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From the Editor
“There’s no roads, there’s no helicopters, there’s not even a donkey.” It’s just another
day in the field.

The spartan accommodations available to scientists tracking glaciers in Uganda are
not universal to geoscience fieldwork, but they indicate the lengths to which scientists
will go to discover and document our planet’s particularities. Read all about it on page 5.

Volcanologists on La Palma, the largest of the Canary Islands, faced a different chal-
lenge during their work in the field: an actively erupting volcano. Learn more on page 20.

Hazards like erupting volcanoes and melting glaciers may be no match for the “loom-
ing catastrophes of funding cuts, software obsolescence, and loss of community sup-
port,” however. In this month’s Opinion, on page 16, scientists share recommendations
for supporting expert community-curated data resources.

Geoscience fieldwork is globe-spanning and mind-bending, and we hope you enjoy
the ride.
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surrounding Mount Baker, which once hosted a glacier that has now melted.
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First Global Comparison of Glacier Mass Change:
They’re All Melting, and Fast

ach year in early March, when sum-

mer turns to fall in the Southern Hemi-

sphere, New Zealand glaciologists
gather at an airfield in Queenstown to embark
on a predawn flight above the spine of the
Southern Alps.

For hours, they twist in the Cessna’s nar-
row seats to train cameras on glaciers cling-
ing to mountaintops. The images capture the
glaciers’ vanishing contours and the shift-
ing snowline—the demarcation between the
remains of the winter snowpack and exposed
glacial ice.

“It’s like a bank account,” said Andrew
Lorrey, a climate scientist at the National

Institute of Water and Atmospheric Research
who has been coordinating the surveys for
16 years. “If we put in the same amount of
snow in winter as we’re taking out in sum-
mer, the glacier would be in balance, melt-
ing at its terminus but advancing downhill
due to gravity and replenishing the ice that’s
lost.”

But the surveys, which have been running
since 1977, show that summer melt now far
exceeds winter snowfall and “we’re seeing
the glaciers’ terminus and sides, the whole
body, diminishing.”

New Zealand has lost more than a third of
its glacial ice, and the archipelago ranks third

globally—after central Europe and the Cau-
casus—in the proportion of ice lost to ris-
ing temperatures, according to findings pub-
lished in Nature by the first comprehensive
global Glacier Mass Balance Intercomparison
Exercise (GlaMBIE) (bit.ly/global-glacier
-changes).

Global Assessment of Glacial Retreat

The project assessed observations from
35 international teams, with a goal of recon-
ciling all methods used to track glacial mass
changes. These methodologies range from in
situ measurements (in which scientists stud
individual glaciers with ablation stakes to
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New Zealand’s Brewster Glacier shrank by 24% between 2016 and 2024. Credit: Lauren Vargo

record their shrinkage) to various satellite-
borne sensors (which use optical, radar, laser,
and gravimetry technologies to track changes
in glacial surface elevation).

Bringing all these methodologies together,
the GIaMBIE team produced a time series of
global glacial mass change between 2000 and
2023, showing that collectively, the world’s
glaciers lost 5% of their total volume. “This
may not seem much,” said Michael Zemp,
GlaMBIE project leader and director of the
World Glacier Monitoring Service at the Uni-
versity of Ziirich. But it means an annual
global loss of 273 billion metric tons of ice.

“Every centimeter

of sea level rise exposes
another 2 million people
to annual flooding
somewhere on our planet.”

“To put this in perspective,” Zemp said,
“the ice lost each year amounts to the water
intake of the entire global population in
30 years, assuming 3 liters per person a day.”

Andrew Shepherd, an Earth scientist at
Northumbria University who has led a simi-
lar assessment of mass loss from polar ice
sheets but was not involved in this project,
welcomed the authoritative standardized
framework provided by GlaMBIE.

Reconciling the different methodologies
is important because “climate change isn’t
smooth,” Shepherd said. Short-term in situ
measurements can deliver contrasting results
and each satellite technique has its strengths
and weaknesses, but “bringing all methods
together leads to a clearer picture of total ice
loss,” he noted.

Although all areas experienced ice loss, the
GlaMBIE results showed significant differ-
ences between regions, ranging from 1.5% ice
loss in the Antarctic to 39% in central Europe.

The largest overall contribution to ice loss
(22%) came from Alaska, said Caitlyn Floren-
tine, a research physical scientist with the
U.S. Geological Survey in Bozeman, Mont.,
and a GlaMBIE member.

Alaska, like the Canadian Arctic and Green-
land, has enormous volumes of ice. But the
relatively low elevation and latitude of Alas-
kan glaciers meant that these ice fields “were
the biggest contributor to sea level rise [from
glaciers] in the first 2 decades of this century
and are projected to continue [to be] until
2100,” Florentine explained.

The GlaMBIE results revealed clear evi-
dence of increasing melt rates, with a 36%
jump during the second half of the study
period, from 2012 to 2023. Mountain glaciers
hold enough water to raise sea level by
32 centimeters if all were to melt. The ice that
has already been lost from the world’s moun-
tains has contributed 18% more to sea level
rise than the loss from the Greenland Ice
Sheet and more than twice the loss from the
Antarctic Ice Sheet.

“Even small amounts of sea level rise mat-
ter, because it leads to more frequent coastal

NEWS O—O0—

flooding,” Shepherd said. “Every centimeter
of sea level rise exposes another 2 million
people to annual flooding somewhere on our
planet.”

Zemp hopes to focus future work on
assessing how glacier melt affects seasonal
runoff, and that requires ongoing access to
satellite data and higher-resolution remote
sensing techniques. As some satellites and
sensors approach the end of their missions,
he’s concerned about continuing the study.
“If we are left without open access to high-
resolution stereo imaging missions with
a global coverage, we’d be blind to these
changes,” he said.

Gone This Century

In addition to the ice sheets in Antarctica and
Greenland, there are more than 275,000 gla-
ciers—or crystal cones, as Zemp calls them—
in mountain ranges from the tropics to the
polar regions. Only about 500 are monitored
up close.

One is Brewster Glacier in New Zealand,
which Te Herenga Waka-Victoria University
of Wellington glaciologist Lauren Vargo visits
regularly. She drills ablation stakes into the
ice in spring and retrieves their exposed parts
in fall.

She helped document that the glacier
shrank by 24% and lost 17 meters in height
between 2016 and 2024.

The retreat made Vargo’s latest visit, in
March, physically taxing, she said. “The more
melt that happens, the more stakes you have
to collect,” she explained. “I don’t think I
could have carried any more stakes.”

Many glaciers will not survive this century,
Zemp said. Among these is one of his favor-
ites, Oberaargletscher at Grimselpass in Swit-
zerland, which Zemp has studied for almost
a quarter of a century and, more recently,
began visiting with his sons.

Oberaargletscher will be gone by 2050,
regardless of any cuts to carbon emissions,
Zemp said. Though the retreat is “interesting
to witness as a scientist,” he continued, “I
am deeply sad that my sons and their gener-
ation will lose this fantastic glacier.”

By Veronika Meduna (@veronikameduna.bsky
.social), Science Writer
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A 30,000-Year-Old Feather Is a First-of-Its-Kind Fossil

alentina Rossi first saw the 30,000-
Vyear—old griffon vulture while a mas-

ter’s student in Rome in 2014. The
fossil, which had been found by a local land-
owner near Rome in 1889, was remarkably
well-preserved. She couldn’t look away as
her future collaborator, Dawid Iurino, pre-
sented about the fossilized imprint of the
bird’s head.

“I was mind-blown,” Rossi said.

The presentation by Iurino, now an associ-
ate professor at Universita degli Studi di Milano
Statale, ended with a discussion of the bird’s
feathers. Rossi remembered him saying that
determining exactly what the feather fossils
were made of was a topic for future research,
because analyzing such well-preserved struc-
tures was outside the expertise of the team of
paleontologists at the time.

Now, a new study by Rossi, Iurino, and
others, published in Geology, has finally revealed
the answer: The feather fossils are made of
zeolites—minerals made of aluminum and
silicon compounds (bit.ly/fossil-feathers).
This study is the first in which scientists have

reported soft-tissue mineralization by zeo-
lites.

“We finally did it,” said Rossi, lead author
of the paper and a paleontologist at Univer-
sity College Cork in Ireland.

It’s extremely rare to find feathers pre-
served in three dimensions and even rarer to
find mineralized feathers, Rossi said. The
knowledge that the feathers were fossilized
by zeolites, minerals that form naturally by
reactions between volcanic rock and water,
could guide paleontologists to target volcanic
settings when searching for fossils.

“We finally did it.”

“The more people look, the more people
are going to find the preservation of materi-
als that we previously thought was impos-
sible,” said Mary Schweitzer, a paleontolo-

o

Valentina Rossi and the research team used a variety of methods, including electron microscopy and multiple

forms of spectroscopy, to determine that the feather fossils were made of zeolites. Credit: Dirleane Ottonelli
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gist and emeritus professor at North Carolina
State University who was not involved in the
new study.

Matching Minerals

Rossi and the team of scientists used a pow-
erful electron microscope to study the shape
and texture of the preserved structures, con-
firming that the tissue was mineralized. Then
they analyzed the chemical structure of the
fossil using multiple spectroscopy methods.
“We recognized certain chemical bonds that
are similar to those found in zeolites,” Rossi
said.

Certain soft tissues lend themselves to fos-
silization. Muscle tissues, for example, are
commonly mineralized by the calcium phos-
phate mineral apatite. That’s because muscle
tissue already contains calcium and phos-
phorus, which jump-start the mineralization
process.

Laboratory studies have shown that zeo-
lites will form on biological materials in solu-
tions of silicon and aluminum (bit.ly/zeolite
-formation). But feathers do not contain
these elements, making the zeolite fossil puz-
zling, Rossi said.

Schweitzer said that parts of certain mol-
ecules that make up decaying feather tissue
may have an affinity for aluminum or silica
but that more research would be needed to
determine the exact chemistry behind the
mineralization. Another explanation for the
mineralization, Rossi suggested, may involve
the pH of the soft tissue, especially as the tis-
sue decays.

The findings “open up
another window
for fossilization.”

A Vulture’s Final Moments
The findings helped Rossi and her colleagues
create a taphonomic model—a likely story-
line of how the bird went from a living animal
to a hunk of rock. Previous studies of the
whole fossil had not indicated that the bird
was injured; Rossi suspects toxic gases from
a nearby volcanic eruption may have killed it.
Dead but intact, the bird lay in the path of a
lava flow. Rossi thinks the vulture was prob-



Unlike this 30,000-year-old griffon vulture feather,
fossils are rarely found in three dimensions and are
even more rarely found in mineralized form. Credit:
Edoardo Terranova

ably quite far from the actual eruption and
may have been covered by a cooler, slow-
moving volcanic flow, as its tissues weren’t
destroyed by heat or turbulence.

The volcanic flow hardened and cooled
with the griffon vulture beneath it. Eventu-
ally, rains soaked the rock, creating a fluid
rich in minerals. The chemical composition
of the bird’s feathers spurred a reaction with
the silicon- and aluminum-rich fluids, and
zeolites formed, replacing the tissue. The
feathers turned to stone faster than they
decayed.

