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ABSTRACT

Emission lines of Fel and Nil are commonly found in the coma of Solar System comets, even at large heliocentric distances. These
atoms are most likely released from the surface of the comet’s nucleus or from a short-lived parent. The presence of these lines
in cometary spectra is unexpected because the surface blackbody equilibrium temperature is too low to allow the sublimation of
refractory minerals containing these metals. These lines were also found in the interstellar comet 2I/Borisov, which has a Nil/Fel
abundance ratio similar to that observed in Solar System comets. On average, this ratio is one order of magnitude higher than the solar
Ni/Fe abundance ratio. Here, we report observations of the interstellar comet 3I/ATLAS, which were carried out with the ESO Very
Large Telescope equipped with the UVES and X-shooter spectrographs. Spectra were obtained at heliocentric distances ranging from
3.14 to 1.85 au. Nil was detected at all epochs. Fel was only detected at heliocentric distances smaller than 2.64 au. We estimated the
Nil and Fel production rates by comparing the observed line intensities with those produced by a dedicated fluorescence model. Comet
31 first exhibited extreme and unusual Nil/Fel abundance ratios during the initial stages of its activity. However, as its heliocentric
distance decreased, this ratio became indistinguishable from those observed in Solar System comets and in comet 2I/Borisov. Comet
31 was found to be C,-depleted, with a Nil/Fel abundance ratio finally consistent with other C,-depleted comets. Nevertheless, comet
31 remains exceptional due to its high, total production rate of Nil and Fel, which is at least one order of magnitude larger than
that of other comets. We interpreted these observations assuming that the Nil and Fel atoms were released through the sublimation
of Ni(CO), and Fe(CO)s carbonyls. This scenario provides a straightforward explanation for the asymmetric release of Nil and Fel
atoms in the cometary coma and how it depends on the heliocentric distance. It also supports the presence of carbonyls in the cometary

material.
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. Introduction

umerous Fel and Nil emission lines have been identified in
he spectra of about 20 Solar System comets observed in the
ast two decades at heliocentric distances (r,) ranging from
.68 to 3.25 au (Manfroid et al! 2021; [Hutsemékers et al)[2021;
middouch et al.[2025). The presence of these lines in cometary
pectra at such distances from the Sun was unexpected because
he surface blackbody equilibrium temperature is too low to
allow the sublimation of silicate and sulfide minerals contain-
ing the metals. Furthermore, the mean abundance ratio Nil/Fel
was found to be one order of magnitude higher than the so-
lar ratio, and higher than the ratios estimated in the dust of
1P/Halley (Jessberger et al![1988) and in the coma of the Sun-
grazing comet Ikeya-Seki (Manfroid et al![2021)). Manfroid et al
) advanced several mechanisms to explain these observa-
tions, in particular superheating of Ni-rich sulfides, possibly lo-
cated in nanoparticles, and sublimation of organometallic com-

* Based on observations made with the ESO Very Large Telescope at
the Paranal Observatory under programs 115.C-0282, 115.C-2317, and
2115.C-5030.

plexes, such as carbonyls (see also Bromley et all 2021 and
Rahatgaonkar et al![2025).

Interstellar comets, with potentially different chemical com-
positions, offer a unique opportunity to better understand the ori-
gin of the Nil and Fel atoms observed in cometary comae. Fel
and Nil were found in the interstellar comet 2I/Borisov (here-
after 21) with a Nil/Fel abundance ratio similar to the Solar Sys-
tem comets (Guzik & Drahus2021; Opitom et all2021)). Nil was
recently found in the interstellar comet 3I[/ATLAS (hereafter 31)
at a heliocentric distance of 3.88 au, before the onset of CN
and Fel (Rahatgaonkar et al! [2025). This could support an un-
usual composition of comet 31, as is suggested by the very high

CO,/H,0 abundance ratio found by |[Cordiner et al! (2025).

In this work, we report the first detection of Fel emission
lines in the coma of comet 31 at a heliocentric distance of 2.64 au.
We measured the Nil/Fel abundance ratio at different heliocen-
tric distances and compared it to the ratio observed in Solar
System comets and comet 21 to determine whether comet 31 is
unique. We show that the release of Nil and Fel atoms at large
distances from the Sun can be explained by the sublimation of
short-lived species, possibly carbonyls.
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2. Observations and data reduction

