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A B S T R A C T   

Powdered rocks are commonly present at the surface of extraterrestrial bodies and are widely analysed by in situ 
space probes. Moreover, a number of rovers exploring the surface of Mars are equipped with drills enabling them 
to access unaltered material and collect samples. During drilling operations, a cone of powder made of the drilled 
materials forms at the surface. These powders will be particularly large during the ESA/Roscosmos ExoMars 
2022 mission since the rover Rosalind Franklin will drill to 2 m depth below the Martian surface. These fines are 
generally observed by the rovers' cameras after the drilling process and analysed by a limited range of in
struments. In order to maximise the scientific return of planetary missions to Mars and other bodies in the solar 
system, we propose to use the images taken by rover cameras to identify the composition of the powdered 
materials. This could be particularly useful during the ExoMars 2022 mission where the CLUPI camera will take 
pictures during drilling and could thus document changes in the regolith composition (Josset et al., 2017). In the 
absence of a controlled light source, we used an image processing method called CaliPhoto that we previously 
developed for generic purposes. To test the ability of the method to identify volcanic rocks, more than twenty 
Mars-analogue samples were crushed at various grain sizes and photographed. The images were then processed 
via the CaliPhoto method and used to construct a database of reference images. New images were then taken 
under different lighting conditions, processed using the same method, and compared to the database. We show 
that it is possible to estimate igneous rock powder lithology with greater than 90% accuracy considering the 
uncertainties. Furthermore, when using images of polished and powdered samples, identification reaches 100%. 
We also show that the method permits precise lithological identification of samples that are not in the initial 
database. Finally, we demonstrate that the proposed method is extremely efficient, while at the same time very 
easy to implement on any in situ space probe. It could thus be used to help in identifying powdered igneous rocks 
during future missions to Mars or other rocky body in the solar system.   

1. Introduction 

Powdery and dusty materials are very common throughout the solar 
system. For example, asteroids, comets and the Moon are covered by a 
layer of dust and regolith (Hazeli et al., 2018; Turkevich, 1973). Clays 
and silicate-rich dusty materials also cover the surface of Mars (e.g., 
Horgan et al., 2020; Quantin-Nataf et al., 2021). Remote petrological 
analyses of extra-terrestrial bodies, whether carried out from the Earth 
or using satellites, are thus mostly representative of these dusty 

materials. Powdery materials have also been widely observed during in 
situ exploration (Goetz et al., 2010; Bish et al., 2013; Blake et al., 2013; 
Grott et al., 2019). Rovers and landers are generally equipped with tools 
for removing dust from rocks or grinding their surfaces in order to access 
the “unaltered” material beneath. The NASA rovers Spirit and Opportu
nity were equipped with a RAT (Rock Abrasion Tool) (Squyres et al., 
2004) and the Curiosity rover with a DRT (Dust Removal Tool) (Grot
zinger et al., 2012). The laser of the ChemCam instrument on-board 
Curiosity is also used to remove dust from rock surfaces prior to 
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analysis (Grotzinger et al., 2012; Meslin et al., 2013). Similarly, drills are 
commonly used to obtain samples from below the surface. The Curiosity 
rover made several tens of drill campaigns at the surface of Mars (Abbey 
et al., 2019, 2020). The Perseverance rover of the NASA Mars 2020 
mission will also drill to take small cores from the surface (6 cm long and 
1.3 cm diameter) to be returned to Earth for further analyses (Farley 
et al., 2020). Finally, the ESA/Roscosmos ExoMars 2022 rover Rosalind 
Franklin is equipped with a drill capable of reaching a depth of 2 m and 
of sampling small cores (3 cm long and 1 cm diameter) (Vago et al., 
2017). 

During drilling phases, a pile of rock powder forms at the surface 
around the hole (see Fig. 1). On Mars, these fines are of particular in
terest since they provide access to non-oxidised materials; the powder 
appears grey whereas the rock surface is reddish (Abbey et al., 2019, 
2020). During the ExoMars investigation, the amount of powder will be 
particularly large since the drill will penetrate down to 2 m depth and 
the hole will be 3 cm in diameter. The equivalent volume of such a hole 
is 1400 cm3 (1.4 L) and, due to the expansion, the volume of fines 
exposed at the surface could be even greater since, except for very 
porous material, the volume of a solid sample generally increases after 
powdering. Unfortunately, in the absence of a sampling device other 
than the drill, these powders cannot be analysed by the ExoMars 
analytical laboratory, only by its external instruments. Moreover, the 
PanCam (Panoramic Camera) and ISEM (Infrared Spectrometer for Exo
Mars) systems will observe and analyse the fines only after sampling 
operations have been conducted, since the drill box obscures their field 
of view during the drilling process (Vago et al., 2017). Also, a part of the 
fines will inevitably fall back into the hole after the removal of the drill. 
CLUPI (Close-Up Imager) is thus the only instrument able to observe this 
material during drilling (Josset et al., 2017). Such observations are 
interesting since, depending on the encountered stratigraphy, the 
composition of the fines may change during drilling. Indeed, due to the 
relatively small diameter of the drill it is very unlikely that different 
rocks will be drilled at the same time. The fines arriving at the surface 
are thus expected to be representative of a unique layer, except at the 
interface between two layers. Images of the dome forming at the surface 
during the drilling should thus differentiate the drilled layers. 

On Earth, geological observations or investigations carried out using 
various geochemical methods are generally made before crushing. 
Therefore the petrography of solid rock is already known and powders 
are rarely used for their identification. Furthermore, the crushing pro
cess is generally considered to be detrimental since it entails a loss of 
sample integrity, structure and texture. Crushed rocks are thus only used 
for specific measurements, such as ICP/AES-MS (Inductively Coupled 
Plasma/Atomic Emission Spectroscopy-Mass Spectroscopy) for 
elemental composition or X-Ray Diffraction (XRD) for mineralogy. 

On the other hand, sample preparation on-board space probes is 
generally limited and crushing is an effective method to standardize the 
amount of sample to be analysed. Thus, during the MSL and ExoMars 
2022 missions, the drill cores are crushed prior analysis. 

Cameras are among the most common instruments on in situ space 
probes and photography represents key data during planetary explora
tion. In order to improve their ability to identify rocks and minerals, in 
particular for powdered materials, some cameras are equipped with 
several filters for multispectral imaging, such as Mastcam onboard MSL 
(Johnson et al., 2016; Wellington et al., 2017) and PanCam WAC on
board ExoMars 2022 (Coates et al., 2017; Cousins et al., 2012). This 
approach consists in using several photographs of the same field of view 
taken with different filters in order to obtain reflectance spectra (about 
12 points per spectrum). 

Here we investigate the extent to which geological information can 
be deduced from the observation of rock powders (in this case, of 
igneous materials) using only standard colour cameras, i.e., not equip
ped with any filter. Since most space missions include cameras, under
standing their full capabilities for geological investigations is thus 
advantageous for maximising their science output during any mission 

conducting in situ exploration of the shallow sub-surface of an extra
terrestrial body. 

