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Abstract. We present a 2D numerical modelling study aimed at exploring magma-rock interaction following the emplacement
of a magmatic sill into cold shallow crust. An interface-tracking solver was developed, based on the open-source OpenFOAM
package that enables simulation of heat and momentum transfer between magmas of different compositions, with contrasting
densities, thermal properties, temperatures, crystal contents, and strain-rate dependent viscosities. Two scenarios are considered
to reconstruct sharp temperature gradients and explain the presence of fresh rhyolitic fragments excavated from approximately
2 km depth during IDDP-1 drilling at Krafla caldera in 2009: partial melting of felsic crust triggered by either (1) a 300 m thick
rhyolite intrusion or (2) a 100 m thick basalt sill. We also assume two possible magma emplacement periods, during the Krafla
Fires (1975-1984, ~35 years before drilling) and during the Myvatn Fires (1724—-1729, ~300 years before drilling). In scenario
(1), vigorously convective molten rhyolite produces a temperature jump (400°C) over approximately 25 meters (~16°C/m) 35
years after emplacement. After 300 years, the thickness of these molten rocks reaches approximately 70 m, however, the thermal
gradient becomes too small (less than 5 °C/m) to explain the IDDP-1 observations. In scenario (2), because of large density
contrasts between the injected basaltic magma and molten rhyolite, two separate convective layers are formed. The thickness
of molten rocks reaches about 40 m after 35 years, and the propagating melting front produces a sharp temperature gradient in
the undisturbed rocks, greater than 16°C/m. These results together with previous petrological studies lead us to conclude that
this second scenario of a basaltic intrusion provides a more robust explanation for the extreme geothermal gradient encountered
in 2009 than the first scenario. By comparing with a simplified 1D thermal model and performing parametric tests, we argue
that both 2D and 1D numerical approaches help constraining better magmatic convection at such extremely high Rayleigh and

Prandtl numbers.

1 Introduction

In several volcanic areas around the world, magma bodies were accidentally penetrated by drilling with the aim of discovering
deep supercritical hydrothermal resources (e.g. Teplow et al., 2008). One of the first wells was drilled in the Krafla geothermal
field in 2008-2009 by the Iceland Deep Drilling Project (IDDP-1). The well was designed to reach supercritical conditions at
4500 m depth, but at ~2000 m depth, drilling became difficult due to a sharp increase in temperature. Finally, drilling stopped
at 2096 m depth, and cuttings of fresh rhyolitic glass indicated the presence of a magma body at the bottom.
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Figure 1. Conceptual setting of Krafla, Iceland: right, a 3D view displays IDDP-1 and KJ-39 drilling sites approaching a magma body at ca.
2 km depth (red), over geophysical anomalies located at depths greater than 3 km (blue-to-purple). Left: this magma body is composed of

partially molten host felsic rock above a (convecting) magmatic sill intrusion. We will not consider the overlying hydrothermal system here.

In the Menengai caldera in Kenya, geothermal drilling began in 2011, and since then multiple wells have penetrated syenitic
magma 2 km below the caldera floor (Mbia et al., 2014). Not only were these magma bodies surprisingly shallow, but none of
these magmas have erupted in recent times. At both the Krafla and Menengai sites, there was an abrupt transition from solid
rock to molten magma with an extreme temperature gradient, as predicted by Carrigan (1984).

Krafla, one of the five volcanic systems in Iceland’s North Volcanic Zone, recently recorded two major eruptive events:
the Myvatn Fires in 1724-1729, and the Krafla Fires in 1975-1984 (e.g. Hollingsworth et al., 2012). While the 2009 IDDP-1
drilling showed magma at 2 km depth, seismic wave attenuation indicated a magma storage zone at rather 3 to 7 km depth
(Schuler et al., 2015; Einarsson, 1978; Kim et al., 2020), coinciding with the geodetic-modelled depth to an inflating/deflating
body during the Krafla Fires (Tryggvason, 1984), Fig. | (blue-to-purple domain). The spatial extent and dimensions of this
magma body at 2 km depth remain poorly constrained, as well as its composition, whether basaltic or felsic. According to
Eichelberger (2020), the temperature increased from 500 to 900°C within only 25 meters during the IDDP-1 drilling. Such
a high temperature gradient (>16°C/m) requires active melting of the crust. The presence of a sharp temperature gradient as
witnessed by the IDDP-1 drilling indicates convective heat transfer, because otherwise, conductive heat transfer would have
rapidly smoothed it over time. In addition, while the area has been well monitored since the 1940s (with first triangulation
and levelling techniques), no significant signal has indicated any kind of subsequent intrusion during the period in between the
Krafla Fires and the IDDP-1 drilling in 2009, apart from stable regional subsidence at a rate of about 1 cm/yr, attributed to both
thermal and stress relaxation processes due to the Krafla Fires [Drouin et al., 2017]; hence this heat anomaly can reasonably

