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Abstract: The presence of minerals formed under the occurrence of liquid water during the first
billion years on Mars was a key discovery, but there is still a large number of open issues that make
the study of these mineral deposits a main focus of remote sensing and laboratory studies. Moreover,
even though there is extensive research related to the study of the spectral behavior of mixtures,
we still lack a full understanding of the problem. The main goal of this work is the analysis of the
detection limits of hydrated and carbonate phases within mixtures with basaltic-like fine regolith
in the spectral region 1.0–5.5 µm (1818–10,000 cm−1). We selected two different basalt samples
and mixed them with two carbonate phases: a dolomite and a calcite. Spectral features have been
investigated isolating the main carbonate absorption features and overtones; deriving trends of
spectral parameters such as band depth, band area, full-width-half-maximum; percentage and grain
size variations. The results obtained in this work show how the presence of a basaltic component can
strongly influence the appearance of the hydrated and carbonate features showing different trends
and intensities depending on the grain size and percentage of the carbonate components.

Keywords: terrestrial planets; planet composition; satellites composition; data analysis; spectroscopic;
infrared; planetary systems

1. Introduction

Investigations on the presence of carbonate deposits on Mars are extremely useful for
understanding the paleoclimate of the Red Planet. As a result of the interaction between
CO2, water and rocks, carbonate phases provide a key role in helping to reveal the past
environmental conditions on Mars and its atmospheric evolution. Specifically, carbonate
phases preserve the record of the history of liquid water and characteristics such as pH
and range of temperatures during their formation. Significant amounts of carbonates are
expected to be present in many places on the Martian surface as result of the interaction
between rocks, the CO2-rich atmosphere, and liquid water [1]. Indeed, carbonate might
have been a significant phase produced on Mars under a potentially thick CO2-rich atmo-
sphere and a warm and wet climate during the Noachian era dated back to ~3.8–4 Gy [2–4].
However, questions regarding carbonate detection and whether Mars was warm and wet
during the Noachian era are still a bit controversial.

There is an ongoing debate on how past Martian climate conditions can be recon-
structed [5]; the most popular method is based on the evaluation of past water discharges
in fluvial channels [6–8] associated with volumetric and temporal estimation methods of
lacustrine environments [9]. However, related mineralogical and chemical investigations
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are also of key importance [10] and have not only paleoclimatic but also astrobiology
implications: especially given that, in the case of carbonate minerals, the precipitation of
carbonate in a liquid water environment is a key biosignature preservation mechanism [11].
The investigation and detection of ancient carbonate deposits on the Red Planet surface
is therefore a major target for present and future lander investigation as well as analysis
of Mars return samples, and it provides support for paleo-environmental reconstruction
from the next surface missions with subsurface access [12,13] which in turn influences
habitability factors [14].

Carbonate has been detected on several regions on Mars thanks to spaceborne obser-
vations; the orbital CRISM instrument (Compact Reconnaissance Imaging Spectrometer for
Mars onboard the Mars Reconnaissance Orbiter [15]) allowed initial mapping of carbonate
and other secondary mineral deposits in ancient Mars terrains [16,17]. Landed instruments
also allowed the detection of carbonate deposits: such deposits have been identified for
example by the Spirit Rover (NASA) in the Columbia Hills in Gusev Crater [18] and by
the Phoenix lander in the Martian polar soil. Moreover, carbonate has also been detected
in Martian meteorites [19]. However, Martian carbonate has only been detected in two
(nakhlite and ALH 84001) [1,20–22] of the more than 180 Martian meteorites [1], and
massive carbonate deposits have not yet been identified on the Mars surface [23]. More
importantly, so far there has been only one clear orbital detection of carbonate deposits on
Mars in proximity to fluvio-lacustrine features and it is the one in Jezero Crater [23].