Observations were carried out from August 12 to September
14, 2025, with the Very Large Telescope (VLT) at the Euro-
pean Southern Observatory (ESO), equipped with the UV-Visual
Echelle Spectrograph (UVES). The standard settings 3464580
(dichroic 1), 390+580 (dichroic 1), and 437+860 (dichroic 2)
were used. The blue settings centered at 346 nm, 390 nm, and
437 nm cover the spectral ranges 3030-3880 A, 3260-4540 A,
and 3730-4990 A, respectively. A nonstandard setting centered
at 348 nm, corresponding to the spectral range 3100-3900 A,
was also used to simultaneously cover the regions containing
the OH and CN bands. Most of the time, a 1.8”-wide slit
was used, delivering a resolving power of about 35000. The
observing circumstances are summarized in Table [AJl Raw
frames were first processed to remove cosmic ray hits usin the
Python implementation of the “lacosmic” package
[2001; lvan Dokkum et al| 2012). The data were reduced with
the UVES plpehneﬂ to obtain wavelength- and flux-calibrated
two-dimensional spectra. One-dimensional spectra were then ex-
tracted by integrating over the full slit length (Table [A3), using
custom procedures. The scattered spectrum of the Sun (dust, twi-
light) was removed in the manner described in
).

We also considered the spectra obtained with the VLT X-
shooter spectrographfl (Vernet et al] 2011) and described in de-
tail by Rahatgaonkar et al! (2025), in particular the UVB spectra
obtained from July 23 to August 21, 2025, which contain the
first detections of Nil lines in comet 31. These observations were
secured with a 1.6”-wide slit, providing a resolving power of
about 3200. Another series of spectra, containing both the Nil
and Fel lines, was obtained from September 20 to 25, 2025, with
the same instrumental settings The observing circumstances are
summarized in Table [A2] All of these spectra were indepen-
dently reduced in the present work. The X-shooter plpehneﬂ was
used to obtain wavelength- and flux- calibrated two-dimensional
spectra. Since the target was not always positioned in the middle
of the 10”-long slit, the one-dimensional spectra were extracted
over a shorter, 7.5”-long slit centered on the target. The scattered
spectrum of the Sun was subtracted using the solar analog star
HD150469, which was observed with the same settings as the

comet (Rahatgaonkar et all[2025).

3. Fel line detection and production rate
measurements

While Nil lines were observed in the spectra obtained before
August 28 and detected as far as 3.88 au (Rahatgaonkar et all
ﬁ, see also Table [AJ), Fel lines were only detected in the
spectra obtained on August 28 with UVES, and after that date
when the comet was at r;, < 2.64 au. Some of the brightest Fel
lines are shown in Fig. [[l After August 28, the lines steadily
intensified, and new ones emerged (Figs.[B.1land [B2).

The intensities of unblended Fel and Nil emission lines were
measured in the UVES and X-shooter spectra for each epoch,

! UVES User Manual, VLT-MAN-ESO-13200-1825,
https://www.eso.org/sci/facilities/paranal/instruments.html

2 UVES Pipeline User Manual, VLT-MAN-ESO-19500-2965,
https://www.eso.org/sci/software.html

3 X-shooter User Manual, ESO-270545,
https://www.eso.org/sci/facilities/paranal/instruments.html

4 X-shooter Pipeline User Manual, VLT-MAN-ESO-14650-4840,
https://www.eso.org/sci/software.html
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Fig. 1. Continuum-subtracted spectra of comet 31 obtained on August
28 and September 3+4 with UVES. Three narrow Fel lines were de-
tected on August 28 in this spectral range, Fel 13719.93A being the
brightest iron line detected in our spectra. In the average spectrum ob-
tained in September 3+4 (shifted vertically for clarity), the Fel lines are
brighter, and four of them were detected (as is indicated by the vertical
red lines). Broad emission features due to background [OII] emission at
3727A and 3729A are also observed.
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Fig. 2. Ratio log,,(/obs/Imoa) for the Fel (red diamonds) and Nil (blue
squares) lines measured in comet 31 for observations secured with
UVES on August 28 (top) and September 12 (bottom). /s represents
the observed line intensities and I, the intensities computed with the
fluorescence model. obs/Imod 1 proportional to the column density of
the atoms (Manfroid et all 2021). The separation between the mean
values computed for Nil and Fel gives the Nil/Fel abundance ratio.
The ratios have been shifted on the y axis so that the mean value of
log,o(Zobs/ Imoa) 1s zero for Fel.

and compared to the intensities computed with a dedicated fluo-
rescence model to derive the Fel and Nil column densities. This
model, described in detail in [Manfroid et al! (2021)), considers
a large number of transitions and atomic levels for both the Fel
and Nil atoms. Since Fel and Nil lines are also present in absorp-
tion in the solar light that irradiates the cometary atmosphere, the
excitation can strongly depend on the Doppler shift between the
comet and the solar spectra. Therefore, the high-resolution struc-
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Fig. 3. Spatial profile of the brightest Nil line (1 3458A) observed with
UVES on September 4. The measured surface brightness (SB; normal-
ized to one at the photocenter) is plotted as a function of the projected
nucleocentric distance, p, in arcsec. The red line represents SB o« p~!
convolved with a 1.5” full-width-at-half-maximum Gaussian to account
for the seeing and tracking imperfections.

ture of the solar spectrum and the relative velocity between the
comet and the Sun must be considered.

