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Fig. 1. Distribution of red-tinted H,0 ice exhibiting the spectral signature of
NH3 in Virgil Fossae and surrounding terrain. (A) Pluto’s encounter hemisphere
as seen by New Horizons during the 14 July 2015 flyby. (B) Selected ROl in the MVIC
image illustrating the uniquely bright red coloring of Virgil Fossa. (C) Geographical
distribution of the 14 clusters where clusters 1 (dark blue), 2 (purple), 5 (red), 8 (orange),
and 9 (yellow) show the H,0 + NHs-rich clusters in a gradation from maximum to
minimum (indicated by the arrow direction). Image credit: NASA, Johns Hopkins
University, Southwest Research Institute.
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Fig. 2. Detail of the site of the putative cryovolcanic emission of NH;3-bearing
H,0 in the main trough of Virgil Fossae. (A) Section of Virgil Fossae from the
Pluto base map. Arrows point to topographic features that are muted in form by an
apparent mantling by material ejected in a cryovolcanic event within the fossa
main channel. (B) Same region shown with the H,0 ice distribution (77, 18) in blue
overlain on the base map: Darker shade of blue indicates greater concentration
based on the strength of the ice absorption bands. Image credit: NASA, Johns Hopkins
University, Southwest Research Institute.

RESULTS

Spectral analysis

We have studied the spectral signature of the ROI using a multivariate
statistical analysis that classifies the spectra by their shape, in con-
junction with radiative transfer modeling of the relevant spectra
obtained from the classification process. We describe the approach
in detail in the Materials and Methods.

The spectral averages obtained from the classification appear very
similar to the eye, as shown in Fig. 3A, but map in a consistent way
away from Virgil Fossa, as shown in Fig. 1C. To understand the dif-
ferences that justify the classification, we adopted the spectrum of the
class farthest away from the Virgil Fossa channel as our standard
against which we compared, by means of a ratio, the other cluster
averages. The ratios are shown in Fig. 3B and highlight spectral absorp-
tion bands characteristic of H,O ice in a progression of increasing
strength. A closer inspection revealed an anomalously deep 1.65-pum
band and a depression in the shoulder of one of the H,O bands at
~2.2 um, typical of the spectral signature of NH3. To confirm the
detection, we computed a preliminary model of the spectrum of the
ratio, a mixture of H,O and tholin but no NH3, shown in Fig. 4A; and
described in the Materials and Methods. The residuals of the observa-
tion ratioed to the model show a clear band at 2.2 um (Fig. 4Ay,).
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Fig. 3. Spectral signature of NH; in Virgil Fossae and surrounding terrain. (A) Averaged spectra for the CHg-poor clusters 1, 2, 5, 8, and 9. Note that the raw spectra
are similar. (B) Spectra of cluster 9 divided by clusters 1, 2, 5, and 8. The ratioed spectra reveal H,O ice absorptions at 1.5, 1.65, and 2.0 um and a depression at 2.2 um

characteristic of NH; products.

Comparison to satellites

A number of investigations of Pluto’s largest moon Charon, as well
as its smaller moons Nix and Hydra, have reported the presence of
NHj; or an ammoniated species revealed as a broad absorption band
in the 2.2-um spectral region (21-25, 10). New Horizons observed
Charon and the smaller satellites during the July 2015 flyby with the
LEISA spectral imager at a spatial resolution of 4.87 km per pixel for
Charon, 3.6 km per pixel for Nix, and 14.5 km per pixel for Hydra.
NH; products were identified on Charon’s surface in specific regions
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often corresponding to craters (26). In Fig. 4, we compare the NHj;
signature of Pluto (Fig. 4A), Charon (Fig. 4B), and Nix (Fig. 4C).
The stronger absorption of Pluto’s differential spectrum with respect
to that of Charon is visible at 2.2 um. The 2.2-um absorption on Pluto
and Nix is instead similar in depth and in the shape of the right wing
of the band, as seen in the residual spectra, where the absorption on
Pluto extends further toward shorter wavelengths. This may be due
to the presence of other unidentified material(s) in the Virgil Fossa
region. Overall, the consistent location and shape of the 2.2-pm
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Fig. 4. Radiative transfer model fits to the derived spectra of NHs-rich region of
Virgil Fossae. Model fits (solid line, upper section of each panel) and residuals (lower
section of each panel) obtained by dividing Pluto’s ratio of cluster 9 to cluster 1 (Acand
Ayp), Charon’s disk-averaged spectrum (B and By,), and Nix’s disk-averaged spectrum
(Ctand Cp,) by their corresponding best fits shown as a colored solid line. Models were
calculated by means of either Hapke (46) or Shkuratov (47) approaches, including H,O ice
and a tholin, but not NHs. Dashed vertical lines point to the wavelengths characteristic
of the NH3 spectrum. I/F, reflected intensity divided by incident solar flux.

