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I. Introduction

Lithosphere is built up from the crust and 
solid upper mantle beneath lands and waters 
（Koppers and Coggon, 2020）. Cycling of mate-
rials and energy in the lithosphere influences 
Earth’s sub-systems （e.g., produces natural re-
sources, triggers natural disasters, etc.）. Seis-
mic measurements revealed transition zones 
between the upper and lower crust as well as 

between the lower crust and the upper mantle. 
The latter transition zone is the so called Mo-
horovičić discontinuity zone, shortly Moho. It 
is challenging to reach the Moho because it is 
located 5­6 km beneath seabeds and 25­30 km 
beneath the continents. Oceanic drilling exper-
iments are being under development to explore 
the relatively thinner oceanic lithosphere （e.g., 
Karson, 2002; Swift et al., 2008; Umino et al., 
2013） but researchers are still lack of samples 
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from the Moho. To date the physical nature 
and geological meaning of the transition zones 
remain poorly understood. The oceanic Moho 
shows a variety of seismic structures from mul-
tiple reflections, sharp single reflections, diffus-
ed reflections, and no reflections （Ohira et al., 
2017）. In the Samail Ophiolite, the Moho com-
prises a lithological transition zone of alternat-
ing layers of dunite and gabbro between crustal 
gabbro and mantle harzburgite, which is thick-
est in the center of the paleoridge segment and 
thinnest at the ends （Oláh et al., 2024）. These 
intrasegment variations of the Moho transition 
zone may result in different seismic reflections 
that explain the diversity of the oceanic Moho. 
Studying ophiolites provides opportunities to 
learn about the nature of oceanic lithosphere 
because these structures incorporate the ob-
ducted fragments of lithosphere formed via 
the evolution of mid-ocean ridges. The Samail 
Ophiolite is one of the most complete analogues 
for the oceanic lithosphere （Searle and Cox, 
1999）, however sparse data have been provid-
ed by geophysical techniques about its internal 
structure to date. 

We aim to utilize a novel geophysical imaging  
technique called cosmic-ray muography （Oláh 
et al., 2024） for exploring the different strati-
graphic layers in the Samail Ophiolite. This 
passive, non-destructive and remote technique 
allows to explore the mass density structure of 
solid, liquid and gaseous materials （Oláh et al.,  
2022; Tanaka et al., 2023）. The omnipresence, 
approximately stationary yield and small inter-
action cross section of cosmic-ray muons allow 
them to penetrate across large volumes （even 
a few cubic kilometres） of rocks with negligible 
deflections. Consequently, muography can pro-
vide density information with relatively high 
spatial resolution （even with a resolution of a 
few metres） from volumes that have limited 
accessibility for other geophysical techniques, 
such as electrical resistivity tomography or 
gravimetric surveys.

Plans for a muography campaign in the 
Samail Ophiolite have already been proposed 
and presented in Ref. （Oláh et al., 2024）. Dif-

ferent sites are under investigation. Figure 1A 
and 1B highlight two candidate ophiolite seg-
ments that include transition zones between 
the upper and lower crust layers at Wadi Halti 
（A） and between the lower crust and upper 
mantle at Wadi Fizh （B）. In this work, we 
present a pilot muography measurement that 
has already been started at Wadi Fizh.

II. Experimental setup

A 60-km long paleoridge segment has been 
defined in the northern Oman Mountains by 
structural and geochemical studies （Adachi and  
Miyashita, 2003; Miyashita et al., 2003; Umino 
et al., 2003; Oláh et al., 2024）. We decided to 
study the structural differences between the 
thick and thin Moho transition zones in this 
paleoridge segment. We chose the thin Moho 
transition zone of Wadi Fizh （Fig. 1B） as our 
first target for the segment end. In addition to 
its geological importance, the site was chosen 
because of technical constraints such as acces-
sibility by car and availability of electricity, the 
thickness of the rock （several hundred meters） 
measurable by the muography, and the absence  
of an obstructing ridge behind the target. The 
goals of the first data collection campaign are 
the following: （1） Testing and optimizing the 
muographic observation system （MOS） in the 
harsh and varying environment. （2） Muograph-
ic mass density imaging the Moho transition  
zone located between the lower crust and the 
upper mantle. 

