably
predates written history. This interest can best be expressed in the form of

questions — questions that innumerable souls have asked of themselves, of oth-
ers — and of the universe that surrounded them: “are we alone in the Universe?
are we — and all life — a unique event that occurred only on our own Earth,
or do we exist in a life-rich cosmos?”  

Over time, as the human ability to probe the physical world in search of
answers developed, these questions were coupled with others such as “how did
life begin?” and “what is the future of life in the Universe?” 

Such ponderings encompass the scope and breadth of what has now come
to be called “Astrobiology.” 

NASA’s interest in life elsewhere in the universe is by no means new — as
is amply demonstrated by 40 years of exobiology research including the twin
Viking Landers and their search for life on Mars a generation ago. After a peri-
od of lessened activity, interest was sparked anew by a series of exciting scien-
tific revelations which motivated NASA to rethink its approach to understand-
ing life in a universal context. The result was an emergent new discipline for the
21st Century — Astrobiology.

Among the motivating events for the emergence of Astrobiology were
images of Europa returned by the Galileo spacecraft indicating the possibility
of water under its cracked, icy surface; the detection, in a meteorite from Mars,
of material that could be of extraterrestrial biological origin; and the discovery
of planets around other stars.  

To facilitate research in these areas, the NASA Astrobiology Institute (NAI)
was established. The NAI is chartered to encourage and fund astrobiological
research in basic science and to support the space-venturing missions of NASA.
From its outset, NAI basic research has been interdisciplinary. It is also highly
distributed across many locations forming the backdrop of what is often
referred to as a “virtual institute.”  

A primary mission of NAI, and Astrobiology in general, is to help develop
the basic science required for the missions. In time, it is expected that astrobi-
ology will significantly impact existing and planned missions and lead to spe-
cific missions dedicated to the answering of astrobiology questions.

Although science is the NIA’s major activity, the NAI has the responsibility
to train and motivate the young scientists who will complete the long-term
research that is characteristic of the field. The NAI must also inform the pub-
lic and attempt to convey to them the excitement and relevance of this field.
The NAI believes that it also has a role, along with the rest of the scientific com-
munity, in establishing the field of Astrobiology as a rigorous, broad, exciting,
and effective scientific enterprise. 

The path towards implementing NASA’s Astrobiology program has been
swift. In September 1996, the First Astrobiology Workshop was convened at
NASA Ames Research Center (ARC) to take an initial step toward the defini-
tion of the emerging discipline of Astrobiology. In March 1997 ARC was des-
ignated as the lead center for Astrobiology and, in the same year, NASA for-
malized plans to establish the NAI. G. Scott Hubbard was appointed Interim
Manager on the NAI in August 1998. In May 1999 the Institute’s first Director
was appointed (Baruch Blumberg)

In October 1997 a request for research proposals was issued. More than 50
U.S. research institutions, including universities, free-standing research centers,
NASA field centers, and others responded.  In July of 1998 eleven teams were
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chosen for a five-years of funding and the
NAI program operations began formally.
A subsequent selection was made and four
additional teams were selected. 

International collaboration is central
to the NAI’s effort. No single nation can
accomplish the goals of this large and
growing field. The intellectual and finan-
cial resources of many nations will be
needed to effectively realize the program.
As such, associate and affiliate relations
have been established with research insti-
tutions in Spain, the United Kingdom,
Australia, and France. More are certain to
follow.

Given the broad, expansive nature and
increasing interest in Astrobiology, a path
needed to be set — one that would bring
together the incredibly diverse interests of
people who now started calling themselves
“astrobiologists.”

In July 1998 several hundred scientists
from the general scientific and
Astrobiology community were invited to
the Astrobiology Roadmap Workshop.
Out of this collaboration emerged a vision
and a plan. Ten science goals, seventeen

objectives, and four principles integral to
the operation of the Astrobiology program
were identified. A clear mission also
emerged wherein Astrobiology was cast as
being “the study of the origins, evolution,
distribution, and future of life on Earth
and in the Universe.” 

Now that the NAI has been in opera-
tion for several years, planning research is
now supplanted by research results — and
the need to share this new knowledge. The
First Astrobiology Science Conference was
held at Ames Research Center in April
2000. Twice as many people showed up as
had been expected. A second conference
will be held in April 2002. A similar dou-
bling in attendance is expected. 

In five short years, Astrobiology has
been transformed from a buzz word one
had to explain into a overarching research
and exploration paradigm that people
from diverse backgrounds can intuitively
— and easily grasp. Its influence can clear-
ly be seen in a variety of Earth-based and
space-based research projects. 

Extrasolar planets are now being
announced in batches. Moreover, the

detection methods are such that ever
smaller worlds are being found. We’ve
even managed to detect and probe the
atmosphere of a planet 150 light years
away. Mars now seems to have had a his-
tory that was wetter than previously
thought — one that may continue to the
present day. Europa may not be the only
Jovian moon with an ocean — Ganymede
and Callisto also show telltale signs.
Meanwhile, Cassini speeds towards its
2004 rendezvous with Saturn and its
large, tantalizing moon Titan.

Research spawned by the ALH84001
meteorite from Mars has led to a re-exam-
ination of just how small an organism can
be as well as new ways of thinking how to
find evidence of life elsewhere. Research in
extreme environments on Earth has fur-
ther expanded the boundaries wherein
Earth life can exist — thus expanding
potential extraterrestrial locales where we
should be looking for life elsewhere.

Not bad for a 5-year-old.
Astrobiology has arrived. And we’ve

only just started. n

Artist’s concept of a habitable planet located somewhere in our living universe. Ke
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INTRODUCTION

The NASA Astrobiology Institute (NAI) is a focal
point of NASA’s investment in Astrobiology. The
NAI supports collaborative science, provides an insti-
tutional center for Astrobiology and an information
conduit between scientists, mission planners, and
technologists, and explains the field’s central ques-
tions to the educational community and the public.
The Institute is now three years along the timeline of
this ambitious experiment in managing science.
Centering research resources through the mechanism
of a “science cooperative” is uniquely appropriate to
Astrobiology’s interdisciplinary underpinning. It’s
admittedly early in the Institute’s anticipated life
span, but what’s the verdict? 

The size (over 700 members, ranging in experi-
ence from the 140 graduate students through the 15
Principal Investigators), scope (approximately 90
interconnected projects directed by Principal
Investigators, Co-investigators, and senior collabora-
tors), and interactivity of the NAI’s research interests
are a challenge to comprehensive exposition. Each
year, the Institute produces an Annual Report, dis-
tributed via CD-ROM and the Internet
(http://nai.arc.nasa.gov), which details its accom-
plishments, highlights, and publications. This is the
most complete statement of the NAI’s content. 

WHAT DOES THE INSTITUTE DO?

Browsing the conduct of Institute-associated investi-
gations from several vantage points provides some
instructive and valuable insights. Support for broad
initiatives has been a hallmark of the Institute, and
has enabled the formation of interactive project

teams and, in some cases, the development of new
interdepartmental lines of communication. The dif-
ferent approaches undertaken by the Lead Teams
address their perception of the opportunity afforded
by Institute membership. This, then, is one intro-
duction to the NAI. 

The Institute’s activities may also be presented
through the contributions of its members, within
and across its Lead Teams, to broad research themes
within the field. Finally, as the concept matures in
action, further threads are woven, both within the
Institute and by extension to the wider Astrobiology
community. Examination of the intra- and extra-
Institute interactions, and of the technological tools
and organizational behaviors inherent in distributed
science management, reveals further essential ele-
ments of the NAI experience.

Within each Lead Team, multiple settings for
novel exchanges of insights and interpretations have
been created. The participating Lead Teams represent
a variety of collaborative approaches. Some grasped
the NAI opportunity by recognizing or creating
broad sweeps across the Astrobiology horizon, com-
bining with vision an array of research projects and
ambitiously embracing their interdisciplinary con-
nection. An additional subset of this ilk presented
one or more emphasized central strengths while
maintaining a very general view. Some, by contrast,
perceived Astrobiology as a unique context in which
to contribute their focal expertise. 

In structuring their approach, these groups
expanded their reach and potential impact simulta-
neously by addressing their relevance to the field’s
continuum. In addition to the relative intangibles of

THE NASA 
ASTROBIOLOGY
INSTITUTE:
REACHING WITHIN AND BEYOND
A overview of NASA’s 
vanguard Astrobiology 
research endeavor.
ROSALIND A. GRYMES, PH.D., ASSOCIATE DIRECTOR, NAI

Above: How does life
begin and develop?
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new intellectual dialogs are the very tangible open-
ings created administratively. The “institutional com-
mitments” provided by the academic and research
institutions participating in the NAI range from fac-
ulty hires through student fellowships to course
offerings and specialized facilities and equipment.
These investments from the nation’s research infra-
structure contribute additional value estimated at
20-40% of the NAI funding allocated by NASA. In
combination, the Institute broke ground both con-
ceptually and concretely.

QUESTIONS OF HABITABLE AND HOSPITABLE ZONES

Star birth, planetary system formation, and the char-
acteristics of both galactic and circumstellar habitable
zones present an appropriate starting point for a tour
of NAI research projects. At University of California,
Los Angeles (UCLA) the youngest and nearest stars,
such as Beta Pictoris, are the subjects of research into
the dusty disks pre-dating planetary accretion
processes. 

University of Colorado Boulder (CUB), investi-
gators observe the growth of dust grains in the outer
portions of the largest protoplanetary disks in the
Orion nebula for insights into the very first stages of
planet formation. Their estimates indicate only 3-10%
of young stars will sustain planetary systems, due to
local hazards of intense radiation and dynamical
interactions in star-forming regions interfering with
accretion processes. 

Planet hunters at Carnegie Institution of
Washington (CIW) last year reported finding twelve
new extrasolar planets and the second and third
known examples of multiple planet systems. Their

integration of observational data with theoretical
constructs has led to predictive calculations related to
the formation of Jupiter mass protoplanets and
Mars-sized planetary embryos. These results present
insights into the deepest roots of life’s origins.

Circumstellar habitable zones are characterized
by the age and energetic output of a star, the end
result of local planetary formation history, and envi-
ronmental features defined by our understanding of
Earth’s history: the origins and limits of terrestrial
biology. This, in turn, establishes important deter-
miners of environmental stability and planetary ener-
getics considered requirements for the advent and
maintenance of life. Numerical integrations of solar
system dynamics performed at UCLA point to a
chaotic perturbation of the inner solar system at or
near the K-T (Cretaceous-Triassic) boundary that
may have nudged the K-T impactor into an Earth-
crossing orbit. 

Computer modeling of impact events and study
of the resulting hydrothermal systems is a focus at
Arizona State University (ASU), as is work on the
origin of the Earth-Moon system. Computational
analyses at CUB of water-rock chemical reactions at
the surface and subsurface of Mars suggest that
chemical energy is relatively limited due by the com-
paratively small differential in oxidation state
between groundwater and hydrothermal fluid. 

Life has to make a living, gleaning and utilizing
energy, leading the team at Jet Propulsion
Laboratory 1 (JPL1) to advance redox differential
potential as a signature of a life-hospitable environ-
ment. These approaches indicate the importance of
both stability (protection from devastating impacts)
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and dynamism (energetically) in the advent and
maintenance of life. In an extraordinary and ambi-
tious undertaking, the Jet Propulsion Laboratory 2
(JPL2) team’s goal is the development of a Virtual
Planet Laboratory that incorporates interlocking
computational simulations, based on inductive,
deductive, and theoretical data, predictively capable
of a full spectrum of (adjustable) abiotic and biolog-
ical responses on a planetary scale. A singular result
of this work will be the impact on missions to follow
Terrestrial Planet Finder.

Research efforts at several NAI teams consider
the nature of early Earth’s climate, addressing water
delivery and circulation, geology and plate tectonics,
atmospheric constituents, and elemental cycles both
prebiotically and on the living Earth. Analyses on
ancient zircons reported from UCLA indicate an
ocean-scale hydrosphere interacting with the Earth’s
crust as early as 4.3 billion years ago. Models of
atmospheric photochemistry implicate ozone as a
singularly influential molecule contributing to the
isotope effects revealed in modern and ancient sedi-
mentary rocks. 

At Harvard University (HAR), there is consider-
able expertise on “Snowball Earth” theory and con-
troversy, combining field expeditions, instrumenta-
tion for isotopic detection, and theoretical work on
nutrient cycles and element availability with collect-

ing, identifying, and reconstructing the phylogeny of
the extant biota. 

Multiple research projects at Pennsylvania State
University (PSU) consider aspects of the effects of
volcanic out-gassing, atmospheric photochemistry,
and biogenic effects on greenhouse gases (carbon
dioxide, methane) and the rise of atmospheric oxygen
through laboratory simulations, analysis of field sam-
ples, and computational modeling of oxygen, sulfur,
iron, nitrogen, and carbon cycles. ASU researchers are
producing leading edge work on the salinity of the
early Earth’s oceans, with strong relevance to our
understanding of our near neighbor, Mars. 

