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Experts set up a rocket in the Mohave Desert that will help them 
test Webster Cash’s starshade design. See story on page 54. 
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Megafloods, severe drought and other global warming impacts will hit develop-
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38 Tenacious to the Bone 
Paleontologist Nizar Ibrahim found fame and sparked controversy after he 
unearthed a legendary, massive dinosaur in the Sahara. His next adventure will be 
even bigger. BY GEMMA TARLACH

46 Priming the Pump 
Researchers have long envisioned the creation of an artificial pancreas to help 
people with Type 1 diabetes. As teams of innovators race to bring their designs to 
market, who will cross the finish line first? BY DAN HURLEY

54 Made in the Shade  
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Becky Lang

New discoveries, 
one story at a time
The joy of discovery. We could all 
feel it in February — well beyond 
feel, we could hear it — when 
researchers shared the first chirps 
of detection as gravitational 
waves pulsed across our universe.

One hundred years of theory 
solidified, finally, in the space-
time-bending, 1.3 billion-year-old 
collision of two black holes. And 
the kicker? Now we know how to 
see into the dark without tripping 
. . . or maybe it’s just one big 
journey through a human lens.

This new method of sight took 
me straight back to sophomore 
philosophy class and Immanuel 
Kant — the idea that our whole 
world is shaped by what humans 
can sense. Everything’s filtered 
through our experiences and expectations of how things should be. 
How do we know that chair across the room is real? We can just go 
plop down. How do we know the speed of that motorcycle that just 
passed us? We have ways to measure velocity. But how do we know 
the workings of a universe, on both the infinitesimal and grand 
scales, that we cannot yet see, cannot test? That’s the beauty of this 
new detection.

The push to discover, to answer questions, to satisfy our quest for 
curiosity — it’s what I want readers to hold in their hands with every 
issue of Discover. And expect a touch of lightness, of humor, of 
brilliance in the stories of discovery through interesting characters. 
We’ll take you along on that sweet, twisted voyage to get to a place 
we strive to know.

facebook.com/DiscoverMag
twitter.com/DiscoverMag
plus.google.com/+discovermagazine
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POWER PLATES
They may look like a tasty snack, but these chips are actually plates of zinc oxide crystals growing on a zinc oxide bar. They were photographed 
with a dual-beam scanning electron microscope during research on high-energy storage systems at the Pacific Northwest National Laboratory 
in Richland, Wash., and later colorized. Zinc oxide is an effective absorber of ultraviolet light, which is why it’s a popular sunscreen ingredient. 
But scientists say it could also be useful in improving the efficiency of photovoltaic systems, which turn sunlight into electrical energy. The 
plates can grow up to 5 microns, or 1/200th of a millimeter.  ERNIE MASTROIANNI; PHOTO BY BRUCE AREY, JUN LIU, YONGSOON SHIN AND JAMES DE YOREO, 
COLORIZATION BY NATHAN JOHNSON

THE

The Latest Science News & Notes
CRUX
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The future of our species, many researchers believe, lies in 
sustainable megacities that can support dense populations 
through efficient resource management.

We’ve got a long way to go.
A study in the Proceedings of the National Academy of 

Sciences provided the first-ever comprehensive comparison 
of Earth’s 27 megacities, defined as metropolitan areas with 
populations of 10 million or more. The survey identified 
some big disparities: New York, for example, gobbles up 
significantly more energy than Tokyo, even though the Big 
Apple has 12 million fewer people.

Gathering the data was the first step in a multiphase project 
to identify strategies that will help all cities effectively sip, 
rather than chug, available resources, says the study’s lead 
author Chris Kennedy, an industrial ecologist at the University 
of Victoria in British Columbia. It’s an important goal: By 2020, 
we’ll likely see another 10 megacities on the planet.

Kennedy remains positive: “I’m more optimistic about 
creating sustainable megacities now than I was before we 
started the research. Although the challenge is bigger than 
most people realize — it’s daunting, really — now it’s better 
understood.”  GEMMA TARLACH

Megacity  
Metabolism
Not all population centers process energy the same way.

Rio de Janeiro
12.6 million

Los Angeles
17.9 million

New York
22.2 million

Lagos
11.8 million

Paris
10.4 million

CRUX
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Moscow
13.6  million Beijing
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Earth’s 
27 megacities

Contain 6.7 percent of the 
world’s population, or  
460 million people

Generate 14.6 percent of the 
world’s total GDP

Use 9.3 percent of global 
electricity

Produce 12.6 percent 
of the world’s solid 

waste

Transportation fuels  
consumption (GJ)

Heating and industrial 
fuel consumption (GJ)

Electricity  
consumption (MWh)

Waste  
generated (t)

These eight cities account for much of the world’s energy consumption 
and waste. Population size is based on an earlier study (Brinkoff, 2010) 
cited by authors. Annual per capita consumption of both heating and 
industrial fuels and transportation fuels is shown in GJ (gigajoules, 

where 1 GJ is about two-thirds the energy of a typical lightning bolt). 
Annual per capita electricity consumption is shown in MWh (megawatt-
hours). Annual per capita waste produced is shown in t (tonne or metric 
ton, the equivalent of 2,205 pounds). All data through 2011.
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One Giant Leap for Robot Kind
 A super-tiny bot makes history in a single bound. 

Roboticists made a splash last year 
by building a robot that duplicated one  
of the natural world’s niftiest tricks: 
jumping on water. Inspired by water 
striders — insects that can hop upward 
from watery surfaces — researchers at 
Korea’s Seoul National University and 
Harvard’s Wyss Institute for Biologically 
Inspired Engineering emulated the 
biomechanics necessary for their 
microrobot to vault 5.5 inches — more 
than 10 times its height — from water 
without breaking surface tension. Made 
from ultralight components, the tiny 
bot weighs just 0.002 ounce and gets its 
leaping power from a built-in catapult 
mechanism.  STEPHEN C. GEORGE
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The water strider (inset) was the insect inspiration for 
this water-jumping robot (above). 
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Can you figure out what this is? 
Turn to page 16 for the answer.
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The recent detection of gravitational waves at LIGO (Laser Interferome-
ter Gravitational-Wave Observatory) has captured the imagination of the 
public.  It will stand as one of the great feats of experimental physics, 
alongside the famous Michelson-Morley experiment of 1887 which it 
resembles.  In fact by comparing these two experiments, you will see 
that understanding gravitational waves is not as hard as you think.

Contraction. Michaelson and Morley measured the speed of light 
at different times as the earth moved around its orbit.  To their - and 
everyone’s - surprise, the speed turned out to be constant, independent 
of the earth’s motion.  This discovery caused great consternation until 
George FitzGerald and Hendrick Lorentz came up with the only possible 
explanation: objects in motion contract.  Einstein then showed that 
this contraction is a consequence of his Principles of Relativity, but 
without saying why they contract (other than a desire to conform to his 
Principles).  In fact, Lorentz had already provided a partial explanation 
by showing that motion affects the way the electromagnetic fi eld inter-
acts with charges, causing objects to contract. However, it wasn’t until 
Quantum Field Theory came along that a full explanation was found.  In 
QFT, at least in Julian Schwinger’s version, everything is made of fi elds, 
even space itself, and motion affects the way all fi elds interact. 

Waves.  Electromagnetic  waves, e.g., radio waves, have long been 
known and accepted as a natural phenomenon of  fi elds.  Now in QFT 
gravity is a fi eld and, just as an oscillating electron in an antenna sends 
out radio waves, so a large mass moving back and forth will send out 
gravitational waves.  But it didn’t take QFT to show this.  Einstein also 
believed that gravity is a fi eld that obeys his equations, just as the EM

fi eld obeys the equations of James Maxwell.  In fact, gravitational 
waves have been accepted by many physicists, from Einstein on down, 
who see gravity as a fi eld.

Curvature.  But what about “curvature of space-time,” which many 
people today say is what causes gravity?  You may be surprised to 
learn that’s not how Einstein saw it.  He believed that the gravitational 
fi eld causes things, even space itself, to contract, analogous to the way 
motion causes contraction.  In fact, Einstein used this analogy to show 
the similarity between motion-induced and gravity-induced contrac-
tion: they both affect the way fi elds interact. It is this gravity-induced 
contraction that is sometimes called “curvature.”

Evidence. The fi rst detection of gravitational waves was done at LIGO, 
using an apparatus similar to Michelson’s and Morley’s. In both exper-
iments the time for light to travel along two perpendicular paths was 
compared, but because the gravitational fi eld is much weaker than the 
EM fi eld, the distances in the LIGO apparatus are much greater (miles 
instead of inches).  Another difference is that while Michelson, not 
knowing about motion-induced contraction, expected to see a change 
(and found none), the LIGO staff used the known gravity-induced con-
traction to see a change when a gravitational wave passed through.  

Fields of Color: The theory that escaped Einstein explains Quan-
tum Field Theory to a lay audience, without any math. If you want to 
learn more about gravitational waves or about how QFT resolves the 
paradoxes of Relativity and Quantum Mechanics, read Chapters 1 and 
2, which can be seen free at quantum-fi eld-theory.net. 

By Rodney A. Brooks
Author of “Fields of Color: The theory that escaped Einstein”

GRAVITATIONAL WAVES EXPLAINED
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A Data-Driven Duty

freezer. That’s the protocol. 
My wife strictly vetoed 
storing samples at home, 
so most of  the weekends, I 
would drive into the office 
to poop. 

One day, I got Salmonella 
poisoning. We traced it back 
to French toast. Probably 
some undercooked eggs 
there. I went to the urgent 
care and the doctor thought 
it was a virus, so I just got 
some IV fluids. (The clinic 
took a sample and did 
confirm it to be Salmonella 
after I’d left and started 
recovering.) I was never 
treated with antibiotics. It 

was really, really awful. 
You feel like you’re dying. 

You follow two 
people for a year, and 
your chance of seeing 
something as exciting 
as food poisoning is 
pretty low. Once we got 
that, it was a huge boon 
from a scientific point 
of view. I got a lot of 
congratulatory emails 
from colleagues. They knew 
how excited I’d be. 

What we’re trying to 
do now is bring in lots of 
patients with inflammatory 
bowel disease, and do similar 
tracking on them. The goal 

is predicting when people 
are going to have flare-ups 
and bring personalized 
medicine to them. 

I’d definitely do the study 
again. I still make French 
toast sometimes.  AS TOLD TO 

PETER ANDREY SMITH

We just wanted to test 
what might modulate the 
microbiome. I tossed the 
idea around and got a 
really negative response 
from everybody, until I 
talked to one colleague, 
who was like, “You have 
no idea how excited I am.” 
People are either super 
excited or like, “No, that 
sounds awful.” 

At that time, we just had 
stool hats — little buckets 
that hang on your toilet. 
From that sample, you 
scooped out a little bit of 
the fecal matter, put in the 
test tube, and stuck it in the 

How one biologist’s breakfast produced unexpected results for his gut — and for science.

I N H IS OW N WOR DS

A toilet in Eric Alm’s MIT lab has 
contributed more to microbiology than 
most bathrooms. For the better part of 
2009, the biologist used it to collect his 
own feces for analysis. 

The study (which also involved a 
colleague) may sound simple, if a little 
gross, but variation in intestinal microbes, 
known as human microbiota, is highly 
complex. By tracking changes to the 
microbiome through fecal samples, Alm 
hoped to learn more about how daily 
activities such as diet, sleep and exercise 
could be linked to changes in these 
communities of microorganisms.

It was a challenge convincing his 
colleagues it would be a worthwhile 
experiment, but once the data came in, 
enthusiasm grew. About halfway through, 
Alm learned the importance of his own 
diet after one meal radically altered the 
composition of his gut bacteria. From a 
scientific point of view, food poisoning 
made for an unexpected — but not entirely 
unwelcome — variable in the study.

CRUX

MIT biologist Eric Alm took fecal samples each day for nearly a year — often using a toilet 
in his Cambridge, Mass., lab. 

 Salmonella 



Ask Discover

Visit DiscoverMagazine.com/Ask for more answers. To submit a question, 
send an email to Ask@DiscoverMagazine.com

Q I remember the early days leading up to the International Space 
Station. There was hope of learning new things, maybe advances in 

medicine or other areas that could be better studied in zero G. We get 
reports of people going to and from the station, but for years I haven’t 
heard anything about the scientific value, if any, of the space station. 
What are scientists working on up there? 

— Dick Parker, Denver

A  Well, they’ve definitely been busy. If Scott Kelly’s recent yearlong stint in space 
isn’t enough for you, scientists affiliated with the International Space Station 

(ISS) have conducted almost 1,800 investigations and published more than 1,100 
studies since assembly of the station started in 1998.

Sometimes, constraints of life on the ISS stoke innovation. One example: In 2000, 
NASA recruited Scott Dulchavsky, the chairman of surgery at Henry Ford Hospital 
in Detroit, to study how a portable ultrasound machine could be used to diagnose 
possible health problems that could occur on the ISS. Because of space and power 
constraints, an ultrasound machine has been the only medical imaging tool for 
humans on the ISS since 2002. (Though scientists were able to bring up a small 
X-ray scanner in 2014 to study rodents.) Dulchavsky designed a training protocol for 
people without a medical background to use the device. The ultrasound machine and 
training worked so well, it’s now used in a similar manner on Earth. People living in 
areas without access to expensive medical equipment can diagnose many ailments 
with a quick training session on a portable ultrasound device.

But experts aren’t just researching how to survive in space. They conduct biology 
and chemistry experiments on the ISS that wouldn’t work back on Earth. For instance, 
researchers study the structure of proteins, including some that cause disease, by 
creating crystallized versions of them — but gravity here on Earth interferes with 
that process. In microgravity, though, the crystals grow in a more orderly fashion. This 
allows researchers to better understand their structure in a way that could lead to 
new medical treatments — just some of the hundreds of ways people benefit from 
this revolving laboratory in the stars.  LEAH SHAFFER
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NASA astronaut Chris Cassidy performs an ultrasound on European Space Agency astronaut 
Luca Parmitano at the International Space Station’s Columbus laboratory. ISS scientists have 
carried out more than 1,000 studies, including figuring out how astronauts can use a portable 
ultrasound machine for medical diagnosis while they’re in space.
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Of Mice and Pain
Males and females process spinal cord signals differently.

Typical pain treatment research begins 
with an animal model — one that uses only 
male mice. The assumption is that males and 
females will respond the same way to new 
therapies. In male mice, immune system cells 
called microglia are responsible for process-
ing pain signals in the spinal cord on the 
way to the brain. And for the past 20 years, 

scientists have assumed that the same 
is true in all mice and, therefore, 
in all humans.

“These are perfectly reasonable 
assumptions. It just turns out that 
the assumptions are wrong,” says 
Jeffrey Mogil, a professor of pain 

studies at McGill University in Montreal and 
a principal author of a paper showing that 
females and males process pain in fundamen-
tally different ways.

The study, published last summer in Nature 
Neuroscience, showed that in female mice, 

pain signals are transmitted by an entirely different im-
mune system pathway. While the research looked only 
at mice, Mogil and his co-authors concluded that since 
their work focused on such a basic evolutionary function 
as pain, their findings should warrant a fundamental 
reassessment of pain management. Especially because, 
in humans, it’s already well known that men and women 
differ in sensitivity to pain and women are more often 
diagnosed with chronic pain.  CHRISTIAN MILLMAN

When 
You Give 
a Mouse 
a Memory
Experts manipulate rodents’ recall. 

It’s like science fiction: a memory of 
something that never happened, planted 
in your brain. But a team at the French 
National Center for Scientific Research 
did just that to five mice. 

First, the researchers monitored each 
mouse’s brain activity as it explored 
a large, open arena. As the mouse 
wandered, its “place cells” lit up. Each 
place cell is activated by a location; 
together, they create a spatial map in 
the brain. When the mouse napped 
later, its place cells lit up again as the 
brain replayed the memory of roaming 

the chamber. (It’s believed the sleeping 
brain rehashes waking experiences to 
create long-term memories.) 

Based on recordings made while the 
mice wandered, researchers knew which 
place cell lit up in each location. When 
a place cell encoding one particular 
spot activated, the researchers simul-
taneously stimulated one of the brain’s 
pleasure centers. This made the mouse 
associate that location with a reward, as 
if it’d found a delicious chunk of cheese 
there. When the mouse re-entered the 
arena, it headed straight for that spot.

“It’s quite striking,” says neuro-
scientist Karim Benchenane, who 
co-directed the project. 

The Nature Neuroscience study 
reveals that memories are malleable 
during sleep replay, which may have 
implications for treating anxiety disor-
ders like post-traumatic stress disorder. 
But, Benchenane says, reversing bad 
memories is trickier than creating 
positive ones. 

So for now, altering human memo-
ries remains science fiction.  
 TEAL BURRELL 
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Coming Back From the Black
In “Blackout of the Century” from the March 2016 
issue, Peter Fairley wrote about how we predict 
and prevent massive power failures. One reader 
wondered if the investigation should focus instead 
on what we do after the power goes out.

What has amazed me in prior blackouts is the 
absurdly long time it takes to turn the power back 
on after the initial failure. In most cases there is no 
damage to any part of the grid, yet days pass before 
the power is fully restored. Given the inevitability of 
large-scale power failures, why is there not a massive 
effort being made to transform the recovery process 
into a matter of hours, if not minutes?

Russ Buschert 
Boise, ID

Fairley responds: There is, in fact, a fair bit of 
effort devoted to accelerating the process of grid 
restoration, but several factors make it a challenge. 

One is the need to keep power supply and de-
mand in balance at all times. This means individual 
power plants being brought back online must be 
matched up with pockets of power demand that can 
absorb their output. 

Another factor is the inability of some power 
plants to start up without a supply of power — kind 
of like your car needs a starter battery. Not all power 
plants have their own backup power supplies to be 
capable of a “black start.”

Can’t Get It Outta My Head
Michele Wojciechowski’s March 2016 Mind Over Matter 
article explored earworms, those catchy tunes you just 
can’t stop from playing on repeat in your mind.

I never have heard of the term “earworm,” but it fits 
a situation that pops up frequently in my household: 
A tune from way back enters my cranium. The song 
never has anything to do with recent happenings 
or current events; it just shows up, frequently in the 
shower. The more I fuss at it, the longer it lasts, and  
I rarely know all of the tune or the words.

It came to a showdown recently when a song I 
vaguely remember from preschool became stuck 
in my head. (I am now 82 years old, and how that 
particular ditty came back, I have no idea.) To solve 
the issue, and after much thought, I went to Google 
and typed in the first few words. Sure enough, 
there it was on YouTube. I sang the darn thing all 
the way through about five or six times, and voilà! 
I wore it out! I have done this twice more with 
other earworms, and I believe this is the best way to 
squash them! 

Ralph Merwin
Harrison, AZ

W H AT 
THE...?

It’s the mouth and nostrils — those slots 
that look like eyes — of a young undulate 
ray, native to European waters.

Can’t help but yawn when someone else does? This 
phenomenon, known as yawn contagion, is more 
common in individuals with strong empathetic 
abilities, researchers from the University of Pisa 
suggest. The study, which involved humans and 
bonobos, showed that females were more likely 
to yawn in response to another’s yawn than males 
were, supporting the long-held gender bias of 
females being more empathetic.

DID YOU K NOW?



14101 Southcross Drive W., Dept. BAN116-01
Burnsville, Minnesota 55337  www.stauer.com

• 350 total carats enhanced howlite
• 36" silverfinished chain with lobster clasp

Stauer®

Smart Luxuries—Surprising Prices™

Blue Arrow Necklace $199*

Offer Code Price Only $49 + S&P Save $150

Rating of A+

18003332045
Your Insider Offer Code: BAN11601
You must use the insider offer code to get our special price.

The Blue Arrow necklace hits the target, giving you
the casual and elegant turquoise look for just $49

*Discount is only for customers who use the offer
code versus the listed original Stauer.com price.

In frontier times, the Apache people of the Southwest were famed and
feared for their incredible skill with a bow and arrow. An Apache’s aim

was always on point. This impressive accuracy was earned through 
dedicated practice, but the Apache also believe that wearing their iconic

blue-green stones steadied the hand, granted a little
extra luck and imbued the wearer with added

confidence when pulling back the bow and 
releasing an arrow.
The Stauer Blue Arrow Necklace is equally
on point and designed to deliver added
confidence in any setting. This necklace
offers an incredible 350 carats of that same

turquoise look the Apache put their faith in.
The undeniable glamour of this statement

necklace comes from its rugged natural beauty,
making it equally ideal for a formal affair where you

want to stand out or a laid back gathering where you want to unwind.
This much blue-green beauty can be prohibitively expensive, but the
Stauer Blue Arrow Necklace, handcrafted from genuine howlite, gives you
a striking legendary blue-green stone for ONLY $49. We can thank 
Canadian gemologist Henry How for discovering howlite in 1868––this
impressive stone delivers the same dramatic look of the popular desert
gemstone without the dramatic price.
We’re not promising that you’ll suddenly
start winning archery competitions, but
don’t be surprised if the relaxed luxury 
of 350 carats of the Blue Arrow Necklace
imbues you with extra confidence.
Only 4,999 available! These handcrafted beauties take months to 
create and they are flying off the shelves. Don’t miss your 350 carats
of can’t miss. Call today!
Your satisfaction is 100% guaranteed. Wear the Blue Arrow Necklace
for two months. If you’re not convinced it hits the mark, simply send it
back within 60 days for a complete refund of the sale price. At Stauer, we
aim to please.