Figure 2 presents the first experimental ar-
rangement at Wadi Fizh. We installed a Multi- 
Wire-Proportional-Chamber （MWPC）-based 
Muographic Observation System （MMOS） in a 
plastic hut at a latitude of 24.45655 deg N and 
a longitude of 56.29703 deg E and an altitude 
above sea level of 465 m about a distance of 
300 m from the ophiolite （red coloured x in Fig. 
2A）. The MMOS was oriented to an azimuth-
al direction of 298 deg from north （red arrow 
in Fig. 2A） to observe the Moho region with 
maximum detector acceptance. It is important 
to emphasize that it was not possible to install 
the detector closer to the ophiolite due to the  
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presence of a river bed along the foot of the 
ophiolite and the corresponding risk of flooding. 
Figure 2B shows a photograph of the hut and 
its surroundings including the studied ophiolite 
segment in the background. Figure 2C visual-
izes the calculated path-lengths of cosmic-ray 
muons across a selected region （black rectangle 
of Fig. 2B） in the coordinate system of MMOS 
that is based on the horizontal- and elevation 
slopes （tangents of horizontal- and vertical an-
gles） of muon trajectories. These angular bins 
have a size of 0.016 ´ 0.016. This angular bin 
size was chosen to have sufficient statistics （a  
few tens of muon tracks） in each angular bin 
across the transition zone to calculate the mass 
densities. This angular bin corresponds to pixels 
with an area of 4.8 m ´ 4.8 m across the ophio-
lite located at a distance of 300 m. This angular 
binning is used in the remaining figures. 

Figure 3 shows a photograph of the experi-
mental apparatus. The MWPC technology and  
MMOS are presented extensively in Refs. 
（Varga et al., 2016; Oláh et al., 2018）. This 
muon tracking system has been built up from 
seven MWPCs with a surface area of 80 cm ´ 
80 cm and thickness of 2 cm each and two lead 
walls with the same surface area and a thick-
ness of 2 cm each along the length of 150 cm.

The MWPCs are gaseous particle detectors 
that are applied for measuring the trajectories 
of charged particles which penetrate across 
their sensitive volumes （Varga et al., 2016）. 

Fig. 1　 Photographs of crustal and mantle layers of the Samail Ophiolite. （A） The upper and lower crustal boundaries 
are respectively built up from dikes and gabbros at Wadi Halti. （B） The Moho transition zone is located between 
gabbros and peridotites at Wadi Fizh.

Fig. 2　 The experimental setting at Wadi Fizh in the 
Samail Ophiolite. （A） Map of measurement site 
in which red “x” indicates the location of muo-
graphic observation system （MOS） at latitude of 
24.45655 deg Northing and longitude of 56.29703 
deg Easting and altitude of 465 m above sea 
level. The azimuthal orientation of MOS was set 
to 298 deg from north as shown by a red arrow. 
（B） A photograph of detector housing with the 
ophiolite to be imaged in the background. （C） 
Path-lengths of muons across the studied region 
（black rectangle in Fig. 2B） are shown as a func-
tion of horizontal and elevation slopes （tangents 
of horizontal- and vertical angles）.
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MWPCs utilize a series of wires in a closed gas 
volume for production of electric signals. In our 
MWPCs two perpendicular wire planes are ap-
plied each with a wire spacing of 12 mm. This 
wire spacing allows the localization of particles’ 
positions with a resolution of approx. 4 mm. An 
environmentally friendly （non-flammable and  
non-toxic） industrial gas mixture with Ar 
（volume fraction of 0.8） and CO2 （volume frac-
tion of 0.2） gases is flushed across the MWPCs 
for signal production. The electrons are creat-
ed via ionization of gas atoms by the charged 
particles that penetrate across the gas volume. 
Typically 200 electrons are created in the gas 
mixture. A high-voltage of about 1.7 kV is ap-
plied on the anode wires to gain the number of 
electrons to a few thousands via avalanche pro-
cess. The electrons are collected on the wires 
and their signal is amplified by a factor of 10 
and discriminated by custom designed front-
end cards.

A microcomputer-based detector control and 
data acquisition （DAQ） system is applied in the 
MMOS （Varga et al., 2016）. A custom designed 
temperature-humidity-pressure （THP） sensor  
monitors these parameters during operation. 
Data are collected on an event-by-event basis. 
Each event is built up from the following data: 
a time stamp, a time in microseconds passed 
since the time of the previous event, particles’  
hits on MWPCs, analogue signal amplitudes, 

trigger bits, THP values and high-voltage 
values. The data collection is triggered by the 
triple coincidence of MWPCs, i.e. when at least 
three MWPCs detected the particle at the same 
（within a few microseconds） time. The acquired 
data is written into ASCII files on an event-by- 
event basis. The trigger is blocked during the 
data readout which results in a dead time of 
100 microseconds for each event. This dead 
time results in a loss of muons below 0.1％.

