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BACKGROUND AND OBJECTIVES: The catastrophic 2004 Indian Ocean tsunami left a profound 
mark, triggering significant contamination of organic and inorganic chemical components in the 
water and soil of affected regions. The effects of the tragedy, which occurred almost twenty years 
ago, are still evident in the soil as salt and metal pollutants continue to linger. It is crucial to conduct 
a chemical analysis of the soil samples obtained from the regions affected by the Indian Ocean 
tsunami in 2004. This not only aids in identifying areas hit by the catastrophe but also facilitates 
periodic monitoring of chemical contamination levels. This study aims to promptly detect and 
measure chemical indicators in soil samples collected from areas in Aceh Province that were 
impacted by the 2004 Indian Ocean tsunami.
METHODS: Three regions in Aceh Province, specifically Banda Aceh, Aceh Besar, and Aceh Barat, 
were selected for the collection of soil samples following severe impact from a tsunami. Soil samples 
were obtained from regions unaffected by the tsunami, including Tungkob, Blang Bintang, and 
Pango Deah. Plasma was produced by concentrating a pulsed carbon dioxide laser beam on the 
surface samples. An optical multichannel analyzer captures plasma emissions with a spectrograph 
and photodiode array. Data is stored for processing with SpectraView software and compared with 
the National Institute of Standards and Technology database for identification. 
FINDINGS: The utilization of a pulsed carbon dioxide laser for analysis revealed its superior ability 
to identify a wider array of elements with high intensity-to-background ratios, particularly excelling 
in the detection of zinc, chromium, copper, cobalt, and nickel compared to the neodymium-
doped yttrium aluminum garnet laser. Chemical quantification through calibration-free laser-
induced breakdown spectroscopy closely correlated with x-ray fluorescence but surpassed x-ray 
fluorescence in rapid detection and identification of lighter elements. The concentrations of salt 
components and particular heavy metals in soil that was impacted by a tsunami exhibited a more 
than tenfold increase in comparison to soil that was not affected and was collected in 2006. Sodium 
surged from 0.02 percent to 4.18 - 4.95 percent, while calcium increased from 0.46 percent to 11.26 
- 13.53 percent. Potassium concentration rose from 0.11 percent to 5.50 - 6.96 percent, alongside 
magnesium, which increased from 0.36 percent to 7.62 - 8.67 percent.
CONCLUSION: The utilization of a pulsed carbon dioxide laser-induced breakdown spectroscopy 
has demonstrated remarkable proficiency in the identification of a diverse range of elements. This 
technique has surpassed conventional methods like neodymium-doped yttrium aluminum garnet 
laser-induced breakdown spectroscopy, energy dispersive spectroscopy, and x-ray fluorescence in 
terms of its detection capabilities. This study underscores the potential of a pulsed carbon dioxide 
laser as a versatile and reliable method for qualitative and quantitative analysis of soils from 
2004 Indian Ocean tsunami-affected regions in Aceh Province, emphasizing its significance for 
environmental monitoring in disaster-affected areas.
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INTRODUCTION
The destructive tsunami in 2004, which was 

initiated by a potent underwater earthquake, caused 
extensive devastation and casualties in 14 countries 
along the Indian Ocean coastline. Aceh Province, 
situated on the western coast of Indonesia, stands 
out as one of the hardest-hit regions by tsunami 
disaster, leaving countless buildings and infrastructure 
reduced to rubble and claiming the lives of hundreds 
of thousands. The tsunami led to the pollution of 
different chemical substances, specifically dangerous 
heavy metals and organic compounds in regions 
affected by the tsunami (Chagué-goff et al., 2017; 
Daly et al., 2017; Shinozaki, 2021; Shinozaki et al., 
2022). The presence of these chemicals presents 
a notable threat to both the ecosystem and public 
well-being, exacerbated by the possibility of polluting 
water sources, seafood, or encountering harmful 
agents directly (Zakaly et al., 2021; Sulistyowati et al., 
2023). Consequently, in order to combat chemical 
contamination in regions impacted by the tsunami, 
it is essential to systematically detect and analyze 
the chemical elements found in the soil affected by 
the 2004 Indian Ocean tsunami. Such analysis plays 
a critical role in bolstering ecosystem restoration and 
recovery endeavors, deepening geological insights 
and records, and furnishing indispensable data 
for crafting effective preventive strategies against 
potential future chemical contamination (Ishizawa et 
al., 2019; Watanabe et al., 2022). Various analytical 
methods have been utilized to identify and measure 
the chemical makeup of samples. These techniques 
encompass ion chromatography (IC), flame atomic 
absorption spectrometry (FAAS), inductively coupled 
plasma (ICP), instrumental neutron activation analysis 
(INAA), x-ray fluorescence (XRF), and energy dispersive 
x-ray spectroscopy (EDS) (Messager et al., 2021; Philip 
and Singh, 2020; Ravansari et al., 2020). Despite their 
versatility, these methodologies often involve intricate 
sample preparation procedures, extensive time and 
energy consumption, and the use of hazardous solvents 
(Liu et al., 2015; Tripathi et al., 2015). Prior studies 
have identified constraints in the effectiveness of EDS 
and XRF techniques when examining the chemical 
makeup of soil affected by tsunamis. Specifically, 
these methods have proven to be inadequate in 
detecting low molecular weight elements, which are 
essential for analyzing intricate soil samples (Idris et 
al., 2022; Mitaphonna et al., 2023). Consequently, 

