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(Crustal magma flux modulates volcanic activity

and the genesis of magmatic ore deposits)
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(Department of Earth Sciences, University of Geneva, Switzerland Luca Caricchi)
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Multiple lines of evidence show that magma is transferred from the mantle to the crust in
discrete pulses. The average rate of magma input and the frequency of injection impact funda-
mentally the temporal evolution of temperature distribution, chemistry and physical properties
of magma within magmatic plumbing systems. I review thermal modelling results and existing
data to show how the average rate of magma input in the crust controls the temporal evolution
of magmatic plumbing systems and the probability of volcanic eruptions to occur as opposed to
magma accumulating in the crust potentially leading to the formation of magmatic ore deposits.

C ommonalities and
differences between
volcanism and the
formation of ore deposits
Caldera-forming eruptions'and giant
porphyry copper deposits have in com-
mon the accumulation of large volume of
magma in the upper crust. The conspic-
uous difference between these two man-
ifestations of magmatism, is that during
volcanic activity magma is extracted from
the reservoir, while to form ore deposits
magma chiefly remains in the crust and
mineralising fluids are extracted to form

i Eruptions that lead to the collapse of the magma reservoir roof and the formation of topographic depression called caldera.

ii  These kinds of copper-rich deposits form on the hydrothermal system of large magma reservoirs and supply 75% of the total copper used worldwide.

JGL, Vol. 21, No. 4, 2025

Japan Geoscience Letters


https://www.jma.go.jp/jma/press/2508/29a/20250829_end_of_kuroshioLM.html
https://www.jma.go.jp/jma/press/2508/29a/20250829_end_of_kuroshioLM.html
https://www.jma.go.jp/jma/press/2508/29a/20250829_end_of_kuroshioLM.html
https://www.jamstec.go.jp/aplinfo/kowatch/

Japan Geoscience Letters

TOPICS mwNIlEZ

a deposit. Determining the fundamental
factors controlling the probability of mag-
matism to lead to a large eruption versus a
giant ore deposit, is an outstanding ques-
tion to address for mitigating the impact
of volcanic eruptions and to explore for
mineral resources such as copper, which
are essential to the energy transition.

V olcanic activity and
magma accumulation

Magma reservoirs in the Earth’s crust
are assembled by the episodic transfer of
magma from depth with long-term and
higher frequency variations in magma
fluxes modulated by large-scale geody-
namic and crustal processes, respectively.
Thermal modelling results demonstrate
that the average rate of magma input (Q, )
in the crust dominates the temporal evolu-
tion of the thermal, physical and chemical
architecture of magmatic plumbing sys-
tems (Annen, 2009). As the minimum re-
quirement for volcanic eruptions to occur
is that eruptible magmad'is present, and
that the overpressure within the reservoir
is sufficient to support the ascent of mag-
ma to the surface (Jellinek and DePaolo,
2003), it follows that the average rate of
magma input in the crust directly impact
on the probability of magma to erupt at
the surface or accumulate at depth.

To clarify the relationships between
average rate of magma input in a crustal
reservoir and the probability of magma to
accumulate in the crust, I use the thermal
model results of Weber et al. (2020), in
which magma progressively intrudes the
crust to form a magma reservoir, to cal-
culate the temporal evolution of eruptible
magma volume (magma at T>800 "C),
magma reservoir volume (i.e. volume of
magma above solidus; T>700 “C), magma
compressibility (Edmonds and Woods,
2018: J. Volcanol. Geotherm. Res., 368,
13-30; considering that excess fluids are
retained if they are less than 30 vol.% of
the residual melt phase), and the maximum
overpressure within the magma reservoir.
The maximum overpressure (AP,,,,) gener-
ated by the injection of magma in a spher-
ical reservoir embedded in a viscoelastic
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Figure 1: (a) Evolution of the volume fraction of supersolidus (V.

dark red) and eruptible (V,; red)

sol*

magma volumes, their ratio (yellow), and magma compressibility (cyan, secondary y-axis) as

function of time. The schematic between the panels a and b shows graphically the evolution
of the fraction of the injected but solidified magma (black), magma above solidus (dark red),

and eruptible magma (red) in time. (b) Evolution of the maximum (dark pink) and minimum

(light pink) overpressure as function of time, calculated using Equation 1.

crust is (Jellinek and DePaolo, 2003):

2n. O;
AP = 1
s =3, @

”

Where Q, is the instantaneous rate
of magma input (considered equal to the
average rate of magma input or 10 times
larger; Fig. 1), . is the viscosity of the
crust, and V_is the reservoir volume at
each time step of the model. Compress-
ibility acts to accommodate part of the
volumetric increase due to magma input
effectively decreasing the rate of volumet-
ric input (Q,). As an example, considering
areservoir at a depth of about 6-8 km (i.e.
200 MPa pressure), and an ideal behaviour
for the excess fluids, an increase of pres-
sure to critical values' (10-40 MPa) leads
to a 10-20% decrease of Q.. Equation 1

iii Magma containing less than 50 vol% crystals (Marsh, 1981: Contrib. Min. Pet., 78, 85-98.)

shows that the increase in the volume of
the reservoir resulting from protracted
magma injection, leads to a progressive
drop of AP,,.. The thermal model shows
that the increase of the magma reservoir
volume is associated also with an increase
of magma compressibility (Fig. la), which
further contributes to the progressive de-
crease of magma overpressure generated
by magma input (Fig. 1b).