band on Pluto’s surface compared to the satellites demonstrate the
strong presence of NH3 and related species in some form on regions
of Pluto’s surface.

DISCUSSION

As noted, H,O ice and the unique red coloration are spatially coherent,
and the distribution of the H,O-rich pixels, obtained with our multi-
variate analysis, shows areas where they clump in higher spatial con-
centration. These areas are located mainly along the Fossa, in a crater
east of Elliot crater and possibly in a few patches north of the Fossa
and Elliot crater. More isolated pixels are spread south and a few
north of the Fossa.

Because H,O ice is stable against evaporation at Pluto’s temperatures,
and in view of its sparse distribution across the surface, H;O is
regarded as the bedrock mostly covered from view by more volatile
ices (N, CO, and CH,) and non-ice components (tholins) and exposed
only in some areas. Layers of more volatile ices alternate in cycles of
sublimation and condensation with Pluto’s seasons, contributing to
the tenuous atmosphere of the planet (27) and accumulations of
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one or another of the ices in regions of different surface temperature
[e.g., the concentration of N ice in Sputnik Planitia (17)].

The coincidence of both H,0 and NHj3 absorption bands on lo-
calized regions of the surface may indicate exposure of NH; hydrate
ice, which naturally forms from crystallization of H,O-NHj fluids
(28), or an ammoniated salt such as NH4Cl or NH4,CO3. Whereas in
the hydrates, the central wavelength of the broad absorption band is
2.21 to 2.22 um, in the salts, the broad band is generally centered
between ~2.14 and 2.18 pm. Cook et al. (10) found that NH4CI gives
a good fit to the shape and position of the ammonium band in both
Nix and Hydra observed with New Horizons. Both of these small
bodies also show strong bands of H,O ice in the crystalline phase.

The ammonia or ammonium spectral signature is destroyed as
the molecule is dissociated, and knowledge of its durability in Pluto’s
space environment is essential to an estimate of the age of the sur-
face in which it is detected. The three principal sources of ammonia
dissociation on the surface are UV photons, charged particles from
the solar wind, and galactic cosmic rays (GCRs). UV photons come
directly from the Sun and also from the interplanetary medium. The
Lyman-o flux from the two sources combined is ~7 x 10° photons
cm™2 57 (29). The Lyman-a flux reaching the surface is modulated
by the gaseous CH,4 content of the atmosphere. Models of the atmo-
spheric content of CH, on annual and millennial time scales predict
that the transparency of the atmosphere to Lyman-o. flux varies from
~0.01 to 10%. Longer-wavelength UV radiation also contributes to
the destruction of NH; (9). When NHj is dissociated, the fragments
can combine quickly with other components in proximity. In a natural
system, numerous other molecules and molecular fragments are
expected, and in the presence of carbon species, a number of new
molecules and radicals will form. Bernstein et al. (30), for example,
found that in a mix of H,O:CH3;OH:CO:NH3 ices, about half of the
N in NHj was incorporated into complex organic residues after ex-
posures of ~1 x 10*° photons/cm”. At times when Pluto’s atmosphere
is 10% transparent to Lyman-o photons, this flux corresponds to a
time scale of ~4 x 10° years, indicating a geologically short lifetime.
At times of lower atmospheric transparency, the equivalent lifetime
for the ammonia is ~4 x 10° years.

