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Volcanoes deliver messages from depth
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1.5 cm

La Palma, October 2021

Tree not to scale…



How do we extract data?
Clinopyroxene crystal

Spatial resolution ∽ 1µm 😀

Analytical error ± 1 % relative 😀

Expensive 😩



Unsupervised learning

Alessandro Musu



Crystals are similar to trees…but not really

https://www.crowcanyon.org/index.php/dendrochronology
Marsh, 2004, EOS



Pros and Cons

Marsh, 2004, EOS

1. Each crystal is unique (i.e. might experience a different evolution 
of the conditions of growth over time) ☹

2. Crystals provide representative samples of the distribution of 
intensive parameters within volcanic plumbing systems 😀
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Transformation: isometric log ratio

Geochemical analyses are ”closed datasets”, as their total should be always 100 wt.%

• This implies that the variables (e.g. SiO2, Al2O3 etc…) are NOT independent 



Normalization and clustering



Dimensionality reduction: a code bar for minerals



Cross checks: How do we know the clustering is “correct”?



Cross checks: How do we know the clustering is “correct”?

Musu et al., 2023; Bull. Volc.

Textural check

Dendrograms



Application to Mt Etna
Most intense event

Musu et al., 2023; Bull. Volc.



Application to Mt Etna: Textural complexity

Musu et al., 2023; Bull. Volc.



Application to Mt Etna: Textural complexity

Musu et al., 2023; Bull. Volc.

Rdcum=related to Volcanic Tremor

LFvolume=Volume Lava fountain

TADR=Time Averaged Discharge Rate

Most intense event release:
1. The less chemically evolved crystals 
2. The most texturally homogeneous and similar crystals

NEXT to address:
- Can we anticipate particularly intense eruptive events?
- Can we forecast the end of eruptions?

Sinergia project ‘VAMOS’



Supervised Learning: Thermobarometry and chemometry

Corin Jorgenson

Jorgenson et al., 2022 ; J. Geophysical Research
Higgins et al., 2022; Contribution Min. Pet.
Petrelli et al., 2020; J. Geophysical Research
Agreda-Lopez et al., submitted ; Computer and Geociences

Oliver Higgins



Experiments as a “Rosetta Stone” to translate 
the language of rocks

Hirschmann et al., 2008

Hawaii Lava flow, credit: USGS

Chaiten eruption 2009: credit UPI/Landov



Random Forest

Jorgenson et al., 2022; JGR



Why random forest?

Petrelli et al., 2020



Strategy to express uncertainty of the estimates

Jorgenson et al., 2022
Higgins et al., 2022



Current architecture: Two layers of forests
WORKFLOW
1. Split the dataset in a Train and Test 

dataset (80-20%). 500 datasets 
slected using a Monte Carlo 
Approach

2. Split each Train dataset in a Train 
and Validation dataset (80-20%)

3. Run 500 forests to obtain 500 
estimates for each analysis in the 
validation dataset

4. Compute the difference between 
the estimate and the actual value 
of P or T

5. Train 500 forest to correct the bias 
related to the boundaries of the P 
and T space



Current architecture: Two layers of forests

Agreda-Lopez et al., 2023; Computer and Geosciences



A global perspective on volcanism

Higgins and Caricchi, 2023; Geology

1500 active volcanoes on Earth 

• 1 billion people live around 
active volcanoes

• we have a proper 
knolwedge for about 20%



What can we do?

Giordano and Caricchi, 2022; Ann. Rev.Earth and Planetary Sciece

Rate of magma input in the crust is 
fundamental



How to quantify rates of magma input into the crust?
Petrology, morphology and geophysics
Lesser Antilles arc

Wadge, 1984; Melekhova et al., 2019

1. Availability of intrusive fragments and cumulates
2. Heterogeneity in magma eruption rates
3. Variable crustal structure



How to quantify rates of magma input into the crust?
Thermobarometry and chemometry (amph and cpx)
Lesser Antilles arc

Higgins and Caricchi, 2023

PIF=Plutonic Intrusive Fragments
CIF=Cumulate Intrusive Fragments

OBSERVATIONS

1. Relatively constant T 
over a large portion of 
the middle crust

2. The most evolved melt 
reside in the upper 
crust 



How to quantify rates of magma input into the crust?
Petrology, volcano morphology and geophysics
Lesser Antilles arc

Higgins and Caricchi, 2023

Thickness of the upper crust 
(distance between layer 2 
and 3 of Melekhova et al., 
2019):

1. Scales with the height of 
the volcanic edifice

2. The volcanic output rate

3. The mean d11B, a proxy 
for magma productivity 
in the mantle

Data from Cooper et al., 2020



How to quantify rates of magma input into the crust?
Linking petrology, geophysics and volcano morphology
Lesser Antilles arc

Castruccio et al., 2017; Higgins and Caricchi, 2023

Higher rates of magma input into the Earth’s 
crust (i.e. higher heat supply to the crust):

1. Lead to volcanic plumbing systems (VPS) 
extending to shallower depth in the 
upper crust which results in taller 
volcanoes with higher eruption rate.

2. VPS extending to shallower depth tend 
to produce more chemically evolved 
magmas

Can we see this at the Global Scale?

𝜌"𝐻" = 𝜌#𝐻#+ 𝜌"(𝐻"−𝐻#) + 𝜌$𝐻$; 𝐻$ =
%!('"('!)

'#

Low magma flux

High magma flux



How to quantify rates of magma input into the crust?
Global relationship and why do we care?

Giordano and Caricchi, 2022; Higgins and Caricchi, 2023

We do not have information on 80% of the 
volcanoes currently active on Earth

1. Duration of volcanism

2. Volcano morphology

3. Dominant magma chemistry

Provide essential information to constrain 
the eruptive potential of poorly studied 

volcanoes



Can we use ML to anticipate what will happen at 
Campi Flegrei?

• 1118 earthquakes in August 2023 
(1 Magnitude 4 at 2.7 km depth 2 
days ago)

• Since January 2023, inflation of 15 
mm/month

• T increase in the area of Pozzuoli

• CO2 flux = 4000 t/day



Pressure-temperature-chemistry in time

Data from Forni et al., 2018; Sci. Advances



How to define patterns of eruptive activity?



How to define patterns of eruptive activity?



Monte Nuovo eruption 1538

Marco Antonio delli Falconi



We would like to discuss with you HOW TO:

1. Filter of the calibration dataset for “non-equilibrium experiments”

2. How best to estimate the uncertainty of our approach

3. How to best look at time series?

1. Do you have any other idea? Please get in touch!


