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Abstract 

Using continuous-wave and time-resolved Raman spectroscopy, we investigate and characterize main 

and minerals of NWA 7533, a unique Martian regolith breccia. This regolith breccia is a crucial 

sample, giving unique access to the formation and evolution of the primitive Martian crust, with 

crystallization processes beginning up to ~4.4 Ga years ago. We provide an overview of Raman 

spectra for feldspar, plagioclase, pyroxene, olivine, apatite, merrillite, zircon, pyrite, and various Fe-

Cr-Ti oxides like magnetite, hematite, ilmenite and rutile. Most analytical points are paired with 

previous electron microprobe analyses by Hewins et al. (2017) for deeper interpretation of Raman 

data. Composition variation of the silicate minerals obtained through microanalysis is traced through 

variation of the Raman peak characteristics. No trace of any shock event is observed in the mineral 

structures. Structural diversity of zircon is linked to various metamictization stages. The luminescence 

signal of REE-bearing minerals, mainly phosphate and zircon, is documented in detail and discussed. 

Using all these data, we discuss the presence of at least two generations of phosphate minerals with 

implications for magmatic petrology.  

1/ Introduction 

Raman spectroscopy has been carried out on Mars since the NASA Perseverance rover landing on 

February 18
th
 2021 at Jezero Crater. Perseverance actually carries a sophisticated payload of scientific 

instruments to conduct in situ geological investigations and characterize the environment of samples 

collected for return to Earth in the future by the NASA-ESA Mars Sample Return (MSR) program 

(Farley et al., 2022). The presence of Raman on Mars constitues a strong recognition for this technique 

now commonly used in mineralogy laboratories (e.g., Pasteris and Beyssac, 2020). In fact, this is 

somewhat overdue on Mars, as a scheduled Raman instrument was removed from the scientific 

payload of the now legendary Mars Exploration rovers Spirit and Opportunity in 2004. There are two 

complementary instruments using Raman spectroscopy aboard Perseverance which are called 

SuperCam and SHERLOC. The SuperCam instrument combines multiple investigation techniques: 

Laser Induced Breakdown Spectroscopy (LIBS), Time-Resolved Raman (TRR) and Luminescence 

(TRL) spectroscopy in addition to Visible (VIS) and infrared (IR) spectroscopy, a microphone and a 



remote micro-imager (RMI). This versatile remote-sensing instrument provides chemical and 

mineralogical information from the same spot on the target at a sub-millimetric to millimetric scale 

(Maurice et al., 2021; Wiens et al., 2021). To do this, SuperCam is composed of a mast unit on top of 

the Perseverance mast and a body unit within the rover belly connected by an optical fiber. The second 

instrument is SHERLOC which is a deep-UV Raman spectrometer optimized to detect, analyze, and 

map the distribution of organics in the targeted rock (Bhartia et al., 2021), but it can also perform 

Raman spectroscopy on some minerals. The SHERLOC instrument is combined with a high-

resolution, context imager called Watson. Both instruments are performing well on Mars and have 

already provided key observations (Scheller et al., 2022; Wiens et al., 2022). In addition, a third 

Raman instrument should be deployed on Mars in the near future: the RLS (Raman Laser 

Spectrometer) instrument onboard the ESA Rosalind Franklyn rover (Rull et al., 2017). This mission 

has known many delays and postponements of the launch, the last one being due to the interruption of 

ESA-Roscosmos collaboration after the invasion of Ukraine in 2022. RLS is more conventional as it is 

a continuous-wave Raman spectrometer operating in a microscopy configuration bearing similarities 

with laboratory commercial Raman spectrometers (Rull et al. 2017). Last, an instrument with a similar 

configuration will be aboard the rover deployed by the JAXA MMX mission on Phobos, the main 

moon of Mars (Cho et al., 2021). Interpretation of remote Raman spectroscopic observations may be 

greatly aided by laboratory study of similar materials. 

In recent years, Martian geology has been revolutionized by the discovery of a primitive 

differentiated Martian crust based on mineralogical observations from orbit, in situ and from 

meteorites. Until recently, the surface of Mars was generally considered as a monotonous basaltic 

world with local alteration features mostly due to hydrothermal activity. Recent findings and 

observations have actually challenged this idea revealing a more complex chemical and lithological 

pattern for the oldest widespread terranes from the Noachian period. First, a unique meteorite Black 

Beauty (NWA 7533, NWA 7034 and paired meteorites) was recently discovered and is interpreted as a 

Martian regolith breccia (Humayun et al., 2013). While the classical Martian meteorites (SNCs for 

Shergottite, Nakhlite, Chassignite) sample deeper mantle-derived rocks or basaltic fractions of Mars, 

Black Beauty represents a unique sampling of Mars’ surface. This breccia actually includes an 

extraordinary diversity of lithic clasts in a microcrystalline matrix. These clasts represent various 

stages of geochemical differentiation from basalts to monzonitic compositions through melt rocks 

(Hewins et al., 2017; McCubbin et al., 2016; Santos et al., 2015; Wittmann et al., 2015). Timing of the 

complex history for this peculiar meteorite is well established by geochronology and, interestingly, 

most of the clasts are dated from the earliest era of Mars history, the Pre-Noachian era (Humayun et 

al., 2013). This meteorite thus provides a unique window on the early Mars surface. In the meantime, 

the NASA rover MSL Curiosity has made fundamental discoveries in situ in Gale crater on Mars since 

2013. Using the onboard instruments including the ChemCam LIBS, Sautter et al. (2015) found some 



felsic rocks with highly differentiated mineralogical and average chemical compositions ranging from 

alkali basalts to trachyte. Last, some occurrences of differentiated feldspar- and silica-rich rocks were 

detected from orbit by infrared spectrometers aboard orbiters (Carter and Poulet, 2013; Rogers and 

Nekvasil, 2015).  

Altogether, looking at this single rock (NWA7533) offers a unique opportunity to analyze the 

mineralogy of many contrasted lithologies that are present on the surface of Mars and that could be 

encountered by rovers. Interestingly, some of the clasts come from the primitive Martian crust, not 

only offering an access to the geodynamical processes on early Mars, but also to the period when Mars 

has possibly hosted life on its surface. In this article, we investigate several sections of NWA7533 by 

Raman spectroscopy covering all the mineral phases documented so far for this unique meteorite. For 

this, we use both continuous-wave and time-resolved Raman spectroscopy using analytical 

configurations similar to some of the Raman instruments sent on Mars. We explore Raman spectra and 

Raman peak characteristics of all minerals present, some combined with previous chemical analysis 

using electron microprobe (EMP) and scanning electron microscopy (SEM) (Hewins et al. 2017). 

Raman spectroscopy also allows us to investigate luminescence signals from Rare-Earth Elements 

(REE) present as trace elements in accessory minerals, such as zircon and apatite. Such trace elements 

are useful tracers for geochemical processes and are widely used in geochronology so any in situ 

detection on Mars would be of important scientific interest. The data base we present here will be 

useful in future interpretation of rover spectroscopic observations. 

 

2/ Black Beauty: NWA7533, NWA7034 and paired meteorites 

Recovered in the Sahara Desert in the early 2010s, NWA 7533 and paired NWA 7034 are the first 

identified breccia of Martian origin identified by isotopic values (Agee et al., 2013) and trapped noble 

gas content (Cartwright et al., 2014). The bulk composition of NWA 7533 is similar to alkali basalt 

(Hewins et al. 2017), but it displays a highly complex structure including strong variability of lithic 

clasts, and thus cannot be directly related to the classical series of Martian SNC meteorites. In 

addition, dating zircons and other accessory minerals revealed primary crystallization processes 

around 4.4 Ga, making some clasts the oldest known Martian rocks. Remarkably, this regolith breccia 

contains a wide diversity of lithic clasts, from fragments of microbasalts to fragments of mafic 

plutonic rocks with noritic or monzonitic bulk composition. It also contains crystal clasts and partial 

lithic clasts with various mineral phases, like feldspars, from plagioclase to alkali composition, and 

pyroxenes with composition varying from augite, pigeonite to orthopyroxenes. The meteorite also 

contains impact melt spherules and Clast-Laden Melt Rocks (CLMR). All these constitutive objects 

are embedded in a very fine-grained crystalline matrix. The matrix is composed of micron-sized 



plagioclase, feldspar and pyroxene, intimately mixed with Fe-rich micro-phases like various Fe-Ti-Cr 

oxides or sulfides, mainly magnetite and pyrite.  