Charged particles (¢”, H', and He*") from the solar wind interact
with Pluto’s tenuous atmosphere, and much of the flux is deflected
around the planet (31). Some high-energy particles penetrate to the
surface, although the flux is variable with atmospheric density, and
the interaction with the surface materials is not well established.
Both UV photons and solar wind charged particles deposit their energy
in the uppermost few micrometers of Pluto’s surface (32), and even
for energetic particles, the secondary electrons initiate most of the
chemical reactions (33). The spectral evidence reported here also
represents the uppermost few micrometers of the surface and cor-
responds to the optical depth to which near-infrared reflectance
spectroscopy is sensitive. Loeffler et al. (9) showed that the spectral
signature of NHj; in H,O ice is quickly destroyed by 100-keV protons
at 120 K but is much slower at lower temperatures more characteristic
of Pluto’s surface (~40 to 60 K). With specific reference to the NHj
signature on Charon, Loeffler et al. (9) estimate that ~40% of the
original ammonia has been destroyed over the 4.5-billion year age
of the solar system.

GCRs penetrate several meters into a surface of pure H,O ice or a
mix of NH3 in H,O ice, depositing energy through secondary and
higher-order interactions, ionizing molecules and atoms in their path-
ways. At the calculated rate of energy deposition for energies >10.5 eV,
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slightly greater than the dissociation energy of the N—H bond in
NH3, the destruction of all NH; molecules in the upper 1-m layer of
an ice composed of 30/70 NH3:H,O occursin ~1.1 x 10° years. Inan
ice of this composition with no other impurities, dissociated NH;
can readily recombine with an available electron from an H,O mol-
ecule and indefinitely maintain a level of concentration. In a realistic
ice, dissociated ammonia fragments will combine with other com-
ponents, as noted above, and lose their spectral identity. Thus, in a
real ice, 10” years can be taken as an upper limit to the longevity of
the ammonia signature in the NH3-H,O ice surface in the Virgil
Fossae region.

The ammonia spectral signature in ammoniated salts is expected
to be more robust against destruction because ionic bonds are
stronger than covalent bonds, but we are unaware of direct experi-
mental evidence in support of this assertion. If the ammonia in Virgil
Fossae is the signature of ammoniated salts, then the age of its deposi-
tion can be greater than if it arises instead from more fragile ammonia
hydrates. In addition, if ammonia is replenished in the optical layer
by diffusion of NH; upward through the H,O ice [e.g., (34)], then
the age of the initial deposition becomes indeterminate, but greater
than if it comes from the hydrates.

While the age of the deposit of red-colored H,O ice in the Virgil
Fossae region is not well constrained by the durability of the NH;
signature, it presents the appearance of a geologically recent cry-
ovolcanic eruption or eruptions, emanating from a source of liquid
water beneath Pluto’s frozen surface ices (temperature, ~40 K),
either now or in the past. In a concentration of ~33% NHj in liquid
H,0, the freezing point is depressed to 176 K. Presumably, such a
mixture could remain as a fluid in the interior of Pluto, where the
temperature is naturally higher than the surface because of the decay
or radioactive elements in the rocky material comprising the majority
of Pluto’s mass (35). The liquid H;O-NH3 mixture could be part of
a subsurface ocean (20) or a more localized crustal reservoir. Cracks
or conduits in the icy crust could be routes of egress for the liquid
H,0-NHj that, upon reaching the vacuum and cold at the surface,
both freezes and boils, forming fountains that shower the Fossa sur-
roundings with icy particles.

The blue pixels in Fig. 1C, markers of areas of H,O enriched with
NH3, are distributed south for more than 150 km and partly north
of Virgil Fossa. They are concentrated as well as in sections of the
Fossa itself, a channel through which liquid H,O-NH3, colored
with the unique red chromophore, may have flowed from one or
more vents before freezing in place. Outside the Fossa, the pixel dis-
tribution is suggestive of ejected dissemination of H,O-NHj ice
particles. The deeper H,O bands could be due to differences in
grain size where the larger grains might have been deposited closer
to the eruption source or sources.

