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Selected recent SOFIA 
highlights:
• Lunar/asteroid hydration
• Phosphine on Venus
• Oxygen on Venus
• Pluto occultations
• D/H in Mars atmosphere
• D/H in comets
Future prospects.

OUTLINE
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Initial analysis of Apollo samples showed no minerals containing water.
Independent detections of the 3 µm hydration band by Chandrayaan-
1, Deep Impact, and Cassini (2009).
Absorption features at 2.8 – 3 µm at high latitudes attributed to hydroxyl 
or water-bearing materials.
Widespread, shows variations with latitude, temperature, and lunar time.

LUNAR HYDRATION – MOON MINERALOGY MAPPER (M3)

Pieters et al. 2009

Orange and pink: iron-bearing minerals. 
Green: 2.4 µm surface brightness.

Blue: OH and H2O.

Credits: NASA



The 3 µm band (symmetric 
and asymmetric stretch of 
the OH bond) cannot 
distinguish between water 
and hydroxyl.

Differences in the center 
wavelength and band 
shape, dependence on the 
mineral composition, surface 
properties, etc. 

The H2O bending vibration at 
6.1 µm is unique to water 
molecules.

WATER INFRARED SPECTRUM

Boogert+ 2015
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Figure 1: Overview of the strongest ice and dust features in the MYSO AFGL 7009S

(Dartois et al., 1998). The calculated spectrum of pure H2O ice spheres at 10 K is

shown (dashed line) to indicate the multiple H2O bands.

2.1 Ice Mapping

Most ice features are detected as pure absorption bands against infrared continuum

point sources. Studies of the spatial variations of the ice properties are therefore

relatively rare, yet very powerful. They often rely on the presence of many point

sources (usually infrared-bright giants) behind clouds (e.g., Taurus; Murakawa et al.

2000). The envelope of a Class 0 YSO was mapped using background Class II LYSOs

(Pontoppidan et al., 2004), and of a dense core using Class I/II LYSOs (Pontoppidan,
2006). Ice mapping is however also possible if the background emission is extended

by scattering from dust in any disk, envelope, or outflow cone (Harker et al., 1997;

Spoon et al., 2003; Schegerer & Wolf, 2010). In addition, scattering by large grains

enhances the short-wavelength wing of the 3.0 µm H2O band (§4.1; Pendleton et al.

1990), which enables mapping of ices in reflection nebulae. This has rarely been

done. Similarly, the lattice modes (∼ 25-300 µm; §4.5) are suited for ice mapping.

They are the only ice bands that may appear in emission, because, in contrast to

the intra-molecular modes, their excitation energy is below the binding energy of the

ices.

Credits: LSBU/academia.info



Observations targeted two sunlit locations:
◦ A high southern latitude region near Clavius crater 

(high total water abundance in the M3 data) .
◦ A low-latitude portion of Mare Serenitalis (control 

region with little or no water).

LETTERS NATURE ASTRONOMYLETTERS NATURE ASTRONOMY

Extended Data Fig. 1 | Location map. LRO WAC Image of the Moon with the slit location of the mare reference and Clavius overlaid.

NATURE ASTRONOMY | www.nature.com/natureastronomy
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Extended Data Fig. 6 | Zoomed Clavius map. Left: Image of Clavius crater from quickmap that show the visible image with the SOFIA slit areas show by 
the white box. Right: The same image of Clavius crater but with the Clemintine UVVIS color ratio overlaid to highlight compositional variations. The SOFIA 
slit intersects Tycho crater ejecta at lower latitudes.

NATURE ASTRONOMY | www.nature.com/natureastronomy

Tycho
SOFIA OBSERVATIONS

Honnibal et al. 2021Credits: SOFIA/USRA



Strong 6 µm emission at Clavius crater and 
surrounding terrain relative to the control 
location near lunar equator.

LETTERS NATURE ASTRONOMY

estimates are lower limits because the lunar mare equatorial site 
was used as the reference (hereafter referred to as the mare refer-
ence) and any water present there would have been removed from 
the Clavius data during the calibration process (see Methods). The 
error in abundance is about 80 µg g−1 H2O based on the statistical 
noise in the data, and including errors from the uncertainty in lunar 
emissivity used in the calibration (see Methods).

An outstanding problem since the discovery of the 3 µm absorp-
tion is how much of that feature is due to molecular water and how 
much is due to hydroxyl. At present, the 3 µm band cannot be used 
to distinguish between molecular water and hydroxyl. To begin 
to understand the relative abundances of water and hydroxyl, we 
directly compare our molecular water abundances with total water 
abundances (OH + H2O) derived from the Moon Mineralogy 
Mapper (M3) for the regions sampled by the SOFIA FORCAST slit in 
Fig. 3. We note that there has been disagreement regarding the distri-
bution of total water based on removal of thermal emission from M3 
data. For example, three studies7,10,11 report decreases in band depth 
and total water content towards the equator, whereas one study12 used 
a different data reduction approach and reported no drop in band 
intensity towards the equator. All four groups, however, agree on high 
band depths at high latitudes where emitted radiance is lowest, lend-
ing confidence to the total water abundances in the Clavius region 
reported by Li and Milliken7. This agreement provides support for 
our derived abundances using 6 µm observations due to the similar 
abundances in total water from M3 and molecular water from SOFIA.

The abundances estimated from SOFIA all fall within 1σ of the 
M3 data, however, the trends of total water from M3 and molecular 
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Fig. 1 | Lunar 6!µm emission bands. Spectra of the Clavius region show a strong 6!µm emission band, indicating the presence of H2O at the locations noted 
in the top right corners (Clavius frame numbers are noted in the top left corners). Abundances derived from these spectra range from 100 to 400!µg!g−1 
H2O. Abundance and location information can be found in Supplementary Tables 1 and 2. The error bars indicate 1σ uncertainty.
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Fig. 2 | 6!µm band centre frequency distribution. 6!µm band centres of the 
lunar, meteorite and MORB spectra and the observed centre position of 
H–O–H of crystalline hydrates from Falk6. The meteorite and MORB data 
are shown as ranges and have sample sizes of 4 and 5, respectively.
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SOFIA OBSERVATIONS Abundance vs latitude, SOFIA and M3
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water from SOFIA with latitude are different. In the lower-latitude 
SOFIA data below about 65°, both our data and M3 lie on the ejecta 
blanket of Tycho crater. Both total water and molecular water show 
relatively constant values, with SOFIA abundance estimates around 
300 µg g−1 H2O and M3 total water estimates around 200 µg g−1 H2O. 
Off Tycho’s ejecta towards the south, M3 total water values steadily 
increase from about 200 to about 400 µg g−1 H2O, whereas SOFIA 
molecular water abundances are constant around 200 µg g−1 H2O. 
The observed trend with latitude in this specific region may be due 
to the local geology rather than a general global phenomenon (see 
Methods). The cause of the differences in the spatial distribution of 
abundances is not clear. The two wavelength regions are not prob-
ing precisely the same portions of regolith grains and depths in the 
regolith; these differences may therefore reflect variations in the 
location of hydroxyl and molecular water in the regolith grains. For 
example, the depths of the 3 and 6 µm bands show good correla-
tion in laboratory samples, but they are not exactly correlated. More 
data are required to address this issue. Other possible reasons for 
the differences between SOFIA and M3 datasets are discussed in the 
Methods (see the Extended discussion on estimated abundances in 
the Clavius region section).