In geosciences, colour photography has been used before to estimate 
the composition of rocks (Kempe, 2014) and to study their ageing (Iiñgo 
et al., 2013; Oestmo, 2013). The Munsell soil colour chart is also 
commonly used in pedology. Nevertheless, the apparent colour of ma
terial is directly dependant on light conditions (hue and intensity) and 
on the photon detectors; the human eye is limited and person-dependant 
(e.g., colour blindness) and camera detectors have different colour re
sponses. Precise colour measurement is thus made using UV–Vis spec
troscopy (Adams and Filice, 1967) or, if based on photography, requires 
calibrated cameras and the use of specific light sources (CIE Standard 
Illuminants D50 or D65 for example) (McCamy et al., 1976). 

Recently, we developed a new method, CaliPhoto, in which a refer
ence target is placed around the material to study, in the field of view of 
the camera. Then, using specific image processing, the target is used to 
compensate the light conditions (orientation, hue, intensity) and the 
characteristics of the camera. The RGB values of the material are thus 
extracted from this processed image and compared with those of other 
materials potentially taken under different light conditions and/or with 
different cameras. This method can be used to compare materials, and 
also to determine specific physical properties and follow their changes 
with time or environmental conditions (temperature, pH, etc.). The 
method works well, even in relatively bad lightening conditions. A 
detailed description the method and of various validation tests can be 
found in Foucher et al. (2019). 

The method has applications in many domains such as: 

- construction, to check the homogeneity of optical aspects of mate
rials over large areas or on different faces of a structure, to monitor 
the ageing of materials over space and time, or to control the water 
content of cement, 

- biology, to pre-identify microbial colonies or, for example, to eval
uate their reaction to external stresses,  

- material science, to monitor changes during specific experiments,  
- cosmetics and dermatology, to assist in the selection of makeup 

adapted to specific types of skin or to control Sun exposure and 
prevent sunburn. 

Nevertheless, it was initially invented for geological purposes, to 
compare samples observed in different locations in the field, and for 
space exploration. Indeed, since cameras are among the most common 
instruments on-board in situ space probes, the possibility to analyse 
materials by simply adding a dedicated reference target would consti
tute an important added value for planetary exploration. 

In this study, we focus on the use of the CaliPhoto method for 
geological applications. In particular, we use Mars-analogue igneous 
rocks to demonstrate that it is possible to identify (igneous) rock pow
ders and/or estimate their composition from a colour photograph alone 
with a very good accuracy (higher than 90%). Since the albedo of 
powders increases with decreasing grain size (Adams and Filice, 1967), 
we also consider the effect of grain size distribution on the validity of the 
method. Finally, we apply the method on combined images of polished 
and powdered samples and demonstrate, using a database of 23 samples, 
that correct lithological identification of the rock with this method is 
close to 100%. 

2. Materials and methods 

2.1. The CaliPhoto method 

The CaliPhoto method (Fig. 2) was developed in order to be able to 
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compare the colour of materials from photographs taken using uncali
brated standard digital colour cameras1 and under different, uncali
brated lightening conditions (Foucher et al., 2019). The method requires 
the addition of a reference target consisting of a white 4:3 ratio rect
angle, surrounded by 24 squares of different colours arranged in a 
rectangle, surrounding another white rectangle (Fig. 2a). The theoretical 
RGB values of the squares correspond to those of the standard Gre
tagMacBeth ColorChecker values defined to cover a wide range of col
ours (Pascale, 2016). The centre of the target is cut in order to make a 
rectangular window through which the sample is viewed and photo
graphed. For colour comparison, a reference photograph of the target is 
made. All subsequent images are processed according to this photograph 
with the aim of obtaining similar RGB values for the colour squares. The 
whole target is used to correct the perspective, the two white rectangles 
are used to correct the light intensity, hue and orientation, and the 
colour squares are used to correct the colour. It is essential, though, that 
the reference target be placed such that the lightening conditions are 
similar to those of the material to be photographed (ideally in contact). 

The main advantage of the CaliPhoto method is that the target can be 
printed using any colour printer and works with any photographic de
vice (camera, smartphone, scanner, etc.). Indeed, since the image pro
cessing is based on a reference photograph, the colour of the squares 
with respect to their theoretical values is not relevant. On the other 
hand, as a consequence, the CaliPhoto colour associated with a material 
after processing may be slightly different from that observed by human 
eyes under normal sunlight. Nevertheless, it is important to note that the 
method has not been developed to obtain “visually appeasing” colours 
but to accurately compare the RGB data associated with different ma
terials. Most importantly, this also means that all the measurements 
have to be made using the same target. The use of a new target requires a 
supplementary calibration step and/or imply the need to redo all the 
measurements (Foucher et al., 2019). 

Although the method works using any colour camera, for this study 
we used a “space mission-relevant” colour camera: a Sigma SD15 
equipped with a Foveon X3F 2652 × 1768 pixel sensor similar to that of 
CLUPI, the ExoMars 2022 camera (Josset et al., 2017). Foveon (Sigma) 
sensors are composed of three layers and determine colour as a function 
of photon penetration depth, making it very similar in principle to film 
photography technology. 

The colour associated with the material appearing in the centre of the 
target on the processed images can be defined using different parame
ters. For relatively homogeneous samples, the easiest approach is to use 

the average RGB colour. Materials i and j can then be compared using the 
following equation (for 8bit RGB colour encoding, i.e., for R, G and B 
ranging from 0 to 255): 

Δij =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
Ri − Rj

)
2 +

(
Gi − Gj

)
2 +

(
Bi − Bj

)
2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2552 + 2552 + 2552

√ (1) 

It is also possible to study the rg chromaticity defined using the (r,g,b) 
parameters given by: 

r =
R

R + G + B
; g =

G
R + G + B

; b =
B

R + G + B
(2) 

Where r, g and b are, respectively, the proportions of red, green and 
blue. r, g and b range from 0 to 1 and their sum is equal to 1. Another 
important parameter is the luminance defined (for 8bit encoding) as 
follows: 

μ =
R + G + B

3*255
(3)  

2.2. Analogue rocks 

The majority of rocks at the surface of Mars is volcanic in origin (e.g., 
McSween et al., 2009). Consequently, this study focuses on the use of the 
CaliPhoto method to identify drilled unaltered volcanic rocks from their 
fines. We collected various rocks from the Massif Central, France, plus 
one sample of obsidian from Mono Lake, California, USA, in order to 
cover a large range of volcanic rock types, as designated in the 
compositional Total Alkali Silica (TAS) diagram (McSween et al., 2009). 
We also used the Mars analogue ESA-01-E, from the European Space 
Agency Exploration Sample Analogue Collection (ESA2C) (Smith et al., 
2018). Samples were analysed by ICP-OES for major elements at the 
SARM, Nancy, France, in order to obtain their elemental compositions. 
These analogue samples are available via the International Space 
Analogue Rockstore (ISAR), http://www.isar.cnrs-orleans.fr (Bost et al., 
2013), while ESA-01-E is housed at The Natural History Museum, Lon
don. The detailed list of samples, including their major element com
positions, is displayed in Table 1. 

