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ABSTRACT

Aims. We present a comparative visible and near-infrared multiband analysis of Phobos and Deimos aimed at characterising the com-
positional variability of the Martian moons.
Methods. From multiband observations acquired by the Colour and Surface Stereo Imaging System (CaSSIS) on board on the
ESA/ExoMars Trace Gas Orbiter (TGO), we analysed spectral ratios tracing ferric and ferrous minerals and mapped them over the
surfaces of the Martian moons. We identified regions of interest (ROIs) on both moons and compare their mean spectra and spectral
slopes.
Results. We identified an overall similarity between the two Martian moons, whose variability can be explained by a different degree
of ferric and ferrous mineralogy. In particular, the blue unit of Phobos can be explained by the presence of ferrous minerals, while the
ferric minerals dominate in the red unit. We show that overall the Deimos surface matches the Phobos red units. On the contrary, the
Deimos bright blue spots are spectrally similar to the Phobos transitional unit. We show the presence of a 1000 nm band only in the
blue unit of Phobos.
Conclusions. Our comparative multiband analysis of Phobos and Deimos is consistent with a similar composition of the two Moons,
suggested by the spectral similarity of their redder units. The detection of an absorption towards 1000 nm in the blue unit suggests an
exogenous nature of the latter.

Key words. planets and satellites: composition – planets and satellites: general – planets and satellites: individual: Phobos –
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1. Introduction
Mars has two natural satellites, Phobos and Deimos, whose origin
is still very debated (Pajola et al. 2012, 2013; Takir et al. 2022;
Kuramoto et al. 2022). The two leading hypotheses are aster-
oid gravitational capture (Hansen 2018) and the impact scenario
(Craddock 2011; Rosenblatt & Charnoz 2012; Canup & Salmon
2018; Hyodo et al. 2018). Murchie et al. (1991) first divided the
surface of Phobos into two main units, characterised by a dis-
tinctive Visible (Vis-channel with central wavelength λc =
480 nm) and Near Infrared (NIR, λc = 940 nm), as shown in
Fig. A.1 (Thomas et al. 2011; Pajola et al. 2018). The red unit
extends over the majority of its surface, characterised by a rel-
atively steep Vis-NIR slope spectrum and it is thought to con-
sist of old and deeply space-weathered material (Murchie & Erard
1996; Basilevsky et al. 2014; Munaretto et al. 2025). On the con-
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trary, the blue unit has a much flatter spectrum and it is geo-
graphically associated with the 9 km crater Stickney, extend-
ing as far as 5 km from its eastern rim (Thomas et al. 2011;
Basilevsky et al. 2014). This unit likely consists of a≤100 m thick
layer (Thomas et al. 2011) and its origin is an open question.
The leading hypotheses are that it formed from material either
ejected during the Stickney crater emplacement (Murchie et al.
1991; Murchie & Erard 1996), or was deposited by an exogenous
source, i.e. non-indigenous to Phobos (Basilevsky et al. 2014;
Munaretto et al. 2025). Eventually, a third “transitional” Phobos
unit, characterised by a mixture between the blue and the red
units and showing an intermediate spectral slope was identified
(Murchie et al. 1991; Pajola et al. 2025). Vis-NIR spectral data
of both Phobos and Deimos lack evident diagnostic absorption
features, except for a possible 650 nm band detected in Mars
Pathfinder data by Murchie et al. (1999) and in data from the Com-
pact Reconnaissance Imaging Spectrometer for Mars (CRISM,
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Murchie et al. 2007) on their red units by Fraeman et al. (2014)
and attributed to either desiccated nontronite, space-weathered,
anhydrous silicates or ferric minerals such as hematite and
goethite (Clark 2004). In addition, data from the Video Spectro-
metric System (VSK) (Avanesov et al. 1989) and Imaging Spec-
trometer for Mars (ISM) (Bibring et al. 1989) on the Phobos 2
mission (Murchie & Erard 1996; Gendrin et al. 2005) and from
the Hubble Space Telescope (HST, Cantor et al. 1999) revealed
a weak feature around 1000–1040 nm in the red unit of Phobos.
More recently, Pajola et al. (2025) tentatively detected a similar
reflectance decrease in Observatoire pour la Minéralogie, l’Eau,
les Glaces et l’Activité (Mars Express/OMEGA) dataset cover-
ing Phobos’ blue unit. The study of the spectra of the Martian
moons and their variability is crucial for assessing the current
physical state of their surfaces, as well as their composition. High-
resolution spectroscopic and/or multifilter analyses that are sen-
sitive to these features are therefore of great value for improving
our understanding of the overall spectral variability of the Mars
system. In this context, valuable observations have been recently
acquired by the Colour and Stereo Surface Imaging System (CaS-
SIS, Thomas et al. 2017) on board the ESA ExoMars Trace Gas
Orbiter (TGO) mission. In addition to its stereo capabilities, CaS-
SIS acquires images at four different central wavelengths (see
Table F.1 for further details): 499.9 nm (BLU), 675.0 nm (PAN),
836.2 nm (RED), and 936.7 nm (NIR) with good photometric
accuracy for Vis-NIR compositional studies (Thomas et al. 2022).
CaSSIS is highly sensitive to capture the absorption at 1000 nm
and 500–700 nm, due to the presence of ferrous (i.e. Fe2+) and
ferric (i.e. Fe3+) bearing minerals, as shown by Tornabene et al.
(2018). The occurrence of these two different mineralogies can
be identified through specific CaSSIS band ratios; in particular,
the PAN/BLU and RED/PAN ratios are a proxy for ferric miner-
als, such as hematite and goethite. Other possibilities that could
mimic the spectral signature of ferric mineralogy are (i) the space
weathering (SW) products (e.g. Fe-nanophase minerals produced
by H+ ions and/or micrometeorite impacts; Pieters et al. 2000;
Sasaki et al. 2001) and (ii) desiccated phyllosilicates, such as non-
tronite showing similar features (Fraeman et al. 2014). Finally,
the PAN/NIR ratio traces the absorption at 1000 nm, due to the
electronic transition of the Fe2+ that occurs in ferrous mafic min-
erals, such as olivine and pyroxene (Tornabene et al. 2018). This
band depth commonly decreases because of SW (Wargnier et al.
2023).