A comparison of observed and computed line intensities
for Fel and Nil is shown in Fig. Pl for two epochs. The ratio
Iobs/Imod gives the atomic column density (Manfroid et al!2021)).
Although there is clearly some dispersion between the individ-
ual measurements, the average of the intensity ratios is well de-
fined for both atomic species. The difference of the average val-
ues gives the Nil/Fel abundance ratio, which is clearly higher on

August 28 than on September 12 (see also Table[A3).

One important characteristic of the Fel and Nil emission
lines is their short spatial extent. In spectra obtained for comets
103P/Hartley2 and 46P at geocentric distances of 0.17 and 0.09
au, respectively, the surface brightness was found to be in-
versely proportlonal to the projected distance from the nucleus,

[2021; Hutsemékers et al! [2021)). Such a spa-
tial profile indicates that the Fel and Nil atoms originate at small
nucleocentric distances, either directly ejected from the surface
of the nucleus or released from a short-lived parent. As is shown
in Fig. 3l a similar profile is observed for comet 31.

Assuming that the emission line surface brightness decreases
as p~! for both Nil and Fel, production rates were computed
from the column densities according to the formulae given in
Manfroid et all (2021)). We assumed a constant ejection veloc-
ity, v = 0.85 ;% km s™! (Cochran & Schleicher[1993). The re-
sulting production rates and abundance ratios are given in Ta-
ble[A3] together with the number of lines used in the analysis.
The Nil production rates measured for the first X-shooter dataset
are in good agreement with those reported in Rahatgaonkar et al
(2025), although they are slightly smaller due a more conserva-
tive measurement of the line intensities. Since Nil and Fel were
simultaneously observed, abundance ratios can be derived from
either column densities or production rates.

The production rates of OH, CN, and C, were also esti-
mated as in 2021), using the OH(0-0) band
at 3090 A the CN(0-0) band at 3870 A and the C, band
at 5140 A. The rates were derived using the fluorescence ef-
ficiencies and Haser scalelengths from [Schleicher & A’Hearn
(1988), [Cochran & Schleicher (1993), [A'Hearn etall (1995),
and [Schleicher m, with a parent and daughter velocity of
0.85 r,*% km s~ icher [1993). These produc-
tion rates are given in Table[A. 4l
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Fig. 4. Q(Nil)/Q(Fel) as a function of the heliocentric distance, r;, for
interstellar and Solar System comets. The measurements obtained at
different heliocentric distances are not averaged and shown individually
for comets 31 (9 values, pre-perihelion), 2I (2 values, post-perihelion),
C/2001 P1 (4 values, pre-perihelion), and C/2017 K2 (2 values, pre-
perihelion). The comet with the smallest Q(Nil)/Q(Fel) ratio is C/1965
S1(Ikeya-Seki) observed at 0.14 au from the Sun. The solar Ni/Fe abun-
dance ratio is equal, in logarithm, to —1.25+0.04 (Asplund et all2009).

4. Comparison of comet 3l to other comets

We compared the Nil and Fel production rates and the Nil/Fel
abundance ratio measured in comet 3I to the same quanti-
ties evaluated in other comets (Figs. @ to [6). The Nil and Fel
production rates were measured in approximately 20 comets
based on UVES observations (except comet C/1996 B2 Hyaku-
take). The data are taken from Manfroidetall (2021) and
[Hutsemékers et al/ , as are the production rates of C,
and CN. These measurements include those obtained for the
interstellar comet 21 (Opitom et all 2021)). We also added the
data of comet C/2017 K2, which was recently investigated by
[Hmiddouch et all (2025). Unless otherwise stated, when more
than one measurement is available for a given comet, we used
the simple average, with errors computed from the individual
measurements. For comet 31, however, we show the individ-
ual measurements separately. Solar System comets were clas-
sified into two broad categories: Jupiter-family comets (JFCs)
and Oort-cloud comets (OCCs). For subgroup definitions and
the identification of the individual comets in the plots, we refer
to Manfroid et all (2021)) and [Hutsemékers et all (2021). In the
plots, we emphasize the measurements of the interstellar comet
21 and of the unusual Nj-rich Solar System comet C/2016 R2
(Opitom et all 2019).