there arises a critical need for rapid and efficient tools 
to comprehensively analyze the chemical composition 
of soil affected by tsunamis. Laser-induced breakdown 
spectroscopy (LIBS) is an innovative analytical 
technique that utilizes pulsed lasers to atomize 
substances and generate characteristic spectral lines of 
elements for rapid qualitative and quantitative analysis 
(Brunnbauer et al., 2023; Legnaioli et al., 2020; Yu et 
al., 2020). LIBS is distinguished from other elemental 
analysis methods by its unique ability to access almost 
the entire periodic table of elements. This exceptional 
feature allows for accurate measurement of low-
molecular-weight elements that are difficult to detect 
using alternative analytical techniques (Zivkovic et 
al., 2018; Villas-Boas et al., 2020).  Extensive studiy 
has been conducted on soil analysis utilizing LIBS in 
agriculture and geographical distribution. However, the 
unique aspect of this study is the utilization of a pulsed 
carbon dioxide (CO2) LIBS technique to analyze the 
chemical compositions of soil collected from tsunami-
affected areas in Aceh Province. The pulsed CO2 laser 
can generate a larger plasma volume due to its longer 
wavelength, making it easier to detect elements and 
compounds across a broader spectral range, particularly 
trace elements (Khumaeni et al., 2022). In contrast to 
the neodymium-doped yttrium aluminum garnet (Nd-
YAG) laser, unlike its counterpart, presents difficulties 
in analyzing heavy metal traces due to its high photon 
energy, resulting in less effective atomization of these 
elements. The utilization of pulsed CO2 lasers can 
enhance the protective plasma effect, resulting in a 
more stable and intense plasma formation, thereby 
improving the quality of the spectroscopic analysis 
obtained (Khumaeni et al., 2018, 2020). Furthermore, 
this research employs the calibration-free laser-
induced breakdown spectroscopy (CF-LIBS) method 
to quantify the chemical constituents in tsunami-
impacted soil. CF-LIBS offers a variety of benefits, such 
as non-destructive analysis, rapid results, simplified 
sample preparation, and the ability to analyze multiple 
elements concurrently (Fayyaz et al., 2023). This study 
signifies a preliminary stage in the implementation 
of the CF-LIBS technique for evaluating the chemical 
makeup of soil collected from regions impacted by the 
2004 Indian Ocean tsunami. The aims of this study are 
two-fold: firstly, to enhance and refine the pulsed CO2 
LIBS technique for comprehensive analysis of chemical 
constituents, encompassing salt elements, metals and 
heavy metals, trace elements, and organic compounds 
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in soil samples from tsunami-affected regions in Aceh 
Province, Indonesia. Secondly, to quantify the chemical 
composition of soil sampled from tsunami-affected 
regions, utilizing the CF-LIBS method. This study was 
carried out in Aceh Province, Indonesia, in 2022.

MATERIALS AND METHODS
Sample collection

Soil samples were collected from three heavily 
affected areas in Aceh Province post-tsunami: Banda 
Aceh City, Aceh Besar, and Aceh Barat Regencies (Fig. 
1). In Banda Aceh City, samples were taken from 
three locations (Banda Aceh 4, 5, and 8), labeled 
A, B, and C, respectively. In Aceh Besar Regency, 
samples were obtained from four sites (Aceh Besar 
1, 2, 3, and 9), labeled D, E, F, and G. Aceh Barat 
Regency sampling comprised four points (Kampong 
Cot 4, 5, 6, and 7), labeled H, I, J, and K. Soil samples 
unaffected by the tsunami were collected from 

Tungkob, Pango Deah, and Blang Bintang, marked as 
L, M, and N, respectively. The samples were gathered 
from marshes or neglected agricultural areas to 
retain traces of tsunami sediment. The depth at 
which soil was collected to address post-tsunami 
contamination was 10 centimeters (cm), employing 
a vertical insertion method with a hand auger. The 
identification of tsunami sediment was accomplished 
through the Troels-Smith classification. Sample 
preparation involved removing organic materials, 
drying them at 105 degrees Celsius (°C) for 1 hour (h), 
and compressing them into pellets using a hydraulic 
press (5 tons pressure) resulting in pellets 0.7 cm 
wide and 0.6 cm thick.

A pulsed CO2 LIBS experimental setup
The illustration of the LIBS setup is presented 

in Fig. 2, which includes a pulsed CO2 laser with 
specifications: 10.6 micrometers (µm) wavelength,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 1: Geographic location of the study area in Indian Ocean tsunami in Aceh Province, Indonesia along with the 
sampling locations of the impacted and unimpacted soil by 2004 

  

Fig. 1: Geographic location of the study area in Indian Ocean tsunami in Aceh Province, Indonesia along with the sampling locations of the 
impacted and unimpacted soil by 2004
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200 nanoseconds (ns) pulse duration, and  10 Hertz 
(Hz) frequency. An Optical Multichannel Analyzer 
(OMA) utilized an optical detector consisting of a 
spectrograph with a focal length of 0.32 m, a grating 
with 1200 grooves/mm, and a photodiode detector 
array with 1024 channels, along with a microchannel 
plate amplifier. Plasma induction was achieved 
by precisely directing a pulsed CO2 laser beam 
onto the surface of a pellet housed within a coiled 
metal chamber, employing a zinc selenide (ZnSe) 
lens. The plasma emissions were captured by the 
OMA system, following which the emitted light was 
directed into the spectrometer input via an optical 
fiber. The photodiode array successfully captured the 
optical signal, while the OMA system, coupled with 
a computer running SpectraView software, stored 
the collected data for future analysis. The resultant 
was subjected to a thorough comparison with the 
database of the National Institute of Standards and 
Technology (NIST) in order to facilitate identification.