350Caratsof 
Can’t-Miss

�����
“I would rate it a 5. 
I like the length and 
the colors are beautiful.”

— Kay, Ardmore, OK 

TAKE 75%
OFF INSTANTLY!
When you use your 

INSIDER 
OFFER CODE To show exquisite details,

necklace shown is not
exact size.

New!



THE

BOOKS

18  DISCOVERMAGAZINE.COM

YOU BELONG TO THE UNIVERSE:  
Buckminster Fuller and the Future
By Jonathon Keats 

Frequent Discover contributor Keats opens his biography of the great American 
inventor with a fabrication. Specifically, it’s the tale Fuller crafted and recrafted 
about an alleged suicide attempt and the subsequent epiphany that motivated 
him to live with purpose. Like his formidable intellect, Fuller’s self-mythology 
was an elastic tool he stretched to suit the audience and the occasion at hand. 
In vivid prose that details all of Fuller’s eccentricities and achievements, Keats 
strips away the icon’s layers to reveal a truer, even more fascinating portrait of 
the 20th century genius.  ALL REVIEWS BY GEMMA TARLACH

OTHER PAGES WE’RE TURNING
LAB GIRL
By Hope Jahren

Long before 
educators and 
policymakers fretted 
publicly about how 
to get more young 
women into science, 
a little girl in rural 
Minnesota used her 
physicist father’s 
laboratory as her 
playground. A few decades 
later, Jahren — now a geobiologist 
and three-time Fulbright scholar — has 
penned a memoir rich in both the study 
of things and the joy that study brings. 
Elegantly written and often funny and 
surprising, Lab Girl is arguably a better 
motivator for a career in science than 
any mandatory curriculum.

HOUSE OF LOST 
WORLDS: Dinosaurs, 
Dynasties, and 
the Story of Life 
on Earth
By Richard Conniff

For 150 years, Yale’s 
Peabody Museum of 
Natural History has 
been a repository 
of the advances 
— and occasional 
missteps — of science. From musing 
over plant specimens collected by 
Darwin to a blow-by-blow retelling of 
paleontology’s bruising “Bone  
Wars,” veteran science writer Conniff  
lovingly chronicles the institution’s  
role in advancing our understanding  
of everything. 

ARE WE 
SMART ENOUGH 
TO KNOW 
HOW SMART 
ANIMALS ARE?
By Frans de Waal

“Humans are 
a strange lot,” 
writes venerable 
primatologist de 
Waal. “We have 
the power to 
analyze and explore the world around 
us, yet panic as soon as the evidence 
threatens to violate our expectations.” 
And a growing body of evidence does 
threaten what we thought we knew 
about animal cognition. With wit and 
heart, de Waal uses examples from 
decades of his own research as well 
as others’ work to make the case for 
different types of intelligence in all 
corners of the animal kingdom.

CAPTURE: A Theory 
of the Mind
By David A. Kessler

Remorse, obsession, 
fear — all states 
of mind that can 
have life-changing 
consequences for 
individuals and 
those around them. 
Kessler, who served 
as commissioner 
of the Food and Drug 
Administration under two presidents, 
explores the neurological basis for 
emotions and afflictions that can make 
us feel not only out of our minds, but 
out of control.

INTO THE BLACK: 
The Extraordinary Untold Story 
of the First Flight of the 
Space Shuttle Columbia 
and the Men Who Flew Her
By Rowland White

Aviation historian White recounts one 
of NASA’s biggest successes with a 
fast-paced, “I was there” flavor, thanks 
to the oral histories that informed 

his research. With 
colorful characters, 
a heart-pounding 
technical glitch and 
a whiff of Cold War 
intrigue, White 
details the space 
shuttle program’s 
evolution from idea 
to thrilling liftoff 
and safe landing.

RISE OF THE ROCKET GIRLS: 
The Women Who Propelled Us, 
from Missiles to the Moon  
to Mars
By Nathalia Holt

The Jet Propulsion Laboratory’s earliest 
days were fueled by math whizzes who 
happened to be women. Armed with 
only pencil and paper, these pioneers 
performed vital calculations — and, 
per the culture of the day, competed 
in the “Miss Guided 
Missile” beauty 
contest. Writer Holt 
was clearly smitten 
while interviewing 
surviving members 
of the elite group, 
and conveys that 
affection while 
honoring their 
story.

EARLY SPACEFLIGHT

CRUX
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from the bloodstream and metabolizes 
it. Perhaps his liver was malfunctioning 
because of inflammation, as in hepatitis, 
or liver failure, as seen in patients with 
cirrhosis. On the other hand, there 
could be a blockage in the boy’s bile 
ducts, through which the liver excretes 
bilirubin into the gastrointestinal tract, 
where it produces the familiar brown 
color of stool. A blockage there would 
cause bilirubin to back up and spill into 
the bloodstream.

I began examining the boy, placing 
my stethoscope on his chest. My face 
rested mere inches from his bright 
yellow eyes, which seemed to give 
off a light of their own. I counted an 
extremely rapid heartbeat, perhaps a 
sign of some life-threatening process 
inside of him or just a manifestation 
of his fear of a physician inside his 
comfort zone. After finding clear 
breath sounds in his lungs, I moved on 
to his abdomen.  

If the problem was with his liver or 
bile ducts, I would expect to find an 
enlarged liver or, at the very least, some 
discomfort in that area. I reached my 

of knee-bouncing to match the young 
infant’s rising distress, with little effect. 
His wife handed him a bottle of milk, 
and he began feeding the boy. Reza 
voraciously sucked from the bottle 
and calmed down immediately — a 
reassuring sign. The ability to drink 
and stay hydrated is as important a 
vital sign in sick children as heart rate 
and blood pressure.

BILIRUBIN BUILDUP
I thought through the biology of 
jaundice that I learned in medical 
school. The yellow color of his eyes 
and skin was produced by the buildup 
of bilirubin, a waste product formed 
from the breakdown of hemoglobin in 
red blood cells.

The boy’s problem could be due 
to a fault in any part of his body’s 
hemoglobin disposal process. It was 
possible that his red blood cells were 
being destroyed, a condition called 
hemolysis that results in high levels of 
bilirubin in the bloodstream, leading 
to jaundice. Or the problem could be 
in the liver, which takes up bilirubin 

Yellow for Caution
The boy’s skin took on a sickly hue, and the whites of his eyes  
were anything but. A common condition in newborns spelled  
trouble in an older child.  
BY JONATHAN REISMAN

→Bright yellow. That was the first 
thing I saw as I opened the door 

to the room of my 1-year-old patient, 
Reza. He sat on his father’s lap across 
from me. Dark brown hair fell across 
his forehead, and the whites of his 
eyes glowed with the brilliant yellow 
of a highlighter marker. His skin’s 
dark complexion was also tinted a dull 
yellow, producing the sallow cast of 
dead grass. Reza’s father bounced  
him daintily on his knee to help 
keep him calm.

Physicians call yellowing of the 
eyes and skin jaundice, a term from 
the French jaune, meaning “yellow.” 
During my pediatrics training, I saw 
innumerable cases, almost all of them in 
newborns. But Reza was no newborn, 
and seeing that familiar yellow on a 
much older child told me something 
unusual was going on.

“When did he turn yellow?” I asked 
his parents, pulling up a stool. His 
mother stood off to the side, a brightly 
colored headscarf framing a look of 
concern on her face. The boy’s father 
turned to her as he translated my 
question into Farsi, and then translated 
her answer back into heavily accented 
English: “Yesterday.”

“Has this ever happened to him 
before?” I asked.

“After he was born, he was yellow 
for a few days,” his father answered. 
“But it went away. No problems.” 
Neonatal jaundice is extremely common 
in healthy newborns, so that specific 
detail of his medical history might or 
might not have anything to do with the 
current problem.

Reza’s father increased the amplitude KY
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the information: Had anyone in either 
family ever turned yellow? Does anyone 
in either family have a red blood cell 
problem? Had anyone in the family had 
their spleen removed? They answered 
“no” to all the questions.

The ambulance crew arrived. As 
the boy was wheeled out, I asked 
the parents one last question: Had 
their son eaten any new foods in the 
past few days?

“Fava beans,” his father said. “He ate 
them for the first time two days ago.”

A lightbulb went on in my head. Reza 
likely had a condition called favism. He 
was whisked into the ambulance before 
I could give the matter another thought.

A few minutes later, the results from 
his blood tests began appearing in 
his computerized medical chart. His 
hemoglobin was extremely low at 4, 
only one-third the normal amount of 
red blood cells.

Once he arrived in the ER, Reza 
received a transfusion and his condition 
stabilized. Further testing confirmed 
the diagnosis of favism, or glucose-
6-phosphate dehydrogenase (G6PD) 
deficiency. This deficiency causes red 
blood cells to be more easily destroyed 
by oxidative stresses, such as those 
caused by specific alkaloids in fava 
beans. It is a genetic condition found 
in people of Mediterranean and 
Middle Eastern descent, but Reza had 
the dubious luck to be the first one 
diagnosed in his family. 

Once Reza was ready for discharge 
from the hospital a few days later, 
his parents received education on the 
condition, instructions to seek medical 
attention if  he became jaundiced again, 
and recommendations to avoid certain 
medications and foods. Especially  
fava beans.  D

Jonathan Reisman is a pediatric emergency 

room physician with Children’s Hospital of 

Philadelphia and president of the World Health 

and Education Network. The cases in Vital Signs 

are real, but names and certain details have 

been changed.

hand deeply into the upper-right side of 
his abdomen, feeling for the liver’s edge 
poking out from behind his rib cage. I 
couldn’t feel it, suggesting that his liver 
wasn’t enlarged. He showed no sign of 
discomfort as I pushed, so it was likely 
the liver wasn’t inflamed and his bile 
ducts weren’t blocked.

Knowing that certain types of 
jaundice are associated with dark-
colored urine, I asked his parents if they 
had seen any unusual colors in his wet 
diapers since he turned yellow. Once the 
father translated my question, the boy’s 
mother, eyes wide with recognition, 
looked around the room before rushing 
over to an electrical outlet that had 
caught her eye. Exclaiming in Farsi, she 
pointed to a small, dark-orange piece of 
plastic that covered part of the outlet.

Her husband translated: “Yesterday, 
he had this color in his diaper!” 

Although orange urine can appear 
with liver and biliary disease, my 
physical exam pointed away from the 
liver. That orange color was most likely 
hemoglobin from destroyed red blood 
cells leaking through the kidney’s filter 
into the urine.

I reached toward Reza’s glowing 
yellow eyes and pulled down his 
lower eyelids. They were shockingly 
pale. Normally red with tiny blood 
vessels, the linings of his eyelids were 
the lightest shade of pink, practically 
bordering on white, with a yellow tint. 

I took a step back and looked again 
at the boy’s face. I’d been distracted by 
the yellow color of his skin. Looking 
closer, I saw that his lips were also 
extremely pale. I figured that his pallor 
must be due to severe anemia, the term 
for a low number of red blood cells in 
the bloodstream. Since hemolysis leads 
to anemia, this told me that destruction 
of red blood cells was likely the cause of 
his jaundice. Anemia would also explain 
his rapid heartbeat, since the heart 
speeds up to compensate for low levels 
of hemoglobin in the blood.

He urgently needed a blood 
transfusion and further work-up under 

the care of a pediatric hematologist. 
While I continued questioning the 
parents to elicit more information, I 
asked the nurse to call an ambulance, 
insert an IV and draw a sample of 
blood to measure his hemoglobin level 
and determine his blood type. Although 
blood could be drawn at the hospital, 
the sooner we measured the severity of 
his anemia, the sooner he could get a 
transfusion once he arrived in the ER. 

FOODBORNE ANSWER
Thinking about what could have 
triggered his condition, I considered 
what is probably the No. 1 cause of 
hemolysis in the world: malaria, the 
parasitic infection transmitted through 
mosquito bites. Given his Iranian 
ethnicity, I wondered if he had recently 
traveled with his parents to that region, 
where malaria is more common. His 
parents were emphatic that he hadn’t 
left the country since birth.

The nurse’s needle found its vein, 
and the boy howled. I asked Reza’s 
parents about any conditions that run 
in the family. Certain red blood cell 
abnormalities that make the cells more 
fragile and prone to hemolysis can be 
passed down through genetics. With a 
sequence of quick questions, I plied the 
parents from multiple angles to get at 

A lightbulb went 
on in my head. 
Reza likely had 

a condition 
called favism.

Vital 
Signs
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was overcome by an eerie silence. 
There was no sound at all. I saw 
myself  on the gurney, and then an 
amorphous shadow crossed the wall. 
I can’t describe what happened or 
why, but from the moment the room 
got quiet, it was as if  I was in another 
dimension.” 

Such near-death experiences 
(NDEs) aren’t as rare as you’d think. 
At least 5 percent of  Americans claim 
to have touched death and lived to tell 
about it. Some people see a shadow, 
some a beckoning light. Others see 
apparitions of  loved ones. Regardless 
of  what people believe they see during 
those moments, some experts think 
NDEs like my father’s aren’t an 
external event, but a failing body’s 
attempt to grapple with crisis. 

A 2012 study published in the 
International Journal of Behavioral 
Medicine lists myriad physiological 
explanations for NDEs, from 
neurotransmitter imbalances to 
REM sleep intrusion. But for my 
dad and others who’ve had a similar 
experience, it’s what happened after 
the NDE that was the hardest to 
understand. 

A hard-core mathematician and 
science geek, my dad was never a 
sentimental guy — more prankster 
than poet. But as he navigated a 
difficult recovery in the months after 
his dance with death, he changed. 
He began studying religion and 
philosophy, even writing poetry. For 
Valentine’s Day, he sent my sisters and 
me chocolate-covered strawberries, 
complete with personalized prose. 

REALER THAN REAL
As a health journalist with a 
background in psychology, I had 
to uncover whether there was a 
scientific explanation for his newfound 
tenderness and appreciation for life. 
How did his NDE leave such an 
indelible imprint? How did it reboot 

→On a sunny April afternoon in 
2013, while my dad was driving 

home after work, a 26-year-old man 
in a Toyota Camry broadsided him. 
The impact sent my dad’s Cadillac 
careening into a brick retaining wall. 
Paramedics had to saw off  the door to 
extract him from the vehicle. 

When I saw him several hours 
later, he was conscious but had no 
recollection of  the crash. His blood 
pressure was so low doctors could 
barely detect a pulse. They thought 
they were losing him. Then something 
strange happened.

“I could feel myself  slipping 
away as the nurses probed for a vein 
to give me blood,” he told me the 
next morning. “All of  a sudden, I 

A Brush With Death
How a glimpse of the other side changes those who make it back.
BY AMY PATUREL

“All of a sudden,  
I was overcome 

by an eerie silence. 
There was no sound 

at all. I saw myself 
on the gurney,  

and then an 
amorphous  

shadow crossed  
the wall.” 

Mind
Over
Matter
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from imagined events. The researchers 
noted that those who had NDEs 
describe the experience as “realer 
than real.” All of  the participants 
in the study said their NDE was the 
most powerful, intense and important 
experience of  their lives. 

LIFE AFTER ALMOST-DEATH
For my dad, the NDE provided 
overwhelming peace. While he was 
suspended between this world and the 
unknown, he says a force told him, 
“You’re not going to die today.” And 
he says he wasn’t ready to go — he 
had newfound motivations to explore.

“People tend to come back from 
NDEs happier and no longer fearing 
death,” Laureys says. “The experience 
becomes a cornerstone of  their lives.” 

My dad’s experience not only 
affected how he lives his life, but also 
how he relates to others. Now, he’s 
especially kind to strangers, more 
giving, always willing to lend a hand 
to someone who needs it. I’ve even 
seen him give money to panhandlers, 
something he seemed to shy away 
from before his accident. 

Apparently, he’s not alone. 
According to a 2013 study published 
in the International Journal of 
Behavioral Medicine, people who 
had NDEs became more tolerant of 
others, gained a greater appreciation 
of  nature and understood themselves 
better compared with those who didn’t 
experience an NDE. 

Science can’t explain why a father 
who drove like a NASCAR star now 
writes treatises on safe and courteous 
driving. And it can’t explain how 
someone who lived by numbers 
now prefers penning philosophical 
missives. But research does give us 
some clues about how NDEs change 
people’s personalities. They become 
sweeter, softer and more reflective — 
just like my dad.  D

Amy Paturel is a health journalist based in 

Temecula, Calif.

his brain in such a way that he tapped 
into aspects of  his psyche he never 
knew existed? 

NDE researcher and neurologist 
Kevin Nelson of the University of 
Kentucky tells me fading blood flow, 
even for a few seconds, signals a crisis 
to the brain. That emergency launches 
a cascade of survival reflexes, not 
unlike fight-or-flight, that lead to the 
thoughts, feelings and sensations of an 
NDE. “It’s this physical and emotional 
crisis that translates to especially vivid 
recall of NDEs, but also to a shift in 
how survivors lead their lives following 
the experience,” he says.

When we’re staring death in the 
face, Nelson says, there’s strong 
evolutionary pressure to remember 
every detail. Survival demands an 
alert and attentive brain to meet the 
threat head on and be prepared to 
combat it again in the future. 

So even though my dad is in 
his late 70s and usually is too 
absentminded to remember what 
he ate for lunch, his NDE is seared 
in his mind — something called 
preferential encoding, says Steven 
Laureys, a neurologist who is chair of 
the World Federation of  Neurology 
Applied Research Group on Coma 
and Disorders of  Consciousness and 
director of  the Coma Science Group 
at the University of  Liège in Belgium. 
My dad’s brain recorded every vision, 
every feeling, every sound, in such 
detail that the memories seem to color 
everything in his life.

Laureys admits researchers still 
don’t know “how an abnormally 
functioning brain can record an 
experience that’s so emotional, so 
vivid and so real.” But they have 
enough evidence to consider NDEs  
a physiological reality linked to  
brain activity. 

In a 2013 PLOS One study, Laureys 
and his Liège colleagues compared 
NDEs with other memories of  intense 
real-life events, such as marriages and 
births, as well as with memories of 

dreams and imaginary thoughts. To 
their surprise, NDE memories among 
a group of  21 coma survivors were 
much richer than any imagined or real 
event. “Even when the NDE happened 
decades before, patients’ memory of 
the experience was as vivid as if  it 
occurred yesterday,” Laureys says. 

It makes sense if  you look at 
electroencephalography (EEG) 
measurements of  activity in the brain 
when recalling an NDE. A 2014 
EEG study published in Frontiers 
in Human Neuroscience found that 
NDE memories are stored as episodic 
memories — recollections of  events 
that you yourself  participated in, like 
recalling where you were when the 
9/11 attacks happened, rather than 
simply remembering the fact that the 
attacks happened. Scientists from 
that same study also concluded that 
the seemingly otherworldly memories 
from an NDE give off  electrical 
patterns that are similar to real 
memories and significantly different 

When we’re staring 
death in the face, 

there’s strong 
evolutionary 

pressure 
to remember 
every detail.

Mind
Over
Matter
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→Imagine a world where annual 
checkups include not just 

temperature and blood pressure 
readings, but also a complete review 
of your immune system. Doing so 
would give doctors a good sense 
of your current health, including 
a history of your past infections, 
diseases and vaccinations. It could 
also provide a sneak peek at diseases 
already lurking, symptom-free, in 
your body. It makes today’s approach 
to preventive medicine seem like too 
little, too late.

The immune system can reveal so 
much because the cells that make it 
up are so diverse. A healthy human 
has millions of unique immune cells; 
many circulate in the blood and play 
major roles in the body’s response 
to foreign invaders. Each of these 
immune cells contains DNA that 
codes for a protein that recognizes 
bacteria, viruses, allergens, cancer 
cells and other potential disease-
causing invaders. These DNA 
segments are like barcodes, unique 
and specific to different threats.

When a pathogen, such as the flu, 
enters the body, an immune cell with 
the barcode for flu recognizes it and 
mounts a response, getting the body to 
make more immune cells like it to help 
fight the virus. The harder the body 
has to work to fight off infection, the 
more the body creates immune cells 
specifically coded to that infection.

The diversity of all the different 
barcodes in a person’s body is called 
the immune repertoire. If we could 
learn to “read” these barcodes, the 
medical applications would be nearly 
endless. Diagnosing patients with vague 
symptoms would become much easier: 
Rather than try a litany of tests, the 

doctor would just look at the immune 
repertoire and find the matching 
disease. We could study exactly how the 
immune system responds to infection 
and vaccination. And doctors could 
track the progression of diseases in 
patients to see how well a treatment 
works. Ultimately, this means doctors 
could spot and begin to treat a disease 

before the patient even experiences 
symptoms, nipping it in the bud.

“Nearly every disease is linked to 
the immune system,” says Jian Han 
of the HudsonAlpha Institute for 
Biotechnology in Alabama. Medicine 
is finally on the verge of exploiting 
that connection. 

A DISEASE DATABASE
Han is spearheading a project to 
sequence, or analyze, the immune 
repertoires of 10,000 people, 
representing 100 different diseases. 
By compiling that information, 
researchers hope to create a dictionary 
that allows them to figure out which 
bit of an immune cell’s DNA matches 
up with which disease, and even which 
ones correlate with health. 