At NASA’s Ames Research Center (ARC), field
and laboratory studies (including the re-creation of
microbial mat communities in instrumented roof-
top ‘Archaean Gardens’) have produced evidence
implicating an important contribution of photosyn-
thetic mat production of hydrogen gas, carbon
monoxide, and methane in shaping the composition
and oxidation state of the ancient atmosphere. There
is an emerging focus, within several Lead Teams and
in the Astrobiology paleogeochemical community,
on sulfur cycling in Earth’s history, now viewed as an
essential, important, but poorly understood process.
UCLA is developing new techniques and standards
for ion microprobe analysis of sulfur isotopes in both
sulfides and sulfates.
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ASTROMATERIALS — THE MAKINGS OF LIFE

Earth’s geochemistry likely provided prebiotic organ-
ic compounds for the origin of life, and a wide array
of these molecules are detected in the interstellar
medium and in meteorites. Their endogenous avail-
ability or their delivery from extraterrestrial sources is
not an either/or dichotomy. Extraterrestrial abiotic
organic formation is under study at ARC, where lab-
oratory simulations processing analogues to interstel-
lar cosmic ices has generated complex organics such
as polycyclic aromatic hydrocarbons (PAHs). These
results parallel compositional information derived
from meteorites, work pursued by investigators at
ASU. PAHs are known to play key roles in the bio-
chemistry of some archaeans, and in the laboratory
can successfully couple the chemical storage of light
energy with metabolic reactions. 

Researchers at CIW have shown that shock waves
in the solar nebula may lead to the breaking of N2
bonds to form nitriles during chondrule melting and
formation. At PSU, investigators examine the forma-
tion of hydrogen cyanide polymers from a variety of
nitrile moieties. These findings have significance for
the emergence of organic polymers of HCN with
catalytic and auto-aligning properties. Vesicles with
lipid membranes spontaneously assemble from mol-
ecules formed in interstellar ice simulations at ARC
upon the addition of water. Vesicle-forming
amphiphilic molecules similar to those extracted
from the Murchison meteorite were abiotically syn-
thesized from pyruvic acid under hydrothermal con-
ditions at CIW. The concentration and isolation of
metabolic and replication processes within mem-
brane-bound enclosures is an early step in biogenesis.

Marking the difference between abiotic and bio-
logical processes, identifying the signatures of life, is
a key focus of several teams’ activities. JPL1
researchers and colleagues associated with HAR are
examining the utility of iron isotope fractionation
biomarkers. ARC studies of cyanobacteria and
microbial mat communities expand the number and
utility of biochemical markers by associating them
with specific energetic and metabolic processes. At
JPL1, deep UV fluorescence and computer tomogra-
phy X-ray scanning methods for detection and analy-
sis are being evaluated and refined. A substantial
emphasis at NASA’s Johnson Space Center (JSC)
Lead Team surrounds the identification of biomark-
ers and their separation from abiotic bio-mimicry.
Astromaterial sample analysis correlates chemistry,
mineralogy, morphology, and spectral interactions so
that multiple data sets can be used in the forensic
analysis of life’s fingerprints life in all its forms. 

The trace signatures of life in microfossil and fos-
sil structures are also being investigated. Sensitive ion
microprobe measurements of the carbon isotope
composition of individual Precambrian microfossils
has been combined, at UCLA, with immunological
detection techniques, leading to the identification of
archaeal anaerobic methane oxidizing microbes. This
novel capability has also generated collaborations
with the Woods Hole Oceanographic Institute, the
Monterey Bay Aquarium Research Institute, and
NAI colleagues at PSU. 

An array of investigations at ARC, ASU, and
Marine Biological Laboratory (MBL) examine the
geomicrobiology of microbial communities in hyper-
saline environments and the accretion, lamination,
and early lithification of biofilm-expressing microbial
mat structures. In other words, these workers study
the life of these communities and their preservation.
Fossilization processes at thermal springs in
Yellowstone are the subject of ASU field studies,
revealing a role for oxygen stored in microbial mats
in the rapid degradation of organic matter leaving
behind microtextural information. Processes that
create the characteristics of life, that alter or fossilize
life, and that produce and preserve interactions
between life forms and rocks or minerals are central
research topics at JSC.

WHEN DOES CHEMISTRY BECOME LIFE?

What solutions might serve as a bridge between pre-
biotic chemistry and the origin of life? The Scripps
Research Institute (SCR) team is productively
engaged in unraveling aspects of this question from
multiple perspectives. Homochirality, terrestrial biol-
ogy’s selection of one-handedness, has been replicat-
ed in vitro with the demonstration of chiroselective,
autocatalytic molecular replication of peptides. 

CIW has reported a plausible geochemical mech-
anism for chiral selection and homochiral polymer-
ization of amino acids based on the selectivity of cal-
cite mineral crystals in contact with a racemic aspar-
tic acid solution. Scientists at SCR are revealing
unusual physical structures of DNA, expanded
genetic alphabets, and in vitro selection of function-
alized nucleic acids. Template-directed copying reac-
tions have been performed by an acyclic, phosphodi-
ester linked glycerol nucleotide polymer. SCR is also
elucidating the theory and demonstration of novel
self-organized molecular systems that display emer-
gent properties such as replication and parasitism, as
well as isolating ribonucleoprotein enzymes that may
represent the boundary between the RNA and mod-
ern protein worlds. Focused RNA world investiga-
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tions at CUB are hoping to capture a ribozyme
(RNA enzyme) that can “evolve” directly from func-
tional selection of randomized RNA sequences. Our
first steps toward biogenesis, the origin of chirality,
template-directed replication, and catalysis, are
recorded here for our family album.

LIFE’S WIDE DISTRIBUTION ON EARTH

A wide palette of research undertakings within the
NAI are concerned with biodiversity in extreme envi-
ronments. This has multiple points of relevance to
Astrobiology. Extreme conditions are a matter of
parochial definition; what is extreme to one is the
norm for others. Comfortable mammalian environ-
ments are a very thin slice of all available, and micro-
bially exploited, terrestrial niches. The solutions that
biological processes develop in embracing ‘life on the
edge’ are uniquely instructive of the range of geo-
chemistries that permit and sustain life. These solu-
tions expand our concept of the possible niches for
extraterrestrial life while the systematic exploration of
extreme environments begins to reveal the excep-
tional fullness of Earth’s biodiversity. 

At present, the most numerous representatives of
early diverging eukaryotic lineages in ribosomal
RNA trees are represented by organisms of medical
relevance. This is a natural outgrowth of the empha-
sis on understanding the role of microbes in human
disease, but is unlikely to accurately reflect our fami-
ly tree. Our album must include images and details
of our most far-flung and distant relatives to be a sci-
entifically useful genealogical record.

Ribosomal RNA based molecular methods have
been developed at CUB to survey and study micro-
bial ecosystems in extreme environments, leading to
the discovery of seven new phylogenetic groups of
eukaryotes in anaerobic environments. Extreme
desert springs near Cuatro Cienegas, Mexico, are the
sites for ASU studies on the structure and energy
flow of extant algal-cyanobacterial mat ecosystems
and their grazers (predators). These simple ecosys-
tems are comparable to those that emerged at the end
of the Proterozoic. At PSU, genome sequencing,
comparative gene evolution and expression studies,
and molecular phylogenetic analyses are all tools
being applied to unwrapping the multiple layers sur-
rounding the evolution of biocomplexity on Earth. 

These same techniques are being exploited at
other NAI teams. Research touching on this theme
includes analyses of phototrophic genes being under-
taken at ASU by scientists investigating thermolumi-
nescence as an energy source and studies of symbio-
sis in early land plant lineages at CUB. MBL is

deeply involved in interlocking studies of the diversi-
ty and ecologies of hydrothermal vent systems and
both marine and freshwater anoxic sediments. These
studies indicate how our ancestors, and existing
cousins, react to bio-challenges, revealing degrees of
our adaptive and evolutionary plasticity.

The role of mass extinctions, such as the previ-
ously mentioned impact-driven catastrophe at the
K-T boundary, in presenting challenges and oppor-
tunities to evolution is the subject of study at several
teams. HAR is engaged in multiple studies on the
co-evolution of life and planetary environments.
They are examining the radiation of life in the early
Cambrian, the Permian-Triassic (P-T) mass extinc-
tion, and the dramatic extinction event at the end of
the Permian. 

University of Washington examines the exploita-
tion of extreme environment niches by complex
organisms, specifically metazoans, and the effect of
mass extinctions on biocomplexity. One cause of
mass extinctions is asteroid impact. The
Bellingshausen Sea, only known site of an asteroid
impact into a deep ocean basin, was the site of
UCLA fieldwork this past year. A database of protein
sequences developed by scientists of the SCR team
reflects the history and relatedness of Earth biota
enabling the extraction of genomic clues that link
events in the molecular genetic record with mass
extinctions and paleoecology biosphere changes.
This work documents that our family’s progress is
intimately tied to where we live. We are the products
of our environment, and biological processes impact
planetary transitions.

HOT OR COLD?

A quick look at the extremes of biologically sustain-
able temperature profiles reveals a wide range of bio-
logically adaptive innovations. Researchers at
Michigan State University focus on low temperature,
a predominant characteristic of interstellar space,
asteroids and meteors, and many extant environ-
ments that hold promise for extraterrestrial life in our
solar system. They examine Arctic and Antarctic per-
mafrost in a collaborative range of investigations sim-
ilar in comprehensivity to MBL’s work on marine,
freshwater, and hydrothermal ecologies. 

There are a wide variety of research directions
being taken in the investigation of thermophilic and
hyperthermophilic living strategies within the NAI.
Field and laboratory studies through CIW reveal that
hyperthermophile archaea isolated near deep sea
vents are phylogenetically and physiologically dis-
tinct from microbes isolated from vent sulfide struc-
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tures. CIW’s ongoing work on the complexity and
diversity of hydrothermal vent ecologies is thorough
and extensive. Earth’s deep biosphere is also the focus
at the University of Rhode Island (URI) Lead Team,
where NAI-supported studies of subsurface marine
sediment ecosystems are leveraged with URI’s
involvement in the National Science Foundation’s
Ocean Drilling Program.

INNOVATION AND COLLABORATION AT THE NAI

The overarching goal of the Institute is the conduct
of excellent and innovative research in Astrobiology.
To support this goal, a dynamic research institution
must provide the capability for responsive reaction to
new ideas and capabilities. Focus Groups are one of
the NAI’s solutions to this need. Developed around
a self-identified topic, generally one that is inherent-
ly interdisciplinary and pushes at the boundaries of
current thinking, these grass-roots undertakings
begin ad hoc. Ideas and approaches are refined
through a process that provides an official endorse-
ment from the NAI’s Director following consensus
approval of the Institute’s Executive Council (the PIs
for the Lead Teams). 

The Institute emphasizes collaborative work
within and among the teams, but recognizes the need
for intellectual traffic between the Institute and the
Astrobiology community. The Focus Groups are
avenues for individual participation from both mem-
bers and non-members. At present, six Focus Groups
exist. 

The NAI Mars and NAI Europa Focus Groups
concentrate on planetary exploration objectives. In
addition Lead Team project activities and these Focus
Groups relevance to mission development, an NAI
concept paper1 has been developed as input to the
National Research Council’s planning process for a
decadal strategy of planetary exploration. 

The NAI Mission to Early Earth, NAI
Ecogenomics, NAI EvoGenomics and NAI
Astromaterials Focus Groups each address innovative
and interdisciplinary efforts to synthesize new under-
standing on topics of current ferment. 

Our collaborative efforts are further broadened
through an international associate/affiliate program,
which now welcomes the Centro de Astrobiología
(CAB), United Kingdom Astrobiology Forum
(UKAF), Australian Centre for Astrobiology, and
Groupement de Recherche en Exobiologie. 

Computational simulations of the growth of
early Archaean conical stromatolites from Western
Australia using the differential calculus of interface
physics is proceeding at UCLA in collaboration with

the CAB, while MBL researchers are working with
Spanish scientists to uncover microbial biodiversity
in the iron-rich, acidic Rio Tinto in southwest Spain.
Miniature Raman spectroscopic instrumentation for
use in the remote, extreme environment of
Antarctica has been a scientifically productive
exchange between researchers of UKAF and ARC. 

The inclusion of these global partners is an
appropriate recognition of the irrelevance of nation-
al boundaries to human inquiry and the nature of
Astrobiology as a planetary phenomenon.

A VIRTUAL INSTITUTE

NAI was conceived as a “virtual” or, perhaps better,
“real” but distributed institute through the use of
communication and collaboration tools. Facilitating
new scientific partnerships requires active attention
to these elements, the provision of opportunities for
dialog and working interactions between researchers,
and a continuous, objective assessment of related
successes and failures. 

A basic information technology infrastructure
was deployed during the first year of the Institute’s
operations: videoconferencing, data collaboration,
and document sharing/archiving. The nature of
remote video interactions between individuals and
among small and large groups varies widely. This
form of interaction remains a central element of
NAI’s culture and we continually search for technical
smoothing and teachable productive behaviors. 

