Muon tomography of the
La Soufriere de Guadeloupe
hydrothermal system :

3D structure and dynamics
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General features & use cases

Active volcano

Greek tumulus Nuclear evaporator




Basic cosmic .0 Features

Muons are produced in pions/kaons decay chains
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Absorption || 0 Tomography

Muon flux emerging from the target + opacity (amount of matter)
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3. joined analysis with geophysical methods
4. static underground imaging (+atmosphere physics)
5. dynamic underground imaging
6. borehole applications

e s g /L1071 TOMography use cases




DHAPHANE projects : 10++ years

® 2007 : technical evaluation started (BQR Univ.Paris / IPGP)

® 2008 : first collaborations
Mayon v ANR Domoscan (INSU) including a small muography part
. (Philippires).. - o v IPNL-IPGP-OSUR (IN2P3/INSU) collaboration started

® 2009 : first installation in Mont-Terri underground lab
® 2010 (and 2012): exploration of Etna South crater

® 2010 - 2014: 1* experiments on the Soufriére de Guadeloupe
v1 telescope / 3 different sites explored
v t.0.f. background subtraction (TDC vernier in FPGA)

® 2013 : experiment in Tournemire underground lab (IRSN)

H @ 2014 :
| v 1 detector installed on the Mayon volcano (Philippines)
v ANR Diaphane retained in 2014

| ® 2014 — 2019 : R&D — volcano monitoring (risks analysis)
S v 6 muon detectors installed (May '15, Aug. '16, March 17)
v muon-gravimetry coupling,

v 3D imaging

v hydrothermal system continuous monitoring

® 2015 : underground tunnel scanned in Lyon (Cx-Rousse) ;

® 2016 : archaeology and industrial applications:
v ARCHEé project for greek tumulus scanning
v AREVA-NEEDS funding : borehole applications

® 2017 & 2019 :
ArcelorMittal funding for blast furnace study

® 2018 : “industrialization” process initiated
v ORANO nuclear plant monitoring
Blast furnace ' v LSBB hydro-thermal monitoring
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Ol planes = scintillator + WLS + opto-electronics

- Scintillator technology :
— (JINR): 2.5 x 0.7 x 80 cm?® — 32x32 matrix (20kQ)

— (FermiLab): 5.0 x 1.0 x 80 cm® — 16x16 matrix (45kg) e [V~
- WLS technology : BC91A or Kuraray Y11 inti 7'? S B/
- PhotoSensors : MaPMT or MPPT Scintillator ;__ L

- Same electronics for all types of matrices : IPNL design

- Common Clock locked on GPS (10ns timestamps)

- TDC embedded in the FPGA (100ps vernier) for t.o.f.

- Smart sensor fully Ethernet capable, raspberry Pl backend

Detection
matrix

>

Ethernet-capable R/O electronics
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Density map of geological layers
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Imzging & monitoring
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La Soufriere de Guadeloupe

La
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Inverse problem & continous monitoringe

Lesser Antilles

Muon detector @ FDN



Application(s) to La Soufriere

Volcano hydrothermal systems are at the core of
unpredictable volcanic hazards

Complex interplay between internal and external forcing

Classical geophysics provide limited information on
spatio-temporal dynamics

Need for techniques that can track in space and time the
internal state of the system to constrain numerical

models
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3-D joint inversion of muon and gravity data
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3-D joint inversion of muon and gravity data

* Linear, deterministic inversion with model regularization

¢(m) = (d — Gm) C3"(d — Gm)+

-H—:Z(m - mprim)TC;l(m — mprior):

/ l \ Matrix

Smoothing scaling

Damping

* Matrix scaling (depth weighting in the regularization matrix to
counteract the natural decay of the kernels)

1

: 1,
min {(zmin,i + 20)%, Tmiﬁn,i}

W; =

 Parameterization based on cubes of 8x8x8 m?

(Rosas-Carbajal et al., 2017)



Horizontal slices of density and electrical conductivity models
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Joined monitoring :
muon flux variations in region determined by seismic noise

* Density changes are expected as a result of fluid content variations
* These variations are related to meteoric and magmatic mass input, and/or phase transitions
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Long-term density variations from continuous muon measurements
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Flux variations measured by each detector in selected zone

PCA joined analysis
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Conclusions

* Muon tomography has been developed since the last decade to increase its robustness and
sensitivity.

* It is applied world-wide, in various use cases, in particular for studying density structures of large
geological bodies.

* Coupling of muography with standard geophysical methods in joined analysis has been
established to improve the resolution and the sensitivity to the internal processes.

* Continuous muon measurements provide insights into the internal processes for a real
geophysical monitoring.

* Simultaneous measurements from different detectors validate the observations and better
estimate the region where changes are happening.

* The world’s largest muon observation system is deployed and running at La Soufriére, and
provides measurements to constrain the internal dynamics.

* The present configuration of the hydrothermal system can be explained by a simple numerical
model. Calibrating this model with multiple observables will help to evaluate future scenarios and
study transient behavior.
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3-D conductivity model of La Soufriere
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Sudden Stratospheric Warming + hydro-geological global analysis :
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