Something similar may have happened to
many more specimens over Earth’s history,
which could mean that paleontologists are
overlooking entire categories of rock in which
highly preserved soft-tissue fossils may be
found, the authors wrote. Volcanic settings
are typically disregarded as likely spots to find
fossils because volcanic flows are turbulent
and hot and usually destroy soft biological
material that might otherwise be fossilized.
But the new paper’s results mean there are
likely some exceptions.

The findings “open up another window for
fossilization,” Schweitzer said.

By Grace van Deelen (@gvd.bsky.social), Staff
Writer
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A New 3D Map Shows Precipitous
Decline of Ugandan Glaciers

een from above, the dozens of people
S trekking through the Rwenzori Moun-

tains might have looked something
like the inhabitants of an ant farm branch-
ing across the landscape, said Klaus Thy-
mann. The expedition into the range on the
border between Uganda and the Democratic
Republic of the Congo included Thymann, an
environmental scientist; Heidi Sevestre, a
glaciologist at the Arctic Monitoring and
Assessment Programme; guides from the
Uganda Wildlife Authority (UWA); and—pre-
dominantly—interested community mem-
bers there to help with logistics.

The group was there in August 2024 to sur-
vey ice on the range’s three tallest peaks and
to create the first 3D model of the glaciers on
Mount Stanley, whose apex, Margherita Peak,
is the third highest in Africa at 5,109 meters.

“It’s really a team work, and a very good
one,” said Thymann, founder and director of
Project Pressure, a nonprofit organization
focused on environmental issues.

Their newly analyzed data confirmed that
Mount Speke, the second-highest peak in
the range, no longer hosts a glacier (only
static ice) and that Mount Baker, the third
highest, is practically ice free. The research-
ers found that the surface area of the Stanley
Plateau glacier fell by 29.5% between 2020
and 2024.

“Glaciers worldwide are shrinking or dis-
appearing, so that’s not a surprise,” Thy-
mann said. “I think what is surprising is how
rapid it’s going.”

Jim Russell, a climate scientist and geo-
chemist at Brown University who was not
involved in the research, has been making
expeditions to the Rwenzori Mountains since
2006. He called these glaciers a “canary in a
coal mine.”

“The recent retreat is really significant,
and it’s illustrating [that] substantial climate
change is happening at high elevations,” he
said.

“There’s no roads,
there’s no helicopters,
there’s not even a donkey.”

Sleeping Bags, Licorice, and Drones

Aside from essentials, such as sleeping bags
and licorice (“It’s all about the amount of fla-
vor you can get with the least amount of vol-
ume,” Thymann explained), the crew carried
an array of equipment, including a generator,

Warming temperatures have led to massive glacier loss in the Rwenzori Mountains in Uganda. A recent expedi-

tion revealed a 29% reduction in the surface area of Mount Stanley’s glacier, seen here, between 2020 and

2024. Credit: Project Pressure
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fuel and cables for the generator, three drones,
and GPS hardware.

“There’s no roads, there’s no helicopters,
there’s not even a donkey,” Thymann said.
“Everything has to be carried in, so that makes
science challenging because the logistics are
difficult.” With the weight of equipment and
the need to acclimate to the elevation, it’s a
5-day trek from the entrance of Rwenzori
Mountains National Park up through tropical,
bamboo, and alpine forests to the Stanley Pla-
teau.

“We believe if we
protect this mountain,

if we fight hard

to maintain the small ice,
or the small glaciers

that [remain], our gods
will not be homeless.”

Thymann led expeditions to the area in
2012, 2020, and 2022. In 2020, the team cap-
tured images of the plateau with consumer
drones, then used photogrammetry to create
a digital elevation model of the area.

When they returned in 2024, they went one
step further. They used a surveying system
to determine the precise GPS coordinates of
eight points along the plateau, then set up a
brightly colored target on each point. When
they flew drones over the area to capture
more than 850 photos, they could not only
create a model but also anchor it to precise
GPS coordinates. They also used the points to
retroactively anchor the 2020 model. By com-
paring the two models, they determined the
extent of ice loss on the plateau.

Sevestre, the glaciologist, also used ground-
penetrating radar to determine the depth of
the glaciers. “If you want to know volume, you
have to know three dimensions. You have to
know the x, the y, and then the z,” Thymann
said. “Nobody knew the z, so nobody knew the
depth.”

The researchers expect to publish more
detailed findings, including glacier volume,
later this year.

Russell said he was “amazed” the research-
ers were able to do this work in this remote
area. Though there is no standard way of
mapping glaciers, he added that the Rwenzori

6 Eos // JULY 2025
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Klaus Thymann (left) works with Kule Jocknus Bwabu Solomon and Muhindo Rogers of the Uganda Wildlife
Authority to set up precision GPS points for photogrammetric survey. Glaciologist Heidi Sevestre (right) joined the
expedition to scan the ice with ground-penetrating radar. Credit: Project Pressure

Mountains’ glaciers have historically been
mapped simply by tracing the movement of
their edges. The Project Pressure team is “not
just tracing the lowest elevation of the gla-
cier,” he said. “They’re also able to kind of see
the sides, see how that’s shrinking, potentially
see it thinning from the top.”

Protecting the Home of Gods

The dwindling of Rwenzori’s ice may be a
bellwether of glaciers’ futures worldwide, but
closer to home its effects are already being
felt.

The ice on the mountain range is the high-
est source of water for the Nile River and
holds water that millions of Ugandans rely
upon. Trekking tourism to Rwenzori Moun-
tains National Park, a United Nations Educa-
tional, Scientific and Cultural Organization
(UNESCO) World Heritage Site, also bolsters
the local economy.

“This ice supports the people of the com-
munities living around it, 100%,” said Mase-
reka Solomon, a tour guide in Uganda who
began working with Thymann in 2012. Solo-
mon has lived in the area for 34 years—his
whole life—and has watched the ice retreat

firsthand. For him and other Bakonzo people
who live in the foothills of the Rwenzori
Mountains, the glaciers also hold a deep reli-
gious and cultural significance, as they believe
that their gods live in the ice atop the moun-
tains.

“We believe if we protect this mountain, if
we fight hard to maintain the small ice, or the
small glaciers that [remain], our gods will not
be homeless,” Solomon said.

Thymann emphasized the role of the doz-
ens of community members during the expe-
ditions, from helping transport equipment up
the mountain to spotting the drones and
returning regularly to maintain time-lapse
cameras. He and the other Project Pressure
researchers analyze the data and share the
results with UWA and locals.

He added that though the Bakonzo people
understand that the retreating ice is caused
by climate change, he hopes that this more
detailed data will raise awareness of Uganda’s
shrinking glaciers.

By Emily Dieckman (@emfurd.bsky.social),
Associate Editor
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Large Outdoor Gatherings Expose Event-Goers

to Severe Weather

the Indianapolis 450. Organizers shortened

the famous automobile race by 20 laps
(50 miles) after a tornado touched down near
the Indianapolis Motor Speedway, where more
than 200,000 spectators were in attendance.

Large outdoor gatherings such as this
expose event-goers to the elements, and in
some parts of the United States, severe weather
can make that pairing deadly.

That’s especially true of the New Orleans
Jazz & Heritage Festival, which poses the high-
est lightning risk of more than 16,000 large
outdoor gatherings analyzed by researchers in
a recent study. Coors Field in Denver and an
amusement park in Arlington, Texas, topped
the study’s lists for tornado exposure. The
findings increase awareness of weather-
related hazards among event attendees and
venue managers alike, the researchers sug-
gested.

Only a handful of studies have attempted to
quantify weather-related risks at large outdoor
gatherings, and even fewer have attempted to
do so for a variety of events that occur across
a large geographic area.

Stephen Strader, a hazards geographer and
atmospheric scientist at Villanova University
in Pennsylvania, and Jack Deppman, a doc-
toral student in geospatial analytics at North
Carolina State University in Raleigh, recently
did just that. Strader and Deppman focused
on two forms of extreme weather—tornadoes
and lightning—and determined risk indices
for large outdoor gatherings across the United
States.

The researchers started by mining tornado
and lightning data. They analyzed a NOAA
dataset of tornadoes that touched down
between 1954 and 2020 and a dataset of cloud-
to-ground lightning strokes pinpointed by
the Earth Networks’ Total Lightning Network
from 2012 to 2020. For each type of hazard,
the researchers calculated the average number
of occurrences each month within grid cells
measuring 80 x 80 kilometers.

I n 2004, the Indianapolis 500 turned into

Follow the Crowds

Strader and Deppman next assembled a list of
large outdoor gathering spaces. The pub-
lic venues tabulated in the Department of
Homeland Security’s Homeland Infrastructure
Foundation-Level Data dataset served as a
basis, and the researchers supplemented that
listing with other locations such as football

8 Eos // JULY 2025

stadiums, concert venues, and horse race-
tracks.

For each location, Strader and Deppman
determined the dates of events that occurred
primarily outdoors and each event’s maxi-
mum seating capacity. To do that, they mined
sources ranging from reports to venue web-
sites to news articles. Amassing all that infor-
mation took about a year.

After limiting their final list of events to
those that could accommodate at least 10,000
people, the researchers identified 16,232
unique events held at 477 venues. “It’s a lot
of data,” said Deppman.

Next, the team determined risk indices for
each event. Strader and Deppman’s calcula-
tions took into account an event’s maximum
seating capacity, its frequency in terms of
number of days per month, its seasonality,
and the tornado and lightning climatology
of its location. “We needed to capture all of
those elements,” Strader said.

Strader and Deppman calculated one light-
ning risk index and two tornado risk indices
for each event. It was important to consider
the risk of experiencing any tornado, inde-
pendent of magnitude, and also the risk of
experiencing a more damaging tornado,
Strader said. That’s because though more
than four out of five tornadoes are classified

as EFo or EF1 on the Enhanced Fujita damage
intensity scale, the vast majority of tornado-
related fatalities occur during tornadoes rated
EF2 or higher. “They’re responsible for 99%
of deaths,” Strader said.

Music, Baseball, Roller Coasters,

and More

When the researchers ranked the events, they
found that the New Orleans Jazz & Heritage
Festival topped the list for potential lightning
exposure. “That stuck out like a sore thumb
from the lightning standpoint,” Strader said.
This event, which draws roughly half a mil-
lion attendees annually over a week and a
half, occurs in April-May, which is when the
risk of cloud-to-ground lightning peaks in
southern Louisiana.

All of the other gatherings in the top 10 for
lightning exposure were at amusement parks
in Florida.

Coors Field in Denver in June topped the
list for exposure to EFO-EF5 tornadoes.
Other venues on the top 10 list included the
New Orleans Jazz & Heritage Festival; several
amusement parks in Texas, Florida, and Mis-
souri; and the State Fair of Texas in Dallas.

When the team limited their analyses to
more damaging tornadoes registering EF2-
EF5, the Six Flags Over Texas amusement

The New Orleans Jazz & Heritage Festival draws roughly half a million people to the Crescent City every year.
Credit: Richard Schneider/Flickr, CC BY-NC 2.0 (bit.ly/ccbync2-0)
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park in April was ranked first. Other amuse-
ment parks in Ohio, Florida, and Texas joined
the top 10 list, as did Globe Life Field, a Major
League Baseball stadium in Texas; the State
Fair of Texas in Dallas; the Texas Grand Prix;
and the Indianapolis Motor Speedway.