 

Fig.1 : Back-scattered Electron (BSE) image obtained by SEM from the NWA7533 section SP6. Several clasts are 

highlighted by Mb (Microbasalts), Sph (Spherules), Mo (Monzonitic clasts), No (Noritic clasts) and CLMR (Clast Laden 

Melt Rocks). 

In this study, several polished sections of NWA7533 were studied. Figure 1 depicts a global 

image of section SP6 of NWA 7533 and shows the diversity of lithic clasts as well as the highly 

complex texture of this rock. Basaltic and microbasaltic clasts are common in all sections of NWA 

7533, with granoblastic or subophitic textures and grain size generally ranging between ~ 50 µm and ~ 

100 µm. These clasts are made of pyroxenes, with augite-pigeonite composition, plagioclase, rarely K-

feldspar, Fe-oxide minerals, phosphates and small zircons. These clasts have a bulk chemical 

composition and mineral assemblage globally similar to that of SNC meteorites. Some other igneous 

clasts have generally larger grain size (> 200 µm) and exhibit noritic or monzonitic compositions. 

Noritic clasts are usually composed of feldspar plagioclase, orthopyroxene and pigeonite, with Cr-Ti 

magnetite. Monzonitic clasts are generally composed by alkali feldspar, plagioclase, augite, Ti-

magnetite, chloroapatite and zircons (Hewins et al. 2017). The bulk composition of some of these 

clasts is highly differentiated in the alkaline series in a TAS diagram. The composition of these clasts 



converge towards compositions of some rocks analyzed in situ at Gale crater by NASA MSL Curiosity 

rover (Sautter et al., 2015). Along, with a marked enrichment in incompatible elements (Humayun et 

al., 2013; Hewins et al. 2017), the presence of monzonitic clasts in the breccia suggests that a 

differentiated crust had rapidly formed in Mars history. 

Because of siderophile element abundances, most objects found in the breccia except 

magnesian orthopyroxene clasts were interpreted as impact-related, like impact melt spherules and 

Clast Laden Melt Rocks (CLMR). Spherules are amongst the biggest objects found in the breccia, 

locally exceeding 5 mm in diameter, making them easily recognized by the naked eye. Their textural 

habit may be vitrophyric or crystalline, often filled with fine-grained crystalline pyroxene and 

feldspath (1-5 µm). Some Fe- and Cr- rich oxides are locally observed as well as one occurrence of 

long chains of dendritic olivines. CLMR can be a dominant component in some sections of NWA 

7533, with varying aerodynamical shapes and a subophitic plagioclase-pyroxene matrix containing 

clusters of pyroxenes, associated with various oxides, often surrounded by overgrown fine-grained 

plagioclase. This is the result of transported partially molten materials accumulating all sorts of debris 

along the way. 

3/ A brief presentation of the Raman systems presently on or going to Mars  

SHERLOC aboard Perseverance is an instrument for proximity Science, i.e. working at the contact of 

rocks, using a deep UV Raman spectrometer with a laser at 248.6 nm focused on a spot of ~100 m on 

the sample surface (Bhartia et al. 2021). SHERLOC can do rasters on the sample and is combined with 

PIXL, an X-ray fluorescence-based instrument, for chemistry. SHERLOC is overall optimized to 

excite and analyse fluorescence and Raman signals from organic compounds. The key advantage here 

is that UV is highly efficient to excite fluorescence and that the Raman spectral window is shifted and 

free of luminescence/fluorescence signal (Beyssac, 2022; Bhartia et al., 2021). The disadvantage is 

that deep UV light imposes severe restrictions in terms of instrumental design including the cutoff of 

the signal at about 800 cm
-1

 limiting the possible characterization of many silicate minerals. First 

detections reported by Sherloc at Jezero crater include carbonates, sulfates, perchlorates, phosphates 

and olivine (Scheller et al., 2022). 

SuperCam Raman is a remote-sensing instrument which analyses the chemistry and 

mineralogy of targets less than a few meters from the rover: it is the eye of the rover. SuperCam 

Raman uses nanosecond pulsed laser at 532 nm which is collimated on the surface of the target. By 

means of a Schmidt-Cassegrain telescope, light emitted from the laser spot is collected and sent by an 

optical fiber to the spectrometer. The latter is an original transmission spectrometer dispersing light 

towards a gated Intensified CCD. SuperCam uses time-resolved Raman and luminescence 

spectroscopy to reject daylight entering the telescope and to explore both phenomena in the time-

domain (Beyssac, 2020). Vibrational transitions involved in the Raman effect are nearly immediate 



with extremely short lifetime (<10
-14

 seconds) and will last only during the laser pulse. The electronic 

transitions involved in luminescence have much longer lifetime, generally higher than the nanosecond, 

and therefore will continue long after the laser pulse. For time-resolved spectroscopy, the laser pulse is 

synchronized in the time-domain with the ICCD. To optimize the Raman signal, one will use a short 

gate for the ICCD matching precisely the laser pulse to reject most luminescence. Alternatively, 

opening the gate right after the laser pulse will reject the Raman signal and allows collection of 

Raman-free luminescence spectra. By using an appropriate combination of delays (time between the 

laser pulse and the opening of the gate) and gate duration, one may even get specific luminescence 

spectra for each activator. This is not possible with continuous-wave Raman spectroscopy which 

integrates all Raman and luminescence signals. Another characteristic of SuperCam Raman is the 

large size of the analytical footprint (0.75 mrad) which varies from 1.5 mm in diameter at 2 m to 3 mm 

at 4 m and higher values at larger distances. This implies that SuperCam Raman in general analyses 

mixtures of grains depending on the target grain size. SuperCam Raman analyses the raw surface of 

rocks, generally after LIBS for dust removal, or abraded patches on selected targets. First detections 

reported by SuperCam Raman at Jezero crater include carbonates, perchlorates and olivine (Wiens et 

al., 2022). 

The RLS spectrometer has a more conventional design bearing similarities with commercial 

Raman microspectrometers, although it has been adapted, ‘spatialized’ in terms of weight, size, 

resistance, to fit the extremely heavy constraints driving the building of any space instrument (Rull et 

al., 2017). RLS uses a continuous-wave laser at 532 nm which is focused on a ~50 m spot on the 

surface of the target using an objective. The same objective collects the signal emitted and sends it to a 

Czerny-Turner spectrometer and a CCD. The MMX Raman instrument has a design similar to the RLS 

instrument but will work directly on the raw surface of rocks below the rover (Cho et al., 2021). 

4/ Methodology 

4.1/ Continuous-wave Raman including hyperspectral mapping 

All samples were analyzed using a continuous-wave Raman microspectrometer Renishaw InVia 

Reflex for point analyses and Raman hyperspectral mapping when needed. Measurements were 

performed using a green 532 nm solid-state laser focused on the sample through a Leica DM2500 

microscope with short-working distance 50X or 100X objectives (NA = 0.85-0.90). This configuration 

yields a planar resolution of approximately 1-2 µm for a laser power of less than 1 mW delivered at 

the sample surface,  using neutral density filters to prevent irreversible thermal damage (see Fau et al., 

2019 for discussion). This corresponds to a laser irradiance in the range of 0.3 to 1.3 10
9
 Wm

-2
. All 

measurements were performed with a circularly polarized laser beam using a ¼-wave plate placed 

before the microscope in order to minimize polarization effects. The Raman signal was dispersed by a 

grating with 2400 lines/mm and the signal was analyzed with a RENCAM CCD detector. The spectral 



resolution for visible light was 1 to 1.9 cm
-1

 and the wavenumber accuracy was better than 0.5 cm
-1

. 