Figure M shows Q(Nil)/Q(Fel) as a function of the
comet heliocentric distance. No correlation was found be-
tween Q(Nil)/Q(Fel) and r, for the Solar System comets
(Manfroid et al! ). For some comets, Q(Nil)/Q(Fel) was
measured at different heliocentric distances, higher than 3 au for
C/2000 P1, and it was found to be constant within the error bars.
However, comet 31 breaks the rule by showing an extremely high
Q(Nil)/Q(Fel) ratio at r, ~ 2.64 au and a rapid decrease with de-
creasing r;,. After one month, at a heliocentric distance of around
2 au, its value became comparable to that of the other Solar Sys-
tem comets. The unexpected behavior of Q(Nil)/Q(Fel) in comet
31 can be clearly seen thanks to the small errors of the measure-
ments. Therefore, we cannot exclude the possibility that other
comets exhibited the same behavior, but were simply not regu-
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larly monitored with a signal-to-noise ratio good enough to de-
tect it. The two Q(Nil)/Q(Fel) measurements in the interstellar
comet 2I seem to show a trend with the heliocentric distance.
However, the ratios are equal within the error bars, so the in-
ferred trend is not statistically significant. Therefore, we only
considered the average value of Q(Nil)/Q(Fel) for comet 2I in
the following.

Figure [3] shows the Q(Nil)/Q(Fel) ratio as a function of the
total production rate of the Nil and Fel atoms. On average, OCCs
have higher Q(Fel+Nil) rates than JFCs, while the latter show a
larger dispersion of the Q(Nil)/Q(Fel) ratio (Hutsemékers et all

). In this plot, comet 31 is clearly exceptional. When the
Q(Nil)/Q(Fel) ratio becomes similar to that observed in the other
comets, the total Q(Fel+Nil) production rate in comet 3I is
one order of magnitude larger than the highest value measured
in Solar System comets at heliocentric distance smaller than
1.85 au. Comet 2I, on the other hand, is just ordinary, with a to-
tal Q(Fel+Nil) production rate two orders of magnitude smaller
than that of comet 31, at a comparable heliocentric distance. It
is also interesting to note that, at r, =~ 2.75 au, Q(Fel+Nil) in
comet C/2016 R2 was a factor of about 2.5 times larger than
in comet 31. However, unlike comet 31, the metal production in
comet C/2016 R2 was dominated by Fel and not Nil. Unfortu-
nately, comet C/2016 R2 was not observed at other heliocentric
distances.

Figure [6] shows the correlation between Q(Nil)/Q(Fel)
and Q(C,)/Q(CN) previously established for the Solar Sys-
tem comets (Hutsemékers et all [2021). Given the variation of
Q(Nil)/Q(Fel) in comet 31, one might thus wonder how it fits
the relationship. Ignoring the leftmost data point, where Q(CN)
temporarily increases faster than Q(C2), log[Q(C,)/Q(CN)] for
comet 3I consistently lies between —0.5 and —0.3 at all he-
liocentric distances (epochs). With 1og[Q(C»)/Q(CN)] < —0.13
(Bair & Schleichei[2025), comet 31 can thus be confidently clas-
sified as a C,-depleted comet, though not as strongly depleted as
is reported by |Salazar Manzano et al! (2025). Comet 31 perfectly
fits the correlation between Q(Nil)/Q(Fel) and Q(C,)/Q(CN)
once log[Q(Nil)/Q(Fel)] stabilizes around 0.3 when the comet
was at r;, ~ 2 au. While within this correlation, the properties of
comet 31 appear very similar to those of comet 21I.

It is also interesting to note that, between r; = 2.64 and
2.19 au, log[Q(CN)/Q(OH)] in comet 31 is in the range of —1.8
to —2.2. These values are consistent with those measured for
Solar System comets (A’Hearn et all[1995), though they are at
the higher end. However, our measurements are significantly
higher than the ratio of log[Q(CN)/Q(OH)] ~ —3.1 reported by
m ) when comet 31 was at 2.9 au.

In summary, comet 3I exhibits an extremely high
Q(Nil)/Q(Fel) ratio at the onset of Fel. Later, this ratio decreases
regularly and, at r;, =~ 2 au, becomes indistinguishable from the
ratio measured in other Solar System comets and the interstel-
lar comet 2I. On the other hand, the total production rate of Nil
and Fel atoms, which was not exceptional at r, =~ 3 au, strongly
increases and, at 7, =~ 2 au, becomes more than one order of mag-
nitude larger than that of other comets observed at comparable
or smaller heliocentric distances.

