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Ammonium-rich bright areas on Ceres
demonstrate complex chemical activity

Check for updates

Maria Cristina De Sanctis 1 , E. Ammannito2, F. G. Carrozzo1, M. Ciarniello 1, S. De Angelis1,
M. Ferrari 1, A. Frigeri1 & A. Raponi 1

The dwarf planet Ceres has been proven to be a world with an extraordinary diversity of chemical
species formed in aqueous environments. Dantu crater, being one of the largest and deepest impact
craters on Ceres, offers valuable insights into the geological history and composition of this enigmatic
world. Its particular position, within a topographic low, can be considered a window into the
composition of Ceres’s subsurface. One of the intriguing aspects of Dantu is the presence of several
bright areas called “faculae”. These bright materials, distributed unevenly on the Cerean surface, are
believed to be residua from salty fluids, likely still circulating in the subsurface and capable to extrude
onto the surface, as demonstrated by the identification of fresh hydrohalite (NaCl·2(H2O)) on the bright
faculae in another exceptional crate, Occator. The detailed investigation of theDantu’s faculae reveals
the presence of at least two different “populations” of bright materials, compositionally distinct even if
in close geographical proximity. These faculae appear different, white and yellow, in the color images
(RGB: R = 0.917 μm, G = 0.653 μm, B = 0.438 μm) taken by the Dawn camera. The spectra show that
the first population -white- is mainly composed of sodium carbonate, similar to other identified bright
areas on Ceres; the second one -yellow- is likely dominated by ammonium-rich components. The
spectraof the yellow faculae showspecificandclear bands, associated to ammoniumbearingphases,
but the exact species producing such spectral features are not unambiguously identified. A potential
candidate is ammonium bicarbonates, but we cannot exclude other compounds and combinations of
different species. Other occurrences of these yellow faculae have been identified in a few other areas,
even if less numerous andwith amuch smaller extentwith respect to theDantu crater. Thediscovery of
a very bright component different from the carbonates and salts previously identified increases the
variety and complexity of the salty aqueous solutions on Ceres, offering tantalizing clues about the
potential for habitable environments and subsurface fluid reservoirs on this dwarf planet.

The 126 kmdiameterDantu crater is one of themost prominent features
on Ceres’ surface (Fig.1). This young complex crater (ages are
72–150Ma from the lunar derived model, or 43–94Ma from asteroid
derived model1) shows a very complex geology1,2 and strong hetero-
geneity in terms of mineralogy as resulting from the VIR Dawn data2.
Dantu is centered at 24.3°N and 138.23°E, within a low-land region,
interpreted as the ancient impact basin Vendimia Planitia3. Previous
studies of the Dantu region have evidenced local enrichments in
ammoniated phyllosilicates and carbonates and the presence of
numerous bright areas (faculae) occurring along crater floor fractures,

rim and ejecta1,4–7. These faculae are the most spatially extensive system
of faculae outside of the Occator crater7.

Results
Identification of Yellow Faculae
The false color mosaic of the Dantu crater (Fig. 1) clearly shows material
exhibiting color and albedo variability and a sort of color dichotomy,with the
central and northern part brighter and yellowish and the southern part
resulting darker and bluish. A similar dichotomy has been reported in the
analysis of the spectral parameters of theDawnVisible and InfraredMapping
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Spectrometer (VIR) visible channel8,9 and Infrared channel2,4 with the central
northern part showing stronger phyllosilicate bands and steeper spectral
slopes in the 400–500 nm range. Moreover, Dantu is punctuated by many
bright faculae (Fig. 1a–e, Supplementary Figs. 1–4) with slightly different
colors in the visible range: some faculae appearwhite (WF-white faculae) and
some others yellow (YF-yellow faculae) in the color combination reported
here. Even if the faculae are distributed everywhere, they are concentrated in
the southern portion of theDantu area (Fig. 1d). The origin of these faculae is
not clear, and YF and WF are often found close to each other(Fig. 1b, c).

Previous analysis byVIR indicates that the white faculae are composed
ofminerals that are uncommon in our Solar System. Sodium carbonates are
key components of the white faculae and different chlorides in hydrous and
anhydrous forms have been identified in Cerealia facula5,10–12. The most
prominentWF inDantu show spectra (Fig. 2) characterized by the presence
of sodium carbonate, having deep absorption bands at ~4 μm and
3.4–3.5 μm. However, carbonate is mixed with the Mg- and NH4-phyllo-
silicates, because the spectra also have deep 2.73 and 3.07 μmbands (Fig. 2).
Yellow faculae (YF) show different spectral properties with respect to both
the WF and the background material (Fig. 2, Supplementary Fig. 4). Also,
the spectra in the 1–4.3 μm range of the YF are distinct from other bright
areas on the Cerean surface, including the organic-rich regions and ice-rich
regions, and not seen elsewhere in previous analysis of theVIR data (Fig. 2).

