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ABSTRACT: Tianwen-1’s MarSCoDe payload acquires chemical compositions of Martian rocks and soils. Previous LIBS 

models, built with Earth-based simulated Martian spectra, face accuracy reduction due to environmental discrepancies between 

simulations and the real Martian surface. To address this issue, this study establishes a univariate quantitative model for major 

elements based on in-situ Martian MCCT LIBS spectra. The derived 

Root-Mean-Square Errors are comparable to those reported in 

previous studies, and the average elemental compositions are 

consistent with GRS measurements at the Tianwen-1 landing site. 

Based on model-derived compositions and low Chemical Index of 

Alteration (CIA, 21.5% ± 8.0%), most rocks and soils show overall 

weak chemical alteration, implying limited water–rock interactions 

in the Tianwen-1 landing area during the Late Hesperian to 

Amazonian. Nonetheless, several samples with CIA values 

exceeding 35% (up to 42.7%) record localized liquid water activities 

within the region during this period. 

INTRODUCTION  

China’s first Mars exploration mission, Tianwen-1, successfully 

accomplished orbital insertion, landing, and surface roving on 

Mars.1 The Zhurong rover, carried by this mission, landed in 

southern Utopia Planitia in 2021.2, 3 This region is located in the 

northern lowlands of Mars, north of the crustal dichotomy 

boundary, with Elysium volcano to the east and Isidis basin to the 

southwest.4 The landing area lies mainly within the Late Hesperian 

lowland–transition unit and is dominated by materials of the 

Vastitas Borealis Formation,4 a widespread resurfacing unit that 

has been interpreted as sedimentary processes and possibly related 

to outflow deposition or the residue of an ancient ocean.5 Utopia 

Planitia is the largest recognized impact basin in the Martian 

northern lowlands6 and is widely considered a volatile-rich region, 

as suggested by the occurrence of giant polygons,7 ghost craters, 

layered ejecta craters,8 and pitted cones.9 At the local scale, the 

landing site is a relatively flat, gently sloping plain covered by dust. 

Several geological features are observed in Utopia Planitia, 

including cones, polygonal troughs, ridges, impact craters, and 

aeolian bedforms, indicating a complex geological history 

involving sedimentary resurfacing, volatile-related modification, 

and later local resurfacing processes.4,7-9 To conduct in-situ 

detections of compositions of Martian materials, the Zhurong 

rover carries the Mars Surface Composition Detector (MarSCoDe) 

payload.10 MarSCoDe is an integrated spectroscopic system, 

primarily consisting of Laser-Induced Breakdown Spectrometer 

(LIBS), Short-Wave Infrared Spectrometer (SWIR), and Micro-

Imaging Camera (MIC).11 LIBS analyzes the emission lines from 

laser-induced plasma to quantify abundance of elements including 

Si, Al, Fe, Mg, Ca, Na, K, etc.12-16 SWIR identifies mineral phases, 

including hydrated and anhydrous silicates, by acquiring the 

reflectance spectral features of Martian rocks and soils.17 MIC 

captures the micro-morphology of the targets, providing spatial 

context of Martian rocks and soils.11 The synergistic observation 

capability of MarSCoDe offers a unique approach for conducting 

detailed chemical, mineralogical, and morphological analyses on 

Mars.12,13,18 Previous MarSCoDe studies have reported the 

compositions, mineralogical features, and possible water-related 

signatures of surface materials at the Tianwen-1 landing site.15,18 

http://dx.doi.org/10.46770/AS.2022.235


 

https://www.at-spectrosc.com/as/article/pdf/20260008 XXX  Atom. Spectrosc. 2026, 47(X), XXX–XXX. 

These studies provide an important basis for understanding local 

rocks and soils. 