In this work we present a comparative multifilter analysis of
CaSSIS observations of Phobos and Deimos aiming at investi-
gating and providing their spectral variability and insights on the
surface physical condition.

2. Methods

We selected four CaSSIS observations of Phobos covering the
blue, the red, and the transitional unit, and one observation of
Deimos (see Table E.1 for images deatils). As previously done
for Phobos (i.e. Pajola et al. 2018; Fornasier et al. 2024), we
photometrically corrected with the Lommel-Seeliger disk func-
tion (LS). Each pixel local incidence (i) and emission (e) angle
required as inputs for the LS correction, were computed alongside
longitude and latitude using the SpiceyPy library (Annex et al.
2020) and the NAIF SPICE kernels (Acton 1996; Stooke & Pajola
2019) with the Gaskell (2020) and Ernst et al. (2023) shape mod-
els for Phobos and Deimos, respectively. Examples of local inci-
dence, emission, and phase maps are presented in Fig. B.1.
The observation images were taken through multiple exposures
(framelets), with the target moving across the focal plane and

Fig. 1. CaSSIS RGB (RED = RED, G = PAN, B = BLU) colour com-
posite with latitude–longitude grids of Phobos (A) and Deimos (B),
RED/PAN (C,D), PAN/BLU (E,F), PAN/NIR (G,H) for Phobos (cube
296, left) and Deimos (cube 229, right). The band ratios have been nor-
malised with the same factor, i.e. the mean of Phobos’ band ratio. The
normalisation factors are 1.1327 for RED/PAN, 1.0899 for PAN/BLU,
and 0.8683 for PAN/NIR.

passing through each filter’s field of view. From these, a mul-
tispectral datacube was generated by coregistering the BLU,
RED, and NIR framelets to the PAN using the Elastix library
(Klein et al. 2009). In addition, the geometry backplanes (inci-
dence, emission, phase, latitude, and longitude) showed a slight
misalignment with respect to the corresponding acquired image.
To correct for this, we aligned them to the PAN using a rigid
transformation. For each datacube, an RGB colour composite
image was prepared (see Fig. 1A,B), along with the PAN/NIR,
PAN/BLU, and RED/PAN band ratios following Tornabene et al.
(2018), which have been merged into a single map-projected
mosaic (Fig. 2). To accurately identify the pixels whose spec-
tra exhibit a dip around 1000 nm, we computed NIR/PAN and
NIR/RED ratios, shown in Figs. 3, D.2 as a percentage of band
depth using the following formula: BD = (1 − BandRatio) · 100.