To assure mission representativeness, we considered previous ob
servations of powders generated at the surface of Mars. In the MAHLI 
images of the Curiosity drill sites available on the NASA JPL website it is 
not possible to visualise individual grains in the fines on the areas flat
tened by the drilling head (see Fig. 1b). This indicates that the grain size 
distribution of the powders is, at most, a few tens of μm, according to the 
resolution of that camera (Abbey et al., 2019, 2020). Similarities in the 
specifications of the drilling devices used during space missions (speed, 
applied strain, etc.) and the environmental conditions (e.g., no liquid 

Fig. 1. (a) Formation of a cone of fines during a simulated ExoMars 2022 drilling phase (Credit ESA/Thales Alenia Space - Italia & SELEX Galileo). (b) Drill fines from 
the Oudam site observed by Curiosity's MAHLI camera (MSL, NASA) on mission sol 1361 (Credit NASA/JPL/Malin Space Science Systems). The drill hole is 1.6 
cm wide. 

1 In digital photography, an image is made of pixels in which the colour is 
defined using three values: R, G and B (red, green and blue). 

F. Foucher et al.                                                                                                                                                                                                                                 

http://www.isar.cnrs-orleans.fr


Icarus 375 (2022) 114848

4

water) suggest that the grain size distribution of the fines produced 
during drilling would be, for most missions, similar to that observed by 
Curiosity. The samples were thus crushed and sieved to obtain powders 
of a grain size distribution lower than 40 μm as a first approximation. 
Each fragment of rock was crushed in its entirety in order to avoid 
potentially sorting of the rock minerals according to their hardness. Each 

powder was then placed into a rectangular sample holder (2.5 × 2 × 0.2 
cm) surrounded by the CaliPhoto reference target and flattened in order 
to obtain an homogeneous surface similar to those observed during the 
MSL mission (Fig. 1b). Powders were illuminated using a halogen lamp 
and photographed using the Sigma SD15 camera. Finally, the CaliPhoto 
algorithm was used to process the images of the studied powders as 

Fig. 2. Principle of the CaliPhoto image processing method. Step 1: creation of a reference image of the target. (a) Any “good” photograph can be used (here a 
photograph of sample 14FR01 is used). (b) The image is resized to correct for the perspective and rescaled to obtain a 1200 × 1020 px image. (c) The light plan is 
calculated using the white rectangles of the target and removed from the image to correct for the orientation of the illumination (d). (e) The greyscale squares are 
used to improve the brightness and contrast of the image. (f) The final CaliPhoto reference image for the study is obtained. Step 2: Caliphoto image processing of 
samples. (g) Raw photograph of the sample. The image processing (h to j) is similar to the previous case but with the addition of a complementary step in which the 
reference image is used to correct the colours (k). For a known sample, the average RGB and/or colour vector can be stored into a database. Conversely, for an 
unknown sample, its identification requires comparison of the average RGB and/or colour vector with a database. 
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displayed in Fig. 3 (original images are given in Fig. S1).The colours of 
the powders are various greenish/yellowish shades of grey. 

3. Results 

3.1. Identification of rock powder from a reference database 

In order to test the identification of rock powder using the CaliPhoto 
method, the average RGB values of the powders were extracted from the 
images displayed in Fig. 3 in order to constitute a reference database. 
Each powder was then mixed and new images were taken under 
different illumination conditions (i.e., a change in the camera position 
and on the orientation and intensity of the light source). These new 
images of the samples, for which the names start by “UNK-”, are then 
considered as images of “unknown” samples that need to be identified by 
comparison with those of the database. They are displayed in Figs. S1 
and S2 before and after CaliPhoto image processing, respectively. The 
average RGB values of the “unknown” powders were compared to those 
of the database using a matching parameter defined by: 

Mij = 1 − Δij (4)  

where Δij is the difference in colour defined by Eq. (1). Examples of 
matching results are displayed in Table 2 (full results can be found in 
Table S1). For 50% of powders, the identification is exact, i.e., the 
studied powder corresponds to the highest matching identification from 
the database. In 77% of cases, the studied powder is in the top two 
matches, and in 95% of cases, it is in the top three. Moreover, when the 
studied powder is not in the first position, the difference with the best 
match is always lower than 1% except for two samples (14FR08, 1.54%, 
and 14FR12, 1.56%). 

The uncertainty in the powder colour, estimated from the differences 
in the RGB values of the colour squares of the target on the corrected 
images, is of about 1%. Considering this 1% uncertainty, it is possible to 
state that the identification is correct for about 91% of the samples. More 
interestingly, for 82% of cases, the best match is a rock with a similar or 
adjacent composition as defined by the TAS diagram (e.g., picrobasalt 
and basalt or trachyandesite and basaltic trachyandesite). 

3.2. Identification of unknown rocks 

The aim of this study is to evaluate the ability of the CaliPhoto 
method to identify the composition of unknown powdered igneous rocks 

Table 1 
List of analysed samples.  

Samples ICP-OES data (mass %) 

ISAR 
reference 

Type of rock Locality SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O Na2O +
K2O 

TiO2 P2O5 

14FR01 Basanite La Roche Sauterre, Massif 
Central, France 

43.38 12.56 12.67 0.19 12.46 10.73 3.05 1.88 .94 3.18 0.69 

14FR02 Trachyandesite Puy de la Nugère, Massif 
Central, France 

57.43 17.91 6.93 0.22 1.95 4.54 5.56 3.45 9.01 1.17 0.66 

14FR03 Basaltic 
trachyandesite 

Puy Pariou, Massif Central, 
France 

53.46 17.38 9.57 0.20 3.08 6.30 4.72 2.53 7.25 1.76 0.93 

14FR04 Picrobasalt Puy Charade, Massif Central, 
France 

41.43 12.75 14.14 0.22 10.52 11.07 2.30 0.49 2.79 3.31 0.71 

14FR05 Trachybasalt Le Grand Suchet, Massif Central, 
France 

48.23 16.47 11.37 0.21 5.20 9.02 3.80 2.04 5.84 2.30 0.72 

14FR07 Trachybasalt Puy de Barme, Massif Central, 
France 

49.13 17.81 10.90 0.22 3.43 7.67 4.22 2.04 6.26 2.29 1.21 

14FR08 Tephrite/basanite Les Granges, Massif Central, 
France 

42.86 14.50 13.62 0.22 7.58 11.02 3.86 1.85 5.71 3.21 0.92 

14FR09 Trachybasalt Cascade du Trador, Massif 
Central, France 

48.75 17.14 8.97 0.21 3.14 8.19 4.07 2.39 6.46 2.34 0.67 

14FR11 Trachybasalt Le Pessy, Massif Central, France 47.38 16.20 11.48 0.18 4.93 9.15 3.83 2.41 6.24 3.09 0.66 
14FR12 Rhyolite Charlannes, Massif Central, 

France 
73.54 14.43 1.54 0.17 0.04 0.33 6.08 4.58 10.66 0.10 0.00 

14FR14 Trachybasalt Roche Vendeix, Massif Central, 
France 

48.34 17.92 8.62 0.19 2.85 8.27 3.89 2.35 6.24 2.36 0.91 

14FR17 Trachyte Roche vendeix, Massif Central, 
France 

62.76 17.25 4.56 0.14 1.05 2.50 4.87 4.90 9.77 0.95 0.35 

14FR18 Phonolite Bozat, Massif Central, France 60.91 18.88 3.05 0.18 0.40 1.43 7.40 6.00 13.39 0.53 0.10 
14FR19 Trachyte Bozat, Massif Central, France 61.76 16.74 5.33 0.15 1.41 3.36 5.00 4.52 9.53 1.15 0.38 
14FR21 Trachyandesite Puy de Mareilh, Massif Central, 