TheWF inDantu (Fig. 2a, blue spectrum) sharemany similarities with
otherWF, mainly composed of sodium carbonates like those in Oxo crater

(Fig. 2a, black spectrum) (Na2CO3 andNa-carbonate inhydrous form
5), but

differ from the Vinalia (Fig. 2a, dark grey spectrum) and Cerealia WF
(Fig. 2a, light grey spectrum), inOccator, where the ammoniumsignature at
3.07 μm is much less intense or even absent.

The YF and WF in Dantu are unevenly distributed and associated to
different morphologic context (Fig. 1, Supplementary Figs. 1–4): some
appear as bright streaks on the rim and slope, associated withmass wasting
material located at steep crater walls, some are within the Dantu’s ejecta
blanket and others on the craterfloor. The central peak (Fig. 1, bottompanel
a) shows yellowish colorswith a couple of faculae. The southern sector of the
floor (Fig. 1, bottom panel b) has an extensive set of linear to arcuate
fractures. Specifically, on the crater’s floor, faculae are associated to the
fracture network in two elongated areas of 200 and 500 meters (Supple-
mentary Fig. 2). Particularly interesting are the extremely bright avalanche
streaks (YF andWF) on the eastern rim of Dantu (Fig. 1c labeled as A, B, C,
D, Supplementary Fig. 1), showing clear signatures of sodium carbonates
(spectral bands at 3.5 and 4.0 μm) in the WF and ammonium (spectral
bands at 3.05–3.1 μm) in the YF (Fig. 3).

Yellow Faculae (YF) spectra
We examined all the spectra of the YF that are acquired by VIR, and even if
they are slightly different, likely due to variablemixing with the background
material and different states of hydration, they have common character-
istics: they show several absorptions in the 1–4.3 μmrange that can be better

Fig. 1 | Dantu crater in colors. a Zoom in box a of Fig. 1d, showing the central peak;
b Zoom in box b of Fig. 1d, showing white and yellow faculae on the crater floor,
c Zoom in box c of Fig. 1d, showing the white and yellow faculae on the crater rim.
d Framing Camera color composite (RGB: R = 0.917 μm, G = 0.653 μm,

B = 0.438 μm); e Topographic map with the spatial distribution of the main bright
spots (white points: white facula, yellow points: yellow facula). Text labels refer to
points discussed in the text.
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identified using the spectral ratio between the strongest YF and the back-
ground material (Fig. 4). In the spectral ratio we can identify minima at
~2.03 and 2.18, then at 2.99, 3.07, 3.15 and 3.18, 3.28–3.29, 3.55, 4.01 μm.

The spectra of the most prominent YF are characterized by a strong
and complex absorption at ~3 μm, that extend from ~2.6 to 3.75 μm, and
clear bands at 2.03 and 2.18 μm. Two small absorptions in the 2 μm range
have been observed in Cerealia facula but they are different, in terms of
shape, centers and intensity from those observed in Dantu YF (Supple-
mentary Fig. 5). The bands at 2.03 and 2.18 μm (Figs. 3, 4) come together
and are particularly evident when the complex band at 3 μm increases,
suggesting that these absorptions are due to the same carrier(s). The trend
is clear looking at Fig. 5, where the 3.07 μm band strength vs. the 2.18 and
2.03 μm band strengths are reported.

The YF spectra at ~3 μm are different from other 3 μm absorptions
observedon theCerean surface, including the broadbandpresent inCerealia
facula and interpreted to be due to the presence of hydrohalite (NaCl·2H2O)
mixed with sodium carbonate (Na2CO3 - natrite) and ammonium chloride
(NH4Cl)

12 (Supplementary Fig. 5). The spectral range between 2.6 and
3.15 μm shows a prominent absorption at 2.99 μm not present in Cerealia,
but previously identified in some small areas in Ernutet crater, associated
with organic material13. The spectra beyond 3.15 μm are similar to the one
observed in Cerealia facula.

Looking at the 0.4-1 μm range (Supplementary Fig. 5), the YF do
not show any clear feature but the overall spectral shape is different with
respect to the backgroundmaterial. However, a change in the spectral slope
at 0.405 μm can indicate the presence of an absorption. The spectral slope
between 0.4 and 0.6 μm is steep and the Dantu region has been identified as
the one with the steepest visible slope between 0.405 and 0.465 μm of the
entire Ceres surface9.

Suggested species in the Yellow Faculae (YF)
The absorptions at ∼3.28 and 3.55 μm, seen in the YF, can be attributed to
the presence of ammonium-rich species: free NH4

+ has fundamental fre-
quencies active in the IR14 (ν3 = 3.18 μm and ν4 = 7.14 μm). However,
multiple and partially overlapping absorption bands in the ∼2.86–3.57 μm
range have been associated with the ν3 asymmetric stretching mode,
ν2+ ν4 combination, and overtone of 2ν4 of the free NH4

+ molecule15–17.
Absorption features in the 2.99–3.23 μm range are attributable to the ν3,
those in the 3.23–3.33 μm to ν2+ ν4 combination, and those at ~3.57 μm
are attributable to 2ν4.