be attributed to the Krafla Fires or older intrusive events.
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According to drilling logs (Mortensen et al., 2014), the crust above the magma body in Krafla has a felsic composition. The
magma uplifted by the drilling fluid also has a high silica content and ranges from crystal-free rhyolites to partially molten
felsites, also called granophyres (Borisova et al., 2023). The debate about the nature of the intruding magma body is long-
standing (e.g. Zierenberg et al., 2013; Rooyakkers et al., 2021), regarding whether not only basaltic but also rhyolitic magma
intrusions caused the production of the felsic magma drilled in both the KJ-39 and IDDP-1 wells between 2008 and 2009
(Mortensen et al., 2010). Bimodal compositions of the erupted products were noticed since Gronvold and Mékipdd (1978),
with lavas north of the caldera being more primitive than those inside the caldera during the first three eruptions (1975-1977).
Presently, petrological studies indicate that a single reservoir cannot explain this bimodality (e.g. Rooyakkers et al., 2021). The
recent study of Rooyakkers et al. (2024) invokes the necessity of short basalt-rhyolite mixing timescales (e.g., hours or days)
and the ascent of both primitive and evolved basaltic magmas, driven by episodes of plate-boundary rifting during the Krafla
Fires.

Available experimental studies of Icelandic rhyolite crystallization and felsite partial melting demonstrated the efficiency
of partial melting of felsite crust (Masotta et al., 2018); Masotta et al. (2018) suggested that the IDDP-1 rhyolite magma
was formed by high-degree partial melting of a quartzo-feldspathic rock ("granophyre") at shallow depth. On the other hand,
a numerical model of assimilation (Simakin and Bindeman, 2022) established the kinetics of convective dissolution due to
compositional convection (where the reaction is controlled by convective transport); a hot silicic magma that intrudes another
cold, felsic crystalline rock (a "granophyre") at shallower crustal level may induce in it sufficient degrees of partial melting
so as to trigger compositional convection there (Simakin and Bindeman, 2022). Simakin and Bindeman (2022)’s model only
covers the first 100 days of evolution of the magmatic system after rhyolite injection, and these authors advocate that heat from
a basalt intrusion would be necessary to keep the system hot enough for another 35 years. Based on analyses of the IDDP-1
zircons, Borisova et al. (2023) considered the viability of this scenario but suggested instead that the intrusion of basalt into
shallow felsic crust followed by its melting, was a more plausible scenario to produce the magma extracted during the IDDP-1
drilling. These authors proposed that a magmatic sill of basaltic composition in its superheated state (at temperature above
the magma liquidus temperature) intruded into and interacted directly with the predominantly felsic crust during the Krafla
Fires. With the help of a one-dimensional (1D) thermochemical model, Borisova et al. (2023) explored the parametric range
for a basaltic sill to produce the observed high temperature gradients ~35 years after the intrusion. As a follow-up numerical
study, the present contribution aims to compare the two propositions of a felsic or a basalt intrusion triggering convective heat
transfer in overlying crust, with the support of two-dimensional (2D) and 1D thermo-mechanical models. We present below the
physical and numerical assumptions, then the resulting thermal evolution and the models limitations. Our results help improve
our understanding of such magmatic dynamics and provide constraints for further drilling projects (e.g. Eichelberger et al.,

2020).



