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Magmatic processes on Earth govern the mass, energy, and chemical transfer
between the mantle, crust, and atmosphere. To understand magma storage
conditions in the crust that ultimately control volcanic activity and growth of
continents, an evaluation of the mass and heat budget of the entire crustal column
during magmatic episodes is essential. Here we use a numerical model to constrain
the physical conditions under which both lower and upper crustal magma bodies
form. We find that over long durations of intrusions (greater than 10>-10° yr),
extensive lower crustal mush zones develop, which modify the thermal budget of the
upper crust and reduce the flux of magma required to sustain upper crustal magma
reservoirs. Qur results reconcile physical models of magma reservoir construction
and field-based estimates of intrusion rates in numerous volcanic and plutonic
localities. Young igneous provinces (less than a few 100 kyr old) are unlikely to

support large upper crustal reservoirs, whereas longer-lived systems (active for



longer than 1 Myr) can accumulate magma and build reservoirs capable of
producing supereruptions, even with intrusion rates smaller than 107-10 km*/yr.
Hence, total duration of magmatism should be combined with the magma intrusion
rates to assess the capability of volcanic systems to form the largest explosive
eruptions on Earth.

Magma reservoirs within the continental upper crust are key locations to generate
the most viscous and potentially explosive magmas on Earth'*. How they form and how
long they remain eruptible, continues to be a matter of lively debate. Published lifetimes
of eruptible portions within such reservoirs range from centuries to hundreds of
thousands of years™ ", leading to controversial implications for volcanic hazard and for
the link between volcanic and plutonic lithologies'®'”. Studies arguing for long-lived
magma reservoirs often depict large, highly crystalline regions in the upper crust (“mush

3,18-20
d B

zones”; ref.18) from which melt-rich, eruptible pockets can be extracte . In contrast,

others suggest that mobile magma bodies are ephemeral features that assemble from deep

11,21,22 23,24

sources and erupt on short timescales or solidify to form plutonic rocks

At the crux of this debate is the magma intrusion rate required to maintain magma

23,25-29

bodies above the solidus in the crust . In the cold upper crust (~5-15 km deep),

existing numerical thermal models require high intrusion rates (>10 km’/yr, ref. 23;
>5x107 km?/yr, ref. 29), to produce eruptible pockets of magma, leading to short

timescales of magma accumulation, even for supereruptions (<10*-10° yr). This is

incongruous with geological estimates of such rates, which are typically lower”>">*,

High intrusion rates also impose decoupling of volcanic and plutonic realms, leading to

23,30

either large erupted volumes™~° or relatively small plutons®’. Moreover, mechanical



models show that the highest rates implied by thermal models (~>107 km’/yr) are

unlikely to sustain large magma bodies in the upper crust because associated overpressure

would trigger eruptions before large amounts of magma can accumulate®’ (the “room”

problem). In order to generate large, crustal-scale magmatic columns without losing too

much mass to volcanic output, magma emplacement must be prolonged at relatively low

. . 31

Intrusion rates™ .

Modelling of magma intrusions at crustal-scale

A fundamental aspect of upper crustal magma storage that has not been considered in
23,2629

previous thermal models is the presence of lower crustal magma reservoirs.

Petrological and geophysical evidence supports large accumulations of magma in the

32-36 27,37,38

lower crust of many volcanic regions™ ", which can be active for millions of years
However, the effect of these lower crustal magma reservoirs on the upper crustal thermal
structure has not been systematically quantified (see, however, Extended Data Fig. 1 and
ref. 39 for mid-crustal sill). We bridge this gap and use an existing model* of stochastic
and incremental injections of magma (as dikes and sills) to consider the thermal influence
of lower crustal reservoirs on the upper continental crust over long timescales (>10° yr)
and footprints (areas through which dykes/sills are injected) of >10°-10° km*. We focus
on a two-dimensional generic crustal column (~30 km thick) and its underlying mantle
(Fig. 1, and see Methods). In order to quantify the thermal evolution of the entire

magmatic province over geological timescales (10°-10° yr), the simulations are run in two

stages:



e Stage I. Emplacement of basaltic magma (~>10 km®/yr) in the lower crust over
relatively long timescales (>10° yr), as inferred in many continental
settings?>38:4142,
* Stage II. Emplacement of intermediate magma in the upper crust in both small