3. Results

As outlined in Fig. 1C,F and Fig. 2A,B, RED/PAN and
PAN/BLU are higher in regions located in the red unit of Pho-
bos. One possible explanation is that the red unit may be char-
acterised by more space-weathered, and hence older, material
with respect to the blue unit. On the contrary, the PAN/NIR
ratio increases within the Phobos’ blue unit and, in line with
its lower spectral slope, as reported in Pajola et al. (2025) and
Munaretto et al. (2025), peaking closer to the eastern rim of
Stickney (see Figs. 1G, 2C). In Fig. 1H the Deimos PAN/NIR
show higher values in the bright spots visible in the RGB colour
composite (see Fig. 1B). This confirms the result from multi-
band photometry obtained on HRSC data (Wargnier et al. 2025).
Focusing on the PAN/NIR ratio, we selected specific regions of
interest (ROIs) (see Fig. C.1) and computed their mean spectra
(Fig. 4) in order to study the ratio variability across the surface.
The obtained set of spectra are clustered in three main groups:
(i) spectra that present a flat trend and a downward dip towards
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Fig. 2. Equirectangular maps projection showing the distribution of
RED/PAN (A), PAN/BLU (B), and PAN/NIR (C) on the surface of Pho-
bos, overlain on the Viking mosaic (Simonelli et al. 1993). Emission
angles above 60◦ are filtered.

1000 nm, suggesting an absorption band, i.e. Pb1-6; (ii) spectra
with a higher slope, i.e. Dr1-Pr1-2, no dip towards 1000 nm, and
a possible absorption between 600 nm and 800 nm; (iii) spectra
that are intermediate between (i) and (ii), i.e. Dt1-2 and Pt1-2.
The spatial distribution of pixels that show a downward deflec-
tion towards the NIR is shown in Fig. 3, Fig. D.1, and Fig. D.2
using the NIR/PAN and the NIR/RED ratios, with the latter
being more sensitive than the former, given the generally red
spectral slope of all spectra. Such a distribution is clearly clus-
tered inside the blue unit, meaning that the lower reflectance in
the NIR with respect to the PAN and RED is unlikely to be a
calibration artefact. In addition, a very conservative estimate of
the CaSSIS absolute calibration accuracy is 2.8% (Thomas et al.
2022), meaning that the ratios have a radiometric uncertainty
of 3.9%, derived from error propagation. The robustness of the
CaSSIS calibration was further confirmed by the comparison
with a CRISM spectrum of the blue unit similar to the one anal-
ysed by Fraeman et al. (2014) (see Appendix G). The presence
of several pixels above this threshold in the NIR/PAN (Figs. 3,
D.1), especially in the NIR/RED (Fig. D.2), further supports the
robust detection of a spectral feature near 1000 nm within the
blue unit of Phobos. This interpretation is reinforced by the lin-
ear regression and limb analysis presented in Appendix H.

4. Discussion

By analysing diagnostic CaSSIS band ratios sensitive to ferrous
(PAN/NIR), ferric, and SW (RED/BLU, PAN/BLU) mineralogy,
we found that the blue unit of Phobos is consistent with a lower
PAN/NIR, linked by Tornabene et al. (2018) to a ferrous min-
eralogy (Fig. 2A,B). On the contrary, the red unit is charac-

Fig. 3. Derived 1000 nm band depth (in %) for cube 296 (left) and cube
320-1 (right). The pixels showing the feature are clustered in the Phobos
blue unit.