Han’s team has already sequenced 
the immune repertoires of thousands 
of people. In a preliminary analysis  
of 1,000 individuals, they identified  
75 million unique barcodes. Most were 
“private,” found in just one person. 
But 19 percent were “public,” shared 
by at least two out of 1,000 people.

Just 0.01 percent of the identified 
barcodes were shared by more than 
200 people. These are unlikely to 
be correlated with a specific disease 
because they are so common, Han 
says. Instead, he is looking at a way to 
use very public barcodes as a way to 
“diagnose healthy.”

Meanwhile, disease-specific barcodes 
are likely to be more rare, found in less 
than 10 percent of the population. It’s 
among these sequences that Han hopes 
to find useful diagnostic signatures for 
specific diseases.

Collaborators all over the world 
participating in Han’s project have 
sequenced over 5,000 individual 

Fingerprinting Disease
Doctors are on the verge of learning how to read the immune system’s language.
BY MONICA HEGER
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If we could learn to 
“read” these barcodes, 

the medical applications 
would be nearly endless.
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immune repertoires from various 
diseases. It’s already helped identify 
barcodes for tuberculosis, Han says, 
though the early results still need to 
be confirmed. 

VACCINES 2.0
Rather than take Han’s broader 
approach, Stanford University’s 
Mark Davis, director of the Institute 
for Immunity, Transplantation and 
Infection, is focusing on unraveling one 
specific piece of the puzzle: the immune 
response to flu vaccination. Davis says it 
will serve as a simple model that can be 
applied to other pathogens. 

A vaccine works by triggering an 
immune response. Essentially, it mimics 
the disease so that the immune cells 
recognize it, and the body stocks up on 
the immune cells with a barcode specific 
for that disease. However, vaccines don’t 
always elicit that response, leaving the 
individual susceptible to infection. “We 
know that older people don’t respond 
as well to flu vaccination,” Davis says, 
but it’s unclear why. Understanding 
the body’s immune response to a given 
vaccine could help make better and 
more effective vaccines in the future. 

To do this, Davis is sequencing the 
immune repertoires of individuals 
before, a week after and a month after 
receiving a vaccine. Essentially, he’s 
looking for immune cells with barcodes 
that proliferate in individuals with a 
good response, as opposed to those in 
whom the vaccine is ineffective.

Davis will use his findings to figure 
out a way to match specific immune 
cells to vaccine response. Researchers 
could then reverse-engineer barcodes 
for the vaccine, and thus the flu itself, 
as well as other diseases. Vaccine 
responses are a “good window” into 
the immune system, Davis says. He’s 
finishing up his study and plans to 
publish it later this year. 

STAYING AHEAD OF DISEASE
Meanwhile, Seattle-based Adaptive 
Biotechnologies has already seen 

results in its immune repertoire 
sequencing. The company is working 
on finding signatures of blood-based 
cancers, such as leukemia and 
lymphoma, in patients’ immune 
systems. Studying such diseases is 
a good first step because they are 
cancers of immune cells themselves, 
and it’s possible to analyze them with 
a mere blood sample. The goal is to 
be able to monitor treated patients for 
signs of relapse.

Adaptive Biotechnologies’ first test, 
for lymphoid cancers, also determines 
whether a particular treatment is 
effective. From a simple blood draw, 
the test reads the DNA of the patient’s 
immune repertoire to find the immune 
cell barcodes associated with the 
cancer. If  none of the cells codes for 
it, the body is finished fighting off  
the cancer, and the treatment was a 
success. The test can be run again 
every few months to check the immune 
system for signs of relapse. 

This improves on current screening 
methods: A Lancet study last year 
showed that in 108 patients, the 
immune sequencing test could spot 

signs of relapse three to five 
months, on average, before 
the cancer was visible on a 
CT scan. That means doctors 
can start the next round of 
treatment that much earlier. 
Adaptive Biotechnologies 
plans to submit the test for 
FDA approval this year. 

The company is also 
working on a similar test 
in solid tumors for early 

diagnosis of relapse, and is developing 
tests that will help diagnose some 
lymphomas that are notoriously tricky 
to detect. 

“The amount of information in 
the immune system is absolutely 
enormous,” says Harlan Robins, 
Adaptive’s co-founder and chief 
scientific officer. It has the potential to 
be the “ultimate diagnostic,” he says. 

But putting together the database 
of immune sequences and matching 
them with specific diseases will take 
time. Plus, the immune system and 
many pathogens are so complex, a 
single disease could spawn multiple 
barcodes. And the immune system 
is good at fighting off  diseases itself, 
so simply having a disease signature 
does not mean you are destined to 
develop that disease. 

Still, Robins says, “the field is 
moving so fast.” In just a few years, the 
immune system’s barcodes might be no 
more mysterious than the ones we see 
on drugstore shelves.  D

Monica Heger is a San Francisco-based 

science journalist.

Jian Han (left) of 
the HudsonAlpha 
Institute for 
Biotechnology, 
Stanford’s Mark 
Davis (below) 
and Adaptive 
Biotechnologies 
co-founder Harlan 
Robins all hope to 
exploit our immune 
systems to better 
fight disease.
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OUTSMARTING  
Low-tech adaptation strategies are helping people in developing  

Faced with a water 
shortage, residents in 
Colombia’s Guajira region 
must travel long distances 
to find drinkable water. Filling 
multiple containers helps ensure 
supplies will last until the next trip. 
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FRESHWATER HAS ALWAYS BEEN a precious 
commodity on Colombia’s arid Guajira Peninsula, 

but climate change is turning scarcity into crisis. Most 
of the region’s wells are contaminated by saltwater, forcing 

inhabitants to rely on rainfall for potable water. After three years 
of extreme drought, the people of the Guajira are still waiting for 

the rain to come.
Guajira’s water pinch is just one example of how a warming world 

is already hurting developing countries. And the worst is yet to come: As the 
global thermostat rises, extreme weather events such as droughts and floods 

will become more frequent and intense in many regions, the United Nations warns.
Developing countries stand to suffer the most from climate change — and they 

have the fewest resources to prepare for it. So inventors and engineers are devising 
simple and often inexpensive measures to help communities adapt to a climate-altered 

world. Here are five promising innovations, from the mountains of Colombia to  
the coastlines of Indonesia.

CLIMATE CHANGE
 countries cope with the dangers of a warmer world. BY J. HARRIS
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People cannot survive 
without water, yet more than 
10 percent of the world’s 
population lacks sufficient 
access to it — a figure likely to 
grow as climate change alters 
weather patterns and worsens 
droughts. While most of the 
planet is covered by water,  
96 percent of it is too salty  
to drink.

Removing salt from 
seawater is possible, but not 
always practical. Conventional 
desalination plants that 
employ reverse-osmosis 
technology, used since the 
1960s, are pricey: The new 
Carlsbad desalination plant  
in California, which outputs  
50 million gallons a day, cost 
$1 billion to build.

The high price tag makes 
traditional desalination 
plants unfeasible for many 
communities. But now they 
have a simpler, cheaper 
alternative: the aero-
desalinator, which harnesses 
the wind to wring freshwater 
from the brine.

  HOW IT WORKS: 
The aero-desalinator, invented 
by engineer Juan Carlos Borrero, 
hooks up a windmill to a standard 
well. Wind power provides the 
pressure necessary to suck the 
well’s saltwater through a series of 
filters and membranes laced with 
copper and silver ions to kill off 
any potential pathogens, rather 
than the more expensive chemical 
compounds used in reverse-
osmosis plants.

As unfiltered water passes 
through the membrane, the 
positively charged ions react with 
a microbe’s negatively charged 
cell walls, rendering it unable to 
reproduce or absorb nutrients.

From there, the still-salty water 
is sucked through reverse-osmosis 
membranes permeable to water 
molecules but not salt ions. The 
final result: purified freshwater.

Windmill powers 
reverse osmosis unit

WIND-POWERED DESALINATION

Dual 
filtration

Temporary 
storage

Freshwater 
storage

Windmill 
powers 
well, 
which 
collects 
the initial 
salty 
water

This wind-powered desalination plant uses an inexpensive reverse osmosis technology to scrub salts 
and impurities from water in the Uletsumana Wayuu community on Colombia’s Guajira Peninsula.
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Flooding is a fact of life 
for the 1,000 residents of 
Sempegua, in Colombia’s 
Zapatosa Marsh, where 
the Magdalena River 
routinely breaks its banks 
and inundates the entire 
town. For years, when 
floodwaters swamped 
the elementary school, 
dedicated teachers 
improvised classrooms 
in whatever spaces were 
available, including parks 
and private homes.

Ensuring all children 
in developing countries 
receive an education 
— key to breaking the 
cycle of poverty and 
underdevelopment — 
already is a daunting task. 
The risk of disruptions and 
damage to schools from 
extreme weather only adds 
to the challenge. 

Thanks to two engineers 
from Colombia’s EAFIT 
University, Lina Marcela 
Cataño and Andres Walker, 
teachers in Sempegua and 
elsewhere can now focus 
on their students, rain or 
shine. Their solution? A 
floating school.

PROS:
• Accessible components: The 
system takes advantage of existing 
windmills and wells that are too 
contaminated with saltwater 
to use.
• Low per-gallon cost: Reduced 
operating costs mean the price per 
gallon is 20 to 30 percent lower 
than diesel or solar alternatives.
• Off the grid: Requires no 
external power source, chemical 
treatments or electronic 
components.
• High output: Produces  
528 gallons of potable water  
per day.
• Efficient: Reduces salt content 
from as high as 14,000 parts per 
million to about 500 ppm.

CONS:
• High initial investment: The 
aero-desalinator is inexpensive to 
operate, but building it requires 
bonding silver and copper ions 
to the membranes, a complex 
procedure that drives up the 
purchase cost.
• Requires specialized knowl-
edge: It must be manufactured off 
site, and repairs must be done by 
specially trained technicians.
• Weather dependent: Steady 
winds of at least 10 mph are 
needed for optimal output. 
Extreme winds can damage the 
windmill.
• Can clog: Muddy water from a 
damaged or contaminated source 
can block the workings.

COST: About $36,600 to 
manufacture, install and maintain 
for 15 years.

FEASIBILITY: High. Borrero has 
five aero-desalinators operating 
in the Guajira region of Colombia 
and a government contract for  
40 more.

PROS:
• Adaptability: The floating 
platform can be adapted for 
other types of structures, such as 
housing or medical clinics.
• Local labor: Construction is 
done by local workers using local 
materials, and it doesn’t require 
special training.
• Resilient: Cement is long-lived 
and requires little maintenance 
compared with plastics or other 
materials.
• Wet/dry: Adapts to seasonal 
conditions.

  HOW IT WORKS: 
The school sits on level ground on 
a 3-foot-high foundation made 
of high-quality, light cement. 
During flooding, the waters rise up 
around the foundation, and when 
the water level reaches 2 feet, it 
begins to float. It’s Archimedes’ 
principle in action: The structure 
is held up by the very water it 
displaces, just like a boat. An 
anchoring system keeps the school 
from drifting away. When the 
floodwaters recede, the building 
settles back in its original location.

FLOATING FOUNDATIONS 

CONS:
• Expensive: Price tag is two to 
three times the cost of a non-
floating structure.
• Specialized knowledge 
required: Altering the blueprints 
to safely adapt the platform 
requires architectural expertise.
• Geography dependent: The 
building is designed for river 
flooding and has not been tested 
for coastal areas.
• Not so green: Manufacturing 
cement releases large amounts of 
carbon dioxide.

COST: The 1,808-square-foot 
Sempegua school cost $300,000, 
or $166 per square foot.

FEASIBILITY: High. Several 
public and private entities are 
interested in replicating or 
repurposing the Sempegua 
project.

Normal water level

During floods, building floats

Residents sip water treated by the 
aero-desalinator by the tank where 
the final product is stored.
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The mangrove forests along tropical and subtropical coastlines provide myriad benefits: 
They buffer against waves and wind, inhibit erosion, create habitat for wildlife and 
fish, and prevent saltwater intrusion into rivers and streams. Yet over the past 50 years, 
these ecosystems have begun disappearing as mangroves from Thailand to Jamaica are 
cleared for shrimp farming, logging and urban development.

Having lost the mangroves’ protective buffer, governments are looking for 
other ways to shore up the coasts. “Hard” engineering solutions such as dykes and 
seawalls are expensive and become less effective over time. Replenishing mangrove 
forests is ideal, but it’s no easy task: Young mangroves can’t colonize sediment that’s 
washing away.

The nonprofit group Wetlands International and Dutch research institute Deltares 
have created permeable dams to aid in mangrove restoration. The dams’ design mimics 
the latticed structure of mangrove root systems to reduce erosion and create a stable 
shoreline for the small trees to repopulate.

COASTAL DEFENDERS

Restoring mangroves typically 
involves planting saplings like these 
in Aceh, Indonesia, but they can be 
wiped out by storms. Permeable dams 
help protect young trees by absorbing 
wave energy. 



Mangroves (above) buffer against 
erosion. With many trees now lost, 
permeable dams (below) are filling 
the gap while aiding restoration. 

Workers construct a permeable 
dam along the northern coast of 
central Java in Indonesia.
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PROS: 
• Compounding benefits: 
Reduced storm damage, 
sustainable aquaculture and less 
saltwater intrusion.
• Resilient: Permeable design 
resists damage. 
• Progressive: Once a stretch 
of coastline is stabilized and 
reclaimed, dams are moved 
farther offshore to continue the 
restoration process. 

CONS: 
• Pests: Susceptible to 
infestations of shipworms 
and other damaging pests. 
Inclusion of synthetic materials 
such as PVC offers greater 
resilience and lower long-term 
maintenance costs, but they’re less 
environmentally sustainable.

  HOW IT WORKS: 
The dams are built on-site with 
local materials, such as bamboo 
and branches, and are planted 
150 to 300 feet offshore. Unlike 
seawalls, the dams are permeable 
and have artificial “roots.” Water 
passing through the dam hits the 
roots, which deflect it, dissipating 
some of the wave’s energy. The 
dam’s successive layers of artificial 
roots deflect the wave again 
and again, decreasing its energy 
each time. The weakened wave 
that strikes land poses less risk to 
young mangrove trees.

The dams also can help expand 
existing mangrove forests. The 
mangrove-mimicking dams trap 
some of the sediment carried 
by the tide, accumulating on 
the landward side. As trees go, 
mangroves are aggressive; with 
soil to take root in, they rapidly 
colonize their reclaimed territory.

• Requires a beachhead: It’s 
more efficient to expand existing 
mangrove belts than to start 
from scratch.
• Vulnerable to storms: 
Young mangroves are especially 
susceptible to extreme weather.

COST: Depending on materials, 
$235,000 to $380,000 to build 
and maintain a mile of dam for 
six years.

FEASIBILITY: Mid to high. 
Wetlands International’s successful 
0.62-mile pilot in Indonesia led to 
an expanded 12.4-mile initiative 
on the northern coast of Java. 
The dams are highly effective and 
durable, but poorer governments 
may need extra funding from 
private sources or international 
aid organizations to afford them. 
Cost aside, wetland experts 
caution that unless mangrove 
restoration is coupled with 
sustainable development in coastal 
communities, restoration work 
could be set back or undone.

Mangroves

Permeable structure

The dams mimic 
mangroves, weakening 

waves
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HURRICANE-PROOF HOUSING

PROS:
• Energy efficient: The design 
includes a water capture 
and purification system and 
photovoltaic cells for electricity.
• Sturdy: Resistant to winds up to 
111 mph.
• Open source: The blueprints are 
available to the public.

CONS:
• Expensive: One of these homes 
costs two to three times as much 
as conventional poured-concrete 
structures.

COST: $21,000 for 516 square 
feet, or $68 per square foot.

FEASIBILITY: Mid to low. The 
price tag may put off governments 
wanting to house the most people 
at the least expense.

  HOW IT WORKS: 
The roof’s special design and 
full-slat storm shutters over 
the windows protect against 
hurricane-force winds. Each of 
the roof’s four slopes angles 
gently inward in a pyramid-
shaped design. Since no side 
of the roof presents a vertical 
face, winds are deflected up and 
over regardless of the angle of 
attack. The storm shutters’ slats 
overlap to keep out both wind 
and rain.

To ensure comfort, architect 
Varini’s design turns the strength 
of the harsh equatorial sun to its 
advantage, using what’s called 
the stack effect to regulate the 
temperature inside. Small air 
intakes in the exterior walls let 
in cooler air at floor level. This 
outside air pushes the warm 
air inside up and out through 
hatches in the roof. The result 
is constantly circulating airflow 
without fans or air conditioning.

The tropical storms that 
tear through the Caribbean 
routinely batter the 
Colombian island of San 
Andres, and the low-income 
residents of government-
subsidized housing projects 
are among the hardest hit. 
The single-family structures 
are built with inexpensive 
poured concrete and can 
suffer heavy damage during 
extreme weather. They also 
retain heat. “They’re ovens,” 
says architect Claudio Varini.

Varini has created a cool 
alternative: a “bioclimatic” 
house that’s both sturdy 
and well vented. Bioclimatic 
architecture, he explains, 
takes local conditions into 
account while minimizing 
environmental impacts. 
His hurricane-proof abode 
keeps its inhabitants safe 
during violent storms and 
comfortable year-round.

The bioclimatic house, in an artist’s rendering (below) 
and in its almost-completed form (above). The house, on 
the Colombian island of San Andres, is specially designed 
to withstand hurricane-force winds, but it also features 
strategically placed vents to keep occupants cool year-round. 

No fan needed in this bioclimatic house
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‘CAMEL HUMP’ AGRICULTURE 

PROS: 
• Quick and easy: Local, unskilled 
labor can build a 5- to 10-acre 
camellon in a month.
• Low maintenance: The 
camellon requires little upkeep 
aside from amending depleted soil 
and maintaining canals.
• Year-round farming: Drainage 
and irrigation allow cultivation all 
year, regardless of weather.

  HOW IT WORKS: 
During the rainy season, runoff 
fills the canals and irrigates the 
fields without drowning the 
crops. The canals are lined with 
common water hyacinths, which 
help purify the water. When the 
plants decompose, they’re used 
to fertilize the fields. The clay soil 
of the camellon retains water, 
and a full canal can keep the soil 
nourished year-round — even 
during extreme drought. As an 
added bonus, in both the wet and 
dry seasons, fish can be raised in 
the canals for consumption  
or sale.

The unpredictability of rainfall — when, how often and 
how much — makes subsistence agriculture a crapshoot for 
rural farmers in the Bolivian Amazon, and the randomness is 
expected to get only worse. In wet times, flooded fields make 
it impossible to plant anything for months. When drought hits, 
entire harvests can be lost to heat stress.

After major floods in 2006, Oxfam International and the 
Kenneth Lee Foundation looked to the past for a solution: an 
ancient water management technique used by pre-Inca cultures 
in the region.

In the province of Beni, which experiences seasonal flooding, 
they built 5-foot raised beds called camellones (“camel humps” 
in Spanish). The resulting ridged fields, which can be between 
2.5 and 5 acres, are crisscrossed by canals and encircled by a 
moatlike protective ring.

CONS: 
• Geography dependent: The 
technique requires high average 
rainfall and relatively level terrain 
to reduce erosion.
• Labor intensive: Heavy 
machinery is needed to move 
several tons of earth. 
• On-site living: Farmers must 
live inside the moatlike ring 
to ensure access to the fields 
during floods.

COST: About $2,800 to $3,200 
per acre.

FEASIBILITY: High. Oxfam 
and the Kenneth Lee Foundation 
have built 83 camellones for 
communities in Bolivia, helping 
170 families. When flooding 
inundated Beni in recent years, 
camellones protected residents 
of the villages of Soberania and 
18 de Noviembre, along with 
their crops. Their success has 
prompted other regional and 
municipal authorities to adopt 
the practice.  D

Nutrients

An aerial view of a “camel hump” farm in the Bolivian village 
of Loma Suarez (top) shows how the canals fill with water during 
the rainy season. A farmer (above) navigates a float boat through 
the canals to check on crops growing in the large raised beds.

RAINY SEASON
Runoff fills the canals, preventing crops from washing away 
while also providing an opportunity for aquaculture 

DRY SEASON
Retained water irrigates crops and delivers nutrients 
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PALEONTOLOGIST 
NIZAR IBRAHIM 

GARNERED 
FAME — AND 

CONTROVERSY — 
WHEN HE FOUND 

THE LARGEST 
PREDATORY 

DINOSAUR EVER 
KNOWN. NOW 
HE’S GOT EVEN  
BIGGER PLANS.

THE BONE  
BY GEMMA TARLACH  ILLUSTRATIONS BY DAVIDE BONADONNA  
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BIG BONES, BIGGER QUESTIONS
In 2014, Ibrahim made a splash in the international media 
when he published the description of a partial skeleton of 
Spinosaurus, as well as a new theoretical reconstruction 
of the dinosaur. The massive predator measured about 50 
feet — longer even than T. rex. It lived along river systems in 
northern Africa during the middle of the Cretaceous period, 
about 100 million years ago. For decades before Ibrahim’s find, 
Spinosaurus had been one of paleontology’s great enigmas.