The LIBS spectra are strongly affected by the surrounding 

environment (e.g., temperature, pressure). Current research 

obtains chemical compositions using MarSCoDe-LIBS spectra 

based on the model built using LIBS spectral data collected under 

Martian-simulated conditions (e.g., 700 Pa CO2).19-21 However, 

certain discrepancies exist between the ground-simulated 

environment (700 Pa) and the varying environment at the 

Tianwen-1 landing site (e.g., 713~838 Pa).13 This difference in 

environmental pressure affects the LIBS spectral signal. For 

instance, the LIBS spectral signal intensity and SNR (Signal to 

Noise Ratio) both increase with increasing pressure due to the 

longer lifetime of the laser-induced plasma.22,23 Moreover, the 

response characteristics of the ground-based simulated instrument 

differ from those of the payload on Mars. Previous ChemCam 

studies have shown that, even for the same target material, LIBS 

spectra acquired under Martian conditions can differ 

systematically from those measured in simulated Martian 

environments. They have used the LIBS spectra of calibration 

targets collected in actual and simulated Martian environments to 

develop a transformation matrix, which can decrease the effects of 

different environments.24 As a result, models developed using 

spectra collected on Mars can reduce the effects of different 

environments. 

The ChemCam team has shown that onboard calibration 

targets can be used to support LIBS quantitative analysis under 

Martian surface conditions.25 Inspired by this calibration strategy, 

this study establishes a quantitative model for major elements 

using in-situ LIBS spectra of MarSCoDe Calibration Targets 

(MCCT).26 The objectives are to: (1) build an in-situ MCCT-based 

model for MarSCoDe-LIBS data; (2) derive major-element 

compositions of Martian rocks and soils at the Tianwen-1 landing 

site; (3) evaluate the model results by comparison with previous 

MarSCoDe results and Odyssey Gamma Ray Spectrometer (GRS) 

data; and (4) assess chemical alteration using Chemical Index of 

Alteration (CIA) values. 

DATA PROCESSING 

Introduction of MarSCoDe-LIBS spectra. MarSCoDe can 

acquire chemical compositions of Martian soils and rocks at a 

stand-off distance of 1.6 to 7 m using LIBS technology. 

MarSCoDe uses a 1064 nm Nd:YAG laser (4 ns pulse width, max 

23 mJ single-pulse energy, 1/2/3 Hz selectable repetition rate) as 

the excitation source. The laser is focused onto samples at 

sub‑millimeter scale and ablates the samples into plasma. The light 

from laser-induced plasma is transported into three different 

spectrometers (240∼340 nm, 340∼540 nm, and 540∼850 nm) 

according to its spectral range, with the spectral resolution of 

∼0.19 nm@ 240∼340 nm, ∼0.31 nm@ 340∼540 nm, and ∼0.45 

nm @ 540∼850 nm. In standard acquisition mode, 60 LIBS 

spectra are collected and averaged for each point via 60 laser 

pulses to generate a single spectrum. In addition, several laser 

shots are applied to the samples for autofocusing before LIBS 

spectra acquisition, which removes surface dust from the rock.27  

Introduction of MCCT. A total of 12 MCCT are carried by the 

MarSCoDe payload for the calibration of instrument responses 

and the peak drift of LIBS spectra,27-29 including igneous minerals 

(Hypersthene, Olivine, and K-feldspar), igneous rocks (Andesite, 

Norite, and Basalt), sulfate (Gypsum), clays (Nontronite and 

Montmorillonite), carbonate (Dolomite), phosphate (Apatite), and 

Ti-plate. These minerals and rocks are widespread on terrestrial 

planets (e.g., Mars) and represent the major lithological and 

mineralogical types present on the Martian surface. The 

compositions of them are presented in Table 1.27 The Ti-plate 

target (No. LC-008) is designated solely for wavelength 

calibration27,30, which is excluded from our model development. 

The two available LIBS spectra of K-feldspar are also excluded 

due to their abnormally variable emission line intensities (e.g., 

0.00622 ± 0.003696 for Ti at 335.04 nm and 0.000262 ± 0.000226 

for Fe at 260 nm). The remaining 10 samples are measured 

multiple times to obtain multiple spectra. The complete spectra are 

shown in Fig. 1. The positions of the spectral peaks used in this 

study are marked by dotted lines. The characteristic spectral peaks 

corresponding to each element across the 10 samples are displayed 

in Fig. 2. 

Table 1. The contents (wt.%) of major elements in the MCCT (except titanium plate). 

