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1. Introduction 

 

 

1.1 Background of the Study 

 

Magmatism at the volcanic arc is thought to reduce the crustal strength due to crustal 

melting (Rosenberg et al. 2007) and elevated temperatures. After the magmatism is over 

and the intrusions have solidified, it is possible that portions of the crust can even increase 

in strength (Handy et al. 2001), but the contribution of different factors, such as thermal 

weakening in solid state compared to weakening by crustal melting, remains poorly 

constrained. This study aims to quantify this change in crustal strength as a function of 

time and explore different factors that contribute to the crustal strength. These factors are 

crustal temperature increase, crustal melting, latent heat, and compositional and 

mechanical change of the crust caused by the intruded magmas. The proportion of crustal 

temperature change and crustal strength reduction due to melting, latent heat, and 

compositional change are each quantified separately. 

Magmatism at the volcanic arc is related to tectonics and subduction. Subduction angle 

and obliquity of the converging plates affects strain partitioning and formation of shear 

zones which in term influence the location of volcanism, composition of magmas, and 

depth of magmatic intrusions (Schütt and Whipp 2020, Capaldi et al. 2021). Active 

volcanic arcs are areas of weakness that can possibly enhance the formation of larger fault 

and shear zones (Schütt and Whipp 2020). These faults and shear zones can work as a 

feedback mechanism that increases volcanic activity in the area (Molina Garza et al. 2021, 

Handy et al. 2001, Schütt and Whipp 2020). The width of the magmatic arc seems to be 

dependent on the subduction angle of the slab and the wider arc settings at the Andes 

correspond with the shallower subduction angles, and as the subduction angle increases, 

the width of the magmatic arc decreases (Capaldi et al. 2021). The magmatic arc can also 

migrate and one of the driving forces of this migration is the changing subduction angle 

(Capaldi et al. 2021). Aside from the subduction angle, climatic conditions and erosion 

potential play a huge role in fast exhumation and magmatic arc morphology (Nettesheim 

et al. 2018), which can possibly influence magmatism itself. The location of rock uplift 
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and the orientation of shear zones is also dependent on the movement of overriding crustal 

plate towards the trench (Nettesheim et al. 2018).  

The long-term crustal deformation occurs by either plastic flow (ductile behavior) or by 

brittle failure. Typical strain rates in the lithosphere are on the order of 10-15 s-1 (Burov 

2015) and are used in many geodynamic models, for example in Nettesheim et al. (2018), 

and Schmalholz et al. (2009). The crustal deformation happens using the mechanism that 

requires the smallest amount of differential stress (Stüwe 2007, Karato 2008). From 

surface to above the brittle-ductile transition (BDT), at approximately 10–15 km depth 

(Aharonov and Scholz 2019), the rock behavior is brittle, and deformation is highly 

localized to larger scale fractures and faults (Karato 2008 pp. 345–346). Mylonites are 

formed at the BDT which is semi-brittle and is dominated by both cracks and atomic scale 

dislocation creep (Aharonov and Scholz 2019, Karato 2008 pp. 345–346). Some authors 

have speculated that this mylonite zone has a large strength reduction parallel to foliation 

(Handy et al. 2001). Below the BDT rock deforms by plastic flow, and deformation is 

generally more distributed (Karato 2008 pp. 345–346), compared to being localized in 

fractures. In active magmatic arc settings, the brittle portion of the upper crust has thinned, 

and a larger portion of the crust deforms by plastic flow (Handy et al. 2001). 

The heat from the magmatic reservoirs is conducted throughout the continental crust. This 

heat can reduce the crustal strength by means of decreasing the amount of differential 

stress that is required for the rock to deform by plastic flow mechanisms including 

dislocation creep, diffusion creep, grain boundary migration as well as many other 

mechanisms (Stüwe 2007 pp. 230–233). The melting of the rock is also thought to reduce 

crustal strength significantly because of the decrease in effective viscosity of rock 

containing partial melt (Rosenberg et al. 2007). On the other hand, intruded magma 

composition can possibly even increase crustal strength after the intrusions have 

crystallized, if the intruded materials are mechanically stronger than the surrounding rock 

(Handy et al. 2001). 