75

80

85

melting front melting front

Z=Dra | hostrocks

z=D+a | hostrocks
midgria

TUmagma

convection

Figure 2. Sketch of geometry and mean temperature profiles, modified after (Huppert and Sparks, 1988): To; T2 ; Tm are initial hot, top, and
melt temperatures respectively, D the intrusion thickness and a the molten host rock layer thickness. a) Case of rhyolite intrusion similar to

the composition of the host rock (scenario 1), b) Case of basaltic intrusion into rhyolitic host rock (scenario 2).

2 Physical formulation and numerical setup

The problem of basaltic magma-felsic rock interaction was studied both experimentally and analytically by several authors
(Huppert and Sparks, 1988; Carrigan, 1984). A review of different aspects of this problem can be found in a special collection
"Magma-Rock and Magma-Mush Interactions as Fundamental Processes of Magmatic Differentiation" published in Frontiers
(Borisova et al., 2021). Vigorous convection in a magma body intruded into cold host rock can induce advective heat transfer
and melting of the overlying rocks. In these studies, magma intrusion is assumed instantaneous and its temperature is assumed
to remain constant in space due to intense convective mixing. A thermal boundary layer (TBL) forms due to rapid cooling of
the magma at the interface with the cold host rocks (Fig 2, between depths D and D + a).
If the hot intruded magma is rhyolitic and identical to the host rocks, a single convective cell develops and its upper boundary
progressively propagates upwards (the melting front). This layer of molten host rock maintains a uniform temperature, while
heat transfer remains conductive above it. If the melting front propagation rate is faster than the conductive timescale, a sharp
temperature gradient develops across the molten/unmolten boundary (Fig 2, left at depth D + a). After some time, the whole
system cools down and convection shuts down, leading to the retraction of the melting front and the return to a conductive heat
profile.

In the case of a basaltic magma intrusion, the density contrast between the intruded magma and the molten host rock remains

high, preventing intense mixing, and a two-layer convection structure forms as shown in Fig. 2.
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2.1 System of equations

In order to model the physical setting presented above, we consider a numerical approach that solves the Navier-Stokes eque
tions for incompressible uids, with temperature- and crystal content-dependent viscosities, able to account for both composi-
tional and thermal convection and for the release of latent heat of crystallization. We neglect volatile dissolution during basalt
crystallization because the measured water content of the magma and the crust are below the saturation limit. See section 4.
for further discussion.

The physical problem is described with the following equations of conservation of momentum, temperature and continuity:

@, uru=r P+ grr [ (rU+(run; @
@t

Cop %}U r7 =r (krT); 2)
r U=0: (3)

U stands for the velocity eldP for pressureT for temperatureg for gravity, and are density and dynamic viscosity.
Thermal conductivitk and heat capacit@, vary with temperature. Further details are provided in section 2.2.

We adapted thenultiMeltinterFoamv2solver (Louis-Napoleon et al., 2020, 2022; Louis-Napoléon et al., 2024) based on
the VOF (Volume of Fluid) method implemented in the open-source platform OpenFOAM,; this method was shown to track
well the evolution of distinct immiscible uid phases and, therefore, solves an additional conservation equation for material
interface<C; (dimensionless, here material phasesiad for rhyolite andi =2 for basalt):

%ct"' urGCz=rr (Urcr); (4)

The r (U, C;) term aims at reducing the effects of numerical smearing of phase interfaceCwattC,:(1 C;) and
U, a 'compression velocity', evaluated as a volume ux based on the maximum velocity magnitude in the interface region
(Berberove et al., 2009). See Louis-Napoleon et al. (2022) for details and method validation.

2.2 Mechanical and thermal properties

We assume that density does not depend on pressure but depends on temperature (the Boussinesq approximation) and on m

fraction M, with reference densities for the solidus and liquidus states of each phase (see Tablel for values):