Target name Target type SiO2 TiO2 Al2O3 FeOT MgO CaO Na2O K2O 

On-orbit calibration target LC-001 Gypsum 0.00 0.00 0.03 0.03 0.38 99.44 0.13 0.00 

On-orbit calibration target LC-002 Hypersthene 51.14 1.23 5.55 17.44 21.24 2.91 0.27 0.25 

On-orbit calibration target LC-003 Andesite 67.98 0.35 17.05 2.40 0.72 2.25 5.22 4.04 

On-orbit calibration target LC-004 Nontronite 83.36 0.11 9.18 1.26 0.94 2.99 0.19 1.95 

On-orbit calibration target LC-005 Norite 46.53 0.68 14.25 15.25 9.34 12.41 1.49 0.05 

On-orbit calibration target LC-006 Apatite 0.41 0.00 0.25 0.22 0.52 98.33 0.25 0.02 

On-orbit calibration target LC-007 Dolomite 0.15 0.00 0.10 6.99 35.09 57.65 0.00 0.02 

On-orbit calibration target LC-009 Montmorillonite 77.85 0.17 13.27 0.50 1.31 3.93 0.31 2.65 

On-orbit calibration target LC-010 Olivine 41.81 0.01 0.41 8.75 48.85 0.16 0.00 0.00 

On-orbit calibration target LC-011 Basalt 46.42 2.66 14.28 12.75 9.15 9.39 3.44 1.91 

On-orbit calibration target LC-012 K-feldspar 64.84 0.05 18.82 0.06 0.03 0.25 2.23 12.87 
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Fig. 1 LIBS spectra obtained from Basalt (No. LC-011), which contains all 

the major elements. [(a): Original spectral data and Continuum background, 

(b): The pre-processed spectrum and the selected spectral peak positions 

(indicated by dotted lines)]. 

Spectral data processing. Each LIBS spectrum is averaged from 

60 spectra of 60 single laser shots, which reduces the noise of the 

LIBS spectra. For the LIBS spectra obtained by MarSCoDe from 

MCCT, as well as Martian rock and soil samples, the processing 

includes the continuum background subtraction, normalization, 

emission-line selection, and peak-area extraction. Continuum 

subtraction is applied to reduce the contribution of plasma 

background emission. Normalization can reduce spectral intensity 

variations caused by observation geometry and laser-energy 

fluctuations. Voigt-profile fitting is adopted to obtain peak areas 

while accounting for both Gaussian and Lorentzian broadening. 

The resulting peak areas are then used as input variables for 

quantitative models. The detailed procedures are described below 

for clarity and reproducibility: 

(1) Continuum background subtraction. The continuum 

background corresponds to a slowly varying broadband 

continuum arising from bremsstrahlung and ion-electron 

recombination processes in plasma.24,31 Although it does not 

contain characteristic elemental information, it obscures or distorts 

the emission spectral lines of target atoms. The continuum 

background is determined and removed using the following steps: 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Selected and normalized emission lines of Si, Fe, Mg, Na, K, Ti, Ca, and Al of ten targets.
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Table 2. Spectral emission lines used for the calibration curves, NIST 

source. 

Elements Emission lines Energy level transition 

Na 

Na(I) 

doublet 
589.15 nm 2p63p→2p63s 

Na(I) 

doublet 
589.75 nm 2p63p→2p63s 

Ca 

Ca(II) 318.02 nm 3p64d→3p64p 

Ca(II) 422.12 nm 3p68s→3p65p 

Ca(I) 612.39 nm 3p64s5s→3p64s4p 

Si Si(I) 288.24 nm 3s26p→3s23d 

K K(I) 766.70 nm 3p64p→3p64s 

Mg Mg(II) 448.25 nm 2p64f→2p63d 

Al Al(I) 308.94 nm 3s6d→3s4p 

Fe 

Fe(I) 260.0 nm 
3d6(3F2)4s4p(3P°) → 

3d7(4F)4s 

Fe(I) 404.69 nm 3d7(4F)4p → 3d7(4F)4s 

Fe(I) 438.47 nm 3d7(4F)4p → 3d7(4F)4s 

Ti Ti(II) 335.04 nm 3d2(3F)4p → 3d2(3F)4s 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Fitting of the Fe emission line at 260 nm in Basalt (LC-011). 

a. Each spectrum is derived from three segments corresponding 

to different spectral ranges (240∼340 nm, 340∼540 nm, and 

540∼850 nm). After removing a small portion of the repeated 

spectral range, the LIBS spectrum is divided into 50 uniform 

windows according to the spectral range. 

b. Within each window, the minimum intensity value is 

identified as the node.  

c. Cubic spline interpolation is applied to these nodes to create 

a smooth background baseline.  

d. The baseline is subtracted from the original spectrum, 

obtaining clean atomic emission spectra. 