terised by a higher RED/PAN and PAN/BLU, which is linked
to a more ferric mineralogy (Tornabene et al. 2018). A similar
trend is identified on the bright spots of Deimos, which corre-
late with a higher PAN/NIR, in contrast to the redder regions
that display a higher RED/PAN and PAN/BLU. We further anal-
ysed this trend by comparing the spectra of the ROIs selected
on the two moons’ spectral units (Fig. C.1). In particular, spec-
tra from the Phobos blue unit (see Fig. C.1 C,H), consistently
show a deflection towards 1000 nm. Since this downward dip
is clustered around the blue unit (Figs. 3, D.1, D.2) and occurs
at thresholds higher than the (conservative) radiometric accu-
racy of the data, both with respect to the RED and PAN fil-
ters, we argue that it can be attributed to the presence of a
1000 nm band of mafic minerals, such as olivine, to which CaS-
SIS is particularly sensitive (Tornabene et al. 2018). This con-
firms a previous tentative detection suggested by Pajola et al.
(2025), while, as we detail in Appendix G, past non-detections
by CRISM (Fraeman et al. 2014) can be attributed to the lower
spatial resolution of the observations. On the contrary, the Pho-
bos red and transitional units (including Stickney) do not show
this band, but instead are possibly characterised by an absorption
between 600–800 nm consistent with the presence of SW prod-
ucts (Fig. 4) (Fraeman et al. 2014). This indicates (i) a spectral
variability and a different regolith maturity between Phobos blue
and red/transitional units, in agreement with photometric studies
(Munaretto et al. 2025), and (ii) supports an exogenous origin
for the blue unit of Phobos. Deimos shows a similar variability
to that of the Phobos red unit, the only difference being the lack
of regions bearing a 1000 nm dip. This supports the fact that the
regolith of the two moons have very similar physical and com-
positional properties, as found from spectrophotometric analy-
ses (Fornasier et al. 2024; Wargnier et al. 2024; Munaretto et al.
2025). Nevertheless, it is worth highlighting that the bluest units
of Deimos closely represent spectra of the Phobos transitional
unit. This may suggest that the Phobos blue unit was also put
in place on Deimos, but we do not observe a ferrous signature
because it is masked by the lower spatial resolution of the obser-
vations and more significant mixing with the spectrally red sur-
roudings.
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Fig. 4. Mean spectra normalised to BLU asso-
ciated with ROIs in Fig. C.1. The error bars rep-
resent 1σ standard errors. The number of pixels
of each ROI is reported in the legend. The spec-
tra are labelled as Pbn, Prn, Ptn, and Dbn, where
P and D denote Phobos and Deimos; b, r, and t
refer to the blue, red, and transitional units; and
n indicates the spectrum number.

5. Conclusions

We have analysed a set of CaSSIS images of Phobos and Deimos
with the aim of investigating the variability of the Martian moon
spectra. Our findings suggests the following:

– Phobos’ spectral variability reflects higher PAN/NIR ratios
in the blue unit and higher RED/PAN and PAN/BLU ratios in
the red unit, likely due to variable ferrous-ferric mineralogy
and possible SW.

– This spectral variability also describes Deimos, in agreement
with the similar spectrophotometric properties of the two
moons (Munaretto et al. 2025; Wargnier et al. 2025).

– The Phobos blue unit is characterised by a 1000 nm absorp-
tion, detected in this region for the first time, suggesting an
exogenous origin.

– The bright regions of Deimos are spectrally similar to the
Phobos transitional unit, possibly suggesting the presence of
Phobos blue unit material within Deimos bright spots.

Future data and samples will be returned by the Japanese
space agency (JAXA) Martian Moons eXploration (MMX)
(Kuramoto et al. 2022) mission, set to launch in late 2026. This
new mission will shed further light on the origin of the Martian
moons and their spectral units, thanks to the high-resolution data
that will be acquired by the MMX Infrared Spectrometer (MIRS;
Barucci et al. 2021) and the sample return programme, which is
expected to bring samples back to Earth in 2031.
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Appendix A: Phobos’ Context

Fig. A.1. HiRISE image (PSP-007769-9010-IRB) of Phobos showing
the largest crater on the surface (Stickney, white arrow), the blue unit
covering the eastern rim of such crater, and the red unit dominating the
surface of Phobos.