The values of the full width at half-maximum (FWHM) of the Raman peaks were corrected 

considering the spectral resolution using the method described by Váczi, (2014). For Raman mapping 

and the acquisition of hyperspectral maps, the sample was moved with an appropriate step size using a 

XYZ Renishaw motorized stage. Laser focus was optimized by correcting topographic variation prior 

to analysis (surface mode using the Renishaw Wire 4.3 software) and all maps were processed using 

the Wire 4.3 software. Raman mapping is a powerful tool for deciphering the structural and textural 

variability within a single grain, or the phase identification and composition in a mineral assemblage. 

More details concerning the Raman mapping technique can be found in Bernard et al. (2008). All 

measurements were performed at room temperature and spectra were recorded directly from the raw 

samples without any preparation.  

4.2/ Time-resolved Raman and luminescence spectroscopy 

 

 

Fig. 2: Several time-resolved spectra on a merrillite grain illustrating the capability of time-resolved spectroscopy to separate 

Raman signal (Raman bands in grey) from the luminescence signals and to explore the luminescence signal (all, short- and 

long lived luminescence).  

All samples were also analyzed using a custom-built, time-resolved Raman and luminescence 

spectrometer as described by (Fau et al., 2022, 2019). The laser is a nanosecond (1.2 ns FWHM, 1 mJ 

per pulse) pulsed, diode-pumped solid-state (DPSS) laser operating at 532 nm with a 10 to 2000 Hz 

repetition rate. The laser is slightly defocused at the sample surface through a microscope objective 

(MPlan Apo Mitutoyo 20X, NA= 0.42). The Raman and luminescence signals are collected using a 

backscattering geometry. In addition, the laser was circularly polarized with a ¼-wave plate placed 



before the microscope in order to minimize polarization effects. In this setup, a Notch filter cut off the 

Rayleigh scattering at ~ 90 cm
-1

. The signal was collected using an optical fiber and sent into a 

modified Czerny-Turner spectrometer (Princeton Instruments IsoPlane 320) coupled with an 

intensified Princeton Instruments PIMAX4 ICCD camera. The fine control of both the time delay and 

the gating time of the camera allows for sub-nanosecond time resolution experiments thanks to a 

precise synchronization between the laser pulse and the ICCD. This spectrometer has three motorized 

gratings, which can be selected depending on the spectral window and resolution required for the 

measurement. In this study, we mostly used a 600 lines/mm grating yielding a spectral resolution of 

10-13 cm
-1

 similar to the spectral resolution of SuperCam. Irradiance, associated with a pulsed laser, 

can be estimated as Q/(τS), with Q = P/f being the laser energy per pulse, P being the time-integrated 

laser power measured at the surface of the sample, f the laser repetition rate, τ the pulse duration, and 

S the surface area of the laser spot on the sample. For these experiments, irradiance was set at ~ 10
10

 

Wm
-2

, which is a conservative value even in the case of absorbing minerals (Fau et al., 2019). 

 A non-polished section of the meteorite was also analyzed using a remote configuration 

described by Fau et al. (2019) and Megevand et al. (2021). In the remote setting, the laser is collimated 

at the sample surface 8 m from the telescope Schmidt plate on a spot of ~6 mm diameter, and the 

Raman signal is collected by a conventional Schmidt-Cassegrain telescope (Celestron-C8 202 mm 

diameter Schmidt plate) on a spot of ~5 mm diameter co-aligned with the laser spot. After the 

telescope, a notch filter cuts off the Rayleigh scattering at ~90 cm
−1

 and the signal is collected by an 

optical fiber and sent into the modified Czerny-Turner spectrometer coupled with the intensified ICCD 

camera. 

4.3/ Continuous-wave (CW) versus time-resolved (TR) spectroscopy 

Figure 2 shows a comparison of CW versus TR spectroscopy on a merrillite grain in NWA7533. This 

Ca-phosphate may include some REE during crystallization (see below) that will absorb the incident 

laser light and emit luminescence signal for relaxation. To keep the same analytical spot, CW 

spectroscopy is mimicked here by using a long ICCD gate of 450,000 ns and by opening the gate 

before the laser pulse: all Raman and luminescence signals are then included in the spectrum. The 

corresponding spectrum is dominated by the luminescence of various REE
3+

 hosted by the merrillite 

and only the main Raman peak (1) of merrillite is clearly detected. Such complex spectra may be 

decomposed into a Raman spectrum and a luminescence spectrum. The Raman spectrum is obtained 

with a short ICCD gate of 5 ns and gate opening before the laser pulse while the total luminescence 

spectrum is obtained by using a long ICCD gate and opening just after the laser pulse. The 

luminescence signal may be then explored by using various combinations of gate delay and gate 

opening: short lifetime luminescence (e.g., Er3+) is detected with a short gate just opened briefly after 

the pulse while long lifetime luminescence (e.g. Sm3+, Eu3+) is detected by opening a long gate 



longer after the laser pulse. Another way to illustrate the capability of time-resolved spectroscopy to 

discriminate among various lifetime luminescences is to use a constant delay and increase the gate 

duration. Figure 3 shows luminescence spectra obtained on the same merrillite grain with a gate 

opening just after the laser pulse (no Raman) and increasing gate durations. Below 10000 ns, only the 

short lifetime luminescence of Er3+ is observed but several other luminescence peaks corresponding 

to longer lifetime luminescence (e.g. Sm3+, Eu3+) appear when increasing the gate duration.  

 

 

Fig.3: Luminescence spectra from a merrillite grain which gathered only the luminescence signal with an increasing gate 

width, from 10 000 to 450 000 ns at a constant delay (opening the gate just after the laser pulse). 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) investigations were performed on a Zeiss Ultra 55 field 

emission gun SEM (IMPMC, MNHN, Paris). The images were taken with the angle selective 

backscattered detector in the following conditions depending on the sample: 15 or 20 kV accelerating 

voltage, 7.5 to 8.3 mm working distance with the angle selective backscattered detector aperture of 25 

to 120 μm, and high current. Energy-dispersive spectroscopy analyses and chemical maps were also 

acquired in those conditions. SEM was mainly used for a first-order characterization of mineral 

assemblages, as well as the dimensions of the microstructures.  

5/ Results and discussion 

5.1/ Raman investigations of the main silicate phases 

5.1.1/ plagioclase Feldspar  

Feldspars are nearly ubiquitous in Martian meteorites, and are useful to track geochemical and 

crystallization processes for most igneous rocks (Papike et al., 2009). The Martian surface, generally 



considered to be dominated by basalts, is supposedly rich in plagioclase which was detected at many 

places using the Thermal Surveyor Spectrometer (TES) on board the Mars Global Surveyor mission 

(Christensen et al., 2001). Feldspars are an important mineral phase of the regolith breccia as they are 

present as crystal clasts, in all lithic clasts and in most impact-related spherules, , and also as a major 

phase in the matrix (Hewins et al., 2017; McCubbin et al., 2016; Wittmann et al., 2015). Several 

geochemical investigations using electron microprobe (EMP) analysis report a feldspar composition 

ranging from K-rich feldspar [~An2 Ab14 Or84], usually found in differentiated clasts with monzonitic 

composition, to Na-rich [~An25 Ab70 Or5] and Ca-rich [~An42 Ab56 Or2] feldspar plagioclase, found in 

noritic and micro-basaltic clasts (Hewins et al., 2017).  

Feldspars may be easily identified using Raman spectroscopy by a characteristic doublet of 

peaks with position varying between 470 cm
-1

 and 515 cm
-1

 depending on the mineral composition 

(Bersani et al., 2018; Freeman et al., 2008; Mernagh, 1991). The most intense peak is located around 

510 cm-1, accompanied by a less intense shoulder at ~470 cm-1. These peaks are labelled νa and νb 

successively according to the nomenclature used by Bersani et al. (2018). Weaker characteristic 

Raman bands can be found around 578 cm-1 (νc) and 290 cm-1 (νd). These four peaks are all related to 

various rotational and bending modes inside the tetrahedral framework. A suite of additional Raman 

modes can be detected below 450 cm-1 (i.e., around 450, 405, 354, 204, 176, 157 and 110 cm-1) 

related to rotation-translation and external lattice modes (Freeman et al., 2008; Mernagh, 1991). 