5. Discussion: The origin of Nil and Fel atoms

The expected blackbody equilibrium temperature, 7', (in Kelvin)
of the cometary surface is approximately given by

T=280r,"7, (1)
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C/2016 R2, which was observed at 2.75 au. Comet 2I was observed
at 2.18+0.14 au.
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where r, is in astronomical units (Manfroidetall 2021

[2021;; [Puzia et all [2025). At the distances at
which the comets were observed, this temperature is far too low
to vaporize silicate, sulfide, and metallic grains that contain Nil
and Fel atoms. Therefore, the presence of Nil and Fel atoms in
cometary comae is extremely puzzling. Several hypotheses have
been proposed to explain the presence of the Nil and Fel atoms at
low surface temperatures as well as the high Nil/Fel abundance
ratio, much higher that the Solar System value. These scenar-
ios were first presented by Manfroid et al| (2021)), and discussed
further by Bromley et al! (2021)) and Rahatgaonkar et all (2025).
In particular, Manfroid et all (2021)) proposed that the Nil and
Fel atoms could be released from Ni(CO)4 and Fe(CO)s car-
bonyls, which are characterized by very low sublimation tem-
peratures. The smaller sublimation temperature of Ni(CO)4 with
respect to Fe(CO)s could also explain the high Nil/Fel ratios ob-
served at low surface temperatures. The carbonyl scenario, al-
though appealing, predicts a Nil/Fel ratio that strongly depends
on the temperature, and thus on the heliocentric distance. Unfor-
tunately, such a dependence was not observed in the sample of

Solar System comets studied by Manfroid et al| (2021).
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On the contrary, comet 31 exhibits significant variation
in its Nil/Fel abundance ratio as a function of the helio-
centric distance, enabling us to further explore this scenario.
Rahatgaonkar et al! (2025) already noticed that the production
rate of Nil changes much faster with the heliocentric distance
than can be explained by purely radiative processes.

(2021)) showed that the photodissociation of
Ni(CO)4 and Fe(CO)s into atomic Nil and Fel is very fast, with
similar rates for both carbonyls, and occurs at nucleocentric dis-
tances consistent with the observed spatial distributions of the
atoms. Therefore, the Nil and Fel production rates can be di-
rectly compared to the carbonyl sublimation rates. The sublima-
tion rates of Ni(CO)4 and Fe(CO)s were computed as a func-
tion of the temperature as in Manfroid et all (2021)). Then, they
were expressed as a function of 7y, using Eq.[Il The ratio of the
sublimation rates was finally corrected by assuming an intrinsic
cometary Ni/Fe abundance ratio equal to the Solar System Ni/Fe
abundance ratidf}, log,, (Ni/Fe) = —1.25 (Asplund et al!2009).

Figure [7] shows the variation in Q(Nil) between 3.78 and
1.85 au, and the variation in Q(Fel) between 2.64 au and 1.85 au.
The solid curves represent the production rates of Nil and Fel
computed from the sublimation rates of Ni(CO)4 and Fe(CO)s,
which were multiplied by the effective emitting area of each
species. The sublimation rates were computed assuming that
the comet was at the equilibrium temperature at each heliocen-
tric distance (Eq. [I). The effective emitting area was estimated
empirically by shifting vertically (in logarithm) the sublimation
rate curves (in molecules m~2 s~!) to match the observed pro-
duction rates (in atoms s~!). The effective emitting areas were
found to be equal to 1.6 m? for both Ni(CO),; and Fe(CO)s.
This area is small, as is expected for minor species. However, its
value should be interpreted with caution given the basic model.
The Fe(CO)s sublimation model nicely reproduces the varia-
tion in Q(Fel) with the heliocentric distance. For Nil, the global
trend is reproduced, indicating that carbonyl sublimation begins
very early. However, the increase in Q(Nil) with the heliocen-
tric distance is less steep than the simple sublimation model pre-
dicts. This suggests that the temperature of the Nil-emitting re-
gions may differ from the blackbody equilibrium temperature.
Indeed, a reasonable fit can be obtained using the ad hoc relation
T =237 r,;” 3. As the comet approaches the Sun, more material
is ejected, fractures form, and the temperature can deviate signif-
icantly from the blackbody equilibrium temperature, at least in
localized regions (e.g.,[Prialnik et al!2004; /Groussin et all2013;
[Hofner et all 2017). The different behavior of Nil and Fel with
respect to the simple sublimation model could also indicate that
these atoms are partially released from different subregions.