Appendix B: Spectral ratio

Fig. B.1. CaSSIS RGB colour composite, incidence, emission, phase,
RED/PAN, PAN/BLU, and PAN/NIR for Phobos cubes 283 (left pan-
els), 228 (central panels), and 320-1 (right panles). The normalisation
factors are (1.1486, 1.1356, 1.1429) for RED/PAN, (1.1204, 1.0786,
1.0313) for PAN/BLU, and (0.8549, 0.8600, 0.8229) for PAN/NIR.
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Appendix C: ROIs selection

Fig. C.1. Location of Phobos ROIs on CaSSIS RGB (RED=RED,
G=PAN, B=BLU) image composite for cube 296 (A, C, E), 320-1 (B,
D), 228 (F, H, L), and 283 (G, I). Location of Deimos ROIs on CaSSIS
cube 229 (M).
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Appendix D: The 1000 nm band

Fig. D.1. Derived 1000 nm band depth (in %) for cube 228 (left) and
cube 283 (right). The pixel showing this feature are clustered in the
Phobos blue unit.

Fig. D.2. 1000 nm band depth (in %) has been calculated as in Figs. 3
and D.1, but using the NIR/RED ratio instead of NIR/PAN. In this case
as well, the pixels cluster within the region identified by the blue unit.

Appendix E: Observational parameters

Table E.1. Observing parameters of Phobos and Deimos with CaSSIS.

Target MTP STP Date (UT) Time (UTC) Distance (km) Phase Angle (◦) Scale (m/px)
Phobos M80 320-1 05-06-2024 17:32:57.658 9150.31 1 104.95
Phobos M74 296 17-12-2023 09:57:16.411 5168.02 24 63.15
Phobos M57 228 31-08-2022 21:18:16.283 5505.37 24 65.01
Phobos M71 283 17-09-2023 10:44:10.365 6357.74 19 72.92
Deimos M58 229 04-09-2022 09:46:45.648 19678.60 20 223.29

Appendix F: CaSSIS parameters

Table F.1. CaSSIS main parameters (Thomas et al. 2017).

Parameter Value

Focal Lenght (mm) 871.5
Pixel Size (µm) 10.5
Filters Wavelengths/Bandwidth (nm)
- BLU Filter 499.9/118.0
- PAN Filter 675.0/219.4
- RED Filter 836.2/94.0
- NIR Filter 936.7/113.7
FOV (◦) 1.35 x 0.85
IFOV (µrad/px) 11.47
Detector Size (px) 2048 x 2048
Image Size (px)
- PAN Image Size 2048 x 280
- Colors Image Size 2048 x 256
S/R >100

Appendix G: Comparison with other datasets

In this section we provide a further assessment of the calibration
of CaSSIS by comparing with spectra extracted from CRISM.
To also investigate the effect of the different spatial resolution
between CaSSIS and CRISM, we consider CRISM spectra from
cube FRT2992 and a ROI of a similar size as the one used
in Fraeman et al. (2014). We comapred a) the CRISM spectra
extracted from this ROI and resampled to the CaSSIS wave-
lengths (green line in Fig. G.1D) with spectra extracted from
the same ROI on b) the original CaSSIS dataset (orange line in
Fig. G.1D) and c) after the convolution of the CaSSIS dataset
for the CRISM PSF and resampling to the CRISM spatial res-
olution (light-blue line in Fig. G.1D). All spectra have been
continuum-removed to factor out the absolute reflectance dif-
ferences due to the different illumination and observation con-
ditions. The resulting continuum-removed spectra (Fig. G.1D)
are comparable both within their error-bars and within the 2.8%
radiometric accuracy of CaSSIS, further validating the calibra-
tion of the instrument (Thomas et al. 2022). All these spectra
do not show statistically significant dips towards the NIR filter.
Instead, CaSSIS spectra extracted from much smaller Pb4 and
Pb5 ROIs (that cannot be properly sampled in the much lower
resolution CRISM dataset due to their small size) show a 1000
nm dip in the NIR which is well above the radiometric uncer-
tainties. This analysis suggests that past studies of the blue unit
with CRISM did not identify any 1000 nm spectral feature due
to the low spatial resolution of the observation.
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Fig. G.1. A) ROI identified on the CRISM FRT2992 PAN/NIR com-
puted using as PAN the band at λ = 696 nm and for the NIR the band at
λ = 938nm and similar in size to the one used in Fraeman et al. (2014),
but optimised to enhance the 1000 nm absorption; B) ROI identified on
the original Cassis PAN/NIR; C) ROI identified on the degraded Cassis
PAN/NIR; D) Comparison between continuum removed mean spectra
extracted from the ROI shown in panels A, B, and C, and panel D. In
green, the CRISM spectrum resampled at the CaSSIS filter wavelengths.
In black the original CRISM spectrum. In orange, the CaSSIS spectrum
extracted from the original dataset. In light blue, the CaSSIS spectrum
extracted from the dataset degraded to the CRISM spatial resolution
(panel C). In pink and dark blue: CaSSIS spectra from ROIs Pb4 and
Pb5.