New solutions, delivered via Internet, for infor-
mation viewing and sharing and desktop videocon-
ferencing are being tested and distributed.
Document databases have met with mixed reviews,
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leading us to evaluate approaches that focus more
strongly on knowledge management with transpar-
ent, intuitive structures that accommodate the work
practices of scientists.

EDUCATION AND TRAINING

A particular emphasis within the Institute is the
training of next generation astrobiologists through
undergraduate and graduate courses/seminars, cer-
tificates and degree programs, and postgraduate
study. The NAI Research Associates Program pro-
vides twelve fellowships for postdoctoral study with
members and student participation in research and
professional activities is an Institute priority.
Education and Public Outreach (EPO) activities vary
from team to team and often reflect dramatically dif-
ferent purposes, audiences, and outcomes. 

A prime example of a multi-team EPO collabora-
tion is the middle school educational product: “LIFE
on EARTH...and Elsewhere? Astrobiology in Your
Classroom.” At the International Astronomical
Union’s professional conference “Bioastronomy ‘99”
NAI was a major partner in creating a full agenda of
presentations for K-12 educators, an contribution that
will expand substantially at “Bioastronomy 2002.”
NAI’s EPO efforts develop workshops and events, cur-
riculum products and other printed materials, and tel-
evision, radio, video, and Internet media projects. As
the field of Astrobiology takes shape in the scientific

community, it is also being formed in the minds of
students, teachers, and the general public.

CONCLUSION

This tour of the NAI has traveled from the most dis-
tant, in space and time, to the more current.
Observational and theoretical commentary on star
formation, planetary systems, and circumstellar hab-
itable zones force our perspectives to the limits of dis-
tance and the vastness of time. From that wide-angle
view, we refocused to the planetary, the signatures of
life on Earth through the record of its remnants, its
living evolution, and its possibilities in extreme habi-
tats. The history of life on Earth is the history of the
Earth. Ecological biodiversity is a covariant of the
planetary environment. 

Our future expectation, based on realistic capa-
bilities, is to understand the special characteristics of
this vividly blue dot we inhabit by exploring it and
venturing out to explore the neighborhood. These
terrestrial and local investigations will enable us to
more assuredly know the distant pale blue dots that
are statistically likely. Issues of stewardship and
exploration are linked at this dramatic decision
point, as we face the biologic parallel of the transition
from the Ptolomeic astronomical worldview to the
Copernican. 

Are we the central and unique expression of life,
or one of many? a
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In 1990, the Voyager 1 spacecraft swung its camera towards the Sun and took
a set of images, creating the first “family portrait” of our solar system. From a

distance of 4 billion miles even the largest planets, Jupiter and Saturn, appeared
as little more than faint points of light. The Earth was nearly lost in the glare of
the Sun, visible only as a “pale blue dot,” as described by the late Carl Sagan.

Today astronomers turn their telescopes towards other stars in a search for
planets orbiting those stars. Their ultimate quest in not just to discover other
planets, but to find other “pale blue dots”: other Earths, worlds that could be
home to life. Such a search is far more difficult than trying to view the Earth
from the edge of the solar system, and pushes our technology to the limits.
However, the ultimate outcome of such a search — the discovery of an Earthlike
planet around another star — would be one of the greatest discoveries in the his-
tory of astronomy.

SEARCHING FOR EXOPLANETS

The first confirmed discovery of an extrasolar planet, or “exoplanet,” was made in
1991. Alexander Wolszczan, a Penn State University astronomer, found three
small planets orbiting the pulsar PSR1257+12. By measuring tiny variations in
the regular pattern of signals from the pulsar, Wolszczan determined that two of
the planets weighed about the same as the Earth, and a third about the same as
the Moon. While interesting, most astronomers consider the planetary system
PSR1257+12 an anomaly: the planets may have formed after the supernova
explosion that created the pulsar. Moreover, any planet orbiting a pulsar would
unlikely be Earthlike in any way, and in fact, would be among the most inhos-
pitable places for life.
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Artist’s depiciton of a giant gas planet in a close orbit around its parent star.

Earth as seen from a
distance of 4 billion
miles by Voyager 1.
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In 1995 the first planet around a sunlike star was
discovered. Michel Mayor and Didier Queloz of the
Geneva Observatory detected a planet around 51
Pegasi, a star 50 light years from Earth. At first some
astronomers thought Mayor and Queloz had made a
mistake: the planet, with an estimated mass about
half that of Jupiter, was orbiting just 7.5 million kilo-
meters away, completing one orbit around the star in
just over four days. However, the existence of the
planet was soon confirmed by American astronomers
Geoffrey Marcy and Paul Butler. This discovery
opened the floodgates for many more, most by either
Marcy’s group or Mayor’s. By November 2001
astronomers had discovered 76 exoplanets.

Because the technology does not yet exist  to
directly observe exoplanets through telescopes,
astronomers rely on a number of techniques to detect
exoplanets indirectly. The most commonly used

method is the “radial velocity” technique. The gravi-
ty of an orbiting exoplanet tugs on its parent star, cre-
ating a very slight but regular wobble. The wobble
cannot be seen by Earth-based telescopes, but the
effect of the wobble on the star’s spectra can be
observed. As the star wobbles towards and away from
the Earth, the wavelength of light from the star
changes according to the Doppler effect, in much the
same way the pitch of a horn is higher from an
approaching car and lower from one moving away.
By studying a star with a spectrograph over long peri-
ods of time, astronomers can measure the magnitude
of the star’s wobble, called its radial velocity, and the
period of the wobble, enough to deduce the location
and mass of the exoplanet that causes it.

The radial velocity technique has been very suc-
cessful: Marcy and Mayor, among others, have used
it to discover virtually all the exoplanets known to

Artist’s depiction of an Earthlike extrasolar planet.
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date. One disadvantage of the method, though, is
that it is biased towards planets that can generate the
largest wobbles in stars: these tend to be large planets
that either closely orbit their stars or planets which
occupy more distant, but eccentric, orbits that swing
close to the star for a part of each orbit. Neither type
of planet is particularly hospitable for life, but in the
first few years after the discovery of the planet around
51 Pegasi, most new exoplanets tended to be one
type or the other.

Those statistics are starting to change, though, as
astronomers gather additional data covering longer
periods of time. In 1999 astronomers discovered the
first extrasolar solar system: three planets around the
star Upsilon Andromedae. One planet is very close to
the star but the other two planets are more distant.
By 2001 seven such solar systems had been discovered,
each with at least two gas giant planets. In August
2001 astronomers found that the star 47 Ursae Majoris
has two planets orbiting the star in circular orbits
where the asteroid belt would be in our solar system.
Two months later astronomers found two more
extrasolar planets around other stars, each in near
circular orbits near where Mars would be in our
solar system.

Astronomers credit the discovery of more “nor-
mal” planets to the large amounts of data they have
discovered, and improvements in the quality of the
data. “As our sensitivity improves we are finally see-
ing planets with longer orbital periods, planetary sys-
tems that look more like our solar system,” explained
Debra Fischer, an astronomer at the University of
California Berkeley and a colleague of Marcy and
Butler.

“Most of the planetary systems we’ve found have
looked like very distant relatives of the solar system,
no family likeness at all,” says Steve Vogt of the
University of California Santa Cruz. “Now we’re
starting to see something like second cousins. In a few
years’ time we could be finding brothers and sisters.”

FINDING TERRESTRIAL WORLDS

While astronomers come closer to finding siblings of
gas giants like Jupiter and Saturn around other stars,
even distant relatives of Earth remain elusive. The
radial velocity technique cannot detect the micro-
scopic wobbles that an Earth-sized planet creates in a
star. Today, astronomers can detect wobbles as small
as 3 meters per second using the radial velocity tech-
nique. This is more than enough to detect Jupiter-
sized planets — Jupiter creates a 12 m/s wobble in
the Sun — but falls well short of being able to find
terrestrial worlds.

The radial velocity technique can be improved to
some degree. Marcy’s group is trying to raise $5 mil-
lion to build a two-meter telescope dedicated to
extrasolar planet searches. “With a dedicated tele-
scope we could begin to detect much lower mass
planets — perhaps as low as 20 Earth masses,” says
Fischer. However, even this limit is far more massive
than the Earth. Finding terrestrial worlds will require
new methods and new telescopes.

One alternative to the radial velocity technique is
to directly observe the wobble of the stars. To do this
requires very accurate astrometry, or measurements
of the positions of stars. The technology for doing
this is being developed today, using a procedure
called interferometry: combining light from distant
telescopes in such a way to simulate a single, very
large telescope. The Palomar Testbed Interferometer
(PTI), located at Palomar Observatory in California,
is an effort by JPL to test the astrometric technolo-
gies needed to perform extrasolar planet searches.
The technology from PTI is being applied to a larg-
er interferometer at the Keck Observatory in Hawaii.
The Keck Interferometer should be able to observe
wobbles created by planets as small as Uranus, about
15 times the mass of the Earth. A similar interfer-
ometer system is under development at the European
Southern Observatory in Chile.

Astrometry can also be performed from space,
either using single telescopes or interferometer sys-
tems. The Full-sky Astrometric Mapping Explorer
(FAME), a NASA mission scheduled for launch in
2004, will use a single telescope to measure the posi-
tions of 40 million stars. FAME will be able to detect
very large planets, at least twice the mass of Jupiter,
and will focus on looking for even larger “super
Jupiters” and brown dwarfs. StarLight, formerly
known as Space Technology 3, is a NASA mission
scheduled for launch in 2005 that will be the first test
of an interferometer in space. StarLight will not per-
form any new science, but will test the technologies
needed for future space interferometers.

The ultimate in astrometric planet searches will
come with the launch of the Space Interferometry
Mission (SIM) in 2009. SIM will use three pairs of
small telescopes mounted on a boom 10 meters long
to measure the wobbles of stars with unprecedented
resolution. SIM will be able to detect wobbles creat-
ed by planets only five to ten times the mass of the
Earth orbiting nearby Sunlike stars. NASA is devel-
oping SIM with Lockheed Martin and TRW.

Measuring, directly or indirectly, the wobbles of
stars is not the only way to detect exoplanets.
Another technique is to look for transits, when an
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exoplanet passes directly between the Earth and the
star it orbits. During the transit the planet blocks a
tiny fraction of light from the star — around 1% for
a gas giant like Jupiter, and 0.01% for an Earthlike
planet — which can be detected by telescopes on
Earth. Measuring this drop, and the length of the
transit, allows astronomers to measure the size of the
planet and its orbit. This method has already been
used to confirm the existence of a planet that was
first discovered using the radial velocity technique. A
key advantage of transits is that they can be used to
discover planets far smaller than those detectable
using radial velocity or astrometry, including planets
the size of Earth.

Transits can also be used to study the atmos-
pheres of planets. In late November 2001
astronomers reported the first discovery of an atmos-
phere around an exoplanet, using HD 209458b, the
one exoplanet to date known to transit across the face
of its star. Astronomers were able to detect sodium
absorption lines in spectra of the star as the planet
transited; these lines, they concluded, came from the
small fraction of light that passed through the plan-
et’s atmosphere. While sodium is a “tracer gas” that
makes up only a few parts per million of the atmos-
phere, it does provide evidence that the atmosphere

exists, and paves the way for future studies that may
be able to look for other components of exoplanet
atmospheres.

A problem with transit photometry, though, is
that transits are not common: the planet must be
perfectly aligned between the Earth and star for a
transit to be visible. To use this method to discover
planets, rather than to confirm planets found by
other means, requires dedicated telescopes that can
observe large numbers of stars simultaneously over
long periods of time. Several spacecraft missions are
being developed to accomplish this. Kepler, a mis-
sion recently selected by NASA’s Discovery Program,
will fly a wide-angle telescope capable of observing
100,000 stars simultaneously, looking for brief, peri-
odic drops in brightness that could be caused by a
transiting planet. Kepler is designed to look for plan-
ets the size of Earth, although it is capable of detect-
ing a planet as small as Mercury. Kepler is scheduled
for launch in 2005.

Other missions will also use transit photometry
to look for planets. The Microvaribility and
Oscillation of Stars (MOST) mission, the first
Canadian space telescope, will use a 15-centimeter
telescope to, among other things, look for brief vari-
ations in starlight that could be caused by a transit-
ing planet. MOST is scheduled for launch in
October 2002 on a Russian Rockot booster. The
French Corot mission, scheduled for launch in 2004,
will also look for exoplanet transits, but only as a sec-
ondary component of its primary mission to study
the interiors of stars. Eddington, a European Space
Agency (ESA) mission scheduled for launch in 2008,
will spend three years looking at a single star field in
an effort to detect planetary transits.

FINDING OTHER EARTHS

Advances in radial velocity, astrometry, and transit
techniques will make it possible in the coming
decade to discover planets possibly as small as Earth.
However, in most cases these techniques will tell us
nothing about the planets themselves: there is no way
for them to tell the difference between a terrestrial
planet hospitable to life — another Earth — and a
terrestrial planet utterly inhospitable to life — anoth-
er Venus. To determine which exoplanets are truly
Earthlike will require a new generation of space
observatories able to directly observe these worlds.

