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duction to less than 1 kilogram a year.

To the surprise of many, Iranian officials
have—in principle—agreed to even more
stringent changes. Not only will Arak switch
to LEU fuel, but engineers will also downsize
the reactor’s calandria—the vessel in which
the fuel resides—because LEU fuel requires
less space. That downsizing also would make
it harder to restore natural uranium fuel to
the reactor and produce more plutonium.
The changes would lengthen the plutonium
breakout time to several years, Moniz esti-
mates. And even that could be a moot point:
Iran has pledged to ship all of Arak’s spent
fuel out of the country for the reactor’s life-
time, Moniz says.

An Arak redesign will be worked out in the
coming weeks. “They want and we want the
P5+1 to certify the rede-
sign,” Moniz says. Besides
minimizing plutonium
production, the new
design would increase
the reactor’s neutron
flux—which would make
it more efficient at gen-
erating medical radio-
isotopes and “would be
good for their research
program,” Moniz says.
Siegfried Hecker, a plu-
tonium specialist at Stan-
ford University in Palo
Alto, California, and for-
mer director of Los Ala-

The notion of making

much unusable” for making weapons-grade
uranium, says a U.S. official.

Each of the P5+1 nations is seeking to
carve out other research niches at Fordow.
French negotiators have even floated the idea
of installing up to three low-energy electron
linear accelerators. “The concept is an ac-
celerator center of excellence,” says the U.S.
official. Opening up Fordow “is a great idea
to get [Iran] into the international research
community,” Hecker adds.

Several other facets of the deal are also
aimed at blocking the uranium pathways to
a bomb. For starters, Iran would reduce the
number of installed centrifuges for enrich-
ing uranium from about 19,000 to 5060—
all of which, for at least 10 years, would
be Iran’s less capable, first-generation IR-1
centrifuges. Iran would
also soon end research
projects involving its
more advanced IR-2m
and IR-4 centrifuges,
which “will be removed
and put under seal”
Moniz says. And the
country’s LEU stockpile
would be slashed from
about 10,000 kilograms
to 300 kilograms.

One option for achiev-
ing that reduction is to
blend the LEU with de-
pleted uranium, which,
compared with natural

mos National Laboratory, uranium, contains less
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and materials science.
Although that idea is not
in the draft agreement,
Moniz says “it’s still on the table.”

Fordow, however, would become what
Moniz terms an “international physics cen-
ter.” The facility would be largely gutted, with
about two-thirds of its centrifuges removed.
The remaining 1044 centrifuges, Moniz says,
would be modified to produce molybdenum
(Mo) and iridium (Ir) isotopes for use in
medicine and engineering. In molybdenum’s
case, the goal would be to increase the pro-
portion of the isotope Mo-98 in samples,
then expose them to neutrons at Arak to
make Mo0-99. Mo-99 is the parent of techne-
tium-99m, a radioisotope used in more than
20 million nuclear medicine procedures
a year. The other enrichment target is Ir-
191; adding a neutron makes Ir-192, which
is widely used in gamma cameras to check
for structural flaws in metal. As a nonprolif-
eration dividend, the modified centrifuges
would become so contaminated with iso-
topes that “those machines would be very
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Ernest Moniz, U.S. energy secretary

and arms control expert
at Princeton University
in New Jersey, says that
approach would “throw away all the enrich-
ment work”—a waste of valuable reactor fuel.
A more logical solution, he says, would be to
send the excess LEU to Russia for conversion
into fuel rods for Iran’s Bushehr nuclear reac-
tor, in operation since 2011.

The “single biggest challenge,” Acton
says, will be eliminating the covert path-
way. To improve the odds of detecting se-
cret work, the final agreement will detail
an intrusive inspection regime and un-
precedented oversight of Iran’s purchases
for its nuclear program.