A more significant amount of carbonate is expected to be present on the Martian
surface as a result of a warm and wet ancient Mars scenario [3,24–26]. However, pale-
oclimatic models [27–33] fail to give a univocal explanation about how and how long a
warm and wet climate could have been sustained on early Mars. Other than a warm and
wet Noachian scenario, a cold and icy one has also been proposed, characterized instead
by seasonal temperature variations able to produce sufficient warm temperatures for ice
melting and surface runoff to account for the observed geological (fluvial and lacustrine)
and mineralogical (water alteration mineral deposits) features [34]. From this perspective,
addressing the carbonate detection question is a key to understanding which scenario
might better explain the past climatic conditions on Mars and its evolution through time.

If on one hand, the missing massive carbonate detections on Mars could led to consider
a different past scenario, on the other hand, it could be related to the fact that the minimum
percentage of carbonate needed for detection by remote sensing instruments may be much
higher than what has been expected up to now [35]. Carbonate signatures might be masked
by the presence of other mineral phases; recently carbonates have been found in mixtures
with clays in weathering profiles in Oxia Planum [36].

Laboratory studies of the spectral behavior of mixtures of carbonates and their de-
tectability in the spectral range of the remote sensing spectrometers in orbit around Mars,
as well as numerical simulations on their detectability, would be very useful to help better
understand their controversial detection. Numerical simulations [37–39], have shown that
detecting small grains of calcium carbonate is very difficult in mixtures of limestone and
palagonite with a carbonate mass percentage below 20% [39].

In this work we explore how the detection of carbonate minerals can be influenced
and limited by coexisting and mixing with basalt rocks that might alter the appearance
and detection of the carbonate spectral features. We therefore explore the spectral behavior
using laboratory mixtures of carbonates with basalt-like fine regolith to better investigate
the extent to which the appearance of the carbonate spectral features can be modified
or masked by the spectral features of basalt regolith. We characterize the sensitivity of
mixture spectra to the fraction, type, and grain size of the endmembers. For this study
we selected two different types of basalts (a pyroxene-dominated and an olivine-bearing
basalt) and mixed them with two carbonates (a calcite and a dolomite). The methodology
applied in the creation of mixtures and in the laboratory measurements, along with the
data analysis procedure, are described in Section 2. All the spectral measurements were
performed at the Planetary Spectroscopy Laboratory (PSL) of the German Aerospace
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Center (DLR, Berlin, Germany) as described in Section 2. Carbonate spectral features were
isolated, and their variations were analyzed in relation to grain size, percentage, and basalt
endmember. The results obtained are shown and discussed in Sections 3 and 4. A summary
and the implications of these results in terms of carbonate detections on Mars are described
in Section 5.

2. Laboratory Methodology and Data Analysis Procedure

To investigate the detection limits of hydrate and carbonate phases in Mars remote
sensing spectral data, we studied the laboratory spectral behavior of mixtures with a
basaltic fine regolith as a Mars surface analog. On a larger scale, this work is a part of
a laboratory effort that seeks to provide new experimental spectral data derived from a
systematic study of the spectral behavior of particulate mixtures that will be useful not
only for the investigation of the Martian surface composition but also for the study of other
planetary body surfaces.

The methodology applied in this work is based on: (1) sample preparation and creation
of laboratory mixtures; (2) acquisition of bidirectional laboratory reflectance measurements
of sample endmembers and mixtures; (3) laboratory spectral data analysis in the NIR-MIR
(from 1 up to 5.5 µm) through the evaluation and study of spectral parameter trends in
mixtures with percentage and grain size variations. The investigated spectral range is
interesting for future comparison with CRISM/OMEGA spectral data.

2.1. Sample Preparation and Creation of Laboratory Mixtures

In this study, we selected two natural basalt samples with grain size <50 µm: a
pyroxene-dominated basalt (ID: A2; hereafter named as “Px-basalt”) and an olivine-bearing
basalt (ID: PY7MM; hereafter referred as “Ol-basalt”).

The A2 Px-basalt is a sample from Iceland, and it is a tholeiitic basalt with a total iron
content of 14.82 wt.% and with clinopyroxene as the predominant mafic phase [40,41].