Thus, the complex band extending from 2.6 μm to 3.8 μm has many
features and characteristics of ammonium. In addition, overtone and com-
bination absorption bands are expected at shorter wavelengths at ~1.08, 1.3,
1.56, 2.02, and2.12μm18.Unfortunately, theVIR spectra in the1.5μmregion
are affected by an instrumental filter and can’t be used in the analysis. The
absorptions at 1.08 and 1.3 μmare expected to be faint and difficult to detect.

Given the YF absorption features at 3.07, ∼3.28, and 3.55 μm, asso-
ciated with ammonium species, we can argue that the YF contains
ammonium-rich material in large amounts.

The ubiquitous presence of the ammoniated phyllosilicates on the
Cerean surface suggests the possibility that the YF are due to a large amount
of those minerals. Experiments on terrestrial NH4-phyllosilicates at differ-
ent pressure-temperature conditions19 demonstrated that NH4

+bands at
~1.55, 2.01, 2.12, and 3.1 μm are identifiable. Moreover, removing the
adsorbed terrestrialwater from the ammonium-phyllosilicates in laboratory
to reproduce the Ceres condition (high vacuum), the 3-μm region is char-
acterized by the increasing separation and narrowing of OH− (~2.7 μm)
and NH4

+ (~3.1 μm) absorption bands (Supplementary Fig. 6). The exact
position of the ammonium bands varies from 2.01 to 2.02, 2.11 to 2.13, and
3.03 to 3.05 μm, ∼3.28 and 3.55-3.58 μm range depending on the phyllo-
silicate, due to the lattice and interlayer cations characterizing the mineral
structure19,20. Looking at band positions reported for the ammonium-
bearing phyllosilicates19 we see that they do not perfectly match those

Fig. 2 | Spectra of Yellow andWhite Faculae. aAverage spectrum of YF taken from
S7-Fig. 1b compared with spectra from different WF areas on Ceres. Shaded colors
identify the different absorptions. The spectra are normalized at 1.65 μm and dis-
played with arbitrary offsets. b Average spectrum of YF taken from pixels in S7-
Fig. 1b compared with the spectrum of Dantu background and the WF from S1-
Fig. 1b. The spectra are normalized at 1.65 μm.

Fig. 3 | Faculae spectra on theDantu rim.Normalized spectra at 1.65 μmof YF and
WF present on the Dantu crater rim, labeled in Fig. 1c. Spectrum in A_2 is taken
from YF in A, close to the rim border, A_1 in a down slope position, closer to the
floor; B, C, D from the other faculae as in Fig. 1c. Shaded colors identify the different
absorptions.
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identified in Dantu YF (Supplementary Fig. 6). Nevertheless, we tried to fit
the spectra of the YF with two representative ammonium-bearing phyllo-
silicates, but the results are unsuccessful (Fig. 6).

We compared the YF spectra with spectra of ammonium-rich salts,
checking several species spectra available in the literature. Many of those
spectra have been collected under ambient or controlled conditions21,22 that
are extremely different with respect to the condition at Ceres. Nevertheless, it
is useful to compare some of themwith the YF (Supplementary Fig. 7). Most
of the plotted ammonium-rich species show two bands at ~2 μm, with
minima ranging from ~2.02–2.06 μm to ~2.14–2.23 μm22, both attributed
NH4 mode ν2+ ν3. Nevertheless, it must be considered that the collected
spectra in the laboratory seem to show signs of hygroscopic water that can
affect the band at 2.03 μm, being theH2O ν2+ ν3 at ~ 2 μm.Also, the region
at3μmisoftenaffectedby thepresenceofabsorbedwaterand thecomparison
between the available laboratory spectra with the data from VIR is difficult.

The YF features at ∼3.28 and 3.55 μm, as well as the band at 4.01 μm
associated with sodium-rich carbonate, have been observed in some WF,
such as in Cerealia Facula. Cerealia facula has been found to have spectral
similarities with residua of brines made by a mixture of different salts,
including Na, Cl, and NH4

12,23. Those brines are the results of freezing of
aqueous solution obtained in the laboratory with different initial propor-
tions of [Na+] [NH4

+] [Cl-] [CO3
2-]. Fluids with similar composition are

suggested to circulate in the Ceres interior and to extrude onto the
surface12,24 as in the Cerealia facula.We can argue that if the YF are resulting
from extruding brines, their spectra should reflect the composition of the
circulatingfluids.We compared the spectra of the brines (called solution 1, 2
and 3 in 23) produced in the laboratory, with the greatest occurrence of YF
(Supplementary Fig. 8). Both the brines and the YFhave strong absorptions
at~3.28 and3.55μm,but thebrinesdonot show the strong2.99 and3.07μm
bands of the YF and are quite different in the 2 μm region.