“Venues need to be,

and generally are becoming,
better prepared for these
types of events.”

“Amusement parks dominate the scores
because they’re open so many days per year,”
Strader said. The team’s results were pub-
lished in Weather, Climate, and Society, and
the full ranking of events is available upon
request from the authors (bit.ly/outdoor
-event-exposure).

It’s important for the operators of venues
to look at these results, said John Jensenius, a
meteorologist and lightning safety specialist
and a member of the National Lightning Safety
Council, who was not involved in the research.
But event attendees also have responsibility
for their own safety, he added. With weather
apps widely available, people can make edu-
cated choices about whether to attend a par-
ticular event. “Avoidance is always the best
answer if you think there’s going to be light-
ning at an event,” Jensenius said.

Some venue managers and event organizers
are already taking weather-related risks seri-
ously. Last year, a football game between Penn
State and West Virginia universities was inter-
rupted by lightning, and officials opted to
evacuate Mountaineer Field at Milan Puskar
Stadium, an outdoor space in Morgantown
capable of holding roughly 60,000 fans.

“Venues need to be, and generally are
becoming, better prepared for these types of
events,” said Roger Edwards, who retired last
year as a meteorologist and lead forecaster at
NOAA’s Storm Prediction Center in Norman,
Okla. Edwards was not involved in the research.

Strader is now thinking of ways to expand
the team’s database. There are plenty of other
forms of extreme weather that could wreak
havoc on a large outdoor gathering, he said.
“What about wind, hail, flash flooding?”

By Katherine Kornei (@KatherineKornei),
Science Writer
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A Geologic Map of the Asteroid Belt

here do meteorites come from? A
W new analysis of 75 fall events sug-
gests that meteorites with differ-
ent geologies travel from different places in
the asteroid belt, which separates Mars and
Jupiter (bit.ly/meteorite-origins). Research-
ers traced some types of meteorites to par-
ticular asteroid families, creating a geologic
map of meteorite origins. Most meteorites
in the analysis were generated by just a few
recent collisions between asteroids.
“Understanding the asteroid belt is really
looking into the past, into the formation of
the solar system, and into all the dynamics
that happened at that time,” said Peter Jen-
niskens, coauthor on the new analysis and a
meteorite astronomer at the SETI Institute
in Mountain View, Calif. Those early inter-
actions and collisions matter because much
of the water on Earth and a lot of the organ-
ics likely came from primitive asteroids, he
added.

Tracking Falls
Spacecraft have returned small volumes of
material from the Moon, comets, and aster-
oids, but meteorites remain the primary way
that scientists get their hands on space rocks.
“By reconstructing where specific meteor-
ite types formed, we gain a clearer picture of
the compositional and thermal gradients that
existed when the solar system was young,”
said Michaél Marsset, an astronomer at the
European Southern Observatory in Santiago,
Chile. “This has major implications for under-

standing how habitable environments emerge,
not just here but potentially in other planetary
systems as well.” Marsset studies small solar
system objects and Earth impactors and was
not involved in the new study.

But matching a meteorite to the asteroid it
came from is a tall task.

“Asteroids in space look quite a bit differ-
ent than the meteorites that we have in our
laboratories,” Jenniskens explained, “because
the asteroids in space are covered by regolith
and debris and they are exposed to solar radi-
ation and solar wind.” A meteorite might
come from an asteroid’s interior, which could
look entirely different from its surface. That
makes it challenging to use astronomical
observations alone to match meteorites to
their asteroid parents.

When someone witnesses a meteorite fall-
ing to Earth, scientists can try to backtrack
its orbit to a point of origin. Combining this
information with the meteorite’s geochem-
istry, mineralogical structure, and age, they
can then figure out which asteroid or asteroid
family—a group of asteroids that originate
from the same collision event—sent it hur-
tling toward Earth.

The trouble is that meteorites fall more or
less at random, Jenniskens explained. It has
taken a while to document enough of them
to spot patterns, he said. Just 6 years ago,
there were fewer than 40 meteorite falls with
well-measured trajectories.

“The number of falls has doubled since that
time,” Jenniskens said.
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Meteorite researchers have set up more
than 2 dozen global camera networks that
have detected many of these recent falls—
roughly 14 falls per year. Also, the rising pop-
ularity of dash cameras and doorbell cam-
eras has contributed to the surge of recent
detections.

In the new analysis, about 36 of the 75 falls
were recorded by residential security cameras,
Jenniskens said. People report fireball sight-
ings and submit videos for analysis. “We
really depend on the citizen science.”

Meteorite Ancestry

Jenniskens and his colleague Hadrien Deville-
poix of Curtin University in Perth, Australia,
reviewed the trajectories, geochemistry, min-
eralogy, and size of 75 meteorites. They also
looked at the meteorites’ ages, calculated on
the basis of how long a rock’s surface has been
exposed to cosmic rays.

Though a few asteroids are suspected
sources of certain meteorite types, a meteor-
ite’s age was often the key factor in figuring
out which asteroid family produced the mete-
orite. The positions and movements of aster-
oids within a family evolve in a predictable
way over time, and if this so-called dynam-
ical age matched a meteorite’s cosmic ray age,
that family was more likely to be the mete-
orite’s source.

Most of the meteorites originated from a
handful of asteroid families, and different
classes of meteorites could be traced to dif-
ferent parts of the asteroid belt.

Jenniskens and Devillepoix confirmed that
very low iron LL-type meteorites, such as the
Chelyabinsk meteorite, originated from the
extensive Flora family in the inner asteroid
belt. They tracked H-type chondrites to debris
clusters in the Koronis, Massalia, and Nele
families. They also traced low-iron L chon-
drites to the Hertha asteroid family, rather
than to the previously determined Massalia
family.

“It turns out that, yes,

our HED meteorites

seem to come from Vesta,
not from its family.”

“Hertha is covered by dark rocks that were
shock blackened, indicative of an unusually
violent collision,” Jenniskens said. “The
L chondrites experienced a very violent origin
468 million years ago when these meteorites

NASA’s Dawn spacecraft orbited asteroid 4 Vesta and mapped its surface geology and chemistry. Debris from

impacts that made some of these craters makes its way to Earth as howardite, eucrite, and diogenite (HED)
meteorites. Credit: NASA/JPL-Caltech/UCAL/MPS/DLR/IDA, Public Domain
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showered Earth in such numbers that they
can be found in the geologic record.”

Marsset has also worked to trace meteor-
ites to their asteroid origins, though his team
used astronomical observations of asteroids
and numerical modeling, rather than mete-
orite data.

“Even with these different approaches,
we’re mostly converging on similar con-
clusions,” Marsset said. “Where we disagree,
well, that’s part of the fun! For example, I'd
gladly bet a pint with Dr. Jenniskens and
Dr. Devillepoix that L chondrites come from
the Massalia family, not Hertha,” he joked.

The team also looked at howardite, eucrite,
and diogenite (HED) meteorites, achondrites
that have long been tied to the Vesta asteroid
family. According to the new analysis, the
volume of HED material that made its way to
Earth must have come from a collision so
large that only something as large as Vesta
would have survived. (Vesta is the second-
largest object in the asteroid belt.) What’s
more, the cosmic ray exposure ages of HED
meteorites closely match the ages of partic-
ular impact craters on Vesta’s surface that
were mapped by NASA’s Dawn spacecraft.

“It turns out that, yes, our HED meteorites
seem to come from Vesta, not from its fam-
ily,” Jenniskens said.

Decoding Solar System History

“What’s remarkable about this work is the
broader picture it starts to paint,” Marsset
said. “We are finally able to map specific
classes of meteorites that fall on Earth to dis-
tinct regions in the asteroid belt and to spe-
cific asteroid families.... That’s a major step
toward understanding the compositional
structure of the asteroid belt and, ultimately,
how our solar system formed and evolved.”

But it’s just as important to understand
where meteorites aren’t coming from, he
pointed out.

“While one might expect the meteorite
flux to represent a broad sampling of mate-
rial from across the entire asteroid belt, we
now know that it is actually dominated by
a few recent fragmentation events,” Marsset
said. “This insight helps us better understand
the natural sampling bias in the meteorites
we collect on Earth, and it also highlights
which asteroid populations are underrepre-
sented. That, in turn, can guide the targets
of future space missions aimed at filling in
those missing pieces.”

By Kimberly M. S. Cartier (@astrokimcartier
.bsky.social), Staff Writer
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Departing Iceberg Reveals Thriving Antarctic Ecosystem

n mid-January, a team of scientists was

sailing aboard a research vessel in frigid

Antarctic waters. They planned to inves-
tigate an unexplored section of the Bellings-
hausen Sea and the creatures that live there,
but were stymied by more sea ice than they
expected.

“We found ourselves restricted to a smaller
area,” said Patricia Esquete, a marine biolo-
gist at the Universidade de Aveiro in Portugal
and expedition co-chief scientist. “Instead of
Bellingshausen Sea, we were restricted to the
Ronne Entrance.”

The team made the most of the situation,
and they and their research vessel, Schmidt
Ocean Institute’s R/V Falkor (too), settled in to
conduct science operations in front of the ice
shelf.

While checking satellite images of sea ice
extent, they noticed that a crack had formed
along the edge of the George VI ice shelf about
30 kilometers from their location. They jotted
it down but didn’t worry about any dangers
it posed. Such cracks can take weeks or
months to fully force a break from the shelf
and form an iceberg, Esquete explained.

But when the next batch of satellite images
came through a few days later, the team was
surprised to see that a 510-square-kilometer

iceberg had broken off and was drifting along
(and occasionally bumping against) the coast
of the Antarctic Peninsula. The departure of
the Chicago-sized iceberg, A-84, revealed a
patch of polar seafloor that had been covered
by ice for years, and possibly centuries.

“As soon as we realized that the iceberg
had moved on and left that space for us to
sample, we immediately decided to go there
and see [what] the seafloor looks like under
the ice,” Esquete said. When they arrived,
they found a thriving ecosystem rivaling
those in nutrient-rich open waters.

“We immediately decided
to go there and see [what]
the seafloor looks like
under the ice.”

Luck and Daring

Before A-84 calved, the team was poised to
document the biodiversity of a nearby deep-
sea ecosystem, collect sediment samples,

As creatures of interest are spotted on video screens, Maritza Castro of Chile’s Universidad Catdlica del Norte

and other researchers react with excitement in the remotely operated vehicle mission control room on board R/V
Falkor (too). Credit: Alex Ingle/Schmidt Ocean Institute, CC BY-NC-SA 4.0 (bit.ly/ccbyncsa4-0)

study underwater ocean dynamics, and create
seafloor maps.

“A holy grail for oceanography is not only
mapping the entirety of the deep seabed in
high resolution in terms of its shape and
structure, but also in terms of specifically
what lives there and how,” said Dawn Wright,
an oceanographer and chief scientist at Envi-
ronmental Systems Research Institute (Esri)
in Redlands, Calif., who was not involved with
this expedition.

Sea ice impedes that goal: Research vessels
can’t get too close to the ice shelf, and remotely
operated vehicles (ROVs) and autonomous
underwater vehicles can travel only so far from
the ship to explore under the ice.