(2) Spectral normalization. The background-subtracted spectra 

are then normalized to reduce intensity variations caused by 

different observation distances and slight varying in laser energy. 

In this work, the background-subtracted spectra are normalized to 

the [0, 1] range using the max-normalization method, which 

involves subtracting the minimum value and dividing by the 

maximum value. 

(3) Peak emission lines selection. In this study, the selection of 

emission lines for major elements follows several key principles. 

The isolated emission peaks with minimal spectral interference 

and clear distinguishability are selected to prevent signal overlap 

and ensure quantitative accuracy. Additionally, strong emission 

lines that are prone to detector saturation are avoided, particularly 

given the enhanced LIBS signal intensity under the low-pressure 

conditions typical of Mars. For instance, the emission lines of Ca 

at 396 nm and Mg at 279 nm are susceptible to saturation due to 

either high elemental abundance or large transition probabilities.  

The specific characteristic peak positions selected for each 

element are shown in Table 2. Multiple spectral lines are selected 

for Fe, Ca, and Na. The wavelength intervals for the three peaks 

of Fe and Ca are relatively large (e.g., 260.0 nm, 404.69 nm, and 

438.47 nm for Fe), allowing the peaks to be fitted independently 

without interference. Doublet lines are selected for Na at 589.15 

nm and 589.75 nm. The selected spectral peaks used in this study 

are shown in Fig. 2. These peaks generally exhibit regular line 

profiles without typical self-absorption features, such as flat-top 

distortion, central depression, or self-reversal. In addition, the 

selected peaks are well separated from neighboring emission lines, 

suggesting that they are not overlapped by other lines and are 

suitable for quantitative analysis. 

(4) Peak fitting. The selected emission lines are fitted using the 

Voigt function (Fig. 3). The Voigt function represents the 

convolution of the Lorentzian and Gaussian functions, allowing it 

to simultaneously account for uniform broadening (the Lorentzian 

component) due to particle collisions and natural broadening in 

plasma, as well as non-uniform broadening (the Gaussian 

component) resulting from the thermal motion of particles.32 

Compared to the Lorentzian function, the Voigt function 

significantly enhances fitting accuracy and improves the precision 

of peak area calculations through a more comprehensive physical 

model. Additionally, it facilitates the analysis of overlapping 

spectral lines and minimizes the interference from adjacent 

spectral peaks. 

The peak areas of these emission lines are obtained from the 

fitting. Na spectra exhibit two peaks at 589.15 nm and 589.75 nm, 

which are fitted using multi-peak fitting to aggregate the peak 

areas. The peak areas of multiple lines for each element (e.g., Fe  
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Table 3. RMSE values (wt.%) of major elements 

Elements 

RMSE (wt.%) 

This work 
Liu’s 

model18 

MarSCoDe 

performance test11 

ChemCam 

team’s model25 
univariate 

model 

PLS 

model 

LASSO 

model 

ANN 

model 

SVR 

model 

SiO2 9.8 14.7 14.8 9.2 8.3 6.3 6.9 2.6 

Na2O 0.5 0.5 0.7 0.4 1.1 0.7 0.6 0.2 

MgO 3.4 2.4 2.1 3.7 7.0 1.5 — 3.8 

K2O 0.5 0.4 0.4 0.5 0.8 0.6 0.9 0.1 

FeOT 2.2 2.2 4.1 3.0 2.4 3.4 — 6.3 

CaO 3.9 13.6 26.3 3.1 9.5 2.2 2.0 2.0 

Al2O3 2.9 3.2 4.1 2.3 4.5 2.9 2.3 1.4 

TiO2 0.3 0.1 0.1 0.2 0.5 0.5 — 0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Quantitative model utilizing LIBS spectra from MCCT [(a): SiO2, (b): Na2O, (c): MgO, (d): K2O, (e): FeOT, (f): CaO, (g): Al2O3, (h): TiO2]. 

and Ca) are summed to obtain the total area.  

(5) Development of quantitative model. LIBS spectra are 

affected by the matrix effects. For instance, the differences in the 

compositions and structures (e.g., grain size) of the sample will 

alter the laser-sample interaction process, which can affect the 

plasma and the spectral intensity of the element to be determined.33 

In addition to the univariate model, four multivariate models, 

including PLS, LASSO, ANN, and SVR, are also constructed for 

comparison (Table 3, Fig. S1, and Text S1). A quantitative model 

for major elements is established using the chemical compositions 

(shown in Table 1) and the peak areas of the LIBS spectra of the 

MarSCoDe’s Onboard Calibration Targets obtained from step 4. 