To better understand the components in the YF, we did an intimate
mixingof the averageCeres’ spectrumwithmanyof the salts andbrineshere
discussed (see supplementary for more details).

Using the brines previously mentioned (Fig. 7a–f), the best fit is
obtained with Solution3, made of hydrohalite, ammonium chloride, and
sodium carbonate (NH4Cl+NaCl2H2O+Na2CO3), see Fig. 7e and
extendeddata, thatfits relativelywell the spectrumbeyond 3.2μmwhere the
signatures of the ammonium in the solutions are prominent. However, the
fit is not optimal in reproducing the other features.

Using different ammonium salts, the best fit is obtained with ammo-
niumcarbonate.Thefit (Fig. 7g) is better in thefirst part of the spectrumbut
fails in reproducing the ammonium feature beyond 3.2 μm. Also, the
ammonium carbonate bands at ~2 μm do not fit the intensity of the YF
bands. Similarly, the fits, including both the brines and salts are not fully
satisfactory (Fig. 7b, d, f)

It is important to notice that the prominent absorption at 2.99 μm,
corresponding to theminimum of the broadband in the spectra of the YF is
not reproduced in the fits. This band has been identified in certain organic-
rich areas on Ceres, but nor assigned to specific species13.

Discussion
The YF identified in the area of Dantu crater show spectral character-
istics different from the previously analyzed bright features on Ceres.
The YF seem to be dominated by ammonium-rich species present in

Fig. 5 | Correlation trends of the absorptions at 2.03 and 2.18 μm with the
ammonium feature at 3.07μm. Intensity of the bands at 2.03 and 2.18 μmversus the
intensity of the 3.07 μm band. The intensities have been estimated from the ratio of
the reflectances at 1.97 and 2.03 μm, 2.1 and 2.18 μm and 2.75 and 3.07 μm. The
intensities are taken from pixels of the YF in A and C of Fig. 1c.

Fig. 4 | Absorptions in the Yellow faculae. a Spectral ratio between the spectrum of the YF labeled as A_2 in Fig. 3 and the average spectrum of the nearby material not
containing faculae. The absorptions are highlighted. The side panels (b, c) are magnified views of the spectrum.
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large quantities, even if the specific carrier of the ammonium is difficult
to identify.

Ammonium has been recently identified in the Ryugu samples
delivered to Earth from theHaybusa-2mission by the observationmadewith
MicrOmega andwith Fourier Transform InfraRed (FTIR)measurements25,26

(i.e., band at 3268 cm−1). Some of the Ryugu particles show clear and strong
bands at about 3.06 µm, resembling the feature observed atCeres at the global
scale. Still, the 3.06 μm feature has been generally observed within the
returned particles, although with varying intensities, suggesting that
ammonium-rich materials are likely primary constituents of samples26. The
presenceof ammonium-bearingphyllosilicates and salts havebeen suggested,
but also organics contain ammonium. Several different amino acids have
been detected in the samples27, likely predominantly synthesized on the
Ryugu progenitor, when liquid water was present. Nevertheless, it is still
unclear which species carry the ammonium in the Ryugu samples, and we
cannot exclude that similar evolutionary paths were able to enrich in
ammonium both Ceres and the Ryugu progenitor.

Yellow faculae have been identified elsewhere thanks to the colors of
the Dawn Framing Camera28 (Supplementary Fig. 10). Unfortunately, not
all of them are covered by high-resolution VIR data, but the YF in Azacca
crater (−6.6°; 218.4°) have spectra showing the characteristic absorptions at
2.03 and 2.18 μm and a broad, deep band extending from 2.6 to 3.8 μm, as
the YF inDantu (Supplementary Fig. 11). In Azacca, the YF are often found
in close proximity ofWF, suggesting a commonmechanism for upwelling/
exhumation.

The comprehension of the YF formation mechanism is not straight-
forward. In general, bright faculae on Ceres were found to occur in distinct
geological settings, associated predominantly with impact craters but not
only, as demonstrated by their presence onAhunaMons, recognized to be a
cryovolcanic edifice29,30. The geomorphologyof the faculae is consistentwith
formation via upwelling of volatile-rich materials (likely after impact-
inducedheating in case of craters), upwelling/excavationof heterogeneously
distributed subsurface brines or their precipitation products, or a combi-
nation of both processes7,12.