German scientist Ernst Stromer collected the first fossils 
of the animal in 1912 in Egypt, but the bones were destroyed 
during World War II when the Munich museum housing 
them was flattened in an air raid. No additional specimens 
were found, forcing modern paleontologists to study the 
lost dinosaur through Stromer’s notes and drawings, and a 
handful of photographs. Various theories emerged about the 
animal’s bizarre mix of features, including a long, crocodilian 
snout and a 6-foot-tall dorsal sail. Some researchers even 
dismissed Stromer’s predator as a mishmash of multiple 

T
o understand the drive that fuels paleontologist 
Nizar Ibrahim, just ask his longtime mentor, 
British paleobiologist Dave Martill, about one 
of their early expeditions. It was 2008, and their 
team was hours away from the nearest village in 
the sweltering, empty deserts of Morocco. They 
had come to analyze ancient sediment layers, not 

to hunt dinosaurs. But Ibrahim, then in his mid-20s, spotted an 
enormous fossilized bone on a steep slope.

The team wasn’t prepared to excavate a fossil, never mind 
one weighing about a hundred pounds. They didn’t even have 
plaster of Paris — a paleontologist’s go-to goo to prep fossils 
for transport from the field. Ibrahim was undeterred.

“He said, ‘I must have this,’ ” says Martill, with a sigh, from 
his office at England’s University of Portsmouth.

By Martill’s reckoning, he had to drive “about a hundred 
miles” to find even building plaster, a poor prepping 
substitute. And the arduous work of excavating and 
plastering the fossil was not the end of the saga, Martill 
recalls: “Building plaster’s got clay in it and takes ages to dry, 
so we looked for firewood — which is not easy to find in a 
desert — dug a trench on either side of the bone and lit fires 
to encourage it to dry.”

The team then hauled the fossil in a makeshift stretcher 
down the slope to their Land Rover. The vehicle had to 
carry not just the bone and the researchers, but all of the 
expedition’s equipment and supplies.

“By the time it was fully loaded, the Rover [frame] was 
resting on its wheels. The suspension was utterly flattened,” 
Martill recalls. At times, team members hopped out to help the 
truck make it up inclines. When they came to the first small 
settlement, they gave away all their food to lighten the load.

“There was no way Nizar was going to leave that bone 
behind,” Martill says, adding dryly, “I’m glad we didn’t find 
another one.”

Determination that seems to border on obsession is one of 
Ibrahim’s defining traits. His ambitions and an unwavering 
focus to achieve them have taken him on an unconventional 
career trajectory, bringing both fame and enemies. He’s just 
getting started, though, and his resolve will come in handy: 
The German-Moroccan paleontologist wants no less than to 
change the way Africa views science, and the way scientists 
view Africa.

“When you have big dreams, it’s very easy to know what you 
need to do,” Ibrahim says. “You could have a hundred people 
telling you that you can’t do this or you can’t do that, but I 
don’t want that to hold me back. I have a strategy. I have long-
term plans. I want to establish a real national museum with 
research collections in Morocco and get people in that part of 
the world interested in science and scientific exploration.”

And as for that infamous fossil that he refused to leave 
in the desert, much to his mentor’s chagrin? According 
to Ibrahim, it’s the humerus of a large herbivore, but he’s 
waiting to find more related bones before describing it 
formally in a journal. And describing large herbivores, quite 
frankly, has not been his focus. Since his first expedition to 
the Sahara in 2007, the 33-year-old has been after bigger prey.
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Nizar Ibrahim found fame when he dug up 
a partial skeleton of the enormous predator 
Spinosaurus in the Sahara Desert and 
reinterpreted the animal as being mostly 
aquatic, the first dinosaur so at home 
in the water (right). But Ibrahim was finding 
big bones in the desert long before then: 
In 2008, he discovered the large forelimb 
bone (below, foreground) of a sauropod, 
the largest animals ever to walk the planet. 
The young paleontologist hopes to return 
to the 2008 site to find more of the animal. 
Until then, the bone remains undescribed in 
the scientific literature. 



species. Hollywood’s interpretation of Spinosaurus landed a 
starring role as the main menace in the movie Jurassic Park 
III. But without actual fossils to analyze, the dinosaur seemed 
destined to remain a mystery.

When Ibrahim and his colleagues announced they’d found 
another Spinosaurus specimen in the Moroccan desert, 
everything changed — for the dinosaur and for the young 
researcher who found it.

Suddenly Ibrahim was starring alongside Spinosaurus in 
a heavily promoted TV documentary; high-profile speaking 
gigs and funding for future expeditions followed. Last 
summer, a representative of Morocco’s king called Ibrahim, 
then a postdoctoral researcher at the University of Chicago, 
with a personal invitation to attend the monarch’s jubilee 
as a VIP. In the process of applying for U.S. citizenship and 
restricted from overseas travel, Ibrahim declined.

Amid the fanfare and media attention, however, both 
Ibrahim and his interpretation of Spinosaurus drew fire from 
some of his peers.

“There is always an element of jealousy,” says Martill. 
“Nizar has exceptional powers of observation, and he’s 
a bloody hard worker. . . . He’s the one who makes the 
effort. Nobody else but Nizar could have found where the 
Spinosaurus fossils came from. He had the knowledge of 
Arabic and the skills and the persistence.”

But some criticisms of Ibrahim’s work were more 
substantive. Several paleontologists took issue with his 
team’s reconstruction of the dinosaur, which combined 
the new partial skeleton with earlier fragmentary finds of 
specimens that differed in size, as well as data from Stromer’s 
surviving notes. Chief among the criticisms were the animal’s 
hindlimbs, significantly smaller compared with other large 
predatory dinosaurs, as well as other researchers’ theoretical 
Spinosaurus models.

The shortened back legs were key to Ibrahim’s sensational 
conclusion: Spinosaurus was the first and only dinosaur ever 
found adapted to a predominantly aquatic environment. In 
their 2014 Science paper, Ibrahim and colleagues described 
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a predator at home in the water. Its hindlimbs, they argued, 
had evolved for efficient, powerful swimming. 

Peers also charged that Ibrahim had been less than 
forthcoming about the provenance of the fossils, an accusation 
he has denied. It’s a common complaint regarding Moroccan 
finds, many of which are unearthed by locals, cleaned up and 
sold to paleontologists in shops with no associated material, or 
geological context, to place and date the animal.

WHAT’S IN A NAME?
Still others were incensed that Ibrahim and colleagues defined 
the animal as the base example of Spinosaurus aegyptiacus, 
Stromer’s lost dinosaur. When researchers first describe a 
species, living or extinct, they designate a holotype against 
which all future finds will be compared. For a century, the 
Spinosaurus holotype was Stromer’s S. aegyptiacus. In their 
2014 paper, however, Ibrahim’s team described their dinosaur 
as the neotype — essentially a new holotype — replacing 
Stromer’s lost dinosaur as the standard-bearer of the species.

How a fossil is defined may seem like splitting hairs to 
anyone outside the field, but designating the Moroccan 
fossil as the new base example, or neotype, means all future 
Spinosaurus specimens will be compared to it, rather than to 
Stromer’s find. The neotype designation particularly rankles 
some critics because Ibrahim’s Spinosaurus, from Morocco’s 
Kem Kem formation, was found nearly 2,000 miles from 
Stromer’s Egyptian specimen.

“The Kem Kem is 3,200 kilometers from Egypt, which 
is not a problem if  you have great fauna overlap. But there 
are a lot of dinosaurs from Egypt that we are not finding 
in Morocco,” says Serjoscha Evers, a doctoral candidate 
at Oxford University who has studied Sigilmassasaurus, a 
relative of Spinosaurus. 

While much of the discontent over Ibrahim’s find 
played out on researchers’ personal blogs and at academic 
conferences, last October Evers and his colleagues presented 
many of the criticisms in a 100-page paper published in the 
online journal PeerJ. They argued that the specimen Ibrahim 
claimed to be the S. aegyptiacus neotype could have been 
cobbled together from animals of different ages and different 

MOROCCO

ALGERIA

Roughly 100 million years ago, during the middle of the Cretaceous, 
the northern fringe of the African continent was either shallow sea 
or a series of massive river systems.

Stretching more than 150 miles near the Moroccan border with Algeria, 
the Kem Kem rock formation (shown in red) contains fossil-rich layers 
from a riverine world when Spinosaurus reigned.

Published in 2014, Ibrahim’s reconstruction of Spinosaurus (above) 
was based on the partial skeleton he found (shown in red) as well as 
other fragments found separately and those described by Ernst Stromer.

Specimen collected by Ibrahim

Other Spinosaurids

Isolated specimens referred to as Spinosaurus

Specimens collected by Stromer

Unknown 
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tidy but voluminous off-display reptile collection is a 
treasure-trove for comparative anatomists. On an August 
morning, Ibrahim has made a pilgrimage from his office, a 
short drive away at the University of Chicago — he left his 
position there last fall to focus on speaking engagements.

Ibrahim, whose boyish good looks make him seem even 
younger than he is, stands with a cloth tape measure in one 
hand and a century-old crocodile skull in the other. He 
checks a few points along its upper and lower jaws, noting 
the measurements. He places the skull back in its box, returns 
it to a shelf  and takes another skull down for study.

The measurements will be part of a data set he’s 
developing that may help us understand how fast and how 
large dinosaurs like Spinosaurus grew. His hands and eyes are 
occupied by the task, but his mind is traveling thousands of 
miles and scores of decades away, back to the tragic life of 
his inspiration, German paleontologist Ernst Stromer.

Ibrahim describes how Stromer, born into German 
aristocracy in 1871, became a prolific writer, researcher and 
explorer. He wrote on politics and invertebrates with equal 
passion. But he made his largest contributions to science 
through the dinosaur bones (including those of Spinosaurus) 
that he collected from the Egyptian Sahara. 

Stromer was not a supporter of  the Nazi Party, and his 
family and fossils paid dearly for it. Two sons were sent to 
the front lines during World War II; one died in combat, 
and the other was held captive by the Soviets for years. His 
third son was also killed during the war. In 1944, Stromer’s 
pleas to move his fossils to safety were ignored, and the 
bones were reduced to dust in a British bombing campaign. 
These personal and professional losses took a heavy 
emotional toll on Stromer. His name and his life’s work 
faded into obscurity.

Decades later, as a child growing up in Germany in the 
1980s, Ibrahim came across an offhand mention of Stromer 
and the lost Spinosaurus bones. Something clicked, and he 
thirsted to learn more. Over the years, long before he made 
his own Spinosaurus find, Ibrahim pieced together Stromer’s 
past, even visiting the family’s ancestral home in Bavaria and 
befriending the paleontologist’s granddaughter, who shared 

species, none of them S. aegyptiacus.
Ibrahim bristles at mention of the PeerJ paper.
“In terms of picking a fight, they’ve already picked it,” 

he says. “Serjoscha [Evers] has never looked at the original 
material, or at the geological context. He has never contacted 
me to ask questions I could have easily answered. I think 
it’s always good and healthy when people suggest different 
hypotheses, but this was different.”

Ibrahim also claims that his critics are guilty of some 
of the charges they’ve laid at his feet, including describing 
species based on commercially acquired Moroccan fossils 
without solid evidence about where they were found in terms 
of geographic location and layer of rock. This geological 
context is key to establishing an accurate age.

“We apply really high standards, especially about 
geological context, for papers from North America, but 
for some reason, we drop those standards for fossils from 
Morocco and to some extent China,” Ibrahim says. “That 
creates problems with the science.”

Ibrahim cites variation among fossils of T. rex, as well as 
its wide geographic distribution — the iconic dinosaur has 
been found in both Texas and Canada, for example — when 
dismissing his critics’ argument that a single spinosaurid 
species was unlikely to have lived in both Morocco and Egypt 
during the middle of the Cretaceous period.

“Spinosaurus is an incredibly sexy dinosaur — no one 
would get this worked up about a snail or a mollusk,” he 
says. “I could have named it something new — that might 
have gotten even more attention. But since the holotype 
was destroyed, it seemed appropriate to make this the new 
reference type.”

Academic dust-ups over theories and conclusions are as 
old as scientific research itself, but, hearing the passion in 
Ibrahim’s voice as it cracks when he talks about Spinosaurus, 
you can sense there is a deeper issue for him here.

INSPIRED BY TRAGEDY
In the bowels of Chicago’s Field Museum, a cavernous, 
climate-controlled archive houses row upon row of fossils, 
bones, hides and coiled snakes preserved in jars. The Field’s O
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The plateaus and escarpments of Morocco’s Kem Kem dwarf modern-
day explorers in search of fossils similar to those collected a century ago 
and nearly 2,000 miles away in Egypt by German paleontologist Ernst 
Stromer (lower right), including those of Spinosaurus (upper right).



personal photos and memorabilia.
Ibrahim chose to work in the Sahara, hoping to find 

another Spinosaurus. Regional instabilities and other 
logistical challenges made it impossible to follow exactly in 
Stromer’s footsteps in the Egyptian Sahara, but Ibrahim 
suspected that rocks from the same period also existed in 
Morocco, a country familiar from childhood vacations to 
visit relatives. He also knew that, 100 million years ago, the 
whole of what is now North African desert was a series of 
massive river systems. Stromer found Spinosaurus in the 
eastern Sahara, but perhaps the massive dinosaur could also 
be found to the west, in Morocco.

“As a scientist, usually you’re really far removed from 
the scientists who came before you. They’re just names on 
a publication,” Ibrahim says. “The work I was doing in 
Morocco, which was the same work Stromer had been doing 
in Egypt, became about more than ‘here are some dinosaur 
bones.’ It was about restoring his legacy.”

DINO-MO 
Even before he knew the name Ernst Stromer, Ibrahim’s zeal 
for dinosaurs — and his attitude, equal parts determination 
and confidence — were firmly in place. He was just 6 when he 
scrawled “Dr. Nizar Ibrahim” on one of his first books about 
the extinct animals.

For Ibrahim, born and raised in West Berlin, loving 
dinosaurs was just an extension of his lifelong love for animals, 
encouraged by his veterinarian mother. The distinction 
between dinosaurs and living animals is artificial, he says: 
Ibrahim even prefers the term paleozoologist to paleontologist. 

He studied zoology and comparative anatomy, and 
even wildlife conservation, before focusing on vertebrate 
paleontology. While still a student in Berlin, he volunteered at 
the Museum für Naturkunde, where University of Leicester 
paleontologist David Unwin, then a curator at the museum, 
was overseeing renovation of the dinosaur exhibits.

“He was a dynamo that whizzed around with lots of ideas. 
I liked his enthusiasm,” says Unwin. “When we got going 
with [renovating] the dinosaur hall, he was invaluable. Maybe 
because he wasn’t paid, he didn’t feel constrained. He could 
come up with ideas that were outside the box, dynamic, not 
hostage to the past.”

Thinking unconventionally is a hallmark of Ibrahim’s 
career. After studying at the University of Bristol, he skipped 
applying for an existing Ph.D. program and instead designed 
his own. “I wrote my own because [researchers] are not 
interested in having you publish your dream project. They are 
more interested in you doing the work to help them publish 
their dream project,” Ibrahim says bluntly.

He found his way to University College Dublin, and from 
there, to a series of expeditions into the Sahara, focusing on 
Morocco’s southeastern corner, near the border with Algeria. 
There, the Kem Kem rock formation rises more than 2,000 feet 
in places, zigzagging across the desert landscape for 150 miles.

Fossils found in the Kem Kem have been unusually large: 
not just Spinosaurus, but also Carcharodontosaurus, a land-
based predator nearly as big; crocodilian monsters as long 
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British paleobiologist Dave Martill (right) and Ibrahim enjoy some shade 
during an expedition to the Kem Kem, where the Sahara’s relentless 
daytime heat, cold nights and remoteness make fieldwork challenging. 

Ibrahim (right, with colleagues in Morocco) used his native Arabic 
skills to persuade local amateur fossil hunters to take him to promising 
excavation sites rather than have them bring their finds to him.

Intensely passionate about his work, Ibrahim is also conscious of crafting 
a media image of an adventurer, complete with Indiana Jones hat, on the 
cusp of his next great discovery. 
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as a school bus; and fish the size of a car. So far there’s scant 
evidence of smaller animals or herbivores. Paleontologists 
disagree on whether that means the mid-Cretaceous Kem 
Kem was a unique ecosystem full of big carnivores or if  it’s 
just a quirk in the fossil record.

“Did the Kem Kem have no small turtles or birds? We 
don’t know,” says Gareth Dyke, a paleontologist now at 
Hungary’s University of Debrecen who worked with Ibrahim 
in Dublin. “The bones are so fragile and fragmentary, they’re 
not getting preserved. Environmentally speaking, they’d be 
destroyed in those big river systems.”

Ibrahim, however, contends that the Kem Kem was an 
ecosystem of  outsized meat-eaters. “We’re dealing with an 
ecosystem that doesn’t have a modern equivalent,” Ibrahim 
says. He adds with a mischievous smile, “Of course, as a 
little human, without claws or anything, you wouldn’t have 
lived very long.”

Conducting fieldwork in the Kem Kem today remains 
challenging, thanks to extreme temperatures, few comforts 
and the perils of working in an empty, somewhat lawless 
land. On one expedition, Ibrahim and his colleagues had to 
abort plans to dig at a location after learning it was the site of 
a weapons cache. Yet Ibrahim still finds the Sahara alluring.

“One time I found a chunk of sandstone that had little 
pebbles and a (dinosaur) tooth, all stuck in the direction 
of flow. Everything was perfect,” Ibrahim says. “It was a 
moment frozen in time. A hundred million years ago, this was 
the riverbed. It’s one thing to say, ‘Oh, I understand, it’s 100 
million years old,’ but it was the first time I really understood 
it, deep down. I felt this overwhelming sense of deep time.”

He blinks, his mind suddenly returning to the present. He 
smiles. “Those are the moments that won’t make it into books 
on paleontology, but they’re important to me.”

DIGGING DEEPER
Ibrahim is now waiting to see his extensive overview of the 
Kem Kem published, as well as a detailed monograph on 
Spinosaurus and another study laying out the geological 
context of the fossils. He believes the papers will put to rest 
disagreements over the dinosaur and his interpretation of it.

In addition to Spinosaurus, Morocco has yielded other 
important finds for Ibrahim, including fragments of the 
pterosaur Alanqa saharica, one of the largest flying reptiles 
ever discovered. His growing reputation is building the 
groundwork for his biggest dream: improving scientific study 
not only in Morocco, but throughout northern Africa and, 
eventually, the entire continent.

It’s a two-pronged ambition. Ibrahim wants colleagues 
in the international research community to hold fieldwork 
in Morocco, and more generally Africa, to the same high 

standards as elsewhere, insisting on geological context in 
published papers and not supporting the commercial trade 
of undocumented fossils. He also wants more inclusion of 
scientists from the continent: While most American- and 
European-led expeditions include team members from the 
host country, for example, few include researchers from 
elsewhere in Africa.

But perhaps the goal closest to Ibrahim’s heart is promoting 
scientific literacy. This summer he plans to publish a 
comprehensive e-book in Arabic on Morocco’s biodiversity. 
He’s also putting together paleontology exhibits in the 
Moroccan cities of Casablanca and Rabat — he hopes they’ll 
be stepping stones to a national museum of paleontology.

Ibrahim is open about cultivating a media-friendly image 
as part of his bigger strategy. “The media exposure is a tool, 
not only to raise awareness in the U.S. about Morocco but 
also for all the Moroccan people,” Ibrahim says. “When 
people in Morocco saw the Spinosaurus story on CNN, they 
realized it was important. That’s a change.”

In October in Rwanda’s capital of Kigali, Ibrahim 
delivered the closing address at the annual African 
Philanthropy Forum, which focused on issues such as 
improving access to basic needs and fostering political 

stability. Among the big players in humanitarian aid and 
economic development, Ibrahim was the only paleontologist. 
He recalls that people weren’t sure why he was there until 
he laid out his ideas about preserving and protecting the 
continent’s scientific heritage, which includes encouraging 
more young people to pursue a career in research.

“You need a research university, you need people doing 
research, not just becoming doctors and lawyers and 
pharmacists,” Ibrahim says. “It’s important to address 
fundamental issues — health, education — but Africa needs 
new generations of  explorers and scientists and people 
willing to push boundaries.”

When Ibrahim discusses the need to encourage greater 
interest in science in Africa, his blue eyes brighten with the 
same determined light as when he talks about Spinosaurus, 
or honoring Stromer’s legacy. You can see the wheels 
turning, the big plans being laid, the obsession taking hold.

“Nizar is now ‘the guy who made the effort to find out 
what Spinosaurus was’ — he didn’t discover it, but he  
found it again and determined it was aquatic,” says Martill. 
“But he’s going to be remembered as ‘the guy who  
founded the first national museum of  paleontology in 
Morocco.’ It’s a dream he has, and he’s already made one 
dream come true.”  D

While other little girls obsessed over horses, senior editor Gemma 

Tarlach obsessed over dinosaurs. Her favorite is Deinonychus.
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“As a little human, you wouldn’ t  
have lived very long.”



46  DISCOVERMAGAZINE.COM

PRIMING  
THE  

PUMP
The artificial pancreas, 

a potential life-saver for 
those with Type 1 diabetes, 

is almost here. 
 Which team will be the 

first to bring it to market? 

BY DAN HURLEY
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“In the fall of 2017, David heads off to college,” says 
Damiano, a professor of biomedical engineering at Boston 
University. “I want to have a version of our device approved 
by then.”