Appendix H: NIR PSF effect

If the 1000 nm feature observed and described in this work were
caused by the broader point spread function (PSF) of the NIR
filter, two main effects would be expected. First, a broader PSF
would reduce the NIR I/F, artificially mimicking the presence

Fig. H.1. Absorption band depth (in %) plotted against the RED I/F
value for each pixel in the stp296 dataset (A) and the stp320-1 dataset
(B). No correlation is observed, as confirmed by both linear regression
analysis and the Pearson correlation coefficient.

of a 1000 nm absorption feature. This effect would be stronger
for higher RED I/F values, thus implying a linear correlation
between the RED I/F and the absorption depth of the 1000 nm
band. To test this hypothesis, we computed the absorption depth
in percentage for each pixel of the stp296 dataset and plotted it
against the RED I/F (see Fig. H.1 A). As shown in Fig. H.1 A, the
data points appear clustered and do not exhibit a clear correla-
tion between the two quantities. Testing the null hypothesis (H0),
namely that the slope is equal to zero, yields a p-value of 0.241.
This result indicates that the slope is not statistically different
from zero and, therefore, that there is no statistical evidence for
a correlation between the pixel values and the presence of the
absorption band. For completeness, we also computed the Pear-
son correlation coefficient r, a widely used statistical measure
of linear correlation between two datasets. We obtained a Pear-
son r value of 0.0028, which confirms the result derived from
the linear regression analysis. Since this effect, if present, would
be expected to become more pronounced at higher pixel inten-
sity values, we also extended the analysis to the stp320-1 cube,
acquired at a phase angle close to 0 degrees, which exhibits the
highest pixel values in the entire dataset. We first note that the I/F
range of stp320-1 is significantly higher than that of the stp296
cube, and in particular that the red unit in stp320-1 is brighter
than the blue unit in stp296. Therefore, if a correlation between
increasing pixel brightness and the presence of the absorption
band existed, this effect should be enhanced for this dataset. We
applied the same procedure and obtained the results shown in
Fig. H.1B. The linear regression yields a p-value of 0.126, while
the Pearson correlation coefficient is r = 0.0061, confirming the
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Fig. H.2. I/F profile analysis to study the NIR PSF effect. The selected
I/F profiles (a), together with the corresponding plotted I/F profile (b)
are plotted. The two profiles are consistent, and no brighter Phobos limb
is observed in the NIR filter.

absence of any statistically significant correlation between the
presence of the absorption band and the pixel I/F. This analy-
sis further confirms that no clear correlation exists between the
RED I/F and the presence of the absorption band, supporting the
interpretation that the band represents a real spectral feature of
Phobos.

Another indication of a broader NIR PSF compared to the
other filters would be a higher signal level beyond the Pho-
bos limb. To test this hypothesis, we computed the I/F profiles
across the limb and compared the NIR and RED brightness lev-
els beyond the limb. In Fig. H.2a, we show two selected profiles
(AA’ and BB’), noting that the same result is obtained for other
profile orientations. The comparison is presented in Fig. H.2b.
As can be seen, the NIR limb is not brighter than the RED limb;
instead, the two profiles are highly consistent. This result indi-
cates that the effect of the PSF is negligible.
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