France 
54.91 16.65 8.28 0.16 3.61 6.78 4.72 3.55 8.27 2.05 0.60 

14FR22 Trachyte Puy de Mareilh, Massif Central, 
France 

64.51 15.95 4.02 0.10 1.43 2.78 5.03 4.98 10.01 0.88 0.22 

14FR23 Basanite La Banne d'Ordanche, Massif 
Central, France 

43.39 14.38 13.66 0.19 8.63 11.51 3.30 1.52 4.82 3.20 0.64 

14FR24 Picrobasalt La Banne d'Ordanche, Massif 
Central, France 

41.20 14.65 13.94 0.20 8.77 11.20 2.23 0.65 2.88 3.24 0.68 

14FR25 Basalt La Banne d'Ordanche, Massif 
Central, France 

45.21 17.42 11.20 0.20 5.04 8.66 2.08 2.88 4.97 2.84 0.91 

14FR26 Rhyolite La Banne d'Ordanche, Massif 
Central, France 

76.18 13.52 1.18 0.06 0.04 0.26 4.67 4.83 9.50 0.16 0.00 

14FR27 Trachyte Roche Tuilière, Massif Central, 
France 

61.29 19.80 2.20 0.13 0.19 0.89 5.99 6.30 12.29 0.31 0.00 

12US02 Obsidian Mono Lake, California, USA 75.89 12.35 1.21 0.05 0.03 0.58 3.97 4.60 8.57 0.06 0.00 
ESA-01-E Picrobasalt Craig's Quarry,  

County Antrim, Northern 
Ireland 

44.18 16.03 14.46 0.19 7.71 8.72 2.75 0.18 2.93 1.66 0.16 

ICP-OES data giving the composition (major elements in mass %). We used italics for this specific column because it corresponds to the sum of the two previous ones. 
This sum is used to plot the TAS digram (Fig. 8). 
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on Mars. During space exploration, the observed powder will be un
known and thus not included in the reference database. The Mars 
analogue rock ESA-01-E, chosen by ESA for its physical and chemical 
similarities to known Martian basalts (Martin and Duvet, 2019; Smith 
et al., 2018), was used to test the ability of the CaliPhoto method to 
estimate the composition of an unknown powder. The sample was 
crushed and sieved to obtain powders with a grain size distribution 

lower than 40 μm and its average RGB value after image processing was 
compared to those of the reference database. Raw and processed images 
are displayed in Fig. 4. The ICP-OES analysis displayed in Table 1 shows 
that ESA-01-E sample is a picrobasalt. 

The RGB matching percentages, given by Eq. (4), against the samples 
of the reference database are given in Table 3. The best match occurs 
with samples 14FR24 and 14FR04 at 97.99% and 97.95%, respectively, 

Fig. 3. Images of the studied rock powders (grain size < 40 μm) after CaliPhoto image processing. Image size 57 × 78 mm (1200 × 1020 px).  
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Table 2 
Example of matching between the average RGB values of four powders and those of the reference sample database. 

UNK-14FR01 UNK-14FR02 UNK-14FR03 UNK-14FR04
Basanite Trachyandesite Basal�c trachyandesite Picrobasalt

14FR24 Picrobasalt 98,75% 14FR02 Trachyandesite 98,53% 14FR25 Basalt 99,19% 14FR04 Picrobasalt 98,34%
14FR04 Picrobasalt 98,72% 14FR09 Trachybasalt 98,27% 14FR03 Basal�c trachyandesite 99,10% 14FR24 Picrobasalt 97,74%
14FR01 Basanite 98,40% 14FR11 Trachybasalt 97,50% 14FR05 Trachybasalt 98,54% 14FR05 Trachybasalt 96,98%
14FR05 Trachybasalt 98,24% 14FR22 Trachyte 97,10% 14FR14 Trachybasalt 98,13% 14FR01 Basanite 96,66%
14FR08 Tephrite/basanite 96,78% 14FR21 Trachyandesite 96,82% 14FR04 Picrobasalt 98,04% 14FR25 Basalt 96,07%
14FR25 Basalt 96,76% 14FR14 Trachybasalt 96,35% 14FR22 Trachyte 97,61% 14FR03 Basal�c trachyandesite 95,67%
14FR03 Basal�c trachyandesite 96,40% 14FR03 Basal�c trachyandesite 95,70% 14FR01 Basanite 97,58% 14FR08 Tephrite/basanite 95,13%
14FR14 Trachybasalt 95,82% 14FR08 Tephrite/basanite 95,59% 14FR08 Tephrite/basanite 97,19% 14FR14 Trachybasalt 95,03%
14FR22 Trachyte 95,46% 14FR25 Basalt 95,40% 14FR09 Trachybasalt 96,44% 14FR22 Trachyte 94,42%
14FR11 Trachybasalt 94,73% 14FR19 Trachyte 95,16% 14FR11 Trachybasalt 96,02% 14FR11 Trachybasalt 93,26%
14FR09 Trachybasalt 94,21% 14FR05 Trachybasalt 94,37% 14FR24 Picrobasalt 95,85% 14FR09 Trachybasalt 93,19%
14FR23 Basanite 91,71% 14FR01 Basanite 94,15% 14FR02 Trachyandesite 93,34% 14FR23 Basanite 92,51%
14FR02 Trachyandesite 91,26% 14FR04 Picrobasalt 93,17% 14FR21 Trachyandesite 92,41% 14FR02 Trachyandesite 90,08%
14FR21 Trachyandesite 91,11% 14FR24 Picrobasalt 91,58% 14FR19 Trachyte 90,05% 14FR07 Trachybasalt 89,76%
14FR07 Trachybasalt 88,55% 14FR17 Trachyte 91,38% 14FR23 Basanite 89,22% 14FR21 Trachyandesite 89,57%
14FR19 Trachyte 88,08% 14FR23 Basanite 84,41% 14FR07 Trachybasalt 86,41% 14FR19 Trachyte 86,88%
14FR17 Trachyte 84,26% 14FR26 Rhyolite 82,73% 14FR17 Trachyte 86,20% 14FR17 Trachyte 82,99%
14FR26 Rhyolite 75,49% 14FR27 Trachyte 82,21% 14FR26 Rhyolite 77,62% 14FR26 Rhyolite 74,33%
14FR27 Trachyte 75,02% 14FR18 Phonolite 81,93% 14FR27 Trachyte 77,09% 14FR27 Trachyte 73,84%
14FR18 Phonolite 74,79% 14FR07 Trachybasalt 81,35% 14FR18 Phonolite 76,76% 14FR18 Phonolite 73,52%
14FR12 Rhyolite 72,09% 14FR12 Rhyolite 79,28% 14FR12 Rhyolite 74,13% 14FR12 Rhyolite 70,87%
12US02 Obsidian 71,32% 12US02 Obsidian 78,46% 12US02 Obsidian 73,27% 12US02 Obsidian 70,03%

DatabaseDatabase Database Database

These powders, considered as “unknown”, were imaged after mixing and in different light conditions than those of the database. Results are given in percent match. (Full results are displayed in Supplementary 
Materials). 
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both of which are picrobasalts. The CaliPhoto method thus successfully 
identified ESA-01-E as a picrobasalt. 