Damiano’s device is a technological tour de force that 
diabetics and their families have been clamoring for, and 
researchers have been studying, for decades. With hardware 
as complex as any medical instrument and software as con-
voluted as a stock-trading algorithm, the device replicates 
with aluminum, glass, silicon and plastic what a function-
ing pancreas does with biological tissue: continuous, auton-
omous, near-perfect control of blood-sugar levels.

His bionic pancreas — and similar artificial devices in the 
works — is as small as a cell phone and worn externally, with 
spaghetti-thin tubing inserted just under the skin. It releases 
insulin without any action required by the user, in the right 
amount, at the right time.

That’s a big deal for the estimated 1.5 million people in the 
United States with Type 1 diabetes because the amount of 
insulin they need at any given moment is always changing — 
day to day, hour to hour, even minute to minute. Insulin is 
the hormone that allows your body’s cells to absorb glucose, 
the gasoline that makes cells go. No insulin, no life. 

The problem with replacing the lost insulin is that, unlike 
almost any other drug, a fixed daily dose is nearly impossible 

STROLLING THROUGH  
A NATURE PRESERVE 
near the Old North Bridge in Concord, 
Mass., where “the shot heard ’round 
the world” began the American Revo-
lutionary War, Ed Damiano is talking 
about another revolution, this one in 
the care of his son’s Type 1 diabetes. 
Call it the insulin shot heard ’round 
the world, delivered not with a hand-
held syringe, but automatically, from 
a computer-guided pump: the diabetic 
answer to the driverless car.
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to set. The need rises and falls based on how much glucose is 
in the blood, which, in turn, is determined by how much car-
bohydrate has been eaten and how much exercise taken. Too 
little insulin, and blood-glucose levels spike high, which over 
the long term can lead to heart disease, kidney failure, blind-
ness and amputation. Too much insulin, and blood-glucose 
levels can fall so low that brain cells lack the fuel they need to 
function. Confusion, coma and death follow unless the dia-
betic eats some glucose. That’s why people who take insulin 
have to prick their fingers for blood multiple times a day to 
test their glucose level and then figure out how much insulin 
to take. Damiano intends to make most of that hassle, and 
most of the danger, disappear. It’s a technical fix that, while 
not a cure, would be transformative nonetheless. 

But don’t mistake him for a lone ranger. Damiano has 
lots of competition from other tech-geek dads of diabetic 
children. Some of them have already formed companies 
to compete with the Goliath of the diabetes technology 
field, Medtronic, which is developing its own device. Most 

of them think Damiano’s approach is 
too risky and complicated because his 
device will pump not only insulin but 
also the glucose-raising hormone glu-
cagon. But then, Damiano has his own 
doubts about their approaches, too. 

It’s kind of heartbreaking to hear 
these extraordinary innovators pick 
apart each other’s work as they race to 
finish their various devices, complete 
clinical trials big enough to gain FDA 
approval and ramp up production with 
sufficient support personnel to help dia-
betics actually strap one on by 2017 or 
2018. But it’s also inspiring to realize 
that the story of the artificial pancreas 
has finally turned a scientific corner. It 
is no longer about a single researcher 
living on a prayer of finding a break-
through treatment. The dreaming and 
the research are giving way to imple-
mentation. And at this point, all that 

remains to be seen is which researcher, and which technol-
ogy, will come to market first.

 
HACKING A DEVICE
Long considered the jet pack of diabetes care, the artificial 
pancreas, first described in a medical journal in 1972, has 
been promised so often that many diabetics had given up on 
the possibility that it would ever arrive in their lifetime. That 
included me: I was diagnosed with Type 1 at age 18, two days 
after Thanksgiving in 1975. 

A few pioneering researchers, Damiano among them, 
finally began testing prototype artificial pancreases in 
humans in 2008. But progress toward an FDA-approved 
product remained in an academic, regulatory and commer-
cial quagmire until an upstart technology millionaire named 
Jeffrey Brewer came along.

Brewer, whose son was diagnosed with Type 1 diabetes at 
age 7, was so frustrated with the turgid pace of development 
that in 2004 he offered $1 million to JDRF (formerly known 

as the Juvenile Diabetes Research Foun-
dation) if the group could bring together 
researchers, manufacturers and the 
FDA to talk seriously about getting an 
artificial pancreas to market. Not only 
did JDRF take him up on his offer, it 
eventually named him president and 
CEO of the foundation. In 2010, Brewer 
predicted that we’d see an artificial pan-
creas approved and on the market within 
five years. 

Well, not quite.
By late 2014, despite dozens of ran-

domized trials showing that they worked 
brilliantly, no approved device was even 
on the horizon. So frustrating was the 
lack of progress that parents and a few 

The device replicates with aluminum, glass, silicon 
and plastic what a functioning pancreas does 
with biological tissue: continuous, autonomous, 
near-perfect control of blood-sugar levels.

ED DAMIANO has pushed to develop what he describes as a bionic pancreas for his teenage 
son, David. The device would control his son’s blood sugar with computer precision, pumping not 
only the hormone insulin, but also the glucose-raising hormone glucagon. Damiano and research 
partner Steven Russell have been developing the bionic pancreas for 12 years.

Damiano’s device, 
called the iLet, would 
deliver both insulin 
and glucagon.
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adults with diabetes started hacking their own devices. Some 
figured out how to hack their continuous glucose monitoring 
(CGM) systems to send glucose readings to their cell phones.

Then rumors flew that some dad had put his son on a 
homemade artificial pancreas — but he didn’t want to tell 
anyone until he had a way to distribute it ethically. Nobody 
knew if the story was true; I described him in a magazine 
article as being like Bigfoot: widely rumored, never seen. 

In this case, however, Bigfoot turned out to be real.
A Manhattan stock-trading programmer named Bryan 

Mazlish, who had made millions on computer algorithms 
he’d designed to autonomously buy and sell stocks, con-
fessed that he was the guy. In November 2014, Mazlish 
teamed up with Brewer to form a company to commercialize 
a much-improved version of the artificial pancreas he had 
built. To do so, Mazlish shut down his stock-
trading business, Brewer resigned from the 
leadership of JDRF, each of them ponied up 
$1 million, and Brewer threw himself into 
raising millions more from venture capital-
ists. They persuaded Medtronic’s chief engi-
neer for diabetes, Lane Desborough, to quit 
his job and join them. And the formal name 
they gave their company — I couldn’t help 
but smile — was Bigfoot Biomedical.

TEST MODEL
“Think about how many smart mathemati-
cians and banks would like to create their 
own algorithms to make money automati-
cally off the stock market like Bryan did,” says Aaron Kow-
alski, chief mission officer and vice president of research at 
JDRF. He was trying to explain why he believes that Mazlish 
and Brewer will beat out all the academics who have devoted 
their careers to studying the artificial pancreas.

“I am not belittling the abilities of the academic investiga-
tors,” Kowalski says. “JDRF has funded them. They have 
brought us to where we are today. But they don’t understand 
how to commercialize something. Bigfoot is very different. 

HOW IT WORKS:  
THE ARTIFICIAL 
PANCREAS  
Three main components make up 
the artificial pancreas system: a 
continuous glucose sensor, a monitor 
that displays blood-sugar levels 
and an insulin pump. Spaghetti-thin 
tubing inserted just beneath the 
skin delivers insulin to the body. For 
dual hormone systems that deliver 
both insulin and glucagon, one cell-
phone-sized device would have two 
leads into the skin. An algorithm in 
the monitor assesses blood-sugar 
levels continuously, adjusting 
hormone levels automatically. 
Both the sensor and the pump 
connect to the monitor wirelessly.

THE FAMILIES OF BIGFOOT 
BIOMEDICAL’S TEAM 
include Bryan Mazlish and 
Sarah Kimball with their children 
Sam, Emma and Sophie (top); 
Lane Desborough and his son 
Hayden, who is diagnosed 
with Type 1 diabetes and has 
been involved in trials (above); 
and Jeffrey Brewer and his son 
Sean, who also has diabetes 
(right). Kimball, who along with 
Sam has Type 1 diabetes, was the 
first to test Mazlish’s device.

Continuous
glucose sensor

Insulin pump Glucagon pump
(dual hormone  
systems only)

Continuous glucose monitor
display device 

Algorithm responds in real time 
to changes in blood-sugar levels.
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When it was first isolated in 1921 by 
Canadian researchers Fred Banting 
and Charles Best, and injected soon 
after into diabetic children, insulin was 
rightly celebrated as a 20th-century 
miracle drug, but wrongly deemed a 
“cure” for the disease. 

Banting and Best did not foresee 
the extraordinary trouble caused by 
taking the hormone from an external 
source rather than having it secreted 
as needed by the pancreas. It’s nearly 
impossible to set a daily dose. 

Back when I was diagnosed with 
Type 1 diabetes in 1975, little had 
changed in over half a century. Insulin 
had been purified compared with the 
mucky stuff that Banting and Best first 
isolated, and an additive was found 
to make a longer-acting version that 
could last up to 12 hours.

The hospital nurse who taught me 
how to inject myself told me with 
great enthusiasm that I was lucky be-
cause disposable plastic syringes had 
just come on the market, so I wouldn’t 
need to boil and sterilize a glass sy-
ringe three times a day. Yippee!

So much for “progress.” Every 
morning, I had to inject a set dose of 
long-acting insulin and a small dose 
of short-acting insulin, both of them 
derived from a pig or cow pancreas. At 
dinner, I was supposed to take a sec-
ond injection of short-acting insulin, 
and at bedtime, I was to take a third 
injection, again of long-acting.

And because there was no way, 
outside of a laboratory, to check one’s 
blood-glucose level, I was supposed 
to match my food intake to the insulin 
schedule by eating the exact amount 
of food at exactly the same time ev-
ery breakfast, lunch and dinner, with 
regular snacks between meals. 

In practice it was all madness. I was 
an 18-year-old English major with 
much more interest in girls, graffiti 
and guitars than in becoming a di-
etary robot.

As a result, three times in the first 
five years after my diagnosis, I found 
myself waking up in the back of an 
ambulance, where medics had just 
given me an injection of glucagon, the 
hormone that prods the liver to in-
stantly release its stored-up glycogen, 
a dense form of glucose.

And, lest you think me a special 
kind of idiot, I can assure you that sim-
ilar events pockmark the lives of near-
ly everyone with Type 1, unless they’re 
really, truly obsessives who follow a 
fantastically strict diet-and-exercise 
routine (and are just plain lucky). 

The first big breakthrough since 

the discovery of insulin came with the 
advent of home blood-glucose testing 
in the early 1980s, allowing diabetics 
to check their sugar level in a minute 
or two with a drop of blood on a re-
agent strip. Now I could quickly see if 
I was running high, in which case I in-
jected a bit of insulin, or low, in which 
I’d grab a sip of juice or anything 
else sweet. 

A decade later, insulin pumps be-
came widespread. They released the 
hormone via a thin catheter injected 
under the skin and changed every 
three days. Instead of having to whip 
out a needle every time insulin was 
needed, diabetics could just press a 
button on the pump. 

The next big step came in 2005, 
with the advent of the continuous glu-
cose monitor (CGM). Like the pump, 
a CGM includes a slender filament in-
jected under the skin and kept there 
for a period of days, but in this case 
it’s a minuscule electrode that senses 
changes in conductivity due to glucose 
levels. Instead of having to prick your 
finger for a drop of blood to place 
on a strip inserted into your blood-
glucose meter, you could just glance 
at your CGM monitor to see if you’re 
high or low, rising or falling.

Taking appropriate corrective ac-
tion with a press of your insulin pump 
or a handful of gummy bears couldn’t 
be easier, right?

Wrong. The overriding problem 
with all this technology is that it sucks 
up that most precious of resources: 
mindshare. Like sheep in a meadow, 
the pump and CGM require the good 
diabetic shepherd to pay ceaseless 
attention. What’s my current reading? 
How many carbs are in this sandwich? 
How much insulin should I pump? 
Calculating these things is not easy 
(especially, of course, when you’re 
asleep, not to mention working, 
watching a baseball game, out on 
a date, going for a run or otherwise 
engaged in life).

And the job is made inhumanly dif-
ficult because even the fastest-acting 
insulin currently on the market takes 
over an hour to reach peak effec-
tiveness, while a meal begins raising 
glucose levels within minutes. It’s as 
if you have to swing your baseball 
bat nearly an hour before the pitcher 
throws the ball. 

But wait a minute. What was 
that word I mentioned earlier? 
Calculating. What could possibly do a 
better job of calculating than a human 
does? Hmmm. Wait a minute, it’s on 
the tip of my tongue . . .  D.H.

HOME BLOOD-GLUCOSE TESTS came 
to market in the early 1980s.

CHARLES BEST AND FRED BANTING 
stand on the roof of a building at the University 
of Toronto in 1921. With them is the first dog 
to be kept alive by insulin. Best (left) and 
Banting were the first to isolate the hormone.

WHY INSULIN NEVER WAS A ‘CURE’ FOR DIABETES

INSULIN PUMPS arrived in the mid-1980s. 
Patients wore a 1-pound pump that delivered 
a squirt of insulin every few minutes through a 
slim tube beneath the skin near the abdomen. 
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Jeffrey ran two successful startups. Bryan’s algorithms had 
to have impeccable reliability so he didn’t lose millions of 
dollars on Wall Street. Before he joined Medtronic, Lane 
Desborough used to run chemical processing plants with 
control algorithms where, if they screwed up, workers would 
die. These guys know what they’re doing.”

Ironically, the first person to try Mazlish’s homemade 
artificial pancreas — his wife, Sarah Kimball, who also has 
Type 1 — didn’t initially see the point of the contraption.

“I’m very Type A,” confesses Kimball, a pediatrician. “I 
tested my blood-sugar level probably 12 times a day. I always 
tried to make diabetes appear effortless. I didn’t want people 
to think of me as sick.” Kimball was so good at managing 
her diabetes that Mazlish had no idea how complicated the 
disease truly was until their second child, Sam, was diag-
nosed with Type 1 at age 5. That’s when Mazlish wondered 
if there was a better way to care for Sam other than waking 
up every two to four hours to check his blood-sugar level and 
calculate how much insulin to pump or glucose to slip under 
his tongue. 

In February 2013 — after months of coding, tinkering, 
reading academic studies and interviewing his wife to under-
stand her intuitive decision-making — Mazlish asked if she 
was ready to try his homemade artificial pancreas.

“I knew once he was willing to put it on me, it would be 
totally safe,” Kimball says. “He is the most careful and cir-
cumspect guy there is.”

“One of the skills I brought to this,” Mazlish says, “was a 
strong experience in developing models for simulating stock 
trades, where it’s important to develop robust simulations to 
test out strategies and ideas before implementing them. In 
stock trading, you’re putting a person’s money at risk; in dia-
betes, you’re putting a person’s life at risk.” 

That first test day, Kimball watched in wonder as the 
pump sprang to life, automatically pumping insulin to cover 
her blood-glucose spike after breakfast, then cutting off 
the insulin after she exercised. Most 
impressive to her: “I woke up with a 
blood-glucose level every morning 
between 90 and 120,” she says, quot-
ing numbers that are well within the 
range of normal.

Convinced that the device was safe 
enough for Sam, Mazlish and Kim-
ball found they could let their son eat and play like a regu-
lar kid, sleep through the night without constant checks and 
go to a camp without an on-site nurse. Not that the device 
was perfect: During the daytime, especially, it still required 
Sam and his mom to occasionally drink juice or take glucose 
tablets when their blood-glucose levels dipped too low for 
comfort. But lows happened more often without the device, 
and with it they were less severe because the algorithm cal-
culated the curve of their glucose levels when it was still in 
a safe range and switched off the insulin pump once it saw a 
low in the offing.

Mazlish didn’t know it at the time, but the DIY technol-
ogy that changed the lives of his diabetic wife and son would 
soon change his own. In late 2014, he met Brewer. They got to 

talking and decided to throw their careers, reputations and a 
significant part of their fortunes together to turn a diabetic 
dream into a business. The fact that academics and manu-
facturers had already been working on an artificial pancreas 
for years didn’t worry them in the least.

“DIABETES WITHOUT NUMBERS”
Sitting in his office at Boston University, Damiano is equally 
unworried about the competition. Fit and trim in a black 
T-shirt sporting a “Go Bionic” logo he designed, Damiano 
exudes both youthful exuberance and scientific authority — 
a boyish face topped by a mantle of thick, gray hair.

In an interview in the spring of 2015, Damiano confi-
dently predicted: “We’re going to be running a pivotal trial 

by the end of the year,” referring to the type of clinical trial 
designed specifically to meet the FDA’s standards for get-
ting a device approved. Damiano and his research partner, 
Steven Russell, an endocrinologist at the Diabetes Research 
Center at Massachusetts General Hospital, have been devel-
oping their technology for over 12 years. “We’ve tested our 
device in people ranging from 40 pounds to 300 pounds, 
children to adults, during night and day, with no restrictions 
on food or activity.”

By contrast, he says of Brewer and Mazlish: “They have 
no clinical data. They have never run a study. They have two 
people on a device, Bryan’s wife and son. It’s never been peer 
reviewed. I do believe they have talent, but the problem is 
that it’s a very iterative process to develop a set of algorithms 

The Bigfoot Biomedical artificial pancreas uses a smartphone, insulin 
pump and data transmitter. All are connected through Bluetooth. 

They got to talking and decided to throw their careers, 
reputations and a significant part of their fortunes 
together to turn a diabetic dream into a business.
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that work not just in two people but in hundreds of people. I 
don’t think they understand the challenges.” 

Damiano and Russell’s greatest success so far, one that 
drew glowing media coverage, was a 2014 study published 
in the New England Journal of Medicine. It showed that both 
adults and adolescents with Type 1, eating and exercising as 
they liked outside of a hospital setting, had better control 
of their blood-glucose levels and fewer incidents of severely 
low glucose levels (hypoglycemia) during five days on their 
bionic pancreas compared with their usual care.

“Our system is totally automated,” Damiano says, con-
tending that other devices under development require all 
kinds of information to be entered before using them. “Lit-
erally you just type in your body weight, and you’re ready to 
go.” Actually, like most of the other devices, his must also 

be regularly calibrated by entering blood-sugar numbers 
obtained from a finger-prick test. But in contrast to current 
“dumb” pumps and ordinary injections, which require dia-
betics to estimate how many carbohydrates they’re eating 
and how much insulin they need to cover each gram of carb, 
his device is what he calls “diabetes without numbers.”

“You look at your meal, and you tell the device if it’s a 
snack, a small meal, an average meal or a large meal,” he 
says. “The device comes to learn what you mean by each of 
those.”

Although the device has a button to alert it that you’re 
planning to exercise, Damiano says it will work fine if you 
don’t press it because the system pumps both insulin to 
lower blood-glucose levels and glucagon to raise those lev-

els quickly when necessary. “For it to be a truly 
autonomous system,” Damiano says, “it needs 
some way to raise blood-glucose levels other 
than just turning off insulin, [the effect of] which 
is ever so slow. Glucagon raises your level fast.”

By 2016, however — six months after our first 
meeting — the most notable variables to be low-
ered dramatically are Damiano’s projections for 
when his device will be tested, approved and on 
the market. Rather than beginning his pivotal 
trial by the end of last year, he now predicts it 
won’t start until spring 2017 and won’t be com-
pleted until that year’s end. Damiano’s dream 
of sending his son, David, off to college with an 
approved device is no longer in the cards — at 
least not with the device Damiano and Russell 
designed.

COMPETITORS LINE UP
What’s rarely mentioned in media coverage of 

Damiano’s work is that glucagon is approved by the FDA 
only for emergency use, not for the multiple daily microdo-
ses used in the bionic pancreas. What’s more, glucagon costs 
between $150 and $200 per vial and must be replaced daily. 
Damiano and Russell are working with Xeris Pharmaceu-
ticals to get approval for a version of glucagon that can last 
for months, and it will be tested for FDA approval in their 
upcoming pivotal trial. At the very least, say other research-
ers, using a two-hormone system adds unnecessary cost, 
risk and complexity — particularly because insulin by itself, 
without the addition of glucagon, has already been shown 
to work well in other studies of artificial pancreas systems.

“We use only insulin and, it may surprise you, but we see 
less hypoglycemia than in the published studies of the device 
with glucagon,” says Boris Kovatchev, director of the Uni-

versity of Virginia Center for Diabe-
tes Technology. For a dual-hormone 
system, like Damiano and Russell’s, 
to work, “you have to make the 
assumption that there will be a sta-
ble glucagon available and that the 
glucagon never fails. If the glucagon 
arm fails, that’s putting the person at 
risk,” he says. 

Kovatchev has racked up nearly 184,000 patient-hours, 
and counting, of clinical trials involving his version of an 
artificial pancreas — the time equivalent of one person 
wearing his device for more than 20 years. His system has 
also been studied at medical centers in the United States, 
France, Italy, Israel and Amsterdam.

At least two other academics are also in the race to bring 
an artificial pancreas to market. Roman Hovorka, direc-
tor of research at the University of Cambridge Metabolic 
Research Laboratories, has published more than 30 clini-
cal studies since 2010 of what he calls a closed-loop system. 
Moshe Phillip, director of the Institute of Endocrinology 
and Diabetes at Schneider Children’s Medical Center of 
Israel, has treated some 1,700 patients with his own system.