The procedures involved in securing fund-
ing and scheduling a ship can make seago-
ing research in the Antarctic a slow process,
explained Joan Bernhard, a biological ocean-
ographer at Woods Hole Oceanographic Insti-
tution in Massachusetts. Planning an expe-
dition like the one in January can take years
or even decades, with few exceptions.

Some expeditions have been able to mobi-
lize when seafloor is newly exposed. After
Larsen C calved in 2017, for example, research
vessels arrived in the area about a year later—
much faster than average. Changes at the sur-
face take time to affect the seafloor, but even
with such a quick response time, researchers
still missed the opportunity to establish a pre-
calving baseline.

After most calvings, “any newly exposed
seafloor will have been subject to open-water
conditions for years; currents could import
alien species potentially impactful to indige-
nous taxa,” said Bernhard, who was not
involved with the Falkor (too) expedition.

Iceberg A-84 calved on 13 January. Falkor
(too) reached the newly exposed seafloor just
12 days later.

After relocating, the researchers conducted
the same suite of science observations they
had originally planned, just in the newly
exposed location. Thanks to the quick pivot,
the team was able to observe the area as if it
were still covered by the ice—an “incredibly
rare” opportunity, Bernhard said.

“In my view, nowhere has serendipity in
ocean science proved more critical,” Wright
said of the expedition. Operating in those
conditions is hard enough, and it’s even
tougher to be in the right place at the right
time, she added.

Esquete acknowledged the expedition’s
fortune. “Good luck played a huge role. We
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R/V Falkor (too) maneuvers around icebergs while conducting research in the Bellingshausen Sea off Antarctica, before shifting course to explore newly revealed seafloor.
Credit: Alex Ingle/Schmidt Ocean Institute, CC BY-NC-SA 4.0 (bit.ly/ccbyncsa4-0)

cannot deny that,” she said. “But there’s also
value in daring to explore the unexplored.”
The team would have missed the opportunity
had they not already been exploring one of
the most remote parts of the world.

“Good luck played

a huge role. We cannot
deny that. But there’s also
value in daring to explore
the unexplored.”

Thriving Beneath the Ice
The researchers collected sediment samples,
used lidar to create bathymetric maps, and
studied the water column and ocean currents.
They are still analyzing those data. They also
deployed the ROV SuBastian to document the
biodiversity of the deep sea and found a thriv-
ing ecosystem spanning the trophic web: cor-
als, sponges, invertebrates, cephalopods, king
crabs, and krill, as well as a few unknown
species.

“I was excited to see what appeared to be
meter-tall sponges, ‘giant’ pycnogonids (sea
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spiders), and large ophiuroids (brittle stars),
all similar to those known from the McMurdo
Sound region,” Bernhard said.

“What surprised me was the sheer variety
of organisms that were found, as well as the
huge sizes of some of the deep-sea sponges
that had apparently been growing for hun-
dreds of years under such harsh Antarctic
conditions,” Wright said.

What’s more, the team found several spe-
cies that filled discrete ecological niches,
which suggested that the ice-covered ecosys-
tem received a steady, high-level influx of
nutrients and may have been there for a while,
Esquete said.

“Basically, we found the same type of eco-
systems that you can expect in that area of the
Bellingshausen Sea,” Esquete said. But unlike
the other areas the team studied, this ecosys-
tem thrived “in an area that’s been perma-
nently covered by ice for probably centuries.”

That in itself was surprising, she said. Most
deep-sea ecosystems that aren’t covered by
thick ice receive nutrients that trickle down
from photosynthetic organisms near the sur-
face. Scientists think that nutrients carried
on deep-sea currents supply nutrients to
benthic ecosystems where ice prevents top-
down nutrient delivery.

“I was mildly surprised by the plethora of
sea anemones on a boulder adjacent to a
barrel sponge because all are filter feeders,”
Bernhard said. “Such abundance implies cur-

rents are strong enough to transport suffi-
cient organic matter to this area.”

A Future Without Ice

The Falkor (too) researchers returned to the
mainland after weeks studying the newly dis-
covered Bellingshausen habitat. They hope
for a return trip to investigate how that patch
of seafloor changes now that its icy cover has
drifted off. Nutrients trickling down from
photosynthetic algae might now be available,
but the ecosystem has already adapted to and
thrived on a lower nutrient supply.

“Open-water conditions may imperil these
ecosystems,” Bernhard said. “More settle-
ment of organics to the seafloor...could cause
an ecological imbalance.”

This ecosystem could be a bellwether for
changes across polar ecosystems as climate
change melts Antarctic ice.

“The accelerating loss of polar ice that pro-
tects these ecosystems, including channeling
of nutrient-rich currents to them, does not
bode well for their vitality,” Wright said. “But
there is so much that we just don’t know. The
oceanographic community will be watching
the results of this expedition as they become
available with intense interest. It has direct
bearing on the overall health of the planet.”

By Kimberly M. S. Cartier (@astrokimcartier.bsky
.social), Staff Writer
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“Transformational” Satellite Will Monitor
Earth’s Surface Changes

a satellite to provide unprecedented, high-

resolution coverage of some of the most
remote and rapidly changing parts of the
world. The NASA-ISRO Synthetic Aperture
Radar (NISAR) satellite, a joint mission
between NASA and the Indian Space Research
Organisation (ISRO), will scan nearly the
entire globe twice every 12 days to measure
changes in Earth’s ecosystems, cryosphere,
and land surface.

“In my eyes, it’s orbiting magic,” said Alex
Gardner, a glaciologist at the Jet Propulsion
Laboratory (JPL) in Pasadena, Calif., and a
member of NISAR’s cryosphere science team.
NISAR will provide high-resolution radar
imagery that will enable scientists to track
glaciers and ice, biodiversity, soil moisture
and water placement, and land displacements
from events like earthquakes and landslides.

“When there’s an earthquake and you can
see displacements from 500 kilometers up
that you wouldn’t even be able to notice if you
were standing on the ground...that’s orbiting
magic,” Gardner said.

I n June, scientists were planning to launch

Double Radar

As this issue went to press, NISAR was sched-
uled to launch in June from the Satish Dha-
wan Space Centre in India. It is the largest,
though not the first, satellite collaboration
between NASA and ISRO, explained Paul
Rosen, NISAR project scientist at JPL. “We had
some other collaborations in both planetary
and Earth science, but not at this level of
magnitude,” he said.

The satellite plays host to two synthetic
aperture radar (SAR) systems that operate at
different microwave wavelengths, one longer
(L band, at a wavelength of 24 centimeters)
and one shorter (S band, at a wavelength of
10 centimeters). SAR is a technique used to
create high-resolution images from lower-
resolution instruments. The instruments emit
continuous pulses of microwave radiation and
use the light that bounces back, as well as the
time delay, to create backscatter images.

“We made sure that the two radars could
work together,” Rosen said. “They’re highly
in sync, and we can turn them on together or
operate them separately.”

Unlike visible-light imaging, SAR is not
limited by the time of day or the weather,
explained Deepak Putrevu, an engineer and
colead of NISAR’s ISRO science team at the

Ll

On 23 January 2023, a large iceberg broke away
from Antarctica’s Brunt Ice Shelf. NISAR’s orbit will
help glaciologists monitor incidents like this in
Earth’s rapidly changing cryosphere. Credit: Contains
modified Copernicus Sentinel data (2023), processed
by ESA, CC BY-SA 3.0 IGO (bit.ly/ccbysa3-0igo)

Space Applications Centre in Ahmedabad,
India. “It uses microwaves for imaging, so
that makes it able to penetrate the clouds and
to image even during the nighttime....The
SAR technology enables us to have day and
night coverage and all-weather imaging
capability.”

NISAR’s orbit will cause it to pass over the
same locations every 12 days. Because SAR can
map an area as it both approaches (ascending
orbit) and departs (descending orbit), NISAR
will be able to scan each area twice every
12 days. Each space agency provided one of
the radar systems, as well as other compo-
nents of the satellite, the launch system, and
the data management infrastructure.

“We jointly operate the mission and jointly
do the science,” Rosen added.

“It’s got a lot to deliver on, but I don’t feel
that nervous about it,” Gardner said. “Aspects
of these technologies have flown before,” he

added. For example, the European Space
Agency’s Sentinel satellites carry SAR instru-
ments that have helped scientists understand
the cryosphere, Earth surface processes, and
ecosystems. But NISAR’s dual radar frequency
bands are a first for Earth-observing sat-
ellites. The systems will be able to detect
changes at different physical scales—L band
for large structures and S band for smaller
ones—as well as provide higher-resolution
images together than can be achieved indi-
vidually.

Global Surface Changes

One of NISAR’s primary science objectives
is to observe changes to the cryosphere and
glaciers around the world. That’s Gardner’s
wheelhouse.

“Glaciers are just these really fantastic liv-
ing creatures,” he said. NISAR will monitor
seasonal growth and retreat patterns of gla-
ciers around the world, with a special focus
on those of the West Antarctic Ice Sheet like
Pine Island and Thwaites.

“They just have such large societal con-
sequence that there’ll be a lot of attention
there,” Gardner explained. More broadly, he
said, those seasonal patterns can be a good
predictor of long-term changes in the cryo-
sphere.

NISAR will also be able to observe the ver-
tical displacements of ice sheets, which Gard-
ner said will allow cryosphere scientists to
map where floating ice sheets meet grounded
ice, a boundary called the grounding line.

“It’s really hard to measure, and it’s been
done locally but not really at large scale,” he
said. “We can watch [the] position of that
grounding line change with time, which is an
indicator of vulnerability” to warming tem-
peratures.

NISAR will measure global biodiversity and
soil moisture. The two radar frequency bands
will be especially helpful with this, Putrevu
explained. “With forest biomass, the L-band
system will be able to see the dense forest
with more sensitivity. But when we use the
S-band system, you can use it for sparse veg-
etation, as well.”

The SAR systems will be able to see through
crop cover and measure soil moisture, Put-
revu added, which will provide key infor-
mation for farmers and agribusiness. He also
highlighted the importance of closely moni-
toring changes in land deformation, which
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NISAR, illustrated above, will measure biomass, natural hazards, sea level rise, and groundwater. Credit: NASA/
JPL-Caltech, Public Domain

might suggest imminent earthquakes or land-
slides.

“All the applications have a societal benefit
attached,” Putrevu said. “It gives a great deal
of satisfaction that this will actually be useful
for society.”

A Data Deluge

The satellite will spend its firsts 90 days con-
ducting its commissioning tests and reaching
its science orbit. “But as we progress, we’re
going to get little peeks behind the curtains
that we are going to be so enthusiastic about
as we see the imagery start to really mature,

and the data processing mature, the data
acquisition mature,” Gardner explained.
“There’ll be a progression from a first-light
image to science-ready data.”

Every pass of the satellite will provide
an order of magnitude more data than past
satellites have delivered. Much of the final
preparation before launch involved develop-
ing the infrastructure needed to efficiently
receive, process, and make available such
large quantities of data.

“Once NISAR comes online, the sheer vol-
ume of new data that we’re going to be deal-
ing with requires the development of novel

tools,” Gardner said. “NISAR is really lean-
ing into cloud architecture” for data storage,
availability, and computing, so that users
don’t have to download massive quantities
of data to individual servers. “Moving data
around is one of the largest bottlenecks with
missions like this.”