3.3. Grain size distribution effects 

3.3.1. Effect on luminance 
The main difference between the sample powders is their luminance, 

all powders exhibiting different, more or less yellowish/greenish, shades 
of grey. Up to this point, the studied powders were compared after 
sieving to 40 μm, according to observations previously made on Mars. 
Unfortunately, the decrease of grain size distribution of a powder is 
associated with an increase in albedo corresponding to an increase of the 
luminance on the photographs (Adams and Filice, 1967). In order to 
extend the CaliPhoto method to “natural” unsorted powders, it is rele
vant to evaluate the influence of grain size distribution on the method. 
All samples were thus sieved to various grain size distributions (G.S.): 
160 μm > G.S. > 100 μm, 100 μm > G.S. > 63 μm, 63 μm > G.S. > 40 μm 
and 40 μm > G.S. Freshly broken surfaces and polished surfaces were 
also prepared. A total of 132 samples was thus obtained. The raw and 
processed images of these samples are displayed in Figs. S1 and S2 
respectively. The average colours of these powders, their luminance, and 

their (r,g,b) values are shown in Fig. 5. 
An increase in luminance during the crushing process is clearly 

observed with decreasing grain size, irrespective of sample type. 

Nevertheless, the importance of this effect varies depending on the 
initial colour of the sample before crushing rather than on its elemental 
composition. Thus, this effect is particularly strong in the case of 
obsidian, which is very dark in hand specimen and polished samples and 
very bright in powdered samples, whereas it is relatively limited for 
rhyolite, which is bright in both hand sample and powder. Interestingly, 
the rg chromaticity remains relatively constant, with proportions of r, g 
and b close to 1/3, 1/3, 1/3 (i.e., shades of grey). As a consequence, the 
colours of the different powders are relatively close and all are shades of 
grey regardless of the grain size distribution. 

3.3.2. Effect on colour distribution 
The loss of texture induced by the crushing process is associated with 

the homogenization of the colour of the rock. This is particularly true for 
coarse-grained rocks comprising large minerals with various colours, 
such as trachytes, which are composed of light and dark minerals and 
form a grey powder after crushing as seen in Fig. 6. This homogenization 
is all the more important when grain size decreases. In order to evaluate 
this effect, it is useful to define a vector based on different colour his
tograms of the image. Here, we merged the histograms of R, G, B, r, g, b 
and μ into a unique colour vector Vec defined for material i as follows 
(for 8bit colour encoding):  

where Hist(Ri/255) corresponds to the normalized histogram of Ri, 
rounded to 0.05, over the sample area, [1 + Hist(Gi/255)] to the 

Fig. 4. Images of the ESA-01-E analogue sample, polished and powdered (G.S. 
< 40 μm). (a) Raw images, (b) resized images and (c) final images after 
CaliPhoto image processing. 

Table 3 
Matching (in percent) of the average RGB values of the ESA- 
01-E with respect to those of the reference sample database. 

ESA-01-E
Picrobasalt

14FR24 Picrobasalt 97,99%
14FR04 Picrobasalt 97,95%
14FR05 Trachybasalt 96,67%
14FR01 Basanite 96,56%
14FR25 Basalt 95,66%
14FR03 Basal�c trachyandesite 95,20%
14FR08 Tephrite/basanite 94,99%
14FR14 Trachybasalt 94,69%
14FR22 Trachyte 94,09%
14FR11 Trachybasalt 93,07%
14FR09 Trachybasalt 92,86%
14FR23 Basanite 92,85%
14FR07 Trachybasalt 90,01%
14FR02 Trachyandesite 89,78%
14FR21 Trachyandesite 89,44%
14FR19 Trachyte 86,65%
14FR17 Trachyte 82,76%
14FR26 Rhyolite 74,06%
14FR27 Trachyte 73,60%
14FR18 Phonolite 73,29%
14FR12 Rhyolite 70,63%
12US02 Obsidian 69,80%

Database

The best matching occurs for picrobasalt powders. 

Veci =
Hist(Ri/255) ∪ [1 + Hist(Gi/255) ] ∪ [2 + Hist(Bi/255) ] ∪ [3 + Hist(ri) ] ∪ [4 + Hist(gi) ] ∪ [5 + Hist(bi) ] ∪ [6 + Hist(μi) ]

Max{Ri/255,Gi/255,Bi/255,ri, gi, bi, μi)}
(5)   
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Fig. 5. Luminance versus grain size distribution for the studied reference samples. The RGB contribution to the luminance is reported in each bar. The upper 
coloured bar indicates the average colour of the powder. 
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normalized histogram of Gi, rounded to 0.05, displayed between 1 and 2, 
[2 + Hist(Bi/255)] to the normalized histogram of Bi, rounded to 0.05, 
displayed between 2 and 3, [3 + Hist(r)] to the histogram of ri, rounded 

to 0.05, displayed between 3 and 4, [4 + Hist(gi)] to the histogram of gi, 
rounded to 0.05, displayed between 4 and 5, [5 + Hist(bi)] to the his
togram of bi, rounded to 0.05, displayed between 5 and 6, [6 + Hist(μi)] 
to the histogram of μi, rounded to 0.05, displayed between 3 and 4, and 
Max{Ri/255, Gi/255, Bi/255, ri, gi, bi, (μi/256)} to the maximal values of 
the different histograms. Each vector is thus composed of 140 values 
(see Fig. 6). 

Colour distribution is then evaluated using the number N of non-null 
values of Vec; the lower is the value, the higher the homogeneity of the 
powder. The average value of the distribution for the different sample 
preparations is displayed in Fig. 7. This denotes homogenization of 
colour with decreasing grain size distribution. The high values obtained 
for hand samples are explained both by rock texture (i.e., the size and 
colour of the rock-forming minerals) and by surface roughness forming 
shadows, whereas the values obtained for polished surfaces are only 
influenced by the rock texture, explaining the observed decrease in the 
colour distribution. 

3.3.3. Effect on identification 
In order to determine if it is possible to identify both the rock and its 

grain size, vectors associated with the “unknown” powders (G.S. < 40 
μm) were compared against vectors of the 132 samples using the 
following equation: 

MVec
12 = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Vec1 − Vec2)2

√

Vec1 + Vec2
(6) 

Fig. 6. Colour vector of sample 14FR19 (trachyte), a- polished and b- powdered (G.S. < 40 μm) sample showing that the crushing process is associated with ho
mogenization of the colour (narrowing of the histograms) and with an increase in the luminance μ (shifting of the μ histogram on the right). 

Fig. 7. Average values of the number N of non-null values of colour vectors for 
the 132 samples versus sample preparation (blue circles): hand sample (H.S.), 
polished surface (P.S.) and powdered samples of different grain size distribu
tions (160–100 μm, 100–63 μm, 63–40 μm and 40–0 μm). Black lines denote the 
maximal and minimal values for each sample preparation. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Table 4 
Examples of matching results of the average RGB values in percent for three powders (G.S. < 40 μm) with respect to those of the reference sample database (only the first 30 lines over 132 are shown; see Table S2 in 
supplementary materials for full results). 