The variations in the composition of the faculae here reported indicate
that their formationmaybe dependent ondifferences at the local scale in the
subsurface, in terms of composition or relative abundance of the species, or
presence of ice and/or brines, or thermophysical conditions that allow dif-
ferent faculae to form. Experiments on frozen brines, containing ammo-
nium, sodium, carbonate, and chloride ions, demonstrated that
ammonium-bearing materials are kinetically-favored products under fast-
freezing conditions, while sodium salts are abundant in slow-freezing
conditions23,31. In contrast, hydrohalite (NaCl ·2H2O), as detected on
Occator, only formswhen sodium and/or chloride were present in excess in
the brine solutions. Thus, different compositions of the faculae can be due to
different ionic proportions in a solution containing sodium-ammonium-
chloride-carbonate but also due to the freezing rate of the solutions.

On Ceres, floor faculae occur in large, deep, and young craters that
often contain crater floor fractures and pitted terrains, consistent with the
upwelling and degassing of volatiles. Dantu crater, where the largest
occurrence of YF are found, is settled in a low land where the global map of
the NH4-phyllosilicate shows a general enhancement of the 3.07 μm band4.
Moreover, it is worth to note that the compositions of the peaks of complex
Ceres’ craters32 show a positive correlation between the 3.07 μmband depth
and crater size, thus excavation depth.

The YF have been spectrally observed by VIR in Dantu and Azacca
craters, while the framing camera colors show clear YF in Gaue and Ikapati
(in a ‘true color’ RGB display, R = 0.65 µm, G = 0.55 µm, B = 0.44 µm,
Supplementary Fig. 10). All these craters have depths >3500m and dia-
meters >50 km, suggesting a possible correlation of YF with excavation
depth. The Dawn camera also sees less definite occurrences28 at 97E/24N
(Aristeus crater), 205E/22 S (Consus Crater), 244E/31 S, 213E/37.5 S. If the
YF are the results of extruded brines which reflect the Cerean subsurface
composition, we can argue that the crust has heterogeneities likely linked
with the depth, having deeper layers richer in ammonium.

However, not all the large and deep craters have bright faculae and
those showing faculae on the floor generally exhibit morphologically
immature features, including steep crater sides and well-defined central
peak/pit complexes. Ages estimation indicates that the craters with floor
faculae are relatively young, with floor younger than the crater itself, sug-
gesting that the floor faculae are due to post-impact activity.

The very bright appearance of the YF in Dantu is consistent with a
recent emplacement or excavation of those materials, as a further demon-
stration that Ceres is somehow “active”, with fluids of different composition
circulating and still able to extrude onto the surface. The presence of white
and yellow faculae, even if the composition of these last ones is still not fully
constrained,indicates a chemical richness of Ceres subsurface, likely due to
an inhomogeneous distribution of chemical elements with an enhancement
of ammonium with depth. The detection of areas rich in ammonium on
Ceres, likely reflecting the planet’s composition at depth, suggests the
existence of complex hydrothermal systems. These systems are character-
ized by the circulation of brines beneath the surface, providing ammonium
with antifreeze properties. These brines may locally contain hydrated
sodium and ammonium salts, sodium carbonates, and ammonium chlor-
ide, often associatedwith alterationminerals. One hypothesis proposes that
the presence of such fluids is linked to local thermodynamic conditions
occurring during energetic impacts, releasing sufficient heat to melt the
water ice present in the subsurface and locally exposed on the surface.
However, based on models of Ceres’ evolutionary history33,34, it has been
suggested that cryovolcanismcould be currently occurring onCeres. Several
lines of evidences, such as the fresh exposed hydrohalite and other unstable
salts12, the presence of cryovolcanic edifices29,30 and thermal models33–35,
indicate the possibility that Ceres may host localized brine reservoirs, resi-
dua of an ancient ocean at shallow depths35.

Fig. 6 | Fits of yellow faculae spectra. Best fit (red curves) obtained with: a
ammonium-rich illite-smectite, b ammonium-rich montmorillonite in comparison
with the spectrum of the Yellow faculae (black spectrum). The remaining fraction of

the mixture is the average terrain measured from the surrounding area. See Sup-
plementary for further details and relative abundances (Supplementary table 1).
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Fig. 7 | Fits of yellow faculae spectra.Bestfit (red curves) obtainedwith: a solution 1,
b solution 1 and ammonium-carbonate, c solution 2, d solution 2 and ammonium
carbonate, e solution 3 and f solution 3 and ammonium carbonate, g ammonium
carbonate in comparison with the spectrum of the Yellow faculae (black spectrum).

The remaining fraction of the mixture is the average terrain measured from the
surrounding area. See Supplementary for further details and relative abundances
(Supplementary Fig. 9, Supplementary Table 1).
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The significance of detecting new features associated with ammonium
onCeres, not only enlarge the identified species, but lies in the potential role
of ammonia, acting as an antifreeze, in facilitating aqueous processes and
preserving organic compounds. The presence of a variety of ammonium-
rich species on Ceres, along with yet-identified organic molecules13,36, clays
and salts4,10–12,37, highlights the potential for prebiotic chemistry and the
habitability of this dwarf planet38.