Depending on crystal orientation, slight variations in the number of bands and their relative intensities 

may be observed.  

CW Raman spectra were recorded for 16 points at exactly the same position previously 

analysed by EMP (Hewins et al., 2017). Some examples of representative CW Raman spectra and 

relevant SEM images are shown in fig. 4. Damage induced by previous LA-ICP analyses can be 

observed on some SEM images (Fig.4 a), but the spots for Raman analysis have been systematically 

placed far from these spots in order to avoid any structural damages due to previous analyses.   



 

Fig. 4: Example of BSE images of various feldspars targeted with microprobe (EMP) and Raman spectroscopy (a, b), with 

associated CW Raman spectra (c). Note on the SEM image the trace of a previous footprint from an ICP ablation. The spectra 

are related to K and Na-rich feldspar; the position of their main Raman peaks is indicated. 

All Raman spectra obtained on feldspars have the same general shape with some subtle 

variations. In detail, subtle changes in the Raman shifts of the main peaks can be observed between 

Na-rich (albite) and K-rich targets (orthose). K-feldspar spectra, like SP7 58 [An3 Ab10 Or87] (Fig.4 c), 

display major peaks at ~ 513 cm
-1

 and 474 cm
-1

, whereas Na-rich feldspar main peaks are located at 

509 cm
-1

 and 478 cm
-1

. Furthermore, some differences are observed for the other peaks below 470 cm
-

1
. SP7 58 has 3 other peaks at ~ 109, 160 and 289 cm

-1
 while An-rich spots display different peak 

positions. SP6 123 [An46 Ab52 Or2] actually displays peaks at 97, 183 and 284 cm
-1

, whereas SP6 45 

[An27 Ab69 Or4] displays peaks at 95 ,181, 201 and 284 cm
-1

.  



 

 

Fig. 5: CW and TR Raman spectra on the same feldspar (SP7 43). For the time-resolved spectra, two different spectral 

resolutions are used: 600 and 1200 g/mm gratings. 

Furthermore, fig. 5 shows that CW Raman spectra and time-resolved spectroscopy with a 

short ICCD gate (Raman only, luminescence rejected) on the same target are very similar, even if in 

the TR spectra the peaks in the doublet are less visible due to the lower spectral resolution. This means 

that there is no detectable luminescence contribution to the spectra for these feldspars. 

As a comparison with terrestrial samples, Freeman et al. (2008) described the Raman spectra 

of feldspar end-members and the influence of composition. They showed that the spectrum of K-

feldspar [An1 Ab20 Or79] exhibits main peaks at 513 and 475 cm
-1

, very similar to the 513 and 473 cm
-1

 

obtained in SP7 58 [An3 Ab10 Or87]. Similarly, their Na-rich feldspar [An5.9 Ab93.8 Or0.3] exhibits main 

peaks at 508 and 479 cm
-1

, consistent with the peaks at 509 and 478 cm
-1

 from SP6 45 [An27 Ab69 Or4]. 

The other points analyzed in the breccia have peaks with positions in the range of their compositional 

terrestrial analogs (Befus et al., 2018; Bersani et al., 2018; Freeman et al., 2008). However, small 

position shifts can be observed as our samples are not pure end-members. Considering other Martian 

data, similar plagioclase spectra are observed in several samples belonging to the SNC groups (such as 

Nakhla, Chassigny, Governador Valadarez, Lafayette and Yamato 000593), with peaks at 510-515 cm
-

1
 and 477-480 cm

-1
 (Fritz et al., 2005). In some cases, all feldspar plagioclase can be partially or 

entirely transformed under high shock compression. For instance, maskelynite, has been observed in 

Martian meteorites and is helpful in tracing the shock history. Partial transformation in some 

meteorites results in peak broadening and upshifting, while maskelynite exhibits a very broad hump at 

higher wavenumbers in which the doublet may be hardly separated (Wang et al., 1999; Fritz et al., 



2005). Such features have not been detected in the breccia, in which there are no indications of shock 

except for melting. 

5.1.2/ Pyroxenes 

Pyroxene is a major mineral in Martian rocks, as it is widely detected in situ on its surface (Liu et al., 

2022; Wiens et al., 2022) as well as from orbit (Mustard et al., 2005). Pyroxene is also common in 

SNC meteorites, and bears much information on Martian magmatic processes. It is a dominant mineral 

in the breccia, present as massive single-crystal shards, or associated with feldspar in various clasts. It 

is also a major component of the microcrystalline matrix. EMP analysis by Hewins et al. (2017) show 

that the composition is present as three phases: augite [~En35 Fs25 Wo40],pigeonite [~En52 Fs42 Wo6], 

and orthopyroxene [~En68 Fs29 Wo3].  

The Raman spectrum of pyroxenes has been described by Huang et al. (2000) and (Wang et 

al., 2001). This spectrum includes internal and external (lattice vibration) modes. We use the mode 

assignments given by Huang et al. (2000). The main peaks are located at about 1000 cm
-1

 (ν16 and ν17) 

and 670 cm
-1

 (ν11 and ν12). In pigeonite, the main peaks at ~1000 cm
-1

 (ν16) and ~665 cm
-1

 (ν12) have an 

asymmetric shape; it is caused by to the presence of a shoulder next to ν16 towards high wavenumbers 

at ~1020 cm
-1

 (ν17), and towards lower wavenumbers next to ν12 at ~655 cm
-1

 (ν11). In some cases, the 

shoulder peak can be clearly distinguished from the main peak. A shoulder peak is not observed in 

augite. The first peak at 990-1010 cm
-1

 is assigned to the symmetric stretching mode of the vibration 

between the non-binding O and Si in the silicate tetrahedra. The second peak at ~ 650–670 cm
-1

 range 

is assigned to the symmetric stretching vibration of the Si–O–Si bond in the silicate single chains. 

Several other peaks can be detected in the 300-400 cm
-1

 range which are due to lattice vibrations, in 

particular at ~ 322 cm
-1

 (ν3) for the Fe–O, ~354 cm
-1

 (ν’3) for the Ca–O and ~390 cm
-1

 (ν4) for the Mg–

O interactions.  

Representative CW Raman spectra performed at the same spot position as #25 EMP analysis 

from Hewins et al. (2017) [Supp table] are shown in fig.6 (c), with context images by SEM of 

corresponding targets in fig.6 (a,b). Some systematic changes occur between pigeonite and augite 

Raman spectra. Raman spectra of augite, like SP7 46 in Fig.6 (c), are characterized by two intense and 

narrow peaks around 664 cm
-1

 (ν12) and 1011 cm
-1

 (ν16), and additional weaker peaks at 323, 358 and 

389 cm
-1

. Spectra of grains with pigeonite composition, like SP6 38 in fig.6 (c), display the same 

prominent stretching bands ν11 and
 
ν16 at 672 cm

-1
 and 999 cm

-1
. However, additional peaks at around 

650 cm
-1

 (ν11) and 1040 cm-1 (ν17) are observed. Lattice vibrations are observed in both augite and 

pigeonite spectra with slightly varying positions reflecting different compositions. Augite generally 

exhibits the three peaks for lattice vibrations (ν3, ν’3 and ν4) while pigeonite only shows two peaks (ν3 

and ν4) as the ν’3 peak (Ca-O interactions) is absent in the Ca-poor pigeonite spectra.  



 

Fig.6: Examples of BSE images from pyroxene targeted with microprobe (EMP) and Raman spectroscopy (a, b), with 

associated continuous Raman spectra. These spectra are related to pigeonite and augite and the main peak’s position is given. 