Other thorny issues remain. One is Iran’s
R&D on laser enrichment of uranium, a new
route to fissile material that could be even
easier to hide than ranks of centrifuges.
“That’s not something we want to see them
pursuing,” says the U.S. official. And Acton
says it’s worth bearing in mind that, until
negotiators hammer out the final details,
“we don’t have a deal.” m
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Acid oceans
cited in Earth’s
worst die-off

Signature of acidification
found in Permian extinctions
250 million years ago

By Eric Hand

hings went really sour for life on

Earth 250 million years ago. A team

of European geoscientists has found

the most direct evidence yet that the

world’s oceans became sharply acidic

at the boundary between the Perm-
ian and Triassic periods—when scientists
estimate 90% of Earth’s species died in the
worst mass extinction ever.

The “PT” die-off affected all types of liv-
ing things, but it hit marine species the
hardest—Killing off, for instance, the once-
ubiquitous trilobites. The new study, pub-
lished on page 229 of this issue, concludes
that the ocean acidification played a major
role in the cataclysm. Acidification can Kkill
sea creatures by weakening their ability to
produce their calcium-bearing shells, and
it is driven by excess carbon dioxide (CO,)
dissolving in the ocean. As such, the extinc-
tion holds a cautionary lesson for today:
Because of CO, released by burning fossil
fuels, oceans could now be acidifying even
faster than they did 250 million years ago,
although the process hasn’t yet persisted
nearly as long.

“It’s not inconsequential that we are dis-
rupting the earth’s carbon cycle at a faster
rate than the worst extinction of all time,”
says Lee Kump, a geochemist at Pennsyl-
vania State University, University Park.
“Even if it only exists for a few centuries
rather than 10,000 years, rates of change
do matter”

Unlike the asteroid-induced extinction
that Kkilled the dinosaurs 66 million years
ago, most scientists think the even bigger
catastrophe at the end of the Permian was
homegrown: triggered by a massive bout of
volcanism in Siberia that released trillions
of tons of carbon into the atmosphere and
oceans. Researchers previously found signs
that living things endured multiple stresses
as a result of the eruptions: global warm-
ing, ocean acidification, a drop in dissolved
oxygen in the oceans, and even a buildup
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of toxic sulfur. But sorting out the relative
importance and interdependence of these
effects has been difficult.

Now, scientists have better evidence that
ocean acidification hit living things hard. It
comes from carbonate-bearing limestones in
the United Arab Emirates. They formed some
250 million years ago in the shallow waters
offshore of Pangaea, the supercontinent at
the time, locking in the geochemical signals
of the ancient Tethys Ocean. Traditionally,
geochemists have used variations in certain
carbon isotopes as a sign that a pulse of at-
mospheric carbon dioxide was entering the
ocean and triggering acidification. But in
the new Science study, researchers analyzed
the Tethys rocks for isotopes of boron—
a fainter signal, but one that corresponds
more directly to ocean acidity. The method
works because chemical reactions in seawa-
ter cause the ratio of the isotope boron-11 to
boron-10 to increase along with the pH.
Rocks that precipitate on the sea floor reflect
those changing ratios—and with them, the
changing acidity of the ocean over time.

The researchers found a drop in the iso-
topic signal that would have corresponded
to a drop of 0.6 to 0.7 pH units—a signifi-
cant change in seawater chemistry. “This
is the first really direct evidence of ocean
acidification for this mass extinction,” says
Matthew Clarkson, a geochemist at the Uni-
versity of Otago, Dunedin, in New Zealand,
who led the study.