X2
= ref [1 (T Trer )]s with e = G [ |S(1 M)+ %M]: (5)
i=1

Melt fractionM is parametrized for each phaisas:
M=(1+a+hT, +¢T2+dT} %

(6)
Tr = T=Tet,;; Trer =1000°C;
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with parameters obtained by tting simulation results of the crystallization of basaltic and rhyolitic magmas with typical Kra a
composition (Borisova et al., 2023), using the MELTS software (Gualda et al., 2012).
The thermal conductivitk and heat capacit§, are prescribed as:

dM ko
= + —_—K= —————
Co=Cpt L dT'k 1+kr:T’ )
with L the latent heat of crystallizatiokg andkt constants given in Table 1.
Dynamic viscosity = (T) (; )isaproductof melt viscosity, given by Giordano et al. (2008) and a relative viscosity

due to the presence of crystals, that depends on the melt fradtiand the strain rateaccording to Costa et al. (2009):

log m=A+ 7TEiT. :
. — 1+
G mech i (©)
F=1 )erfyz—" @+ ) with' =—; =1 M
ConstantdA; E;j; T; differ between rhyolite and basalt phasés parameters, ;B;; are strain-rate dependent. Further

details are provided in Appendix A.

2.3 Dimensionless parameters and boundary layer thicknesses

Convective heat transfer modelling is widely used in industrial, environmental and Earth Sciences applications over a broad

range of spatial and temporal scales. Patterns of convection strongly depend on the geometry, boundary conditions, heat source

and material properties, and they are usually characterized by RayRaglafd Prandtl® r) dimensionless numbers. A good
review of existing experimental and numerical results iBra Ra representation and convection regimes can be found in

Silano et al. (2010). Convection in magmatic chambers is characterized b¥?highdRa values located in the upper right

corner of the regime diagram Fig. 4 from Silano et al. (2010). The corresponding regime is characterized by irregular transient
convection, with narrow plumes of hot and cold magma detaching from the upper and lower boundaries between the magma anc
the host rock. The presence of distinct magmas (basalt and rhyolite) requires ne mesh resolution and expensive computationa
resources, hence a correct scalability of the problem is needed. Below we estimate the required mesh size in order to resolve

the TBL thickness based on the values of parameters listed in Table 1.

The Rayleigh numbeRa represents the ratio of the buoyancy force to dissipation forces. Bind T are the density and
temperature contrasts across a layer of thickiksg is the gravity acceleration, is thermal diffusivity and the dynamic
viscosity,Ra can be expressed in two ways:

g TH?® g H?3

Rat = Ra =

9)

Prandtl's number characterizes the ratio between the thicknesses of the viscous and the thermal bound&y fay€rg= .
Both scenarios of a hot rhyolite or a hot basalt intrusion are characterized by extremelR&amed Pr numbers. The
intensi cation of heat transfer with respect to conduction is characterized by the Nusselt niddoberhH= , whereh is a



symbol physical quantity units range/initial values
T Temperature °C T =400°%T = 980°;T§ =1200°
Tret Reference Temperature (eq.6) °C Tret =1000
U Velocity m/s -
X;y Horizontal & Vertical coordinates m -
H Domain sizeH H m HP=225;H" =750m
D Intrusion thicknes® m D°=100;D" =300m
Thermal expansion (eq.5) K ! 310 °
et Local and reference Densities (eq. 5) kg=m?® 2300 3000
5 crystal density of (eq.5) kg=m?® S =2700; § =3000
- melt density of (eq.5) kg=m?® L =2300; ; =2800
ki Thermal conductivity range W/m/K 1 2
Ko Kt Thermal conductivity constants (egs.f)W=m=K;K 1! 3;0:002
L Latent heat of crystallization (egs.7) J/kg 35 10°
Cpi;Cpo Heat capacity in (eqs.7) J/kg/K Cp} = 1200;Cpt = 1000
Pi= il Dynamic viscosity Pa:s -
i kinematic viscosity m?=s 0:5 10%, see test cases

Table 1.Variables and Parameters of the models. Indicts rhyolite,® for basalt and for both recursively.

heat transfer coef cient. The intensity of momentum transfer is characterized by the Reynolds riRewel) H= . At high

Re convection is turbulent, while at loRe the ow pattern is laminar but can be highly transient.