There are several mechanisms for the origin of water in lunar soil 
that are relevant to our data. Water present in the lunar exosphere 
can be chemisorbed on grain surfaces13. Water can be introduced 
by volatile-rich micrometeorites, and a portion of this water can 
be retained in the glasses resulting from these impacts14 or intro-
duced into the exosphere, available for chemisorption15. Water can 
be formed in situ on grain surfaces from pre-existing hydroxyl that 
undergoes recombinative desorption at high lunar noontime tem-
peratures, particularly at the equator, also releasing this water into 
the exosphere for later loss or trapping16. Water can also be formed 
in situ from pre-existing hydroxyl during micrometeorite impact, 
when high temperatures promote the reaction, as has been recently 
demonstrated in the laboratory17. In experiments, the water was 
detected as vapour, but presumably a portion of that water can also 
be sequestered into impact glasses.

Chemisorbed water is unlikely to be a substantial portion of 
our signal. Poston et al.18 modelled the amount of molecular water 
that would be present on grain surfaces after several lunations and 
showed that only 3 µg g−1 of H2O can reside on the surface of grains 
at the derived brightness temperature, lunar time of day and lati-
tudes of our observations (see Methods). Similarly, Hendrix et al.19 
estimate that about 1% of a monolayer of molecular water is pres-
ent if the diurnal variation in the UV water-ice band ratio is due 
to water, which corresponds to only a few µg g−1 of water. This 
almost certainly means that the water detected by SOFIA resides 
within the interior of lunar grains or is trapped between grains 
shielded from the harsh lunar environment, allowing it to survive 
a lunation. However, observations with SOFIA cannot distinguish 
between water within impact glasses and water trapped between 

grains and within void spaces. (We note that the lunar band centres 
are more similar to those of adsorbed water in the meteorite spec-
tra than to the internal water in a single water-bearing glass spec-
trum. There are, however, few data available to confidently conclude 
that the band centre is an indicator of the location of water on or 
within grains. We instead rely on the physical chemical models that 
strongly exclude chemisorbed water). Lastly, the minerals that make 
up a large fraction of lunar soil are nominally anhydrous and should 
have extremely low water contents20. For these reasons, we conclude 
that the water we observe is trapped within impact glasses.

Assuming that the water resides within glasses, we estimate the 
abundance of water within the glass itself. Most lunar soil comprises 
a combination of about 30 wt% glass derived from micrometeor-
ite impact21 and the remainder being rock and mineral fragments. 
If our observed water is confined to impact glass, then taking the 
abundance of water measured in our spectra and dividing it by 30%, 
the abundance of water within impact glasses ranges from about 
300 to 1,300 µg g−1 H2O with an average of 700 µg g−1 H2O. Daly and 
Schulz14 performed impact experiments with water-bearing projec-
tiles and found molecular water in their experimentally produced 
impact glass at abundances of 215 to 7,698 µg g−1 H2O using Fourier 
transform infrared measurements at 6 µm; our estimated water 
abundances within impact glass lie within this range. Our estimated 
mean abundance of water in glass is about four times higher than 
the total water in micrometeorite impact glasses measured by Liu 
et al.22, who reported 70–170 µg g−1 H2O equivalent in Apollo lunar 
soil samples that are all from low-latitude sites.

The similar abundances of molecular water and total water (Fig. 3)  
indicate that little hydroxyl is present at the lower latitudes that we 
observed (latitudes from ~65° to 55°). Impactor water entrained in 
impact glass explains this observation, but our data do not exclude 
in situ conversion of hydroxyl to water. However, if this occurs, the 
conversion from hydroxyl to water is highly efficient. Hydroxyl 
is expected at all latitudes due to solar wind exposure23–26, so our 
results suggest that the micrometeorite flux, at least at the latitudes 
observed, is sufficient to process much of the hydroxyl that is pres-
ent to water. Models of the rate of hydroxyl formation are highly 

Table 1 | 6!µm band properties

Material Band centre Band full-width at 
half-maximum

Range Mean Range Mean

Moon 6.042–
6.122

6.081 0.127–
0.438

0.253

Meteorite 6.052–
6.088

6.073 0.277–
0.480

0.390

MORB 6.118–
6.124

6.121 0.202–
0.209

0.204

Crystalline hydrates 5.811– 
6.321

6.112 – –
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Fig. 3 | Latitude variations. Abundances versus latitude measured by 
SOFIA at 6!µm (black) and M3 at 3!µm (red; M3 units are H2O equivalent). 
The grey lines are 1σ uncertainties in the M3 data. Abundances measured by 
SOFIA fall within 1σ of M3 total water abundances.
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Mean water abundance in the Clavius region 200 µg g-1.

Latitude distribution different from that implied by M3

data – local geology rather than a global phenomenon.

The two wavelengths do not probe the same depths, 
local variations in the location of hydroxyl and water in 
the regolith grains.

Honniball et al. 2021



Water detected by SOFIA resides within the interior of 
lunar grains (more likely) or is trapped between grains 
shielded from the harsh lunar environment. 

The measured water abundance implies 300 to 1300 
µg g-1 H2O in impact glasses – within the range of 
laboratory measurements.

Impactor water entrained in impact glass explains this 
observations, but the data do not exclude in situ 
conversion of hydroxyl to water.

Observations are more consistent with a mechanism 
that produces water by impacts from pre-existing lunar 
material than impact delivered water.

ORIGIN OF LUNAR WATER

Honnibal et al. 2021Credits: SOFIA/USRA



High water concentration in:
• “Wet-ridge” north of the Curtius crater
• South-facing, northern, inner rims of the most 

prominent craters
• South face of the central peak of the Moretus

crater
• Permanently shadowed polar regions

SOFIA LEGACY PROGRAM

Reach+ 2023

because the water feature from the reference position was
removed in the calibration process.