CF-LIBS analysis
Elemental content analysis utilized CF-LIBS with a 

single calibration method (Ciucci et al., 1999). The 
total intensity of detected element emission lines 
was determined using Eq. 1 (Aldakheel et al., 2021).
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The next step involves deriving the F parameter by 
standardizing the concentrations of all constituent 
species, using Eqs. 2 and 3 (Aldakheel et al., 2021):
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Species concentration  in soil samples can be 
acquired using Eq. 4 (Aldakheel et al., 2021):

( ) ( )s s s
1C = U T exp q
F

			�    (4)

The abundance of neutral, singly-ionized, and 
doubly-ionized species, governed by Equation (5), 
relies on the sample’s elemental concentration 
(Aldakheel et al., 2021):

( ) ( ) ( )s si totC =C  I C  II+ 			�     (5)

RESULTS AND DISCUSSION
Optimization of laser parameters and verifying the 
local thermodynamic equilibrium of plasma

Accurate adjustment of laser pulse energy is 
essential in this study to prevent impeding ablation 
rates and plasma density, consequently impacting 
local thermodynamic equilibrium (LTE). Optimal pulse 
energy ensures the establishment of LTE without 
generating excessively intense plasma, which could 
reabsorb emitted atomic radiation and diminish 
LIBS signal intensity. It is crucial to modify the delay 
time in order to improve the sharpness of emission 
lines. According to the study results, a delay time of 2 
microseconds (µs) is considered ideal for the majority 

 
 
 

 

 

 
 
 
 
 
 
 
 
 

 
 

Fig. 2: Schematic of a pulsed CO2 laser setup employed for the analysis of soil samples 
  

CO2 laser 

Fig. 2: Schematic of a pulsed CO2 laser setup employed for the analysis of soil samples
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of identified elements, particularly calcium (Ca) at 
422.6 nanometers (nm) (Fig. 3a). Experimental trials 
show a direct correlation between increasing pulse 
energy and Ca I emission line intensity, reaching an 
optimal intensity of around 1.5 Joules (J) per pulse 
(Fig. 3b).

Studying plasma properties like electron 
temperature (Te) and electron density (Ne) is crucial for 
understanding plasma dynamics in tsunami-affected 
soil samples (Rehan et al., 2021). Laser-induced 
plasma (LIP) collisions facilitate the equilibrium 
of energy dissipation, enabling a comprehensive 
examination of plasma properties. LIP is found to be 
in a state of LTE, indicating minimal plasma thickness 
and negligible self-absorption effects. The minimum 
threshold for electron density in soil samples affected 
by tsunamis is established based on McWhirter’s 

criteria. Meanwhile, the electron temperature is 
typically calculated through the Boltzmann plot 
method, which involves identifying suitable spectral 
transitions related to the element under investigation. 
A linear Boltzmann plot using Ca transition lines 
yields an electron temperature of 10.583 Kelvin 
(K). The robust coefficient of determination (R 
= 0.89) signifies a remarkable concordance with 
spectroscopic information, affirming strict adherence 
to LTE conditions (Fig. 4).

 temperature of tsunami-affected soil The 
determination of plasma electron density is 
accomplished through the analysis of the Full Width 
at Half Maximum (FWHM) of isolated, ionized single 
transitions, employing the Stark broadening technique. 
Electron density is estimated by observing the Ca I 
line at 422.5 nm, which displays a distinct Lorentzian 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: The impact of (a) delay time and (b) laser energy variation on LIBS signal intensity utilizing the neutral 
calcium atom line at a wavelength of 422.6 nm 

  

a b

Fig. 3: The impact of (a) delay time and (b) laser energy variation on LIBS signal intensity utilizing the neutral calcium atom line at a wave-
length of 422.6 nm 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4: A  linear Boltzmann plot of calcium ion (Ca II) emission lines for estimating the plasma 
  

Fig. 4: A  linear Boltzmann plot of calcium ion (Ca II) emission lines for estimating the plasma
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profile (Fig. 5). The absence of self-absorption effects 
is confirmed by the precise conformity of the Ca I 
line at 422.5 nm with the Lorentzian pattern. With a 
calculated electron density of 3.97 × 1018 cm-3 based 
on the FWHM value and Stark broadening parameter 
estimate, it is notably below the previously estimated 
lower limit of 4.20 × 1015 cm-3. This underscores the 
scarcity of observed plasma and its adherence to LTE 
conditions, minimizing spectral line distortion due to 
self-absorption effects.

 
Qualitative and quantitative analysis of soil sampled 
from tsunami impacted regions

The areas affected by the tsunami are divided 
into three categories based on the severity of 
impact: severe, moderate, and minor, which are 
determined by the extent of damage and casualties. 
This classification is derived from an assessment of 
geographical features, infrastructure, and casualty 
figures in each affected area. Aceh Province is 
distinguished as one of the regions that has been 
greatly affected, experiencing substantial destruction 
and a significant number of casualties (Wisner et al., 
2004). A macroscopic analysis by Troels-Smith was 
carried out prior to conducting LIBS analysis on soil 
in areas affected by a tsunami. The soil in these areas 
displayed a distinct bright grey coloration and showed 
gradual transitions in grain size. Additionally, the 
presence of wood chips, roots, and rocks was observed 
in the soil. The delineation between this soil and the 
adjacent layers was distinct, confirming the influence 
of the tsunami. Unaltered soil in different regions 