MEDTRONIC’S MiniMed 640G Insulin Pump with built-in continuous glucose 
monitoring was approved for use in Australia in early 2015. Medtronic expects 
to launch it in more markets over the next several months, pending local approvals.

What’s rarely mentioned in media coverage of 
Damiano’s work is that glucagon is approved by the 
FDA only for emergency use, not for the multiple 
daily microdoses used in the bionic pancreas.
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All three of these academic competitors — Hovorka, 
Kovatchev and Phillip — have already partnered with com-
panies to commercialize their efforts. Hovorka and Phillip 
are with Medtronic, the current industry leader in diabetes 
technology; Kovatchev is with a startup named TypeZero 
Technologies.

Insisting that he doesn’t need a traditional company to 
commercialize his device, Damiano founded a “public ben-
efit” corporation in October, the kind normally used to run 
transit systems and utilities. The firm, Beta Bionics, quickly 
secured $5 million in funding from Eli Lilly and Co., the 
pharmaceutical giant. Damiano serves as CEO but remains 
a professor at Boston University, where he continues to seek 
research grants from NIH. 

RACE TO MARKET
That kind of approach drives Brewer and Mazlish nuts. 

“They do science. We do business,” Mazlish says. “This 
isn’t to deride the academics, but they’re still filling out NIH 
grant applications and publishing papers. We’re commercial 
to the core.”

Brewer states their position bluntly: “We’re all in. We suc-
ceed if we get approval by the FDA, create a business and 
ship products to people. If we can’t deliver product, then we 
fail. The academics still succeed by developing better algo-
rithms, getting papers published. They’re not on the line to 
do the one thing that needs to be done: to get this technology 
into the hands of the people who need it.” 

Mazlish and Brewer fully understand they will need to 
complete a pivotal trial involving hundreds of people with 
Type 1 to gain FDA approval for their device. And beyond 
the $1 million they each contributed to Bigfoot as seed capi-
tal, they had raised another $15 million from venture capi-
talists by February of this year and were expecting another 
substantial infusion within months.

Their ambitions, however, go beyond raising enough capi-
tal to build a device and get it approved. Because endocri-
nologists tend to be the only doctors familiar enough with 
diabetes technology to prescribe pumps and CGMs to peo-
ple with Type 1, and because endocrinologists are in such 
short supply that many diabetics never see one, Bigfoot 
intends to set up a one-stop shop that will connect certified 
diabetes educators with patients to explain how the artificial 
pancreas works.

But in that regard, Medtronic has a head start, with some 
3,000 diabetes educators already teaching patients how to 
use its pumps and CGMs. Mazlish and Brewer deride the 
company as a lumbering giant moving so slowly that their 
partner Desborough left to join Bigfoot.

But Francine Kaufman, chief medical officer of Medtron-
ic’s diabetes unit, disputes that point. “I don’t get that,” she 
says. “We’re the only ones in a pivotal trial. We already have 
patients enrolled. We have a huge call center and a huge 
cadre of certified trainers.”

Like Damiano and Russell, Bigfoot has been pushing 
back the projected date for its pivotal trial. After initially 
saying it would begin by the end of this year, Brewer now 
says it won’t start until 2017. But he sticks by his original pro-

jection for the device to be approved and on the market by 
late 2018 or early 2019.

Even so, Kaufman says, “there’s no way they’re going 
to be first to market.” She estimates Medtronic will have a 
“hybrid” artificial pancreas — hybrid because patients will 
still have to alert the device when they’re going to eat or exer-
cise — by the end of 2018. “Maybe even earlier,” she adds.

For its part, the FDA welcomes anyone seeking to bring 
an artificial pancreas to market. “We are encouraging peo-
ple to come in and to get to the place where they are ready to 
do their pivotal studies and to submit a premarket approval 
application,” says Stayce Beck, chief of the FDA’s Diabe-
tes Diagnostic Devices Branch. “I can tell you that several 
groups have come forward, but I can’t confirm who has or 
how many.”

No one can yet be sure which group will cross the finish 
line first, or which device will prove most popular. What 
matters is they are all in the game, each one making contri-
butions, even as they fight to turn the artificial pancreas into 
a 21st century gadget as life-changing as the iPhone — and 
as life-saving as insulin.  D

Dan Hurley is a regular contributor to Discover and the author of 

Diabetes Rising.

MOSHE PHILLIP, director of the Institute of Endocrinology and 
Diabetes in Israel, has partnered with Medtronic, along with Hovorka.

BORIS KOVATCHEV of the 
University of Virginia Center 
for Diabetes Technology works 
with TypeZero Technologies.

ROMAN HOVORKA is director 
of research at the Metabolic 
Research Laboratories at the 
University of Cambridge.
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 MADE IN THE
SHADE

Webster Cash just might have figured 

out the best way to study exoplanets. 

Now comes the hard part.

BY STEVE NADIS
ILLUSTRATION BY JAY WONG
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A starshade blocks the light from 
a distant star in this illustration, 
revealing several exoplanets. 
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obstruct light from a target star. An 
accompanying telescope could then 
sit in the shadow, inspecting the star’s 
environment without being blinded. 

Ever since, Cash has been obsessed 
with getting his so-called “starshade” 
off the ground, but he has garnered 
little encouragement from NASA. 
(Although Cash coined the term 
starshade and patented the first realistic 
design, he did not invent the idea. In a 
1962 paper, astronomer Lyman Spitzer 
suggested the use of an “occulting 
disk” to aid in the detection of planets 
around other stars.)

Between 2008 and 2014, NASA 
turned down 12 of Cash’s proposals in 
a row. But things are finally starting to 
look up, he says. In recent months, the 
agency’s attitude has begun to change, 
and there’s a good chance an upcoming 

orbital observatory will be equipped 
with a starshade accessory.

Until the space shields are incorpo-
rated into an official planet-hunting 
mission, though, Cash is determined 
to test them by any means necessary — 
whether they’re mounted on the crest of 
a rocky peak, dangling from a high-alti-
tude balloon or even suspended from a 
floating zeppelin. “Twenty-first century 
astronomy will be about exoplanets,” he 
says. “NASA says they don’t have the 
money to do it. I say they don’t have the 
money not to do it.”

HUNTING THE RIGHT LIGHT
Cash got hooked on astronomy as an 
8-year-old, casting aside his earlier inter-
ests in dinosaurs and medieval history 
after hearing a lecture about the search 
for extraterrestrial intelligence. “It was a 
splendid talk,” he recalls. “I came out of 
there wanting to be an astronomer, and 
that never changed.”

Before Cash became entangled with 
starshades, the 63-year-old scientist had 
a productive career designing equipment 
for the Hubble Space Telescope, the Far 
Ultraviolet Spectroscopic Explorer, the 
XMM-Newton observatory and other 
big-ticket astronomy missions. However, 
when he sensed that funding in his origi-
nal field, X-ray astronomy, was drying 
up, he started thinking about new tools 
for studying planets around other stars.

That interest led him to a late 
2004 meeting in Boulder, Colo., with 
representatives from the aerospace firm 
Northrop Grumman. The company, 
which Cash considers “the world leader 
in deployable structures in space,” was 
eager to develop technology for future 
exoplanet missions. They sought creative 
input from Cash, whose contributions to 
similar space missions were well known. 
Northrop Grumman specifically wanted 
his advice regarding the use of external 

Of course, it is much harder for 
planet hunters. In our solar system, for 
instance, Earth is 10 billion times fainter 
than the sun in terms of visible light. 
Trying to see an Earth twin around 
another star “is like trying to see a firefly 
fluttering less than a foot from a huge 
searchlight — when the searchlight is 
2,600 miles away,” writes MIT astrono-
mer Sara Seager in her book Is There 
Life Out There? It would take a perfectly 
placed screen, of just the right propor-
tions, to block out that searchlight, but 
not the firefly. 

More than 10 years ago, University 
of Colorado astronomer Webster Cash 
designed a bit of space apparatus that 
might pull off such a feat. Akin to a 
dark, flower-shaped kite minus the 
string, this rocket-powered screen would 
fly into position in orbit where it would 

AN ASTRONOMER SEARCHING FOR ALIEN WORLDS and an outfielder 
tracking a fly ball on a sunny afternoon face a common challenge. They both  
run into the problem of “contrast.” Simply put, the object they seek is not only 
small but exceedingly faint compared with the blazing star nearby. Baseball  
players have learned to get around this issue by blocking the sun’s light with  
an outstretched hand. Astronomers might want to try a similar trick.

Exotic Exo-S
The starshade entered the mainstream in 2013 
when NASA commissioned a study, chaired by 
MIT’s Sara Seager, of a hypothetical, billion-
dollar mission called Exo-S (a contraction of 
Exoplanet-Starshade). At the centerpiece of this 
mission would be a 30-meter-diameter starshade, 
working in tandem with a 1.1-meter telescope to 
look for, and investigate, exoplanets. 

Although Cash is part of the science team 
that submitted a final report of Exo-S in March 
2015, he is dismayed that NASA set aside money 
only for a study, not for an actual mission. 
But Seager emphasizes the importance of the 
analysis, which established scientific goals for 
the mission, compiled a tentative list of target 
stars and evaluated starshade designs and 
implementation strategies in space. “We have to 
show the world that the starshade is part of the 
astronomer’s toolkit,” she says. 

With NASA possibly including a starshade 
in the upcoming Wide-Field Infrared Survey 
Telescope mission, Cash is pleased that he might 
see a NASA-sanctioned starshade mission take 
flight within a decade or so, “while I’m still in 
my 70s, rather than in my 80s or beyond.” MIT astronomer Sarah Seager
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screens in the search for Earth twins. At 
first, Cash wasn’t enthusiastic. 

The deal-breaker for him was the 
problem of diffraction — light’s 
tendency to bend around the edge of an 
optical barrier, thus ruining any hopes 
of getting unobstructed high-resolution 
views of a planet. “You can see waves 
going around a breaker in the ocean,” 
Cash explains, just as sound waves bend 
around corners in a building. “Light 
waves do that, too.”

But Northrop Grumman engineer 
Jon Arenberg pressed Cash on this 
point, asking whether there might be a 
way around the problem. Although he 
had initially discounted this possibility, 
Cash soon came around to thinking that 
Arenberg might be on to something. So 
far as Cash knew, no one had seriously 

examined this issue for many years. The 
more he thought about it, the more 
he became convinced that it might be 
worth “trying to crack the problem.” He 
decided to give it a shot.

HOW THE SHADE WAS MADE
Starting in November 2004, Cash 
spent six months exploring theoretical 
possibilities, testing out various shapes 
in the hopes of keeping diffraction 
in check — an effort supported by a 
modest award from NASA’s Institute for 
Advanced Concepts (NIAC). Finding 
the optimal shape, Cash explains, boils 
down to a mathematics problem. 

He experimented with 100 different 
equations, each associated with a 
different flower-like shape, to see how 
they did in combating diffraction. He 

wrote elaborate computer codes and 
ran lengthy calculations, but none of his 
results bore fruit. “It’s hard to spend all 
that time when you don’t know if there’s 
a better solution to be had,” Cash says. 

Inspiration finally struck in April 
2005. In all of his prior designs, the 
flower-like petals fanned out directly 
from the center of a circle, like a lily. 
This time he tried something differ-
ent, placing a dark, round disk in the 
middle of his shade and having 12 to 16 
petals stick out from there — a pattern 
more like a daisy. 

Cash showed that this arrangement 
could, in principle, cut down a star’s 
glare by a factor of 10 billion, precisely 
the reduction needed to observe sister 
Earths near their host star. And a shade 
made of thin, black plastic, roughly  

The starshade Webster 
Cash designed appears 
deceptively simple.
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The Drive to Observe
Cash and Anthony Harness hoped to take 
starshades into the realm of astronomy 
in a trial planned for Utah’s Bonneville 
Salt Flats — famous for its dark skies and 
flat, open terrain ringed with mountains. 
After planting a starshade atop a small 
mountain, they would have mounted a 
telescope in a truckbed and waited for the 
star to duck behind the shade. By moving 
the telescope a few miles per hour on the 
truck, they could theoretically get good 
views continuously for about half an hour. 

Unfortunately, they never got the funds. 
While it may still happen in the future, 
Cash has found another alternative: 
Northrop Grumman’s Steven Warwick and 
Harness have been using the McMath Solar 
Observatory on Arizona’s Kitt Peak to create 
a non-moving image of a star, and have 
placed a starshade in that beam. They have 
detected new stars, previously not cataloged 
because of their proximity to bright Vega. 

Anthony Harness, Cash’s graduate student at the University of Colorado at Boulder, puts 
together a miniature starshade for testing. The more successful tests that Cash’s team has, 
the stronger the case for NASA to fund a full-scale version. 

Cash and his team tested different variations 
of his starshade design in the Nevada desert 
(above and below); the best designs might 
one day fly in space to help astronomers 
detect and study exoplanets.

Just as it would in space, the starshade (shrunk to about 1/100th the typical size) blocks the 
light from a bright source in the distance, but not the light of dimmer objects nearby. The 
desert is empty and dark enough to provide the ideal testing grounds, although dust in the 
air can make some observations more difficult. 

Trials in the Desert
Until a starshade makes it into outer space, researchers will have to settle for 
experiments closer to home. On nights in May and September 2014, a Northrop 
Grumman-led team — including Steven Warwick, Cash’s graduate student Anthony 
Harness and Keith Patterson of the Jet Propulsion Laboratory — conducted tests in a 
dry lakebed in Nevada. 

They placed small (1 to 2 feet wide) starshades midway between a telescope 
mounted on a tripod and five light sources (LEDs) lined up 2 kilometers away. The 
brightest LED simulated the star, whereas the fainter ones represented planets. 
With the help of a starshade, they could see a “planet” 100 million times fainter 
than the pseudostar. 

Subsequent tests allowed them to pick out a target a billion times fainter than the 
pseudostar. The current limitation is the dusty desert air, which obscures their views. 
Higher sensitivity to such faint objects should be possible in space, where dust is not a 
factor. In the meantime, Cash says, the mountains of Colorado would also do the trick. 
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50 meters across, could do the job. A 
structure that size could be light enough 
to be launched and reliably deployed 
in space, maintaining the “well-defined 
edge” needed to block a star while laying 
bare its neighboring planet. 

“Web is the first, so far as I know, to 
turn the starshade into a practical idea 
by showing that it could be smaller, 
lighter and therefore much more 
feasible,” says NIAC head Jay Falker. 

TO OBSERVE NEW WORLDS
Later in 2005, NIAC funded a two-year 
architecture study of the starshade 
concept by the University of Colorado, 
Northrop Grumman Aerospace Systems 
and Princeton University. The resulting 
plan called for two spacecraft — the 
starshade and an orbital telescope — to 
launch together and detach in space, or 
to go up separately. Either way, the star-
shade would use thrusters to maneuver 
to a spot, about 50,000 kilometers from 
the telescope, from which it could screen 
out the star. 

After examining a planetary system, 
the telescope would turn to the next 
target, with the starshade flying to a 
new, strategically chosen locale — a feat 
that would require exquisite, though 
technologically plausible, coordination 
between the two spacecraft. 

Cash presented the concept in a 2006 
paper, and later that year the team 
proposed that NASA send a starshade to 
fly in concert with the upcoming James 
Webb Space Telescope, a 6.5-meter 
instrument currently scheduled for 
launch in 2018. Such a powerful tele-
scope, together with a 50-meter-diameter 
starshade, would allow astronomers to 
study Earth-like planets out to 30 light-
years, taking direct images of exoplanets 
and analyzing their light.

In the process, they might identify 
a planet’s surface features — such as 
oceans, continents, ice caps and even 

cloudbanks — and detect the presence 
of biomarkers like oxygen, methane and 
water. No one has been able to do this 
yet, says Cash. “The starshade, so far 
as I know, is the only viable, affordable 
technology that shows, at least on paper, 
that we can get this kind of look at 
other Earths.”

Unfortunately, Cash says, NASA 
officials declined the proposal for 
reasons that he still doesn’t understand. 
At the heart of the problem, he suspects, 
is a tendency among agency decision-
makers to shun innovation because they 
are risk averse, “so they end up building 
bigger versions of observatories they 
have already flown.” Despite the meager 
assistance from NASA, Cash has gotten 
by with help from Northrop Grumman. 
But rather than receiving money, he gets 
“in-kind support,” with the company 
providing the lab resources — including 
engineering analyses and tests — needed 
to turn the starshade idea into reality.

NIAC’s Falker has long been disap-
pointed by NASA’s tepid backing of the 
starshade, especially given the priority 

the agency has attached to exoplanet 
surveys. Cash did a great job conceptu-
alizing his starshade mission a decade 
ago, Falker says, “but he didn’t get any 
opportunity for follow-on development, 
which was frustrating.” 

The situation seems to have improved 
in the past year, with serious consider-
ation now being given to incorporating 
starshades into the proposed Wide-Field 
Infrared Survey Telescope mission next 
decade. And Cash says NASA plans to 
create a “Starshade Project Office” this 
year. “That’s proper recognition of the 
value of starshades at long last.”

“People say that if  you hang in there 
long enough, things will change,” says 
Cash. “I don’t normally believe that, but 
it looks like there may be light at the end 
of the frustration tunnel after all.” Or, if  
he’s truly lucky, maybe that light will be 
blocked by a starshade instead.  D

Steve Nadis, a contributing editor to Discover 

and Astronomy magazines, is co-author of 

From the Great Wall to the Great Collider. He 

lives in Cambridge, Mass. 

Alpha Centauri or Bust
Cash dubs a particularly ambitious starshade experiment the “Mission to Alpha 
Centauri,” which aims to get unprecedented looks at Earth’s nearest star system, just 
4.3 light-years away. 

The original plan was to hang a starshade from a 246-foot-long zeppelin stored at 
the NASA Ames Research Center in California. At night, when the zeppelin reached 
the right spot in the sky, a telescope on the ground could begin to explore the 
neighborhood of a target star. Cash’s student Anthony Harness spent most of 2012 
devising ways to precisely control the airship’s position. But the plan fell through in 
November 2012 when the zeppelin company folded its U.S. operations and took the 
airship back to Germany.

Cash has also been authorized by NASA to launch several starshade-bearing rockets 
out of the Mojave Desert. The first rocket flight took place last summer, and showed 
the system to be quite stable, but not enough to be scientifically useful. 

Undeterred, Cash and Harness are now pursuing a loftier strategy: suspending 
a starshade from a high-altitude balloon and observing from an airplane (with a 
telescope strapped to its wing) that flies in the starshade’s shadow. If this kind of 
experiment proves successful, Cash says, it will open up an entirely new kind of 
science. “We can get into the habitable zones of Alpha Centauri A and B and get a 
clean view of both planetary systems. This is unexplored, undiscovered country.” 

A starshade, in principle, is a straightforward concept. The key is to find the right shape 
to block a distant star’s light, while letting through the light of a much dimmer planet.
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A Look at the Universe and All Its Wonders
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  magazine

LOOK DEEP
A large telescope and a clear, dark night reveal the wonders of the Orion Nebula for these observers at a rural Wisconsin observatory. 
But the view gets even better if you develop stargazing’s most important tool: your eyes. In the following pages, veteran observer Stephen 
James O’Meara gives tips on the art of observing. Turn the page for more!  TEXT AND PHOTO BY ERNIE MASTROIANNI/DISCOVER
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The Nature of Observing 
Want to see the Orion Nebula’s hidden colors? First, take a walk 
outside to watch flowers in the moonlight. 
BY STEPHEN JAMES O’MEARA

SPECI A L BON US SECTION

OUT THERE

To see colorful nebulae and 
the faintest objects, first 
learn to observe nature.
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→Visual observing can be either a 
pastime or an art. Both are fine, 

and it’s your choice. But if  you desire 
to see faint stars and nebulae or fine 
lunar and planetary details, or if  you 
want to penetrate the veil of  normal 
vision, push the limits of  your telescope, 
or perhaps one day see what no one has 
seen before, then observing the world 
around you — both in the daytime and 
at night — can help.

THE “ART” OF OBSERVATION
You don’t need to be behind the eyepiece 
to improve your observational skills. You 
can start right now by studying your 
immediate environment — repeatedly, 
until you feel you’ve exhausted your 
visual capabilities. Let’s start with how 
to use direct vision to improve your 
observing skills. 

Direct vision relies on your eyes’ 
6 million to 7 million cones, which work 
best in bright light. Cone cells are dense 
in a little dimple in the center of  the 
retina called the fovea; this small region 
is responsible for most of  the eye’s color 
perception (more on that later). It is also 
the location of  the eye’s sharpest vision. 
So if  you want to train your eye to see 
fine lunar and solar features, you need to 
master direct vision, not averted vision. 
You can do this right now, no matter 
where you are.

For instance, as I write this I’m looking 
directly at a section of rug beneath 
my feet. It’s a square, tan-colored rug 
with an interlaced V-shaped pattern 
throughout. The rug has a khaki border 
with a tiny tear at one corner and faint 
stitching running along its inner edge. 
Can I see more? 

To find out, I take a second look. This 
time I see everything I noticed in my first 
look but in only a fraction of the time. 
My eyes then start looking for something 
new, something I might have overlooked. 
The first thing that stands out is a tiny 
white stain in the rug near the torn 
corner; that corner is ever so slightly 
curled up.
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I look away, breathe, and then 
repeat the exercise. As before, 
everything I had noticed previously 
comes quickly into view. My eyes 
start probing ever deeper for finer 
details. It works. When I look directly 
at the torn corner, I see a tiny white 
thread in it. I could go on. The point 
is, by repetitively studying everyday 
ordinary items in your environment, 
you can improve your direct observing 
techniques and apply them when 
looking through the eyepiece. 