Small shifts of peak position for ν16 and ν11 may be observed because of various cation 

contents in structural octahedral sites. Supplementary Figure *** shows that the peak position of peak 

ν16 is correlated with FeO content based on EMP analysis:  the peak position downshifts with 

increasing iron content. Similar impact of the FeO content has been described and discussed by Huang 

et al. (2000). Several other evolution trends can be observed between Raman peak frequency and 

cation content such as the ν12 peak position increasing with MgO and FeO content, but decreasing with 

CaO. For the ν16 peak, apart from FeO correlation, peak position tends to increase with CaO content. 



 

Fig.7: Continuous and Time-resolved Raman spectra on the same pyroxene (SP7 46). For the time-resolved technique, two 

different grids are used: 600 and 1200 g/mm gratings. 

Furthermore, fig. 7 shows that Raman spectra obtained by CW and TR spectroscopy on the 

same analytical spot appear similar at first glance, as previously observed for the feldspar spectra. 

However, the peaks appear broadened with TR spectroscopy, with lower separation of the triplet at 

300-400 cm
-1

 in augite due to the lower spectral resolution of this analytical setup. There is no 

significant luminescence signal observed in that spectral range for these pyroxenes. 

There are several occurrences of exsolution-bearing pyroxene fragments in the breccia, with 

usually augite lamellae exsolved in bulk pigeonite (Wittman et al., 2015; Hewins et al., 2017). These 

lamellae are visible with SEM, and can be characterized by Raman hyperspectral mapping. An 

example of the Raman mapping of pyroxene exsolution is depicted in fig. 8 (a) where the different 

composition of the pyroxene is highlighted by the position of the ν16 peak in fig. 8 (b). Augite lamellae 

revealed by the Raman mapping closely match the patterns observed in the BSE image. Spectra 

extracted from the lamellae in fig. 8 (c) confirm their nature, augite rather than pigeonite, that is 

indicated by the darker color in BSE of the Fe-poor phase. 



 

Fig.8: BSE (a) and Raman hyperspectral mapping (b) of -augite exsolution from pigeonite in NWA7533 SP7. The grey scale 

of the map is the position of the Raman peak ν16 around 1000 cm-1, that varies with the composition. Hence, white patches 

reveal spectra with peaks around 1010 cm-1, indicative of augite, and black patches correspond to low peak position, 

indicative of pigeonite. Spectra for augite and pigeonite (c) were extracted from the map to confirm the mineralogical nature.  

Previous Raman investigations on different Martian SNC meteorites led to similar conclusions 

on Raman peak characteristics for augite and pigeonite (Mikouchi and Miyamoto, 2000; Rull et al., 

2004; Wang et al., 1999, 2001, 2004a). In our data, peak position shifts of the most intense peaks can 

be observed down to a few cm
-1

, explained by the variation of the structural cations, as described in 

depth by Huang et al. (2000) and Wang et al. (1997). Finally, Raman investigation of various 

pyroxenes in the breccia confirmed the absence of any shock-induced transformation of pyroxene, in 

agreement with the literature. Modifications by high-pressure processes should be visible in Raman 

spectra through significant peak broadening or the occurrence of amorphous glass (Zhang et al., 2018; 

Imae et al., 2010) which is not observed in our spectra. However, Leroux et al. (2016) observed some 

local shock microstructures inside pyroxenes at the nanoscale with TEM microscopy, which may be 

too small and/or scarce to be detected at the Raman scale of observation. 

5.1.3/ Olivine 

Olivine (and its polymorphs) is the major mineral of Earth’s mantle and has been widely described in 

other planetary settings, from asteroids to other planetary bodies (Ody et al., 2013). On Mars, remote 

sensing (Hoefen et al., 2003; Mustard et al., 2005) and in situ investigations by rovers (Liu et al., 

2022; Wiens et al., 2022) confirmed the presence of olivine. Thus, it is not surprising to find that most 

SNC Martian meteorites except basaltic shergottites contain olivine in various amounts, (Udry et al., 

2020). Shergottites and chassignites tend to have more Mg-rich (forsterite end-member), while olivine 

in nakhlites are more Fe rich (Udry et al., 2020). On the other hand, there are a few examples of 

Martian meteorite lithologies where olivine is absent. Apart from ALH84001, a pyroxene cumulate, 

NWA 7533 and paired breccia samples are almost completely free of olivine, with only a few reports 

of olivine dendrites inside some melted impact spherules (Hewins et al., 2017; Udry et al., 2014). 



These rare olivine dendrites are really thin (~10 µm) and elongated, suggesting rapid cooling 

processes. However, not every vitrophyric spherule found in the breccia contains such olivine crystals. 

In olivine, vibrational modes of the SiO4 tetrahedron will cause the distinct bands in the 

Raman spectra. The most characteristic are a doublet of peaks between 815 cm
-1

 and 860 cm
-1

 

triggered by symmetric (ν1) and asymmetric (ν3) stretching modes (William, 1995). Symmetric (ν2) 

and asymmetric (ν4) bending of the SiO4 tetrahedra will result in peaks between 400 cm
-1

 and 700 cm
-

1
, with peaks below 400 cm

-1
 usually attributed to transitional or rotational movements in the 

crystalline lattice. Slight differences occur relative to the variation of Mg
2+

 or/and Fe
2+

 content. For a 

forsterite composition, the ν1 and ν3 peaks are clearly distinct, while they are closer in wavenumber 

and less distinct for fayalite spectra. Kuebler et al. (2006a) calibrated an equation to determine the 

%Fo composition of olivine as a function of the position of the main Raman peaks. 

 

Fig. 9: BSE images of a melted spherule outlined by a dotted line in NWA7533 SP2, with a close-up of elongated olivine 

(Ol) dendrites surrounded by microgranular pyroxenes (Px) show in A. CW spectra from this olivine are shown in B with the 

main Raman peaks outlined. The distinct doublet is easily recognizable, with values being rather constant, with 819-820 cm-1 

for ν1 and 849-850 cm-1 for ν3.  

Several olivine dendrites were analyzed in a single spherule, shown in detail in fig. 9 A. The 

results appear to be highly homogeneous, with all analyzed olivine dendrites displaying distinct ν1 and 

ν3 doublet peaks at 819-820 cm
-1

 and 849-850 cm
-1

. These values are in the range of Mg-rich olivine 

compared to investigations from Weber et al. (2014) and Kuebler et al. (2006a) from different 

terrestrial and planetary environments. Investigations of Martian meteorites give comparable results, 

with exact similar peak position (820 and 850 cm
-1

) in a shergottite with Mg-rich forsterite (Wang et 

al., 2004a). In addition, using the equation from Kuebler et al. (2006a) with the ν3 peak position, we 

were able to determine a Fo 73-65 composition. Other studies in the breccia obtained similar and 



consistent results using EMP analysis: Fo 74-65 (Hewins et al., 2017 in NWA7533), Fo 65-53 (Udry et al., 

2014 in NWA7034). Finally, our Fo composition of olivine in the breccia is similar to those found in 

situ with rovers in Jezero crater (Liu et al., 2022; Wiens et al., 2022) and in Gusev crater (McSween et 

al., 2008), but it is clearly not in the same petrologic setting. 

5.2/ Raman and luminescence of secondary minerals 

5.2.1/ Phosphates: apatite and merrillite 

Phosphates are known to be an important component of Martian rocks: they are detected from orbit 

(Christensen et al., 2002), and in situ by the ChemCam LIBS instrument aboard the Curiosity Rover 

(Cousin et al., 2017), and by the PIXL instrument aboard Perseverance (Liu et al., 2022). Phosphates 

are also observed in many different Martian SNC meteorites (Borg, 2005; Wang et al., 1999, 2004a) 

2004a), also reported in the breccia (Bellucci et al., 2015; Hewins et al., 2017; Hu et al., 2019; 

McCubbin et al., 2016; Smith et al., 2020) and in the ALH 84001 pyroxenite (Cooney et al., 1999). As 

an efficient reservoir for trace elements and water, phosphates are key targets for dating or studying 

magmatic and alteration processes. The dominant phosphate in Martian meteorites is apatite 

Ca5(PO4)3(OH, Cl, F), mostly Cl-rich chlorapatite and some F-rich fluorapatite. Apatite is found as 

individual grains or grains in clasts, but also as a minor component of the microcrystalline matrix. 