NASA is proposing one such mission, called
Terrestrial Planet Finder. TPF will build on the space
interferometry techniques tested by StarLight and
SIM by flying several telescopes on separate space-
craft in formation and combining their light to cre-

22 j a n u a r y  � f e b r u a r y  2002 Ad Astra  to the stars

Artist’s conception of a large gas giant planet in transit across the face of its 
parent star.

Ke
ith

 C
ow

in
g,

 S
pa

ce
Re

f.c
om



ate a single image. Current plans call for TPF to use
four telescopes, each 3.5 meters in diameter (more
than 50% larger than the Hubble Space Telescope),
spread out by as much as one kilometer. In this con-
figuration TPF would be able to directly observe an
exoplanet the size of the Earth around a nearby star in
as little as two hours of observations, and obtain a
detailed spectrum of the planet in two days. NASA is
planning on a 2011 launch of TPF, but given that this
is just two years after the launch of SIM, it’s quite like-
ly TPF will not be launched until later in the 2010s.

ESA is also considering its own version of TPF,

named Darwin. This mission will use six telescopes,
each 1.5 meters across, combined using interferome-
try much like TPF. Darwin will be able to directly
detect terrestrial planets and take spectra of them.
ESA is planning a 2014 launch of Darwin, possibly
in cooperation with Russia or Japan. The agency is
also considering joining forces with NASA and
developing a single TPF/Darwin mission.

Once terrestrial planets can be directly observed,
there are a number of ways to determine which may
be like the Earth. The key method is through spec-
troscopy, looking at specific wavelengths of light for
absorption lines by key elements and compounds. At
infrared wavelengths scientists will be able to see evi-
dence of water, methane, ozone, and carbon dioxide:
all critical to life on Earth. An exoplanet whose spec-
tra contains those signatures, and at the right tem-
perature, is likely to be an Earthlike planet.

Princeton University scientists outlined another
way to identify Earthlike planets in a paper published
in the journal Nature in August. They found that the
albedo, or reflectivity, of the Earth changes consider-
ably over the course of a single day as the amount of
clouds, water, and land that is visible changes. Their
model of Earth showed that its brightness changed
by as much as 20% over a single day, compared to
virtually no variations in Venus and Mars. Thus, by
simply measuring the brightness of an exoplanet over
the course of a few days, scientists may be able to tell
the difference between an Earthlike planet and a less
hospitable world.

Eric Ford, the lead author of the Nature paper,
thinks that these two techniques can complement and
assist each other. “Spectroscopy will be necessary to
uniquely identify some molecules in the atmosphere,”
he says. “Photometric variability can tell you about
the rotation, geography, and climate of a planet.”

Of course, astronomers will not stop when they
discover an Earthlike world: NASA already has on
the drawing boards proposals for giant space obser-
vatories that would be able to take images of these
worlds at high enough resolutions to discern conti-
nents and oceans. However, simply the knowledge
that there is another planet out there like the Earth
— another pale blue dot — may be one of the most
profound discoveries ever made. a

NASA’s Kepler spacecraft.

ESA’s proposed Darwin interferometer.
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They do it on almost every episode of Star Trek:
sensors scan a planet for life — or someone on an

“away team” pulls out their tricorder and waves it
around, getting an instant analysis of everything
around them in seconds. While we’re no where near
having such nifty sensors, their predecessors are
being developed by NASA’s Astrobiology Program. 

As we reach out to make our first exploration of
new worlds and look for life (or its precursors) we’re
going to need some new tools. Given the limitations
on spacecraft payload weight, communications, and
power usage — as well as the extreme conditions
these spacecraft may experience as they land (high-g
impacts) or orbit (radiation, temperature), these new
instruments are going to need to be small, robust,
and very efficient. 

New tools are also needed for astrobiology
research on Earth as well. To be certain things work
when they arrive, we will need to test out extraterres-
trial instrumentation first on Earth. There is another
reason for Earth-bound instrumentation work as well:
to look for and understand new forms of life on Earth.
An ever-increasing variety of so called “extreme envi-
ronments” have been located on Earth wherein life has
been found. These peculiar environmental niches,
some ultra-hot, some highly acidic, some exposed to
lethal chemicals or radiation, can serve as excellent
models of conditions in extraterrestrial locations. 

NASA’s Astrobiology Science and Technology
Instrument Development (ASTID) program seeks to
develop instrumentation capabilities that may help
future space missions and Earth-based investigations
accomplish their goals. NASA solicited ASTID pro-
posals in 2001. Selections are expected to be made in
2002. ASTID’s main focus is not on the develop-
ment of instruments that are ready to be popped into
a waiting spacecraft or taken out into the field by
research teams, but rather, the development of pro-
totype instruments that demonstrate the technolo-
gies needed for future, operational instrumentation.
The hope is that ASTID projects could bring the
technology along to the point that the development
of actual flight hardware could be accomplished in a
swift fashion for specific missions.

Likely targets for astrobiology missions include
Mars, Jupiter’s moon Europa, Saturn’s moon Titan,
comets, and various regions of Earth such as deep
ocean thermal vents and Antarctica’s Lake Vostok.

There are also experiments that may be performed
aboard the International Space Station. 

Some broad categories of instruments and sensors
are anticipated: those needed for the collection, stor-
age, and transport of samples; the in situ (i.e. on loca-
tion) detection of biomarkers (chemical and physical
indicators of life); and the development of new
means whereby access is gained to remote locations
for testing and sampling by means of drilling
through rock and soil (Mars for example) or ice
(Europa).

ASTID proposals have been sought at three gen-
eral levels: feasibility studies and instrument defini-
tion (i.e., proof of concept); instrument development
and definition (i.e., bringing design to the “bread
board stage”); and development of instruments to a
point whereby they can be suggested for develop-
ment for a specific future mission. Examples of
future mission needs ASTID seeks to address include
comets, Mars, and the outer solar system.

Over time, comets may have contributed bio-
genic compounds (those necessary for the develop-
ment of life) on Earth and perhaps elsewhere in the
solar system. They may also have contributed to the
formation of oceans on Earth, Venus, and Mars.
Many comets represent caches of materials that have
been only partially altered since the dawn of the solar
system As such, understanding the surface chemistry

Opposite: One way to explore new worlds may be to throw multiple small sensor pods across their surface.
These pods would form a sensor web. The individual pods would contain both sensors that collect information
from the surrounding environment and communication chips that transmit the data to other pods. The data 
finally arrives at a primary pod where it is then transmitted to an overhead satellite.N
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of comets is key to understanding how Earth and
other possible locales for life were supplied with the
raw ingredients to make life possible. ASTID pro-
posals have been sought for to determine and the
organic composition of cometary gas, ice particles,
and dust.  Sample return capabilities and concepts
for sampling the comet nuclei are also of interest to
the ASTID program.

Mars has already been the subject of astrobiology
exploration by the twin Viking landers in 1976.
While the results were negative as far as finding life
on the surface, we know that there are many regions
on Mars — under the surface — where life may well
exist. And even if present day Mars does not support
life, what we have learned of its past makes it much
more likely that it once did. We’ve also been treated
to a natural form of sample return via a series of
Martian meteorites found on Earth including the
famous ALH84001 and its putative Martian fossils.

Instrumentation for Mars missions out to those
to be launched in 2003 has already been determined.
After that, there are opportunities for ASTID proj-
ects to have some impact on how we study Mars.
Some of the concepts ASTID is seeking to pursue for
use on Mars include: isotopic measurement, detec-
tion and characterization of organic compounds,
deep, aseptic (non-contaminating) drilling and meas-

urement systems to explore the Martian subsurface
and search for water; field analysis of “trace” or bio-
marker gases and biologically important compounds,
and other physical or chemical factors that might be
an indication of life.

In the outer solar system a variety of possible mis-
sions are under consideration and are at various lev-
els of being proposed or funded. Europa, with its
expected subsurface ocean) is a prime target although
nearby Callisto and Ganymede may have subsurface
oceans as well making them potential targets. For
Europa, projects include a Europa orbiter, a lander,
the “Europa Ocean Observer,” and the “Europa
Lander Network.” Instruments have already been
selected for the Europa Orbiter. However, ASTID
projects could lead to some of the instruments need-
ed for the Europa Ocean Observer and for a Europa
lander.

Specific technologies needing development for
Europa include in situ chemical analyses; sample tar-
geting, acquisition, and handling; instruments to
determine the inventory of organic compounds and
biogenic elements on Europa’s surface for orbit and
on the surface. Perhaps the most complex astrobiol-
ogy mission under contemplation is the Europa
Ocean Observer. Concepts for this mission include a
penetrator which would melt its way from the sur-

Like modern-day equivalents of Roy Chapman Andrews and other dinosaur hunters of the past, we may send our robots across the surface
of Mars, looking for subtle chemical and physical fossils of life that once may have teemed across Mars’ surface. Just as dinosaur hunters
have to scour the Earth before they find fertile fossil hunting ground, we will likely need to send not just single explorers but armadas
across the Martian surface to look for life’s clues. “Biomimetics” — the study of engineering approaches to mimic life’s myriad approach-
es to meeting its environmental challenges — may give rise to “biomorphic” devices that walk, fly and crawl across the surface of Mars
and other worlds in search of fossil extraterrestrials.
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face down to the ocean thought to be below Europa’s
surface, and then release an automated submarine or
“hydrobot.” Such a hydrobot would prowl the
Europan depths searching for biomarkers and evi-
dence of life as well as making an analysis of the
Europan sea. 

Saturn’s moon Titan will be observed in 2004 by
the Cassini mission and close up by the Huygens lan-
der. Possible follow on missions under consideration
include the “Titan Biologic Explorer.” While we’re

not sure exactly what the surface of Titan is going to
be like (that is Cassini’s and Huygen’s task) it is prob-
able that solid as well as liquid regions will need to be
explored. Given the composition of this world, com-
plex organic compounds may exist. As such, sophis-
ticated, automated sensors will be required to analy-
ses the various compounds that may be strewn across
and within Titan including its putative seas and its
thick atmosphere. a

MicroElectroMechanicalSystems
Traditional techniques used in laboratories and field studies here on Earth such as spectroscopy (a technique
called Raman spectroscopy is particularly useful) have been given new life through the technological revolutions
of the last decade. The creation of tiny, micron-sized machines through MicroElectroMechanical Systems (MEMS)
technologies developed originally by the Defense Advanced Research Projects Agency (DARPA — the
Department of Defense’s technology house) has led to breakthroughs in many areas. A spectroscopic analysis sys-
tem that used to take half of a laboratory can now be built on the scale of a soda can or even smaller. A sample
analysis system can now be put on a compact disc (yes, similar to the ones containing your own Beethoven and
Led Zeppelin collections), which allows sample mixing in tiny quantities and even microscopic examination of the
products. And other MEMS and similar technologies are around the corner that — in tiny packages — can detect
everything from tiny amounts of amino acids (the basic constituents of proteins) to just about any other material,
organic or not. Taken together, we now have tools small enough to bring to Mars and deploy in armadas of robots
across its surface, or perhaps through Europa’s surface cracks to its vast oceans.

Artist’s concept of a hydrobot exploring an ocean thought to exist beneath Europa’s icy surface. The hydrobot
was delivered down to the ocean by means of a cryobot which melted its way down from the surface.
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Over the next decade or so (knock on wood),
spacefaring nations are poised to launch a verita-

ble fleet of robotic spacecraft to other solar system
bodies in pursuit of a wide variety of scientific and
technical goals. Upcoming missions to Mars will
continue to explore the planet’s surface, and begin to
probe its hidden subsurface. An orbiting spacecraft
should confirm if Jupiter’s moon Europa hides a
huge ocean beneath its icy surface. Still other mis-
sions will fly past the nucleus of a comet, stop at the
surface of an asteroid, and bathe in the solar wind —
and if all goes as planned, each of the missions should
also return samples of those entities to Earth during
this decade. Our ambitious plans to study samples
brought back directly from Mars may have to wait a
bit longer, but a Mars sample return mission is cur-
rently a stated (and more importantly, budgeted)
goal of the international Mars exploration communi-
ty for the second decade of the 21st Century. All
these missions will contribute important information
to the expanding field of Astrobiology, and may per-
haps help answer the age-old question of whether
there is life beyond Earth. 

In our quest for knowledge about the potential
for extraterrestrial life, the solar system is turning out
to be a much more interesting place than was once
thought possible (save in science fiction). The
renewed interest in searching for life in far off places
is driven in no small part by recent discoveries here at
home. We are just starting to recognize that Earth is
much more “alive” than was previously thought pos-
sible. In the past few decades we have discovered
microbial life, and in some cases, weird and different
macroorganisms as well, in environments that were
once thought to be totally incompatible with living
organisms. 