UNK-14FR01 UNK-14FR02 UNK-14FR03
Basanite Trachyandesite Basal�c trachyandesite

14FR01 40-0 μm Basanite 78,91% 14FR02 63-40 μm Trachyandesite 96,88% 14FR25 40-0 μm Basalt 94,71%
14FR03 100-63 μm Basal�c trachyandesite 78,91% 14FR02 100-63 μm Trachyandesite 89,39% 14FR14 63-40 μm Trachybasalt 88,82%
14FR05 40-0 μm Trachybasalt 77,61% 14FR26 160-100 μm Rhyolite 84,25% 14FR03 40-0 μm Basal�c trachyandesite 88,43%
14FR18 160-100 μm Phonolite 76,12% 14FR09 40-0 μm Trachybasalt 83,65% 14FR05 40-0 μm Trachybasalt 87,94%
14FR19 63-40 μm Trachyte 75,80% 14FR02 40-0 μm Trachyandesite 83,28% 14FR04 40-0 μm Picrobasalt 87,00%
14FR25 40-0 μm Basalt 73,86% 14FR27 160-100 μm Trachyte 79,53% 14FR14 40-0 μm Trachybasalt 78,39%
14FR04 40-0 μm Picrobasalt 73,09% 14FR22 40-0 μm Trachyte 74,78% 14FR22 40-0 μm Trachyte 74,38%
14FR24 40-0 μm Picrobasalt 71,60% 14FR18 100-63 μm Phonolite 73,96% 14FR18 100-63 μm Phonolite 73,74%
14FR14 63-40 μm Trachybasalt 71,47% 14FR14 40-0 μm Trachybasalt 71,93% 14FR01 40-0 μm Basanite 71,48%
14FR03 40-0 μm Basal�c trachyandesite 70,20% 14FR26 100-63 μm Rhyolite 71,67% 14FR03 100-63 μm Basal�c trachyandesite 71,48%
14FR26 P.S. Rhyolite 68,99% 14FR11 40-0 μm Trachybasalt 69,83% 14FR18 160-100 μm Phonolite 70,16%
14FR01 63-40 μm Basanite 68,90% 14FR27 100-63 μm Trachyte 62,74% 14FR19 63-40 μm Trachyte 70,15%
14FR01 100-63 μm Basanite 67,99% 14FR03 40-0 μm Basal�c trachyandesite 61,40% 14FR01 63-40 μm Basanite 65,19%
14FR08 63-40 μm Tephrite/basanite 67,52% 14FR19 40-0 μm Trachyte 58,37% 14FR09 40-0 μm Trachybasalt 60,77%
14FR14 40-0 μm Trachybasalt 63,27% 14FR25 40-0 μm Basalt 57,25% 14FR26 P.S. Rhyolite 60,65%
14FR17 100-63 μm Trachyte 63,16% 14FR26 H.S. Rhyolite 54,91% 14FR26 160-100 μm Rhyolite 60,35%
14FR08 40-0 μm Tephrite/basanite 61,70% 14FR26 P.S. Rhyolite 52,85% 14FR08 40-0 μm Tephrite/basanite 57,90%
14FR17 160-100 μm Trachyte 61,01% 14FR22 H.S. Trachyte 52,83% 14FR27 160-100 μm Trachyte 57,59%
14FR17 63-40 μm Trachyte 59,66% 14FR18 63-40 μm Phonolite 52,72% 14FR02 63-40 μm Trachyandesite 56,01%
14FR22 40-0 μm Trachyte 59,27% 14FR17 H.S. Trachyte 50,89% 14FR19 100-63 μm Trachyte 55,83%
14FR24 63-40 μm Picrobasalt 58,57% 14FR17 P.S. Trachyte 48,45% 14FR26 H.S. Rhyolite 52,99%
14FR19 100-63 μm Trachyte 58,38% 14FR14 63-40 μm Trachybasalt 47,71% 14FR22 H.S. Trachyte 52,14%
14FR18 100-63 μm Phonolite 57,80% 14FR05 40-0 μm Trachybasalt 47,65% 14FR02 100-63 μm Trachyandesite 51,51%
14FR26 H.S. Rhyolite 56,93% 14FR17 63-40 μm Trachyte 47,56% 14FR17 63-40 μm Trachyte 50,57%
14FR27 H.S. Trachyte 51,08% 14FR22 P.S. Trachyte 46,54% 14FR02 40-0 μm Trachyandesite 50,56%
14FR09 63-40 μm Trachybasalt 48,84% 14FR04 40-0 μm Picrobasalt 46,48% 14FR26 100-63 μm Rhyolite 50,21%
14FR22 63-40 μm Trachyte 48,41% 14FR18 160-100 μm Phonolite 46,27% 14FR09 63-40 μm Trachybasalt 49,39%
14FR27 P.S. Trachyte 48,05% 14FR19 63-40 μm Trachyte 45,92% 14FR17 100-63 μm Trachyte 49,18%
14FR26 160-100 μm Rhyolite 47,86% 14FR17 40-0 μm Trachyte 44,19% 14FR22 63-40 μm Trachyte 48,53%
14FR11 40-0 μm Trachybasalt 47,80% 14FR26 63-40 μm Rhyolite 43,80% 14FR11 40-0 μm Trachybasalt 48,45%

DatabaseDatabaseDatabase

The studied powder (rock and grain size) is highlighted in orange; the other powders of the studied rock but with a different grain size are highlighted in pink. 
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Examples of matching results are displayed in Table 4 (results for all 
samples can be found in Table S2). For 32% of the powders the identi
fication is exact, i.e., the studied powder corresponds to the highest 
matching value. The studied powder is in the top five for 91% of cases 
and in the top three for 59%. More interestingly, in 77% of cases, the 
best match occurs for the same rock but at a different grain size. Also in 
77% of cases, the best match occurs for a sample with a similar grain size 
distribution (i.e., 40 μm > G.S. > 0 μm). Finally, for 91% of cases, a rock 
with a similar or adjacent composition as defined by the TAS diagram is 
in the top three matches. This statistic is very high and demonstrates the 
efficiency of the method. 

Similarly, the vector of the ESA-01-E picrobasalt analogue sample (G. 
S. < 40 μm) was compared with the 132 vectors in the database. As 
displayed in Table 5 (see Table S2 for the complete table) the picrobasalt 
(14FR04) with G.S. < 40 μm, i.e., a sample of similar rock type and grain 
size distribution, is the second best match. Interestingly, the match with 
this sample is very high (81.21%) and very close to the best match 
(82.01%). Moreover, it is also the only powder with a G.S. < 40 μm and 
with a match higher than 70%, meaning that by estimating the grain size 
it would have been possible to identify the sample as demonstrated 
before (Table 3). 

4. Discussion 

4.1. TAS diagram versus CaliPhoto colours 

We have demonstrated that, with the CaliPhoto method, it is possible 
to evaluate the composition of powdered rocks with a high degree of 
accuracy (Tables 2 and 3). In Fig. 8, the average RGB colours of the 
different powders studied are reported in the TAS diagram. 