Apatite is often locally associated with other minerals in many clasts from differentiated monzonitic 

and noritic clasts to microbasaltic fragments, displaying a large diversity of microtexture. In addition, 

merrillite (ideally Ca18Na2Mg2(PO4)14) is rarely found in the breccia, and is systematically 

microtexturally associated with apatite.  

Phosphates such as apatite and merrillite have characteristic yet distinct Raman spectra. Their 

Raman spectra have been described in terrestrial and extraterrestrial samples (Fau et al., 2022; Jia et 

al., 2020; Jolliff et al., 2006, 1996; Litasov and Podgornykh, 2017; O’Shea et al., 1974). The 

symmetric stretching vibration mode of PO4
3-

 provide the most intense Raman peak between 950-990 

cm
-1

, labelled as ν1. Apatite has a single ν1 band at 964 cm
-1

, and merrillite has a doublet of peaks 

around 955 and 975 cm
-1

. Other less intense peaks can be observed in the apatite spectrum caused by 

internal modes in PO4
3-

. The doubly generated ν2 bending mode is located at ~430 cm
-1

, the triply 

generated antisymmetric ν3 stretching band is at ~1060 cm
-1

, and finally the triply generated bending 

mode ν4 can be detected at ~580 cm
-1

. OH
-
, when present, contributes with a large band at ~3570 cm

-

1
. 

The presence of other elements at trace level like Mn
2+ 

or trivalent Rare Earth Elements (REE) 

inside the crystal lattice can produce luminescence bands in the Raman spectra, induced by laser 

excitation (Fau et al., 2022). Examples of such bands are: Er
3+

 (540-550 nm), Dy
3+

 (590 nm), Eu
3+

 



(570 – 580 nm) and Sm
3+

 (560-570 nm and 600 nm). Mn
2+ 

is characterized by a very broad emission 

centered at 595 nm generating a huge background in Raman spectra. This luminescence signal is often 

observed in natural phosphates and has been well described by Gaft et al. (2015) and Fau et al. (2022). 

Here, we focus first on the Raman and luminescence spectra from a specific grain including both 

apatite and merrillite, and then we expand the discussion to diverse apatite grains. In all the phosphate 

grains investigated, we never detected an OH band suggesting that the water content of these 

phosphates is negligible. 

 

Fig. 10: BSE (a) and Raman map (b) of a grain apatite (green) rimming merrillite (red), with representative Raman spectra (c) 

with highlighted Raman bands indexation. The luminescence signal is illustrated on merrillite and apatite spectra, from 0 to 

5000 cm-1 (d), with luminescence band associated with the presence of Er3+, Dy3+, Eu3+ and Sm3+. 

Figure 10a shows a large phosphate grain including two different phases based on the contrast 

in BSE image. CW Raman, hyperspectral imaging (Fig. 10b) and point spectroscopy (Fig. 10c) shows 

that the core of the grain is composed by merrillite while the external part is composed by apatite. 

Merrillite shows the characteristic ν1 doublet with peaks at 958 and 975 cm
-1

; the position being 

constant all over the merrillite grain. The relative intensities of the two peaks in the doublet vary 

between two parts of the grain but is relatively constant in each part. This could reflect the presence of 

two domains in the grain with slightly different crystallographic orientation. In the apatite rim, peak 

position, FWHM and intensity of the ν1 peak is constant throughout the whole grain. Figure 10d 

depicts representative CW spectra including luminescence and Raman for apatite and merrillite. The 

two spectra bear strong similarities with clear luminescence bands reflecting the presence of REE3+ in 

the crystal lattice. A broad background band centred at ~595 nm is possibly due to the luminescence 

of Mn
2+

. This is consistent with the detection of trace amounts of Mn in the breccia phosphates by Hu 

et al. (2019) (0.07 to 0.17 wt% of MnO). This suggests that the two mineral phases hold a similar 

diversity and content of REE. Both BSE and Raman images can be interpreted as the replacement of 

apatite over pre-existing merrillite, as apatite is external compared to merrillite in the phosphate grain, 



and the transition between apatite and merrillite is sharp yet the boundary is irregular in the grain. 

Such replacement scenario fits well with the similar REE patterns in apatite and merrillite. 

A textural survey of apatite grains in the breccia highlights the diversity of morphologies of 

apatite grains and petrological settings where apatite is found. For instance, massive elongated grains 

can be found in several clasts of monzonitic and noritic composition, visible in fig.12 a, c. Thin 

needles of apatite several hundreds of µm in length and ~5 µm wide are also found in different clasts 

associated with feldspar (fig.12 b,d). Raman spectra exhibit constant ν1 peak position and FWHM 

among the diverse morphologies (Fig.12 e): position range between 960 and 961 cm
-1

. Such a peak 

position is consistent with the dominant presence of chlorapatite in agreement with literature (Hewins 

et al., 2017; Hu et al., 2019; McCubbin et al., 2016). Only one exception was found with ν1 around 

963 cm
-1

, likely corresponding to a fluorapatite (Černok et al., 2019). All apatite exhibits a broad 

background centered at ~595 nm likely due to the presence of trace amounts of Mn
2+

 in the crystals. 

Some apatite displays weak REE luminescence peaks superimposed on the Mn
2+

 signal.  

 

Fig.11: Time-sweep experiment to determine the decay lifetime of Eu3+ in merrillite. Cumulated spectra on the Eu3+ pattern 

of a merrillite, each with a 400 000 ns gate width and a 40 000 ns gate delay increment (a). The total area under the peaks in 

each spectrum is then plotted against the time, showing a gradual decrease (b). 

A luminescence signal is detected in some Raman spectra. Figure 10d illustrates the presence 

of REE in an apatite crystal. However, such bands are not observed in some spectra, suggesting 

heterogeneities in REE enrichment among the apatite grains. Using time-resolved spectroscopy on 

apatite and merrillite, it is possible to obtain Raman spectra without a luminescence contribution, but 

also luminescence spectra without a Raman contribution, so as to analyse the luminescence signal. 



Such analyses confirm the presence of REE
3+

 such as Er
3+

, Dy
3+

, Eu
3+

 and Sm
3+

 (see fig. 2). It is also 

possible to measure the time decay of luminescence by isolating a peak specific of a given REE. The 

luminescence pattern of Eu
3+

 in a merrillite grain was isolated and several spectra with a gradual 

increase of delay for the ICCD gate opening were analysed and are shown in fig.2. The total intensities 

of the luminescence peaks can then be represented against the gate delay (fig.11b). The lifetime is then 

calculated as the slope of the line going through the experimental points, giving a value of 0.56 ms. 

(Fau et al., 2022) revealed a linear correlation between lifetime and Eu concentration inside synthetic 

apatite. Here we obtain a lower value compared to the lifetime in apatite. That may be due to the 

different decay lifetime of Eu3+ in the merrillite structure but also to energy transfers between the 

various luminescence activators present in the crystal lattice (Fau et al., 2019). 

 

Fig.12: BSE images of different apatite morphologies in clasts found around the breccia (a, b, c, d), associated with the 

different mineral phases: Px = Pyroxenes, Fp = feldspar, Apt = apatite, Mg = magnetite. The Raman survey of these different 

apatite crystals is summarized in e, with the position vs FWHM of the ν1 Raman peak, where most of the data are 

homogenous. However, the luminescence signal survey (f) gives different results, with luminescence patterns different 

between the apatite around the merrillite and the other apatite grains.  