Grossmann and Lohse (2000, 2001) theoretically rel®&ad Pr andNu Re numbers over a wide range of values, and
150 discussed implications on the Boundary Layer (BL) thickness, hence the characteristic length stal@mpose a minimum

mesh resolution to the models. They determige= L=(4 Re) and 1 = L=(2Nu) as kinematic and thermal length scales,

with Re andNu the Reynolds and Nusselt numbers respectively,lardH=2 the characteristic thickness of the magmatic

intrusion. ForPr > 1P such as in the present problemy becomes independent of the valuePaf and can be approximated

by tting the data presented on Fig. 2(a) from Grossmann and Lohse (2001) by:

155 log;o(Nu)=0:0087logy(Ra)?+0:1350l0og,(Ra) 0:2943 (10)

The Reynolds number that corresponds to Highand Ra numbers (regionill 1 in Fig. 1 from Grossmann and Lohse
(2001)) can be approximated BRe = 0:015Ra>=3Pr 1. Table 2 shows characteristic values for typical dimensionless param-
eters and estimates of the thickness of inertial and thermal boundary layers.

Therefore, we use characteristic density differenceand temperature differenceT that fall between the 50% crystal state

160 and the molten state, for each rhyolite and basalt phases (Marsh, 1981). Analysis of Table 2 reveals that convection is mostly
driven by the magma crystallization/melting process, associated with large density variReéomsmbers are small due to
high magma viscosity, meaning that the inertia effects remain insigni cant and that the ow is mainly controlled by the com-
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Parameter Symbol | Rhyolite Basalt

Temperature contragtC) T 200 200
Density contrastkg=m®) 200 200
Thermal Rayleigh number Rar 9 10° 2 10%
Compositional Rayleigh number Ra 1 10" | 25 10"
Prandtl number Pr 49 10° | 6:6 10°
Nusselt number Nu 178 235
Reynolds number Re 6:810* | 910 *
Thermal boundary layer T 0.42m 0.11m
Kinematic boundary layer U 1436 m 418 m

Table 2.Estimated dimensionless parameters and minimal thicknesses of the thermal and kinematic boundary layers in rhyolite and in basalt,

assuming that relevant variations in temperature and density stand above 50% crystals Marsh (1981). Other parameters taken from Table 1.

petition between the viscous resistance and buoyancy. In turn, theRargembers impose the strongest constraints on the
mesh resolution, to resolve the thickness of the thermal boundary layer.

According to Stevens et al. (2013)Fe best way to con rm that the used numerical resolution is suf cient is to obtain the
same Nusselt number with different grid resolutions as there is namely always some uncertainty in estimates of the required
grid resolution. We will show below that the simulated heat released from the magma becomes mesh-size independent when

the mesh size becomes comparable to the thickness of the TBar(dN u have a linear inverse relationship).
2.4 Numerical Setup and parameter ranges

The model setup is a 2D square domain of dimension H made of rhyolite crustr(subscript parameters) at a uniform
temperature of 400°C, in the middle of which a hot magma intrusion of thickness D and Temp@&sdtueenplaced (see setup

Fig. 3). In scenario 1, the rhyolite intrusion has a thickrigss 300 m at temperaturé&, = 980°C, and the domain’'s size is

H =750 m. In scenario 2, the intrusion is composed of basalt of thickBessLl00 m atT, = 1200°C and the domain's size

is H =225 m. The top boundary has a free-slip condition while the bottom boundary has a no-slip velocity condition, and
temperatures are maintained there, xed at 400°C. Velocities and temperatures at the lateral borders are set periodic.

3 Model tests and results

The 2D models show how a rhyolite or a basalt intrusion progressively melts the cooler crust above, producing a sharp temper-
ature gradient at the melting front, with the setup provided above (Fig. 3). Complementary tests illustrate the in uence of mesh
resolutions, viscosities, and domain sizes on the evolution of this melting front; they are listed in Table 3 and are described in
greater detail in Appendix B. Here we present the results around a main best resolution case for each scenario, and synthesiz
the importance of these numerical artifacts. A comparison with a 1D model complements this analysis.