In itsmost fundamental form, life requires energy, liquidwater, carbon,
and a few essential elements. Liquidwater is universally essential as a solvent
for biochemical reactions, enabling the interaction of molecules crucial for
life. Clay minerals are a commonly cited class of minerals to be relevant to
prebiotic chemistry. In particular, Fe/Mg-clays are of interest when con-
straining planetary habitability, as they tend to be formed in alkaline,
reducing environments that some studies propose are favorable for the
transition from prebiotic to biotic activity39. According to geochemical
modelling, the observed species on Ceres are suggested to be the result from
the complete reaction between liquid water and chondritic-like material in
the presence of CO2 and NH3, which generates alkaline conditions. Addi-
tionally, ammonia plays a crucial role in the formation of amino acids and
nucleobases. In its reduced form, as ammonia, it can participate in
numerous abiotic and prebiotic reactions40. For instance, in CR2meteorites,
the abundance of ammonia contributes to the formation of amino over
hydroxyacids41, syntheses that may be further enhanced by ammonia’s
ability to reduce the freezing point of water—an essential component in
these processes.

Thus, this newly discovered ammonium-rich areas reinforce the
astrobiological relevance of Ceres. Continued analysis and study of these
ammonium-rich species and their interactions with other materials on
Ceres will further deepen our understanding of this intriguing world.

Methods
Spectral modeling
To retrieve an estimation of the composition of the bright faculae we used
the same method described in 10, summarized as follows.

The formulation of the quantitative spectral analysis is based on
Hapke’s radiative transfermodel42. The spectral behavior of the bidirectional
reflectance is a function of the composition. The absolute level of signal is
also a function of the viewing geometry and the photometric parameters.
Information on the viewing geometry comes from the shape model and
position of the spacecraft at the time of observation. The photometric
parameters are fixed43 and define the average scattering properties of Ceres’
regolith. The spectral properties are mainly affected by the single scattering
albedo (SSA), and the related Ambartsumian–Chandrasekhar functions
describing the multiple scattering components.

The SSA has been modeled for an intimate mixing between different
minerals, which implies that the particles of the end-member materials are
in contact with each other and are all involved in the scattering of a single
photon.The SSAof eachmineral is defined starting from their grain size and
their optical constants, when available, or by reflectance measurements44.
The average SSA is the weighted average of all components, where the
weights represent the relative abundances of the minerals. The abundance
has to be intended as the relative fraction of the area. However, since we
assume all grains to have the same size, it is also a volume fraction in
our model.

The best-fitting result is obtained by comparison of themodelwith the
measured spectra. Free model parameters to be retrieved are: (i) Abun-
dances of the end-members and their grain size; (ii) A multiplicative con-
stant of the absolute level of reflectance of themodel in order to account for
uncertainties in the radiometric and photometric accuracies; (iii) A slope
added to the model in order to better fit the measured spectrum to account
for artificial slope or featureless reddish or bluish endmembers (which
cannot be identified); (iv)TemperatureT andbeaming function45. The latter
is free to vary in the range (0–1), and it is multiplied by the directional
emissivity46 to obtain the effective emissivity. The directional emissivity is a
function of the SSA, and the emission angle.

The SSA is modeled starting from minerals, which are related to the
average Ceres surface and the composition of Cerealia Facula11,36.

Data availability
Dawndata are archived inNASA’sPlanetaryDataSystem.VIR spectral data
are available at https://sbn.psi.edu/pds/resource/dawn/dwncvirL1.html.
The Framing camera data are available at https://sbib.psi.edu/data/PDS-
Ceres/pds-ceres.html. The data used to generate the plots in this paper are
available at: https://figshare.com/account/home#/projects/191586.

Received: 25 September 2023; Accepted: 21 February 2024;

References
1. Williams,D.A. et al. ThegeologyofKerwanquadrangleof dwarfplanet

Ceres: Investigating Ceres’ oldest, largest impact basin. Icarus 316,
99–113 (2017).

2. Stephan, K. et al. Dantu’s mineralogical properties – A view into the
composition of Ceres’ crust. Meteorit. Planet. Sci. 53,
1866–1883 (2018).

3. Marchi, S. et al. The missing large impact craters on Ceres. Nat.
Commun. 7, 12257 (2016).

4. Ammannito, E. et al. Distribution of phyllosilicates on the surface of
Ceres. Science 353, aaf4279 (2016).

5. Carrozzo, F. G. et al. Nature, formation, and distribution of carbonates
on Ceres. Sci. Adv. 4, e1701645 (2018).

6. Palomba, E. et al. Compositional differences among Bright Spots on
the Ceres surface. Icarus, (2017).

7. Stein, N. T. et al. The formation and evolution of bright spots onCeres.
Icarus 320, 188–201 (2019).

8. De Sanctis, M. C. et al. The VIR Spectrometer. Space Sci. Rev. 163,
329–369 (2011).

9. Rousseau, B. et al. The surface of (1) Ceres in visible light as seen by
Dawn/VIR. A&A 642, A74 (2020).

10. Raponi, A. et al.MineralogyofOccator crater onCeres and insight into
its evolution from the properties of carbonates, phyllosilicates, and
chlorides. Icarus 320, 83–96 (2019).