The boron anomaly comes about 50,000
years after a sharp change in carbon isotopes
that has long been thought to signal the start
of ocean acidification and the beginning of
the extinction. The study team says the
gap between the carbon and boron signals
suggests that separate pulses from carbon-

catastrophe that killed off 90% of life on Earth.

spewing volcanoes drove a two-stage extinc-
tion, an idea first put forward in 2012. First,
a slow 50,000-year pulse of carbon entered
the air and then the oceans. The research-
ers hypothesize that the oceans were already
somewhat alkaline, allowing them to absorb
the incoming CO, with very little change in
pH and modest impacts on marine life. But
then a second, sharper pulse of carbon ar-
rived in a period of 10,000 years, overwhelm-
ing the oceans’ feedback mechanisms.
Clarkson says the scenario explains why
paleontologists have found that sea animals
like gastropods and bivalves—calcifying
creatures that are most susceptible to acidi-
fication—suffered their greatest losses in the
later stage of the Permian extinction. “The

Acid bath

The rocks that recorded the deadly ocean acidification were once the floor of a shallow sea off the

coast of the supercontinent Pangaea.

Panthalassic
Ocean
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Musandam mountain cliffs in the United Arab Emirates include rocks laid down during a 250-million-year-old

fossil record supports what we’re seeing with
the geochemistry,” he says. Andrew Knoll, a
paleontologist at Harvard University, agrees
that a late, sharp pulse of acidification could
help explain the extinction record.

The Permian-Triassic catastrophe holds
mixed messages for Earth today. On the one
hand, the pace of acidification was slower
than it is now. The study team estimates that,
in the acidification event, 24,000 gigatons of
carbon were injected into the atmosphere
over 10,000 years—a rate of 2.4 gigatons per
year—and most of it wound up in the oceans.
Currently, scientists estimate carbon from all
sources is entering the atmosphere at a rate
of about 10 gigatons per year.

On the other hand, today’s economically
viable fossil fuel reserves contain only about
3000 gigatons of carbon—far shy of the Perm-
ian total, even if human beings burn it all.
“We're injecting the carbon faster, but it’s un-
likely that we have as much carbon to inject,”
says study co-author Tim Lenton, an Earth
systems scientist at the University of Exeter
in the United Kingdom. But knowing that
the Permian was much worse doesn’t bring
Lenton much comfort. “Biology is pretty
smart—it can cope with a certain amount of
acidification,” he says. “But I suspect there
are limits to adaptation. There will be some
point at which [species] crack.”

Study co-author Rachel Wood, a geo-
biologist at the University of Edinburgh in
the United Kingdom, wants to make sure
that the acidification pulse was more than
aregional catastrophe. The team next plans
to test rocks that formed on the floor of the
Tethys 250 million years ago in present-day
Iran and Oman. “We need to establish that
this is a global signature,” she says. m
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Ocean acidification and the
Permo-Triassic mass extinction

M. O. Clarkson,*t S. A. Kasemann,” R. A. Wood,* T. M. Lenton,® S. J. Daines,>
S. Richoz,* F. Ohnemueller,? A. Meixner,? S. W. Poulton,’ E. T. Tipper®

Ocean acidification triggered by Siberian Trap volcanism was a possible kill mechanism
for the Permo-Triassic Boundary mass extinction, but direct evidence for an acidification
event is lacking. We present a high-resolution seawater pH record across this interval,
using boron isotope data combined with a quantitative modeling approach. In the latest
Permian, increased ocean alkalinity primed the Earth system with a low level of
atmospheric CO, and a high ocean buffering capacity. The first phase of extinction

was coincident with a slow injection of carbon into the atmosphere, and ocean

pH remained stable. During the second extinction pulse, however, a rapid and large
injection of carbon caused an abrupt acidification event that drove the preferential loss

of heavily calcified marine biota.