exhibited a deep brown hue, consistent grain size, 
and a lack of organic material. The CO2 LIBS analysis 
indicates that numerous chemical elements were 
detectable in both tsunami-affected and unaffected 
soil samples (Fig. 6), including salt elements such as 
Ca, aluminum (Al), magnesium (Mg), sodium (Na), 
and potassium (K), metals and heavy metals such 
as titanium (Ti), iron (Fe), silicon (Si), barium (Ba), 
strontium (Sr), manganese (Mn), chromium (Cr), 
zinc (Zn), lead (Pb), copper (Cu), cobalt (Co), and 
nickel (Ni), as well as organic elements, carbon (C), 
hydrogen (H), oxygen (O), and nitrogen (N). The soil 
samples collected from regions affected by tsunamis 
exhibited higher emission intensities for all observed 
elements, suggesting elevated concentrations in 
those samples. This observation aligns with previous 
research, which has consistently demonstrated that 
tsunamis can induce substantial alterations in the 
chemical makeup of soil. The application of EDS and 
XRF revealed the presence of higher levels of seawater 
elements (Na, Ca, Mg, K, Al, and Si), terrestrial 
components (Ti and Fe), and organic compounds (C 
and O) in tsunami-affected soil samples (Mitaphonna 
et al., 2023). A previous investigations into tsunami-
affected soil in Aceh Province using Nd-YAG LIBS only 
focused on three elements, namely Fe, Ti, and Mg 
(Idris et al., 2022). The investigations conducted thus 
far have failed to provide a thorough analysis of every 
component present in soil samples taken from regions 
impacted by tsunamis, despite the presence of a wide 
range of substances, such as dangerous heavy metals. 
In this research, a pulsed CO2 LIBS demonstrated 

 
 
 

 

 

 

 

 

 

 

 

 

Fig. 5: Stark broadening profile of Ca I 422.5 nm for estimating electron density  

  

Fig. 5: Stark broadening profile of Ca I 422.5 nm for estimating electron density
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its capability to identify a broader spectrum of 
chemical elements, including organic elements and 
various heavy metals, previously inaccessible by 
EDS and XRF. A pulsed CO2 LIBS also can detect a 
wider range of emission lines from both neutral and 
ionic atoms, particularly heavy metals (Zn, Cr, Cu, 
Co, dan Ni), which are beyond the reach of Nd-YAG 
LIBS. The pulsed CO2 LIBS exhibits higher emission 
intensity and lower background noise levels in its 
analytical spectrum when compared to Nd-YAG LIBS. 
A pulsed CO2 LIBS outperforms several conventional 
techniques mentioned previously. Pulsed CO2 LIBS 
provides improved spectral resolution, enabling 
precise identification of emission lines from a 
variety of elements. It boasts exceptional sensitivity, 
capable of detecting element concentrations at levels 
as low as parts per million (ppm) or even lower, 
outperforming conventional chemical techniques 
that require intricate sample preparation procedures 
(Khan et al., 2022). Pulsed CO2 LIBS provides improved 
spectral resolution, enabling precise identification of 
emission lines from a variety of elements. It boasts 
exceptional sensitivity, capable of detecting element 
concentrations at levels as low as parts per million 
(ppm) or even lower, outperforming conventional 

chemical techniques that require intricate sample 
preparation procedures. CO2 LIBS emerges as 
a superior technique in chemical composition 
analysis due to its numerous advantages. It excels 
in the detection of low molecular weight elements 
and specific metals, making it highly effective in 
this regard. To ensure accurate observation, the 
wavelength range was systematically narrowed down 
by 10 nm increments. Salt elements such as Ca and 
Al were detected at wavelengths, Ca II 393.36 nm, Al 
I 394.40 nm, Al I 396.15 nm, and Ca II 396.84 nm (Fig. 
7a). Mg emission lines (Mg I 516.94 nm, Mg I 517.44 
nm, Mg I 518.68 nm) are visible in the 510 - 520 nm 
spectrum (Fig. 7b). Na exhibits two emission lines at 
588.99 nm and 589.59 nm (Fig. 7c), while K emission 
lines are sobserved at 404.72 nm and 766.10 nm 
(Fig. 7d). These spectra exhibit greater intensity 
and reduced levels of background noise compared 
to earlier studies on Nd-YAG laser. In the 330 nm to 
340 nm range, Zn emission lines at 330.39 nm and 
333.34 nm, along with Cr II at 332.42 nm and 334.32 
nm, were detected. Ti exhibited four emission lines 
at 335.05 nm, 336.23 nm, 337.40 nm, and 338.48 
nm (Fig. 8a). Fe emission lines were detected in the 
wavelength range of 370 nm to 380 nm (Fig. 8b). Mn 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 6: The emission spectrum lines of affected and unaffected soil samples collected from various areas in Aceh 
Province were analyzed within the wavelength range of 200-900 nm 

  

Fig. 6: The emission spectrum lines of affected and unaffected soil samples collected from various areas in Aceh Province were analyzed 
within the wavelength range of 200-900 nm
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emission lines appeared at 425.60 nm, 427.35 nm, and 
428.45 nm, while Ba and Sr were detected at 455.55 
nm and 460.88 nm, respectively. Cu, Ni, and Co were 
also identified using pulsed CO2 LIBS, with Cu I lines 
observed at 324.37 nm, 324.97 nm, and 326.27 nm, 

Ni I lines at 340.87 nm and 344.21 nm, and Co lines at 
352.68 nm and 356.97 nm. Organic elements including 
C, H, O, and N were detected across all samples, with 
C observed at 247.7 nm, H at 656.21 nm, two N lines 
at 818.88 nm and 821.63 nm, and O at 777.19 nm. 

