




1 �In the final check before boarding, the team explains their project and the operating proce-

dure to the Test Readiness Review committee, which decides if projects are safe to fly. 

2 �Mackenzie Day, currently a senior studying geology; Colin Ely (BS ’11); and Supriya Iyer,  

a junior in mechanical engineering, board the first flight of the “vomit comet.”

3 �Day, Ely, and Iyer watch a hinge unfold on the first flight.

4� �On the second flight, Robert Karol anchors himself with the aluminum and Plexiglas box that 

houses the experiment as Connie Sun keeps a close eye on the action inside. Both Karol and 

Sun are seniors in mechanical engineering. 

While zero-gravity flights have recently  
become available to the common person, 
they are still a distant dream for most of  
us—unless, of course, you have an extra 
$5,000 or so to burn. Luckily, Caltech  
students aren’t common people. In fact,  
five undergrads got the chance this spring  
to experience weightlessness at 34,000  
feet in the name of science. 

During the week of June 6 the team—
Mackenzie Day, Colin Ely, Supriya Iyer, Robert 
Karol, and Connie Sun—tested thin-walled 
carbon-fiber hinges aboard NASA’s “vomit 
comet,” a Boeing 727 modified by the  
Zero Gravity Corporation for microgravity 
flights. It was the final, exhilarating step  
in a six-month process in which the students 
proposed, designed, and fabricated  
their experiment. 

Each team member rode one of two 
flights high above the Gulf of Mexico,  
with the flights consisting of 30 parabolas  
of about 20 seconds of microgravity each. 
During the flights the students tested how 
the hinges behaved at different initial angles 
under various loads (achieved via attached 
weights) and with different thermal histories. 
The hinges were designed by grad student 
Chinthaka Mallikarachchi and fabricated in 
Caltech’s Space Structures Laboratory, with 
Sergio Pellegrino, the Kresa Professor of 
Aeronautics and professor of civil engineer-
ing, as faculty advisor. The experiments were 
recorded via high-speed video cameras  
for detailed analysis on the ground later.  
—KN 
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Rob Eagle (left) and John Eiler with a new  

kind of oral thermometer: a dinosaur tooth  

used to take the creature’s temperature.
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Hot or Not?
Were dinosaurs slow and lumbering, or 
quick and agile? The answer depends 
largely on whether they were cold- or 
warm-blooded. When dinosaurs were 
first discovered in the mid-19th cen-
tury, paleontologists thought they were 
plodding beasts that had to rely on 
their environments to keep warm, like 
modern-day reptiles. But in the last few 
decades several lines of evidence have 
suggested that they were faster, nim-
bler creatures, more like the velociraptor 
stars of Jurassic Park. Maintaining such 
levels of activity in turn implies a warm 
body whose tempe	rature is self-regu-
lated. But how to know for sure?

New work by a Caltech-led team es-
sentially lets us “stick a thermometer in 
an animal that has been extinct for 150 
million years,” says postdoc Robert 
Eagle, the lead author of the Science 
paper describing the research. By 
measuring the levels of rare isotopes 
in dinosaur teeth, the team has shown 
that some sauropods—a group that 
includes the biggest land animals to 
have ever lived—were about as warm 
as most modern mammals. 

“The consensus was that no one 
would ever measure dinosaur body 
temperatures, that it’s impossible 
to do,” says coauthor John Eiler, the 
Sharp Professor of Geology and pro-
fessor of geochemistry. And yet, using 
a technique pioneered in Eiler’s lab, the 
team did just that.

The researchers analyzed 11 teeth, 
dug up in Tanzania, Wyoming, and 
Oklahoma. Three of the teeth belonged 
to Brachiosaurus brancai, which at 
some 25 meters from nose to tail tip 
was as big as the much better-known 
Apatosaurus, a.k.a. Brontosaurus. 

The other eight teeth were from 
Camarasaurus, a smaller creature 
that averaged some 15 meters long. 
The results showed that Brachiosau-
rus had a body temperature of about 
38°C (100°F) and that Camarasaurus 
was about 36°C (97°F), warmer than 
crocodiles but cooler than birds. 

Previous studies of dinosaur me-
tabolism and thus body temperature 
have, of necessity, consisted of chains 
of inference—for example, figuring out 
how fast the creature ran based on 
the spacing of its footprints, studying 
predator-to-prey ratios, or measuring 
the growth rates of bone. But these 
various lines of evidence were often in 
conflict. “For any position you take, you 
can easily find counterexamples,” Eiler 
says. “How an organism budgets its 
energy—there are no fossil remains for 
that. You just have to make your best 
guess based on indirect arguments.” 