(~10% km? footprint) and large systems (~10° km?® footprint). Simulation duration
is set between 10° and 10° yr, depending on the magma flux. In this stage, we use
the upper crustal thermal structure determined from stage I as the new initial
condition.

In stage I, basaltic dikes and sills are incrementally emplaced in the lower crust

(see Methods for geometry and compositions used). This leads to a significant

temperature increase within the whole crust after ~3-4 Myr of intrusions (Fig. 2), and a

lower crustal mush zone forms that is comparable in size to field*® and seismic****

estimates in magmatic provinces (e.g., ~45 km width at Yellowstone Caldera, ref. 32). At
this point, the upper crustal thermal gradient reaches near steady state (Fig. 2b inset; Fig
2a, d) conductive gradient, implying that the average temperature in the upper crust does
not change significantly after this timescale (<0.5%; with a nearly constant heat flux
between the lower and upper crust). In this study, we refer to this timescale as the

‘thermal maturation timescale’.

In stage II, we quantify the generation and storage of upper crustal magma bodies
using three different initial upper crustal thermal profiles: 1) without a lower crustal
heating source, referred to as the ‘undisturbed geotherm’ (Fig 2c¢), 2) after the lower

crustal mush has grown for 1 Myr, referred to as ‘thermally juvenile” upper crust, and 3)

after the lower crustal mush has grown for 4 Myr, referred to as ‘thermally mature’ upper



crust (Fig 2b, d). We vary the upper crustal magma flux between 10 and 10~
km®/km?/yr (equivalent to rates of ~10* to ~10 km®/yr) and total upper crustal intrusion
timescales for >10°-10° yr. These fluxes and durations are consistent with the amount of
melt available in the lower crustal mush zones (see Methods). We refer to magma
intrusion rates on the order of ~10” km®/yr as ‘high’, ~10” km’/yr as ‘intermediate’, and
~10* km*/yr as ‘low” rates.
Longevity and size of upper crustal magma systems

The presence of a lower crustal mush system strongly impacts the generation and
storage conditions of upper crustal magma reservoirs. When using an undisturbed
geotherm (i.e., absence of a lower crustal mush), we find that the critical upper crustal
magma flux (minimum flux necessary to keep the system above solidus) is >10™*
km’/km*/yr (or a rate >107 km’/yr for a footprint of ~10*> km?) in line with estimates of

2 In stark contrast, when a lower crustal mush system has

previous thermal models
fully developed (thermally mature system), upper crustal magma bodies can survive in a
mush state for long periods (>10°to 10° yr, in line with geochronological
information'>'>***; Fig. 3). In these systems, the critical upper crustal magma flux
significantly drops and ranges between 10 and 10” km’/km?/yr (or a rate of ~10* to 10~
km’/yr for a footprint of ~10° km?; Fig. 3, Extended Data Fig. 2), consistent with
observations from several magmatic provinces™"’.
Thermal maturation of the upper crust

The remarkable similarity between erupted fluxes calculated for “flare-up”
regions®’ (characterized by a series of caldera-forming eruptions clustered in time that

- . 25,45
evacuate >10* km’ of silicic magma) and average rates of typical arc volcanoes™



suggests that, rather than rates alone, the duration of magma intrusion in the upper crust
plays a dominant role in the size of magma reservoirs, and ultimately in the volume of
erupted material (Figs. 3b, 4). When magma bodies are maintained in a partially molten
state (i.e., magma flux is larger than the critical flux), successive magma emplacements
in the upper crust can develop voluminous subvolcanic reservoirs, given enough time*®
(Fig. 3b). In both thermally juvenile (1 Myr of lower crustal magmatism) and thermally
mature (4 Myr of lower crustal magma evolution) conditions, the total duration of lower
and upper crustal magmatism is between 1.5 to 7 Myr, on par with geochronological