 
 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig 7. The emission spectrum lines of soil samples affected and unaffected by the 2004 Indian Ocean tsunami in 
several regions of Aceh Province across the wavelength ranges (a) 390-400 nm, (b) 510-520 nm, (c) 580-590 nm, 

and (d) 760-770 nm 

  

a b
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Fig. 8: The emission spectrum lines of soil samples affected and unaffected by the 2004 Indian Ocean tsunami in 
several regions of Aceh Province across the wavelength ranges (a) 330-340 nm, and (b) 370-378 nm 
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Fig 7. The emission spectrum lines of soil samples affected and unaffected by the 2004 Indian Ocean tsunami in several regions of Aceh 
Province across the wavelength ranges (a) 390-400 nm, (b) 510-520 nm, (c) 580-590 nm, and (d) 760-770 nm

Fig. 8: The emission spectrum lines of soil samples affected and unaffected by the 2004 Indian Ocean tsunami in several regions of Aceh 
Province across the wavelength ranges (a) 330-340 nm, and (b) 370-378 nm
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Data not shown in this manuscript. The utilization 
of pulsed CO2 LIBS technology carries significant 
implications for understanding the chemical changes 
and consequences caused by tsunamis, specifically 
in relation to soil composition. CO2 LIBS facilitates in-
depth examinations, allowing for a comprehensive 
investigation of the relative concentrations of 
elements and their spatial distributions in samples. 
This analytical technique offers valuable insights into 
the influence of natural disasters on soil chemistry 
and reveals potential patterns underlying these 
impacts. The improved comprehension of changes 
in soil components following a tsunami provides a 
strong basis for developing better mitigation plans, 
directing specific actions to recover environmental 
health, and supporting ecosystem rehabilitation 
following calamities. A pulsed CO2 LIBS provides 
extensive information regarding the environmental 
consequences of tsunamis, while also facilitating the 
implementation of proactive and effective strategies 
to ensure environmental sustainability in the future.

Quantitative analysis of chemical elements in soil 
sampled from tsunami affected regions (Banda Aceh 

4, Aceh Besar 2, and Aceh Barat 6) was conducted 
using CF-LIBS and XRF (Table 1). CF-LIBS stands out for 
its numerous advantages over traditional calibration 
curve methods in chemical analysis. An important 
benefit is its ability to produce immediate quantitative 
analysis outcomes without requiring the creation of a 
detailed calibration curve, thus conserving precious 
time and resources during sample testing  (Hu et 
al., 2022). CF-LIBS takes advantage of a broader 
spectrum of data obtained from the plasma emission 
of the sample, enabling the identification of elements 
that may go unnoticed in traditional calibration 
curves (Martínez-Minchero et al., 2022; Quackatz et 
al., 2024). XRF was incorporated to cross-validate and 
ensure consistency with the results obtained from 
CF-LIBS analysis, given its established reputation 
in elemental composition analysis. Although there 
are slight differences in concentration between CF-
LIBS and XRF, usually ranging from 0.4% to 0.6%, 
the results obtained from CF-LIBS closely resembled 
those obtained from traditional XRF calculations. 
CF-LIBS revealed a significant prevalence of Si, 
ranging from 14.49 to 16.57% in tsunami-affected 

Table 1: The comparative results of chemical element concentrations in both soils sampled from tsunami-affected and unaffected areas were 
obtained through CF-LIBS and XRF análisis 

 
 

Elements 

Concentration (%) 

Banda Aceh 4 (A) Aceh Besar 2 (E) Kampong Cot 6 (J) 
Unaffected 

soil1 
CF-LIBS XRF Missmatch 

(%) CF-LIBS XRF 
Missmatc

h 
(%) 

CF-LIBS XRF 
Missmatc

h 
(%) 

Ca 13.53 - - 13.17 - - 11.26 - - 0.46 
K 6.96 - - 7.98 - - 5.60 - - 0.11 
Mg 8.67 - - 7.59 8.85 - 7.62 6.00 0.27 0.36
Na 4.95 - - 4.40 - - 4.18 - - 0.02 
Al 7.97 - - 7.55 8.55 0.14 7.93 8.63 0.08 5.08 
Si 16.57 18.2 - 15.58 17.46 - 14.49 16.02 0.10 0.25 
Fe 7.34 - - 5.62 6.6 0.12 7.67 8.69 0.12 3.25
Ti 2.98 3.44 - 2.50 2.89 0.11 2.36 2.45 0.04 - 
Ba 1.71 - - 1.94 - 0.15 1.82 - - - 
Sr 1.99 - - 2.02 - 0.13 1.59 - - 0.02 
Co 0.77 1.37 0.44 0.66 - - 0.40 - - 0.002
Cu 0.83 1.51 0.45 0.79 1.66 - 0.41 - - 0.003 
Cr 0.97 1.56 0.38 1.09 1.75 - 1.15 1.92 0.40 0.01 
Pb 1.86 2.53 0.26 1.77 - 0.52 1.74 2.02 0.14 0.001 
Mn 2.71 2.46 0.10 1.90 2.29 0.38 1.18 1.42 0.17 0.04
Ni 0.86 1.48 0.42 0.92 1.77 - 1.09 1.75 0.38 0.005 
Zn 0.76 1.38 0.45 0.69 - - 0.78 1.53 0.49 0.01 
C 4.21 - - 6.90 - - 5.84 - 0.27 1.2 
H 2.26 - - 3.27 - - 2.30 - - 0.1
O 8.67 - - 9.01 - - 11.03 - 0.08 - 
N 5.41 - - 5.00 - - 4.13 - 0.10 - 

 
  