The ice in and around Virgil Fossa, which consists of H,O con-
taminated with NHj3, has a unique red coloration, as seen in Fig. 1B.
Non-ice surface materials having pronounced yellow-to-red color-
ation are thought to be products of energetic processing of CHy (or
other carbon-bearing molecules) and N, (13) and are chemically similar
to a strongly colored refractory organic solid [Pluto ice tholin (PIT)]
produced in the laboratory by UV photolysis and charged-particle
radiolysis of a mixture of CH, and N; ices (36, 37). Energetic pro-
cessing of the same molecular mixture in the gas phase also produces
colored organic tholins (38), and similar chemistry enhanced by the
presence of NH; may have occurred in subsurface liquid reservoirs
on Pluto, if dissolved H,CO was also present (39).
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The Virgil Fossae complex is part of a tectonic pattern radiating
away from Sputnik Planitia and the basin in which it lies (14). The
ejection of fluid onto the surface through faults or cracks could be
propelled by fluid pressure due to ocean or crustal reservoir freezing
(40) and or by gas pressure due to exsolution in a cryovolcanic event,
perhaps of the type described by Neveu et al. (41). Both the pattern
and the relative freshness of the Virgil Fossa scarp are indicative of
geologically relative youth or renewal of faults driven by basin-related
stresses (19, 20). Therefore, if cryovolcanism is involved in the cre-
ation of the ammonia-rich spectral signature described here, then
it is further suggestive of both ongoing tectonism and escape of
ammonia-bearing aqueous fluids presumably derived from an internal
ocean or from a crustal reservoir ultimately sourced from the ocean.

MATERIALS AND METHODS

Multivariate analysis

To isolate the spectral signature of Virgil Fossa in the LEISA data,
we used an unsupervised statistical clustering tool, i.e., a k-means
classification tool made unsupervised by means of the Calinski-
Harabasz (C-H) criterion (42). The clustering algorithm was applied
to the spectral region between ~1.75 and ~2.22 um. The C-H criterion
selected three as the ideal number of clusters to represent the main
variations in the area: no data, CHy-rich, and CHy-poor. However,
we chose 14 classes of differing spectra (or clusters) in the adopted
ROI to highlight subtle differences that go beyond the abundance of
CHy ice. Of these classes, clusters 10 and 12 were too noisy to be
considered, and another seven were dominated by absorption bands
of CHy ice and mostly located in the northeast half of the region
(colored teal in Fig. 1C). The remaining five classes were spread
over the southwest part of the ROI, showing a spectral signature
that could not be readily attributed either to an ice or to a refractory
material. Figure 1C shows the distribution of the 14 clusters.

We focused our analysis on clusters 1, 2, 5, 8, and 9 whose spectral
averages, offset for clarity, are shown in Fig. 3A. All clusters have a
SD 0f 0.08 < ¢ < 0.10 corresponding to the spectral variation of the
spectra in the region adopted by the clustering. The cluster population
varies from ~1500 to ~4000 pixels but does not correlate with the
SD, confirming the fact that the SD is not a statistical measurement.
One of them, cluster 1, included a strong concentration of pixels on
and around Virgil Fossa (shown in dark blue in Fig. 1C). Although
the spectral signature of this region is similar to those of the other
four CHy-poor classes (Fig. 3A), further analysis revealed important
variations. To distinguish subtle differences between the average
spectrum of Virgil Fossa (cluster 1) and spectra of its surroundings,
we compared the spectral signatures by taking the ratio of the spectrum
of cluster 9 by that of every other cluster average. Cluster 9 is the
class that is geographically most distant from the Fossa and is be-
lieved to be the most H,O-ice poor on the basis of H,O distribution
maps (Fig. 2B) (18). The resulting spectra (Fig. 3B) display evident
H,O ice signatures, particularly for the cluster 1 pixel average. In
(Fig. 3B), the spectrum of cluster 9 is not shown again as it is adopted
as the standard for comparing the spectra. We note that the trace
showing the differential of cluster 8, with very shallow bands, is
highlighting pixels that are spectrally very similar to those in cluster 9.
Similarly, with the other class averages, the main difference high-
lighted in the traces is a progression in the depth of H,O ice bands,
culminating with the most H,O-rich cluster average, cluster 1, geo-
graphically coincident with the main trough of Virgil Fossa.
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Upon closer inspection of the differential spectra, the varying
depth of the 1.65-um H,O ice band becomes evident. The depth of
this band exceeds that of the 1.5-um band for all classes, a behavior
that is anomalous for pure H,O ice. The spectra are also characterized
by a depression of varying strength in the spectral region between
2.1 and 2.25 um. Bands at these wavelengths are characteristic of
NHj and its stoichiometric hydrates (43, 44) as well as ammoniated
salts. NHj ice has also an absorption band at ~2.0 um that blends in
with the strong H,O band.