The Py7MM Ol-basalt is a Pampas Onduladas sample from Payún Matrú, Ar-
gentina [40–42]. Py7MM is an alkali–olivine basalt with a total iron content of 11.3 wt.%.
The two sample compositions differ in the presence of plagioclase, which is prevalent in
the A2 Px-basalt samples while totally absent in Py7MM Ol-basalt.

The two selected basalts were mixed with two natural carbonate materials, a dolomite
and a calcite, at different grain sizes: a dolomite (CIS11C), with some hydration, at four
different grain sizes (100–125 µm; 200–224 µm; 300–400 µm; and 600–710 µm); and a calcite
at two different grain sizes (100–125 µm and 200–224 µm).

The dolomite sample isfrom the Vado di Corno fault zone (Campo Imperatore, L’Aquila,
Italy), and it is composed of 98 wt.% dolomite and 2 wt.% calcite [43–45]. The calcite sample
is from Santa eulalia, Chihuahua, Mexico [46].

For basalt samples, the different grain size was produced starting from the original
rocks and crushing and sieving all the material to lower than 50 microns adopting the
following procedure: at the first stage, we systematically powdered the rocks at 200 microns;
then the resulting material was repetitively crushed (for a few seconds) and sieved. To sieve
the material, intermediated sieves (150–125–100 µm) plus the <50 µm sieve were used to
avoid a massive production of very fine material (<10 µm).

For the carbonate samples, since they are almost monomineralic, we first crushed
them at 1.00 mm for the CIS11C (dolomite) and at 500 microns for the calcite; then we
used the same approach, crushing and sieving at intermediate levels, to produce several
grain sizes. Then, considering the amount of material and the spectral properties of the
samples obtained, we chose the above-mentioned grain sizes for creating our mixtures.
For each basalt endmember, four grain sizes of dolomite and two grain sizes of calcite
were intimately mixed in the following increasing weight ratios (carbonate endmember
percentage): 20%, 40%, 60%, and 80% for a total of 48 mixtures.

Mineral and bulk chemistry of the endmember samples analyzed in this work were
obtained through electron microbe analysis with a CAMECA SX50 (EMP) at the microprobe
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laboratory of C.N.R.-IGG in Padua and by the XRF laboratory at the Geoscience Department
of the University of Padova (see [40,43–45]) apart from the calcite sample. The bulk
chemistry was done on a representative portion of the samples.

2.2. Laboratory Spectral Measurements

Bidirectional reflectance measurements were acquired at PSL in a vacuum (0.7 mbar)
environment by using a Bruker Vertex80V FTIR spectrometer and a Bruker A513 variable-
angle accessory that allows bi-conical reflectance measurements for varying viewing geome-
tries with different phase angles. For this work we chose the following angle configuration:
i (incidence) = 0◦, e (emission) = 30◦. A standard gold-coated reference (measured under the
same illumination conditions) was used for the calibration of each acquired measurement.
Each spectrum was acquired with a spectral resolution of 4 cm−1. A total of 500 interfer-
ograms were collected for each sample during the experiment and then averaged by the
instrument itself to increase the signal-to-noise ratio of the data [47,48].

To decouple the effect of carbonate percentage and grain size on reflectance spectra
in the investigated range, we first measured the reflectance of each basalt endmember
and of each carbonate endmember at different grain sizes. Then, each mixture sample
was measured in reflectance following the same protocol used for the measurements on
the endmembers.

2.3. Spectral Data Analysis Procedure

Data analysis consisted of the investigation of the spectral features of the carbonate
phases by means of band isolation and spectral parameter evaluation.