Take, for example, a deep sea hydrothermal vent
ecosystem deep in the waters of the Eastern Pacific.
Here, under more than 250 atmospheres of pressure,
amazing microbes are living on chemical energy in
hydrogen sulfide-rich waters that can approach
113°C. Nearby there are giant invertebrate tube-
worms upwards of 2 meters long that thrive because
the symbiotic microbes in their closed-end “gut”
(known as a trophosome) can make food using
chemical energy from the deep sea vents. And near-
by them are other invertebrates and microbes living
perilously close to waters of over 350°C — hot
enough to melt lead (and submarine view ports).
Truly an amazing place. 

In fact, almost anywhere we look on our planet,
we’ve discovered organisms adapted to extreme con-
ditions. For example, microbes are known to survive
in the coldest and driest deserts of Earth, in waters
near boiling in mountain hot springs, and as far
below the Earth’s surface as we have been able to
drill. Or visit a nuclear power plant, and find the
home of an amazingly radiation-resistant microbe,
known as Deinococcus radiodurans. This hardy
microbe can survive exposures of approximately 5
Mrad (“MegaRads”) of gamma radiation— enough
to kill an unprotected human within seconds. In
short, living organisms pervade planet Earth —
found everywhere there is liquid water, and many
places where water is much less obvious. Life is tough
stuff.

WHAT ABOUT OUR NEIGHBORS? DO WE HAVE ANY?

A central question in Astrobiology is whether there is
anybody out there. And by the standards of biology,
that anybody has to include microbes. Clearly,
microbes have inherited the Earth (recent calcula-
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tions are that over one-half of the Earth’s current bio-
mass is microbial, and at one point in its history, all
of the Earth’s biomass was made up of microbes), but
how life has fared on other worlds has not been
established. At least not yet! 

We certainly can’t rule out the alternative that
something is already alive out there. If nothing else,
the presence of martian meteorites on Earth provide
evidence of the natural interchange of solar system
materials. Some microbial cells have been shown to
live for inordinately long periods of time — perhaps
as much as 250 million years as a small community
lodged in brine crystals — so the prospects of
microorganisms surviving a few million years in
space during transport between planets may not be as
daunting as previously thought. And trip times
between planets can be much shorter than that, and
a few billion years ago the prevalence of trip-induc-
ing large impact events was much greater. Right now
it is thought that when life first became widespread
on Earth nearly 4 billion years ago, its nearest neigh-
bor Mars had an environment with surface water —
a key ingredient for life. 

We also can’t rule out the independent origin of
life on other solar system bodies. We know that
organic matter (the raw material needed to build life)
falls from the sky in meteorites. It can also be made
in the atmosphere of Earth and moons such as
Saturn’s Titan, and it may be spontaneously forming
even now on the deep seafloor from the hot fluids
spewing from hydrothermal vent systems. As such,
there should be no shortage of raw materials in some
other solar system locations as well. Studying other
solar system bodies may even help us figure out more
about life here on Earth.

BE CAREFUL WHEN YOU VISIT THE NEIGHBORS...

Not being able to rule out the possibility of life else-
where, we must explore carefully so as to avoid harm-
ful cross contamination between Earth and other
celestial bodies. This requires that missions be
designed with planetary protection in mind— to
prevent both forward contamination and back con-
tamination. In simple terms, prevention of forward
contamination involves procedures to minimize the
transport of terrestrial microbes (or spores) on 
outbound spacecraft so as to avoid introducing
Earthly life or contaminants to extraterrestrial loca-
tions. Back contamination policies apply if there is
thought to be a possibility of a living organism in
samples being returned to Earth by a mission.
Because we don’t know whether life exists elsewhere,
we also don’t know what would happen if an
unknown organism or organisms were let loose on
the Earth as a consequence of a sample return mis-
sion. To prevent back contamination, samples from
extraterrestrial locations will be securely contained
and rigorously examined under quarantine condi-
tions to ensure there are no biohazards prior to dis-
tribution outside of containment. 

The concerns about both forward and back con-
tamination are based on both our knowledge of life
on Earth and our understanding of solar system con-
ditions. We know that Earth life is tough — perhaps
tough enough to survive in places with the potential
for liquid water such as on or under the surface of

RADARSAT image of Lake Vostok located 4 kilometers beneath the surface of the
Antarctic icepack. Russia’s Vostok station is above the lake to the left of the image. 
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Mars, or inside Europa and other moons of the giant
planets. Any terrestrial microbes inadvertently
deposited in a suitable habitat could conceivably sur-
vive, making forward contamination possible. It
would be bad enough to have the science of a single
mission compromised or rendered impossible by bio-
logical contamination imported from Earth, but it
would be far worse to place Earth organisms into
extraterrestrial environments where they might grow
and thrive, thus making ALL future astrobiology sci-
ence missions suspect. 

Interestingly, similar forward contamination con-
cerns apply to environments on Earth as well. For
example, Lake Vostok, which lies ~4 kilometers
below the Antarctic icepack, is of great interest to
Astrobiology because it has been in large part isolat-
ed from the rest of the Earth’s biosphere for hundreds
of thousands of years. Scientists sampling the lake for
microbiological purposes need to develop techniques
that ensure that samples will not be contaminated by
surface bacteria or other microbes transported
through the ice on drilling or scientific equipment.
Because this problem is similar to what NASA is like-
ly to face during a future mission to Europa, various
approaches are under study for use in both places.
For example, studies are underway to develop self-
sterilization devices that can be used with probes or
drills designed to cut through ice. 

While the planetary protection (PP) policies
themselves are pretty straightforward, implementa-
tion is far from it. PP policies and technologies
impact almost every part of the mission, from pre-
launch preparations, to on-planet experiments and
sample collection, to handling and analysis of mar-
tian materials upon return to Earth. Already, NASA
and its international partners have undertaken
numerous studies to scope out the complex require-
ments for sample return missions. 

In determining the PP controls, planners must
consider such things as the nature of sample collec-
tion effort on Mars and how materials will be ade-
quately contained throughout the mission. Care
must be taken to ensure that only the contained

material is returned and that the containment system
arrives on Earth safely. Detailed plans are currently
being developed for how to preserve the samples for
scientific study; how to assay the samples for a bio-
hazard without consuming all of the samples that
were returned (a particular concern to sample-scien-
tists); and how to make sure that all non-nominal sit-
uations can be accounted for during the process. In
planning PP controls, one key issue will be to avoid,
or at least minimize, the occurrence of false-positive
indications of extraterrestrial life in the sample. At
the very least, life detection equipment must be able
to distinguish any truly martian life forms from, say,
common contaminants of cleanrooms on Earth —
organisms like Bacillus licheniformis and
Staphylococcus epidermis that may be able to make a
round trip from the launch site in Florida. As impor-
tantly, it will be critical that biohazard tests are
designed to minimize the occurrence of false nega-
tives during analysis of the samples. It would be a
shame indeed to miss martian life forms within the
samples for any reason. 

Through the entire process, from mission design
to the location of the sample receiving laboratory,
from sample recovery to sample distribution, it is
NASA’s stated intention to keep the public fully
informed — a sentiment shared by NASA’s interna-
tional partners thus far, in particular the French space
agency CNES.

PLANETARY PROTECTION AS A WAY OF LIFE.

If you’ll excuse the pun, it can be said that planetary
protection is a way of life in solar system explo-
ration at NASA — and increasingly with interna-
tional mission planners as well. Each NASA mis-
sion must be approved for its planetary protection
considerations by the NASA Planetary Protection
Officer, and the efforts made by some missions to
comply with planetary protection requirements can
be pervasive. 

Not all solar system missions are affected to the
same extent by the imposition of PP requirements. It
all depends on whether a particular mission will
encounter solar system bodies that have the potential
for life, or may harbor direct evidence about chemi-
cal evolution and the origin of life. The more likely a
body could harbor life or its early evolutionary
forms, the stricter the PP controls. And vice versa.

The NEAR Shoemaker mission, which landed
on the asteroid Eros in February 2001, is an example
of a mission on which there were no additional PP
requirements. The mission was not slated to
encounter a body that had life, or which could be

Colonies of the ultra-hardy bacterium Deinococcus
radiodurans growing in a petri dish.
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contaminated by microbes or materials carried by the
spacecraft. In contrast, one way missions landing at
most places on Mars, must be rigorously cleaned so
that the entire spacecraft surface carries fewer than
300,000 microbial spores of a specific hardy variety.
This level of “microbial burden” of Earth organisms,
equivalent to that in about one-half a bottle of spring
water purchased at your local convenience store, is
the requirement for each of the Mars Expedition
Rovers planned for launch in 2003. Missions to
places on Mars that may have recent liquid water, or
missions that intend to look for extant life on Mars
will be allowed only a small fraction (one-ten-thou-
sandth) of this number, or fewer. 

Between the extremes of no PP controls and strict
PP controls are missions such as Galileo, which was
launched towards Jupiter with hopes of informing us
about its wonderful satellites (Io, Europa, Ganymede
and Callisto, in particular), but without firm knowl-
edge of their surface and internal structure. Based on a
provision in its planetary protection plan, the Galileo
spacecraft has been assiduously avoiding impact with
Europa in particular, and is now slated for a fiery dive
into Jupiter in 2003, to prevent impacts with those
Jovian bodies after the end of its mission.

On the back contamination side of the ledger,
several planned or already-launched missions are
being assessed on their individual merits. Both the
Stardust and Genesis missions currently underway
are slated to return samples from entities that are not
thought to have even faint prospects for life — and
will return materials (comet dust and solar wind,
respectively) that are constantly falling on the Earth
(though in an uncontrolled way). Comet dust is
thought to impact the Earth to the tune of about
40,000 tons annually, and the solar wind is a perva-
sive part of near-Earth space. Likewise, the planned
MUSES-C mission is targeting an asteroid that is not
considered to be capable of supporting life.

A round-trip Mars sample return mission is a dif-
ferent case, however. Much of NASA’s current Mars
program planning is focused on honing the scientific
study of Mars to optimize an eventual sample return
mission by selecting the best sites to search for evi-
dence about Mars as a potential abode for life. Much
of the new technology being planned in the program
will work to enable a more capable sample return mis-
sion. Every facet of such a mission is pervaded by the
need to return a sample safely to Earth, and to allow
for back contamination control in the process.

Two options for sample return are currently
being examined — one that would entail a direct re-
entry of a contained Mars sample into the Earth’s

atmosphere on its way to a desert landing site, and
another that would return a Martian sample to Earth
orbit and allow for the Shuttle to collect the sample
canister (or perhaps the entire return-spacecraft) and
bring it to Earth within the Shuttle’s cargo bay. There
are benefits and disadvantages to each approach, and
the preservation of the sample and its safe, contained
return will be major considerations in selecting the
eventual method used for sample return from Mars.

Once the sample is returned from Mars —
whether by direct reentry or via the Shuttle— it will
be taken to a specialized sample handling facility to
begin the process of preliminary physical/chemical
testing and biohazard and life detection analyses.
Eventually, once rigorous analyses are completed and
samples are determined to be non-biohazardous,
they may be released from quarantine and distrib-
uted for further scientific studies in other labs, just as
the Apollo moon rocks were three decades ago. 

But there is always the possibility that we could
get lucky and detect Mars life in the sample. In that
case, sample materials will remain under quarantine
in strict containment as scientists continue to 
investigate and learn as much as possible about 
the first verified example of extraterrestrial life.
Finding evidence of our Martian neighbors here on
Earth would be a momentous discovery, one likely 
to have significant effects on Astrobiology, society,
and our thoughts about the Earth’s place in the 
living universe. a
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The crew of Starship Enterprise regularly boasts that they go where no one has gone before. Alas,
scientists have discovered that life on Earth has already done that — and has done so for billions of years.

Life flourishes in physical and chemical extremes that, until recently, were thought to preclude life — hence the
term “extreme” that is often used to characterize these locales. These extreme environments — hot, cold, acidic,
saturated by radiation are also similar to what we expect to find on other worlds. As such astrobiologists
view these environments and the life that flourishes there as a preview of what we might find elsewhere in the
universe.

The various unique physiologies that have evolved to meet the challenges poised by these “extreme”
environments demonstrate that life could exist in some of the extreme environments found in space and
beyond. Indeed, adaptations have been found in some terrestrial organisms that could allow travel between
planetary bodies. 

Where are these extreme places? What challenges do they present to life — and how has life adapted? And
what does this say about life elsewhere?

CHEMISTRY

Organic chemistry — chemistry based on reduced forms of carbon (“reduced” carbon has had hydrogen added)
has been shown to operate not just upon on our planet, but across our solar system, and far, far beyond. Carbon
can trump even silicon (a common component of rocky planets) in its ability to form an astonishing variety of
long and complex compounds. It is these long complex molecules that make life capable of what it does. Indeed,
there is quite a ubiquity of organic chemistry in the universe: many of the compounds associated with terres-
trial life have been found to be floating in the vast spaces between stars. 

WATER – LIFE’S SOLVENT

Water is an excellent solvent for organic molecules — it provides a context wherein increasingly complex chem-
ical reactions can occur — and be sustained. Based on what we have seen of life, it appears that liquid water is
the sine qua non of life. Based on this understanding, the official mantra of the current Mars program at NASA
is to “follow the water.” Admittedly organic carbon (in contrast to carbon dioxide and carbon monoxide) has
yet to be detected on Mars — but we’re looking for it!