Medical students across the nation 
have embraced the fact that repetitive 
visual inspection can enhance one’s 
ability to see exceptionally fine detail. 
Universities now offer innovative 
courses to help future physicians 
“learn how to look” through the study 
of art. The students repetitively inspect 
works of art to hone their critical 
observation skills, which could make 
all the difference when it comes to 
interpreting, say, an X-ray or MRI 
or making an accurate diagnosis. 
One study in the Journal of the 
American Medical Association notes 
that medical students showed about a 
10 percent improvement in their ability 
to detect important details after taking 
these courses.

Just as paintings become surrogate 
patients for young doctors, repeated 
visual observations of anything from 
artwork to rugs can serve as surrogate 
telescopic objects for you to hone your 
own observational skills. Next, let’s 

look outdoors after sunset to help you 
better understand how your eyes work 
under different lighting conditions. 

BEWITCHING TWILIGHT
The nature of observing starts with 
observing nature — magic happens 
every day in the open air. With so 
many natural phenomena occurring, 
it’s difficult to watch them all. But 
there’s one that may be of particular 
interest to observers. Called the 
Purkinje effect, this bewitching color 
shift occurs during the morning and 
evening twilight and can help you 
determine how sensitive your eyes are 
to color in low light.

Czech physiologist Jan Evangelista 
Purkinje (1787-1869) discovered 
the phenomenon in the dawn while 
walking and meditating. Of it, he 
wrote: “Objectively, the degree of 
illumination has a great influence 
on the intensity of color quality. . . . 
Particularly the brightest colors, red 
and green, appear darkest. Yellow 
cannot be distinguished from a rosy 
red. Blue became noticeable to me 
first. . . . Green appears more bluish to 
me, and its yellow tint develops with 
increasing daylight only.” The sequence 
happens in reverse after sunset.

In other words, two objects of 
opposing hues (one red, one blue) 
under bright light appear equal in 
intensity. But as the light diminishes, 
red fades while blue brightens. 

To study this color shift, I suggest 

going out before the Sun sets and 
recording the color of different flowers, 
noting, say, (on a scale of 1 to 5) how 
well they stand out against their leafy 
backgrounds. Particularly observe the 
contrast between flaming red flower 
petals and dark green leaves.

Continue to observe the flowers 
as twilight deepens, and record what 
happens. You’ll be observing in the 
magical “blue hour” well known to 
photographers because the sky’s color 
creates a superluminous light that 
makes flowers appear to fluoresce.

The blue hour starts about 10 to 15 
minutes after sunset and lasts about 30 
minutes, making it more of a blue half-
hour. (To find the blue hour at your 
location, go to www.bluehoursite.com.) 
Generally, there’s only a brief period 
when the colors achieve maximum 
intensity, but it is undeniably glorious 
under perfect atmospheric conditions. 
Because everyone’s eyes perceive 
color and light changes differently, it 
is difficult to say exactly what you’ll 
experience. 

Understanding the Purkinje effect 
will help you perceive color in deep-sky 
objects, such as the reds and greens of 
the Orion Nebula or the pale blue and 
aqua hues of bright planetary nebulae. 
So controversial are these colors at 
times that the only way for you to be 
certain of your observation is to have 
absolute confidence in your ability to 
perceive dim color at night. You can 
achieve this through visual training 

The blue hour happens just before dawn and right after sunset. Train 
your eyes to see color in bright nebulae by carefully observing flowers 
during this magical time of day.

See anything odd in this CT scan of a human lung? Most radiologists don’t. 
Art courses are increasingly offered to help medical students see fine detail 
through repeated visual inspection.
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— by studying flowers and watching 
how deep into twilight you can follow 
their colors and at what point they 
disappear. Repeat observations will 
build confidence. 

WORKING THE NIGHT SHIFT
As night falls, turn your attention to 
one of  the brightest flowers. Look 
directly at it, and watch how it fades. 
Next, move your gaze slightly so the 
flower is just off  center, and see how 
brightly it glows at the periphery 
of  your vision. That’s because the 
flower’s light is falling on the 
eye’s night-sensitive rod cells, 
some 120 million of  which line 
the retina. 

Rod cells require 30 minutes 
to become well adapted to 
darkness. During that time, the 
sensitivity of  the eye increases 
by a factor of  roughly 10,000. 
The rods are densest in a ring 
surrounding the fovea, but that 
region is not necessarily the most 
sensitive to faint light.

Repeat this observation several 
times, being careful to record how you 
avert your gaze: Where must you look 
to make faint objects appear brightest 
in your field of view? I tend to place 
the object of study toward the upper 
left from the center of my field of 
view, which places my direct vision 
down and to the right — all the while, 
I keep my attention focused on the 
object of study, even though I’m not 
looking directly at it. 

Repetitive “averted vision” 
investigations should reveal your 
eye’s primary retinal “hot spot” — a 
region where night-sensitive rods work 
together most efficiently to make dim 
objects appear their brightest. Know-
ing how to position deep-sky objects 

(barely visible galaxies, dim nebulae, 
or clusters of faint stars) on your 
primary retinal hot spot is arguably 
the most important factor in making 
observations at the limit of vision. 

The second most critical factor is 
your confidence level. You acquire this 

certainty by passing the dim object 
of interest over your retinal hot spot 
repeatedly until you feel 100 percent 
confident of its reality. In my opinion, 
there is no middle ground; I either see 
an object, or I don’t. 

TIME TO ZERO IN 
If  you want to push the limits of 
your vision to its fullest — to learn 
not only how to see dim objects at 
night but also to eke out details in 
them — you can practice far from 

city lights under the soft glow of  a 
First Quarter Moon.

When I look at flowers in the 
moonlight, I notice that they have 
a variety of textures. Under this 
peaceful light, my eyes move rapidly 
in such a way that a flower starts at 
the 2 o’clock position in my field of 
view, moves down and to the lower 
left toward the outer boundary of the 
fovea, then down and to the right to 
my 4 o’clock hot spot, before I rapidly 

repeat the inspection over and over. 
This sweeping process — 

perfected by observing Mother 
Nature — helps me view fine 
details in, say, a galaxy or 
nebula through a telescope. 
After placing the object in my 
retina’s hot spot, I gently sweep 
it toward the boundary between 

the inner edge of  the retina’s 
periphery and the outer fovea. 

When I do, the dimmest sections 
of  the object disappear, leaving 

behind the brighter details. I record 
these features and then sweep the 
object back to my hot spot, where I 
can see and note the faintest details. 

By continually sweeping the object 
back and forth across the retina’s 
rods and cones, I can critically 
inspect both the brightest and faintest 
regions and realize the object’s 
most intricate visual secrets. 
Stripped of  its veil of  mystery, the 
object surrenders itself. As Henry 
David Thoreau observed, “Nature 
will bear the closest inspection. She 
invites us to lay our eye level with her 
smallest leaf, and take an insect view 
of  its plain.”  D

Stephen James O’Meara, a contributing 

editor of Astronomy, writes the magazine’s 

“Secret Sky” column each month.

As twilight gives way to moonlight, try to record the changing intensity of colorful flowers like those pictured here. You might notice that while reds 
will fade, blues actually grow brighter in the diminishing light. 

The colors of the cosmos seen through 
an eyepiece will never come close to those 
seen in Hubble Space Telescope images, but by 
training your eyes, you can learn to see shades 
like those shown in this Orion Nebula sketch. 
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→For most of human history, 
our species has tried to under-

stand our world. Curiosity became 
science, a method of testing our 
explanations. Most theories that were 
little more than myths fell by the 
wayside, but some clung tenaciously for 
thousands of years.

One of them stated that beyond our 
ancestors’ reach was the sky: The stars 
and Milky Way formed a roof above 
Earth. Finding our true place took 
millennia, the result of hard-fought 
battles wresting science from the grip 
of ignorance. And history now links 
relatively few astronomers to the key 
discoveries along the way.

EARLY IDEAS
The first challenge encompassed the 
Sun, the Moon, and the planets moving 
among the stars. Aristarchus of Samos 
(310–230 B.C.) first theorized that 
Earth orbited the Sun, but it wasn’t 

Finding Our Place  
in the Milky Way
Aristarchus and Copernicus were the first 
to challenge Earth’s position at the center 
of creation, but they weren’t the last. 
BY ALAN GOLDSTEIN

SPECI A L BON US SECTION
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until 1543 — some 18 centuries later — 
that Nicolas Copernicus’ revolutionary 
calculations quantified it.

Galileo Galilei applied that knowl-
edge to his telescopic observations 
of Jupiter’s four satellites in 1610. He 
noted that they moved according to 
Copernicus’ theory, rather than the 
widely held cosmological view pro-
posed nearly two millennia earlier by 
Aristotle of everything in the universe 
orbiting Earth.

To say that not everyone was happy 
about the removal of humanity from 
the center of the universe would be a 
bit of an understatement, but science 
slowly advanced. With the widespread 
use (and improvement) of telescopes, 
the universe revealed its wonders. The 
Milky Way changed from a mysterious 
“river of milk” to countless faint stars 
mixed with nebulous objects, some 
of which resolved into more stars. 
Astronomers began to understand the 

sky, although observations led to more 
questions than answers.

For nearly three more centuries, 
the Sun remained stubbornly where 
Copernicus placed it — at the center 
of our universe. How could it not? 
No techniques existed to measure 
our star’s location in relation to the 
rest of the cosmos.

That changed in 1838 when Ger-
man astronomer Friedrich Wilhelm 
Bessel calculated the distance to the 
star 61 Cygni using stellar parallax. 
This technique measures the precise 
location of a star in relation to those in 
the background from opposite sides of 
Earth’s orbit. His estimate of 10.3 light-
years marked the first solid estimate 
of the distance to the stars, although 
such a direct measurement is good for 
only a relatively few thousand of the 
closest suns among the vast number 
much farther away.

To learn more, astronomers had to N
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This artist’s rendering of our Milky Way shows 
two major arms attached to the ends of a thick 
central bar. Our solar system lies in the Orion 
Spur, an offshoot of the Sagittarius Arm.
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understand the nature of stars. A com-
bination of two 19th-century inventions 
opened the door: the spectroscope in 
1814 and photography several decades 
later. The discovery that the spectra 
of stars reveal individual chemical 
elements gave scientists the ability to 
learn their compositions.

Photography allowed astronomers 
to record images of stars (and spectra). 
By the 1880s, improved sensitivity 
and larger telescopes allowed them to 
document variable stars — those that 
changed in brightness over time. One 
type of variable star in particular was 
critical to opening up the universe to 
distance measurements.

CEPHEID (AND OTHER)
VARIABLE STARS
In the first decade of the 20th cen-
tury, Harvard College Observatory 
astronomer Henrietta Swan Leavitt 
examined images of stars in the Small 
Magellanic Cloud (SMC) and found 
many Cepheid variables. The prototype 
of this class is the star Delta (δ) Cephei, 
whose variability was discovered by 
English amateur astronomer John 
Goodricke in 1784.

Leavitt observed that the longer one 

of these stars took to complete a cycle, 
the brighter its image was. Knowing the 
stars in the SMC were all at a similar 
distance, this led to her discovery of the 
period-luminosity relationship.

But she wasn’t the one who compared 
them with Cepheids in the Milky Way. 
Danish astronomer Ejnar Hertzsprung 
did, and he then was able to connect 
the dots: The Cepheids he studied were 
giant, luminous stars. Hertzsprung 
then proclaimed that the 15th- and 
16th-magnitude Cepheids in the SMC 
had the same luminosity as those in 
the Milky Way, placing the SMC much 
farther away.

With that wonderful revelation, the 
race was on to find more Cepheids and 
get more distances for objects in the 
universe. For astronomers 100 years ago, 
this was cutting-edge research. No one 
knew exactly how far celestial objects 

FINDING OURSELVES
250 B.C.  Aristarchus of Samos 
presents the first known model 
of the universe where Earth is not 
at the center.

1514  Nicolas Copernicus writes 
Commentariolus, an early outline 
of his heliocentric theory, for his 
friends.

1540  Georg Joachim Rheticus 
publishes Narratio Prima, the first 
printed version of Copernicus’ 
theory.

1543  Copernicus’ work 
De revolutionibus orbium 
coelestium (“On the Revolutions 
of the Heavenly Spheres”) appears.

1608  Hans Lipperhey invents 
the telescope.

1755  Immanuel Kant theorizes 
the Milky Way is a large disk of stars 
that condensed from a rotating 
gas cloud.

1784  John Goodricke discovers 
the variability of the star Delta ( ) 
Cephei.

1785  William Herschel maps out 
the Milky Way’s shape and places 
the Sun at the center of a flattened 
disk of stars.
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Stellar parallax allows astronomers 
to measure the distances to stars using 
geometry. A star 1 parsec (3.26 light-years) 
from Earth would have a parallax angle 
of 1 arcsecond, although no star lies 
that close to us. 

One early belief about 
the Milky Way was that 
it was the breast milk of 
Hera, queen of the Greek 
gods, spilled across the 
sky. It wasn’t until 1610 
that Galileo telescopically 
observed the true stellar 
nature of the Milky Way. 

Henrietta 
Swan Leavitt 
worked as an 
astronomer at 
Harvard College 
Observatory 
when she 
discovered 
the period-
luminosity 
relationship 
of Cepheid 
variable stars 
in 1908.



OUT THERE
SPECI A L BON US SECTION

100,000

10,000

1,000

100

10

1
Lu

m
in

o
si

ty
(S

u
n

 =
 1

)  
Period (days)

0.01 0.1 1 10 100 1,000

Type I C
epheids

Delta Cephei

Type II C
epheids

Period (days)
0 2 4 6

Average apparent magnitude
(m) = 3.95

A
p

p
ar

en
t 

b
ri

g
h

tn
es

s

4.5

4

3.5

5.4 days (P)

68  DISCOVERMAGAZINE.COM

TO
P:

 K
EL

LI
E 

JA
EG

ER
/D

IS
CO

VE
R.

 B
OT

TO
M

: R
IC

HA
RD

 TA
LC

OT
T 

AN
D 

KE
LL

IE
 JA

EG
ER

/D
IS

CO
VE

R

were beyond the then maximum distance 
for which parallax was accurate, about 
300 light-years at the time.

Another Harvard astronomer, Solon 
I. Bailey, studied Cepheid-like variables 
called “cluster variables.” These were 
RR Lyrae stars (named for their 
prototype in the constellation Lyra the 
Harp), which observers mainly found 
in globular clusters. Astronomers at the 
time didn’t understand the differences 
between Cepheids and RR Lyrae 
stars, but they had similar period-
luminosity relationships.

We now know that most Cepheids 
lie in the galactic plane and are up to 
100,000 times more luminous than 
the Sun. Their variability ranges from 
days to months. They are yellow 
supergiants whose surface temperatures 
range from slightly hotter to slightly 
cooler than that of our Sun. RR 
Lyrae stars are older, more common 
in (though not exclusive to) globular 
clusters, and “only” 40 to 50 times more 
luminous than the Sun.

USING THE RELATIONSHIP
American astronomer Harlow Shapley 
worked at Princeton University, 
where he studied Cepheid and RR 
Lyrae variables from 1916 to 1919. 
He investigated stars in the SMC and 
globular clusters with the 1.5- and 
2.5-meter telescopes at Mount Wilson 
Observatory in California.

Observing variables in a large number 

of globular clusters in the region of the 
sky surrounding the dense part of the 
Milky Way in Sagittarius, he was able 
to calculate the distance of each cluster. 
Shapley had to assume that the nature 
of the stars was essentially identical in 
every globular cluster. While there were 
errors in his research due to insufficient 
data, they weren’t enough to detract 
from his conclusions.

What he found enabled him to create 
a three-dimensional map that revealed 
globulars “hovered” around a particu-
lar region that Shapley realized was our 
galaxy’s core. They definitely did not 
surround our solar neighborhood. In 
fact, we were not anywhere close to the 
center of the Milky Way.

Shapley’s estimates were off by a 
factor of two because of the unknown 

differences of the luminosities of the 
two types of variables. Astronomers 
found the correct interpretation in 
1930. Still, his research moved us from 
the center of the Milky Way to one of 
its suburbs. The significance is similar 
to Copernicus and heliocentricism, 
but without the controversy. Today, 
the accepted distance of the Sun from 
the center of the galaxy is 27,200 
light-years.

WHAT DOES THE
MILKY WAY LOOK LIKE?
Edwin Hubble (working with Milton 
Humason) pushed back the edges of 
the cosmos with his interpretation of 
the redshift (a feature in a galaxy’s 
spectrum that shows it’s moving away 
from us) in the spectra of “spiral 
nebulae.” Once this was known, the 
Milky Way became one of millions of 
galaxies in space. Hubble and Shapley 
are among the best-known astronomers 
of the 20th century because they forged 
human understanding of our place 
in the universe — but what about the 
structure of our galaxy?

In 1951, Dutch astronomers Jan Oort 
and Hendrik van de Hulst published 
a map of the distribution of neutral 
hydrogen from data they obtained with 
a radio telescope tuned to a wavelength 
of 21 centimeters. This wavelength 
penetrates dust and gas, revealing a 
complicated spiral structure — the 
same one astronomers observed in 
distant spiral galaxies.

The Milky Way’s flattened shape 
was obvious. Its characteristics seemed 
to resemble other spiral galaxies, but 
astronomers didn’t know its structure 
until the early 1950s. William W. Mor-
gan and others at Yerkes Observatory 
studied O and B stars (the most lumi-
nous) and traced the Orion, Perseus, 
and Sagittarius arms of our galaxy. 
The Orion Arm is where the Sun lies. 
The Sagittarius Arm is closer to the 
galactic center than we are, while the 
Perseus Arm is farther out. But most of 
the galaxy still appeared darkened by 

RR

NGC 6791

NGC 6745

M57

LYRA

Vega

T

How Cepheids Reveal Distance

Cepheid variable stars have periods related to their brightnesses, allowing astronomers to cal-
culate their distances accurately. Delta Cephei (above), the prototype star, varies in brightness 
every 5.4 days. It belongs to the initial class (Type I) of Cepheids astronomers discovered. 
Later, researchers found a second class (Type II), which allowed them to use fainter stars.

RR Lyrae is the prototype of another type of 
variable star whose periods and luminosities 
show a relationship. This star’s brightness 
changes from 7th to 8th magnitude and back, 
so you can observe it even through binoculars.



1814  Joseph von Fraunhofer 
invents the spectroscope, which 
enables astronomers to study the 
chemistry and motions of celestial 
objects.

1838  Friedrich Wilhelm Bessel 
uses stellar parallax to calculate the 
distance to 61 Cygni.

1890  Jacobus Kapteyn discovers 
U Leporis, the first RR Lyrae-type 
variable star.

1901  Williamina Fleming 
discovers RR Lyrae.

1908  Henrietta Swan Leavitt 
discovers a relationship between 
the periods and luminosities of 
Cepheid variables in the Small 
Magellanic Cloud.

1914  Harlow Shapley begins a 
six-year study of globular cluster 
distances, eventually concluding 
that the Sun does not lie at the 
center of the Milky Way.

1924  Edwin Hubble estimates 
the distances to Cepheid variables 
in the Andromeda Galaxy (M31), 
proving that system lies far beyond 
the boundaries of the Milky Way.

1951  William W. Morgan uses 
optical observations of bright O 
and B stars to map the spiral arms 
of the Milky Way.

1954  Jan Oort and Hendrik van 
de Hulst study 21-centimeter radio 
emission to trace the structure of 
the Milky Way.

1989  The Cosmic Background 
Explorer is launched and provides 
evidence that our galaxy is a 
barred spiral.

2005  The GLIMPSE program 
conducted by the Spitzer Space 
Telescope confirms the presence of 
the Milky Way’s central bar.

Present  Astronomers’ best 
measurement of the distance of 
our solar system from the center of 
the Milky Way is 27,200 light-years.

abundant clouds of dust and gas that 
blocked visible-light observations.

Successive investigations since 
the first radio maps have revealed 
the modern view of the Milky Way. 
Researchers showed that the Orion 
Arm is merely a spur off the Carina-
Sagittarius Arm. Inward from that 
spiral arm is the Crux-Scutum Arm, the 
Norma Arm, and the Far 3kpc Arm 
that wraps off our galaxy’s central hub. 
Beyond the Perseus Arm is another 
one simply called the Outer Arm. And 
because the galactic center is so dense, 
it blocks observations of the arms on 
the opposite side.

Recent investigations have shown 
that the Milky Way’s central hub is not 
round, but rather bar-shaped, though 

not as extreme as the archetype barred 
spiral galaxy NGC 1300. Still, debate 
exists. Some astronomers consider it a 
true barred spiral, while others consider 
the overall structure to be closer to M83 
(the closest and brightest barred spiral) 
or the multi-armed NGC 3953. Unfor-
tunately, only astronomers outside our 
galaxy have a complete picture.

SEE FOR YOURSELF
We have a greater understanding of 
the universe than at any other time in 
human history. Unfortunately for most 
of us, light pollution dims the stars 
that meant so much to establishing our 
position among them.