11. De Sanctis, M. C. et al. Bright carbonate deposits as evidence of
aqueous alteration on (1) Ceres. Nature 536, 54–57 (2016).

12. De Sanctis, M. C. et al. Fresh emplacement of hydrated sodium
chloride on Ceres from ascending salty fluids. Nat. Astron. 4,
786–793 (2020).

13. De Sanctis, M. C. et al. Characteristics of organic matter on Ceres
from VIR/Dawn high spatial resolution spectra.Mon. Not. R. Astron.
Soc 482, 2407–2421 (2019).

14. Harlov, D. E., Andrut, M. & Melzer, S. Characterisation of NH4-
phlogopite (NH4) (Mg3)[AlSi3O10](OH)2 and ND4-phlogopite (ND4)
(Mg3)[AlSi3O10](OD)2 using IR spectroscopy andRietveld refinement
of XRD spectra. Phys. Chem. Miner. 28, 77–86 (2001).

15. Mookherjee, M. et al. Orientational order-disorder of ND4+/NH4+ in
synthetic ND4/NH4-phlogopite: A low-temperature infrared study
Eur. J. Miner. 14, 1033–1039 (2002).

16. Busigny, V. et al. Quantitative analysis of ammonium in biotite using
infrared spectroscopy. Am. Miner. 89, 1625–1630 (2004).

17. Bruno, T. J. & Svoronos P. D. N., CRC Handbook of Fundamental
Spectroscopic Correlation Charts CRC Press, Boca Raton, FL
(2006).

18. Bishop, J. L. et al. Detection of soluble and fixed NH4
+in clay minerals

by DTA and IR reflectance spectroscopy: a potential tool for planetary
surface exploration. Planet. Space Sci. 50, 11–19 (2002).

19. De Angelis S. et al. High-Temperature VIS-IR Spectroscopy of NH4-
Phyllosilicates, Journal of Geophysical Research: Planets, 126,
e2020JE006696, (2021).

20. Ferrari, M. et al. Reflectance spectroscopy of ammonium-bearing
phyllosilicates. Icars 321, 522–553 (2019).

https://doi.org/10.1038/s43247-024-01281-2 Article

Communications Earth & Environment |           (2024) 5:131 7

https://sbn.psi.edu/pds/resource/dawn/dwncvirL1.html
https://sbib.psi.edu/data/PDS-Ceres/pds-ceres.html
https://sbib.psi.edu/data/PDS-Ceres/pds-ceres.html
https://figshare.com/account/home#/projects/191586


21. Berg, B. L. et al. Reflectance spectroscopy (0.35–8μm) of ammonium-
bearing minerals and qualitative comparison to Ceres-like asteroids.
Icarus 265, 218–237 (2016).

22. Fastelli, M. et al. Reflectance spectra (1–5 μm) at low temperatures
and different grain sizes of ammonium-bearing minerals relevant for
icy bodies. Icarus 382, 0019–1035 (2022).

23. Thomas, E. C. et al. Kinetic effect on the freezing of ammonium-
sodium-carbonate-chloride brines and implications for the origin of
Ceres’ bright spots. Icarus 320, 150–158 (2019).

24. Quick, L. C. et al. A possible brine reservoir beneath Occator crater:
thermal and compositional evolution and formation of the Cerealia
dome and Vinalia faculae. Icarus 320, 119–135 (2019).

25. Kebukawa, Y. et al. 53rd Lunar and Planetary Science Conference,
#1271 (2022).

26. Pilorget, C. et al. First compositional analysis of Ryugu samplesby the
MicrOmega hyperspectral microscope. Nat. Astron. 6,
221–225 (2022).

27. Potiszil, C. et al. Insights into the formation and evolution of
extraterrestrial amino acids from the asteroid Ryugu. Nat. Commun.
14, 1482 (2023).

28. Schafer, M. et al. Ceres’ Yellow Spots – Observations with Dawn
Framing Camera. Geophys. Res. Abstracts 18,
EGU2016–EGU14495 (2016).

29. Ruesch, O. et al. Cryovolcanism on Ceres. Science 353,
aaf4286 (2016).

30. Zambon, F. et al. Spectral analysis of Ahuna Mons from Dawn
mission’s visible-infrared spectrometer, Geophys. Res. Lett., 43,
https://doi.org/10.1002/2016GL071303, (2016).

31. Vu, T. H. et al. Preferential formation of sodium salts from frozen
sodium-ammonium-chloride-carbonate brines –implications for
Ceres’ bright spots. Planet. Space Sci. 141, 73–77 (2017).