 The new method relies on direct 
measurements of so-called clumped 
isotopes, eliminating the guesswork. 
The researchers analyze the concen-
trations of carbon-13 and oxygen-18 in 
bioapatite, the mineral that makes teeth 
hard and bones strong. Carbon-13 
and oxygen-18 atoms are heavier than 
their run-of-the-mill brethren, car-
bon-12 and oxygen-16. When a car-
bonate ion (CO3

–2) ion forms in a warm 
liquid, the heavy and light isotopes 
intermingle at random; but as the solu-
tion cools the heavier isotopes tend to 
seek one another out. Then, when the 
carbonate-containing mineral—oh, say 

bioapatite—precipitates from the liquid—
blood, for example—to, perhaps, form the 
enamel of a tooth, the isotope clumps are 
locked into the crystal structure to create 
a permanent record of the temperature 
of their surroundings, which might be the 
inside of a dinosaur’s mouth.

Eiler says, “What we’re doing is ther-
modynamically based, and thermodynam-
ics, like the laws of gravity, is independent 
of setting, time, and context.” In other 
words, thermodynamics worked the same 
way 150 million years ago as it does to-
day. “We’re getting at body temperature 
through a line of reasoning that I think is 
relatively bulletproof, provided you can 
find well-preserved samples.”  

Identifying well-preserved dinosaur 
teeth was indeed a challenge, and the 
researchers used several ways to find the 
best samples. One method compared the 
bioapatite in the tooth enamel with the 
more easily altered dentin in the tooth’s 
interior. If both materials had the same 
concentrations of the heavy isotopes, 
the odds were that the enamel had been 
compromised. 

So, were the dinosaurs warm-blood-
ed? It’s hard to say. Huge sauropods 
would retain their body heat very ef-
ficiently. “If you’re an animal that can be 
approximated as a sphere of meat the 
size of a room, you can’t be cold unless 
you’re dead,” Eiler explains. So even 
if dinosaurs were cold-blooded in the 
sense that they depended on a sunny 
afternoon to heat themselves, they could 
still be warm-bodied—so-called gigan-
totherms that stay warm through sheer 



random walk

JPL’s latest rover, Curiosity, is now at 
Cape Canaveral awaiting its November 
25 to December 18 launch window. On 
July 22, NASA announced its destination: 
Gale Crater, 154 kilometers in diameter 
(about the combined area of Connecticut 
and Rhode Island) and with an impos-
ing central mountain five kilometers tall 
that looms higher over the crater floor 
than Mount Rainier does over Seattle. 
The plan is to set the rover down on 
an alluvial fan formed of loose material 
washed down from the crater walls. After 
studying the soil, Curiosity should be able 
to drive to the mountain, whose lowest 
layers contain clay minerals and sulfate 
salts usually formed in wet conditions on 
Earth. “Gale Crater is very low,” says John 
Grotzinger, the Fletcher Jones Profes-
sor of Geology and Curiosity’s project 
scientist. “It’s a place where water might 
have pooled and formed lakes.”

And where there was water, there may 
have been life; if microbes once flour-
ished there, they may have left organic 
molecules behind. Unlike its predeces-

The Crater-to-Canyon Tour
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sors, Sojourner, Spirit, and Opportunity, 
Curiosity is equipped with a mass spec-
trometer, a gas chromatograph, and  
a tunable laser spectrometer, all for  
detecting these molecules. 

A canyon cuts deep into the mountain; 
as Curiosity trundles up the sloping canyon 
floor, rock layers representing tens or even 
hundreds of millions of years of Martian 
history will be exposed to its view. Curios-
ity’s primary mission will last one Martian 
year, or very nearly two Earth years, during 
which Earthbound scientists will be able to 
chronicle unprecedented eons of environ-
mental change on our sister planet. 

After the primary mission ends,  
Grotzinger hopes Curiosity will climb to  
a region of lighter-colored rocks near the 
top of the mountain. These rocks appear  
to be very soft and easily eroded by the 
wind, unlike the rock layers lower down, 
and their composition is a mystery; if 
Curiosity can make it that far, the rover  
will be able to determine their makeup  
and possibly their origin. —DS 

ENGINEERING & SCIENCE   fall 2011  

bulk. In fact, some physiological models 
based on the meat-sphere approximation 
predict temperatures four to seven de-
grees higher than those measured. This 
might be a hint that these dinosaurs had 
a slower metabolic rate than assumed by 
the models, which in turn would raise a 
fresh set of questions.

The team hopes to find out whether 
body temperature does indeed increase 
with size by looking at teeth from young 
sauropods and from adults from spe-
cies that might only get as big as a St. 
Bernard. The researchers also intend to 
take the temperatures of the feathered 
dinosaurs that gave rise to birds, which 
may shed light on when warm-blooded-
ness evolved. 

The paper appeared online in the  
June 23 issue of Science Express. The 
other authors are Thomas Tütken from 
the University of Bonn, Germany; 
Caltech undergraduate Taylor Martin; 
Aradhna Tripati, an assistant professor  
at UCLA and a visiting researcher  
in geochemistry at Caltech; Henry  
Fricke from Colorado College; Melissa 
Connely from the Tate Geological 
Museum in Casper, Wyoming; and 
Richard Cifelli from the University of 
Oklahoma. Eagle also has a research 
affiliation with UCLA. The work was 
supported by the National Science 
Foundation and the German Research 
Foundation.—MW  

On June 3, Curiosity was still in the JPL clean room where it 

was built, undergoing some final tests before being shipped 

to Cape Canaveral.