If you get a chance, head out to the 
countryside, observe the same milky 
circle as the ancient Greeks, and reflect 
on what your ancestors thought millen-
nia ago. As you do, think about your 
place in the Milky Way.  D

Alan Goldstein is a longtime deep-sky 

observer who does most of his telescope 

viewing from locations near Louisville, Ky.
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In the 1950s, astronomers at Yerkes Observatory mapped the brightest, hottest stars — O and B 
types like the ones shown in this image — thus creating a map of the Sun’s neighborhood.

Many astronomers think spiral galaxy 
NGC 3953 in the constellation Ursa Major the 
Great Bear most resembles our Milky Way. 

Radio waves penetrate our galaxy’s dust 
better than visible light, so using them allows 
astronomers to map spiral arms farther 
from Earth than they can with visible stars. 
This map, created in 1951, uses neutral 
hydrogen emission at a wavelength of 21 
centimeters to plot gas clouds distributed 
through the Milky Way’s spiral arms. 
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Freeze 
Frame
How the Spanish conquest  
left an environmental mark  
in a Peruvian glacier.
BY SARAH KOLLMORGEN

as the Battle of Cajamarca, the Spanish 
massacred an estimated 6,000 to 7,000 
Inca. The Spanish themselves reported 
no fatalities.

The captive Atahualpa bargained 
with Pizarro, proposing an enticing 
ransom: In just two months, he 
would gather a room full of gold and 
another of silver from around his 
empire. Ultimately, the plan to buy 
his freedom didn’t work out too well 
for Atahualpa or his people. Within 
a generation, growing numbers of 
Spanish — this time colonists — would 
flood the continent, rapaciously mining 
much of the Inca’s land for precious 
metals, especially silver. Over the next 
few decades, the Spanish Empire’s 
aggressive expansion into South 
America would drastically reshape 
the culture of the continent. Now, 
researchers are finding that the Spanish 
conquest left a physical mark on the 
environment as well.

FROZEN IN TIME
Nearly 500 years in the future and 
some 155 miles away from Cajamarca 
looms the Quelccaya ice cap, the largest 
in the tropics. High in the Peruvian 
Andes, the pristine glacier seems far 

→Late one November 
afternoon in 1532, 

Atahualpa, the ruler of the Inca 
Empire, approached Cajamarca, 
a town couched in a valley of the 
Peruvian Andes, to meet with 
a small band of foreigners. His 
empire stretched from modern 
Ecuador south, between the Pacific 
and the Andes mountains, to central 
Chile. Having just won a costly but 
decisive victory against his brother 
in a battle of succession, Atahualpa 
approached his new visitors without 
fear. He left the majority of his 
soldiers, who numbered in the tens of 
thousands, camped outside the town.

Accompanied by a retinue of several 
thousand unarmed men, Atahualpa 
was ceremoniously carried into 
Cajamarca on a litter. He wore an 
impressive emerald collar, while the 
lords, counselors and commanders 
who accompanied him were adorned in 
richly colored clothing and headdresses 
of gold and silver.

The Spanish conquistadores awaiting 
Atahualpa’s arrival were less at ease. 
Captivated by stories of unimaginable 
riches told at Spanish court by 
Hernán Cortés, they had come to 
South America with the blessings of 
King Charles V and Queen Isabella 
to discover and conquer Peru. But in 
Cajamarca, with only about 160 men 
and no easy escape route, they grew 
decidedly jittery.

The leader of the Spanish explorers, 
Francisco Pizarro, hoped to persuade 

Atahualpa to submit to Spanish control 
without bloodshed. But because the 
Inca emperor’s men outnumbered 
Pizarro’s by at least 35 to 1, he 
also planned a surprise attack. In 
preparation, Pizarro hid soldiers on 
horseback in low buildings surrounding 
three sides of the court at Cajamarca 
for his meeting with Atahualpa.

The precise trigger for the ambush on 
Atahualpa is lost in history, although 
some accounts say tensions rose after 
Atahualpa took offense at the Spanish’s 
efforts to convert him to Christianity. 
Whatever the cause, the consequences 
were ruthless. Although vastly 
outnumbered, Pizarro’s men had the 
advantage of surprise, horses and steel 
swords. They quickly cut down those 
in the square, capturing Atahualpa 
and pursuing the fleeing natives into 
nearby fields. In what became known 

Inca ruler Atahualpa is seized by Spanish conquistador Francisco Pizarro in this John Everett Millais painting. 
Nearly 500 years later, scientists have found evidence of the legacy of conquest in a South American ice cap.

Although vastly 
outnumbered, Pizarro’s 
men had the advantage 

of surprise, horses 
and steel swords.

History
Lessons
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removed from the bloody events of that 
fateful day in 1532. But it’s preserved 
clues to what happened next.

Lonnie Thompson is a 
paleoclimatologist at Ohio State 
University. Many agree that his 
research on ice caps across the world 
was some of the first, most convincing 
evidence that current climate change  
is due to human activity.

Thompson has been making the 
arduous trek through Peruvian 
wilderness to the Quelccaya ice cap 
since the 1970s. Quelccaya is so remote 
that on one of his first treks to drill 
for ice core samples, Thompson and 
his team could not get their drill and 
generator to the work site. Fortunately, 
today they have a portable solar-
powered drill. On a trip in the 1980s, 
the team had to bring back ice samples 
in water bottles because there was no 
way to keep them frozen. They returned 
with 6,000 samples.

In February 2015, a team of 
researchers, including Thompson, 
published a paper in the Proceedings 
of the National Academy of Sciences 
about new findings from the Quelccaya 
ice core samples. The researchers 
analyzed the ice cores for different trace 
elements — such as lead, antimony, 
arsenic, bismuth and molybdenum — 

that may have been floating around 
the atmosphere during different points 
in time.

Ice core samples from Quelccaya 
are especially unique because they can 
be annually dated, Thompson says. In 
South America, the year is primarily 
divvied up between the wet and dry 
season. Each dry season creates a 
visible layer of dust in the ice, making 
it possible to see individual years. 

When researchers drill until they reach 
bedrock, they can count back the years 
in the core from the time of drilling.

“It’s like having a very old tree,” 
Thompson says. “We’ve drilled all  
over the world, and there’s no place  
like this ice cap.” Also, because of 
Quelccaya’s high elevation (about  
3.5 miles above sea level), only 
significant air pollution can reach the 
ice cap. This means that pollution found 
in the Quelccaya ice cores is indicative 
of pollution that affected widespread 
areas in South America. For example, 
an increase in lead, which is found and 
refined alongside silver, might indicate 
an increase in production of that 
precious metal.

Although most ice core research 
is used to learn more about climate 
change, a closer inspection of the cores 
from Quelccaya can also paint a picture 
of the fall of the Inca Empire and the 
rise of Spanish colonization. In essence, 
the Quelccaya ice core samples can 
illustrate a rough timeline of human 
activity and history in South America.

“For years, we’ve been using ice cores 
to look at the natural variability in the 
system,” says Thompson. “This was the 
first time to look at the human side, the 
human impact.”

What the team discovered was a 
gradual increase in elements associated 
with metalworking starting around 
1540, less than a decade after the 
Battle of Cajamarca and the start 
of Spanish colonization. Thompson 
believes that these increases seen in the 
South American ice cap, especially in 
lead, show the first impact of colonial 
metalworking activity.

DEEPER IMPACT
This finding also supports the theory 
that the Anthropocene — generally 
defined as the period when human-
made environment impacts leave a 
mark on the geologic record — began 
at different times around the world, 
rather than at the start of the Industrial 
Revolution.
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Lonnie Thompson inspects ice core samples 
before they’re sent to an Ohio State lab.

Thompson’s Ohio State University team returned to the Quelccaya ice cap in the southern Andes 
in 2003 to drill a new set of ice cores. Last February, a team that included Thompson published 
an analysis of the Peruvian ice cores. The cores preserve evidence of trace elements in the 
atmosphere in a way that can be precisely dated by year, like tree rings.
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corresponds to the Inca Empire, about 
1438 to 1532, shows a gradual increase 
in bismuth beginning around 1480, 
which the researchers believe could 
mark the spread of a new bronze 
alloy across the Andes. Any spikes in 
atmospheric elements before the Inca 
civilization generally correspond with 
fallout from volcanic eruptions.

That Inca metallurgy left little record 
in the ice cap could be attributed to the 
method for refining metals. The Inca 
largely smelted silver using a small 
clay furnace, called a guayra. They 
were usually set on a ridge for winds to 
sweep through, like a bellows, and were 
best for smelting smaller amounts of 
high-quality silver.

Unlike the Spanish, who traded 
much of  their silver and gold to 
China, the Inca used precious metals 
for decoration and ritual items, says 
Kendall Brown, a historian at Brigham 
Young University. They created 
jewelry and lavishly decorated sacred 
places, such as the Temple of  the Sun 
in Cusco and the Temple of  the Moon 
near Machu Picchu, whose walls were 
covered with sheets of  gold and silver.

However, by the 1570s, the Inca and 
Spanish ran out of the high-quality 
ore required for smelting, and silver 
production crashed. But soon a new 
method of refining silver made 
its way to South America from 
Spaniards living in Mexico. 
“Up until this time, a lot 
of the technology had been 
indigenous technology,” says 
Brown. “But now it becomes 
Spanish technology.”

Silver amalgamation, in 
which ground silver ore is 
mixed with mercury and 
salt, quickly replaced the 
guayra in the Spanish quest to 
refine silver. Potosí, located in 
modern-day southern  
Bolivia, is one of the world’s  
largest historical mining  
sites. In 1565, it produced  
70 tons (63,000 kilograms) 

of fine silver using guayras. By 1610, 
Potosí was consistently churning out at 
least 143 tons (130,000 kilograms) of 
silver every year using amalgamation.

The levels of chemicals related to 
metallurgy in the ice core gradually 
rose and plateaued over the next few 
decades, until around 1830. Then, 
over the next century as the Latin 
American Wars of Independence 
heated up, the amount of air 

pollution decreased. Much of 
the infrastructure for mining was 
demolished during many wars of 
independence in South America.

The Quelccaya ice cores, of course, 
only tell a sliver of the history of 
South America. “There’s always 

interesting new questions that these 
records raise,” Thompson says. What 
will ice cores in the next century say 
about our civilization — will there 
even be ice caps left to look at? And 
if  not, in what other ways have we 
subtly marked nature with the story 
of mankind?

As for Atahualpa, the details of 
his fate can’t be found in the ice, but 
are instead preserved in the pages of 
history books. One evening in late July 
1533, the great leader found himself  
being led back to the middle of that 
square in Cajamarca, the scene of 
Pizarro’s pivotal ambush a mere eight 
months earlier.

There, his Spanish conquerors 
allegedly converted him to Christianity 
— then strangled him to death and 
partially burned his body before 
giving him a full Christian burial 
for his people to witness. His ashes 
alone would leave no trace for future 
generations to read, but the Inca ruler’s 
death presaged radical changes to the 
culture and identity of South America 
— as well as the environment itself.  D

Sarah Kollmorgen is a freelance journalist.

What will ice cores 
in the next century say 
about our civilization 
— will there even be 

ice caps left to look at?

This experimental clay furnace, or guayra, was one of many built by researchers who were 
studying mining and metallurgy sites. They were trying to better understand ancient non-ferrous 
metallurgy in the Andes. This guayra was built in Tilcara, in northern Argentina.

The silver in this figurine was most likely 
produced in a clay furnace, or guayra. 

History
Lessons
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Item 239 
shown

$1199

   

 $899 
comp at $29 .97 

LIMIT 4 - Good at our stores or HarborFreight.com or by calling 

800-423-2567. Cannot be used with other discount or coupon or prior 

purchases after 30 days from original purchase with original receipt. 

Offer good while supplies last. Non-transferable. Original coupon must be 

presented. Valid through 8/12/16. Limit one coupon per customer per day.

WOW SUPER COUPON

SAVE 
$180

$16999
  

comp at $349.99

 30", 5 DRAWER 
TOOL CART 

LOT 69397/61427/ 95272 shown
 

• 704 lb. 
capacity

 SUPER-WIDE TRI-FOLD 
ALUMINUM LOADING RAMP 

LOT 90018 shown
69595/60334

 $7999 
comp at $179 .99 

• 1500 lb. 
capacity

 $5999 
comp at $119 .99 

 RAPID PUMP® 1.5 TON 
ALUMINUM RACING JACK 

• 3-1/2 Pumps Lifts 
Most Vehicles

• Weighs 34 lbs.

 LOT  69252
68053/62160
62496/62516
60569 shown

LIMIT 4 - Good at our stores or HarborFreight.com or by calling 

800-423-2567. Cannot be used with other discount or coupon or prior 

purchases after 30 days from original purchase with original receipt. 

Offer good while supplies last. Non-transferable. Original coupon must be 

presented. Valid through 8/12/16. Limit one coupon per customer per day.

WOW SUPER COUPON

SAVE 
$443

SUPER
   QUIET

$55555
comp at $999

8750 PEAK/7000 RUNNING WATTS
13 HP (420 CC)  GAS GENERATORS 

LOT 68525/69677/63087/63088
 CALIFORNIA ONLY 

LOT  68530/ 63086/63085/69671 shown

  
• 76 dB Noise Level

LIMIT 4 - Good at our stores or HarborFreight.com or by calling 

800-423-2567. Cannot be used with other discount or coupon or prior 

purchases after 30 days from original purchase with original receipt. 

Offer good while supplies last. Non-transferable. Original coupon must be 

presented. Valid through 8/12/16. Limit one coupon per customer per day.

WOW SUPER COUPON

SAVE 
55%

comp at $49.97• 250 lb. 
capacity

LOT   62314/63066
66383 shown

$2199

   

 FOLDABLE ALUMINUM 
SPORTS CHAIR 

• 16 ft. lit, 
22 ft. long

comp at 
$29.97

SOLAR ROPE LIGHT
LOT   62533

68353 shown

 $999 

3-1/2" SUPER BRIGHT
NINE LED ALUMINUM

FLASHLIGHT
LOT 69052 shown

69111/65020
62522/62573

VALUE
 $499 

 1500 WATT DUAL 
TEMPERATURE 

HEAT GUN 
(572°/1112°) 

SAVE 
70%

LOT 62340/62546 
63104/96289 shown
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1 Defined as intentionally using physical force to 
harm, violence kills 1.5 million people globally each 
year, according to the World Health Organization. 
From war zones to crime-ridden neighborhoods, we 
live in violent times. 2 Or do we? The murder rate has 
plummeted thirtyfold since the 13th century, accord-
ing to figures from Europe, which had the most exten-
sive records — though researchers suspect global 
rates followed a similar downward trend. 3 Deaths 
from war have also been on a steady slide relative to 
the size of the population: War killed about 2 percent 
of people in the 17th century, but only 0.7 percent in 
the 20th century. 4 The world may seem more violent 
because of negativity bias: We notice things that 
are different, and potentially dangerous, more than 
what’s familiar and “safe.” The 24/7 news cycle and 
social media also expose us to more violent images 
than ever before. 5 But don’t blame violent media for 
inspiring violent or aggressive acts. A 2009 analysis 
of previous research concluded there was no evidence 
to support the alleged connection. 6 Experimental 
psychologist Steven Pinker believes we’re getting 
less violent because we’re getting smarter, thanks 
to higher literacy rates and more abstract thinking. 
7 But that abstract thinking may also be what gets 
us into trouble. While most non-human violence 
fulfills basic survival needs, human violence takes 
some unique forms, from sadism to terrorism to 
blood sports such as dogfighting. 8 Some researchers 
explain this wanton violence through “terror manage-
ment theory”: To buffer ourselves from fear of death 
and reinforce our self-esteem and worldview, humans 
construct elaborate and sometimes violent defense 
mechanisms. 9 Much of other animals’ intraspecies 
violence is about competition for mates and the 
chance to pass on genes. 10 Males across species 
generally have less time and fewer resources invested 
in reproducing and raising offspring, which is why, 
researchers believe, they’re more likely to engage in 
riskier, often more violent acts to win mates. 11 But 
in species where males have a greater role in rearing 
young than females — such as seahorses and certain 
frogs and birds — it’s the females that are more 
likely to compete violently with each other. 12 Some 
scholars believe violence and vehemence may share 
a common Latin origin, a lost participle of the verb 

vehere, to carry. 
13 And people 
have gotten car-
ried away trying 
to predict violent 
behavior: The 
19th century field of 
phrenology, for example, held that the shape of one’s 
skull could determine one’s propensity for criminality 
and violence. 14 Though phrenology fell out of favor, 
it helped pave the way for more robust neuroscience 
research by suggesting behavior was a function of 
biology, rather than one’s soul. 15 What about a bio-
logical link between our violent nature and walking 
on two legs? A 2011 study noted many quadrupedal 
species, such as dogs and horses, rear up to fight. It’s 
possible that, among our earlier, knuckle-walking 
ancestors, males who stood upright more habitually 
were better competitors and mated more, leading to 
our fully bipedal species. 16 Interpersonal violence 
has long been part of the genus Homo: A Neander-
thal-like skull with multiple blunt force blows, from 
Spain’s fossil-rich Sima de los Huesos site, may be 
evidence of the earliest known hominin murder, more 
than 400,000 years ago. 17 Some researchers contend 
that pre-agricultural human societies were peaceful, 
but there’s growing evidence to the contrary: For 
example, at Nataruk, a 10,000-year-old site in Kenya, 
at least 27 individuals were left unburied, exposed 
to the elements. Of the 12 intact skeletons found 
among the fragmented remains, 10 showed evidence 
of lethal trauma, including possible arrow wounds. 
18 Based on the other two skeletons’ hand positions, 
researchers believe they may have been bound when 
they died. Described in Nature earlier this year, 
Nataruk may represent the massacre of an entire 
hunter-gatherer unit. 19 Warfare has been bugging 
us — maybe literally — for millennia. Some studies 
blame a parasite-stress model: High infectious disease 
rates can exacerbate tensions such as xenophobia and 
strain resources, elevating the risk of conflict. 20 Yes, 
we’re a violent lot, but don’t despair. In a 2012 study 
offering evolutionary perspectives on the behavior, 
researchers noted: “Far more time is spent in engag-
ing in cooperation, or at least peaceful coexistence, 
than spent in engaging in violence.”  D
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A skull 
from 

Kenya 
shows signs of 

a violent death 
10,000 years ago.

A 2009 study 
showed that violent 
imagery — whether 
it’s played for laughs 
or not — does not 
inspire violent acts.
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For over 25 years, The Great Courses has brought 
the world’s foremost educators to millions who 
want to go deeper into the subjects that matter 
most. No exams. No homework. Just a world of 
knowledge available anytime, anywhere. Download 
or stream to your laptop or PC, or use our free 
mobile apps for iPad, iPhone, or Android. Over 550 
courses available at www.TheGreatCourses.com.

Everyday Engineering: 
Understanding the 
Marvels of Daily Life
Taught by Professor Stephen Ressler
UNITED STATES MILITARY ACADEMY AT WEST POINT

LECTURE TITLES

1. Engineering and Technology in Your World
2. Your House as an Engineered System
3. Three Structural Systems for Load Bearing
4. Platform-Framed Housing Construction
5. The Building Envelope
6. Site Design and Storm Runoff 
7. Dam, Reservoir, and Aqueduct Design
8. Water Treatment and Distribution
9. Wastewater Disposal and Treatment
10. Fossil Fuels: Coal, Oil, and Natural Gas
11. Power Generation from Coal
12. Oil, Gas, and Nuclear Power
13. Renewable Sources of Electricity
14. Electrical Power Transmission: The Grid
15. Electrical Power Distribution
16. Everyday Thermodynamics: Refrigeration
17. Heating, Ventilating, and Air-Conditioning
18. Home Energy Effi  ciency
19. Passive Solar and Net-Zero-Energy Homes
20. The Plain Old Telephone Service
21. The Global Telecommunications Network
22. Cellular Phone Technology
23. Satellites and Satellite Communications
24. Simple Machines around the House
25. User-Centered Design
26. The Internal Combustion Engine
27. Torque, Power, and Transmission
28. The Drivetrain
29. Suspension, Steering, and Braking
30. Highway Engineering
31. Traffi  c Engineering
32. Everyday Bridges
33. Tunnel Engineering
34. The Railroad
35. Solid Waste Disposal and Recycling
36. The Future: Engineering for Sustainability

SAVE $270

Everyday Engineering: 
Understanding the Marvels of Daily Life
Course no. 1116 | 36 lectures (30 minutes/lecture)

Understand the Genius 
of Everyday Technologies
Great masterpieces of engineering are everywhere. The achievements 
of everyday engineering are worth admiring for their own sake. They 
represent some of the most inspired thinking of our civilization, and by 
looking under the hood to see how these technologies work, you learn 
about basic scientific principles that have remarkable applications.

Everyday Engineering: Understanding the Marvels of Daily Life is an 
indispensable guide to the way things work in the world. Conducting 
this eye-opening tour is Professor Stephen Ressler, an award-winning 
civil engineer and a nationally honored leader in engineering education. 
No background in science or engineering is needed to follow this 
riveting presentation, which gives you deep insight into the complex 
systems that enhance your life—providing a broad understanding of 
everyday engineering that you can apply to any technological issue that 
crosses your path.

Off er expires 05/01/16
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