The progressive decrease of over-
pressure generated by magma injection
in time, directly implies that reservoir
growth by protracted magma injection
inevitably leads to a decrease of the
probability of volcanic eruptions to occur
and therefore to increasing potential for
magma to be stored in the crust. Such a
general trend can be inverted if buoyancy

iv. 10-40 MPa are sufficient to fracture the rocks surrounding the reservoir (Jellinek and DePaolo, 2003) and therefore the overpressure within a reservoir cannot

increase above this value.
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becomes sufficiently large to pressurise
the reservoir to critical values (Jellinek
and DePaolo, 2003).

L ikelihood of volcanic
eruptions versus
magma accumulation

To quantify how the protracted in-
jection of magma in the crust affects the
probability of magma to erupt or to be
stored in the Earth’s crust, I performed 10°
Monte Carlo simulations to calculate the
proportion and potential size of eruptions
that could occur during the growth of a
reservoir over 1.5 My at a Q_ of 1.2x107
km?/y. I used Equation 1 and at each step
I randomly sampled Q, (1 to 100 times
Q,): 11, (10 to 10" Pa s), the overpressure
required for an eruption (10 to 40 MPa),
and the time at which magma input in the
reservoir takes place. At the sampled time
I retrieved the size of the magma reservoir
(V_=V, in Eq. 1) and the volume of poten-
tially eruptible magma (V, ) from the ther-
mal model. An eruption was considered to
occur if AP was higher than the randomly
sampled critical pressure. I also assumed
that the erupted volume would be equal to
the total volume of eruptible magma pres-

Fraction eruptions = 0.31

400

300

Volume eruptible [km?]
00

0 05 10
Time eruption [My]

Figure 2: Results of the Monte Carlo simulations performed
using Equation 1. Each point represents an eruption
(i.e. the overpressure in the reservoir was larger than
the randomly sampled critical pressure required for an
eruption. The density of the points is proportional to

the opacity of the symbols.

ent within the reservoir. Under these as-
sumptions, about 30% of the simulations
resulted in an eruption. The simulations
show that the largest proportion of erup-
tions occurs in the first 0.5 My of magma
input, and the eruption volume increases
with the duration of magma input in the
crust (Fig. 2).

C omparing modelling
results with nature

The volcanic eruption record shows
that the largest eruptions occur in volcanic
systems that have been active for longer
periods of time and have higher average
eruption rate (Fig. 3a). This suggests that
magma flux (i.e. the heat added to the
lithosphere) exerts a prime control on the
frequency and magnitude of eruption and
the capacity of magma to accumulate in
the Earth’s crust (Giordano and Caricchi,
2022: Annu. Rev. Earth Planet. Sci., 50,
231-259).

The accumulation of magma in the
crust is essential for the release of the
enormous amounts of mineralising fluids
required to form ore deposits. The analy-
sis of the relationship between the copper
endowment of porphyry-type deposits and

the associated duration of magmatism also
show that the longer a magmatic system is
active without significant volcanism, the
more copper (transported by magmatic
fluids) can be precipitated (Fig. 3b). This
is another evidence showing that the pro-
tracted input of magma in the crust tends
to favour magma accumulation over vol-
canism. In this scenario, if large eruptions
do not occur (Chiaradia and Caricchi,
2022: Commun. Earth Environ., 3, 107),
the probability of forming ore deposits in-
creases with the duration of magma input
in the crust.

Thus, the results of thermal modelling
and the Monte Carlo simulations seems
to capture to the first order the trends
observed globally for volcanism and du-
ration of mineralising episodes leading to
the formation of porphyry copper deposits

(Fig. 3).

agma flux and evolu-
tion of volcanic sys-
tems

In the last 20 years data collected
in the field, geochronology, and thermal
modelling have shown that the trans-

fer and accumulation of magma in the
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Figure 3: (a) Volume of the largest eruption of a volcano as function of the total du-
ration of volcanism at the same volcano, colour contoured for the average
eruption rate. (b) Relationship between the duration of the mineralising
event and the total copper content of the largest discovered porphyry
copper deposits. Modified from Giordano and Caricchi, (2022) and Chi-

aradia and Caricchi (2022), respectively.
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Earth’s crust occurs in discrete episodes.
The thermal evolution of such magmatic
plumbing systems is fundamentally dif-
ferent with respect to a scenario where
the transfer of magma from the mantle is
considered as quasi-instantaneous. In this
second model, the evolution of tempera-
ture within a magma reservoir would be
highly predictable and invariably lead to a
progressive drop of the average tempera-
ture within the reservoir. While this is a
convenient way to idealise the temporal
evolution of the temperature and magma
chemistry of magmatic systems, it is prob-
ably only appropriate in extreme cases (i.e.
very high rates of magma input). Consid-
ering the episodic nature of magma trans-
fer, increases the parameter space to be
investigate with thermal models, but the
recent literature shows that this complica-
tions are necessary to retrieve information
on parameters such as the average rate of
magma input, which are fundamentally
controlling the behaviour of magmatic
systems (Figs. 1-3). I have shown here

TOPICS puists

how variations of average magma flux can
affect the accumulation and eruption of
magma and control the rate of magmatic
fluid release that is essential for the for-
mation of ore deposits. This implies that
the frequency and magnitude of volcanic
eruptions in different regions of our planet
and the distribution of ore deposits at the
global scale, are modulated by the rate of
production and transfer of magma through
the Earth’s lithosphere.
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