he Permo-Triassic Boundary (PTB) mass
extinction, at ~252 million years ago (Ma),
represents the most catastrophic loss of
biodiversity in geological history and played
a major role in dictating the subsequent
evolution of modern ecosystems (7). The PTB ex-
tinction event spanned ~60,000 years (2) and
can be resolved into two distinct marine extinc-
tion pulses (3). The first occurred in the latest
Permian [Extinction Pulse 1 (EP1)] and was fol-
lowed by an interval of temporary recovery be-
fore the second pulse (EP2), which occurred in
the earliest Triassic. The direct cause of the mass
extinction is widely debated, with a diverse range
of overlapping mechanisms proposed, including
widespread water column anoxia (4), euxinia (5),
global warming (6), and ocean acidification (7).
Models of PTB ocean acidification suggest that
amassive and rapid release of CO, from Siberian
Trap volcanism acidified the ocean (7). Indirect
evidence for acidification comes from the inter-
pretation of faunal turnover records (3, 8), poten-
tial dissolution surfaces (9), and Ca isotope data
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(7). A rapid input of carbon is also potentially
recorded in the negative carbon isotope excur-
sion (CIE) that characterizes the PTB interval
(10, 11). The interpretation of these records is,
however, debated (12-16) and is of great impor-
tance to understanding the current threat of
anthropogenically driven ocean acidification (11).

To test the ocean acidification hypothesis, we
have constructed a proxy record of ocean pH
across the PTB using the boron isotope compo-
sition of marine carbonates (8"'B) (17). We then
used a carbon cycle model (supplementary text)
to explore ocean carbonate chemistry and pH
scenarios that are consistent with our §"'B data
and published records of carbon cycle distur-
bance and environmental conditions. Through
this combined geochemical, geological, and model-
ing approach, we are able to produce an envelope
that encompasses the most realistic range in pH,
which then allows us to resolve three distinct
chronological phases of carbon cycle perturba-
tion, each with very different environmental con-
sequences for the Late Permian-Early Triassic
Earth system.

‘We analyzed boron and carbon isotope data
from two complementary transects in a shallow
marine, open-water carbonate succession from the
United Arab Emirates (U.A.E.), where deposi-
tional facies and stable carbon isotope ratio
(3"C) are well constrained (18). During the
PTB interval, the U.A.E. formed an expansive
carbonate platform that remained connected
to the central Neo-Tethyan Ocean (Fig. 1A) (18).
Conodont stratigraphy and the distinct §'2C curve
are used to constrain the age model (17).

The PTB in the Tethys is characterized by two
negative 5'°C excursions interrupted by a short-
term positive event (10). There is no consensus as
to the cause of this “rebound” event and so we
instead focus on the broader §*°C trend. Our §*°C
transect (Fig. 1B) starts in the Changhsingian
(Late Permian) with a gradual decreasing trend,
interrupted by the first negative shift in §*°C at
EP1 (at 53 m, ~251.96 Ma) (Figs. 1B and 2). This is
followed by the minor positive rebound event (at
54 m, ~251.95 Ma) (Figs. 1B and 2) before the
minima of the second phase of the negative CIE
(58 to 60 m, ~251.92 Ma) (Figs. 1B and 2) that
marks the PTB itself. After the CIE minimum,
8'C gradually increases to ~1.8 per mil (%o) and
remains relatively stable during the earliest
Triassic and across EP2.

Our boron isotope record shows a different
pattern to the carbon isotope excursion. The
boron isotope ratio (5'B) is persistently low
(Fig. 1C) at the start of our record during the
late-Changhsingian, with an average of 10.9 +
0.9%o (16). This is in agreement with 8"'B values
(average of 10.6 + 0.6%o, 15) reported for early-
Permian brachiopods (19). Further up the section
(at ~40 m, ~252.04 Ma) (Fig. 1C), there is a stepped
increase in 8"B to 15.3 + 0.8%o (propagated
uncertainty, 2¢f) and by implication an increase
in ocean pH of ~0.4 to 0.5 (Fig. 2). 3'B values
then remain relatively stable, scattering around
14.7 £ 1.0%o (1o) and implying variations within
0.1 to 0.2 pH, into the Early Griesbachian (Early
Triassic) and hence across EP1 and the period of
carbon cycle disturbance (Figs. 1 and 2).

After the 8"C increase and stabilization (at
~85 m, ~251.88 Ma) (Fig. 1), 8"'B begins to de-
crease rapidly to 8.2 £ 1.2%o (20f), implying a
sharp drop in pH of ~0.6 to 0.7. The "B min-
imum is coincident with the interval identified
as EP2. This ocean acidification event is short-
lived (~10,000 years), and 8B values quickly re-
cover toward the more alkaline values evident
during EP1 (average of ~14%o).