“We have been preparing for the last cou-
ple years to get all of our algorithms work-
ing really efficiently in the cloud,” Gardner
said, “so that when the fire hose of data
comes online, we can get in there, plug into
that data stream, and benefit from it really
early on.”

Putrevu said that scientists and students
across India have been participating in work-
shops since 2014 to learn how to access, pro-
cess, and produce science from NISAR’s data.
“That shows how the community is getting
geared up to use the data,” he said in April.
“Everyone is eagerly looking forward to
[launch] day.”

Gardner cautioned that it might be a year
or two before NISAR data yield new scientific
outcomes because the volume of information
requires such novel processing tools. The
mission’s nominal lifetime is 3 years, and
once the analysis gets up to speed, discover-
ies derived from those data will likely con-
tinue for decades.

“Without a doubt, it will be a legacy data-
set,” Gardner said. “It’s going to be transfor-
mational.”

By Kimberly M. S. Cartier (@astrokimcartier
.bsky.social), Staff Writer
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A Great Whale Conveyor Belt
Transports Nutrients Across
Oceans

Baleen whales shift huge amounts of nutrients,
including nitrogen, from high-latitude feeding
waters to tropical breeding areas.

By Adityarup Chalravorty
5 May 2025
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The Valuable, Vulnerable, Long Tail of Earth Science

Databases

world’s Earth science data, from those

characterizing hazards like earthquakes
and volcanoes to those recording changes in
the atmosphere and the ocean. This hypo-
thetical resource had been built up, little by
little, through untold piecemeal contributions
from individuals and small teams of research-
ers, many of the observations gathered from
sites now inaccessible or destroyed. Then,
after decades (centuries, even) of collection,
a catastrophic flood took the server offline
and wiped out the data.

How long would it take to replace these
data? How much would it cost to do so? And
how much cheaper would it have been instead
to invest in better safeguarding this critical
scientific infrastructure?

Versions of this hypothetical database
containing not all but, nevertheless, sub-
stantial collections of the world’s Earth sci-
ence data are real. In fact, there are dozens of
them, and the threat of their demise is real
as well.

The looming catastrophes facing them—
funding cuts, software obsolescence, and loss
of community support—may sound more
mundane than massive flooding but may pose
a greater risk and be no less damaging.

These sorts of database disasters can be
subtle and are challenging to prevent because
maintaining research databases is a complex,
interdisciplinary practice requiring technical
expertise in cyberinfrastructure development,
deep engagement with disciplinary experts,
and sustained political and financial support.
Prevention of database loss is also challeng-
ing because problems like software obsoles-
cence are both slow moving and omnipresent.
The destruction they cause may go unnoticed
until it’s too late.

Databases in the Earth and environmental
sciences (EES) are particularly valuable—and
particularly vulnerable. Whereas in fields like
astronomy and high-energy physics, many
researchers may primarily use data collected
by a single high-powered tool (e.g., the Hub-
ble Space Telescope or the Large Hadron Col-
lider), EES researchers often must go through
a laborious process of integrating data from
various sources to enable large-scale studies.

Indeed, much EES research depends on the
reuse and integration of heterogeneous,
“long-tail” datasets—those collected over
years to decades by small, distributed teams

I magine a database containing all of the
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with relatively small amounts of funding
(Figure 1, top) [Heidorn, 2008].

Such data are typically accessible only
through community-curated data resources
(CCDRs) [Williams et al., 2018a], which are
researcher-led data infrastructures to which
scientists contribute, curate, and integrate
data with the goal of studying phenomena

such as the global carbon cycle and bio-
diversity dynamics. Expert data curation and
stewardship of these long-tail data are crit-
ical to advancing understanding of Earth
system dynamics across scales. However,
demonstrating these resources’ value to sci-
ence and society can be difficult because they
are built over long periods of time and by
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Fig. 1. The data produced by the long tail of scientific funding (top)—the roughly 80% of awards that account for

only about 44% of all National Science Foundation (NSF) grant funding—are wildly diverse and collectively repre-
sent the critical foundations of most scientific disciplines. In the long tail, curation by communities of experts can
build big, high-quality datasets as many heterogeneous small datasets are collected. Such growth is demon-
strated by the increasing data volume, expressed as the number of datasets, in the Neotoma Paleoecology
Database (bottom). Credit: Nora Schlenker (The top plot is updated from Heidorn [2008] using 2022 data from

NSF by the Numbers)



many people via curatorial labor that is often
invisible to standard academic metrics of pro-
ductivity.

Small Teams Build

a Billion-Dollar Asset

As a case study to illustrate the hidden value
of expert-curated datasets in EES, we calcu-
lated the simplest metric of value, replace-
ment cost, for the Neotoma Paleoecology
Database [Williams et al., 2018b]. Neotoma is
a CCDR that gathers and shares datasets of
species abundances, as recovered from the
sedimentary record, that document past eco-
logical dynamics spanning centuries to mil-
lions of years.

Expert data curation

and stewardship of long-
tail data are critical to
advancing understanding
of Earth system dynamics
across scales.

More than 1,600 papers citing Neotoma
data have themselves been cited nearly 50,000
times. In addition to many other timely
research applications, the database is widely
used to study the effects of human activity
and changing climates on species and eco-
systems, which can improve forecasts of eco-
logical responses to current climate trends.
Neotoma data have shown, for example, that
current rates of ecological change are as fast
as or faster than those that accompanied
widespread ecological transformations at the
end of the last ice age, roughly 11,700 years
ago [Mottl et al., 2021].

Each dataset in Neotoma was collected and
submitted by a small team of scientists, with
usual times to publication of 2 years or longer
after samples were collected. The database is
continually growing and at the time of writ-
ing included 34,100 datasets (Figure 1, bot-
tom) comprising analyses of 450,000 indi-
vidual samples from 155 countries and 20,800
field sites. Neotoma also stores more than
44,000 radiometric sample ages, which pro-
vide temporal context for sedimentary
archives.

The total data volume of Neotoma is small
(about 6 gigabytes), but its replacement cost
is quite high: at least $1.5 billion (Figure 2).
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Fig. 2. The replacement cost of the Neotoma Paleoecology Database—named for Neotoma, the pack rat

genus—can be conservatively estimated at $1.5 billion by factoring in costs for sample preparation and analysis,

fieldwork, labor, and overhead. However, that figure does not include the costs of the many hours of additional

labor put into rigorous curation of the database. Credit: Andrea Thomer

We calculated this overall amount using esti-
mates informed by decades of experience
building and reviewing grant budgets for
fieldwork, sample preparation and analysis,
labor, and overhead. These estimates include
$3,000 per site for fieldwork, $150 per sam-
ple to cover expert time and analytical costs,
$350 per radiometric date, and $45,000 per
site for labor (i.e., 1 year of a graduate stu-
dent’s time to analyze and publish data), all
increased by 55% to account for institutional
overhead costs.

The fiscal year 2022 budget of the U.S.
National Science Foundation’s (NSF) Sedi-
mentary Geology and Paleobiology (SGP) pro-
gram, the major U.S. funder of this research,
was $10.4 million.

Of course, exact costs can vary; overall,
though, these estimates are conservative
because, for example, graduate students often
need more than 1 year per site, principal
investigator salaries are not included in the
estimates, and infrastructure-dependent
research such as ice core or oceanographic
drilling has higher costs.

It would take SGP roughly 145 years to
rebuild Neotoma’s archives—assuming all
program resources were devoted to this activ-
ity. In fact, many records would be impossi-
ble to re-collect because some sites have been
destroyed or become inaccessible. This exam-
ple underscores a central characteristic of
long-tail scientific data: At best, they are

extraordinarily expensive to replace, and at
worst, they are irreplaceable.

A central characteristic
of long-tail scientific data
is that, at best, they are
extraordinarily expensive
to replace and, at worst,
they are irreplaceable.

The Pricelessness of Community
Curation
Our direct replacement estimate for Neo-
toma is also conservative compared to the
resource’s true worth because it fails to cap-
ture the value that community curation adds.
For instance, the use of community-developed
standards and common vocabularies in Neo-
toma (and other CCDRs) helps tame the
inherent heterogeneity of long-tail data and
makes Neotoma’s data fundamentally more
reusable than data deposited in generalist
repositories.

Whereas generalist repositories, which
accept any kind of data, typically lack strict
curatorial standards, domain-specific CCDRs
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like Neotoma often reformat data into a com-
mon structure. They also describe data using
standardized or controlled vocabularies for
species names, measurement units, and other
variable names. Controlled vocabularies are
essential for large data syntheses using geo-
scientific data from many sites. For example,
if two scientists use different versions of a
species name for the same fossil specimen,
then estimates of past biodiversity will be
artificially increased.

Curation by community experts also builds
trust with researchers, who will not reuse
data they don’t trust [Yoon, 2017]. So Neoto-
ma’s reputation as a well-curated resource
is as valuable as the technical work of data
curation. The replacement cost estimate fur-
ther omits the value of time and resources
saved by researchers and others as its data are
repeatedly reused: Each time a study reuses
Neotoma data, this value increases, reflecting
the mounting savings for teams not needing
to collect, aggregate, and harmonize the data
themselves. Clearly, these intangibles, though
harder to quantify than field, labor, and ana-
lytical costs, carry great benefit.

Better Support for the Long Tail
Neotoma is one of many vital CCDRs in the
Earth and environmental sciences. Other
examples include AmeriFlux and FLUXNET;
the Botanical Information and Ecology Net-
work (BIEN); the Global Biodiversity Infor-
mation Facility; and Interdisciplinary Earth
Data Alliance databases like SESAR, the Pale-
obiology Database, the Nutrient Network
(NutNet), Water Isotopes, and VertNet. Each
of these has its own potential replacement
costs, some less than Neotoma’s and some
more. Each also offers its own case study in
resilience and precarity.

Although CCDRs have, in some cases, per-
sisted across multiple generations of scien-
tists—indeed, they are where many EES
researchers get essential data science train-
ing—their financial and technical sustain-
ability is an ever-present concern. Many con-
tinue to be or were at least initially funded
with federal grants, but their persistence and
growth also depend—sometimes to a large
extent—on grassroots, volunteer labor by
experts with highly specialized and in-
demand skill sets. This reliance on specialized,
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uncompensated labor introduces precarity
because traditional metrics of productivity and
impact in academic careers continue to under-
value, and thus disincentivize, the essential
work of data science and stewardship [Merow
etal., 2023; Goring et al., 2014; Williams et al.,
2018a].

How might society better support these
crucial, multigenerational data resources and
the people who maintain them?

Diversifying funding
streams for CCDRs
could further enhance
their sustainability.

CCDRs must be recognized as one of the
most effective ways to compound the value
of long-tail scientific research—the more
they’re used, the more valuable they become,
and the more they reduce additional costs for
scientists and funders. The scientific com-
munity also needs to acknowledge that both
the human and technical components of
CCDRs are critical to these resources’ long-
term functionality and need sustained sup-
port. The roles of data stewards and curators

must be formally recognized as important
professional work.