Geographical mapping

The spatial distribution of the pixels showing a contribution of NH;
in H,O according to the differential analysis described before is
presented in Fig. 1C. It is overlain on a base map obtained from the
corresponding LOng Range Reconnaissance Imager (LORRI) ob-
servations obtained during the flyby. Figure 1B shows the MVIC
map for comparison. The strongest H,O and NHj signature (blue
pixels) are found in and near Virgil Fossa, with a few spread out in
the neighboring areas, while regions with the shallowest H,O and
NHj; bands (yellow pixels) are located away from Virgil Fossa. The
remaining clusters are spread between these two extremes in a geo-
graphically homogeneous distribution. The different depths of the
H,0 bands could be due either to variations in concentration or to
the near-infrared path length in the ice. While more precise modeling
will be needed to determine which of the two possibilities is correct,
for the purpose of this paper, we identified all pixels in the clusters
adopted for this study as H,O-rich.

Modeling

To highlight the presence of NHj ice on Pluto, we calculated a rough
model of the differential spectrum of cluster 1 shown in Fig. 3B and
corresponding to the blue pixels in Fig. 1C. We used the following
three components: H,O ice, amorphous carbon (AC), and a refractory
organic solid made by electron radiolysis of an ice mixture of N, CHy,
and CO (37), denoted as PIT, mixed intimately using the Shkuratov
computational formulation (45). For the H,O ice component, we
used the optical constants in (45) and a grain size of 3 um, contrib-
uting 83.5% to the mixture. The low-reflectance components, AC in
20-pm grains and PIT in grains of 15 um, contributed at concentra-
tions of 1.5 and 15%, respectively. PIT was produced in the laboratory
by Materese et al. (37), and its optical constants were extracted from
the reflectance spectrum. We note that the adopted grain size of the
H,O ice is very small and marginally acceptable in terms of the geo-
metrical optics assumptions in the Shkuratov formulation. However,
the purpose of the model is purely to highlight the presence of NH3,
and therefore, the relative abundances and grain sizes of the com-
ponents included in the model should not be used in a quantitative
way. We compared the model to the observations by calculating the
residuals, shown in Fig. 4A}, along with corresponding spectra,
models, and residuals of Charon and the smaller satellite Nix. Pluto’s
residual spectrum, obtained by dividing the observations by the
model, shows a clear dip at both 1.65 and 2.2 um. The 2.2-um de-
pression is wider than expected from contributions of pure NHj;
and NH3 in H,O (hydrates) and might include signatures of other
compounds presently unidentified.

The 1.5- and 2.0-um bands characteristic of a NHj signature are
somewhat inconsistent. The NH3 2.0-um band is blended with the
H,O0 band, which is a much stronger feature in the H,O than in the
NHj spectrum. For this reason, it is difficult to disentangle the two
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contributions, even with a modeling approach. In our model (Fig. 4A¢),
the residual spectrum shows a value close to 1 at 2.0 um, indicative
of a good fit to the depth of the band. The model is imperfect, how-
ever, leaving small discrepancies in band strength and continuum
levels that might indicate the presence of another component aside
from NH3, presently unidentified. For example, the 1.65-um band is
too strong in the data when compared to a pure crystalline H,O ice
spectrum. Methane has a band close to this wavelength, but the lack
of other stronger CH,4 bands in our data excludes this possibility.

Modeling the spectra of the satellites

Radiative transfer models based on Hapke or Shkuratov approaches
have been applied to Charon (26) and Pluto’s small satellites Nix and
Hydra (10). Hapke as well as Shkuratov theory (46, 47) rely on
knowing the optical constants of each material included in the model.
However, optical constants for ammonia hydrates are poorly known
for several reasons, including the coarse wavelength sampling, the
lack of data in the relevant wavelength range, and also the detailed
structure (stoichiometry) of the material. Optical constants for am-
moniated salts have not, to our knowledge, been measured. To model
these spectra, the data were given lower statistical weight over the
wavelength range of 2.18 to 2.24 um, and the models consist of a
mixture of amorphous and crystalline H,O ice and PIT. The difference
between the model and the observations highlighted the large ab-
sorption feature with a minimum at 2.21 um, consistent with ammonia
hydrates and ammoniated salts (e.g., NH4Cl), all of which show the
ammonia band at a slightly longer wavelength than pure NHj.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaav5731/DC1

List of members of the New Horizons Surface Composition Science Theme Team.
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