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Nitrogen is critical to life on Earth:
Every amino acid of every protein
molecule in every living thing con-

tains at least one N atom. The N2 mole-
cules that make up most of the atmos-
phere, however, are nearly inert, and the
element must be converted into some
other chemical form before organisms
can use it. That conversion can be accom-
plished in a few ways: lightning; N fixa-
tion by various species of bacteria and
algae; and, more recently, industrial syn-
thesis of ammonia for fertilizer. Fossil-
fuel combustion, too, adds to the supply
of chemically available N by releasing or-
ganic material from long-dead organisms
previously trapped underground.

Human activities are known to have
a sizeable and deleterious effect on the
global N cycle. (See the article by Ann
Kinzig and Robert Socolow, PHYSICS
TODAY, November 1994, page 24.) In many
cases N availability is the limiting factor
that determines how fast a population
of organisms can grow. Nitrogen pollu-
tion, such as fertilizer runoff, can stimu-
late overgrowth, including algae blooms,
that then upsets the balance of the local
ecosystem.

But the geographic extent of the dis-
ruption is poorly understood because
data on the N cycle from before the rise
of pollution are sparse, particularly from

remote areas. Now National Taiwan Uni-
versity’s Haojia Ren and her colleagues
have used isotope measurements to de-
rive a 45-year N record from the coral
reefs of Dongsha Atoll, an uninhabited
group of islands in the South China Sea,
340 km from land.1 Not only did the re-
searchers detect a clear increase in an-
thropogenic N taken up by the coral, but
they were also able to pinpoint the in-
crease precisely enough in time to corre-
late it with the recent changes in Chinese
pollution levels.

Heavy nitrogen
Corals, such as the one in figure 1, are
colonies of countless tiny animals called
polyps. (See PHYSICS TODAY, September
2016, page 15.) Like many other inverte-

brates, the polyps in reef-building corals
form rigid exoskeletons for protection.
Over time, new generations of polyps
grow on the exoskeletal remains of their
ancestors, and the corals get steadily
larger—by as much as a centimeter or
two per year.

Because the old exoskeletons in the in-
terior of a coral colony are devoid of liv-
ing tissue, they remain largely unchanged
from the time when their long-dead
polyps were alive. Like tree rings and

Coal use in China has
jumped sharply over 
the past 15 years. The 
concomitant nitrogen 
oxide emissions have left
their subtle mark on a 
remote island.
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FIGURE 1. TO COLLECT A CYLINDRICAL
CORAL SAMPLE, 3 cm across and tens of
centimeters long, Kan-Min of the Dongsha
Atoll Research Station drills into a large coral
colony. The pneumatic drill is powered by a
spare scuba tank.

sensors and memory modules. Unfortu-
nately, the newly discovered ferromag-
nets’ low transition temperatures—and
CrI3’s instability—make them unsuitable
for most practical applications. But the
very observation that 2D ferromagne -
tism is possible suggests that it could also
be seen in other, as-yet-undiscovered
van der Waals materials. Perhaps one of
them will have the right combination of
high Tc, chemical stability, and mechani-
cal flexibility.

The search for better 2D ferromagnets
will likely proceed in parallel with the
exploration of 2D magnetism itself. In
addition to clarifying the details of the
effects they’ve already observed, Zhang,
Xu, and Jarillo-Herrero also hope to work
on include how 2D magnets behave
when layered with other 2D materials,
such as semiconductors,5 superconduc-
tors, and other magnets; whether mag-
netic properties can be controlled electri-
cally, optically, and mechanically; and the

2D versions of novel spin textures, such
as skyrmions.
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Coral isotopes track the rise of anthropogenic nitrogen



human hair, therefore, corals offer valu-
able records of conditions over the course
of their growth. Though mostly calcium
carbonate, the exoskeletons contain a
small amount of N-containing protein.

There’s no evidence that anthropogenic
pollution has a measurable effect on the
total amount of N assimilated by corals.
But it does potentially affect that N’s
isotopic composition. Natural N samples
are made up of two stable isotopes:
99.6% 14N and 0.4% 15N. Physical and

chemical processes can alter that compo-
sition a bit—by a few parts per thousand
relative to the amount of 15N—by favor-
ing one isotope or the other.

The deep-sea N that naturally feeds
marine organisms is enriched in 15N, be-
cause the processes that remove N from
the ocean have a preference for the lighter
14N. On the other hand, anthropogenic
sources—both fossil fuels and fertiliz-
ers—have a 15N fraction slightly smaller
than that of air. If N pollution is making

its way into the open ocean, it would
manifest as a drop in the 15N abundance
over time.

The challenge lies in measuring that
drop. By weight, coral skeletal material is
about 0.1% protein, protein is 20% N, N is
0.4% 15N, and the abundance of 15N varies
by at most a fraction of a percent. A gram
of coral, then, contains less than a micro-
gram of 15N, which must be detected
with better than nanogram precision.