The 6.1 μm feature is strong in the northern part of the
mapped region, with a gradual trend that decreases approaching
the south pole. High-amplitude fluctuations are superposed in
this trend variation, beginning with the “wet ridge,” then the
northern rim of Moretus, then a dip at the northern face of the
Moretus central peak and a peak at the southern side of the
Moretus central peak, then the southern rim of Moretus, both
rims of the Short crater, then a decrease to near-zero values
with peaks at the rims of the Newton and possibly Cabeus
craters. The northern edges of the crater-related features in the

H2O image are all shifted southward from the actual crater rims
in the reflected light or in 6 μm continuum emission.
The central peak of Moretus also has a distinct water pattern,

with emission on the southern face and a deficit of emission on
the northern slope (Figure 4). The SOFIA observation was
made near full Moon, so the center of solar illumination is
north of the region. The H2O on the more-illuminated side is
significantly decreased, while that of the shaded, southern face
has a significant peak of H2O emission. This pattern is
reminiscent of the well-known effect that the north face of a
mountain in the northern hemisphere has more snow than the
southern face. The surface temperature, measured by Diviner

Figure 2. (a) LRO Wide Angle Camera image of the southern limb of the Moon, oriented with celestial pole at the top as appropriate for 2022 February 17, with a
lunar coordinate grid overlaid and an outline of the region observed with SOFIA (blue lines). (b) Color rendition of SOFIA water and continuum emission. The color
image combines the 6 μm continuum surface brightness (green) and the 6.1 μm water feature strength W (blue). The diagonal empty regions on the water image mask
a defect on the surface of the detector that leads to significantly higher noise. (c) The 6 μm continuum surface brightness, together with a color bar in Jy pixel−1, for a
pixel size of 0 768. (d) The 6.1 μm integrated water band strength, W, defined in Equation (1).
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Mapped ¼ of the lunar nearside surface south 
of -60○ latitude at 5 km resolution.

Significant local enhancements associated 
with south-facing, high-altitude topographic 
features.

latitudes around −80°. The latitude trends from the limited
prior observations are different from the the trend derived from
the new data reported here, but the prior observations did not
go to the pole and covered different longitudes. The different
latitude trends could be due to local differences due to different
parts of the lunar surface that were sampled, or due to the
different lunar times. The subsolar longitude was −12° for the

observations presented in this paper, compared to +21° for the
prior regional map (Honniball et al. 2022); at the Moretus
crater, that means the lunar time of day was just 0.4 hr after
noon for the new observations and 1.8 hr before noon for the
prior regional map. It is possible that the lunar time of day
plays a significant role in the mobility of water at high latitudes.
Further observations with SOFIA were performed of both the

Figure 4. Details of the water emission at Moretus. These SOFIA images of 6.1 μm H2O emission (left) and 6 μm continuum (center) are centered on the Moretus
crater. The visible-light image (right) is from Change 2, using the Virtual Lunar Atlas (Chevalley & Legrand 2023), at approximately the same illumination conditions
(by coincidence). The purple asterisk indicates the top of the central peak in the crater, and the purple arcs are guides to the locations of the north and south rims. These
same markers are copied over to the left-hand panel. Both the rims and the central peak are shifted southward in the H2O image compared to the continuum image,
consistent with a higher H2O abundance on the sides of topographic features that are less illuminated.

Figure 5. Distribution of water near the lunar south pole. (a) In false color, a stereographic projection of the 6.1 μm H2O emission. (b) In grayscale, an LRO image of
the exact same area. The longitude 0° and 90° meridians are shown in both panels, and latitude circles are labeled panel (b). The pixels in the SOFIA image are
elongated due to reprojection from the foreshortened, Earth-centered view of the pole, which was close to the lunar limb but just visible at the time of the SOFIA
observation. Arcs (gray in panel (a) and purple in panel (b)) delineate some of the water emission features. Particularly noteworthy in this projection is bright water
emission from just inside the northern rims of Cabeus and Haworth. The water emission appears to be from the crater floors just at the inner base of the northern rims;
this also occurs at Shomberger.
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MORE TO COME

Reach+ in prep.
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Detection of the 6 µm water feature on 
S-Type asteroids, Iris and Massalia.

Water abundance 454 ± 202 µg g−1 and 448 ± 209 µg g−1, 
consistent with values found on the sunlit Moon.

Arredondo+ 2024



Submm detection of 
PH3 at ~20 ppb in the 
atmosphere of Venus 
(ALMA+JCMT).

Could originate from 
unknown 
photochemistry of 
geochemistry, or by 
analogy with 
biological production 
of PH3 on Earth, from 
the presence of life.

Inconsistent with a 
stringent IR upper limit 
of 5 ppb (3σ).

PHOSPHINE ON VENUS

ARTICLES NATURE ASTRONOMY

four main reasons. First, the absorption has been seen, at compa-
rable line depth, with two independent facilities; second, line mea-
surements are consistent under varied and independent processing 
methods; third, overlap of spectra from the two facilities shows no 
other such consistent negative features; and fourth, there is no other 
known reasonable candidate transition for the absorption other 
than PH3.

The few km s−1 widths of the PH3 spectra are typical of absorp-
tions from the upper atmosphere of Venus22. Inversion techniques27 
can convert line profiles into a vertical molecular distribution, but 

this is challenging here due to uncertainties in PH3 line dilution 
and pressure broadening. As the continuum against which we see 
absorption28 arises at altitudes of ~53–61 km (Extended Data Fig. 2), 
in the middle/upper cloud deck layers17, the PH3 molecules observed 
must be at least this high up. Here the clouds are ‘temperate’, at up 
to ~30 °C, and with pressures up to ~0.5 bar (ref. 29). However, PH3 
could form at lower (warmer) altitudes and then diffuse upwards.

PH3 is detected most strongly at mid-latitudes and is not detected 
at the poles (Table 1). The equatorial zone appears to absorb more 
weakly than mid-latitudes, but equatorial and mid-latitude values 
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overlap between two consecutive orders of the TEXES instru-
ment (Lacy et al. 2002).

In this Letter, we first describe the observations (Sect. 2). An
upper limit of the PH3 abundance at the cloud top is presented in
Sect. 3. Results are discussed in Sect. 4.

2. Observations

TEXES is an imaging high-resolution thermal infrared spectro-
graph in operation at the NASA Infrared Telescope Facility at
Maunakea Observatory in Hawaii (Lacy et al. 2002). It combines
high spectral capabilities (R = 80 000 at 7 µm) and spatial capa-
bilities (around 1 arcsec).

Data were recorded on March 28, 2015, at 01:21:14
UT, between 951 and 956 cm�1. The Venus diameter was
14 arcsec, and the airmass was 1.016. The Doppler velocity was
�11 km s�1, corresponding to a Doppler shift of +0.035 cm�1 at
950 cm�1. The illuminated fraction was 78% (very similar to
the JCMT and ALMA observations reported by Greaves et al.
2020), and the evening terminator was observed. The slit length
was 8 arcsec and the slit width was 1.1 arcsec at 950 cm�1. We
aligned the slit along the north-south celestial axis, and we
shifted it from west to east, with a step of half the slit width
and an integration time of 2 s per position, to cover the planet
in longitude from limb to limb and to add a few pixels on the
sky beyond each limb for sky subtraction. As the diameter of
Venus was larger than the slit length, we made two scans (north
and south) to cover the full latitude range with some overlap
around the equator. The total observation time was 18 min. The
atmospheric transmission is very good around 950 cm�1; a single
broad feature is observed at 955.25 cm�1 (rest frequency) due to
terrestrial atmospheric water vapor, which is outside the position
of the PH3 transition.