Most important, CCDRs should be funded
as sustained infrastructure. The biggest chal-
lenge to maintaining these resources is the
current system by which they’re supported
on a short-term, grant-by-grant basis on 3-
to 4-year cycles. Ideally, federal grant mod-
els for CCDRs should both lengthen the time
horizon of funding cycles to 5-10 years and
increase funding levels to better support
infrastructure and personnel for core func-
tionality.

NSF programs such as Geoinformatics
and Infrastructure Capacity for Biological
Research (Capacity) have moved in this direc-
tion by enabling longer support horizons for
data resources. Still, sustainability and tight
budgets for CCDRs remain significant issues.
More robust support for infrastructure and
personnel can be complemented by science-
driven campaigns on typical 3-year grant
cycles that both add data to these resources
and use them for research at spatiotemporal
scales not achievable by individual site-level
studies.

Diversifying funding streams for CCDRs
could further enhance their sustainability
[Virapongse et al., 2024]. One possibility is to
implement pay-to-submit models, in which
researchers pay a fee to archive their data.
These models increasingly sustain generalist
repositories (though, often, the fees are hid-
den from researchers) but unfortunately tend
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to work less well for CCDRs. Although CCDRs’
data curation requirements add value, they
rely both on work by paid skilled experts and
on donated time, goodwill, and expertise by
scientists. These elements may necessitate
data submission fees that are cost prohibitive
for researchers and make it harder to achieve
the economies of scale that work for gener-
alist repositories.

Reducing the curatorial effort in CCDRs by
building data pipelines from the point of col-
lection to their availability as a community
data resource is one way to reduce costs. Still,
work is needed to explore reasonable fee-for-
service models that account for the value of
time donated to CCDRs while offering gener-
ous waiver policies for individuals and insti-
tutions that simply don’t have the capacity to
contribute either time or money.

Private foundations can also engage more
in supporting community-led scientific data
resources as loci of transformative scientific
discovery, artificial intelligence development,
and next-generation scientific training. And
apart from funding bodies like NSF, other
federal agencies that increasingly rely on (and
sometimes mandate the use of) CCDRs for

data archiving and sharing should also
develop sustained service agreements and
funding support models for these resources.

CCDRs in the Earth and environmental sci-
ences build, support the accessibility of, and
compound the value of long-tail data, thereby
powering critical scientific research into how
our planet is changing and the societal and
ecosystem effects of this change. By inade-
quately supporting these resources, we risk
losing and potentially needing to replace them,
an extremely costly, yet preventable, outcome.
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Although we have not updated it to reflect on
these changes, we believe our core argument is all
the more timely: Scientific collections and data
repositories are among the most vital, valuable,
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Blois, Department of Life and Environmental
Sciences, University of California, Merced
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Lava and gases erupt from part of the Cumbre Vieja volcanic

ridge on La Palma in the Canary Islands on 20 September 2021.
Credit: Eduardo Robaina/Wikimedia Commons, CC BY-SA 3.0
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n 19 September 2021,
the island of La Palma,
one of the Canary
Islands off the north-
western coast of Africa,
experienced its first vol-
canic activity after more than 50 years of
dormancy.

The eruption lasted about 3 months and
created a new volcanic cone, named Tajo-
gaite, along the island’s Cumbre Vieja vol-
canic ridge. It released large plumes of ash
and gas, as well as roughly 200 million
cubic meters of lava that spread over
12 square kilometers of the island, burying
or severely damaging urban settlements
and roads. The event forced the evacuation
of about 7,000 people and caused more than
842 million euros in damages.

Data reported by gas geochemists and
geophysicists had foretold a possible erup-
tion since 2017 (although its likely timing
was uncertain). Research identified an
anomalous gas composition in a spring used
as a monitoring site, as well as dispersed
seismic activity caused by the magmatic
reactivation of the volcano (Figure 1). How-
ever, actual volcanic precursors, such as
well-localized ground deformation, seis-
micity, and gas emissions, were detected
only 8 days before the eruption [D’Auria
etal., 2022].

Real-time seismic readings, satellite-
based analyses, and other data collected
on-site during the Tajogaite eruption pro-
vided vital information not only for keeping
surrounding communities safe but also for
guiding and managing associated scientific

In 2021, the Tajogaite volcanic cone formed on La Palma in Spain’s Canary Islands as a result of about 3 months
of continuous eruptions of tephra and lava. It was the first volcanic activity on La Palma since the Teneguia eruption

in 1971. Credit: Instituto Volcanologico de Canarias

efforts. By comparison, the first published
petrographic and geochemical analyses of
Tajogaite lavas, done using rocks collected
only in the first week of the eruption,
weren’t released until early 2022 for the
purpose of describing the erupted material.
Months later, other petrological and geo-
chemical studies were published, describing
the conditions and origin of the magmas,
their rheological properties, and their
dynamics during the eruption.

Petrologists’ work with respect to volca-
noes can be likened to conducting autop-
sies, providing insights into the causes and
behavior of eruptions after the fact. This
information is highly valuable, but the typi-

cally lengthy time lags before it is available
reduce the usefulness of petrological moni-
toring as an effective scientific tool during
volcanic eruptions.

In recent years, however, some scien-
tists—including us—have been investigat-
ing potential applications of petrological
approaches in near-real-time volcanic
monitoring to help understand what’s hap-
pening underground and manage eruption
responses. Questions we’ve considered
include, for example, whether petrology can
be used to study variations in magma
ascent paths during eruptions and what
additional information can be gleaned by
combining frequent petrological analyses of
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Fig. 1. Areas covered by erupted material during various major eruptions on the island of La Palma (left), which has a record of volcanic eruptions dating back to about 1500,
are indicated here with different colors. Records of seismic activity from before (middle) and during (right) the 2021 eruptions were obtained from the open catalog. Credit:
Adapted from Zanon et al. [2024], CC BY 4.0 (bit.ly/ccby4-0), and D’Auria et al. [2022], CC BY 4.0 (bit.ly/ccby4-0)
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Fig. 2. Black arrows in this chronogram of the Tajogaite eruption indicate the start of eruptive activity on 19 September as well as collection times of lava (red labels) and
tephra (blue labels) samples. Changes in magma composition from basanite to trachybasalt are also shown (amph = amphibole; cpx = clinopyroxene; ol = olivine; ox =
oxides). The red vertical dashed line marks the timing of a temporary stop in magmatic emissions and seismicity on 27 September; the red arrow indicates the start of
magma ascent from the shallow preeruptive magma ponding site at 9—10 kilometers deep. Credit: Zanon et al. [2024], CC BY 4.0 (bit.ly/ccby4-0)

erupted material with monitoring of
syneruptive seismicity (seismic activity
occurring during an eruption).

The Tajogaite eruption was an excellent
opportunity to test our approach [Zanon
etal., 2024]. To do so, we collected samples
daily from the eruptive area and sent them
to a laboratory for rapid analysis of fluid
inclusions within the samples (Figure 2).

Visualizing a Volcano’s Interior
Petrological studies, supported by geo-
chemistry, petrography, mineralogy, and
thermodynamics, allow scientists to gain
deep understanding of the conditions in
which rocks form and transform. For
example, they can decipher the conditions
of magma formation and develop complex,
accurate genetic models for volcanoes. And
they can reconstruct magma ascent paths
and precisely visualize volcanic anatomy.

Although these sorts of studies can be
applied only after materials have been
erupted, they provide a level of detail not
achievable with other methods. They can
also complement the work of geophysicists
and geochemists, who rely upon networks
of high-quality sensors distributed on vol-
canoes for signs of impending eruptions.

These sensors can, for instance, observe
the propagation of volcanic dykes by track-
ing the migration of seismic swarm hypo-
centers, observe ground deformation caused
by volcanic activity, and detect other sorts
of anomalies.

Once an eruption begins, however, ana-
lyzing some geophysical and geochemical
signals becomes more challenging. When

magma starts flowing rapidly through the
magmatic system, these signals may no
longer fully capture internal processes with
sufficient rapidity. As an example, the seis-
mic “noise” of gas moving through the
magmatic system and being released from
it hides the signals of low-intensity seis-
micity. In addition, sensors can be damaged
or destroyed by explosions or buried by lava
flows and volcanic ash, further limiting the
availability of these signals. During erup-
tions, real-time acquisition and interpreta-
tion of petrological data can provide miss-
ing information.

Scientific personnel in volcano observato-

ries worldwide understand the importance of

efficient and rapid petrological monitoring.
This monitoring currently combines multi-
ple analytical techniques, including basic
petrographic observations using optical
microscopy and other analyses to track vari-
ations in magma chemical composition and
mineralogical constitution during an erup-
tion. This approach has been applied to
study several eruptions in the past 25 years,
including the Etna flank eruptions in 2001
and 2002-2003, the 2011-2012 submarine
eruption at El Hierro, and violent periodic
explosions of Stromboli [Corsaro et al., 2007;
Andronico et al., 2009; Marti et al., 2013].
However, several obstacles to real-time
petrological monitoring are challenging to

resolve. Sample collection, preparation, and -

analysis, as well as data processing, are
time-consuming. Some observatories do
not possess the necessary instrumentation
to perform analyses themselves and there-
fore must rely on preexisting scientific col-

laborations or commercial analytical labo-
ratories, which may be far from the site,
booked for other research, or expensive to
use. In addition, analyzing single samples
on a daily (or frequent) basis over an
extended period—as is needed for petrolog-
ical monitoring during an eruption—is
never cost-effective.

Furthermore, the architecture of mag-
matic systems can be highly complex [Cash-
man et al., 2017; Sparks et al., 2019], and the
information gathered during monitoring
may not be useful immediately without an
existing thorough understanding of the
magma’s path to the surface.

TO VOLCANOQES
CAN BE LIKENED
T0 CONDUCTING

AUTOPSIES.



Fluid Inclusions Provide a Way Forward
The 2021 eruption on La Palma occurred
along a small eruptive fissure of the Cumbre
Vieja volcanic ridge. This ridge consists of a
roughly north-south-oriented series of
monogenetic cones (each generated during
a single eruptive episode) along the domi-
nant volcano-tectonic system on the island.

Olivine and pyroxene crystals in the lavas
of this volcano often contain fluid inclu-
sions—small amounts of fluids (mainly
carbon dioxide and water) trapped in min-
erals as they formed or as a result of recrys-
tallization (Figure 3).

Fluid inclusions offer valuable information
that can be revealed using a technique called
microthermometry. A microthermometric
study involves heating and cooling mineral
crystals under a microscope to determine the
temperatures of phase changes in fluid
inclusions. These temperatures provide
insights into the barometric conditions of
crystallization and/or reequilibration specific
to the host crystal—that is, the pressures
under which these processes occurred, which
relate to the depth below the surface. Micro-
thermometric analysis of many crystals thus
allows us to constrain the depths at which
magma ponded and reveal the underground
architecture of volcanoes.

Fluid inclusions have been used success-
fully to reconstruct the magma storage sys-
tems of volcanoes in various locations,
including the Aeolian Islands, the Azores,
the Canary Islands, Cape Verde, and Piton
de la Fournaise [e.g., Boudoire et al., 2019;
Hildner et al., 2012; Kliigel et al., 2000; Zanon
etal., 2003, 2020]. These studies used rock

CRYSTALS ALLOWS US~
TO CONSTRAIN THE -

ARCHITECTURE
OF VOLCANOES.