All spectral features were analyzed through the evaluation of the spectral parameters:
band center (BC), band area (BA), band depth (BD), full-width-half-maximum (FWHM),
and the ratio BA/BD. Spectral indexes were derived from isolated absorption bands
in reflectance spectra after removing the spectral continuum. Continuum removal was
computed following the procedure adopted by [49], drawing a straight line between the
edges for each band (i.e., the maxima on both sides of the band), and then was removed by
dividing the spectrum by this line. In the presence of multiple minima in a wider absorption
feature, we evaluated the spectral continuum considering the shoulders of the main band.
Following the procedure described in [50], the band depth was defined by the relation BD
= (RC − RB)/RC, where RC and RB are the reflectance factors of the band at the spectral
continuum level and at the position of the band minimum, respectively. The FWHM was
obtained by intersecting the isolated band with a horizontal line passing through the middle
point of its depth. BA was defined as the total area given by the sum of the rectangle area
in the isolated absorption band (a width value corresponding to the spectral sampling was
adopted, as in [51]). For bands with multiple minima spectral parameters, BA and FWHM
were also computed in relation to the entire band. For each spectral parameter, we derived
trends with percent and grain size and retrieved correlation parameters.

3. Reflectance Spectroscopy of Sample Endmembers and Mixtures

Reflectance spectra of the basaltic and carbonate endmembers are shown in Figure 1.
The A2 Px-basalt shows a broad feature around 2.3 µm (4348 cm−1), while the Py7MM Ol-basalt
has a hydration feature around 3 µm (4348 cm−1). Basaltic endmember reflectance behavior
and spectral features were also analyzed in detail in the VNIR spectral range in [40–42].
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Figure 1. Upper panel: spectra of CIS11C (dolomite) endmember in different grain sizes and basalt 
endmembers. Bottom panel: spectra of calcite endmember in different grain sizes and basalt 
endmembers. Yellow circles indicate the carbonate spectral features investigated in this work. 

In sum, for the mixtures of the two basalts with the dolomite endmember, the 
following spectral features were investigated (see Figure 1, upper panel): 1.4 µm (7143 
cm−1); 1.9 µm (5263 cm−1); 2.3 µm (4348 cm−1); 2.5 µm (4000 cm−1); 3.4 µm (2941 cm−1); 3.9 
µm (2564 cm−1); 4.3 µm (2326 cm−1); 4.6 µm (2174 cm−1); and 5.1 µm (1961 cm−1). On the 

Figure 1. Upper panel: spectra of CIS11C (dolomite) endmember in different grain sizes and basalt
endmembers. Bottom panel: spectra of calcite endmember in different grain sizes and basalt end-
members. Yellow circles indicate the carbonate spectral features investigated in this work.

The spectra of the carbonate endmember samples arecharacterized by the presence of
combinations and overtones of the main CO−2

3 absorption features located in the region
between 7 and 14 µm due to symmetric and asymmetric stretching and deformation of the
CO−2

3 molecule: v1—9.0 µm (1111 cm−1); v2—11.4 µm (877 cm−1); v3—6.9 µm (1449 cm−1);
and v4—13.9 µm (719 cm−1). Overtones and combinations of these vibrations generate the
presence of spectral absorption features around 2.35 (3 v3) and 2.55 µm (v3 − v1 + 2v3)
(4255 and 3921 cm−1, respectively,) [52,53]. Three strong CO−2

3 absorptions arealso present
around 3.4 µm (2941 cm−1), 3.9 µm (2564 cm−1), and 4.6 µm (2174 cm−1). The 3.4 µm
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(2941 cm−1) feature is assigned to the overtone 2ν3 of the fundamental vibration ν3; the
3.9 µm (2564 cm−1) feature is due to a combination of the ν1+ ν3 of the fundamental vibrations
ν1 and ν3 [54,55]; and the 4.6 µm (2173 cm−1) feature resulted from the combination tone
(v4 + v3) [55]. These features all show a double structure with two separate minima influenced
by the grain size of the carbonate and are diagnostic of anhydrous carbonates [54,56]. Spectra of
dolomite and calcite endmembers also show smaller common spectral features around 4.3 µm
(2325 cm−1) and 5.1 µm (1961 cm−1) [57]. In the spectra of hydrated dolomite, a 3 µm
(3333 cm−1) broad absorption band isvisible, and this results from absorbed water [58].
H2O/OH− are also responsible for the spectral bands visible around 1.4 µm (7143 cm−1)
and 1.9 µm (5263 cm−1) [52,53] in the spectra of dolomite.