The TEXES data cubes were calibrated using the standard
radiometric method (Lacy et al. 2002; Rohlfs & Wilson 2004).
Calibration frames consisting of black chopper blade measure-
ments and sky observations were systematically taken before
each observing scan, and the di↵erence (black-sky) was taken as
a flat field. If the temperature of the black blade, the telescope,
and the sky are equal, this method corrects both telescope and
atmospheric emissions.

Figure 1 shows two disk-integrated spectra of Venus, with
and without the limb contribution, along with a synthetic spec-
trum corresponding to a PH3 volume mixing ratio of 20 ppbv,
which is constant with altitude (details on the modeling are
given in the following section). The strongest PH3 transitions are
located between 954 and 956.5 cm�1 (Table 1). The doublet at
956.23 cm�1 falls within a strong CO2 line, so the useful spectral
range is limited to 954–956 cm�1. The two strongest PH3 transi-
tions fall in the wings of a strong CO2 line; in addition, the line
at 954.445 cm�1 coincides with a discontinuity due to an overlap
between two consecutive orders. The only usable PH3 transition
occurs at 955.23 cm�1 and is free of instrumental contamination.

Both TEXES spectra show an emission core at the center of
the strong CO2 line at 954.545 cm�1.This phenomenon is due
to a non-LTE e↵ect in the hot band of CO2 around 955 cm�1

(Table 1), which takes place in the upper mesosphere. Individual
spectra show that the core emission is especially strong at the
limb but is still slightly present at the center of the disk. In order
to minimize its e↵ect on our analysis (which probes the few kilo-
meters above the cloud top) as much as possible, we integrated
the TEXES data taking into account only the airmasses lower
than 1.7 to exclude the limb and the high latitudes contributions.
Our summation includes all latitude ranges up to +/� 50�. This

CO2 l              l          l l                            l   l            l l     l  

PH3  l             l                                 l              

Telluric H2O
l

TEXES-disk (am < 1.7)

TEXES (disk + limb)

Synthetic (PH3 = 20 ppbv)

l                                      l                                        l      

Fig. 1. Blue curve: TEXES spectrum recorded on March 28, 2015,
between 954 and 956 cm�1, integrated for all airmasses lower than 1.7.
Black curve (shifted by �0.2 for clarity): TEXES disk-integrated spec-
trum of Venus, extracted from the same data set, including the limb
contribution. Red curve (shifted by �0.4 for clarity): synthetic spec-
trum, including CO2 and PH3, with a volume mixing ratio of 20 ppbv,
constant with altitude, calculated for an airmass of 1.15 (30� latitude).
The broad absorption feature around 955.215 cm�1 is due to a telluric
water vapor line. The red ticks at the top of the figure indicate the dis-
continuities due to an overlap between two consecutive orders.

spectrum is used for the present analysis. It can be noticed that
neither TEXES spectra show any significant di↵erence in the
vicinity of the PH3 line, with, in both cases, a signal-to-noise
close to 1000 (see below).

3. PH3 upper limit

Synthetic spectra of PH3 in the atmosphere of Venus were calcu-
lated using the radiative transfer code that we applied for mon-
itoring SO2 and HDO at the cloud top (Encrenaz et al. 2016,
2019). This line-by-line code calculates the outgoing flux using
an integration over 175 atmospheric levels separated by 1 km.
The cloud top is defined by a blackbody at a temperature of
235 K and a pressure of 150 mbars. The thermal profile is the
same as that used in Encrenaz et al. (2016). The temperature is
210 K at 11 km above the cloud top (P = 10 mbars), 187 K at
21 km above the cloud top (P = 1 mbar), and 180 K for altitudes
more than 28 km above the cloud top (P lower than 0.2 mbar).
The penetration level in the mid-infrared is governed by the
extinction cross-section of the H2SO4 particles that constitute
the upper cloud deck. As illustrated by Zasova et al. (1993), the
values of this coe�cient are very similar at 950 cm�1 and at
1350 cm�1, where our analysis of SO2 and HDO was performed.
The atmospheric model used in our previous analyses is thus
suited for the present study.

The spectroscopic data for PH3 were extracted from the
GEISA-2015 database (Jacquinet-Husson et al. 2016). For the
broadening coe�cients PH3-CO2, in the absence of more pre-
cise information, we assumed, as we did for SO2 and HDO
(Encrenaz et al. 2016), an increase by a factor of 1.4 with respect
to the air-broadening coe�cients (Nakazawa & Tanaka 1982).
As a verification, we independently estimated the broadening
coe�cient of our PH3 line at 955.231 cm�1 by using NH3 as an
analog, as done by Greaves et al. (2020) for the PH3 millimeter
line. The air-broadened HWHM (half-width at half-maximum)
of our PH3 transition at 954.232 cm�1 is 0.0744 cm�1 atm�1.
The NH3 transition with the same quantum numbers as our
PH3 transition (⌫2, J = 4, K = 3) has an air-broadened

L5, page 2 of 4

ALMA IRTF



A&A 645, L4 (2021)

Table 1. SOIR di↵raction order to wavenumber range.

Di↵raction order Wavenumber [cm�1]

105 2346�2368
106 2369�2390
107 2391�2412
108 2413�2435
109 2436�2457
110 2458�2479

Fig. 1. Position of the CO2 (gray), PH3 (red), and SO2 (blue) ro-
vibrational transitions in the 2348 to 2501 cm�1 region, corresponding
to the SOIR 105 to 111 di↵raction orders from HITRAN (Gordon et al.
2017). The line intensities were multiplied by typical Venus abun-
dances, see legend. The SOIR orders are given at the top, with the ver-
tical dashed lines showing their wavenumber extensions.

range (2256 to 4369 cm�1) into 94 wavenumber domains corre-
sponding to the di↵raction orders, which are simply referred to
as “orders” in the following. SOIR delivered height sets of spec-
tra per solar occultation, each of them is referred to as “dataset”
hereafter (see Appendix B for more details).

We selected SOIR orders 105 to 110 (see Table 1 for the
spectral range of each order) by considering the spectral signa-
ture of PH3 in the SOIR spectral range. In this region, CO2 and
SO2 also have a spectral signature and Fig. 1 shows the intensi-
ties of their theoretical lines.

3. Methods

The following two di↵erent methods were applied to try to detect
phosphine in SOIR spectra: a radiative transfer algorithm ded-
icated to SOIR spectra retrievals named ASIMAT and a new
machine learning algorithm. A third method computed the PH3
detection limits for SOIR spectra.