. . . A4
estimates on various volcanic provinces™

. Within the range of geologically observed
upper crustal magma fluxes®”* (10~ to 10 km’/km?/yr, rates ~10 to ~10% km’/yr), a
broad range of volumes of upper crustal reservoirs can be formed as a function of the
maturation timescale (i.e., thermally juvenile or mature upper crust) and duration of
upper crustal magmatism (Fig. 4). Our calculations show that:
¢ Regions that are relatively young (~10*10° yr, smaller footprints ~10°
km®, Fig. 4) generate only small eruptions of intermediate to silicic
magmas (if at all), leaving plutonic material with, on average, limited to
no cumulate signature (not much melt extraction that feeds rhyolitic
eruptions), at least in the upper crust.
¢ Regions that are long-lived (>10°-10° yr, larger footprint ~10°> km?, Fig. 4)
can produce large volumes of eruptible magma (>10° km?), feeding

supereruptions, and leaving behind significant amounts of intermediate to

silicic cumulates™ when rhyolites are produced®.



* Between these extremes, the remaining range of volcanic and plutonic
lithologies can be formed (Fig. 4).

Our unified framework for crustal-scale magmatic systems helps provide a
sharper understanding of the differentiation and growth of the continental crust, the
volcanic-plutonic connection, and the volume and lifetime of magma plumbing systems
that pose significant volcanic hazards. The rarity of supereruptions need not be due to
exceptionally high transient magma fluxes*®, but to intermediate fluxes that last for long
periods of time (million-year timescale, see Methods). Such a scenario is more
compatible with a multitude of observations and physical constraints, not the least being
the “room problem”. The continental crust is capable of accommodating large, albeit

mostly crystalline, magma bodies, at multiple levels (polybaric differentiation®?”>#")

as long as it has the time to do so. In such conditions, extensive tectonic extension is not
even required. Large mush zones first grow in the lower crust, generating buoyant
derivative melts of intermediate compositions (mostly andesite/dacite) that can ascend
towards the surface. As the crustal column thermally matures, the upper crust becomes
warm enough to make the room for its own mush zones, where the most evolved,
commonly explosive magmas on Earth (rhyolites) can be produced. In magmatic
provinces that build over millions of years with significant (but not extreme) fluxes of
mafic to intermediate magmas, rhyolitic melt can accumulate in large volumes in the

upper crustal mush zones, and produce the largest caldera-forming eruptions in the

geological record.
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Figure captions:

Figure 1 | Geometry of the numerical model. The computational domain consists of the
crust and upper mantle. The upper crust (uppermost 15 km) is considered tonalitic, while
the lower crust (between 15-30 km) is amphibolitic, and the upper mantle (between 30-60
km) peridotitic. Drawing is not to scale. All the parameters and assumptions used in the

model are outlined in the methods section.

Figure 2 | Thermal evolution of the crust in response to lower crustal dike and sill
intrusions. a, Mean temperature of the crust and the upper mantle over time. b, Thermal
maturation timescales in the upper crust as a function of lower crustal magma flux. The
upper crust is defined as ‘thermally mature’ when the rate of change of average upper

crustal temperature (°C) becomes <0.5% (inset figure). ¢, Initial two-dimensional

15



temperature distribution in the crust. d, Two-dimensional temperature distribution after 4
Myr of lower crustal dike and sill injections. Simulated areas of previous upper crustal

thermal calculations of refs. 23 and 29 are shown with dashed lines in ¢ and d.