Case size(m)/cells| min(p ) | max(p ) | Time Figures
R4 750/182 150 lell 250y 6a, B1,
R2 750/375 150 lell 500y 6a, B1
R1 750/750 150 lell 500y 6a, B1
R0O.5 750/1500 150 lell 250y | 4,5, 6a, B1
B1.0_v2_m1-10 225/225 2-150 1lel0-1lell | 50y 6b
B0.5_v0.5_m5-50 300/600 0.5- 150 5e10-5ell | 30y B5
B0.5_v2_m1-10 300/600 2-150 lel0-1lell | 30y 6b,B1,B5
B0.5_v2_m0.5-0.5 225/450 2-150 5e9 - 5e9 40y B6
B.45 _v2_m5-50 225/500 2-150 5e10-5ell | 50y | 6b,B1,B2,B5
B.45_v10_m1-10 225/500 10 - 150 5e10-5ell1 | 28y 6b,B5
B.45_v100_m1-10 225/500 100-150 | 1e10-1ell| 32y B5
B.45_v1000_m1-10 225/500 1000- 1000 | 1e10-1ell | 65y B5
B.45 v2_m1-10 x10 | 225/500 20-1500 lell-1el2 | 40y 6b,B1,B5
B.45_v2_m1-10_x100 225/500 200-15000 lel2-1e13 | 60y B1,B5
B.25 v2_m1-10 225/900 2-150 lel0-1el1 | 25y | 6b,7,8,B1,B5
B.25_v10_m1-10 225/900 10 - 150 lel0-1lell | 25y 6b,B1,B5
B.25_v10_m1-100 225/900 10 - 150 lel0-1lel2 | 23y B1,B5
B.225_v2_m1-10 225/1000 10 - 150 lel0-1lell | 12y 6b,B1
B.225_v10_m1-10 225/1000 10 - 150 1lel0-1lell | 50y 6b,B1
B.125_v10_m1-10 225/1800 10 - 150 lel0-1lel2 | 20y B3,B4
BT20.5_vl_m1-20 250/500 1-150 1e10-2el11 | 30y C1
BT50.4_v2_m5-100 200/500 2-150 lell-1el12 | 30y C2

Table 3. Model cases, testing the in uence of mesh resolution and viscosity ranges. The model hame logic is R(meshsize) for Rhyolite cases

and B(meshsize)_v(vismin)_m(vismax) for basalt intrusion cases, with "vismin" the minimum basalt viscosity and "vismax" the maximum

basalt-maximum rhyolite viscosities factor 13 m?=s. The last two "BT" cases test the basaltic sill thickness (20 m and 50 m). "Time" is

the maximum time until which the model could run.
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Figure 3. Numerical setup for a) a basalt or b) a rhyolite intrusion. Boundary conditions in temperature (T) and velocity (U) displayed in
grey. ¢) melt fraction of magmas depends on temperature according to egs.(8) for basalt and rhyolite (red and blue curves respectively).

3.1 2D Rhyolitic sill intrusion (scenario 1)

Our rst scenario considers the injection of a rhyolitic sill. Figure 4 displays snapshots in time of the temperature, melt fraction
and velocity, and zooms of other variables near the melting front. Figure 5 displays the temporal evolution of the melting front,
velocity and averaged temperature pro les. Since the hot intrusion domain is initially set at 980°C, it convects. Over time,
this domain progressively "shifts" upwards, with the rhyolite melting front propagating upwards and the base of the intrusion
cooling down and adopting a conductive regime. This model illustrates the following key features of heat transfer:

— The melting front propagates upwards reaching an additional thickness of about 25 m after 35 years, and then a thickness

of 70 m, 200 years following intrusion emplacement.

— After 35 years, a temperature gradient of 450°C occurs over a depth range of about 30 m (between depths 370 and 40C
m, Fig.4, blue curve), providing a geothermal gradient of 15°C/m. After 300 years, this temperature jump occurs over a

depth range of more than 150 m (the geothermal gradient attains 3°C/m, purple curve).

The melting front boundary develops sharp density, conductivity and heat capacity gradients. After 35 years these contrasts
reach ca. 10% for the conductivity, 16% for the density, and 50% for the heat capacity (Figure 4, top). After 300 years the
domain of molten rhyolite has shifted up by 70 m, but the system is cooling down with much smoother temperature gradient,
density and conductivity gradients (Figure 4, bottom). Heat capacity still varies greatly due to the in uence of latent heat, but
over a thinner 10 m thick layer. The molten zone starts to shrink down to ca. 70 m from about 320 years (Figure 5).