In this study, 30 in-situ MCCT LIBS spectra from 10 calibration 

targets are used for model development. For each LIBS spectrum, 

60 consecutive laser shots are acquired and averaged during 

standard acquisition.27 For elements represented by multiple 

emission lines, such as Fe, Ca, and Na, the corresponding peak 

areas are first summed within each spectrum. Then, the elemental 

peak areas from multiple spectra of the same calibration target are 

averaged to obtain the representative peak area used in the 

quantitative model. 

(6) Chemical compositions on Mars. The chemical 

compositions of Martian rocks and soils can be derived from the 

peak areas of LIBS spectra of the Martian rock and soil samples 

and the quantitative model (from step 5). This study compares the 

chemical compositions of rocks and soils derived in this work with 

those reported in previous studies to evaluate the accuracy and 

credibility of the model.15,18 In addition, the spectra obtained from 

3 January 2022 to 21 February 2022 are also analyzed in this work, 

which are not included in previous studies.15,18 

RESULTS AND DISCUSSION 

The quantitative model is established using the area of LIBS 

emission lines and chemical compositions of MCCT (Fig. 4). The 

function model corresponding to each element is shown in Table 4. 

In principle, the peak area is expected to correlate with elemental 

abundance. Both linear and exponential functions are tested in this 

study. The ChemCam team mainly uses linear calibration 

relationships in the onboard-target-based univariate calibration.25 

However, due to the interactions between different elements 

(matrix effect), the relationship between peak area and elemental  
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Table 4. The quantitative model corresponding to each element [X 

represents the area of the emission lines (a.u., arbitrary units), and Y 

represents the content of the element (wt.%)] 

Elements Element content model R2 

SiO2 Y=19544.9311e(0.0893X+1.7248) -109681.0852 0.8945 

Na2O Y=6.4749e(6.0024X+0.4708) -10.5256 0.9128 

MgO Y=24.1224e(24.8761X+0.0013) -23.4695 0.9561 

K2O Y=9.5085e(10X+0.2346) -12.0302 0.8553 

FeOT Y=38.2309e(7.4504X+1.1725) -123.7243 0.8829 

CaO Y=41.0467e(46.2334X-1.5382) -16.1695 0.9865 

Al2O3 Y=3069.5179e(0.1493X+1.7214) -17165.2263 0.8114 

TiO2 Y=0.5392e(595.0038X+0.5123) -0.9348 0.8750 

 

abundance can become nonlinear. In this study, the exponential 

function provides better fitting performance and is therefore 

selected for the quantitative model. For all eight major elements, 

the R2 is higher than 0.8, suggesting a good performance of the 

model. The derived chemical compositions of MCCT using the 

quantitative model are illustrated in Fig. 5. These predicted 

contents are comparable to the actual elemental contents. The 

scatter plots of predicted and actual compositions are distributed 

along a 1:1 line, indicating a good performance of the model. In 

addition, the Root Mean Square Error (RMSE) between actual and 

predicted compositions is listed in Table 3. Four multivariate 

methods, including PLS, LASSO, ANN, and SVR, are also 

evaluated for comparison with the univariate model (Table 3). The 

establishment procedures and leave-one-out RMSEs of the 

multivariate models are provided in the Supplementary Materials 

(Text S1, Fig. S1). The comparison shows that some multivariate 

models produce lower test RMSEs for individual oxides (e.g., 

ANN model of SiO2, Na2O, CaO and Al2O3) (Table 3). Moreover, 

because the MCCT dataset is limited, the multivariate models may 

suffer from overfitting under small-sample conditions.34,35 For 

example, the ANN model for SiO2 produces a very low training 

RMSE of 0.09 wt.% but a much higher test RMSE of 9.23 wt.%. 

To further evaluate the performance of the models built in this 

work, we also calculate the Relative Standard Deviation (RSD) 

values of the univariate model and the multivariate models (Table 

S2). The univariate model shows the lowest RSD for all eight 

oxides. For instance, the univariate model exhibits lowest RSD 

(24.74%) for univariate model compared to PLS (101.57%), 

LASSO (83.20%), ANN (149.24%), and SVR (137.79%), 

indicating better prediction stability than the multivariate models. 