Figure 3 | Normalized volume of magma in the upper crust as a function magma
flux and time. a, Upper crustal magma flux and normalized magma volume (divided by
the intruded area) that can form ‘eruptible’ magma bodies (melt fraction > 0.6) in the
upper crust. Note the difference in timescales in different scenarios. Results of refs. 23
and 29 for similar modeling conditions are included for comparison. The results of the
undisturbed geotherm of this study reproduce the same range as ref. 29 and are lower
than ref. 23 due to the use of a different melting curve. b, Upper crustal magma flux and
normalized magma volume that can form ‘mush’ regions (melt fraction > 0.4) in the

upper crust.

Figure 4 | Summary of the numerical results, showing duration and volume of upper
crustal mush bodies (melt fraction >0.4) at different stages of maturation. Two
different trends in the graph represent magmatic systems with different footprints (~10°
km® and ~10° km®). Natural examples: a, Large and long-lived systems such as
Yellowstone and San Juan Volcanic Field, see refs. 27,43,45; b, Small and young systems
such as Santorini, see refs 43, 45; ¢, Long-lived small to intermediate-sized batholiths,
such as Adamello, see refs. 43, 45, 30. Results of previous numerical studies, in which
lower crustal magma bodies are not considered, are shown with shaded areas. The area
defined as supereruptions of ref. 23 takes the eruptible volume (melt fraction >0.6) from

the time and volume range in a caldera system with 20 km diameter. The “large eruptions”
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field from ref. 30 is taken directly from their Figure 4d, while their “plutonic” field was
recalculated with their given fluxes and durations, in our simulations, to match our

volume of “mush” (melt fraction >0.4).

Extended Data Figure 1 | Average temperature of the crust and uppermost mantle
under incremental dike and sill intrusions until the thermal maturation of the upper
crust is reached (4 Myr). Comparison of the temperature profile of current study
conditions proposed for the thermal priming of the upper crust during the ignimbrite
flare-up episodes of the Altiplano-Puna Volcanic Complex”. In this latter case, heat is
supplied to the upper crust by advection at the base of the upper crust. This mechanism
implies the instantaneous emplacement of a magma body in the mid-crust that would
remain there at near-liquidus temperature for millions of years. Such conditions are
geologically unrealistic as intrusions will cool to background temperatures within this
timescale. In the present study, thermal maturation of the upper crust is not achieved by
advection, but by conduction of heat coming from the incremental formation of the lower

crustal magma body.

Extended Data Figure 2 | Volume of magma in upper crust as a function of upper
crustal magma flux when the intruded volumes are ~3300 km® in all simulations.
The magma volume is calculated by multiplying the two-dimensional results with the
intruded width. Results of previous thermal models are given for comparison. The
magma fluxes for refs. 23 and 29 studies are calculated by dividing their results by the

intruded area, 7w, where  is 10 km. Results of ref. 29 represent their calculations for
Y
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temperature-dependent thermal conductivity with sills of 10 km radius. Results of ref. 23

symbols show the calculations for sill intrusions of 10 km radius.
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METHODS

We have adapted a two-dimensional thermal model*~*

using a fully implicit finite
volume scheme™ to assess the thermal evolution of the crust that is subjected to incremental dike
and sill intrusions. To investigate the entire crustal section, we simulate a domain that is 80
kilometers wide and 60 kilometers deep, with 40 meters resolution in both directions (Fig. 1).
Initially, we identify a geotherm with radiogenic heating contribution that exponentially decays
down to a depth of 12 km. The surface temperature is set at 0°C and mantle heat flux is fixed at
40 mW/m?, corresponding to ~75 mW/m? initial surface heat flow, consistent with the average

54-56

heat flow of crust of the modern Earth in different settings™ ". Initial steady-state geotherm of

the crust is given by:

d (dT
—|— |+ P Hoe ™ =0, 1
&xl(axl) parmt 0 ()

where, 7 is temperature, & is heat conduction, o is density, H) is the radiogenic heat production