Table 1: The comparative results of chemical element concentrations in both soils sampled from tsunami-affected and unaffected areas 
were obtained through CF-LIBS and XRF análisis
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soil, followed by salt elements (Ca, Mg, Al, K, and 
Na). The concentrations of metals and heavy metal 
elements remained below 3%. A pulsed CO2 LIBS 
excels in detecting a wide array of elements, including 
salt constituents, various metals, heavy metals, 
and organic components, surpassing the limited 
capability of XRF, which struggles with low-molecular-
weight organic elements due to technical constraints. 
A comparative analysis was carried out to evaluate 
the soil conditions before and after the tsunami by 
utilizing soil samples collected in 2006 from regions 
that were not impacted by the tsunami in a prior 
study (Chaerun et al., 2009). The soil samples were 
collected from a significant distance away from the 
coastline, specifically around 13.6 kilometers, thus 
making them suitable representatives of the soil 
conditions prior to the occurrence of the tsunami. 
One of the significant changes observed in the 
soil affected by the tsunami is the notable rise in 
the levels of salt elements, including  Na, Ca, K, 
and  Mg. The concentration of Na in unaffected soil 
surged from 0.02% to 4.18 - 4.95% in affected soil. 
Ca concentration witnessed a substantial rise from 
0.46% to 11.26 - 13.53%. There was a significant 
elevation in K concentration from 0.11% to 5.50 - 
6.96%, alongside Mg concentration climbing from 
0.36% to 7.62 - 8.67%. The modifications indicate the 
intrusion of ocean water onto the terrestrial surface 
as a result of the tsunami, carrying a substantial 
amount of salts and minerals. Na, a predominant 
component of seawater, demonstrates a notable 
surge in its concentration in the tsunami-affected 
soil. A tsunami not only brings an intrusion of 
seawater rich in salt and minerals onto the land but 
also induces coastal erosion, transporting marine 
sediment material to the affected areas. This process 
enhances the content of salt and minerals in the 
soil through sediment deposition (Shinozaki et al., 
2021). The tsunami also plays a role in the rise of 
these elements’ concentration by causing damage to 
vegetation, which in turn leads to the decomposition 
of organic matter. This process ultimately strengthens 
the soil’s ability to retain salt and minerals. The 
concentration of Al showed an increase from 5.08% 
to 7.55-7.97%. The rise in Al concentration could be 
attributed to significant soil erosion as a result of 
the tsunami impact. In unaffected soil sampled in 
2006, the concentrations were 3.25% for Fe, 0.04% 
for Mn, and 0.01% for Zn. However, in soil sampled 

in tsunami-impacted regions, the concentrations 
spiked to 7.34% for Fe, 2.71% for Mn, and 0.86% for 
Zn. The abrupt surge in quantities may point to the 
presence of heavy metals deposited by the tsunami-
affected seawater, causing a shift in the elemental 
structure of the soil. The concentration of organic C 
increased notably from 1.2% to 8.67%, with a rise in 
H concentration from 0.1% to 5.41%. This significant 
surge is attributed to the influx of organic materials 
from external sources, such as plants or other organic 
matter transported by the tsunami. The inputs play a 
crucial role in shaping alterations in soil composition 
and chemistry. Consequently, it can be deduced that 
despite the passage of nearly two decades since the 
tsunami, the levels of salt, heavy metals, and organic 
components in the soil affected by the tsunami 
persistently remain elevated. The tsunami event not 
only caused detrimental effects on the flooded areas, 
such as elevated levels of salt and heavy metals, but 
also resulted in some positive impacts. The increased 
presence of micronutrients and macronutrients 
within organic carbon contributes to mitigating salt 
and heavy metal pollution in the soil. This study 
aligns with prior research, following the tsunami, the 
concentrations of salts and metals in agricultural land 
in Banda Aceh City experienced a significant increase. 
The tsunami-affected soil was contaminated by heavy 
metals (Cr, Fe, Co, Ni, Cu, Zn, Mn, cadmium (Cd), Pb) 
and salts (K, Ca, Mg, Na). Even after 3.5 years of 
bioremediation efforts, the concentrations of heavy 
metals in the tsunami-affected soil remained higher 
(Chaerun et al., 2009). Another study, reported by 
Szczucinski et al., (2007), further highlights that soil 
in Thailand post-tsunami exhibits remarkably high 
concentrations of salts (Na, K, Ca, Mg) and heavy 
metals (Cd, Cr, Ni, Cu, Zn, and Pb). Following the 
occurrence of tsunami waves, there was a marked 
elevation in the levels of certain elements such as 
Ca, Fe, Sr, S, Ti, and Zr in the chemical composition 
of sediment found in the Miyazaki Lowlands, Japan. 
(Watanabe et al., 2022). 

Comparison of LIBS signal emission intensity with 
chemical indicators

An assessment was also carried out on the ratios 
of emission line intensity for different elements 
present in the soil samples, owing to the significant 
correlation between spectral emission line intensity 
and the concentration of analytes in the sample 
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(Tables 2 and 3). A range of intensity ratios, including 
Na/Ti, Ca/Ti, magnesium over titanium (Mg/Ti), 
aluminum over titanium  (Al/Ti), Si/Ti, calcium over 
iron (Ca/Fe), calcium over magnesium (Ca/Mg), 
calcium over kalium (Ca/K), barium over strontium 
(Ba/Sr), natrium over kalium (Na/K), barium over 
titanium (Ba/Ti), manganese over titanium (Mn/

Ti) were examined, each presenting distinct 
characteristics in soil sampled from the 2004 Indian 
Ocean tsunami-affected regions. Following the 2011 
Tohoku tsunami, previous studies revealed that soil 
samples collected from the Sendai plains in Tohoku, 
Japan exhibited a significant increase in the Na/Ti 
concentration ratio, which was twice as high as that 