Fig. 3. Numerous fluid inclusions trapped along a
fracture in an olivine crystal that erupted on

24 November can be seen in this micrograph.
Credit: Vittorio Zanon

samples from different eruptions that
occurred within narrow time intervals, and
the resulting snapshots clearly delineated
magma ascent paths, including dykes and
ponding zones, during those intervals.

In our study [Zanon et al., 2024], the
results of petrological analyses of fluid
inclusions in Tajogaite samples were prom-
ising: Estimates of the depths at which
magma had ponded before erupting were
consistent with the depths of the two seis-
mically active zones that had been defined
through geophysical monitoring.

Our reaction to the method’s potential after
the successful test was much the same as that
of Gene Wilder’s Dr. Frederick Frankenstein
in Young Frankenstein: “It could work!”

Microscopy + Seismology = Success
Combining highly accurate microthermo-
metric data from fresh lavas and pyroclastic
fallouts sampled frequently during the
eruption with concurrent data on the loca-
tions of seismic hypocenters was the secret
to success.

Seismological imaging techniques allow
us to identify lithological discontinuities
and the presence of partially melted rocks
beneath a volcano. Microthermometric
analyses of many fluid inclusions reveal the
pressures (and thus the depths) at which
the magmas have ponded. In addition,
tracking features of seismicity during an
eruption, including hypocenter locations,
energy release, and seismic wave frequency,
is important for characterizing the lithology
of magma ponding zones (both temporary
and long-lasting accumulation zones, i.e.,
magma chambers) and the modality of
magma extraction. Indeed, seismic wave
analyses can even reveal episodes of com-

pression of porous lithologies, such as
mush layers composed of crystal aggre-
gates, which frequently host magma.

Collecting and cross-referencing infor-
mation about depths of magma ponding
obtained from seismic data on subsurface
discontinuities and fluid inclusion data
from materials erupted by Tajogaite allowed
us to define the architecture of the mag-
matic system with greater accuracy than we
could have using either technique individu-
ally. The approach also allowed us to show
the path of magma ascent in near-real time
and to use changes in mineral content and
in composition of trapped fluids to discrim-
inate different batches of magma and their
distinct ascent rates (Figure 4).

Using this approach, we identified five
magma batches that emerged from a main
accumulation zone 27-31 kilometers deep,
spanning the boundary into the lithospheric
mantle. This deep location is established by
fluid inclusions hosting nitrogen and carbon
monoxide, markers of mantle outgassing.

Magma also accumulated over different
durations at depths of 22-27 and 4-16
kilometers. The deeper of those ranges
comprises layers of porous rocks made of
clinopyroxenes and olivines in different
proportions. The shallower depth range
contains a series of amphibole-bearing
mush layers and crystallized magma bodies
from much older intrusions.

We estimated time-integrated magma
ascent velocities (including ponding times)
by calculating the time between peaks of
deep and shallow seismicity in clusters of
earthquakes. These data showed that veloc-
ities were 0.01-0.1 meter per second. Dif-
ferences in the velocities determined the
partial mingling of the magma batches and,
at the surface, the occurrence of changes in
magma flow rate related to the speed,
mobility, and size of erupted volumes.

Differences in magma ascent velocities
also affected the formation of new eruptive
fractures and the occurrence of cyclical
explosivity during the eruption. New erup-
tive fractures signaled changes in eruption
sites in the areas threatened, and changes in
explosivity meant potential hazards for air
traffic, human health (e.g., breathing prob-
lems), and infrastructure (e.g., possible roof
collapses).

Considering these consequences, early
recognition of the rise of new magma
batches would have been very important for
civil defense authorities.

This study represents the first time a
result blending seismological and petrolog-



ical data was obtained, and it demonstrates
how integrating these two fundamentally
different methodologies can set a new stan-
dard for monitoring volcanic activity.

Improving and Integrating
Petrological Monitoring

Unfortunately, this new methodology is not
applicable for monitoring all volcanoes
because not all magmas contain crystals
with trapped fluid inclusions. In large active
magma reservoirs below some volcanoes,
fractionation processes (e.g., gravitational
settling of minerals contained in magmas)
filter out heavier crystals that form first and
mostly trap fluid inclusions.

For example, it is unlikely to work for
silicic volcanoes, in which viscous magmas
are rich in silica and gas—making them
prone to dangerously explosive eruptions—
but devoid of early-formed crystals likely
to host fluid inclusions. However, the
approach might apply to any volcano that
erupts mafic (olivine- and pyroxene-rich)
magmas, which typically rise rapidly
through the crust without pausing for long
in ponding zones, thus limiting how many
inclusion-bearing crystals settle out.

Improving on our method will involve
accelerating the workflow, from sample
collection and preparation to interpreting
the data. If a volcano erupts at a location
without research infrastructure, logistics
may become problematic, and days may be
lost transporting samples. The best solution
in such cases could be to develop a mobile
laboratory equipped with the necessary
instruments for microthermometric fluid
inclusion analysis and interpretation.

Furthermore, as more people collaborate,
more time is saved during sample prepara-
tion and analysis. At best, it will always
take at least a day to perform the necessary
petrological analyses on a single sample.
However, this time lag is short enough to
allow the approach to be applied during the
scientific management of a volcanic eruption.

Challenges aside, we are confident that
the developments in petrological analysis
techniques demonstrated recently add
petrology to the disciplines that can be used
for near-real-time eruption monitoring,
greatly enhancing our ability to understand
internal volcanic dynamics while they are
still in action.
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How Rivers Carved the Canyons of the Central
Colorado Plateau

39 et gl &2y

The Colorado River, as seen from Dead Horse Point State Park in Utah, has been shaping the features of the Colorado Plateau for millions of years. Credit: Natalie Tanski

such as weathering and river erosion can continue to shape a

landscape. One example is the Colorado Plateau, which spans
more than 336,000 square kilometers across four states and encom-
passes iconic sites such as the Grand Canyon and Arches National
Park.

Dramatic sites such as these are created when a river incises the
rock below over millions of years. The rate of river incision in the Col-
orado Plateau has varied over time and is not well understood.

Tanski et al. looked at two reaches of the Colorado River to determine
how and why incision varied during the Pleistocene, dating fluvial
gravel deposits that form river terraces, which are steplike features that
mark the former floors of river valleys.

To constrain the ages of the river terraces, they used lumines-
cence dating, which measures a mineral’s release of photons to deter-
mine the last time it was exposed to sunlight or intense heat, and iso-
chron dating, a form of radioactive dating that, in this case, mea-
sured the changing relative abundance of beryllium and aluminum
isotopes.

I ong after tectonic plate movement has created mountains, forces
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They then simulated how and when a wave of incision may have
migrated up through a drainage basin in response to a change in
baselevel, the lowest point that a river can erode. They compared the
results to their terrace ages to determine whether drops in baselevel
could have contributed to unsteady incision rates.

The researchers found that in the Moab region of the central Colo-
rado Plateau, river incision paused from 1.8 million years ago to about
350,000 years ago. This pause was followed by a period of rapid inci-
sion lasting to the present, during which the river systems carved 200
meters deeper into the plateau. These shifts can be linked to baselevel
changes as the Colorado River established its path, eventually contrib-
uting to the shape and iconic chasm of the Grand Canyon and its trib-
utaries.

However, this particular period of rapid erosion represents only about
a quarter of total exhumation that took place in the central Colorado
Plateau over a much longer time period, suggesting that yet-unknown
events occurring millions of years earlier may have also shaped the
landscape. (AGU Advances, https://doi.org/10.1029/2024AV001359, 2025)
—Rebecca Owen, Science Writer
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Tracking Some of the World’s Fiercest Ocean Currents

In 2022, researchers aboard R/V Marion Dufresne lI, seen here in 2020, studied ocean currents in the Mozambique Channel. Credit: Antoine Lamielle/Wikimedia Commons,
CC BY-SA 4.0 (bit.ly/ccbysa4-0)

car, is home to some of the most turbulent waters in the ocean.

Swirling at a rate of more than 1 meter per second, currents in
the channel can form structures known as anticyclonic rings that
spread up to 350 kilometers across—about the width of Missouri—
and extend 2,000 meters below the surface.

The currents carry nutrients and marine life such as shrimp, the
basis of a major industry in Mozambique. Information about the
movements of shrimp larvae and their food is crucial for managing
fisheries. Yet currents in the Mozambique Channel remain poorly
understood.

Penven et al. characterized currents in the channel as part of a study
called RESILIENCE (Fronts, Eddies, and Marine Life in the Western
Indian Ocean). In 2022, the research team set off aboard a vessel tow-
ing a Moving Vessel Profiler, which measured water conductivity, tem-
perature, and turbidity in the region with unprecedented spatial reso-
lution. Meanwhile, an instrument on the ship’s hull, called the RDI
Ocean Surveyor Acoustic Doppler Current Profiler, measured water
velocities.

T he Mozambique Channel, between Mozambique and Madagas-

Specifically, the researchers traversed a prominent type of current
in the Mozambique Channel known as an eddy-ring dipole. In this fea-
ture, an anticyclonic ring—in which water swirls counterclockwise in
the Southern Hemisphere—pairs with a cyclonic eddy—in which water
swirls clockwise in the Southern Hemisphere. Using the profiling
instruments, the team took high-resolution measurements of several
cross sections of the current down to a depth of 300 meters.

The fierce central current formed by the eddy-ring dipole whisked
nutrients and sea life away from the continental shelf and the Mozam-
bican coast at speeds of up to 1.3 meters per second, the researchers
found. Conditions varied significantly between the current’s two parts.
In the cyclonic eddy, patches of either high or low salinity exist and
photosynthetic life is abundant. In the anticyclonic ring, on the other
hand, conditions are homogeneous and photosynthetic life is largely
absent.

The study is among the first to characterize these complex currents,
and it provides a basis for future research on this turbulent region, the
researchers say. (Journal of Geophysical Research: Oceans, https://doi
.0rg/10.1029/2024JC021913, 2025) —Saima May Sidik, Science Writer
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“Thirstwaves” Are Growing More Common
Across the United States

s the climate warms, the atmosphere
A is getting thirstier. Scientists define

this atmospheric thirst, or evapora-
tive demand, as the amount of water that
could potentially evaporate from Earth’s sur-
face in response to weather.

Standardized short-crop evapotranspira-
tion (ETos) is a metric that estimates how
much water would evaporate and transpire
across a uniform, well-watered grass surface.
It is used to measure the evaporative demand
experienced by land covered by agricultural
crops.

Past studies have shown that ET,s has
increased over time in response to factors such
as air temperature, solar radiation, humid-
ity, and wind speed. But that research doesn’t
cover patterns and trends over prolonged
periods with exceptionally high atmospheric
thirst.

Kukal and Hobbins designate a new term for
extreme ETos events: thirstwaves. A thirst-
wave is a period of extremely high evaporative
demand that, like its cousin the heat wave,
can wreak havoc on a growing season. To be

28 Eos // JULY 2025

called a thirstwave, the ET,s must be above
the 9oth percentile for at least 3 days.

The researchers studied ETos measure-
ments for the contiguous United States during
the 1981-2021 growing seasons, examining
the intensity, duration, and frequencies of
the thirstwaves they identified at the county
level. They then grouped the results into nine
regions.