Therefore, we still use the univariate model to derive chemical 

compositions and CIA values of Martian rocks and soils. The 

RMSE values of univariate model in this work are similar to the 

RMSE values of previous models (e.g., 9.8 wt.% for SiO2, 0.5 wt.% 

for Na2O, 3.4 wt.% for MgO, 0.5 wt.% for K2O, 2.2 wt.% for FeOT, 

3.9 wt.% for CaO, 2.9 wt.% for Al2O3, and 0.3 wt.% for TiO2), 

with slightly higher RMSE of SiO2, MgO, and CaO due to the 

limited dataset of MCCT. In particular, the RMSE of SiO2 (9.8 

wt.%) is higher than that in other models (~6.3 wt.%), which may 

be related to the characteristics of Si emission in LIBS spectra. In 

this study, SiO2 quantification is based on a single Si emission line 

at 288.24 nm. Whereas several other elements, such as Fe, Ca, and 

Na, are represented by multiple emission lines. Therefore, the SiO2 

model is more sensitive to the fitting uncertainty, local background 

correction, and matrix effects. 

 

 

 

 

 

 

 

 

 

Fig. 5
 
Comparison between derived results and actual chemical compositions [(a): SiO2, (b): Na2O, (c): MgO, (d): K2O, (e): FeOT, (f): CaO, (g): Al2O3, (h): TiO2].
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Fig. 6 Ratio between the compositions derived from LIBS spectra and the 

published result of GRS at Tianwen-1 landing site. 

The chemical compositions of Martian rocks and soils are 

derived from the model established in this study (Table S1). The 

average chemical compositions of Martian rocks and soils 

analyzed in this study and previous studies15,18 are normalized to 

the Gamma-Ray Spectrometer (GRS) measurements (SiO2, FeOT, 

and K2O) from Mars Odyssey at the pixel (~5°×5°) at the 

Tianwen-1 landing site (Fig. 6).36 The average compositions 

derived from this work and previous studies are comparable, and 

the results of this study (SiO2 = 46.8 wt.% ± 6.7 wt.%, K2O = 0.7 

wt.% ± 0.3 wt.%, FeOT = 23 wt.% ± 5.5 wt.%) are slightly closer 

to those of the GRS measurements (SiO2 = 42.9 wt.% ± 1.3 wt.%, 

K2O = 0.6 wt.% ± 0.04 wt.%, FeOT = 17.8 wt.% ± 1.4 wt.%). This 

comparison further supports the reliability of the model used in 

this study. 

The Chemical Index of Alteration (CIA) of each sample is 

calculated and is provided in Table S1. CIA can reflect the loss of 

mobile cations (e.g., Ca, K, and Na) caused by the water leaching 

in the open system. A higher CIA value indicates stronger water-

rock interaction.37-39 The calculation formula for CIA is as follows: 

CIA =
𝐴𝑙2𝑂3

𝐴𝑙2𝑂3 +𝐶𝑎𝑂+𝑁𝑎2𝑂+𝐾2𝑂
× 100%        (1) 

All the oxides mentioned here are expressed as mole 

percentages. To evaluate the influence of quantitative 

compositional uncertainties on the CIA-based geological 

interpretation, the RMSEs of the quantitative model are 

propagated into the CIA calculation. Specifically, the RMSEs of 

Al2O3, CaO, Na2O, and K2O are converted into molar 

uncertainties and then are propagated through the CIA formula. 

The propagated CIA uncertainties are listed in Table S1, where the 

CIA values are reported as CIA ± uncertainty. These 36 Martian 

samples mainly consist of igneous rocks, lithified duricrusts, 

transverse aeolian ridge (TAR) sands, soils, and cemented 

duricrusts according to their morphology acquired by 

MarSCoDe.15  

Igneous rock and cemented duricrusts show similar chemical 

compositions within their respective RMSE ranges, except for 

CaO. For example, igneous rock contains 50.5 wt.% SiO2, 

consistent with that in cemented duricrusts (48.3 ± 6.9 wt.%) ithin 

the RMSE of SiO2 (9.8 wt.%). In contrast, igneous rock displays 

lower CaO content (6.9 wt.%) than cemented duricrusts (13.9 ± 

7.8 wt.%), indicating the presence of low‑calcium phases such as 

low‑Ca pyroxene. Igneous rock also exhibits a similar CIA value 

(21.0%) to cemented duricrusts (20.4 ± 7.5%), implying very 

weak degrees of water–rock interaction. Cemented duricrusts 

likely formed through cementation of igneous components (e.g., 

Martian dust) by groundwater or atmospheric water. 