Figure[8] shows the ratio of the sublimation rates of Ni(CO)4
and Fe(CO)s computed as a function of r, according to Eq.[T] to-
gether with the Nil/Fel abundance ratios measured in interstellar
and Solar System comets. As before, the ratio of the sublimation
rates is adjusted to account for the cometary intrinsic Ni/Fe abun-
dance ratio, which is assumed to be equal to the Solar System
value. Although the model is extremely basic, the computed ra-
tio of the sublimation rates of Ni(CO), to Fe(CO)s (solid curve)
reproduces the Nil/Fel ratio observed in several comets within a
factor 2-3, though not in all of them. In particular, it accurately
reproduces the ratio observed in comet 31 at the onset of Fel at
rp, =~ 2.64 au. However, the rapid decrease in the Nil/Fel ratio
with 7, does not follow the theoretical curve computed under

5 It should be emphasized that the Ni/Fe abundance ratio in the
cometary material (ices and dust) differs from the abundance ratio of the
Nil and Fel atoms in the coma, which depends on the sublimation rates.
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Fig. 7. Q(Nil) and Q(Fel) production rates in comet 31 as a function
of the heliocentric distance. Squares represent UVES measurements
and triangles X-shooter measurements. The curves show the production
rates of Nil (in red) and Fel (in blue), which were obtained by mul-
tiplying the sublimation rates of the Ni(CO), and Fe(CO)s carbonyls
by the effective emitting area of each species (see text). For the solid
curves, the sublimation rates were computed assuming 7 = 280 r_]/ 2,
For the dotted red curve, the sublimation rate was computed assuming
T =237 ;' for Ni(CO)s.
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Fig. 8. Q(Nil)/Q(Fel) as a function of the heliocentric distance for inter-
stellar and Solar System comets. The solid curve represents the ratio of
the sublimation rates of the Ni(CO), and Fe(CO)s carbonyls computed
assuming T = 280 r,"/* for both Ni(CO), and Fe(CO)s. The dotted line
represents the sublimation rate ratio assuming 7 = 237 r;” 3 for the

Ni(CO), emitting region, as in Fig.[7l

the hypothesis that the comet remains at the equilibrium tem-
perature. Assuming a different temperature dependence, such as
T =237 r,;” 3, allows us to reproduce the Nil/Fel variation (dot-
ted curve). Therefore, the ratio of the carbonyl sublimation rates
at the equilibrium temperature should be considered as an upper
limit of the observed Nil/Fel ratios. The lack of correlation be-
tween the Nil/Fel ratio and r;, for Solar System comets may be
due to the dispersion of their temperatures and surface properties
at a given heliocentric distance.

Although incomplete, this scenario provides a straightfor-
ward explanation for the release of Nil and Fel atoms in comets
and suggests the presence of carbonyls in the cometary material.
However, it is clear that there is more to the story. The Nil/Fel
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ratio is also connected to the carbon content, as is shown by
the relationship between the Nil/Fel and C,/CN ratios (Fig. [G)).
Since the C, depletion is primordial rather than evolutionary
(Bair & Schleichei2025), the Nil/Fel abundance ratio could also
be primordial in part. Comet 31 exhibits a CO,/H,O abundance
ratio of 7.6 at r, = 3.3 au, which is higher than that of Solar
System comets, and a CO/H,O ratio of 1.7, which is consis-
tent with other cometary observations (Cordiner et al![2025), in-
cluding with those of comet 2I, which exhibits CO/H,O ratios
ranging from 1.3 to 1.6 at 2.0 au (Bodewits et al![2020). Comet
C/2016 R2 exhibits more extreme abundance ratios: CO,/H,O
~ 30 and CO/H,0 = 300 at r;, = 2.8 au (McKay et al! 2019).
The high Q(Fel+Nil) production rates observed in comets 3 and
C/2016 R2 at approximately 2-3 au (Sect. ] and Fig.[3) could be
related to the high abundance of CO,, CO, or both. As is sug-
gested by |Cordiner et all (2025), the high CO,/H,O measured in
comet 31 could be due to a lower temperature of the cometary
surface, which would also affect the metal production. On the
other hand, when more CO, and CO molecules are available
in the cometary material, more Nil and Fel atoms could be in-
corporated into carbonyls during the comet formation, so that
more Nil and Fel atoms are finally produced when these car-
bonyls sublimate. A better understanding of carbonyl formation
in various chemical environments is needed, in particular to de-
termine whether an initial Ni(CO)4 / Fe(CO)s asymmetry can al-
ready be produced during the comet formation, depending on the
carbon oxide content. Interestingly, Q(Fel+Nil) is dominated by
Nil in comet 31 (Fig.[8), which has a high CO,/CO ratio, while
Q(Fel+Nil) is dominated by Fel in comet C/2016 R2, which, on
the contrary, has a high CO/CO; ratio. Finally, it is worth not-
ing that other mechanisms, such as superheating of nanograins,
could also contribute to the release of Nil and Fel atoms from
refractory material. However such mechanisms cannot fully ex-
plain the observed Nil/Fel ratios (see Manfroid et al![2021)). For
Sun-grazing comets, complete vaporization of refractory grains
occurs, leading to a solar Nil/Fel abundance ratio.