ASIMAT is a Bayesian inversion algorithm using the
approach developed by Rodgers (2000). It is set in an onion
peeling frame, assuming a spherical symmetry of the atmo-
sphere and fitting the logarithm of the number density of the
targeted species. It accounts for the slit projected size at the
impact point and for absorption line saturation (Mahieux et al.
2015a,c). ASIMAT successfully retrieved CO2, CO, HCl, HF,
H2O, and SO2 from the SOIR spectra. For this study, we imple-
mented a specific scheme to distinguish between a real detection
and an upper limit value. The approach is similar to what was
done in Korablev et al. (2019) for the Martian methane detec-
tion with the NOMAD-SO/ExoMars instrument. The posterior

Fig. 2. Example of spectrum for orbit 108.1 order 108 bin 2 at a tan-
gent altitude of 74 km. The SOIR spectrum subtracted by the ASIMAT
CO2 fit is plotted in orange. The synthetic spectrum of 20 ppb of PH3 is
plotted in blue.

error covariance matrix was computed as the sum of the covari-
ance matrices of the smoothing error and the retrieval noise error
(see Eq. (3.31) from Rodgers 2000). The square root of the diag-
onal of this matrix returned the retrieval detection limit at each
altitude for a given species. We assimilated a retrieved number
density lower than 3.2 times this value as a non-detection. We
computed two inversions for each spectral set: the first one by
considering CO2 and PH3 (and SO2 for order 110), and the sec-
ond one by considering only CO2. We compared the root mean
square (rms) for each spectrum fit, and only kept the ones that
have a lower rms when retrieving CO2 +PH3 +SO2 than when
only retrieving CO2 +SO2.

An alternative attempt to detect PH3 was carried out with
a machine learning tool that had already been used to detect
the CO2 quadrupole and to infer the absence of methane in
NOMAD-SO spectra (Schmidt et al. 2020). The method aims
to summarize the dataset with statistical endmembers, here-
after “sources”. First, data are pretreated to remove the base-
line and converted into absorbance. The method consists of a
linear blind source separation under positivity constraints and
uses the probabilistic sparse Non-negative Matrix Factorization
(psNMF) described in Hinrich & Mørup (2018). Appendix E
provides more information on this analysis.

In addition to these detection methods, we determined the
detection limits (DLs) of PH3 in SOIR spectra in the volume
mixing ratio (VMR). For each SOIR spectrum, we compared the
measurement noise to a synthetic spectrum of PH3 simulated by
considering the SOIR instrumental function. We considered that
a clear detection of a PH3 line in SOIR spectra should be at least
3.2 times higher than the measurement noise. Appendix F con-
tains a description of this method.

4. Results

Neither the radiative transfer algorithm nor the machine learn-
ing algorithm could infer any real detection of PH3 lines for any
of the orders selected. In orange, Fig. 2 shows an example of
the residual of the SOIR spectrum at 74 km subtracted by the
ASIMAT CO2 fit for order 108. We see that several lines of the
synthetic PH3 spectrum (blue) are already much stronger than
the residual. We see no clear presence of PH3 lines in the SOIR
spectrum.

Figure 3 shows an example from the machine learning algo-
rithm for order 106 where one of the sources is clearly identified
as CO2 (above panel), but no source could be identified as PH3.
In the lower panel, the blue curve corresponds to a source with
the highest contribution APH3 to a synthetic PH3 spectrum (black
curve).

L4, page 2 of 6

Multiple transitions at 533 and 1067 GHz 
targeted with SOFIA give a disk averaged 
upper limit of 0.8 ppb.

Consistent with and highly complementary 
to Venus Express solar occultation 
measurements (<1 ppb).

Two separate questions:
• Is the detection real?
• If so, does it imply a biological source or 

undiscovered abiotic pathways?

Availability of water in the Venus cloud 
deck, as quantified by the “water activity” 
parameter, is 2 orders of magnitude below 
the limit for known extremophiles.

PHOSPHINE ON VENUS

Cordiner+ 2023 — Trompet+ 2021 — Hallsworth+ 2021
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Earth's atmosphere), was therefore constructed using the Planetary Spectrum Generator (PSG) (Villanueva 
et  al.,  2018), following the same methodology as Villanueva et  al.  (2021), using gas abundance data from 
Ehrenreich et  al.  (2012) and the VIRA-45 temperature profile of Zasova et  al.  (2006). Our model geometry 
specifically accounts for the size and offset of the SOFIA beam with respect to Venus (see Section 2.1). The 
resulting model spectra for the upper and lower sidebands of the 4G1 and 4G2 channels were multiplied by 
corresponding PSG models for the terrestrial transmittance in the direction of Venus at the time of our SOFIA 
observations, taking into account the aircraft's mean latitude, longitude, altitude, and velocity along the line of 
sight. For each 4GREAT channel, the two model spectra for each sideband were overlaid and averaged together. 
A uniform scaling factor of 0.72 was applied to the terrestrial O3 vertical abundance profile to obtain the best 
fit to the observed spectra, shown with dashed blue curves in Figure 2. A linear (multiplicative) gain slope was 
also included in the spectral model fits, to account for the varying 4GREAT amplitude response as a function of 
frequency.

During fitting of the continuum, as well as for subsequent removal of the instrumental fringes, the spectral regions 
within ±5 km s −1 of the PH3 lines were masked, therefore avoiding biasing the fit as a result of the presence (or 
absence) of PH3, which was not included in the Venus atmospheric model at this stage. Due to the severity of 
telluric O3 absorption in our spectra, and the difficulty in obtaining a perfect fit to the cores of the deepest telluric 
lines, we chose to perform all subsequent analysis (including fringe removal) on a restricted frequency range of 
±100 km s −1 either side of the PH3 lines (533.4–534.1 GHz for 4G1 and 1066.3–1067.7 GHz for 4G2), where the 
continuum fit was sufficiently good.

3. Results
Observed, de-fringed SOFIA spectra in the vicinity of the targeted PH3 lines are shown in Figure 3. The RMS 
noise is 24 mK for the 4G1 spectra and 59 mK for 4G2, which is reasonably close to the theoretical values of 
14 and 50 mK, respectively. The locations of the PH3 lines are labeled, and for the 4G2 channel, broad contam-
inating lines due to telluric O3 and N2O are also identified. These contaminants originate at rest frequencies of 
1078.686 GHz and 1078.621 GHz in the upper 4G2 sideband, and are present in both the observed and modeled 
spectra. Several other, weaker lines due to terrestrial O3 contamination are visible in the 4G2 model spectra, but 
these have not been labeled. No clearly-identifiable PH3 lines can be seen in either the 4G1 or the 4G2 frequency 
ranges.

We performed a statistical analysis to quantify the amount of PH3 that could be present in Venus's atmos-
phere, given the noise level of our data. A set of spectral models was generated as in Section 2.2, consisting of 
Venus + telluric spectra for the LSB and USB in each 4GREAT channel, including (for Venus) CO2, N2, CO, 
O2, SO2, H2O, O3, He and PH3 gases. Starting with a PH3 abundance of zero, and with the ±5 km s −1 regions 

Figure 2. Stratospheric Observatory for Infrared Astronomy Venus spectra from the 4G1 (left) and 4G2 (right) channels of the German REceiver for Astronomy at 
Terahertz Frequencies receiver. Planetary Spectrum Generator terrestrial transmission models are overlaid, highlighting the presence of strong telluric O3 absorptions. 
The spectra contain overlapping contributions from the lower and upper receiver sidebands. Vertical bars indicate PH3 line frequencies.

 19448007, 2022, 22, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L101055 by N
asa Jet Propulsion Lab, W

iley O
nline Library on [05/04/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

SOFIA

SOIR/VEx



Key species in the Venus mesosphere and 
exosphere.

