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The Tomuvol project (2011-2016)

Proof of principle for muon tomography of volcanoes

Puy de Dôme, 1465 m
French Massif Central 
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Highlights: 
2013:      Common MuRay - TOMUVOL campaign 
2015:      Gravimetry, ERT, magnetic anomalies imaging 
2016:      Muographic imaging

Col de Ceyssat 
(1074 m)

107 deg

Grotte Taillerie 
(867 m)

2 km

1.2 km

Turn Puy de Dôme into reference site: 
 Muon tomography 
 Electrical resistivity measurements 
 Gravimetry measurements
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 Puy de Dôme
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• Expected to be highly contrasted 
• Isolated, averaged sizes volcano
• Close to labs, easy to access, power and network facilities 

Ideal choice for testing an imaging technique !

§ Dome:	~400m	high,	1.8	km	wide	at	its	base	
§ 		Two	dis9nct	units:	

× two	lava	pulses	
× par9al	destruc9on	of	the	first	construc9on	

§ 		Important	hydrothermal	altera9on
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Erreur rms 7.3%

Erreur rms 6.8%

Anthropogenic structures

Computed with Res2DInv (Loke, 2011)

Resistivity models of th summit area
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Seismic and electrical tomography rely on curved paths 
⇓

non-linear inverse problem
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• Relative gravimeter (February-March, 2012,  May, 2012 and March-June, 

2013) 
• 610 gravity stations, around 2500 gravity measurements  

• High resolution differential GPS positioning at the gravimeter tripod center 

  average accuracy: 1.6 cm in planimetry and 2.3 cm in altimetry

GPS and Scintrex CG5 
gravimeter

Summit area gravity stations locationGravity stations location for the total survey

Gravity survey
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Non-unique inverse solution
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The	Chaîne	des	Puys	volcanic	field

§ The	latest	ac9ve	zone	of	the	French	"Massif	Central"	volcanism

§ Important	riKing	episode	->	hemi-graben	forma9on	(Michon	and	Merle,	2001;	Boivin	and	al.,	2004)		

§ Volcanoes	emplaced	on	a	Hercynian	grani9c	basement	along	a	N-10°	direc9on	
		

Figure Boivin and al., 2004

 Geological setting of Puy de Dôme
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• Volcanic constructions have negative signature (lower density than the correction density) 
• Complex construction of the Puy de Dôme (heterogeneous signal) 
• Clear positive anomaly to the West of the volcanic chain, possibly masked by negative signal beneath 

the volcanic constructions. 
• Complex	construc9on	of	the	Puy	de	Dôme	(heterogeneous	signal)

Total Bouguer anomaly Regional trend  
(using 3rd order surface)

Residual anomaly

Gravity map of Puy de Dôme and its surroundings
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Positive anomaly in the central part of the 
summit area 

 dense structure (massive extrusion?) 

Negative signal at the periphery 

 pyroclastic deposits ?

Gravity map of the summit area
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Gravity measurements are volume 

integrals !
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Standard geophysical inversions on Puy de Dôme
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Col de Ceyssat 
MU-RAY : June-Oct 2013 

TOMUVOL : Oct 2015 -Feb 2016

Grotte Taillerie 
Jan-Juillet 2011 
March-April 2016

Site TDF 
Nov-Dec 2013

1,3 km

MURAY

TOMUVOL

Long Range Muography
• underground and surface deployment sites
• different distances to the target

Deployment sites around the volcano
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Muon Tracker : CALICE GRPC’s

Gas:  93% TFE, 5% Isobutane, 2% SF
6

Efficiency vs. HV & track incident angle

E
ffi

ci
en

cy

Voltage (kV)

working point  
~HV: 7.5kV

M. Bedjidian et al, “Performance of Glass Resistive Plate 
Chambers for a high granularity semi-digital calorimeter”, 
JINST 6:P02001,2011

Avalanche mode:  mean MIP charge 2.6pC, RMS: 1.6pC

• large area (1m2) 

• detection rate up to 100Hz

• robust, highly efficient

• noise level less than 1Hz/cm2 

• very cheap

Noise rate histo
with threshold
at 90%
(excluding overflow)

Noise rate (Hz)

Run50094.001

http://arxiv.org/find/physics/1/au:+Bedjidian_M/0/1/0/all/0/1
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Muon Tracker : CALICE Electronics

HV~ 7.5kV

N.Seguin-Moreau, Proc.ofTWEPPPrague(2007) and IEEE Hawei (2007)

• 8 layers PCB, 800µm thick.  