The spectra of calcite show two spectral features around 2.75 (3636 cm−1) and 3.1 µm
(3226 cm−1) due to OH stretching vibration. A faint and narrow spectral feature present
near 1.75 µm (5714 cm−1) could result from CO−2

3 absorption (Gaffey, 1986). In addition,
two other small and narrow features are also present in the spectra of calcite around 2.0 µm
(5000 cm−1) that are interpreted as overtones of the degenerate v3 combined with the
non-degenerate v1 or its overtone [59]. These three features were not analyzed in this work
because they were too narrow and not detectable in the mixtures’ spectra.

In sum, for the mixtures of the two basalts with the dolomite endmember, the follow-
ing spectral features were investigated (see Figure 1, upper panel): 1.4 µm (7143 cm−1);
1.9 µm (5263 cm−1); 2.3 µm (4348 cm−1); 2.5 µm (4000 cm−1); 3.4 µm (2941 cm−1); 3.9 µm
(2564 cm−1); 4.3 µm (2326 cm−1); 4.6 µm (2174 cm−1); and 5.1 µm (1961 cm−1). On the
other hand, for the mixtures with the two basalts with calcite, we investigated the following
spectral features (see Figure 1, bottom panel): 2.3 µm (4348 cm−1); 2.5 µm (4000 cm−1);
2.75 µm (3636 cm−1); 3.1 µm (3226 cm−1); 3.4 µm (2941 cm−1); 3.9 µm (2564 cm−1); 4.3 µm
(2326 cm−1); 4.6 µm (2174 cm−1); and 5.1 µm (1961 cm−1).

The spectra obtained for the mixtures of A2 Px-basalt and PY7MM Ol-basalt + hydrated
dolomite, at different percents and grain sizes, are shown in Figures 2 and 3, respectively.
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Figure 3. Mixture spectra of PY7MM (Ol-basalt) + CIS11C (dolomite) with various percentages
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The spectra obtained for the mixtures A2 (Px-basalt) and PY7MM (Ol-basalt) + calcite,
at different percents and grain sizes, are shown in Figure 4 in the upper and bottom panels,
respectively.
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4. Analysis of Carbonate Spectral Features

The spectral behavior of each isolated band was investigated in relation to carbonate
percent and grain size variations to assess the sensitivity of carbonate detection in mixture
with basalts to percentage and grain size changes.

We observed that some bands are visible in almost all the mixtures, and their spectral
parameters show a linear trend that decreases with increases in the basalt component
percentage. This is observed, for example, for the bands 3.4 µm (2941 cm−1), 3.9 µm
(2564 cm−1), and 4.3 µm (2326 cm−1) for the mixtures of A2 (Px-basalt)/PY7MM (Ol-basalt)
and dolomite (100–125 µm) and A2 (Px-basalt) (200–224 µm) and in all the mixtures with
the calcite endmembers. For all the mentioned mixtures, even though the appearance of
these spectral features is reduced, they can still be detected even when the percentage of
carbonate is 20%. However, the correct retrieval of the spectral parameters is complicated
by the faintness of these features in laboratory spectra (due to the low intensity and spectral
contrast of the absorption features), and it can be even more complicated to detect them in
orbital data.

In the mixtures of the two basalt endmembers with the coarse samples of hydrated
dolomite, we observe that the two bands 3.4 µm (2941 cm−1) and 3.9 µm (2564 cm−1) are
still visible when the carbonate is 20%, while the 4.6 µm (2174 cm−1) band reaches its
detection limit in the mixtures with only 20% carbonate.

The trend of the spectral parameters BD, FWHM, BA, and BA/BD for the 3.4 um
(2941 cm−1) band is shown in Figure 5. Linear relations between BD, FWHM, BA, and
BA/BD vs. percentage and vs. grain were derived, and the correlation factor R for each
sample is reported in the legend in Figure 5, in the following Figures 6 and 7, and in the
Supplementary Material. We observed a linear correlation of the retrieved spectral parame-
ters with percentage and grain size of the carbonate component, with R (correlation factors)
ranging from 0.8 (minimum) to 0.99 (maximum).