Peaks in the transition region between the 
retrograde zonal flow below 70 km and the 
subsolar to antisolar flow above 120 km.

Direct detection of the [OI] 63 µm line on 
the dayside and the nightside.

Maximum column density on the dayside, 
produced by photolysis of CO and CO2.

Transported by the global circulation 
toward the antisolar point.

Results support future Venus missions, 
DAVINCI (NASA) and EnVision (ESA).

ATOMIC OXYGEN ON VENUS

Hübers+ 2023

Nov. 10, 11 and 13 2021. In total, 17 positions on Venus have been
measured: seven on the dayside, nine on the nightside and one at the
terminator. Atomic oxygen has been detected at all positions. We find
column densities ranging from 0.7 to 3.8 ×1017cm−2 between 15:00 and
21:00 LT with a maximum on the dayside where atomic oxygen is
generated. The observed average Venus continuum brightness tem-
perature is approximately 246K corresponding to an altitude of about
65-70 km right above the cloud layer. The temperature of the atomic
oxygen is approximately 156 K on the dayside and approximately 115 K
on the nightside, which corresponds to altitudes around 100 km.
These results are discussed in the context of other measurements of
Venus’ atmosphere.

Results and discussion
The observation of atomic oxygen is based on the measurement of its
ground state fine structure 3P1 → 3P2 transition at 4.74 THz (63.2 µm)14.
Its intensity depends on the temperature of the atmosphere as well as
on the radiative properties and column density of the oxygen atoms.
The transitionhas beendetected in themesosphere and thermosphere
of Earth and Mars15–19. Recently, even the rare 18O isotope has been
identified by measuring this transition in the Earth atmosphere20. For
Venus, Earth-bound absorption spectroscopy of near-infrared CO lines
yields an isotope ratio that is not significantly different from that of the
Earth21, which is 16O/18O ≈ 500. In the atmosphere of Venus, the tran-
sition is expected to be thermally broadened with a line width of
approximately 12MHz full width at half maximum (FWHM) for emis-
sion originating from about 90 to 120 km altitude where the density of
atomic oxygen is highest and the temperature is between 100 and 200
K22. The direct observation of this transition from the Earth is chal-
lenging, because of strong absorption by water vapor in the tropo-
sphere and lower stratosphere of Earth. Therefore, it requires airborne
or spaceborne instruments.

The apparent diameter of Venus was approximately 29” and the
phase angle approx. 42% (see methods, subsection “SOFIA/upGREAT
observations”). Due to the geocentric velocity of Venus of about
13 km/s the atomic oxygen line is shifted by about 206MHz from the
telluric line. The high spectral resolving power of upGREAT allows for
the ability to distinguish both. The telluric atomic oxygen line is used
for frequency and radiometric calibration. A typical spectrum is shown
in Fig. 1a. The atomic oxygen line originating fromVenus is observed in
absorption. In Fig. 1b an example of a dayside spectrum at the equator
at 15:36 LT is shown. It should be noted that until now atomic oxygen
has not been detected on the dayside of Venus. In contrast to night-
glow observations from a Venus orbiter, which provide altitude pro-
files due to a limb-scan observing geometry, our method provides

column densities. However, with a THz heterodyne spectrometer on a
Venus orbiter it would be possible to obtain altitude profiles of atomic
oxygen.

In Fig. 1b the baseline corresponds to the continuum brightness
temperature of Venus. The absorption signal at 4.744980THz origi-
nates from higher levels in the Venus atmosphere and appears in
absorption against thewarmbackgroundof the lower atmosphere. It is
offset by 203MHz from the telluric signal at 4.744777 THz which has a
rather peculiar shape. Due to the low elevation of the SOFIA telescope
at the time of the observations, the telluric line is optically thick at the
center and the corresponding temperature in the minimum is
the brightness temperature of the Earth’s lower thermosphere. In the
wings, the telluric signal appears in emission, because this part origi-
nates from higher parts of the Earth’s thermosphere where the tem-
peratures are higher than in the Venus atmosphere and in the lower
thermosphere (see methods, subsection “Continuum brightness tem-
perature of Venus”). The telluric line is used to determine the bright-
ness temperature of Venus. Since its central part is optically thick, the
temperature equals the temperature of the Earth atmosphere (in this
case 196K). The atomic oxygen altitude distribution and the tem-
perature profile of the Earth atmosphere, as provided by the semi-
empirical NRLMSISE-00 (Naval Research Laboratory Mass Spectro-
meter and Incoherent Scatter Radar Exosphere – 2000) model
(https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php), is
taken as input for our radiative transfer model and the brightness
temperature of Venus is a fit parameter (see methods, subsection
“Continuum brightness temperature of Venus”). For the spectrum
shown in Fig. 1b the brightness temperature of Venus corresponds to
the baseline temperature of 245 K. Note that the minimum tempera-
ture of the telluric line is below the baseline, because it saturates at the
temperature of the Earth atmosphere, which is lower than the bright-
ness temperature of Venus.

The average continuum brightness temperature of all measured
positions on Venus is 246 ± 6 K (Fig. 2a). This corresponds to tem-
peratures at altitudes right above the cloud-top level at 65 and 70 km
according to temperature profiles derived from observations at
infrared and millimeter wavelengths22–25. For all LT the brightness
temperatures of our measurements are in agreement with previous
observations at similar wavelengths, which yield 255 ± 7 K in the
wavelength region from 47 to 67 µm26 and 240K at 50 µm24. Sagawa27

deduces a brightness temperature of 200K at 60 µm. This rather low
temperature has been attributed to pressure induced continuum
absorption by CO2 leading to an increased opacity of the atmosphere
at this wavelength27. Our results do not confirm such an influence of
CO2. Closer inspection of the brightness temperature reveals a slight

Fig. 1 | Spectra of the fine structure 3P1 →
3P2 transition of atomic oxygen in the

atmospheres of Earth and Venus. a Measured uncalibrated spectrum of atomic
oxygen with the telluric line and the line originating from the dayside of Venus at
15:36 LT close to the equator (9.8° south). The Venus line is Doppler-shifted by

203MHz from the telluric line. The centers of both lines are indicated by dashed
lines. bClose-up of the Venus line in a. The temperature scale is calibrated. The red
line is a fit with our radiative transfer model. Source data are provided as a Source
Data file.
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difference between nighttime (249 ± 6K) and daytime (242 ± 4K)
(Fig. 2a). Although statistically barely significant, this could be attrib-
uted to a reduced opacity of the nightside atmosphere, i.e., the
brightness temperature is determined by a lower atmospheric layer
with slightly higher temperature. Amapof the brightness temperature
is shown in Fig. 3a.