The initial rise in ocean pH of ~0.4: to 0.5 units
during the Late Permian (Fig. 2) suggests a large
increase in carbonate alkalinity (20). We are able
to simulate the observed rise in §"'B and pH
through different model combinations of in-
creasing silicate weathering, increased pyrite dep-
osition (21), an increase in carbonate weathering,
and a decrease in shallow marine carbonate dep-
ositional area (supplementary text). Both sili-
cate weathering and pyrite deposition result in a
large drop in partial pressure of CO, (Pco,) (and
temperature) for a given increase in pH and
saturation state (Q). There is no evidence for a
large drop in Pco,, and independent proxy data
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indicate only a minor temperature decrease of
a few degrees celsius during the Changhsingian
(22), suggesting that these mechanisms alone can-
not explain the pH increase (fig. S5). Conversely,
an increase in carbonate input or a reduction in
rates of carbonate deposition both result in in-
creases in Q, with a greater impact on pH per
unit decrease in Pco, and temperature (fig. S6).
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§'°C (%o)

A decrease in carbonate sedimentation is con-
sistent with the decrease in depositional shelf
area that occurred because of the second-order
regression of the Late Permian (23). With the
added expansion of anoxia into shelf environ-
ments (24), this would effectively create both
bottom-up and top-down pressures to reduce
the area of potential carbonate sedimentation.

8B (%)

Sea-level fall also exposed carbonates to weath-
ering (23), which would have further augmented
the alkalinity influx. The pH increase event sup-
ports the CO,Lo initialization scenario [CO, ~3
present atmospheric levels (PAL), pH ~8, §"Bgw
~34%o] (supplementary text) because the simu-
lated CO, and temperature decrease is much re-
duced and therefore is more consistent with
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Fig. 2. Model results of carbon cycle parameters for high- and low-CO, end-member scenarios.
(A) Model-reproduced 8B versus data. (B) Modeled §*3C versus data. (C) Modeled pH envelope in-
corporating uncertainty of seawater B isotope composition (§"'Bsw) and dynamic temperatures.

(D) Calculated atmospheric CO».

independent proxy data (22), as compared with
CO,Hi (CO, ~10 PAL, pH ~7.5, 8" Bgw ~36.8%o)
(Fig. 2D).

Before EP1, §"°C.,y, values began to decrease
before reaching the minimum of the globally
recognized negative CIE at the PTB (Fig. 1). At
this time, both "B and ocean pH remained
stable. Hypotheses to explain the negative CIE
require the input of isotopically light carbon,
such as from volcanism (14, 25), with the assimi-
lation of very light organic carbon from the sur-
rounding host rock (26), methane destabilization
(27), collapse of the biological pump (75), and/or
a decrease in the burial of terrestrial carbon (76).
We can simulate the observed drop in §'2C, while
remaining within the uncertainty of the "B
data (Fig. 2), by combining a cessation of ter-
restrial carbon burial with a relatively slow
(50,000 years) carbon injection from any of the
above sources (fig. S8). A small source of methane
(3.2 x 10" mol C with §"3C = -50%o) gives the least
change in "B and pH, whereas either a larger
source of organic carbon (~6.5 x 10 mol C with
513C = -25%0) or a mixture of mantle and lighter
carbon sources (~1.3 x 10" mol C with 8°C =
-12.5%0) are still within the measured uncer-
tainty in 8"B.

This relatively slow addition of carbon mini-
mizes the tendency for a transient decline in
surface ocean pH in an ocean that was already
primed with a high Q and hence high buffering
capacity from the Late Permian. The global pres-
ence of microbial and abiotic carbonate fabrics
after EP1 (28) is indicative that this high Q was
maintained across the CIE. The carbon injection
triggers an increase in Pco,, temperature, and
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silicate weathering, creating an additional counter-
balancing alkalinity flux, which is consistent with
independent proxy data (6). The alkalinity source
may have been further increased through soil loss
(29), the emplacement of easily weathered Siberian
Trap basalt, or the impact of acid rain (30), which
would have increased weathering efficiency.