The lead plates are applied to absorb and 
deflect the low-momenta muons and other 
charged particles （Nishiyama et al., 2016） that 
are observed from the direction of ophiolite but 
did not penetrate across it. These are mostly 
low-momentum particles which suffer small de-
flections along their paths in the lead walls due 
to their electromagnetic interactions with the 
lead atoms. These multiple scatterings result 
in spatial displacements that are inversely pro-
portional to particles’ momenta. These particles 
do not create straight trajectories in the track-
ing system and can be removed from the track 
set before muon imaging by applying an anal-
ysis cut on the goodness of the line fit （Oláh et 
al., 2018）.

The detector installation and commission-
ing have been conducted between 25­27 Febru-
ary 2024. Gas supplying is provided by a 40 L 
volume gas cylinder that is filled with a pres-
sure of 140 bar. Such volume allows a contin-
uous operation of 3­4 month with a gas flow of  
2­3 Liters per hour. Power supply has been 
provided by the local electricity network. We 
note that it is possible to operate the MMOS 
using batteries and solar panels, however test-
ing of the latter could not be completed due to 
limited time available for installation work. 
Currently only the gas supplying limits the du-
ration of detector operation. It is important to 
highlight that all elements of the MMOS are 
based on materials that pose no risk of damage 
to nature. 

III. Data collection and processing

The data collection was started on 28 Febru-
ary 2024. The experimental site has been visit-

Fig. 3　 A photograph of the muographic observation 
system with its gas system and power supply 
system.
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ed by a local collaborator every 3­4 weeks who 
downloaded the data and conducted the main-
tenance of power supply system if it was neces-
sary. The gas bottle was replaced in June. The 
microcomputer-based DAQ allows remote con-
trol and access, however the mountainous area 
did not allow to remote access to the tracking 
system during its operation because the moun-
tains shielding the telephone network. Thus we 
performed the analysis offline.

An event-by-event procedure has been ap-
plied for data reconstruction and analysis. The 
methods have already been presented in Ref. 
（Oláh et al., 2018）. In a nutshell, this proce-
dure reconstructs the clusters of particle hits, 
conducts combinatorial track reconstruction to 
determine the parameters （the slopes that are 

tangents of vertical- and horizontal angles, the 
intercepts and the chi-square per number of de-
grees of freedom, where the chi-square is the 
sum of the squares of distances between the hit 
cluster centroids and fitted line coordinates and 
the number of degrees of freedom equals to the 
number of MWPCs minus two） for the optimal-
ly fitting lines. The data of five MWPCs have 
been used for this study due to the malfunc-
tioning of two detector layers. 

Figures 4A­C present the variations in the 
performance of the five MWPCs and environ-
mental parameters with a time bin size of 2 
hours for the data collection period from 28 
February to 1 August 2024. The track rate （Fig. 
4A） is measured around 0.3 Hz with variations 
of a few percentages during the data collec-
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tion period mainly due to atmospheric pressure 
changes. Two exceptions are observed for days 
29­30 and days 57­64 when electronics noise 
caused temporary decreases in the track rate. 
The tracking efficiencies （Fig. 4B） have been 
measured above 90％ for each MWPC except 
for the aforementioned periods. 

Each angular dependent quantity was mea-
sured in the “natural” coordinate system of the 
MMOS that is based on the track slopes. Fig-
ures 5A­B respectively show the number of 
tracks （ N ） and flux （ F ）. The flux value is de-
termined for each angular bin by the following 
expression: 

F = N/( A ´ Ω ´ T ) （1）

where tracks with a χ2/ndf < 1 are selected to 
count N, A is the surface area, Ω is the solid 
angle and T is the measurement time. Both 
track count and flux values reflect the shape of 
the ridge of the ophiolite and local topography. 
The black rectangles （see also in Fig. 2B） high-
light the region of interest.

Density-lengths were determined by means 
of comparing the measured fluxes （Fig. 5B） 
to calculated fluxes determined for different  
density-lengths. The density-lengths were ex-
tracted when the difference between the mea-
sured and calculated fluxes were minimal. 
Errors of density-lengths were calculated via 
the same procedure, but the measured flux 
errors were added to the measured fluxes to 
quantify the lower density-length errors and 
were subtracted from the measured fluxes to 
determine the upper density-length errors. The 
calculated fluxes were determined by integrat-
ing the zenith-angle dependent muon momen-
tum spectra （Tang et al., 2006） from minimum 
energies that are required for muons to pene-
trate across a given density-length （Groom et 
al., 2002）. Figure 6 shows the calculated fluxes 
for different elevation angles and measured 
vertical muon flux data （Miyake et al., 1964; 
Castagnoli et al., 1965; Crouch, 1987）. The cal-
culated fluxes are consistent with the measured 
fluxes that validates our calculation method. 
Further validation of the muon flux calculation 
method has been presented in Ref. （Oláh et al., 
2018）.