In Fig. 2a the temperature of the atomic oxygen is shown for all
positions on Venus as a function of LT. This is determined from the fit
of a radiative transfer model (see methods, see subsections “Con-
tinuum brightness temperature of Venus” and “Column density and
temperature of atomic oxygen”). The average temperature on the
dayside is 156 ± 18 K. This is at the lower end of the dayside tempera-
tures of 150 K to 200K between 90 and 120 km reported by Limaye et
al.22. It is also lower than the 200K in the center of the linemeasured at
15:36 LT (see Fig. 1b) indicating that the line is not optically thick. The
average nightside temperature (115 ± 25 K) is lower than the dayside
temperature (156 ± 18 K). Also, the nightside temperature is at the
lower end of the nightside temperatures of 110 K to 200 K22. For all LT
no significant differences are observed for different latitudes (see also
Fig. 3b). It is instructive to compare these temperatures with the
FWHM of the atomic oxygen transition, which is thermally Doppler-
broadened. The FWHM is 11.8 ± 0.9MHz on the dayside and
10.2 ± 1.6MHz on the nightside. The corresponding temperatures of
180 ± 25 K (dayside) and 135 ± 45 K (nightside) are in good agreement
with the values from the radiative transfer model and further support
that the temperature of atomic oxygen at the dayside is larger than at
the nightside.

The absorption line originating from Venus is very well fitted by
our radiative transfer model (Fig. 1b). The fit parameters of this model
are the column density and the temperature of the atomic oxygen (see
methods, see subsection “Column density and temperature of atomic
oxygen”). The column density derived from this dayside spectrum at
15:40 LT is (3.0 ± 0.5) x 1017 cm-2. Figure 2b shows the column densities
as a function of the solar zenith angle. At daytime with increasing solar
zenith angle the column density decreases slightly, because the gen-
eration of atomic oxygen by photolysis of CO2 decreases with
decreasing illumination from the sun. At nighttime no trend of the
columndensity is observable. Figure 2c shows the columndensities for
all pixels as a function of LT and Fig. 3c displays a map of the atomic
oxygen column density across Venus. It varies between 0.7 and
3.8 × 1017 cm-2. Our values are similar to values obtained by models or
derived from observations of the infrared O2 nightglow and photo-
chemical models2,3. Altitude profiles obtained from these nightglow
data yield column densities between 3 ×1017cm-2 and 6 × 1017cm-2. The
latter value is obtained at the antisolar point, where it reaches its
maximum on the nightside and which is not covered by our observa-
tions. The column densities derived from a global circulation model
and VIRTIS altitude profiles as reported in Brecht et al.1 are lower
(approximately 1 × 1017cm-2). Also, results from a different model by
Gilli et al.5 yield column densities around 2 × 1017cm-2, which are com-
parablewith our observations.Daytime latitudinal variations predicted
by the model of Gilli et al. are small, namely a decrease around 10%
from the sub-solar point toward the terminator and towards high
latitudes (50–70°)5. Ourmeasurements indicate a small decrease of the

Fig. 2 | Brightness temperature, atomic oxygen temperature and column
density of Venus. a Brightness temperatures and the temperatures of the atomic
oxygen as a function of LT. The upper squared data points are the continuum
brightness temperatures. The color codemarks those pixels, which are close to the
equator (approx. from -10° to +10°, orange), in the northern hemisphere around
35 ± 10° (blue) and in the southernhemisphere around−25° ± 10° (green). The lower
data points (circles) are the temperatures of atomic oxygen. The grey area indicates

nighttime. The straight lines are the average temperatures on the dayside and on
the nightside. b Atomic oxygen column density as a function of the solar zenith
angle. cAtomic oxygen columndensity as a function of LT (forb, c applies the same
color code as in a). Note that sunset at the equator and at 100 kmaltitude occurs at
101.3° and 18:41 LT. The error bars represent 95% confidence intervals. Source data
are provided as a Source Data file.

Fig. 3 | Maps of temperature and atomic oxygen. a brightness temperature,
b atomic oxygen temperature, and c atomic oxygen column density of Venus. The
light grey area of Venus marks the nightside. The evening terminator is the border

between the white (daytime) and the grey (nighttime) area. The LT refers to the
equator. The size of the circles corresponds to the FWHM of the telescope beam.
Source data are provided as a Source Data file.
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• Early KAO highlights — detection 
of the Uranian ring system and of 
the atmosphere of Pluto.

• “Central flash” provides 
constraints on haze densities and 
thermal gradients in lower 
atmosphere, bounds on haze 
particle sizes.

• Multi-wavelength observations 
allow analysis of atmospheric 
profiles and aerosol or haze 
content.

• Multi-epoch observations allow 
studies of a possible temporal 
variability.

• Stability of Pluto’s atmosphere 
over 25 years.

PLUTO OCCULTATIONS

0.3-0.6 µm

0.4-1.1 µm

0.36-1.1 µm

1-5.5 µm

Person et al. 2017

2015
2011



D/H ON MARS

• D/H is a key diagnostic of history of water 
on the planet

• Main mechanism responsible for D 
enrichment is fractionation through 
different escape rates

• Vapor pressure isotopic effect (VPIE) — 
fractionation mechanism associated with 
sublimation/condensation processes

• At condensation, D/H enhanced in the ice
• D/H in water vapor expected to be 

maximum at north pole at northern summer 
solstice

• Observations help understanding the 
sources and sinks through monitoring 
sublimation and condensation processes

Credits: NASA



EXES OBSERVATIONS OF MARS

• EXES, R=60,000, 7.2 µm range
• Mars disk diameter close to opposition ~15”, beam size 3”
• A combination of weak and strong lines of water, HDO, and CO2

Encrenaz+ 2017



D/H IN MARS ATMOSPHERE

• Distinct enhancement of H2O and HDO with respect to CO2 toward the polar region
• Disks integrated D/H = 6.8(+1.6,-1.0)×10-4 or 4.4 times VSMOW

• D/H enhancement from 
southern to northern 
latitudes, from 3.5 to 6.0 × 
VSMOW

Encrenaz+ 2017
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and N from a S-rich differentiated planetary body with a super-chondritic 
C/N86. Alternatively, if N was preferentially released to the early atmosphere 
relative to C, then early episodes of impact-driven atmospheric escape could 
have induced preferential loss of N, hence raising the bulk C/N of Earth107. 
Notably, the record of atmospheric loss during episodes of giant impacts 
may be reflected in the He/Ne of Earth’s mantle108. During giant impacts, 
the preferential degassing of less soluble Ne would increase the 3He/22Ne in 
the mantle residue. Raising the 3He/22Ne of the upper mantle from a solar or 
chondritic value of about 2 to its modern day value of about 10 would require 
at least two episodes of magma ocean formation and atmospheric loss108.

The main accretion phase of Earth ended with the Moon-forming 
impact109, which set the stage for the subsequent evolution of our planet 
towards a habitable world110,111. The high angular momentum of the 
Earth–Moon system calls for an extremely energetic event, which prob-
ably resulted in the partial, or complete, melting of the proto-Earth112–114. 
To what extent terrestrial volatiles contained within the fledgling ocean 
and atmosphere survived this event is a matter of debate115,116. A dramatic 
loss of atmospheric volatiles during the Moon-forming event is however 
supported by the observation that our planet as a whole contains at most 
a few per cent of 129Xe initially produced from the decay of short-lived 129I  
(half-life 15.6 Myr)115,117,118, indicating that up to 99% of terrestrial 129Xe 
(and presumably other volatile elements to varying degrees) was lost 
during giant impacts akin to the Moon-forming event.

