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Introduction:  In February 2021, NASA’s Perse-

verance rover landed on the floor of Jezero crater, initi-

ating in-situ exploration and sample collection for future 

return to Earth. Jezero crater was selected for its high 

potential for past habitability, being linked to an ancient 

lake. After exploring the crater floor and the fan front to 

the west, the rover proceeded onto the fan and into the 

Margin Unit, a region where orbital data revealed par-

ticularly high carbonate signatures [1]. Perseverance 

also explored a crater rim-dissecting inlet channel, 

named Neretva Vallis [2], as well as several targets in 

terrain attributed to the Margin Unit in the north of 

Neretva Vallis.  

The SuperCam LIBS (laser-induced breakdown 

spectroscopy) instrument is part of the rover’s payload 

and collects data on the martian surface from remote 

distances of up to several meters. [3,4]. Sulfur is an ele-

ment that is generally challenging to detect and quantify 

using LIBS but its emission features can be identified 

and quantified in targets with high sulfur content, such 

as Ca-sulfates and Mg-sulfates [5]. High sulfur in Su-

perCam LIBS data was observed at the delta front in 

several targets containing Ca-sulfates [6] (Fig. 1, left), 

which were identified as anhydrite using SuperCam Ra-

man data [7]. At Bright Angel in Neretva Vallis, high 

sulfur was again seen together with high calcium, indi-

cating again the presence of Ca-sulfates that was con-

sistent with findings of other rover techniques. The sul-

fur emission lines in LIBS data are strongly superim-

posed by Fe lines and are particularly difficult to inter-

pret in targets with significant iron content, 

complicating the analysis of mineral phases with both 

iron and sulfur. Spectral unmixing (SU) [8-10] provides 

a new and alternative way to analyze LIBS data to ob-

tain semi-quantitative values for major and minor ele-

ments. In particular, sulfur scores can be obtained, un-

mixed from the contribution of iron in the spectra.  

In this work, we present the results of SU applied to 

SuperCam LIBS data, reporting the detection of a min-

eral phase enriched in both sulfur and iron, with most 

detections occurring in a few targets in the northern part 

of the Margin Unit of Jezero crater’s western fan. 

Methodology Spectral Unmixing:  The SU ap-

proach is a 'calibration-free' method that derives semi-

quantitative elemental abundances exclusively from 

spectral data. This is complementary to the official 

quantification approaches by the team, which rely on the 

measurement of standards in the laboratory and regres-

sion models based on this data [11,12]. 

In SU, measured spectra are fitted by a linear combina-

tion of reference spectra that are computationally simu-

lated for each element. To account for the complexity of 

LIBS data and its dependencies on experimental condi-

tions, sample matrices, and ambient factors, multiple 

spectra for each element are simulated, varying plasma 

temperatures, electron densities, and concentrations, 

based on the Saha-Boltzmann equation and radiative 

transfer [8]. This is especially important for addressing 

the transient nature of LIBS data when applying SU to 

the time-integrated SuperCam data. Transition parame-

ters are sourced from databases such as NIST and Stark-

B, and the simulated spectral database is optimized by 

 

    
Figure 1: (Left) The spectral unmixing scores of sulfur by sol # show local enhancements. After detecting Ca-sulfates 
at the delta front, more Ca-sulfates were seen at Bright Angel in Neretva Vallis after having left the Margin Unit. 
(Right:)Several sulfur enhancements were seen to correlate with enhanced iron content instead of with calcium. 
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removing similar or linearly dependent spectra. SU 

"scores" are scalar values by which the simulated refer-

ence spectra are multiplied to match the measured LIBS 

data. Details on this methodology can be found in [3,4]. 

Results:  Sulfur exhibits several emission lines, pri-

marily in the range of 540–570 nm. Using the spectral 

unmixing approach, we found that Fe and S emission 

lines could be effectively separated and identified in Su-

perCam LIBS data. Several targets sampled a mineral 

phase enriched in both Fe and S, with most detections 

made in the northern part of the Margin Unit near the 

light-toned sedimentary Bright Angel site of Neretva 

Vallis [2], see Fig. 1 (right). Here, Ca-sulfates were also 

frequently detected, often associated with visible veins. 

The first target measured in the northern Margin Unit, 

with two out of ten positions enriched in Fe and S, was 

autonomously selected by the rover using the AEGIS 

software on sol 1185 (martian days since landing). 

AEGIS_1185A (Fig. 2, left) is a target with a major ox-

ide composition [11] consistent with previous Margin 

Unit compositions, including two positions indicating 

the presence of carbonates [13]. AEGIS_1206A is an-

other autonomously selected target, located in a small 

depression between the northern Margin Unit and 

Neretva Vallis (Fig. 2, middle; Fig. 3). Four out of ten 

positions showed enhanced Fe and S, and, as with 

AEGIS_1185A, these positions were not visually dis-

tinct from other areas on the targets. Haunted_Canyon 

is a bedrock target investigated using several LIBS ras-

ters. A dark clast embedded in a brighter matrix was 

sampled, with most positions on the dark clast showing 

enhanced Fe and S emissions. Another position en-

hanced in Fe and S was seen in the raster of Hermit_Ba-

sin on the same rock. Single locations on some targets 

sampled before reaching the northern Margin Unit also 

exhibited combined Fe and S enrichments. Examples in-

clude one position on Lyndon_River in the eastern Mar-

gin Unit, one on Steamboat_Mountain at Bright Angel, 

and one on AEGIS_0817A, which was sampled on the 

upper fan. 

 
Figure 3: NavCam sol 1206 image showing the north-
ern Margin Unit in proximity to the Neretva Vallis 
Bright Angel site where it was parked for this image.  

 

Discussion:  While at Cheyava Falls at Bright An-

gel, contact science instrumentation PIXL found Fe-S 

occurences in so-called “poppy seeds” and “leopard-

spots” [14] interpreted as sulfides that were there not 

seen by SuperCam, the Fe-S occurrence in the Steam-

boat_Mountain target seen by SuperCam less than a me-

ter away suggests a similar nature. Since most Super-

Cam-detected Fe-S correlations are located in the north-

ern Margin Unit outside of Neretva Vallis, this raises the 

question of whether the Fe-S mineral phase there shares 

the same origin as that at Bright Angel. Possible expla-

nations, beyond sulfides, include Fe-sulfates indicative 

of local acidic fluids related to an igneous emplacement. 

Conclusion:  With SU, the contribution of superim-

posed Fe and S emission lines in LIBS data can be un-

mixed, providing an avenue for semi-quantified  chem-

istry in challenging targets. With SU, we identified a 

mineral phase enhanced in Fe and S, mostly attributed 

to the northern Margin Unit and likely indicative of the 

presence of sulfides or Fe-sulfates. 
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Figure 2: Several targets with positions enriched in both sulfur and iron were observed in the northern Margin Unit 
(yellow arrows). On the target Haunted_Canyon, this enrichment was attributed to an embedded dark-toned clast. 
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