Our Raman results are in line with Raman investigations on different martian SNCs, with ν1 

peak position values clustering around 960 cm
-1

 and no hydration detected suggesting the dominance 

of chlorapatite. For merrillite, our spectra are highly similar to those obtained by (Wang et al., 1999, 

2004a) on shergottites with peak positions of 958 and 975 cm
-1

 for the merrillite doublet. Additionally, 

we did not detect any evidence for high pressure structural modification of phosphates, such as a 

broadening of the main ν1 Raman peak or the presence of high-pressure phosphate phase like 

whitlockite. Our investigations reveal the likely presence of at least two generations of phosphates in 



NWA7533. The first one crystallized initially as merrillite and was later transformed to apatite 

probably during a metasomatic event during which merrillite interacted with fluids. With our data we 

cannot specify how and when this metasomatic event happened. The other generation of apatite covers 

all other apatite grains which are not linked to the presence of merrillite based on textural 

identification of merrillite or inherited REE luminescence from prior merrillite. This group covers a 

wide diversity of textures and could actually be subdivided in several groups corresponding to various 

crystallization processes (magma source, cooling rate…). 

5.2.2/ Zircon  

Zircon (ZrSiO4) is a highly resilient accessory mineral found inside magmatic, metamorphic and 

sedimentary rocks, crucial for geochronological purposes. It is the oldest mineral found on Earth with 

ages up to 4.4 Gyr for the Jack Hills zircon grains (Peck et al., 2001; Wilde et al., 2001). Upon the 

discovery of zircon in NWA 7533 and paired breccia samples, U-Pb ages revealed crystallization 

processes as old as 4.4 Gy, with a major heating event around 1.7 Gy (Hu et al., 2019; Humayun et al., 

2013). These zircons are found throughout the different components of the breccia, from the matrix to 

the various clasts, and can be very heterogeneous in size, shape and structural state. 

The Raman signature of zircon has been described in detail by Dawson et al. (1971), Syme et 

al. (1977) and Nasdala et al. (2001). We use the peak assignment from these studies. Vibration modes 

in the SiO4 tetrahedron induces 4 main distinct peaks, with bending modes around 439 cm
-1

 (ν2) and 

350 cm
-1

 (ν4) and stretching modes around 975 cm
-1

 (ν1) and 1000 cm
-1

 (ν3). Additional modes caused 

by lattice vibrations can be found around 200 cm
-1

. The asymmetric stretching band ν3 is generally the 

most intense and distinct peak in the zircon spectrum. Alteration due to radiation damage induced by 

high U content (Pellas, 1954) can be traced through variation of position, intensity and FWHM of this 

peak, as described by Nasdala et al. (2002, 2001). Low FWHM values and higher peak position 

indicate a high degree of crystallinity, while wider peaks with down-shifting position values reflect 

increasing degree of alteration. Luminescence bands, often caused by trivalent REE, like Sm
3+

, Eu
3+

, 

Dy
3+

 and Er
3+

, can also be observed in certain zircons. 



 

Fig. 13: BSE images from zircons in several polished section of NWA 7533 displaying either a homogeneous aspect (a & b) 

or heterogenous domains (c & d). Note that zircon a has a lot of small textural perturbations, while zircon b seems pristine 

over all of its surface. Various CW zircon Raman spectra (e) illustrate their structural diversity, with the spectra most 

indicative of crystalline form (top) associated with the clearest textural surface, gradually evolving towards damaged spectra 

(bottom), which are obtained from heterogeneous and amorphous domains. 

Figure 13 depicts some representative microtextural habits of zircons in NWA7533: some 

zircons display a pristine smooth surface while others exhibit complex patterns with alternance of 

rough and smooth areas. This textural variability is coherent with the different Raman spectra obtained 

from these different zircons and domains. Fig.13 e shows the diversity of Raman spectra. The most 

pristine spectra are obtained on the smooth and homogenous surface domains: they have a ν1 peak 

position at 1006 cm
-1

 and FWHM of 6 cm
-1

 indicative of high crystallinity. Other spectra obtained on 

domains with rough and heterogenous surfaces show increasing degrees of alteration, with the peak 

downshifting (down to 1000 cm
-1

 in position) and broadening, and an increasing broad background 

signal in the range of ~300 to ~1000 cm
-1

. Furthermore, some zircons exhibit a luminescence signal 

due to the presence of REE3+. TR spectroscopy (fig. 14) is used to confirm the presence the 

luminescence nature of these peaks by excluding the Raman signal with time resolution (Fig. 14). The 

presence of Sm
3+

 could explain the presence of these two peaks between 2200 cm
-1

 (602.52 nm) and 

2600 cm
-1

 (617.4 nm). 



 

Fig. 14: Time resolved Raman spectra from a single well crystallized zircon grain. Only the Raman signal was gathered for 

the uppermost spectra, using a very short gate width. The spectrum in the middle is the standard Raman and luminescence 

signal, and the last spectra is obtained by collecting the luminescence spectra, with some faint peaks associated with a weak 

Sm3+ abundance. 

Results from CR and TR Raman spectroscopy investigations on several zircons from the 

breccia revealed huge structural heterogeneities. Raman peak characteristics are comparable to 

terrestrial standards from Nasdala et al. (2001) showing distinct trends in position and FWHM values 

in relation with the amount of damage induced by metamictization processes. This observation agrees 

well with other in-depth studies of zircon in the martian breccia: Hu et al. (2019) and Roszjar et al. 

(2017) observed similar zircon spectra, either well crystalline or deeply damaged. Specifically, they 

confirmed the presence of highly heterogeneous zircon displaying both crystalline and amorphous 

domains in a single grain, similar to the BSE images in fig.13cd, which are not related to impact 

texture. Indeed, none of the zircon investigated seems to have undergone significant shock processes 

due to the lack of any shock-induced morphologies, like the rest of the minerals from the breccia. A 

rare exception of a shocked zircon was observed in the breccia by Cox et al. (2022).  

5.2.3/ oxides  

Opaque phases can provide information upon the conditions of formation and alteration of a sample. 

Such Fe-Cr-Ti rich phases can be associated with accessory minerals like zircon in most magmatic 

rocks. Several oxides have been reported in the Martian breccia, composing the bulk matrix or 

associated with other minerals inside several clasts. Almost 15 wt% of the breccia is magnetite, 



bearing the majority of the strong magnetic signal of the sample (Gattacceca et al., 2014), 

accompanied by a suite of Fe-Cr-Ti oxides (Hewins et al., 2017; McCubbin et al., 2016; Santos et al., 

2015). Here we report the Raman investigations on magnetite (Fe
2+

Fe
3+

2O4), ilmenite (FeTiO3), 

hematite (Fe2O3) and rutile (TiO2) found in several section of the breccia. Due to their association with 

pyrite, hematite spectra are discussed in the following section,  

The Raman signatures of the most common oxides have been reviewed by (Frezzotti et al., 

2012). In magnetite, only the sites occupied by Fe
3+

 and O
2-

 ions contribute to the Raman activity 

(Shebanova and Lazor, 2003), resulting in a characteristic strong peak at ~668 cm
-1

 accompanied by 

another band at ~538 cm
-1

. Two weaker bands are observed at ~306 cm
-1

 and ~193 cm
-1

. Ilmenite is 

characterized by a strong Raman peak at ~685 cm
-1

, associated with weaker bands at ~373 cm
-1

 and 

232 cm
-1

 (Rull et al., 2007). Finally, Rutile is defined by two strong peaks at ~609 and ~444 cm
-1

, 

accompanied by weaker bands at ~ 920 cm
-1

, 696 cm
-1

, 238 cm
-1

 and 139 cm
-1

. CW spectra were 

acquired on various oxides encountered in our investigations as well as on several magnetite grains 

characterized with EMP by Hewins et al. (2017). SEM chemical mapping was used to confirm the 

presence of Fe, Ti or Cr in some of the newly investigated grains. 

 



Fig. 15: CW Raman spectra illustrate the different Fe-Ti oxides encountered in the Breccia. SP7 30, 52 and 51 were 

previously analyzed with EMP, highlighting their magnetite composition. SP9 Ilm and SP9 Rtl spectra were obtained on an 

assemblage of Fe-Ti and Ti oxides, identified with chemical cartography using SEM. 