• capacitive readout (1 cm2 pads)

• 64 channels, 16 mm² 
• digital output (2 adjustable thrs) 
• low power consumption 
• large gain range   
• xtalk <2%  
• ajustable gain for each channel 

Slab

FE 
FPGA

PHY

Data

Clock+Config+Control

VFE 
ASIC

Conf/ 
Clock

VFE 
ASIC

VFE 
ASIC

VFE 
ASIC

RamFull

HARDROC 
LAL

HARDROC 
LAL

HARDROC 
LAL

HARDROC 
LAL

DIF (DigitalDIF (Digital InterFaceInterFace))
DIF board :

DIF (Digital DIF (Digital InterFaceInterFace))
DIF board 

� Independent board to have more 
flexibility

It p id s th mm ni ti n ith� It provides the communication with  
HARDROCs  or DIRACs

� It allows ASICs configuration and 
performs analog and digital readout

Connector
DIF / SLABFPGAPoweringperforms analog and digital readout

� Also compatible with SPIROC and 
SKYROC (ECAL and AHCAL)

� Two DAQs : 
- Through USB : Cross DAQ
- Through HDMI : Calice DAQ

USB

HDMI

Connector
DIF /DIF 320 january 2009 LAPP electronic status for DHCAL / Guillaume Vouters

9472 channels/m2 
1 hit ≡ time + thresh
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Tomuvol: a 4-layer muon telescope
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• 4 layers of 6 Glass Resistive Plate 
Chambers (GRPC)  

• GRPC: gaseous detector with glass 
electrodes  

• Applied voltage: 7.5 kV  

• 1.2 mm gap filled by a gas mixture 
chosen for its ionizations properties  

• 1layer:∼1m2  

• Readout cells of 1 cm2 (∼ 40000 
cells in total)  

• Using a 5 MHz clock and auto-
triggered  

• Remotely monitored from web 
interface  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Tomuvol: a 4-layer muon telescope
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Puy de Dome as reference site for muography

MURAY detector (scintillators and 
SiPMTs)  took data on Puy de Dôme 
from July to November 2013

 TOMUVOL 
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MURAY-TOMUVOL 2013 campaign on Puy de Dôme
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J. Geophys. Res. Solid Earth, 120,  
doi:10.1002/2015JB011969
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Data/flux model agreement: 
~5% for free sky
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Background impact on muographic imaging
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1 hour

Tρ is calculated from an measured number of muons in a given direction

Measurement	=	Signal	+	Background	

Can be calculated beforehand analytically 

Only known after measurements 
and detailed Monte Carlo simulations  

N/N0	(α,β) ∫ρ(r,α,β) dr / ∫ dr
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A methodological development: tracking simulations
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Detector

φ0(Eμ,α,h)

z

Y

φ(α,r(α,β)

α β

r(α,β)

Generation surface

50x50 m2

250x250 m 200x200 m2 

 right now  :
 20 computing days   

(IN2P3 computing centre)
for 

1 day of data
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Standard vs Backward MC
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Through	the	implementa9on	of	our	proposals,	we	were	
able	to	op9mise	one	of	the	Monte	Carlo	simula9ons,	
permi_ng	us	to	achieve	a	400X	speedup,	once	
op9mised	and	parallelised	on	a	compu9ng	node	with	
32	physical	cores.
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TOMUVOL 2015 campaign on Puy de Dôme
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Transmission muography in a nutshell ...
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T⇢(�, r(�,⇥)) =
�(�, r(�,⇥))

�0(�)

Φ(α ,β)= N(α ,β)
Seff (α ,β)ΔTΔΩ

Seff=Sdetεdetεgeomεillum

ρ(α ,β)dr∫ = F(T(α,β))

5d=1m

R=1cm

10 mrad
10m

d = 1km

x

y
α β

Oz:	ver9cal
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Transmission muography in a nutshell ...
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5d=1m

R=1cm

10 mrad
10m

d = 1km

T⇢(�, r(�,⇥)) =
�(�, r(�,⇥))

�0(�)

Φ(α ,β)= N(α ,β)
Seff (α ,β)ΔTΔΩ

Seff=Sdetεdetεgeomεillum

ρ(α ,β)dr∫ = F(T(α,β))

x

y
α β

Oz:	ver9cal
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Transmission muography in a nutshell ...
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Density estimation method
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Crosscheck for a uniform volcano with ρ=1.8g/cm3
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Puy de Dôme 
Inner structure
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Frequentist measurement  vs bayesian hypothesis testing
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Measurement ( the image binning 
follows strictly the uncertainties, no 

filtering, smoothing, etc) 

TOMUVOL 2016
PRELIMINARY

2 km 

40
0 

m
 

Linear opacity to atmospheric muons

TOMUVOL 
Preliminary

Background contamination  
mimics lower opacity

65.8	days	of	data	taking,	0.16	m2	x	0.5	m

Physics Today, decembre 2012

Puy de Dôme as seen from the muon telescope site

Internal structure observed through muography

If additional image treatment & 
geophysical hypothesis considered 
the image greatly improved

☞
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Conclusion
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Proof of principle on Puy de Dôme  done,  common inversion of muographic 
and gravimetry data expected very soon. 

 ... time to image some active volcanoes with increased area  and 
improved telescopes!