If water is indeed essential for life, a variety of physical limits to life seem apparent. But “seems” is the oper-
ative word. What may seem to be true in a theoretical or experiential context may not be true once sufficient
observations have been made.

Water is a liquid and remains so within certain physical criteria such as temperature and pressure. Too
much and too little of either can bring life’s processes to a halt. As water becomes scarce, a struggle for survival
ensues. For life to continue, temperature has to be within the range wherein water can exist in liquid form. We
have yet to find any form of life that can directly utilize solid (i.e. frozen) water. 

Temperature has another importance: organic molecules lose the structure necessary for them to function
(i.e. they “denature”) at certain temperatures. For both DNA and chlorophyll (the molecule at the core of pho-
tosynthesis) this temperature is around 70°C. On the other hand, as temperature drops, biochemical reactions
slow. Ice crystals which begin to form within cells which can cause irreparable harm as they slash through cel-
lular membranes. Membranes are the surfaces upon which life’s myriad reactions occur. They also serve to con-
tain a cell’s contents. Their damage slows down an organism’s biochemistry.

Left: Artist’s concept of an astronaut examining a rock sample on Mars. Life has been found living inside rocks in
the various extreme environments on Earth. Clues derived from finding life in such terrestrial locations will serve as
a guide to understanding where we might find life on other worlds.

A Scanning Electron
Micrograph of a tarti-
grade. Tartigrades can
go into a hibernation
mode that allows them
to survive Xray expo-
sure, vacuum condi-
tions, and temperatures
ranging from -253˚C to
151˚C.
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Other factors inhibit life’s ability to operate:
extremes in pressure can destroy molecular structures
and inhibit enzymatic reactions. Then there are tox-
ins in the environment, such as mercury, arsenic and
cadmium which can poison metabolism. High levels
of radiation can damage a variety of organic mole-
cules, most notable among these being the very
genetic material of the cell, DNA. Ditto for oxygen.

MY AIR IS YOUR POISON

Wait! — oxygen as an extreme environment? Oxygen
allows the production of ATP, the energy currency uti-
lized by all cells. This process is 18 times more effi-
cient than anaerobic metabolism i.e. metabolism that
occurs in the absence of oxygen. However, this
increased efficiency comes at a steep price. The
reduced (hydrogenated) forms of oxygen, such as
hydrogen peroxide and especially the hydroxyl radical,
may be extremely dangerous. The resulting oxidative
damage they can cause can damage DNA causing
mutations, or even death. Anaerobes (organisms that
do not use oxygen in their metabolic processes) do not
have the ability to detoxify the various forms of oxy-
gen, and accordingly find oxygen lethal. 

As such, from the perspective of a substantial
portion of the life on Earth, the ability to live in an
aerobic (oxygen rich) world confers upon our own
species the distinction of being an extremophile. But
there are other things that organisms can “breathe.”
The bacterium Shewanella putrefaciens uses metal
atoms in its metabolism in the same fashion as we use
oxygen atoms. As such, it “breathes” metal — in this
case, manganese.

Clearly there are physical and chemical extremes
that should make life based on organic carbon diffi-
cult if not impossible. Yet, within the last few decades
we have found organisms that have punctured these
seemingly insurmountable limits and have come to
called “extremophiles” from the Latin “extremus”
(being on the outside) and the Greek “philos” for
love. Organisms that can live in more than one
extreme, for example Sulfalobus acidocaldarius (a
member of the Archea (an ancient branch off the
family tree of life) lives at pH 3 and 80°C, are called
“polyextremophiles.” 

WHO ARE THE EXTREMOPHILES?

The word “extremophile” often invokes images of
microbes, and so-called “simple” ones at that, yet
the taxonomic range spans all three domains.
(Note that life itself is so complex that the human
creation of life has remained elusive. Thus, it is
unjustifiably arrogant of us to call any form of
life “simple.”) While all organisms that live at
extremely high temperatures are Archaea or
Bacteria, eukaryotes (organisms whose cells have
nuclei) are common among organisms that thrive
at low temperature, extremes of pH (high acidity
or alkalinity) pressure, water, and salt levels.
Extremophiles include multicellular organisms,
cold-lovers include vertebrates such as penguins
and polar bears.

To qualify as an extremophile, does an organism
have to be an extremophile during all life stages?
Under all conditions? Not at all. Spores, seeds, and
sometimes eggs or larval stages are all far more resist-
ant to environmental extremes than adult forms. Yet
some adult organisms — trees, frogs, insects, and fish
— can endure remarkably low temperatures during
the winter as a result of seasonal shifts in physiology
such as hibernation. 

One of the most resilient organisms known are
tardigrades (“water bears”). Tardigrades can go into
a hibernation mode — called the tun state — one
that is more akin to “suspended animation” where-
by it can survive temperatures from -253°C to
151°C, as well as exposure to x-rays, and vacuum
conditions. When you place tardigrades in perfluo-
rocarbon fluid (again while hibernating), at a pres-
sure of 600 MPa, (that’s almost 6,000 times atmos-
pheric pressure at sea level) they emerge from the
experience just fine . Even the bacterium
Deinococcus radiodurans, the most radiation resist-
ant organism known, only achieves this resistance
under some conditions such as fast growth and in
nutrient-rich medium.
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Evaporation pond in Baja, Mexico. The red color is due to carotenoid pigments
released by halophilic (salt loving) bacteria.



WHO? WHAT? HOW?

Living in a Goldilocks world that is not too hot, not
too cold and so on is the easiest environment for life
to exist. An extremophile must either live within
these parameters, or guard against the outside world
in order the maintain these conditions intracellularly. 

DRY ENVIRONMENTS

Imagine a desert and a feeling of dehydration fol-
lows. In the absence of water, lipids (fats), proteins
and nucleic acids (DNA, RNA) suffer structural
damage. The Atacama desert located on the high
northern Andean plains of Chile is one of the oldest,
driest hot deserts on the Earth, while the Antarctic
dry valleys are the coldest, driest places on Earth. In
both cases, despite environmental extremes, life
exists in the form of microbes: cyanobacteria, algae,
lichens, and fungi. 

Anhydrobiosis is a strategy organisms use to
survive dry spells. During anhydrobiosis their cells
come to contain only minimal amounts of water.
No metabolic activity is performed. A variety of
organisms can become anhydrobiotic, including
bacteria, yeast, fungi, plants, insects, the aforemen-
tioned tardigrades, mycophagous (fungi-eating)
nematodes, and the brine shrimp Artemia salina
(also known as “Sea Monkeys” when marketed to
school age children). During the drying out process
(desiccation), less available water forces substances
to increase in their concentration. Such increases
lead to stressful responses within a cell that are sim-
ilar to those of a cell experiences when exposed to
high salt environments. 

The ultimate dry environment is the “desert” of
space. Adaptations to desiccation are critical for
organisms to survive in interplanetary space. One
organism in particular (described below) is a natural
born space traveler. 

SALINITY

As airplanes descend into the San Francisco area,
red patches on the eastern shore of the South Bay
are conspicuous. These are evaporation ponds of
Cargill Salt Company. The cause of the red color is
halophilic (salt-loving) microbes that produce red
pigments called carotenoids. A similar situation
occurs in salt flats, such as the Great Salt Lake in
Utah, and deep sea hypersaline basins. The
microbes involved are either members of the
Archaea, a major group of microbes superficially
similar to bacteria, or the green alga Dunaliella sali-
na. At a bit lower (25-33% ) salinity, bacteria,
cyanobacteria, other green algae, diatoms and pro-

tozoa are found. Some Archaea, cyanobacteria, and
Dunaliella salina can even survive periods in satu-
rated sodium chloride — about as salty an environ-
ment as one can imagine.

Salt water can evaporate leaving deposits (“evap-
orite deposits”) consisting of salts such as sodium
chloride (halite) and calcium sulfate (gypsum).
Within evaporates are fluid inclusions — small
trapped pockets of water — which can provide a
refuge for microbes for at least six months. Our
research group showed that cyanobacteria trapped
within dry evaporite crusts can continue to have low
levels of metabolic function such as photosynthesis.
These deposits also form nice fossils of the organisms
trapped within. Although highly controversial, others
claim that bacteria might survive for millions of years
in the fluid inclusions of salt deposits including evap-
orates. Tantalizingly, such deposits have been found
on Mars.

So how do cells adapt to this potentially deadly
environment? To prevent an exodus of water from
the cell, halophiles offset the high salt in the environ-
ment by accumulating such compounds as potassium
and glycine-betaine. This allows a balance of salts
inside and outside of the cell preventing water from
flowing outward as would be the case if lower salt lev-
els existed within the cells.

ACIDITY AND ALKALINITY

Yellowstone National Park has bubbling acid hot-
springs that would make a witch’s cauldron seem
benign. They also teem with life. Once again we have
been astounded that such environments harbor life. 
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Octopus Spring, an alkaline (pH 8.8-8.3) hotspring in Yellowstone National Park,
USA, is situated several miles north of Old Faithful geyser. The water flows from
the source at 95°C to an outflow channel, where it cools to a low of 83°C. About
every 4-5 minutes a pulse of water surges from the source raising the tempera-
ture as high as 88°C. In this environment the pink filamentous Thermocrinis
ruber thrives.



Acidity and alkalinity are meas-
ures of the concentration of pro-
tons, the units used are pH units.
The lower the number (down to
zero), the higher the acidity. The
higher (up to 14), the more alka-
line. A neutral pH near 7 is optimal
for many biological processes,
although some — such as the light
reactions of photosynthesis —
depend on pH gradients. In nature,
pH can be high, such as in soda
lakes or drying ponds, or as low as 0
and below. Organisms that live at
either extreme do this by maintain-
ing the near-neutral pH of their
cytoplasm (i.e.) the liquid and
materials within their cells.

Low pH is the realm of acidophiles — “acid
lovers”. If you are looking for champion acid lovers,
forget fish and cyanobacteria which have not been
found below pH 4, or even plants and insects which
don’t survive below pH 2 to 3. The extreme aci-
dophiles are microbes. Several algae, such as the
unicellular red alga Cyanidium caldarium and the
green alga Dunaliella acidophila, are exceptional
acidophiles both of which can live below pH 1.
Three fungi, Acontium cylatium, Cephalosporium sp.,
and Trichosporon cerebriae, grow near pH 0.
Another species, Ferroplasma acidarmanus, has been
found growing at pH 0 in acid mine drainage in
Iron Mountain in California. These polyex-
tremophiles (tolerant to multiple environmental
extremes) thrive in a brew of sulfuric acid and high
levels of copper, arsenic, cadmium, and zinc with
only a cell membrane and no cell wall. 

HIGH TEMPERATURE

Temperature is a critical parameter because it deter-
mines whether liquid water is present. If tempera-
ture is too low, enzymatic activity slows, membrane
fluidity decreases. Below freezing ice crystals form
that slice through cell membranes. High tempera-
tures can irreversibly alter the structure of biomole-
cules such as proteins, and increase membrane flu-
idity. The solubility of gasses in water is correlated
with temperature, creating problems at high tem-
perature for aquatic organisms requiring oxygen or
carbon dioxide.

As it happens, organisms can outwit theory.
Geysers, hotsprings, fumaroles and hydrothermal
vents all house organisms living at or above the boil-
ing point of water. The most hyperthermophilic

(VERY hot loving) organisms are Archaea, with
Pyrolobus fumarii (of the Crenarchaeota), a nitrate-
reducing chemolithotroph (an organism that derives
energy from minerals), capable of growing at up to
113°C, is the current champion. As such, these
hyperthermophiles are able to prevent the denatura-
tion and chemical modification (breakdown) of
DNA which normally occurs at or around a compar-
atively cool 70°C. The stability of nucleic acids is
enhanced by the presence of salts which protect the
DNA from being destroyed. 

Thermophily (living in hot places) is more com-
mon than living in scalding, ultra-hot locales, and
includes phototrophic bacteria (i.e., cyanobacteria,
and purple and green bacteria who derive energy
from photosynthesis), eubacteria (i.e., Bacillus,
Clostridium, Thiobacillus, Desulfotomaculum,
Thermus, lactic acid bacteria, actinomycetes, spiro-
chetes, and numerous other genera), and the Archaea
(i.e., Pyrococcus, Thermococcus, Thermoplasma,
Sulfolobus, and the methanogens). In contrast, the
upper limit for eukaryotes is ~ 60°C, a temperature
suitable for some protozoa, algae, and fungi. The
maximum temperature for mosses is another 10°
lower, vascular plants (house plants, trees) about
48°C, and fish 40°C.

LOW TEMPERATURE

Representatives of all major forms of life inhabit tem-
peratures just below 0°C. Think winter, think polar
waters. While sperm banks and bacterial culture col-
lections rely on the preservation of live samples in liq-
uid nitrogen at -196°C, the lowest recorded temper-
ature for active microbial communities and animals is
substantially higher at -18°C. 