Comparison of the melting zone thickness (MZT) over time for different mesh resolutions is illustrated in Figure 6a. We see
that for mesh sizes smaller than 1 m, the MZT evolves close to each other with differences reaching 16% (12 m) after ca. 50

10



Figure 4. Rhyolite intrusion 300 m thick (scenario 1, model R0.5): In the centre, there are snapshots in time of the temperature (left column),
melt fraction (middle) and velocity eld (right) over the entire domain size. Dashed lines indicate the initial location of the hot intrusion,
and help see heat propagating upwards, together with the melting front and the velocity eld. Figures in boxes on the top and bottom are

close-ups near the upper melting front displaying temperature, density, heat capacity, velocity after 35 and 300 yr, respectively.

11
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Figure 5. Rhyolite intrusion (scenario 1, model R0.5): Melt front thickness (top, thickness over the initial emplacement depth at y=350 m)
and velocities (middle, itpgio scale) over time, and average temperature pro les with depth (bottom). Note that the melting front thickness

starts to decrease from ca. 300 yr; the 400°C jump occurs over 25 m after 35 yrs, then over more than 150 m after 300 yrs after emplacement

years, but decreasing to less than ca. 2% after 100 years. We propose that critical mesh size has been reached and that the h
transfer is modelled correctly.

During the IDDP-1 experiment, the temperature increased by more than 100°C over several meters: in comparison in this
modelled scenario 1, the temperature increases by about 450°C over about 3Wwvm(] 35 years after emplacement of the
intrusion (e.g., assuming emplacement during the 1984 Kra a res). This is just about equal to the gradient that was observed.
It becomes more dif cult to attribute the observed thermal gradient to a rhyolite body intruded 300 years ago, since the model
indicates that the sharp thermal gradient then spreads over a thickness of 150 m, corresponding to a temperature increase
3°C/m (Figure 5, bottom). Hence the motivation to attempt a model case with a basaltic intrusion, cf. next section.

12
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Figure 6. Mesh resolution tests for a) a rhyolite intrusion (scenario 1) and b) a basalt intrusion (scenario 2): melt zone thickness over time
with respect to its initial top location. Numbers in legend refer to cell size and viscosities, see Table 3 for further details. The model cases in

blue in (a) and in red in (b) are the ones displayed in Figs. 4-5, and Figs. 7-8, respectively.

3.2 2D Basaltic sill intrusion into felsic crust (scenario 2)

For scenario 2 we assume that a basaltic sill of 100 m at 1200°C is injected into a cold rhyolite crust. The results are displayed
in Figures 7 and 8: in Figure 7 the thermal gradient between molten basalt and cold rhyolite (the dashed line represents its initial
location), shows how the rhyolite layer progressively melts, with "independent" convection developing between the convecting
basaltic layer and the conductive host rock above.

Figure 7 shows that a layer of partially molten granophyre (rhyolite) has already formed 5 years after injection, and it
expands steadily during the following decades. Within that layer, the density contrast reaches S08rikhheat capacity is
boosted by latent heat, exceeding in effect values of 4000 J/K. Velocities are slow at the beginning and then increase and vary
with spikes related to the convection dynamics (Figure 8). From about 15 yrs onwards we see that the velocities start to reduce,
indicating that the maximum rate of heat transfer has passed; the system cools down despite the melting zone thickness (MZT)
still increases. At the basalt-rhyolite boundary, a plateau in temperatures follows the initial sharp thermal jump. This plateau
corresponds to the convective layer of partially molten rhyolite. It tends to smooth out towards a conductive pro le over time
(cf. Figure 8):

— After 5 years, the temperature across molten/unmolten rhyolite jumps from about 500 8 1®B@0 a depth range of
about 10 m (between depths ca. 160 to 170 m), which corresponds to a thermal gradiéat/of,50

13



Figure 7. 2D Model with a basalt intrusion (scenario 2, model B.25_v2_m1-10): center gures show snapshots in time of temperature (left),
melt fraction (middle) and velocity eld (right). The dashed lines represent the initial upper boundary of the intrusion. Top-bottom gures

zoom at the melting front boundary: temperature, density, heat capacity and velocity, after 10, 20 and 25 yr.

14