Minerals 2023, 13, 764 10 of 16 
 

 

 
Figure 5. Trend of the spectral parameters BD, BA, FWHM, and BA/BD with various carbonate 
endmember percentages for the band around 3.4 µm (2941 cm−1) for all the analyzed mixture and 
carbonate endmember spectra. 

For some of the carbonate spectral features, the detection is even more complicated 
because the bands reach the detection limits for most of the analyzed mixture spectra. This 
was observed in particular for the bands below 2.6 µm (3846 cm−1), as, for example, for the 
two bands centered around 2.3 µm (4348 cm−1) and 2.5 µm (4000 cm−1). The trends of the 
spectral parameters with various carbonate endmember percentages are shown in Figure 
6 for the band centered at ~2.5 µm (4000 cm−1). 

 
Figure 6. Trends of the spectral parameters BD, BA, FWHM, and BA/BD with various carbonate 
endmember percentages for the band around 2.5 µm (4000 cm−1) for all the analyzed mixture and 
carbonate endmember spectra. 

Figure 5. Trend of the spectral parameters BD, BA, FWHM, and BA/BD with various carbonate
endmember percentages for the band around 3.4 µm (2941 cm−1) for all the analyzed mixture and
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For some of the carbonate spectral features, the detection is even more complicated
because the bands reach the detection limits for most of the analyzed mixture spectra.
This was observed in particular for the bands below 2.6 µm (3846 cm−1), as, for example,
for the two bands centered around 2.3 µm (4348 cm−1) and 2.5 µm (4000 cm−1). The trends
of the spectral parameters with various carbonate endmember percentages are shown in
Figure 6 for the band centered at ~2.5 µm (4000 cm−1).

The 2.5 µm (4000 cm−1) band is not detectable for any mixture with only a 20% car-
bonate component. In the mixtures of A2 (Px-basalt) with calcite 100–125 µm and with



Minerals 2023, 13, 764 10 of 15

calcite 200–224 µm, the band was big enough to evaluate the spectral parameters only for
the mixtures with an 80% carbonate component present.

The trend is linear with the percentage of the carbonate component present and with
grain size. The spectral parameters decrease linearly with the increase in the grain size,
as expected. An example can be seen in Figure 7, which shows the trend of the spectral
parameters for the band centered around 3.9 µm (2564 cm−1) for the mixtures A2 (Px-basalt)
and PY7MM (Ol-basalt) with hydrated dolomite.

A detailed description of the spectral behavior of all the investigated bands is reported
in the following subsections, and trends of spectral parameters with percentage for all the
mixtures are shown in the Supplementary Material of this manuscript.

4.1. Mixtures A2 Px-Basalt and PY7MM Ol-Basalt with Hydrated Dolomite

For the mixtures A2 (Px-basalt) + CIS11C (dolomite) we observed that:

- For all the studied bands, BD and BA show an increasing trend as the percent of
carbonate present increases;

- There are no major shifts in the BC position;
- By fixing the carbonate percentage and analyzing the trend of BD and BA as a function

of grain size, BD and BA seem to systematically decrease as the grain size increases
for all bands visible in the mixtures;

- The 1.4 µm (7143 cm−1) band is not visible in any mix;
- The 1.9 µm (5263 cm−1), 2.3 µm (4348 cm−1), and 2.5 µm (4000 cm−1) bands are not

visible in the mixtures at 20% with dolomite 600–710 µm and 300–400 µm; the 2.3 µm
(4348 cm−1) and 2.5 µm (4000 cm−1) are not easily visible in the mix at 40% because
they overlap with the basalt band. Therefore, the calculation of the spectral parameters
did not give consistent values;

- Bands 3.4 µm (2941 cm−1), 3.9 µm (2564 cm−1), 4.3 µm (2326 cm−1), and 4.6 µm
(2174 cm−1) are not visible in 20% mixes with 600–710 µm dolomite;