Freezing of water located within a cell is
almost invariably lethal. The only exception to this
rule known from nature is the nematode
Panagrolaimus davidi which can withstand freezing
of all of its body water. In contrast, freezing of
extracellular water — water outside of cells — is a
survival strategy used by a small number of frogs,
turtles and one snake to protect their cells during
the winter. Survival of freezing must include mech-
anisms to survive thawing, such as the production
of special proteins or “cryoprotectants” (additives
that protect against the cold) called “antifreeze”
proteins. The other method to survive freezing
temperatures is to avoid freezing in the first place.
Again “antifreeze” molecules are produced which
can lower the freezing point of water 9 to 18°C.
Fish in Antarctic seas manage to employ these
mechanisms to their advantage.
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A “tetrad” of Deinococcus radiodurans
cells.
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Other changes with low temperature include
changes in the structure of a cell’s proteins — most
notably their enzymes — so as to allow them to
function at lower temperatures. The fluidity of cell
membranes decreases with temperature. In
response, organisms that are able to adapt to cold
environments simply increase the ratio of unsatu-
rated to saturated fatty acids thus retaining the
required flexibility of membranes.

RADIATION

Radiation is a hazard even on a comfortable planet
like Earth. Sunlight can cause major damage unless
mechanisms are in place to repair — or at least limit
— the damage. Humans lacking the capacity to
repair ultraviolet (UV) damage have xeroderma pig-
mentosa. This disease is so serious that suffers can-

not leave their house during the day unless com-
pletely covered, and must even shade the windows in
their homes.

Once you leave the protected surface of Earth,
things can get more hostile. One of the major prob-
lems that organisms might face during interplanetary
transfer (inside a rock blasted off of a planet by a large
impact event for example), living on Mars, or even at
high altitudes on Earth is the high levels of UV
(ultraviolet) radiation. 

In space there is cosmic and galactic radiation to
contend with as well. The dangers of UV and ioniz-
ing radiation range from inhibition of photosynthe-
sis up to damage to nucleic acids. Direct damage to
DNA or indirect damage through the production of
reactive oxygen molecules creates can alter the
sequence or even break DNA strands. 
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A deep ocean hydrothermal vent belching sulfide-rich hot water. A variety of life forms comprise a food web based on bacteria that live off of
the energy provided by the sulfide-rich vent waters. It is possible that the Earth’s earliest life forms evolved in an environment like this.
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Several bacteria including two Rubrobacter
species and the green alga Dunaliella bardawil, can
endure high levels of radiation. Deinococcus radiodu-
rans, on the other hand is a champ and can withstand
up to 20 kGy of gamma radiation up to 1,000 joules
per square meter of UV radiation. Indeed, D. radio-
durans can be exposed to levels of radiation that blow
its genome into pieces only to have the organism
repair its genome and be back to normal operations
in a day. 

This extraordinary tolerance is accomplished
through a unique repair mechanism which involves
reassembling damaged (fragmented) DNA. Scientists
at the Department of Energy are looking to augment
D. radiodurans genome such that it can be used to
clean up mixed toxic and radioactive spills. So eager
are biotechnologist to understand just how D. radio-
durans does what it does that its genome was among
the first organisms to be fully sequenced. 

GRAVITY

Gravity is a constant force in our lives; who has not
imagined what it would be like to be an astronaut
escaping gravity even temporarily? The universe
offers a variety of gravitational experiences, from the
near absence of gravity’s effects in space (more accu-
rately referred to as microgravity) to the oppressive
gravitational regimes of planets substantially larger
than ours. 

Gravitational effects are more pronounced as
the mass of an organism increases. That being said,
flight experiments have revealed that even individual
cells respond to changes in gravity. Cell cultures car-
ried aboard various spacecraft including kidney cells
and white blood cells showed marked alterations in
their behavior, some of which is directly due to the
absence of the effects of a strong gravity field.
Indeed, recent work conducted aboard Space Shuttle
missions has shown that there is a genetic compo-
nent (as yet understood) to kidney cell responses to
microgravity exposure.

PRESSURE

Pressure increases with depth, be it in a water column
or in rock. Hydrostatic (water) pressure increases at a
rate of about one-tenth of an atmosphere per meter
depth, whereas lithostatic (rock) pressure increases at
about twice that rate. Pressure decreases with alti-
tude, so that by 10 km above sea level atmospheric
pressure is almost a quarter of that at sea level. 

The boiling point of water increases with pres-
sure, so water at the bottom of the ocean remains liq-
uid at 400°C. Because liquid water normally does not

occur above ~100°C, increased pressure should
increase the optimal temperature for microbial
growth, but surprisingly pressure only extends tem-
perature range by a few degrees suggesting that it is
temperature itself that is the limiting factor. 

The Marianas trench is the world’s deepest sea
floor at 10,898 m, yet it harbors organisms that can
grow at temperature and pressure we experience
everyday. It has also yielded obligately piezophilic
species (i.e. organisms that are pressure loving and
can only grow under high pressure) that can only
grow at the immense pressures found at the ocean’s
greatest depths.

OTHER EXTREME CONDITIONS

A bit of creative thinking suggests other physical
and chemical extremes not considered here, includ-
ing unusual atmospheric compositions, redox
potential, toxic or xenobiotic (manmade) com-
pounds, and heavy metal concentration. There are
even organisms such as Geobacter metallireducens
that can survive immersion in high levels of organ-
ic solvents such as those found in toxic waste
dumps. Others thrive inside the cooling water with-
in nuclear reactors. While these organisms have
received relatively little attention from the
extremophile community, the search for life else-
where may well rely on a better understanding of
these extremes. 

EXTREMOPHILES AND ASTROBIOLOGY

The study of extremophiles holds far more than
Guinness Book of World Records-like fascination.
Seemingly bizarre organisms are central to our under-
standing of where life may exist and where our own
terrestrial life may one day travel. Did life on Earth
originate in a hydrothermal vent? Will extremophiles
be the pioneers that make Mars habitable for our
own more parochial species?

Happily, extremophile research has lucrative
side. Industrial processes and laboratory experiments
may be far more efficient at extremes of temperature,
salinity and pH, and so on. Natural products made
in response to high levels of radiation or salt have
been sold commercially. Glory too goes to those
working with extremophiles. At least one Nobel
Prize, that for the invention of the polymerase chain
reaction (PCR), would not have been possible with-
out an enzyme from a thermophile. As the world of
molecular biology has become increasingly reliant
on products from extremophiles, they will continue
be the silent partner in future awards.

Current work on extremophiles in space focuses
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This Mars Global Surveyor spacecraft photo shows
gullies eroded into the wall of a meteor impact
crater in Noachis Terra. It is possible that these
gullies indicate that liquid water is present within
the Martian subsurface today.

N
A

SA
 J

PL
/M

SS
S

on four major environments: manned-flight vehicles,
interplanetary space (because of the potential for
panspermia), Mars and Europa because of the possi-
bility of liquid water — and thus life. 

MARS: HABITABLE?

Mars is, at first blush, inhospitable. Temperatures are,
for the most part, frigid, exposure to ultraviolet radi-
ation is high, and the surface is highly oxidizing, pre-
cluding the presence of organic compounds on the
surface. The atmospheric pressure is very low (similar
to that of Earth’s uppermost atmosphere) so liquid
water is unstable on the surface. Yet hydrogeological
evidence from Mars Global Surveyor hints that liq-
uid water may even flow today under the surface.
Previous evidence seems to show that it once flowed
much more freely on the surface in ancient times.

Could Mars harbor subsurface life, similar to the
subsurface or hydrothermal communities found on
Earth? If so, it would be protected from surface radi-
ation, damaging oxidants, and have access to liquid
water. Mars is rich in carbon dioxide, the raw mate-
rial used by plants to produce organic carbon. Life
has been found at the depths of Earth’s oceans and
several kilometers below the surface inside of rocks. If
it did arise during a warmer, wetter period in Mars’
history, perhaps it managed to migrate into warmer,
more clement regions of the planet’s interior before
the surface became uninhabitable.

THE LARGE MOONS OF JUPITER:

UNDERGROUND OCEANS

With evidence mounting that one or more of the
large moons of Jupiter (Europa, Ganymede,
Callisto) have ice-covered oceans, the possibility of
life on these moons becomes a subject of scientific
discourse. One of these, Europa, has an ice layer
too thick to allow enough light to get through to
allow photosynthesis, the process that drives much
of terrestrial life including those under the peren-
nially ice-covered lakes of Antarctica. However,
Chris Chyba from the SETI Institute has suggest-
ed that chemistry in the ocean’s ice cover, driven
by charged particles accelerated in Jupiter’s magne-
tosphere, could produce sufficient organic and
oxidant molecules for a Europan biosphere to be
sustained. The Galileo spacecraft has detected a
weak magnetic field on Callisto, suggesting that
salt water may lie beneath an ice-covered surface.
Supportive evidence exists as well for an ocean
with Ganymede. Several of Saturn’s moons and
other outer solar system bodies may also hold the
potential for having a subsurface ocean.



NAKED IN SPACE: THE ULTIMATE EXPOSURE

Panspermia (“seeds spread far”), the idea that life
can travel through space from one hospitable loca-
tion to the another, is no longer wild speculation.
Space is extremely cold, subject to unfiltered solar
radiation, solar wind, galactic radiation, space vacu-
um, and to negligible gravity. But this treacherous
realm can be crossed by life.

We know from Mars meteorites such as the
(now) famous ALH84001 sample that a natural
vehicle exists for interplanetary transport. These
meteorites contain organic compounds from Mars,
showing that such compounds can survive the
journey. Moreover, studies have shown that given a
rock of sufficient size, conditions within a rock
thrown off of Mars — and then later entering
Earth’s atmosphere — can remain cool enough
such that not just organic material, but also
microbes contained within, could (theoretically)
survive the trip.

The criticism that life cannot endure extended
periods in space is now being tested experimentally
in space simulation facilities in the U.S. and
Germany, and through unmanned flight experi-
ments. NASA’s Long Duration Exposure Facility
and the European Space Agency’s BioPan space
experiments showed that microbes can survive direct
exposure to the raw conditions of space. Survivors to
date include spores of Bacillus subtilis and halophiles
in the active (vegetative) state. Hopes for further
experiments of this nature rest on both unmanned
flights and the ESA Exposed Facility planned for the
International Space Station.

SUMMARY

Earth provides us with a wondrous array of life’s
adaptations. Indeed, by studying the extremophiles
here on Earth, we may get the first clear indication of
what ET could be like — or at least the range of
things they might eat and breathe. a
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Over the history of the solar large impact events may have served as a steady means of transporting rocks (which arrived as meteorites)
between one world and another. Whether or not any of these rocks ever actually contained viable life forms is not known. However recent
studies suggest that this is possible.
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Wichita, KS 67226-1179
316/684-2614
316/684-6748 FAX
RChamb8342@aol.com

MO - Heart of America Chapter NSS
George Howard
P.O. Box 22537
Kansas City, MO 64113-0537
816/523-7593
ghoward683@aol.com
http://hometown.aol.com/ghoward683/

UT - Utah Space Association
J. David Baxter
378 I Street
Salt Lake City, UT 84103
801/359-0251
utahspace@aol.com
http://members.aol.com/utahspace/

R E G I O N  0 5 X

Region Five Chapters Organizer
Jerry Samples
2880 Barbara Lane NE
Marietta, GA 30062-1431
770/971-6481
770-977-8595 FAX
jerry@offworldssolutions.com

AL - Huntsville Alabama L5 Society
Gregory H. Allison
PMB 168
1019A Old Monrovia Road
Huntsville, AL 35806
256/859-5538
256/461-3045 FAX
hal5@hiwaay.net
http://hiwaay.net/~hal5

GA - NSS Atlanta
Jerry Samples
2880 Barbara Lane NE
Marietta, GA 30062-1431
770-977-8275
770-977-8595 FAX
space@nssatlanta.org
http://www.nssatlanta.org

KY - Kentucky Chapter of NSS
Harry Reed
163 Harrison Rd.
Benton, KY 42025
270/527-2386
bluereed@apex.net

TN - Middle Tennessee Space Society
Chuck Schlemm
508 Beechgrove Way
Burns, TN 37029
615/441-1024
schlemmc@aol.com
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NSS EXECUTIVE COMMITEE

MEETING HELD IN WASHINGTON

The Executive Committee of the

National Space Society convened in

Washington, DC in early December for

their semi-annual meeting. The top

priority on the agenda was approval of

NSS’s 2002 budget, policy priorities in

light of the appointment of Sean

O’Keefe as the new NASA adminis-

trator, and strategic planning for the

coming year. 

Christopher M. Pancratz, our

newly appointed Chairperson of the

Executive Committee, brought the

meeting to order early Saturday morn-

ing. NSS staff from the Washington

office were in attendance all weekend

and brought the Board members up to

speed on a number of projects and pro-

grams that are ongoing.