(8)(10'10 W/kg, constrained by refs. 57,58), and L is the characteristic depth for radiogenic
element concentration decay (12 km, comparable to refs. 59,60). We assume that the uppermost
30 kilometers of the computational domain represents the initial crustal thickness and thickens
up to 32 to 36 km in time depending on the magma flux. This crustal thickness is within the
range of crustal thickness estimates from several volcanic regions®'. Basaltic dikes and sills are
emplaced in the lower crust for >10° yr in the lower crust. This configuration allows us to
determine the thermal structure of the crust after long-term magma intrusions. From these
temperature profiles, we define the thermal maturation time for the upper crust at different lower

crustal magma fluxes. We find that for an intrusion rate of ~10 km®/yr, the thermal maturation
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time of the upper crust is ~4 Myr (comparable to diffusion timescales, t=d*/K, where d is
lengthscale and K is the thermal diffusivity constant). At that time, the total volume of melt in
the lower crust is ~18,000 km’. Extracting this volume of melt from the lower crust and intruding
into the upper crust suggests a range of upper crustal intrusion rates (<10 km®/yr) over >10°
years. We note that using the profile of other lower crustal fluxes will change the thermal
maturation time, but the general trends presented in this study will be preserved. We then use the
thermal structure defined at 4 Myr (with basalt intrusion rate of ~10 km®/yr) as an initial
condition for the upper crust, and intrude dikes and sills of intermediate composition in the upper
crust between 5 and 15 km for >10°-10° yr. We assume constant temperature boundary
conditions for the computational domain in both stages. We also assume that dikes and sills are
emplaced in the crust at their liquidus temperatures.

Incremental emplacement of dikes and sills is assumed to be a stochastic process as
described in refs. 40,53. We use the L’Ecuyer random number generator algorithm® for
stochastic behavior of the intrusions in time, volume, and space. The dikes are 160 m thick with
varying lengths starting from the crust-mantle boundary and intrude up to 17 km. Sills are
emplaced at the tip of dikes, and are 120 m thick with varying lengths ranging from 120 m to
3000 m. In the upper crust, dikes are 160 m width with lengths changing between depths of 15
and 5 km and sills are 120 m thick and with lengths ranging between 160 m and 1000 m. The
stochastic nature of the model allows for different intrusion (dike/sill) lengths, timing, and
location. The only parameter that is kept constant is the width of intrusions, which are
comparable to dike thicknesses observed in nature®. As the thermal evolution of the crust is
controlled by the heat input (average magma flux) rather than the individual dimensions, our

choice of intrusion widths have negligible effects on the overall characteristics of the results as
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shown in our previous studies™’. The lower crustal dikes are randomly emplaced in the crust
across the crust-mantle boundary, and the upper crustal dikes are randomly emplaced above 15
km depth. Following other thermal models, dike and sill emplacement is considered to be
instantaneous relative to the cooling timescale. At each emplacement, mass is conserved by
laterally moving the crust on both sides of the dike by a length that is equal to the half-width of
the dike. Emplacement of sills is accommodated by subsiding the crustal material downward by

the sill thickness.

Energy transported by emplaced dikes and sills diffuses in the surrounding crust that is colder.

We simulate this by solving the conservation of enthalpy H:

T v Hy=k—
ot &xA(’ ) ox

J i

oH J J (g) 3.1)

i

where the first term is the time variation of the enthalpy, the second term is the advection term,
and the last term denotes the heat loss by conduction. The enthalpy is partitioned into sensible

heat and latent heat as follows

H=pp [ cpdl 3.2
= Prix Trefcmix +pmifo ( . )
where the first term on the right hand side is the sensible heat and the second term describes the
latent heat contribution to enthalpy change. We choose a latent heat value (L) of 4 x 10°J for the

crystallizing magma. f is the melt fraction and its evolution over time is determined by the

temperature and thus we can write

& _F T

= . 3.3
agt T ot 3-3)
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The mixture properties of the density (o), heat capacity (c), and thermal conductivity (k)