6. Conclusions

Since the beginning of its activity, the interstellar comet
3I/ATLAS has been regularly observed with UVES and X-
shooter. These observations have provided an unprecedented
dataset revealing the evolution of the Nil and Fel emission lines
with heliocentric distance. During the initial stages of its activ-
ity, comet 31 exhibited extreme and unusual Nil/Fel abundance
ratios. However, as its heliocentric distance decreased, the ratio
became indistinguishable from those observed in Solar System
comets and in the interstellar comet 2I/Borisov. Comet 31 was
found to be C,-depleted, with a Nil/Fel abundance ratio finally
consistent with other C,-depleted comets. Nevertheless, comet
31 remains exceptional due to its high total production rate of
Nil and Fel, which is at least one order of magnitude larger than
that of other comets. This enhanced metal production is possibly
related to other chemical anomalies, such as the high CO,/H,O
abundance ratio.

The Nil and Fel production rates, as well as their variations
with heliocentric distance, are interpreted within the context of
the sublimation of Ni(CO)4 and Fe(CO)s carbonyls. This sce-
nario provides a straightforward explanation for the asymmetric
release of Nil and Fel atoms in the cometary coma and how it
depends on heliocentric distance. Post-perihelion observations
of Nil and Fel would be helpful to confirm the findings of this
paper and clarify the trend with the heliocentric distance, in par-
ticular to discriminate between genuine variation with the helio-
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centric distance and effects due to processing of the outer layers
of the nucleus.
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Appendix A: Tables

Table A.1. Observing circumstances: UVES.

D. Hutsemékers et al.: Nil/Fel in 3I/ATLAS

Date A 'y A A Settings wg/wg hg/hg
yyyy-mm-dd au  kms™' au kms! " "
2025-08-12  3.14 -553 2.69 -154 346+580 1.8/0.6 9.5/11.5
2025-08-15  3.04 -549 266 -13.3 390+580 0.6/0.6 7.5/11.5
2025-08-28  2.64 -529 2.59 -6.6 3484580 1.8/0.6 9.5/11.5
2025-08-28  2.64 -529 259 -6.6  437+860 1.8/0.6 9.5/11.0
2025-09-03 246 -51.6 257 -4.8 3484580 1.8/1.2 9.5/11.5
2025-09-03 246 -51.6 257 -4.8 437+860 1.8/1.2 9.5/11.0
2025-09-04 243 513 257 -4.6 3484580 1.8/1.2 9.5/11.5
2025-09-04 243  -513 257 -4.6  437+860 1.8/1.2 9.5/11.0
2025-09-10 225 495 255 -3.7 3484580 1.8/1.2 9.5/11.5
2025-09-11 222 492 255 -377  437+860 1.8/1.2 9.5/11.0
2025-09-12  2.19 488 2.55 -3.6 3484580 1.8/1.2 9.5/11.5
2025-09-14  2.14 481 254 -3.6  437+860 1.8/1.2 9.5/11.0
Table A.2. Observing circumstances: X-shooter.
Date A rh A A wg/hp
yyyy-mm-dd au  kms™' au kms! "
2025-07-23 378 -56.8 296 -325 1.6/11.0
2025-07-27  3.65 -56.6 289 -28.7 1.6/11.0
2025-07-30  3.55 -564 284 -260 1.6/11.0
2025-08-09 323 -55.6 272 -17.6 1.6/11.0
2025-08-14  3.07 -55.0 2.67 -14.0 1.6/11.0
2025-08-16  3.01 -548 2.65 -127 1.6/11.0
2025-08-21 2.85 541 262 -9.7 1.6/11.0
2025-09-20 197 -454 2353 -39 1.6/11.0
2025-09-22 192 -443 252 42 1.6/11.0
2025-09-23 1.90 -43.7 252 -4.4 1.6/11.0
2025-09-24  1.87 -43.1 252 45 1.6/11.0
2025-09-25 1.85 -425 252 47 1.6/11.0

Notes. In Tables[ATland [A.2] r;, and A are the heliocentric and geocentric distances of the comet. 7, and A are the corresponding velocities. wp,
Wg, hp, and hg refer to the blue/red slit width and height, respectively.
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Table A.3. Fel and Nil production rates, and their ratio.