Table 2: The LIBS emission intensity ra�o of chemical elements observed in soils sampled from tsunami�a�ected regions in mul�ple loca�ons in 
Aceh Province, Indonesia 

 
 

Sampling location 

LIBS intensity emission ratio Remarks 
Na/Ti Ca/Ti Mg/Ti Al/Ti Si/Ti Ca/Fe  
Na I 

588.85 nm 
Ca II 

397.00 nm 
Mg I

518.57  nm 
Al I

395.44 nm 
Si I

288.10 nm 
Ca II 

397.00 nm 
Ti I 

334.70 nm 
Ti I 

334.70 nm 
Ti I 

334.70 nm 
Ti I 

334.70 nm 
Ti I 

334.70 nm 
Fe I 

262.95 nm 
 

Banda Aceh 4 (A) 6 18 3 7 17 13 
Banda Aceh 5 (B) 5 14 3 8 16 6  
Banda Aceh 8 (C) 4 14 3 7 9 12  
Aceh Besar 1 (D) 6 14 3 6 21 8 
Aceh Besar 2 (E) 5 13 4 9 8 9  
Aceh Besar 3 (F) 5 13 4 7 13 7  
Aceh Besar 9 (G) 6 13 4 8 16 7 
Aceh Barat 4 (H) 6 13 5 5 7 12 
Aceh Barat 5 (I) 4 13 7 9 10 8  
Aceh Barat 6 (J) 4 15 6 7 23 8  
Aceh Barat 7 (K) 4 11 5 8 11 6  
Tungkob (L) 2 10 4 6 6 4 Unaffected soil
 Pango Deah (M) 2 10 3 6 7 4 Unaffected soil 
Blang Bintang (N) 2 10 2 6 7 4 Unaffected soil 

 
 
  

 
 
Table 3: The LIBS emission intensity ra�o of chemical elements observed in soils sampled from tsunami�a�ected regions in mul�ple loca�ons in 

Aceh Province, Indonesia  
 
 

Sampling location 

LIBS intensity emission ratio Remarks 

Ca/Mg Ca/K Ba/Sr Na/K Ba/Ti Mn/Ti  
Ca II 

397.00 nm 
Ca II 

397.00 nm 
Ba I 

455.47 nm 
Na I 

588.85 nm 
Ba I 

455.47 nm 
Fe I 

262.95 nm 
 

Mg I 
518.57  nm 

K I 
766.90 nm 

Sr I 
460.88 nm 

K I 
766.90 nm 

Ti I 
334.70 nm 

Ti I 
334.70 nm 

 

Banda Aceh 4 (A) 6 18 1 2 1 1 
 

Banda Aceh 5 (B) 6 14 1 2 1 1  
Banda Aceh 8 (C) 5 14 1 1 1 1  
Aceh Besar 1 (D) 4 14 1 2 1 1  
Aceh Besar 2 (E) 5 13 1 2 1 1  
Aceh Besar 3 (F) 5 13 1 2 1 1  
Aceh Besar 9 (G) 4 13 1 1 1 1 
Aceh Barat 4 (H) 4 13 1 2 1 1 
Aceh Barat 5 (I) 4 13 1 3 1 1  
Aceh Barat 6 (J) 4 15 1 2 1 1  
Aceh Barat 7 (K) 4 11 1 2 1 1  
 Tungkob (L) 2 10 1 1 1 1 Unaffected soil 
 Pango Deah (M) 2 10 1 1 1 1 Unaffected soil 
 Blang Bintang (N) 2 10 1 1 1 1 Unaffected soil 

 

Table 3: The LIBS emission intensity ratio of chemical elements observed in soils sampled from tsunami-affected regions in multiple loca-
tions in Aceh Province, Indonesia

Table 2: The LIBS emission intensity ratio of chemical elements observed in soils sampled from tsunami-affected regions in multiple loca-
tions in Aceh Province, Indonesia
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of the unaffected areas (Watanabe et al., 2020). The 
findings from this study are consistent with those 
of (Watanabe et al., 2020) which demonstrated a 
notable 2 to 3-fold increase in Na/Ti emission intensity 
ratio across tsunami-affected areas compared to 
unaffected regions. Hence, the Na/Ti ratio functions 
as a reliable chemical indicator for discerning the 
regions affected by the 2004 Indian Ocean tsunami. 
The Ca/Ti concentration comparison has emerged 
as a widely used indicator to differentiate chemical 
characteristics between marine and terrestrial 
environments (Willershauser et al., 2015; Donnelly et 
al., 2016). Findings from this study suggest that the 
emission intensity ratio of Ca/Ti in soils sampled from 
tsunami-affected regions was approximately double 
that of soils from areas not affected by tsunamis. 
This study also uncovered a notable elevation Mg/Ti 
and Si/Ti ratios, exhibiting values two to three times 
greater than those observed in soils sampled from 
tsunami-affected regions. The emission intensity 
ratios of Ca/K and Na/K are reported to double in soil 
sampled from tsunami-affected regions. Ba/Ti and 
Mn/Ti ratios exhibit identical values of 1 in both soil 
sampled from tsunami-affected and unaffected areas. 
The emission intensity ratios of Al/Ti, Ba/Sr, Na/K, 
Ba/Ti, and Mn/Ti, as reported in this study did not 
exhibit significant differences between soil sampled 
from tsunami-affected areas and those unaffected 
regions. In contrast, Na/Ti, Ca/Ti, Mg/Ti, Si/Ti, Ca/Fe, 
Ca/Mg, and Ca/K ratios displayed markedly distinct 
values across all soil sampled from tsunami-affected 
in Province of Aceh. Therefore, it can be inferred that 
these ratios act as reliable chemical indicators for 
detecting the flooding triggered by the 2004 Indian 
Ocean tsunami in Aceh Province.