The negative §"'B,y, excursion at 251.88 Ma
represents a calculated pH decrease of up to
0.7 pH. This pH decrease coincides with the
second pulse of the extinction (Fig. 1), which pref-
erentially affected the heavily calcifying, phys-
iologically unbuffered, and sessile organisms (3).
This was also accompanied by the temporary loss
of abiotic and microbial carbonates throughout
the Tethys (31, 32), suggesting a coeval decrease
in Q. To overwhelm the buffering capacity of the
ocean and decrease pH in this way requires a
second, more abrupt injection of carbon into the
atmosphere, yet remarkably, the acidification
event occurs after the decline in §*°C, when §**C
has rebounded somewhat and is essentially stable
(Fig. 1).

Unlike the first carbon injection, the lack of
change in 8"C at this time rules out very **C-
depleted carbon sources because no counter-
balancing strongly '*C-enriched source exists.
Instead, it requires a carbon source near ~0%o.
A plausible scenario for this is the decarbona-
tion of overlying carbonate host rock, into which
the Siberian Traps intruded (26), or the direct
assimilation of carbonates and evaporites into
the melt (33). Host carbonates would have had
5'3C ~ +2 to 4%o, which when mixed with man-
tle carbon (~-5%o) potentially produces a source
near 0%o. We can simulate the sharp drop in

pH and stable §'2C values (Fig. 2) through a large
and rapid carbon release of 2 x 10'® mol C over
10,000 years (fig. S8). This is undoubtedly a mas-
sive injection of 24,000 PgC at a rapid rate of
2.4 PgC/year, but it is physically plausible given
existing estimates of the volume of carbonate
host sediments subject to contact metamorphism
and postulated mechanisms of carbon release
(supplementary text). This second rapid carbon
release produces a sharp rise in Pco, to ~20 PAL
and warming of ~15°C, which is consistent with
the observation of peak temperatures after EP1
(22). Initialization of the carbon cycle model un-
der CO,Hi cannot generate the magnitude of §"B
drop (Fig. 2A) because the nonlinear relation be-
tween pH and "B fractionation sets a lower limit
of 8B at ~10%o in this case (fig. S3). Thus, low
initial CO, of ~3 PAL in the Late Permian (CO,Lo)
is more consistent with our data.

An acidification event of ~10,000 years is
consistent with the modeled time scale required
to replenish the ocean with alkalinity, as car-
bonate deposition is reduced and weathering
is increased under higher Pco, and global tem-
peratures. Increased silicate weathering rates
drive further CO, drawdown, resulting in stabi-
lization (Fig. 2D). High global temperature (6)
and increased silicate weathering are consistent
with a sudden increase in both 5’Sr/®5Sr (34) and
sedimentation rates (29) in the Griesbachian.

The PTB was a time of extreme environmental
change, and our combined data and modeling
approach falsifies several of the mechanisms cur-
rently proposed. Although the coincident stresses
of anoxia, increasing temperature, and ecosystem
restructuring were important during this interval,
the 8"B record strongly suggests that widespread
ocean acidification was not a factor in the first
phase of the mass extinction but did drive the
second pulse. The carbon release required to
drive the observed acidification event must have
occurred at a rate comparable with the current
anthropogenic perturbation but exceeds it in
expected magnitude. Specifically, the required
model perturbation of 24,000 PgC exceeds the
~5000 PgC of conventional fossil fuels and is
at the upper end of the range of estimates of
unconventional fossil fuels (such as methane
hydrates). We show that such a rapid and large
release of carbon is critical to causing the com-
bined synchronous decrease in both pH and satu-
ration state that defines an ocean acidification
event (I1).
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COMETARY FORMATION