Figures 7A­B respectively show the extract-
ed values of density-length and average values 
of upper and lower density-length errors as 
a function of track slopes. These show the 
amount of materials across the ophiolite seg-
ment. The mass densities have also been deter-
mined via dividing the density-lengths with the 
path-lengths （Fig. 2C）.

IV. Preliminary results

Figure 8 shows a preliminary muographic 
mass density image of the ophiolite segment at 
Wadi Fizh. The white-shaded regions without 
average density values are due to the lack of 

Fig. 5　 Directional dependent detection of cosmic-ray 
muons. The number of tracks （A） and the cor-
responding flux （B） are shown as a function of  
horizontal- and elevation track slopes. Black 
rectangles highlight the studied region of the 
ophiolite. 
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solid materials above the mountain ridge and 
the large thicknesses （Fig. 2C） that are not yet 
penetrated across sufficient number of muons. 
Across the ophiolite, two regions are clearly 
distinguished: （1） a low-density region above 
the elevation slope of 0.24 in which the values 
measured from 0.5 g cm-3 to 3 g cm-3 and （2） a 
high-density regions below the elevation slope 
of 0.24 in which the values are measured above 
3 g cm-3. The density region （1） corresponds 
to the gabbros of the lower crust. The density 
region （2） corresponds to the rock of Moho and 
peridotites of the upper mantle. The currently 
available data and methodology do not allow us 
to distinguish the Moho from the upper mantle.

V. Summary and outlook

Studying the mass density structure of ophi-
olites can provide information about the nature 
of oceanic Moho. Muography allows passive, 
remote and non-destructive exploration of the 
internal density structure of ophiolites by mea-

suring the naturally occurring cosmic-ray muon  
particles using sustainable and environmental-
ly friendly detector technology. We have suc-
cessfully launched the first muography cam-
paign at Wadi Fizh in the Samail ophiolite. The 
muography observation instrument has already  
accumulated good quality data over 4 months 
in the harsh and varying environment. The 
first muographic density image has been de-
termined with a pixel size that corresponds to 
a spatial resolution of 4.8 metres in the ophio-
lite. We could distinguish the Moho and upper 
mantle from the lower crust. 

Fig. 7　 The density-lengths （X） measured by cosmic-ray 
muography. （A） The density-lengths are plotted 
for the selected region （black rectangle in Fig. 5） 
as a function of horizontal- and elevation track 
slopes. （B） The averaged density-length errors 
are shown for the same region.

Fig. 6　 Examples for calculated fluxes versus density- 
length are shown for selected elevation angles. 
To validate the calculation, we show the compar-
ison of calculated vertical fluxes and measured 
vertical fluxes （Miyake et al., 1964; Castagnoli et 
al., 1965; Crouch, 1987）. 

Fig. 8　 The mass density values determined along the 
muon paths are shown as a function of horizon-
tal- and elevation track slopes. 
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The angular resolution of MMOS would allow 
reduction of the spatial resolution from 4.8 m to 
1.2 m even at the current location, however it 
would require longer data collection period due 
to the limited yield of muons. In future work, 
we plan to apply larger muographic data sets 
collected at the Moho transition zone in the 
center of the paleoridge segment located closer 
to the ophiolite to reconstruct the mass density 
distribution in 3 dimensions with higher spa-
tial resolution and explore the structure and 
constitution of the boundary between the Moho 
from the upper mantle. Such precise density 
data may allow us （1） to explore the diversity  
of Moho along the paleoridge segment in both 
vertically and laterally and （2） to reveal 
whether the discontinuity forms either sharp or 
multiple seismic reflections. These may allow 
us to infer to the physical processes that oc-
curred between the diverse oceanic Moho.
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オフィオライトは，掘削実験ではまだ十分に解
明されていない海洋リソスフェアの進化に関する
有益な情報を提供する。しかしながら，その重要
性にもかかわらず，従来の地球物理探査手法で
は，オフィオライトの内部構造に関する情報は限
定的であった。本研究では，宇宙線ミュオンの通
過量を測定することにより，オフィオライトの内
部密度構造を可視化する新たな地球物理探査手法
「ミュオグラフィ」 を提案する。ここでは，オマー
ン国サマイル・オフィオライトのワジ・フィズ地域 
におけるオフィオライトセグメントの密度構造を

画像化するために実施中の，初のミュオグラフィ
実験について報告する。観測システムの設置・試
運転，ミュオグラフィ観測装置の運用性能，なら
びに予備的な観測結果について紹介する。得られ
た予備的な密度画像からは，下部地殻構造が上部
マントルおよびモホ遷移帯と区別可能であること
が示唆される。今後は現在の観測地点に加え，オ
フィオライトセグメント周辺の複数地点でのデー
タ取得を継続し，モホ遷移帯の研究に資する三次
元密度構造の高解像度可視化を目指す。