CONCLUSION
The utilization of a pulsed CO2 LIBS technique 

has undergone enhancements, modifications, and 
standardization to effectively detect and measure 
chemical constituents present in soil samples 
collected from the areas affected by the 2004 Indian 
Ocean tsunami in Aceh Province. Laser-induced 
plasma has been confirmed to achieve local thermal 
equilibrium in order to guarantee the precision of 
qualitative and quantitative analysis. A pulsed CO2 
LIBS successfully identifies a range of chemical 
elements, including salt elements (Ca, Al, Mg, Na, 
and K), metals (Ti, Fe, Si, Ba, Sr, Mn, Cr, Zn, Pb, 

Cd, Cu, Co, Ni), and organic elements (C, H, O, N). 
A pulsed CO2 laser analysis outperforms the Nd-
YAG laser in identifying a wider range of elemental 
emission lines with high intensity-to-background 
ratios. It excels in detecting specific metal emission 
lines (Zn, Cr, Cu, Co, and Ni) which is challenging for 
Nd-YAG LIBS. The quantification of these elements 
can be performed using the CF-LIBS method, which 
consistently yields results similar to XRF. However, 
LIBS significantly outperforms XRF significantly as it 
has the capability to detect a wide range of elements, 
including light elements and certain heavy metals. 
Soil samples obtained from regions impacted by a 
tsunami exhibited a more than tenfold rise in the 
concentrations of salt elements and particular heavy 
metals when contrasted with soil samples from 
unaffected areas in 2006. Na levels surged from 
0.02% to 4.18 - 4.95%, while Ca rose from 0.46% to 
11.26 - 13.53%. The concentration of K increased 
from 0.11% to 5.50 - 6.96%, and Mg increased 
from 0.36% to 7.62 - 8.67%. The occurrence of this 
phenomenon is attributed to the accumulation of 
materials carried by tsunamis, such as saltwater and 
debris, leading to changes in the soil’s structure and 
nutrient content. The investigation into emission 
intensity ratios using LIBS across multiple elements 
reveals noteworthy indicators, including Na/Ti, Ca/
Ti, Mg/Ti, Si/Ti, Ca/Fe, Ca/Mg, and Ca/K. These 
ratios present compelling potential to differentiate 
between soils collected from the regions in Aceh 
Province that were impacted by the 2004 Indian 
Ocean tsunami and those that remained unaffected. 
This latest research underscores the exceptional 
promise of pulsed CO2 LIBS as a rapid, efficient, 
and impactful technique for both qualitative and 
quantitative analysis of soils sampled from 2004 
Indian Ocean tsunami-affected regions in Aceh 
Province. The potential future research directions in 
CO2 LIBS for soil analysis, particularly in investigating 
the effects of natural disasters, include advancing 
precise and sensitive methodologies, the utilization 
of portable systems for real-time field monitoring 
and integration with early warning systems to 
improve preparedness and reduce risks associated 
with natural disasters.
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ABBREVIATIONS
% Percent
°C Degree Celsius
µs microsecond

(U)sT
Partition function of species (s) at 
temperature (T),

(U)T Partition function
Ak Pre-exponential Factor
Al Aluminium
Al/Ti Aluminium over titanium
Ba Barium
Ba/Sr Barium over strontium
Ba/Ti Barium over titanium
C Carbon
Cd Cadmium
Ca Calcium
Ca/Fe Calcium over iron
Ca/Mg Calcium over magnesium
Ca/Ti Calcium over titanium

CF Chemical fraction representing the 
proportion of the element

CF-LIBS Calibration-free laser-induced 
breakdown spectroscopy

CO2-LIBS Carbon dioxide laser-induced 
breakdown spectroscopy

cm Centimeter
Co Cobalt
Cr Chromium
Cs Concentration of species
Cu Copper
EDS Energy dispersive X-ray spectroscopy
Ek Activation energy
FAAS Flame atomic absorption spectrometry
Fe Iron
Grooves/
mm Grooves per millimeter

Gk
State sum factor describing the total 
energy contributions

h Hour 
H Hydrogen
Hz Hertz

http://creativecommons.org/licenses/by/4.0/
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I Total intensity of the detected element 
emission lines

IC Ion Chromatography
ICP Inductively coupled plasma

INAA Instrumental neutron activation 
analysis

J/pulse Joules per pulse
K Potassium
K/Ti Kalium over titanium
K Kelvin
k Boltzmann constant
km kilometre

LIBS Laser-induced breakdown 
spectroscopy

Li Lithium
LIP Laser-induced plasma
ln Natural logarithm
LTE Local thermodynamic equilibrium
m meter
Mg Magnesium
Mg/Ti Magnesium over titanium
Mn Manganese
Mn/Ti Manganese over titanium
Na Natrium 
Na/Ti Natrium over titanium
Na/K Natrium over kalium

Nd-YAG Neodymium-doped Yttrium Aluminum 
Garnet

Ne Electron density 
Ni Nickel
nm Nanometer
ns Nanosecond
O Oxygen
Pb Lead
Qs Chemical potential of species (s)
Si Silicon
Si/Ti Silicon over titanium
Sr Strontium
T Temperature
Te Electron temperature

Ti Titanium
XRF X-ray fluorescence
Zn Zinc
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