Molecular nitrogen in comet
67P/Churyumov-Gerasimenko indicates
a low formation temperature

M. Rubin,'* K. Altwegg,"> H. Balsiger," A. Bar-Nun,> J.-J. Berthelier,* A. Bieler,"”
P. Bochsler,! C. Briois,® U. Calmonte,! M. Combi,” J. De Keyser,’” F. Dhooghe,”

P. Eberhardt,’t B. Fiethe,® S. A. Fuselier,® S. Gasc,’ T. I. Gombosi,” K. C. Hansen,”
M. Hiissig,® A. Jickel,! E. Kopp,' A. Korth,’® L. Le Roy,> U. Mall,’° B. Marty,"

0. Mousis,'” T. Owen,'® H. Réme,'*'* T. Sémon,’ C.-Y. Tzou,' J. H. Waite,® P. Wurz'

Molecular nitrogen (N,) is thought to have been the most abundant form of nitrogen in
the protosolar nebula. It is the main N-bearing molecule in the atmospheres of Pluto
and Triton and probably the main nitrogen reservoir from which the giant planets
formed. Yet in comets, often considered the most primitive bodies in the solar system,
N> has not been detected. Here we report the direct in situ measurement of N, in the
Jupiter family comet 67P/Churyumov-Gerasimenko, made by the Rosetta Orbiter
Spectrometer for lon and Neutral Analysis mass spectrometer aboard the Rosetta
spacecraft. A N»/CO ratio of (5.70 + 0.66) x 10~3 (2¢ standard deviation of the
sampled mean) corresponds to depletion by a factor of ~25.4 + 8.9 as compared to

the protosolar value. This depletion suggests that cometary grains formed at

low-temperature conditions below ~30 kelvin.

hermochemical models of the protosolar
nebula (PSN) suggest that molecular nitro-
gen (N,) was the principal nitrogen species
during the disk phase () and that the ni-
trogen present in the giant planets was
accreted in this form (2). Moreover, Pluto and
Triton, which are both expected to have formed
in the same region of the PSN as Jupiter family
comets (JFCs), have N,-dominated atmospheres
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and surface deposits of N, ice (3, 4). This mol-
ecule has never been firmly detected in comets;
however, CN, HCN, NH, NH,, and NH3; among
others have been observed spectroscopically (5, 6).
The abundance of N, in comets is therefore a
key to understanding the conditions in which
they formed.

Condensation or trapping of N, in ice occurs
at similar thermodynamic conditions as those
needed for CO in the PSN (7, 8). This requires
very low PSN temperatures and implies that
the detection of N, in comets and its abundance
ratio with respect to CO would put strong con-
straints on comet formation conditions (7, 8).
Ground-based spectroscopic observations of
the N,* band in the near ultraviolet are very
difficult because of the presence of telluric Ny"
and other cometary emission lines. Searches
conducted with high-resolution spectra of com-
ets 122P/de Vico, C/1995 O1 (Hale-Bopp), and
153P/2002 C1 (Ikeya-Zhang) have been unsuc-
cessful and yielded upper limits of 107 to 10™*
for the N,"/CO™ ratio (9, 10). Only one N," de-
tection in C/2002 VQ94 (LINEAR) from ground-
based observations is convincing, because the
comet was at sufficient distance from the Sun
to prevent terrestrial twilight N,* contamina-
tion (1I). The in situ measurements made by
Giotto in 1P/Halley were inconclusive, because
the resolution of the mass spectrometers aboard
the spacecraft (12) was insufficient to separate
the nearly identical masses of N, and CO during
the 1P/Halley encounter, and only an upper limit
could be derived for the relative production
rates [Q(N,)/Q(CO) = 0.1] (13).

Here we report the direct in situ measurement
of the N,/CO ratio by the Rosetta Orbiter Spec-
trometer for Ion and Neutral Analysis (ROSINA)
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