The researchers’ analysis showed that
thirstwaves occurred an average of 2.9 times
throughout the growing season of April
through October and had an average duration
of 4 days. The longest duration was 17 days,
and the greatest frequency was 20 events per
season. Across the nation, the High Plains
experienced the most intense thirstwaves;
the South, Upper Midwest, Pacific Northwest,
and West Coast experienced the longest aver-
age duration (~4.5 days), and the West Coast
and South experienced the highest frequency
(~3.5 events per season).

Thirstwaves have become more widespread
and are affecting regions such as the South-
west, Northern Plains, and Northern Rockies,

which might not have experienced them in
previous decades. The likelihood that a region
won’t experience a thirstwave at all during
the year has also decreased. Continuing to
measure and track thirstwaves will be crucial
for crop and water management in the com-
ing years, especially as the climate continues
to warm, the researchers say. (Earth’s Future,
https://doi.org/10.1029/2024EF004870, 2025)
—Rebecca Owen, Science Writer
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Forecasting the Future of Southern Ocean Ecosystems

Antarctica, are under threat from climate change. The species
native to the region, from whales to krill to phytoplankton, face
changes such as a loss in sea ice and rising ocean temperatures. A
decrease in the population of endemic species, such as the Antarctic
toothfish, could affect fisheries and lead to cascading socioeconomic
and geopolitical consequences.
Scientists use marine ecosystem models to understand how fragile
regions such as the Southern Ocean will respond to changing climate,

E cosystems in the Southern Ocean, the body of water surrounding

as well as to develop management and conservation plans. The Fish-
eries and Marine Ecosystem Model Intercomparison Project (FishMIP)
combines results from an ensemble of marine ecosystem models, but
it includes relatively few models that focus on the Southern Ocean.
Though scientists have made progress in understanding this area’s
food webs and biogeochemical processes in the past decade, work
remains to be done on assessing how the ecosystem may evolve under
different climate change scenarios.

Murphy et al. are developing a new suite of models to complement
FishMIP called the Southern Ocean Marine Ecosystem Model Ensemble
(SOMEME). By consulting experts in fields such as ocean and biogeo-
chemical modeling, the team determined that the variables used across
FishMIP (sea surface temperature, sea ice concentration, and phyto-
plankton biomass) made it a sufficient framework for their new suite.
The SOMEME effort seeks to address some of the gaps in FishMIP by
better representing regional elements, including sea ice, species such
as Antarctic krill, the historical impacts of whaling, and the connec-
tions between fisheries and climate.

These additions will help scientists understand how climate
change can affect the region and how those effects can be mitigated,
the researchers say. The team expects the model will grow more
capable as they incorporate artificial intelligence into the approach
and as the project gains more collaborators. (Earth’s Future, https://
doi.org/10.1029/2024EF004849, 2025) —Rebecca Owen, Science Writer

The Rivers That Science Says Shouldn’t Exist

In a new paper, scientists call the Casiquiare River
(running north to south in the center of this image),
which connects the Orinoco River (running east to
west) with the Rio Negro, “the hydrologic equiva-

lent of a wormhole between two galaxies.” Credit:
Coordenagdo-Geral de Observagdo da Terra/INPE,
CC BY-SA 2.0 (bit.ly/ccbysa2-0)

and eventually meet an ocean or ter-

minal lake: These are fundamental
rules of how waterways and basins are sup-
posed to work. But rules are made to be bro-
ken. Sowby and Siegel lay out nine rivers and
lakes in the Americas that defy hydrologic
expectations.

R ivers join downstream, flow downhill,
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All exhibit instances of bifurcation, in
which a river splits into branches that con-
tinue downstream. But unlike typical bifur-
cations, these examples do not return to the
main waterway after branching off.

South America’s Casiquiare River, for
example, is a navigable waterway that con-
nects the continent’s two largest watersheds,
the Orinoco and Amazon basins, by acting as
a distributary of the former and a tributary of
the latter. It’s “the hydrologic equivalent of a
wormbhole between two galaxies,” the authors
write.

The Casiquiare splits from the Orinoco
River and meanders through lush, nearly flat
rainforests to join the Rio Negro and, ulti-
mately, the Amazon. The study’s authors
point out that the slight slope (less than
0.009%) is enough to send large volumes of
water down the river and that this unusual
instance results from an incomplete river
capture. They note that understanding of the
Casiquiare is still evolving.

Dutch colonists first mapped the remote
Wayambo River in Suriname in 1717. This
river can flow either east or west, depending

on rainfall and human modifications of flow
using locks. It is also near gold and bauxite
mining as well as oil production sites, and its
two-way flow makes predicting the spread
of pollutants difficult.

Of all the rivers they reviewed, the
researchers described the Echimamish, high
in the Canadian wilderness, as the “most
baffling.” Its name in Cree means “water
that flows both ways.” The river connects
the Hayes and Nelson rivers, and by some
accounts, the Echimamish flows outward
from its middle toward both larger rivers.
However, its course is flat and punctuated
by beaver dams, leading to uncertainty, even
today, about the direction of its flow and
exactly where the direction shifts.

The authors also explored six other strange
waterways, including lakes with two out-
lets and creeks that drain to both the Atlan-
tic and Pacific oceans. In doing so, they
highlighted how much there is still to learn
about how our world’s waters work. (Water
Resources Research, https://doi.org/10.1029/
2024WR039824, 2025) —Rebecca Dzombak,
Science Writer
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Water Stored in the Mantle for Millions of Years
May Be Linked to Continental Volcanism

Lunar Crater in Nevada and the volcanic field that surrounds it came about via intraplate volcanism. Credit: Ken Lund/Flickr, CC BY-SA 2.0

meters below Earth’s surface, may store several oceans’ worth

of water. This water, which is carried to such depths by subduct-
ing tectonic slabs, is stored in minerals like ringwoodite and wadsley-
ite.

The distribution of water in the MTZ, both today and in the past, is
not fully understood or mapped. However, because hydrated slabs enter
the mantle in different locations and with different speeds, shapes, and
sizes, researchers expect that water isn’t distributed evenly throughout
the zone.

Intraplate volcanism, or volcanism occurring away from plate
boundaries, can provide clues about which areas of the MTZ are the
most hydrated. Some of this volcanism occurs when water-rich man-
tle upwellings trigger the melting of mantle rocks, forming magma
that can erupt.

Wang et al. used plate reconstructions from the past 400 million years
to estimate where subducting slabs may have helped transport water
into the MTZ. The researchers then compared these maps of mantle
water to locations where intraplate volcanism occurred over the past
250 million years.

Their findings showed a strong correlation between wet areas of the
MTZ and continental intraplate volcanism, with 42%-68% of intraplate

T he mantle transition zone (MTZ), which occurs 410-670 kilo-

volcanism occurring over more-water-saturated MTZ locations around
the globe. The correlation is stronger in locations where water has
remained in the MTZ for 30-100 million years; thus, the researchers
suggest, a long timescale with multiple subduction events is needed to
hydrate the MTZ and possibly trigger intraplate volcanic activity.

The link between water storage in the MTZ and continental intraplate
volcanism could provide an explanation for minor volcanic activity
across eastern Asia, western North America, and eastern Australia, as
well as global intraplate volcanism patterns over the past 200 million
years. By contrast, the Indian Ocean, southeast Africa, and the south
Atlantic Ocean sit above swaths of the MTZ that have been dry for
the past 400 million years, which may have contributed to the lack of
volcanic activity in these regions, the researchers say. (Geochemistry,
Geophysics, Geosystems, https://doi.org/10.1029/2024GC011901, 2025)
—Rebecca Owen, Science Writer
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CROSSWORD

In the Field

ACROSS

1 Oui, peasare ___ pois

6 Batch (e.g., of gum)

9 Oneoftenmust____ hills, in 32 across
14 Furious

15 The Pleistocene ended <7 down> s
three to be exact
16 Exceptionally fab volcanic moon of

Jupiter?
17 Characteristic of chipping sparrow song
18 Last Chance to (1990 book on

fieldwork by Adams and Carwardine)

19 “Friendship nations...calls for
constructive efforts to muster the forces
of humanity.” —Franklin Roosevelt

20 In the field, a scientist does this in
environmental, paleontological, and
other studies

23 Time units (abbr.)

24 Comes before, text, vent, and face

25 Location syst. important in 41 across

26 Eureka!

27 Locale of Aleppo (abbr)

29 Onthe (fleeing)

32 Fieldwork done to establish substrate,
especially in the past

38 A healthy economy should minimize
_____needs

39 Burger, computer, or pasta

40 |t’s like this sentence the clauses are
improperly connected

41 Fieldwork in seismic, ocean, climate, and
other studies

44 Middle of both sides, or an older spelling
of Chinese “Xi”

45 Toward the sunrise in Northern
Hemisphere (abbr.) winter

46 Abad____;whenyou knock on the
door improperly?

47 North, South, Red, or Black

49 Photo

50 Home of the Burj Khalifa

53 Field measurements important in remote
sensing studies

59 What high-spirited, boisterous field
excursions should be?

60 Word before tide, cord, or saw

61 Machu Picchu architects

62 “Frankly, my dear, | don’t give a damn” in
Dijon

63 SF trope that is not quite science, like
FTL or time travel

64 Delight

65 Unit of distance in France

66 location for a marine field school

67 Brassica napus, canola, and mustard

See p. 28 for the answer key.
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By Russ Colson, Minnesota State University Moorhead

1 2
14
17
20
23
32 33
38
4
44
52
53 54
59 60 61
62 63 64
65 66 67
DOWN 32 What an artesian well might do when first
1 One feature scientists may monitor when opened
studying environmental acoustics 33 Directions 45 degrees from 45 across, or
2 Dropped ball, e.g. an ending for “hex”
3 Follows 34 “Everything” start for bus, present, or
4 No worries, be fine! science
5 Lens common in remote sensing 35 Mpythological mischief-makers, a Mars
6 The Resource Conservation and Pathfinder camera, and certain volcanic
Recovery Act governs solid features on the Moon
management 36 More prone to pontification
7 The Pleistocene ended <15 across>, 37 It’'s usually needed to extract well water
three to be exact 42 No doubt, you the previous issue of
8 Buck’s mates Eos
9 Charley horse 43 Writing grp feedback
10 Lava and Aladdin’s are two examples 47 Great!
11 Billy, American, or teen 48 Follow, as in “one should avoid
12 Extract, or “not yours” inflammatory rhetoric lest violence "
13 Slows (with “down”) 49 Word before love, dog, or chow
21 Rocky prominence 50 What one must do to a water bottle,
22 Famous for the Taj Mahal when one does 20 across
26 Ginger, pale, and Adam’s 51 Banded quartz
27 What one must do to measured values in 52 The beginning and end of soil surveys
completing 53 across 53 Unit of mass
28 Family rec center, and disco hit 54 What one did with a bicycle
29 Follows chorus, clothes, or property 55 Exclude
30 Your byline as a flame-war participant 56 Journey
(abbr.)? 57 What hot air and machines in
31 Like some schools or Earth’s core but Terminator 3 do
without vowels 58 At Santa Monica State Beach, e.g.
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