- The bands at 3.4 µm (2941 cm−1) and 3.9 µm (2564 cm−1) are faint in the 40% mixtures,
and with 600–710 µm dolomite, it was not possible to evaluate the spectral parameters;

- The bands 2.3 µm (4348 cm−1) and 2.5 µm (4000 cm−1) in the mixture at 20% and 40%
with dolomite 200–224 µm are barely visible but overlap with the 2.3 µm (4348 cm−1)
of A2 Px-basalt; therefore, the calculation of the spectral parameters did not give
consistent values (the same in the A2 mixtures with CS11C 100–125 µm at 40%).

For the mixtures of PY7MM (Ol-basalt) + CIS11C (dolomite) we observed:

- BD and BA show an increasing trend as the percent of carbonate present increases;
- There are no major shifts in the BC position;
- By fixing the carbonate percentage and analyzing the trend of BD and BA as a function

of the grain size, BD and BA seem to systematically decrease as the grain size increases
for all bands visible in the mixtures;

- The 1.4 µm (7143 cm−1) band is not visible in any mix;
- Bands 4.3 µm (2326 cm−1) and 4.6 µm (2174 cm−1) are not visible in the 20% mix with

600–710 µm dolomite.

4.2. Mixtures A2 Px-Basalt and PY7MM Ol-Basalt with Calcite

For the mixtures of basalts and calcite, it was also possible to isolate and study the
trend of the bands around 2.8 µm (3571 cm−1) and 3.1 µm (3226 cm−1). These bands are
clearly visible in the spectrum of calcite, unlike the spectrum of dolomite where the high
degree of hydration caused the presence in the spectra of a wide band at 3.0 µm (3333 cm−1)
that does not allow diagnostics of the 2.8 µm (3571 cm−1) and 3.1 µm (3226 cm−1) bands.
It is important to observe the strong spectral contrast between the spectrum of the calcite
100–125 µm compared to that of the sample of calcite 200–224 µm, as opposed to what hap-
pens for dolomite in the same grain size (see Figure 1); the spectra of dolomite 100–125 µm
and dolomite 200–224 µm are very similar to each other. This behavior can be explained by
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the fact that the two materials show different trends on reflectance brightness reducing the
grain sizes, and so they seem to have a different spectral point of white.

Globally, for the mixtures of A2 (Px-basalt) and PY7MM (Ol-basalt) with calcite, it was
observed that:

- BD and BA show an increasing trend as the percent of carbonate present increase;
- There are no major shifts in the BC position;
- The 1.4 µm (7143 cm−1) band is not visible in pure calcite; a small 1.9 µm (5263 cm−1)

band is visible in the calcite endmember spectrum, but it is small and immediately
becomes undetectable in mixtures spectra;

- The spectral parameters BA, FWHM, and BA/BD for the 2.8 µm (3571 cm−1) band
in the mix at 80% of Py7MM and calcite are greater than the values in pure calcite.
This happens because the band shape is modified by the presence of the Py7MM
basalt band in that range. In fact, in the other mixtures, the band is incorporated into
this structure, and it is not possible to distinguish it. However, with 80% of dolomite,
the band is visible, but its shape and related spectral parameters are influenced by
the basalt.

5. Summary and Implications for Mars Remote Sensing Data Analysis

This study presents the spectroscopic analysis of laboratory spectra of physical intimate
mixtures of carbonate minerals with two basalt-like Martian regolith samples in the spectral
range 1–5.5 µm in order to better investigate the detection limits of carbonates in mixtures
with basalts and provide hints for understanding the puzzle of detection of carbonates on
the surface of Mars.

Two different basalt samples with grain size < 50 µm (one pyroxene-dominated
and one olivine-bearing basalt) were selected for this study. The basalt samples were
mixed with two carbonate samples: a dolomite with some hydration at four different
grain sizes and a calcite at two different grain sizes. All the samples were measured in
bidirectional reflectance at PSL, and the spectra obtained were analyzed by isolating the
main carbonate spectral features and retrieving spectral parameter trends in relation to
carbonate percentage and grain size.