Lithified duricrusts display distinct compositional 

characteristics compared to both igneous rock and cemented 

duricrusts. They have significantly lower SiO2 (38.5 wt.%) and 

TiO2 (1.1 wt.%), but much higher Al2O3 (13.3 wt.%) and CIA 

(32.0%) than igneous rock (SiO2 = 50.5 wt.%, TiO2 = 3.1 wt.%, 

Al2O3 = 4.8 wt.%, and CIA = 21.0%) and cemented duricrusts 

(SiO2 = 48.3 wt.% ± 6.9 wt.%, TiO2 = 2.8 wt.% ± 1.1 wt.%, Al2O3 

= 6.9 wt.% ± 2.0 wt.%, and CIA = 20.4% ± 7.5%). These features 

collectively suggest that lithified duricrusts have undergone 

stronger chemical alteration and more intensive water–rock 

interaction. 

Soils and TAR‑sands show similar compositions and CIA 

values. Soils have SiO2 of 45.2 wt.% ± 4.8 wt.%, Al2O3 of 7.3 wt.% 

± 3.4 wt.%, FeOT of 24.2 wt.% ± 5.0 wt.%, and CIA of 22.3% ± 

11.8%, while TAR‑sands have SiO2 of 46.0 wt.% ± 5.5 wt.%, 

Al2O3 of 7.0 wt.% ± 1.6 wt.%, FeOT of 23.9 wt.% ± 4.8 wt.%, and 

CIA of 23.0% ± 5.2%. Both also share similar contents of TiO2, 

CaO, MgO, Na2O, and K2O. These similarities imply their 

common origin. The TAR may be mantled by local soils and 

Martian dust, leading to their consistent compositions. The 

relatively large variability in soil CIA values (11.8%) indicates 

heterogeneous and complex water‑related alteration across the 

region. 

The CIA values of the soils and rocks are relatively lower (21.5% 

± 8.0%) than those of sedimentary rocks. Martian dust at Gale 

crater, Gusev crater, and Meridiani Planum commonly shows CIA 

values of approximately 36–37%.40-42 Low-alteration igneous 

rocks at Gale crater and Ares Vallis also have relatively low CIA 

values of 41.7% ± 6.3% and 37.4% ± 3.5%, respectively.43,44 In 

contrast, sedimentary materials formed or modified by stronger 

open-system chemical weathering generally show higher CIA 

values. For example, altered materials at Yellowknife Bay in Gale 

crater exhibit substantially higher CIA values than weakly altered 

igneous materials,45 and most Murray formation rocks with 

substantial alteration show CIA values higher than 45%.37 

Compared with these materials, the CIA values obtained in this 

study are closer to weakly altered basaltic or dust-rich materials 

than to strongly altered sedimentary units, suggesting that the Tianwen-1 
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Fig. 7 Sampling positions and target images of representative relatively 

high-CIA samples. (a) Traverse map of the Zhurong rover showing 

MarSCoDe measurement points and selected relatively high-CIA targets. 

Yellow circles indicate the selected relatively high-CIA targets, and white 

circles indicate other MarSCoDe measurement points along the rover 

traverse. (b) Target image acquired at Sol 43, corresponding to a CIA value 

of 36.5%. (c) Target image acquired at Sol 103, corresponding to a CIA 

value of 42.7%. 

landing area has not experienced extensive, long-duration open-

system chemical weathering. While in the southern part of the 

Utopia Planitia where Tianwen-1 landed, the overall CIA value is 

relatively low, with the majority of samples having a CIA of less 

than 30%. This reflects a weak degree of alteration in the region 

and indicates that it has not undergone the large-scale, long-cycle 

water-rock process like that in Gale Crater, which is consistent 

with the overall cold and arid environmental context of Mars 

during the Amazonian period. However, several samples have 

CIA values greater than 35% (the highest being 42.7%), indicating 

that during the Late Hesperian or even the Amazonian period, 

there are still local and intermittent liquid water activities. 