parameters are assigned to lower crustal material, upper crustal material, basaltic magma, and

intermediate magma and are calculated as follows

Pois = UL+ 1A= fPL+ A= 1) [ip] + A=A = f)p;, (3.4)
Coin =Yoo +y(L= [l + A=) fie; + A=A = f)e] (3.5)
ke =¥l ke +y(L= LRI+ (=) Sk + (L=) A= [k (3.6)

where y is a parameter showing the volume fraction of crustal material or basalt at particular
location at particular time (y=1 denotes crustal material, y=0 denotes intruded magma).
Superscripts / and s refer to liquid and solid, and subscripts ¢ and i refer to crust and intrusions,
respectively. Appropriate values for these parameters are gathered from refs. 23, 29, 40, and 52.
Solving the energy equation requires accurate partitioning of total enthalpy to latent and
sensible heat. The evolution of latent heat during melting and crystallization follows the liquid
line of descent determined by petrologic experiments with different compositions and pressures.
We assumed an average crustal dichotomy in composition between a lower mafic crust and
upper silicic crust by taking (i) amphibolitic composition for the lower crust (15 to 30 km depth)
and melt fraction-temperature relationships from experiments by ref. 64 and (ii) tonalitic
composition for mid-upper crust (0 to 15 km depth), using experimental results of ref. 65. For
lower crustal dike and sill intrusions, we used the primitive basalt composition from
experimental results of ref. 66. We assumed an andesitic-dacitic composition for the upper
crustal magma intrusions and used the non-linear relationship determined by ref. 29. To model

the evolution of latent heat associated with phase change, we applied the predictor-corrector
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algorithm and iterative approach®” for the melt fraction-temperature relationships and employed
under-relaxation to ensure numerical stability.

In order to focus on the entire crustal section, we neglect smaller-scale processes such as
melt/gas extraction and thermo-mechanical feedbacks between the crust and the magma body

during recharge*®®

. We assume that the heat transfer is conductive and neglect the effects of
shallow level hydrothermal circulation and internal magma chamber convection. In the upper
crust, convecting hydrothermal fluids could potentially increase the rate of cooling and hence
would require higher magma inputs to maintain magma bodies alive for the same duration.
However, this effect will not be significant. The amount of heat that can be transferred from the
magma reservoir to the surrounding host rock will be dominantly controlled by a conductive
thermal boundary layer, containing insulating, warm wall rock, hence limiting the effect of
internal convection and hydrothermal cooling® (Biot number <<1). Moreover, even assuming
that convective hydrothermal cooling is efficient, it would not change the main conclusions of
our work; the absolute numbers for fluxes that we find may be underestimated, but the influence
of the lower crustal heating on the thermal maturation, and our comparison with other models
(which also do not consider hydrothermal cooling) would stand.

We consider the long-term average magma flux and use average estimates for the
geotherm, heat flux, and crustal thickness, although we acknowledge that these fluxes can vary
over the lifetime of a magmatic province’’. The characteristic thermal maturation timescales for
a range of magma fluxes in stage I are given in Fig. 2b. In the present model, we use results of a
fixed lower crustal magma flux from stage I and test a wide range of upper crustal magma fluxes

at stage II. Using the results of a lower flux from stage I would result in a slight increase in the

upper crustal flux estimates at stage II, but the order of magnitudes would be the same. We note
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that the timescales and magma fluxes suggested in this study are conservative values in their

3132 additional

conditions, and quantifying the effects of upper and lower crustal tectonic forces
enthalpy transferred from the lower crust in long timescales (>4 Myr), and temperature-
dependent heat conductivity””’" can further increase the longevity of upper crustal magma

reservoirs and decrease the estimates of upper crustal magma fluxes to keep them partially

molten.
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Figure 2 |
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Figure 3 |
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Figure 4 |
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Extended Data Figure 1
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Extended Data Figure 2 |
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