The discussion and approval of the

budget was the main focus of the

weekend. The approval of the annual

budget is a critical process every year,

however in light of the attacks of

September 11th and the effects they

have had on the economic situation

here in the U.S. the allocation of funds

took on even greater importance. The

2002 budget that was approved by the

Executive Committee has funds ear-

marked for a number of exciting new

projects and member benefits that will

be taking effect during the course of

the year. These projects will be

announced in Ad Astra and at our

website soon.

Several sub-committees also met

over the weekend to discuss other crit-

ical areas of the Society that included

membership, chapters, fundraising,

and public affairs. In fact many lively

discussions took place during the

breaks and in particular during the

Saturday evening dinner at the

Washington Hilton restaurant.

All Board members left the meet-

ing with an increased sense of vigor

and determination to make the year

NSS SENDS BEST WISHES

The National Space Society sends its best

New Year wishes to Governor Glen Wilson

with our hopes for a speedy recovery from

his recent fall.

SPACE ACTIVISM AT

HOME AND ABROAD



TN - NSS Memphis/Mid-South
William W. Wood
PO Box 770412
Memphis, TN 38117-0412
901/745-3828
901/743-2828 FAX
wwwspace@midsouth.rr.com

R E G I O N  0 6 X

Region Six Chapters Organizer
Larry Ahearn
610 West 47th Place
Chicago, IL 60609
773/373-0349
LDAhearn@aol.com

IL - Chicago Society for Space Studies
Lawrence Boyle
PO Box 1454
North Riverside, IL 60546
708/788-1336
708/455-6299
LarryBerwy@aol.com
http://www.astrodigital.org/csss/

IL - Chicago Space Frontier L5 Society
Bill Higgins
MS 355, Fermilab Box 500
Batavia, IL 60510
630/393-6817
higgins@fnal.gov 
http://www.astrodigital.org/csfs

IL - Illini Space Development Society
Joannah Metz
314 Talbot Laboratory 104 S. Wright St. Urbana,
IL 61801
217/244-4263 
isds@hotmail.com
http://www.vivc.edu/ro/isds/

IL - Illinois North Shore NSS
Jeffrey Liss
1364 Edgewood Lane
Winnetka, IL 60093
847/446-8343
312/201-0737 FAX
jgljgl@aol.com

OH - Cuyahoga Valley Space Society
George F. Cooper, III
3433 North Avenue
Parma, OH 44134
216/749-0017
geocooper3@aol.com

WI - Lunar Reclamation Society, Inc.
Peter Kokh
P.O. Box 2102
Milwaukee, WI 53201-2102
414/342-0705
KokhMMM@aol.com
http://www.lunar-reclamation.org

WI - Sheboygan Space Society
Wilbert G. Foerster
728 Center St.
Kiel, WI 53042-1034
920/894-2376
willf@tcei.com

R E G I O N  0 7 X

Region Seven Chapters Organizer
Michelle Baker
122 East Beebetown Road
Hammonton, NJ 08037
609/561-8867
michelle_baker@ccgate.ueci.com

MD - Baltimore Metro Chapter of NSS
Dale S. Arnold, Jr.
102 F. Seevue Ct.
Bel Air, MD 21014
410/879-3602
science@balticon.org

PA - NSS North Coast Chapter
Edward C. Longnecker
88 Pine Leaf Drive
Erie, PA 16510
819/899-8069
nasaspaced@cs.com

PA - Philadelphia Area Space Alliance
Earl Bennett
PO Box 1715
Philadelphia, PA 19105
215/633-0878
EarlBennett@erols.com
http://region.philly.com/community/PASA

VA - DC-L5 (Metro Washington DC)
Donnie Lowther
PO Box 16630
Arlington, VA 22215-1630
703/567-8930
okl1@erols.com

R E G I O N  0 8 X

Region Eight Chapters Organizer
Elaine Walker
463 4th Ave., #3R
Brooklyn, NY 11215
718/369-6426 
eam252@is9.nyu.edu

MA - NSS Boston Chapter
Roxanne Warniers
5 Driftwood Rd.
Acton, MA 01720
978/266-2625
space1st@world.std.com
http://nss.ac/ma

NY - New Frontier Society
of Greater Rochester, NY
Carl Ellsbree
117 Kirklees Rd.
Pittsford, NY 14534
716/381-4218
716-657-7244 FAX
celsb@frontiernet.net
http://space.rochester.ny.us

NY - Suffolk Challengers for Space
Prof. Lorraine Lavorata
182 Millard Avenue
West Babylon, NY 11704
631/321-0964
lavoral@sunysuffolk.edu
http://www.geocities.com/CapeCanaveral/

Hall/5950/challengers.html

NY - NSS/NYC
Elaine Walker
463 4th Ave., #3R
Brooklyn, NY 11215
718/369-2719
nssnyc@yahoo.com
www.ziaspace.com/nssnyc

SPECIAL INTEREST CHAPTERS

CA - Space Nursing Society
Linda Plush, RN
3053 Rancho Vista Blvd H377
Palmdale, CA 93551
661/949-6780
lplushsn@ix.netcom.com

GA - The Odyssey Foundation
Harry K. Coffman
P.O. Box 2723
Norcross, GA 30091
404-786-5958
hkcoffman@aol.com

INTERNATIONAL CHAPTERS

AUSTRALIA

NSS of Australia
Philip Young
GPO Box 7048
Sydney NSW 2001
Australia
61-2-9614-1900
nssa@nssa.com.au
http://nssa.com.au

Central Coast Space Frontier Society
Tony James
98 Malison Street
Wyoming, NSW 2250
Australia
61-2-4329-4748
jamest@cci.net.au

Newcastle Space Frontier Society
Jack Dwyer
PO Box 1150
Newcastle, NSW 2300
Australia
61-249635-037
dis0005@idl.net.au
http://www.nssa.com.au/ccsfs/

Queensland Space Frontier Society
Noel Jackson
P.O. Box 419
Nundah Queensland 4012
Australia
61-7-3266-6324
nwjloog@bigpond.com

Sydney Space Frontier Society
Wayne Short
GPO Box 7048
Sydney, NSW 2001
Australia
61-2-9502-3063
wayne_short@optusnet.com.au

University of New South Wales
Space Frontier Society
Jennifer Wood
c/o Student Guild
1st Floor, East Wing
Quadrangle Building
University of New South Wales
New South Wales 2052
Australia
61-2-9746-5518
loisjw@hotmail.com

CANADA

Calgary Space Frontier Society
Paul Swift
218 - 200 Lincoln Way
Calgary, Alberta T3E 6K6
Canada
403/287-3107 
pswift@home.com

Niagara Peninsula Space Frontier Society
Raymond Merrick
PO Box 172
Thorold, Ontario L2V 3Y9
Canada
905/684-5770
bessea@vaxxine.com

GERMANY

Deutsche Raumfahrtgesellschaft e.V.
Germam Space Society

Michael Stennecken
Greta-Buenichmann-Str. 3
48155 Muenster
Germany
+49 251 131857
info@drg-nss.org
http://www.drg-gss.org

IRELAND

NSS Ireland
Alan Kelly
P.O. Box 6896
Dublin 2
Ireland
+353-1-87-2220425

MEXICO

Sociedad Espacial Mexicana, A.C.
Jesus Raygoza B.
Apartado Postal 5-75
Guadalajara, JALISCO 45042
Mexico
3/647-5710
semspaceorg@mixmail.com
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space community

2002 one of the brightest yet for the

National Space Society. More than ever

they are determined to continue to

advance our forward looking vision of

space, not only to the policy makers on

Capitol Hill but to members of the pub-

lic who are still unaware of the promise

and excitement of space exploration

and colonization.

NSS MEETS WITH THE U.S.

AEROSPACE COMMISION

NSS Director of Communications

and Editor Frank Sietzen, Jr. met with

Melissa Sabatine of the U.S. Aerospace

Commission to arrange NSS testimony

to this important panel. Reusable vehi-

cles and spaceports will be among the

topics NSS will propose. a

NOTE:

This list is constantly changing.
Visit nss.org for the most current
chapters listing.

We will
not tire,
we will
not falter,
and we will
not fail...

George W. Bush
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BU Z Z AL D R I N CO U N C I L

MMaajjeell  BBaarrrreetttt--RRooddddeennbbeerrrryy � RRiicchhaarrdd  FF..  BBeeeerrss

PPaauull  CCaannoolleessiioo � LLaarrss  SS..  EEaasstteerrssoonn

RRoobbeerrtt  EEddwwaarrddss � GGrreegggg  FFoooottee

DDaavviidd  PPeetteerr  KKaappeellaannsskkii � JJ..  MMiicchhaaeell  LLeekkssoonn

CChhaarrlleess  TT..  LLeennzzmmeeiieerr � DDeeaann  EE..  LLoonnddoonn

MMaarryy  MMoorrssss � JJoohhnn  HH..  MMccQQuuiillkkiinn

SSttaannlleeyy  JJ..  NNoovvaakk � AAllllaann  MM..  SScchhiiffffmmaann  &&  PPhhyylliiss  OOooii

I N D I V I D U A L S

Visionary Donors

CO R P O R AT I O N S

BBooeeiinngg � FFiisshheerr � SSppaaccee  PPeennLLoocckkhheeeedd  MMaarrttiinn � RRaayytthheeoonn � SSppaacceehhaabb  SSGGII � UUnniitteedd  SSppaaccee  AAlllliiaannccee

EEddwwaarrdd  AAppkkee � JJaacckk  BBaaddeerr � RRiicchhaarrdd  FF..  BBeeeerrss � MMiicchhaaeell  CCrroonniinn � SStteepphheenn  RR..  DDoonnaallddssoonn � MMiicchhaaeell  DDoowwnneeyy � HHuugghh  DDoowwnnss

VVeerrnnoonn  EEddggaarr � SStteevveenn  GGooddddaarrdd � DDaavviidd  RR..  HHaammlliinn � DDaavviidd  HHaammppttoonn � MMaarrkk  HHeerrrruupp � HHuugghh  HHoottssoonn,,  JJrr.. � RRoobbeerrtt  HHuunntteerr

DDaavvee  JJaaccqquueess � WWiilllliiaamm  JJaaeeggeerr � RRaannddyy  DD..  KKeelllleeyy � DDoonn  KKiimmbbaallll � JJeeffffrreeyy  KKooddoosskkyy � GGeeoorrggeettttee  KKooooppmmaann � RRoonnnniiee  LLaaJJooiiee

EEvvaann  MMaalloonnee � EEuuggeennee  MMoonnttggoommeerryy � JJaammeess  OO’’NNeeiill � FFrreeddeerriicckk  II..  OOrrddwwaayy  IIIIII � CChhrriissttoopphheerr  PPaannccrraattzz � EEdd  PPoosstt

GGuuiilleerrmmoo  PP..  RRooddrriiqquueezz � GGrreegg  RRuucckkeerr � NNeeiill  RRuuzziicc � RRaannddaallll  SSkkiinnnneerr � CChhaarrlleess  EE..  SSttaauubbllee � MMiikkee  SSyymmoonndd � JJoohhnn  AA..  SSwwaannssoonn

EErriicc  WW..  TTiilleenniiuuss � AAddrriiaann  TTyymmeess � JJeeffffrreeyy  CC..  WWaallkkeerr � GGlleenn  PP..  WWiillssoonn � JJaayy  WWiittttnneerr

MARCH-APRIL: That Moon Thang: New concepts for
returning to the lunar surface. Plus: advanced rockets 
to get us there.

MAY-JUNE: Mars on Earth: Just what are they doing 
on Devon Island? And what does it have to with with 
our future explorations of the Red Planet?

JULY-AUGUST: Diversity in Space. Hey, it’s not your
father’s space program anymore! New faces want to 
take us to new places in space. Cool...

SEPTEMBER-OCTOBER: Space Politics 101. The ins 
and outs of this election year... Plus: A day in the life 
of Space — a world photo tour of space projects in
action, from midnight to sunset.

NOVEMBER-DECEMBER: Way, way out there! 
Radical new ideas in the settlement of the solar system.
Robots and people working together. Plus: smallsats 
revisited, space hobbies and software.

AND ALONG THE WAY: Gear and movie reviews, 
interviews with Chris Kraft, Dan Goldin, Sean O’ Keefe 
and more!

MARCH-APRIL: That Moon Thang: New concepts for
returning to the lunar surface. Plus: advanced rockets 
to get us there.

MAY-JUNE: Mars on Earth: Just what are they doing 
on Devon Island? And what does it have to with with 
our future explorations of the Red Planet?

JULY-AUGUST: Diversity in Space. Hey, it’s not your
father’s space program anymore! New faces want to 
take us to new places in space. Cool...

SEPTEMBER-OCTOBER: Space Politics 101. The ins 
and outs of this election year... Plus: A day in the life 
of Space — a world photo tour of space projects in
action, from midnight to sunset.

NOVEMBER-DECEMBER: Way, way out there! 
Radical new ideas in the settlement of the solar system.
Robots and people working together. Plus: smallsats 
revisited, space hobbies and software.

AND ALONG THE WAY: Gear and movie reviews, 
interviews with Chris Kraft, Dan Goldin, Sean O’ Keefe 
and more!
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space is our future.
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