To further demonstrate the morphology of these relatively high-

CIA samples, two representative targets are shown in Fig. 7. The 

selected targets with relative high CIA values (36.5% and 42.7%) 

are soils detected at Sol 43 and Sol 103, respectively. The traverse 

map indicates that these targets are distributed along the Zhurong 

rover path and are associated with local MarSCoDe measurement 

points. The corresponding target images show rough and granular 

soils, providing direct morphological context for interpreting the 

elevated CIA values. These observations suggest that the relatively 

high CIA values are related to localized surface materials and may 

reflect local or episodic aqueous alteration rather than regionally 

uniform, long-duration chemical weathering. This provides in-situ 

geochemical evidence that some local materials may have 

experienced aqueous alteration capable of producing chemical 

weathering. However, their generally low CIA values (21.5% ± 

8.0%) indicate that most analyzed samples have not experienced 

extensive open-system chemical weathering. Instead of the 

chemical weathering, the high CaO abundance of these targets 

(13.5 wt.% ± 5.5 wt.%) compared to the Martian crust (6.92 

wt.%)37,46 may also contribute to low CIA. While previous 

MarSCoDe-based work has also reported the Ca-rich local 

materials at the Tianwen-1 landing site also suffer a weak water-

rock interaction.18 Therefore, the low CIA values are more 

conservatively interpreted as evidence for weak chemical 

alteration. In contrast, several samples with CIA values higher than 

35% may indicate relatively stronger chemical alteration at local 

scales.  

The VBF unit has been proposed to be related to ancient oceanic, 

outflow, or ice-related processes.18 Recent topographic analysis 

further supports the possible existence of an early Martian ocean 

by identifying a broad low-slope and low-curvature zone 

interpreted as a partially preserved coastal shelf.47 However, the 

overall low CIA values (21.5% ± 8.0%), together with the absence 

of very high CIA values comparable to strongly altered 

sedimentary units, suggest that the Tianwen-1 landing area is 

unlikely to have experienced strong water-rock interaction. So the 

VBF may be sedimented from a short-termed and cold water. 

CONCLUSION 

To address the inaccuracies in quantitative models of chemical 

compositions resulting from discrepancies between simulated and 

actual Martian environments, this study develops a quantitative 

model using the LIBS spectra of MCCT, which are obtained in the 

same environment using the same instrument as the spectra of 

Martian targets. The model exhibits a good performance with a 

high R2 (>0.8) and low RMSE values (9.8 wt.% for SiO2, 0.5 wt.% 

for Na2O, 3.4 wt.% for MgO, 0.5 wt.% for K2O, 2.2 wt.% for FeOT, 

3.9 wt.% for CaO, 2.9 wt.% for Al2O3, and 0.3 wt.% for TiO2). The 

chemical compositions (SiO2, Na2O, MgO, K2O, FeOT, CaO, 

Al2O3, and TiO2) of Martian rocks and soils are derived from this 

model, which can provide insights into the geological evolution of 

the southern Utopia Planitia on Mars, including its volcanic 

activity and water-rock interactions. However, due to the limited 

amount of data from MCCT, the model dataset established in this 

study is relatively small, which may introduce prediction 

uncertainties and lead to overfitting in complex multivariate 

models. Some methods may be useful to improve the accuracy of 

the model including deep-learning optimization, hybrid 

wavelength selection, ensemble convolutional neural networks, 

and calibration-transfer strategies.48-51 

Distinct chemical compositions are observed among lithified 

duricrusts, igneous rock, cemented duricrusts, soils, and TAR-

sands, implying variable alteration intensities and material origins. 

Most rocks and soils are characterized by low CIA values (21.5% 

± 8.0%), indicating overall weak chemical alteration and limited 
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water–rock interactions under the cold and arid Amazonian 

environment. Moreover, several samples with elevated CIA values 

(up to 42.7%) reveal localized liquid water activities during the 

Late Hesperian to Amazonian. These findings provide in-situ 

geochemical evidence for late-stage aqueous processes on Mars. 

In the regional context of the Vastitas Borealis Formation and the 

possible ancient northern ocean, these results suggest that late-

stage aqueous alteration in southern Utopia Planitia is likely weak, 

localized, and episodic, rather than representing long-duration 

warm chemical weathering.18,47 
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