Gale Crater is at 4.5 degrees south latitude, 137.4 degrees east longitude. The 

The target ellipse (yellow) is 20 by 25 kilometers. This southward-looking view 

of the landing site was created by combining images from JPL’s Mars Odyssey 

and Mars Reconnaissance Orbiter with elevation data from JPL’s Mars Global 

Surveyor. The vertical dimension is not exaggerated. 

Watch a video of the landing site, narrated by Grotzinger, at  

http://www.jpl.nasa.gov/video/index.cfm?id=1005

http://mars.jpl.nasa.gov/msl/
http://www.gps.caltech.edu/~grotz/Grotz/Home.html
http://www.gps.caltech.edu/~grotz/Grotz/Home.html
http://www.sciencemag.org/content/333/6041/443.abstract?sid=e7d4e7b8-9ee8-4cfa-ae45-ec8b35e20704


Many scientists, including Eileen Stansbery of the  

Johnson Space Center, spent weeks in a set of clean 

rooms extracting the shards of the shattered solar-wind 

collection plates from Genesis’s mangled remains.
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Scientists have found that the sun is 
different from the earth—no, really! You 
see, the sun and the planets all con-
densed out of roiling clouds of dust and 
gas that were presumably well stirred—
and should therefore have been the 
same throughout—so these differences 
contain important clues as to how the 
solar system came to be, says emeri-
tus professor of nuclear geochemistry 
Don Burnett. Burnett is the principal 
investigator for NASA’s Genesis mis-
sion, which returned samples of the 
solar wind to Earth in 2004. The solar 
wind is a high-speed stream of charged 
particles “blown” from the sun’s outer 
layers, which are believed to be a fossil 
remnant of that primordial solar nebula. 

The work was done by two teams, 
both of which included Burnett. One 
team, led by Kevin McKeegan of 
UCLA, analyzed the samples’ oxygen 
levels. The other team, led by Bernard 
Marty from the Centre de Recherches 
Pétrographiques et Géochimiques at 
Nancy, France, looked at nitrogen levels. 
The results appeared in companion 
papers in the June 24 issue of Science.

Atoms of oxygen and nitrogen come 
in various forms, called isotopes, which 
differ in the number of neutrons they 
contain; these isotopes are chemically 
identical but have different masses. In 
both cases, the researchers found that 

the solar samples had fewer atoms of 
the heavier isotopes than does Earth.

Oxygen, for example, is the third most 
common element in the sun, and the 
chief component—in the form of silicon 
and other oxides—of the rocky planets. 
Oxygen-16 is the usual isotope, but 
Earth rocks, moon rocks, and rocky 
meteorites all have significant traces  
of the heavier oxygen-17 and oxy-
gen-18, and the ratios of the isotopes 
are all roughly consistent, regardless  
of the rock’s origin. The ratio of oxy-
gen-18 to oxygen-16 in the solar-wind 
samples, on the other hand, is about  
7 percent less.

Nitrogen is the fifth most common 
element in the sun, and makes up about 
78 percent of Earth’s atmosphere. The 
ratio of nitrogen-15 to nitrogen-14 
in the sun proved to be roughly 40 
percent less than in our atmosphere. 
Giant gasbag Jupiter, however, appears 
to have the same nitrogen-isotope ratio 
as the sun.

As the solar system formed, the sun 
would have condensed first, from the 
thickest part of the cloud, leaving a 
thin disk of material around itself like 
the rings around Saturn. One popular 
explanation for the different isotope 
ratios holds that, as the sun began 
shining outward onto the disk, the 

ultraviolet light capable of breaking up 
molecules of carbon monoxide contain-
ing oxygen-16 got absorbed near the 
disk’s surface. Meanwhile, the wave-
lengths able to dissociate the heavier 
isotopes penetrated more deeply, re-
leasing oxygen-17 and oxygen-18 into 
the materials that would form the inner 
solar system. Alternatively, the heavier 
isotopes might have already sought  
out the dustier regions that would  
become rocky bodies—which then,  
of course, raises the question of how 
that happened.

Genesis, launched in August 2001, 
spent 886 days collecting solar-wind 
samples at Earth’s L1 Lagrange 
point—a locale about a million miles to 
the sunward side of Earth, where the 
two bodies’ gravitational forces 
balance. On September 8, 2004, the 
spacecraft’s sample-return capsule 
came to rest in the Utah desert after 
executing what might euphemistically 
be described as a geobraking maneu-
ver when the parachute failed to deploy. 
But, as Burnett told E&S in 2007, “We 
went out and picked up the pieces. You 
couldn’t destroy the atoms in the 
crash—the only thing you can do is 
contaminate them.” Almost a decade 
invested in salvaging, sorting, and 
decontaminating the samples is now 
starting to pay off. —DS  

And the Earth Was Without Form . . .
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