Evidence for accretion following the Moon-forming impact arises from 
the composition of highly siderophile elements (rhenium, osmium, irid-
ium, ruthenium, platinum, rhodium, gold and palladium) in the mantle. 
These elements, which concentrate into metal phases, and hence the core, 
during planetary differentiation, are found in excess in the terrestrial man-
tle relative to the expected amounts given their wholesale removal to the 
core. Furthermore, the relative proportions of these elements are compa-
rable to that of chondrites, indicating that an addition of about 0.5 wt% ME 
of chondritic material to a mantle that was barren in highly siderophile 
elements occurred after core formation119–121. From mass-balance consid-
erations, ref. 122 proposed that a roughly 0.5 wt% ME ‘late veneer’ consisting 
of CC-type material would yield enough H2O and C to form the surface 
reservoir of our planet, yet provide too much atmospheric noble gases by 
a factor of 3–5. It is noteworthy that estimates of mantle water contents 
range from one123 to up to five to ten ocean masses7. This illustrates how 
poorly constrained H, C and N abundances for the BSE are, even more so 
considering the potential volatile budget of the terrestrial core85,86,105,124,125. 
However, it is clear that volatile elements added after the Moon-forming 
event cannot account for the whole BSE inventory, hence requiring a sig-
nificant fraction of terrestrial volatiles to have survived the main stages 
of terrestrial formation, including giant impacts.

Finally, comets that are rich in water ice (10–50%) and organic mate-
rials126 have long been proposed as potential suppliers of water and 
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Fig. 3 | Main stages of planetary formation and volatile incorporation into 
terrestrial building blocks within the PSN. Although part of the molecular 
cloud matter could have been delivered to the protoplanetary disk and 
incorporated into planetary bodies (for example, comets) with little to no 
modification, the vast majority of the H-, C- and N-bearing molecules from the 
molecular cloud would have been destroyed (vaporized) en route to the disk via 
thermal and stellar ultraviolet processing19. Stage 1: formation of the first solids 
via condensation of silicates and ice, and polymerization of organic materials. 

Stage 2: early accretion of the first planetary objects by accumulation of 
variable amounts of silicates, organics and ice. Stage 3: planetary bodies  
that reach a sufficient size to capture nebular atmospheres may experience 
episodes of nebular in-gassing during periods of magma oceans. Stage 4: after 
dissipation of the PSN gas, planetary embryos may collide during giant 
impacts, such as the one that formed the Moon. Stage 5: after Moon formation, 
Earth experienced late episodes of chondritic material accretion (referred to as 
the late veneer), accompanied by marginal contributions from comets.

• Water mass fraction increases with distance 
from the Sun (from 0.1% at 1 au to 50%).
• “Textbook model”: temperature in the terrestrial 

planet zone too high for water ice to exist.
• Water and organics had to be delivered later 

by impacts of comet- or asteroid-like bodies.
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WATER IN THE SOLAR SYSTEM

Snow Line

• Volatiles on Earth and the other terrestrial planets 
appear to have been heterogeneously sourced 
from different Solar System reservoirs. 
• Late accretion of chondritic and cometary 

materials is an important stage.

van Dishoeck et al. 2014               Broadley et al. 2022              Woo, Morbidelli et al. 2023

Multiple stages of volatile incorporation



• Comets are tracers of the present day outer Solar System that can be studied using remote sensing 
techniques (atmospheres)

• Focus on D/H because it is strongly temperature dependent and the observed variations are large, a 
factor of 3. 

D/H RATIO
IN THE
SOLAR
SYSTEM

Unique 
Fingerprint

Altwegg et al. 2015 Tobin et al. 2023

◎
V883 Ori
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TERRESTRIAL D/H RATIO IN HYPERACTIVE COMETS

Hyperactive typically have terrestrial 
D/H ratios.
Emit more water molecules than 
expected given the size of the 
nucleus.
Presence of sublimating water-ice-rich 
grains in the coma.
103P/Hartley 2 studied by Deep 
Impact — both icy grains and water 
overproduction were observed.
Sublimating icy grains may be more 
pristine and more representative of 
the bulk composition of the nucleus.

Lis+ 2019
20

Sunshine+ 2021



D/H DISTRIBUTION: INNER VS. OUTER SOLAR SYSTEM

Robert 2003

D/H in the inner Solar System relatively well 
constrained by measurements in meteorites
(100+ measurements).

D/H in the outer Solar System poorly constrained 
– 10 measurements in comets, only 4 accurate 
(8-10%, 1σ).

Need a statistical sample to make a meaningful 
comparison! 21
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LOOKING INTO THE FUTURE

• SIMPLEx mission, PI Bethany Ehlman, CaltechCredits: F. Merid PCC/Caltech
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SALTUS – PI. C. Walker (U. Arizona)
• 20-m off-axis telescope, 45 K 

optics, adaptive optics
• Coherent and incoherent 

spectroscopy/imaging
• Science themes

• Formation and evolution of 
planetary systems

• Galaxy evolution
• Nature of supermassive black 

holes

NBT: ASTROPHYSICS PROBES

SALTUS (Probe)

• 20m Off-Axis Design
• 45K Optics
• Coherent & Incoherent 

Spectroscopy/Imaging 
• Adaptive Optics
• ~1 mm to ~30 µm
• EHT Space Node
• >5 yrs Baseline Mission
• >3.5 yrs of Guest Observations 

SALTUS: Single Aperture Large Telescope for Universe Studies

Addresses many Science Objectives within the Astro 2020 Decadal
FIRSST – PI. A. Coorey (U.C. Irvine)
• Spitzer-like 1.8-m telescope 

cooled to 4.7 K
• Direct detection and 

heterodyne spectroscopy 
instruments (35 – 600 µm)

• Science themes
• Origin and evolution of planet 

forming disks
• Trail of water from molecular 

clouds to oceans
• Galaxy assembly

Asantha Cooray for the FIRSST Science and Design Team

FIRSST	–	The	Far-Infrared	Spectroscopy	Space	Telescope	

PRIMA – PI. J. Glenn (NASA/GSFC)
• 1.8-m telescope cooled to 4.5 K
• Direct detection grating 

spectrometer, FTS (24 – 235 µm)
• Hyperspectral imager (24 – 80 

µm) with polarimetric capabilities 
(80 – 235 µm)

• Science themes
• Evolution of galactic systems
• Formation of planets
• Rise of dust and metals

Asantha Cooray for the FIRSST Science and Design Team

FIRSST	–	The	Far-Infrared	Spectroscopy	Space	Telescope	

Solar System studies are not a driver, but all these missions would enable such studies!
Example: PRIMA would measure D/H ratio in 30 comets in a 240 h per year program.
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