Isotope-ratio mass spectrometry can
do that, provided that the protein can be
extracted from the CaCO3 skeleton and
the N can be converted to a uniform
chemical form. Efforts to study coral N
in the mid 2000s used separation tech-
niques—osmosis through a membrane,
filtration, or combustion—that required
impractically large coral samples and of-
fered poor precision.2

In 2015 Princeton University’s Daniel
Sigman (Ren’s PhD adviser and a coau-
thor on the new paper) and his col-
leagues developed a new method for ex-
tracting N from coral. With it, they were
able to make precise 15N measurements
with just 5 mg of exoskeletal material.3

The process comprises a series of chem-
ical steps culminating with Sigman’s
so-called denitrifier method, which uses
specially cultured bacteria to convert
the N from nitrate to nitrous oxide.4 As a
gas, the N2O is easy to collect and iso-
topically analyze.

Open ocean
Not long after she started working in Tai-
wan in 2012, Ren got the idea to use coral
N to test the spread of pollution to Dong-
sha Atoll. Though administered as a na-
tional park by the government of Taiwan,
Dongsha is not open to tourists, and
human presence on the islands is minimal.

Situated among mainland China to the
northwest, Taiwan to the northeast, and
the Philippines to the southeast, Dong-
sha is less remote than some oceanic 
islands. But it’s sufficiently distant from
its neighbors that it’s isolated from 
their coastal waters. The only way an-
thropogenic emissions can reach it is via
the air.

Fossil-fuel combustion releases N
into the atmosphere in the form of vari-
ous oxides, collectively known as NOx.
Fertilizers, when they break down, are
the main source of atmospheric ammo-
nia. Right now, China produces plenty of
both. But crucially, 50 years ago it didn’t.
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A decades-long coral record therefore
offers a comparison between the N con-
ditions in the present day and a time when
nearly all the available N was natural.

To ensure a sufficiently long record,
Ren’s team collected 20 coral cores from
colonies around the atoll. As coauthor
Thomas DeCarlo explains, sampling is
conducted with an eye toward the coral’s
long-term health. “After removing a core,
we plug the hole with cement and seal it
with epoxy so the corals can grow back,”
he says, “and we keep tabs on their re-
covery. We’ve never seen a colony die as
a result of drilling.”

Though one of their cores dated back
60 years, Ren and colleagues chose for

their analysis a core that covered a some-
what shorter time span. That coral grew
faster, says Ren, “and the high growing
rate allowed us to analyze it with better
time resolution.”

The results of the isotopic measure-
ments, performed in Sigman’s lab, are plot-
ted in red in figure 2. Sure enough, over
the course of the record, the 15N abundance
declined—note that the numbers on the
red axis decrease going upward—by
more than a part per thousand. From the
magnitude of the change, the researchers
deduced that some 20% of today’s N comes
from anthropogenic sources. That’s con-
sistent with the range that models esti-
mate, though it’s on the low end.

Also curious is the timing of the
change: beginning around the year 2000.
Fertilizer and coal use in China have both
grown in recent decades, as figure 2
shows, but they’ve followed distinctly
different trajectories. The coral N record
seems to more closely track the latter.

The results hint that switching from
coal to cleaner fuels that emit less NOx

could mitigate the impact on the open
ocean, but it’s hard to draw definitive
conclusions from measurements at a sin-
gle location. Ren and her colleagues are
working toward extending their mea -
surements to other coral reefs around the
world, which are numerous in tropical
and subtropical waters. “Dongsha is spe-
cial because it’s a hot spot for recent
growth in anthropogenic atmospheric
nitrogen,” Ren explains. “Now that we’ve
proved that we can detect this signal, the
next obvious thing to do is to look for it
in other places.”
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FIGURE 2. AS NITROGEN EMISSIONS from China have increased, so has their influence on
Dongsha Atoll. The coral-derived record of the relative 15N abundance δ15N (red), normalized
to air exhibits a change in slope around the year 2000, as does the annual coal consumption
(blue) but not the annual fertilizer use (black). (Adapted from ref. 1.)

By the time the universe was picosec-
onds old, the four fundamental inter-
actions—strong, weak, electromag-

netic, and gravitational—had become
distinct from one another. Yet, for an-
other few microseconds, the universe re-
mained too hot to bind quarks into pro-
tons, neutrons, and other hadrons. Instead,
quarks and gluons, the bosons carrying
the strong force, existed as a hot, dense
soup called quark–gluon plasma.

More recently, quark–gluon plasma

is produced at particle colliders such as
CERN’s Large Hadron Collider (LHC)
and Brookhaven National Laboratory’s

Relativistic Heavy Ion Collider (RHIC)
by smashing together the nuclei of heavy
atoms. From those collisions, researchers

Enhanced production 
of strange particles joins 
a growing body of 
evidence that has 
physicists reevaluating 
their assumptions about
quark–gluon plasmas.
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FIGURE 1. WHEN TWO PROTONS COLLIDE inelastically inside the ALICE detector, (a) the
typical outcome is a few handfuls of particles. (b) Less than 1% of the time, a collision might
produce hundreds of particles. In those rare collisions, the ALICE collaboration found signs
that quark–gluon plasma may be forming. (Courtesy of CERN.)

Proton–proton collisions prove stranger than expected