It was noted that the powders tend to be lighter with increasing 
content in silica, therefore, in order to confirm this phenomenon, pure 
quartz powder (Alfa Aesar, SiO2 99.5%, 2 μm APS) was added to the 
dataset and its luminance was plotted against silica content (Fig. 9), 
which showed that luminance increases more or less linearly with 
increasing silica content. 

4.2. Grain size effects 

It was shown that the apparent luminance of the powders varies with 
the grain size. The average RGB value of a powder thus does not permit 
the identification without knowing the grain size. On the other hand, 
using the colour vector, with the CaliPhoto method it is possible to 
identify the powder and to determine its grain size with a relatively good 

accuracy. Nevertheless, here we only consider a limited set of samples. 
In order to free the analyses from grain size effects, it would thus be 
better to create the reference database with the drill fines of analogue 
samples prepared using similar drilling parameters to those used on 
Mars in order to obtain powders with a representative grain size 
distribution. 

4.3. Coupling powders and hand samples 

Fig. 5 shows that the change in colour between the uncrushed and 
the crushed samples varies from one rock to another; obsidian changes 
from black to light grey while basalts remain relatively dark. Since both 
the drilled outcrop and the associated drill fines on Mars, prepared using 
a Rock Abrasion Tool system for example, can be imaged, use the colour 
of the rock before and after crushing can improve its identification. New 
photographs of the polished samples were thus acquired under different 
illumination conditions (i.e., a change in the camera position and in the 
orientation and intensity of the light source). These new images of the 
polished samples, for which the names start by “UNK-”, are then 
considered as images of “unknown” samples to be identified by com
parison with those of the database. They are displayed in Figs. S1 and S2 
before and after CaliPhoto image processing, respectively. The average 
RGB values of the “unknown” polished samples were compared to those 
of the database using a matching parameter defined by Eq. (4), which 
was then combined with those obtained for the “unknown” powders 
according to the following matching parameter: 

Mij = MPol
ij ×MPow

ij (7) 

With Mij
Pol and Mij

Pow the matching values for polished and 
powdered (G.S. < 40 μm) samples, respectively. Examples of matching 
results are displayed in Table 6 (full results can be found in Table S3). 
The identification is exact for 68% of rocks, i.e., the studied powder 
corresponds to the highest matching identification from the database. In 
95% of cases, the studied sample is in the top two matches, and in 100% 
of cases, it is in the top three. Moreover, when the studied sample is only 
in the second or third position, the difference with the best match is 
always lower than 1%. Considering 1% of uncertainty, it is thus possible 
to conclude that the identification is correct for all samples. This is all 
the more true since, in 82% of cases, the best match occurs for rocks with 
similar composition and, for 14% of cases, with a rock of adjacent 
composition as defined by the TAS diagram. The only rock for which the 
best match does not correspond to the studied rock nor to a rock with 
composition adjacent in the TAS diagram is the picrobasalt 14FR24. 
Nevertheless, the best match occurs for the basaltic trachyandesite 
14FR03 with a percent match of 93.97% while the sample 14FR24 is in 
second position with a percent match of 93.31%. The composition of 
these samples is also not very different (see Table 1 and Fig. 8). The 
interest of using the polished and powdered samples is the increase in 
the range of match percent (ranging between 99% and 30% against 99% 
and 60% with powders only). This strongly increases confidence in rock 
identification. 

Similarly, the method was tested on powdered and polished section 
samples of the ESA analogue picrobasalt (see Fig. 4). The combined RGB 
matching percentages, given by Eq. (7), against the samples of the 
reference database are given in Table 7, which demonstrates that the 
best match of 97.51% occurs with sample 14FR24 (picrobasalt), and that 
the second match only 92.16%. The CaliPhoto method thus permits the 
clear identification of the ESA-01-E sample as a picrobasalt. 

5. Conclusions and perspectives 

The CaliPhoto method was used to determine whether rock powders 
can be used to identify the composition of the parent rock and/or if their 
compositions can be estimated using only photographs. Using a diverse 
suite of volcanic rocks, we demonstrated that, for a given grain size 

Table 5 
Example of matching results for the unknown sample (ESA-01-E) against 
the average RGB values of the reference sample database (only the first 12 
lines over 132; see Table S2 in supplementary materials for full results). 

ESA-01-E-40-0µm
Picrobasalt

14FR19 63-40 μm Trachyte 82,01%
14FR04 40-0 μm Picrobasalt 81,21%
14FR18 160-100 μm Phonolite 79,98%
14FR14 63-40 μm Trachybasalt 78,96%
14FR19 100-63 μm Trachyte 69,82%
14FR25 40-0 μm Basalt 69,19%
14FR03 40-0 μm Basal�c trachyandesite 67,04%
14FR05 40-0 μm Trachybasalt 66,91%
14FR01 100-63 μm Basanite 64,39%
14FR09 63-40 μm Trachybasalt 63,64%
14FR08 63-40 μm Tephrite/basanite 62,22%
14FR22 63-40 μm Trachyte 61,63%

Database
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distribution, it is possible to either identify a powder or estimate its 
composition using a reference database. For rocks included in the 
database created thus far, the method enables their identification with a 
very good level of accuracy. For rocks not included in the database, it 
was possible to make a good match based on rocks of similar composi
tion in the database. Even for rocks having similar elemental composi
tion but very different bulk colours, such as rhyolite (light) and obsidian 
(dark), the method permits accurate identification since they have a 
similar powder colour. Using various grain size distributions, we showed 
that the accuracy of identification remains good, permitting both the 
approximate grain size and the composition of the sample to be deter
mined. Finally, by combining images of polished and crushed samples, it 
was possible to identify a rock in 70% of cases, 100% considering the 
uncertainties. 

The CaliPhoto method is thus as a very useful tool for igneous rock 
identification. Of course, the method can still be improved. The number 
of rocks in the database can be increased to include other lithologies, 
sedimentary rocks in particular. Increasing the number of reference 
pictures per sample in the database would also improve the method. 
Similarly, using different images of the same powder could strongly 
improve its identification using a statistical approach (e.g., a Student's t- 
distribution or artificial intelligence/machine learning methods). 

The CaliPhoto method could be very useful during planetary explo
ration to assist in the identification of rocks during drilling without 
requiring the addition of any new instrumentation, except a dedicated 
target. It uses compressed jpg images which, after resizing to 1200 ×
1020 px, range from 600 to 1000 kilobytes. Moreover, it is possible to 
automatize target detection and implement the image-processing 

Fig. 8. TAS composition and average colour of the studied rock powders (grain size distribution <40 μm) after CaliPhoto image processing. The different domains of 
the TAS diagram are filled with the average colours of the corresponding powders. 

Fig. 9. Luminance versus SiO2 content. Circles are filled with the average colour of the corresponding powdered samples (grain size distribution <40 μm) after 
CaliPhoto image processing. 
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Table 6 
Examples of matches between the average RGB values of four samples (polished + powdered, G.S. < 40 μm) and those of the reference sample database. 