The application of spectral parameters to characterize a particular mineral in a labora-
tory mixture allowed the assessment of a detection limit for that mineral in the mixture.

General trends in the spectral parameters of basalt–carbonate mixtures have important
implications for detection of carbonate minerals on the Martian surface. Globally, we
observed that absorption features of the carbonate endmembers and of the mixed calcite
and dolomite with basaltic endmembers in the investigated laboratory spectra range are
influenced by grain size, carbonate mineral content, type of basalt, and level of hydration.
Variation in carbonate abundance and grain size causes variations in spectral contrast
and alteration of band shapes that affect carbonate identification. This work shows that
the main carbonate bands, when mixed with basaltic endmembers, show a linear trend
decreasing with decreases in the carbonate components and reach a detection limit when
the carbonate is coarse and occurs in small percentages. This is particularly evident for
the bands below 2.6 µm (3846 cm−1), while the broad carbonate bands located at about
3.4 µm (2941 cm−1) and 3.9 µm (2564 cm−1) might allow a better detection of these minerals.
Moreover, in remote sensing data, the detection is worsened by other factors such as mineral
textures on the surface of the planet, atmospheric contribution, and instrument sensitivity.
For example, in the case of CRISM data, carbonate is identified by the two absorption
features located at 2.3 µm (4348 cm−1) and 2.5 µm (4000 cm−1), while the features at 3.4 µm
(2941 cm−1) and 3.9 µm (2564 cm−1) are difficult to observe. The difficulties in detecting
the carbonate features at 3.4 µm (2941 cm−1) and 3.9 µm (2564 cm−1) in CRISM data could
be due to two main factors: (1) a non-efficient removal of atmospheric contributions with
spectral features that make the retrieval of surface components in the VNIR spectral range
controversial (atmospheric contributions can cause spectral shape variations beyond 2 µm
due to H2O and OH fundamental absorption around 3 µm [60]); (2) the possible presence
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of more hydrated minerals on the Mars surface with spectral features that dominate the
VNIR spectrum masking potential carbonate features. In our study, we observed that in
the mixtures with calcite, even in the case of low percentages of carbonate, these bands
aremore persistent with respect to what happens for mixtures with the dolomite samples.
This is due to the fact that our sample of dolomite is hydrated, and therefore, the spectra
show a weakening of the carbonate bands. The weakening of the carbonate spectral
features as a result of a higher level of hydration in the mineral was also observed in
previous studies through the application of different techniques. Raman and XRD studies
on a set of hydrous carbonates showed that the presence of structural water in hydrated
carbonates may produce a distortion in the CO3

−2 anion and a rearrangement of the
mineral structures resulting in a reduction in intensity and a shift in the position of the
fundamental CO3 bands, e.g., [61–64]. Changes in the fundamental CO3 bands in the
hydrous carbonates can, in turn, produce a weakening of the overtones and combinations
in the VNIR. Spectra of many hydrous carbonates have weak or missing 3.4 µm (2941 cm−1)
and 3.9 µm (2564 cm−1) features that are instead prominent and diagnostic in anhydrous
carbonates [65–67]. In addition, strong water-related absorptions may also mask weaker
CO3 absorptions in the VNIR [68,69].

The presence of high hydrated phases has been observed on Mars in the carbonate-
bearing terrains of the Jezero crater [23]. The Mottled Terrain in Jezero, in particular,
exhibits strong hydration bands and weak carbonate bands relative to the other units.

Further investigations of the detection limits of carbonates in laboratory mixtures
are planned to provide more insight into the understanding of the potentially missing
carbonate detections on the Martian surface. Detection limits of mixtures of carbonates with
other mineral phases are currently being analyzed, and results are planned to be published
in follow-up works. Continuous laboratory investigations of the spectral behavior of
mixtures of carbonates with other Mars analogues are a key to providing data for a better
understanding of the history and fate of liquid water on the Martian surface and its
astrobiological implications.
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