Figure 15 depicts the diversity of oxide spectra encountered. At the bottom, three spectra (SP7 

51, SP7 52 and SP7 30) exhibit strong bands at 673-678 cm
-1

, accompanied by a weaker band at 550-

560 cm
-1

. EMP analysis by Hewins et al. (2017) show that two spots are Ti-magnetite: SP7 30 [~Spin5 

Chrom1 Usp23 Mgt68] and SP7 52 [~Spin0 Chrom0 Usp13 Mgt85]. SP7 51 [~Spin6 Chrom31 Usp51 Mgt12] 

is a Ti-Cr spinel, yet the position range of the main peaks remains coherent with the previous points. 

The SP9 Ilm comes from a Fe-Ti-rich oxide and exhibits a strong Raman band at 688 cm
-1

, close to the 

peak of ilmenite. Hence, this oxide was labelled as an ilmenite. However, the systematic presence of a 

weaker 608 cm
-1

 Raman band in every observed Fe-Ti-rich oxide doesn’t completely match the 

ilmenite spectrum. Such a peak could be explained by the presence of small amounts of rutile in the 

grain. The spectrum SP9 Rtl was obtained next to SP9 Ilm on a Ti-rich oxide. It displays intense peaks 

at 608 cm
-1

 and 448 cm
-1

, with weaker bands at 694, 386, 301, 234 and 172 cm
-1

. This description 

matches the spectra of rutile described by Frezzotti et al. (2012). 

 The magnetite spectra have a similar aspect to other (terrestrial) samples (Frezzotti et al., 

2012; Shebanova and Lazor, 2003), but our position values are up-shifted from 5 to ~10 cm
-1

 from 

their values. Similarly, position values from magnetite in a shergottite in (Wang et al., 2004b) are 

lower than our results. This could be explained by a stronger Usp (ulvöspinel [Fe2TiO4]) contribution 

in the oxide composition from SP7, the spectrum of ulvöspinel being characterized by a ~680 cm
-1

 

main Raman peak. Our results are consistent with other studies of the Raman spectra of the different 

oxides in the breccia (McCubbin et al., 2016). 

5.2.4/ Pyrite and its associated alteration phases. 

Pyrite (FeS2) detection and characterization can help us understand the magmatic and alteration history 

of a rock. Sulfide minerals have been thoroughly studied on Mars, the sulfur cycle being one of the 

most important geochemical cycles on the planet (Franz et al., 2014). Global Mars survey suggest a 

surface abundance of 4.40 wt% SO3 on the surface (Dyar et al., 2011). Comparatively, pyrite 

composes up to 1% of the Martian breccia by weight, as a component of the matrix and of certain 

clasts. It has been a key mineral to constrain late-stage alteration processes in the sample (McCubbin 

et al., 2016). It is inferred that the pyrite formed during the low temperature thermal event recorded at 

~1.7 Ga. Afterwards, they underwent light shock deformation like planar fractures, which acted as 

preferential pathways for partial alteration of the pyrite mainly to iron oxyhydroxide during its stay in 

the Sahara Desert (Lorand et al., 2018, 2015).  

 The Raman spectrum of pyrite has been studied in detail by Mernagh and Trudu (1993). They 

assigned 3 main Raman active modes to isotropic pyrite crystals. The most intense peak is at ~387 cm
-



1
, followed by peaks at ~353 cm

-1
 and 446 cm

-1
. An anisotropic form of pyrite displays shifted peaks 

with broadened aspect at ~377 cm
-1

, ~342 cm
-1

 and ~428 cm
-1

. Hematite inside the breccia pyrite 

alteration phases is recognizable by several Raman peaks described by Kuebler et al. (2006b) and 

(Frezzotti et al., 2012): intense peaks are located at ~1313, ~409, ~290 and ~223 cm
-1

, usually 

followed by minor peaks at 498 and 609 cm
-1

. Several CW spectra were acquired on pyrite and 

surrounding alteration phases, recognizable under the microscope with reflected light and by BSE 

images. A Raman map was also extracted in order to trace possible compositional variation in the 

alteration phase.  

 

Fig. 16: Reflected light image (a) of a pyrite (Py) surrounded by its alteration phases (Alt P), paired with the Raman 

cartography (b) highlighting the presence of the altered pyrite in red. The representative CW Raman spectra of pyrite and its 

alteration phase are shown in c with their peak position. 

 Figure 16 (a) shows a reflected light image of a pyrite, in bright white, surrounded by its 

alteration phase, with a distinct greyish colour and a layered texture. The Raman map (fig.16 b) 

extracted around the pyrite grain show that the surrounding altered pyrite is homogenous, with 

consistent Raman spectra. Figure 16 (c) show detailed Raman spectra of a pyrite and its alteration 

phase. The pyrite Raman spectra display clear and intense peaks at 350 and 387 cm
-1

 with a lower 

peak at 441 cm
-1

. These values are constant throughout the different grains investigated. The Raman 

spectra of the alteration phase is more complex with a multitude of peaks. Several peaks at 1318, 610, 

498, 409, 290 and 223 cm
-1

 are very close to the values of the hematite Raman peaks described earlier, 

confirming its presence around the pyrite. Additional peaks at 658 and 705 cm
-1

 are not found in 

hematite spectra, and is likely due to the presence of another iron oxyhydroxide. Its nature has not 

been identified and remains unknown. Gattacceca et al. (2014) reported goethite in the breccia 



transforming to hematite during heating experiments. We did not see spectral evidence of maghemite 

or goethite in the alteration material analysed.  

 The pyrite spectrum obtained in the breccia is very similar to the spectrum obtained on 

terrestrial isotropic pyrite, with coherent values in peak position. Hematite was found in the alteration 

phase around pyrite grains as described by (Lorand et al., 2015) with peak value consistent throughout 

the breccia. McCubbin et al. (2016) obtained similar altered pyrite spectrum with a strong contribution 

of hematite. Pyrite with consistent Raman spectra has been observed in other Martian meteorites, such 

as shergottites (Wang et al., 2004a). Because the analytical total for the oxyhydroxide is 81% (Hewins 

et al., 2017), we speculate that it is a mixture of hematite and hydrated phases with a certain porosity. 

5.3/ Bulk Raman spectra of the breccia 

A SuperCam-like analysis was also performed. For this, a raw surface of the breccia was investigated 

using the TR Raman spectrometer in remote configuration with the telescope. In order to preserve the 

precious sample, the laser irradiance was set to a minimum value to observe peaks. Figure 17 shows a 

resulting Raman spectrum, raw and smoothed data, with some identifiable Raman peaks. A distinct 

peak doublet around ~500 cm
-1

 can be interpreted as feldspar. Given the low signal to noise ratio of 

the spectra, it is not possible to determine the composition of the feldspar accurately. An additional 

broad peak is visible at ~665 cm
-1

, likely due to an iron oxide like magnetite. Finally, a strong peak at 

~1010 cm
-1

 is interpreted to reflect pyroxene. This spectrum thereby exhibits the three dominant 

minerals of the breccia which efficiently contribute to the average Raman spectra. Other frequent 

minerals, like phosphates, are not detected due to the sparse distribution of their grains. If the laser was 

precisely above a large grain, it would likely contribute to the overall spectra. 



 

Fig. 17: Raw (bottom) and smoothed (top) spectra of a non-polished section performed with time-resolved Raman 

spectroscopy (gate 100 ns) in telescope mode and SuperCam-like conditions. The minerals contributing to the Raman spectra 

are highlighted above their distinct Raman peaks. 

Conclusion 

Raman spectroscopy is now on Mars on board Perseverance, and has already provided some key 

mineral identification that is not accessible directly to other techniques on the rover. Using Raman on 

Mars is challenging since the Raman signal is extremely weak and subtle. Laboratory studies on 

reference samples are therefore needed to help in optimizing analytical protocols on Mars, but also to 

deepen the spectral datasets to minerals that are likely to be found on Mars. This article provides for 

the first time an exhaustive Raman investigation of the regolith breccia NWA7533 which is one of the 

Martian meteorites offering the greatest mineralogical diversity. If the Raman signal is good enough, 

Raman on Mars could not only identify minerals but also provide some insight into their chemistry. 

We demonstrate also how luminescence could be used to detect and characterize trace elements (e.g. 

REE) in some key minerals like phosphates or zircon in Martian rocks. 
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