A&A proofs: manuscript no. aa57484-25

Date ' Njines logip Q(Fel) logjo Q(Nil)  logio [Q(Nil)/Q(Fel)] Instrument
yyyy-mm-dd  au  Fel/Nil s7! 57!
2025-07-23 3.78 -/2 - 22.11 +£0.21 - X-shooter
2025-07-27 3.65 -/2 - 22.35+0.21 - X-shooter
2025-07-30 3.55 -/4 - 22.43 +0.06 - X-shooter
2025-08-09 3.23 -/3 - 22.83 +0.02 - X-shooter
2025-08-12 3.14 -/20 <21.83 22.82 + 0.06 >0.99 UVES
2025-08-14 3.07 -/ 11 - 22.83 + 0.07 - X-shooter
2025-08-15 3.04 -/ 14 <22.14 22.74 + 0.08 > 0.60 UVES
2025-08-16 3.01 -/ 12 - 2291 + 0.06 - X-shooter
2025-08-21 2.85 -/ 14 - 23.08 + 0.06 - X-shooter
2025-08-28 2.64 5/28 22.00+£0.08 23.27 +0.05 1.27 £ 0.10 UVES
2025-09-3/4 244 17/36 22.61 £0.04 23.51+0.04 0.90 + 0.06 UVES
2025-09-10 225 42/36  23.06+0.03 23.75+0.03 0.66 + 0.04 UVES
2025-09-12 2.19 46/37 23.20+0.02 23.80+0.03 0.60 + 0.04 UVES
2025-09-20 1.97 11/18 23.68+0.03 24.05+0.05 0.37 + 0.06 X-shooter
2025-09-22 192 16/18 23.93+0.03 24.25+0.04 0.32 +0.05 X-shooter
2025-09-23 190 21/18 24.00+0.02 24.30+0.04 0.30 + 0.05 X-shooter
2025-09-24 1.87 18/20 24.06+0.03 24.29 +0.04 0.23 +£0.05 X-shooter
2025-09-25 1.85 16/20 24.07+0.03 24.31+0.04 0.24 + 0.05 X-shooter
Table A.4. OH, CN, and C, production rates.
Date h logio Q(OH) logjo Q(CN)  logjp Q(Cy)  Instrument
yyyy-mm-dd  au 57! 7! 7!
2025-08-12 3.14 - 242 +0.3 - UVES
2025-08-15 3.04 - 24.59 + 0.05 - UVES
2025-08-28 2.64 2658 +0.04 24.79+0.04 24.6 +0.2 UVES
2025-09-3/4 2.44 26.79 +£0.02 24.96 +0.03 24.6 +0.2 UVES
2025-09-10 225 27.24+0.13 25.03+0.01 24.57+0.02 UVES
2025-09-11 2.22 - 25.34 + 0.01 - UVES
2025-09-12 2.19 2733+0.10 2546+0.01 24.68+0.01 UVES
2025-09-14 2.14 - 25.43 +0.01 - UVES
2025-09-20 1.97 - 25.61 = 0.02 - X-shooter
2025-09-22 1.92 - 25.70 £ 0.02 25.24 +£0.05 X-shooter
2025-09-23 1.90 - 25.72 +0.02 25.32+0.05 X-shooter
2025-09-24 1.87 - 2573 £0.02 2541 +0.05 X-shooter
2025-09-25 1.85 - 2573 £0.02 25.39+0.05 X-shooter

Notes. In Tables [A.3] and [A4] the spectra obtained on September 3 and 4 in very similar circumstances were averaged to increase the signal-
to-noise ratio. OH production rates were only measured in the UVES spectra. CN production rates before August 21, 2025 can be found in

Rahatgaonkar et all (2025).
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D. Hutsemékers et al.: Nil/Fel in 3I/ATLAS

Appendix B: Evolution of Nil and Fel emission lines
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Fig. B.1. UVES blue, continuum-subtracted, spectra of comet 31 from August 12 to September 12. They show the evolution of the Nil (solid blue
tickmarks) and Fel lines (dashed red tickmarks) in the spectral range 3360-3650 A. The flux scale is identical for all spectra, which are shifted
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