UNK-14FR01 UNK-14FR02 UNK-14FR03 UNK-14FR04
Basanite Trachyandesite Basal�c trachyandesite Picrobasalt

14FR08 Tephrite/basanite 97,84% 14FR02 Trachyandesite 97,62% 14FR03 Basal�c trachyandesite 98,75% 14FR01 Basanite 98,06%
14FR01 Basanite 97,61% 14FR21 Trachyandesite 91,81% 14FR25 Basalt 97,23% 14FR04 Picrobasalt 97,92%
14FR04 Picrobasalt 95,65% 14FR19 Trachyte 90,54% 14FR02 Trachyandesite 93,44% 14FR08 Tephrite/basanite 96,44%
14FR05 Trachybasalt 93,92% 14FR03 Basal�c trachyandesite 90,49% 14FR01 Basanite 90,78% 14FR05 Trachybasalt 95,46%
14FR09 Trachybasalt 93,55% 14FR25 Basalt 90,29% 14FR08 Tephrite/basanite 89,67% 14FR09 Trachybasalt 93,37%
14FR11 Trachybasalt 92,15% 14FR09 Trachybasalt 83,91% 14FR09 Trachybasalt 89,59% 14FR25 Basalt 92,11%
14FR03 Basal�c trachyandesite 91,91% 14FR01 Basanite 83,11% 14FR04 Picrobasalt 89,46% 14FR03 Basal�c trachyandesite 91,89%
14FR25 Basalt 91,59% 14FR08 Tephrite/basanite 82,76% 14FR05 Trachybasalt 87,38% 14FR11 Trachybasalt 91,13%
14FR24 Picrobasalt 90,24% 14FR18 Phonolite 82,76% 14FR11 Trachybasalt 86,51% 14FR24 Picrobasalt 91,11%
14FR14 Trachybasalt 87,23% 14FR11 Trachybasalt 82,19% 14FR21 Trachyandesite 86,28% 14FR14 Trachybasalt 88,09%
14FR02 Trachyandesite 86,70% 14FR04 Picrobasalt 81,44% 14FR14 Trachybasalt 83,04% 14FR02 Trachyandesite 85,33%
14FR23 Basanite 82,54% 14FR05 Trachybasalt 79,65% 14FR24 Picrobasalt 82,85% 14FR23 Basanite 83,79%
14FR21 Trachyandesite 80,93% 14FR22 Trachyte 78,76% 14FR19 Trachyte 82,37% 14FR07 Trachybasalt 81,72%
14FR07 Trachybasalt 80,18% 14FR14 Trachybasalt 75,73% 14FR22 Trachyte 80,22% 14FR21 Trachyandesite 79,09%
14FR19 Trachyte 76,37% 14FR24 Picrobasalt 75,69% 14FR18 Phonolite 77,25% 14FR19 Trachyte 74,89%
14FR22 Trachyte 73,88% 14FR27 Trachyte 71,21% 14FR23 Basanite 75,87% 14FR22 Trachyte 73,36%
14FR18 Phonolite 72,36% 14FR23 Basanite 68,70% 14FR07 Trachybasalt 74,09% 14FR18 Phonolite 70,77%
14FR27 Trachyte 58,61% 14FR17 Trachyte 68,63% 14FR27 Trachyte 63,81% 14FR27 Trachyte 57,26%
12US02 Obsidian 56,99% 14FR07 Trachybasalt 66,73% 14FR17 Trachyte 61,60% 12US02 Obsidian 56,36%
14FR17 Trachyte 56,01% 14FR26 Rhyolite 64,15% 14FR26 Rhyolite 57,28% 14FR17 Trachyte 54,75%
14FR26 Rhyolite 52,04% 12US02 Obsidian 55,36% 12US02 Obsidian 53,77% 14FR26 Rhyolite 50,85%
14FR12 Rhyolite 42,55% 14FR12 Rhyolite 53,51% 14FR12 Rhyolite 47,27% 14FR12 Rhyolite 41,42%

Database Database Database Database

These samples considered as “unknown” were imaged in different orientation and light conditions to those of the database. The results are given in percent match. (Full results are displayed in Supplementary Materials). 
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algorithm directly in the probe. In that case, only the average RGB 
values or colour vectors would be returned to Earth, totalling only a few 
tens of octets. Unfortunately, the reference target required for the 
CaliPhoto method will not be available during the ExoMars 2022 
mission, and the calibration targets on board these rovers will never be 
located sufficiently close to the powders even to apply a simplified 
version of the method. It is nevertheless envisioned to try to use the 
method during ExoMars 2022 by using the model of the rover available 
on Earth. The idea is to reproduce in the laboratory the lightening 
conditions (light orientation, intensity and shadows) under which each 
photograph will be taken in situ, to make an image of the CaliPhoto 
reference target in these conditions, then to use this image to determine 
the CaliPhoto correction to apply to the photograph taken in situ, and 
finally to compare the processed images with those of an analogue 
sample database. 

The CaliPhoto method is not intended to supplant more specific 
instrumentation, but rather to serve as a complementary method that 
could be more widely applied to the interpretation of data acquired 
using other techniques. Conversely, the identification of rock powders 
using the CaliPhoto method would be strongly improved by taking into 
account the geological context and complementary data obtained with 
other instruments. 

Finally, CaliPhoto is a very low-cost method, easy to implement and 
to incorporate into any exploration protocols. It can be used to link 
optical images taken in the field using a standard camera to measure
ments obtained by laboratory instrumentation (ICP-AES data, for 
example). Its uses are thus not limited to space exploration, it could be 
readily applied to image-based studies in geology, materials science, 
biology, and other disciplines. 
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Schlotterer, M., Krause, C., Ho, T.-M., Moussi-Soffys, A., 2019. Low thermal 
conductivity boulder with high porosity identified on C-type asteroid (162173) 
Ryugu. Nat. Astron. 3, 971–976. https://doi.org/10.1038/s41550-019-0832-x. 

Grotzinger, J.P., Crisp, J., Vasavada, A.R., Anderson, R.C., Baker, C.J., Barry, R., 
Blake, D.F., Conrad, P., Edgett, K.S., Ferdowski, B., Gellert, R., Gilbert, J.B., 
Golombek, M., Gomez-Elvira, J., Hassler, D.M., Jandura, L., Litvak, M., Mahaffy, P., 
Maki, J., Meyer, M., Malin, M.C., Mitrofanov, I., Simmonds, J.J., Vaniman, D., 
Welch, R.V., Wiens, R.C., 2012. Mars science laboratory mission and science 
investigation. Space Sci. Rev. 170, 5–56. 

Hazeli, K., El Mir, C., Papanikolaou, S., Delbo, M., Ramesh, K.T., 2018. The origins of 
Asteroidal rock disaggregation: interplay of thermal fatigue and microstructure. 
Icarus 304, 172–182. https://doi.org/10.1016/j.icarus.2017.12.035. 

Horgan, B.H.N., Anderson, R.B., Dromart, G., Amador, E.S., Rice, M.S., 2020. The 
mineral diversity of Jezero crater: evidence for possible lacustrine carbonates on 
Mars. Icarus 339, 113526. https://doi.org/10.1016/j.icarus.2019.113526. 
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