32. Galiano, A. et al. Spectral analysis of the Cerean geological unit crater
central peak material as an indicator of subsurface mineral
composition. Icarus 318, 75–98 (2019).

33. Castillo-Rogez, J. &McCord, T. B. Ceres’ evolution and present state
constrained by shape data. Icarus 205, 443–459 (2010).

34. Neveu, M. & Desch, S. J. Geochemistry, thermal evolution, and
cryovolcanismonCereswith amuddy icemantle.Geophys. Res. Lett.
42, 10,197–10,206 (2015).

35. Castillo-Rogez, J.C. et al.Conditions for the long-termpreservationof
a deep brine reservoir in Ceres. Geophys. Res. Letters 46,
1963–1972 (2019).

36. De Sanctis, M. C. et al. Localized aliphatic organic material on the
surface of Ceres. Science 355, 719–722 (2017).

37. De Sanctis, M. C. et al. Ammoniated phyllosilicates with a likely outer
Solar System origin on (1) Ceres. Nature 528, 241–244 (2015).

38. Castillo-Rogez, J. et al. Planet. Sci. J. 3, 64 (2022).
39. Sojo, V., Herschy, B.,Whicher, A., Camprubí, E., & Lane, N. TheOrigin

of Life in AlkalineHydrothermal Vents.Astrobiology. 181–197. https://
doi.org/10.1089/ast.2015.1406, (2016).

40. Pizzarello, S. et al. Abundant ammonia in primitive asteroids and the
case for a possible exobiology. Proc. Natl. Acad. Sci. (2011).

41. Pizzarello, S., Wang, Y. & Chaban, G. M. A comparison study of the
hydroxy acids from the Murchison GRA 9529 and LAP 02342
meteorites. Geochim. Cosmochim. Acta 74, 6206–6217 (2010).

42. Hapke, B. Theory of Reflectance and Emittance Spectroscopy.
(Cambridge University Press, 1993).

43. Ciarniello, M. et al. Spectrophotometric properties of dwarf planet
Ceres from the VIR spectrometer on board the Dawnmission.Astron.
Astrophys. 598 id.A130 https://doi.org/10.1051/0004-6361/
201629490 (2017).

44. Carli, C., Ciarniello, M., Capaccioni, F., Serventi, G. & Sgavetti, M.
Spectral variability of plagioclase-mafic mixtures (2): investigation of

the optical constant and retrievedmineral abundance dependence on
particle size distribution. Icarus 235, 207–219 (2014).

45. Davidsson, B. J. R., Gutiérrez, P. J. & Rickman, H. Physical properties
of morphological units on Comet 9P/Tempel 1 derived from near-IR
Deep Impact spectra. Icarus 201, 335–357 (2009).

46. Hapke, B. Theory of Reflectance and Emittance Spectroscopy.
(Cambridge University Press, 2012).

Acknowledgements
The VIR was funded and coordinated by the Italian Space Agency and built
by Leonardo (Italy), with the scientific leadership of the Institute for Space
Astrophysics and Planetology, Italian National Institute for Astrophysics,
Italy, and is operated by the Institute for Space Astrophysics and
Planetology,Rome, Italy. Thisworkhasbeensupportedby: the ItalianSpace
Agency (ASI, Italy) (grant ASI I/004/12/2).

Author contributions
M.C.D.S. coordinated the interpretation of the VIR data. A.F. and M.F
contributedwith the geological interpretation. E.A. A.R., S.D.A.,M.F., F.G.C.
andM.C. contributed to thedata interpretation.A.R. andM.C. developed the
spectral modeling of the spectra. S.D.A and M. F. did the comparison with
the phyllosilicates. All authors participated in data acquisition, discussion of
results and writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-024-01281-2.

Correspondence and requests for materials should be addressed to
Maria Cristina De Sanctis.

Peer review information Communications Earth & Environment thanks
Paul Johnson, Christian Potiszil and the other, anonymous, reviewer(s) for
their contribution to the peer review of this work. Primary Handling Editor:
Joe Aslin. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s43247-024-01281-2 Article

Communications Earth & Environment |           (2024) 5:131 8

https://doi.org/10.1002/2016GL071303,
https://doi.org/10.1002/2016GL071303,
https://doi.org/10.1089/ast.2015.1406
https://doi.org/10.1089/ast.2015.1406
https://doi.org/10.1089/ast.2015.1406
https://doi.org/10.1051/0004-6361/201629490
https://doi.org/10.1051/0004-6361/201629490
https://doi.org/10.1051/0004-6361/201629490
https://doi.org/10.1038/s43247-024-01281-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ammonium-rich bright areas on Ceres demonstrate complex chemical activity
	Results
	Identification of Yellow Faculae
	Yellow Faculae (YF) spectra
	Suggested species in the Yellow Faculae�(YF)

	Discussion
	Methods
	Spectral modeling

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