Crustal temperatures are increased from the intruding magma, and the mean crustal 

temperature change (CTC) as a function of time can be quantified for the entire crust or 

at certain location such as at the magma reservoir. Crustal strength can be studied by 

calculating the integrated crustal strength (ICS) or the integrated crustal strength 

reduction (ICSR) as a function of time. The ICS is the integration of crustal strength from 



7 
 

the surface to the Moho, and the ICSR is the fraction of the ICS at a given time compared 

to the initial ICS. The aim of the study is to quantify the changes in ICS spatially and 

temporally as well as the proportion of this change in strength caused by latent heat, 

crustal melting, and crustal mechanical changes, at active volcanic arc setting. The hope 

is to further the understanding of the interplay between magmatism and crustal strength, 

which plays a crucial role in crustal deformation and perhaps even in the style of 

subduction. 

 

 

1.2 Previous Studies 

 

Heat transfer models, solved by finite difference numerical methods, using intrusions 

with different compositions and temperatures have been done previously by multiple 

different authors, such as Schöpa and Annen (2013), Daniels et al. (2014), Annen et al. 

(2008), Annen and Sparks (2002), Bundy and Annen (2016), among others. Some of the 

studies have used rhyolite-MELTS (Gualda et al. 2012) or some other MELTS family 

software to acquire magma melt fractions for different compositions. These studies focus 

on the crustal temperature change, melt generations, and volcanic eruptions, but none 

have coupled the 2D thermal models with lithospheric strength models. 

Lithospheric strength models using the yield strength envelope models have been done in 

multiple different scenarios and a great overview of this work can be found in Burov 

(2015). Schmalholz et al. (2009) compared 1D and 2D crustal strength models in a 

subduction setting, but the focus was on behavior of crustal deformation, whereas in this 

study the focus is on how different factors of intruding magma influence the crustal 

strength. Many of these lithospheric strength models have been more involved in studying 

the oceanic lithosphere, the mantle, as well as subduction and tectonics, but the heat 

transfer models studying magmatic activity, coupled with lithospheric strength models, 

have not been done extensively, or used to study the proportion of strength reduction 

related to different factors that can reduce the crustal strength. 

To my knowledge, the effect of latent heat has not been rigorously explored in these 

strength models, although some studies about latent heat and its contribution to crustal 
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temperature increase have been studied, for example by Annen (2017). The melt induced 

strength reduction has been studied previously by, for example, Rosenberg and Handy 

(2005), and Rosenberg et al. (2007). However, the temperature dependent dislocation 

creep mechanism, coupled with the thermodynamic data acquired from rhyolite-MELTS 

(Gualda et al. 2012), might give us new insights on the melting induced crustal strength 

reduction. For example, Karato (1986) stated that melting on Earth is almost always 

followed by increased temperatures, which reduces the differential stress that is required 

to deform the rock by dislocation creep. 

Crustal strength is highly dependent on the composition (mechanical strength) of the rock 

(Burov 2015), and this has been studied in relation to intrusions, for example by Handy 

et al. (2001). This study aims to quantify these changes in crustal strength as a function 

of time at the magma reservoir and away from the reservoir. As magma intrudes the crust 

its mechanical strength might reduce or increase the bulk crustal strength, and this is 

dependent on the interplay between the intrusion composition and the composition if the 

surrounding crust. 

To some degree these different models have remained separate, and my aim is to put all 

these models together and quantify the ICS changes as a function of time. The interplay 

between the brittle strength and the temperature dependent plastic flow, as well as melting 

temperatures acquired from rhyolite-MELTS, the proportion of latent heat, crustal 

melting, and changes in crustal mechanical strength are studied in detail. 

 

 

1.3 Research Questions 

 

There are four major questions that this study aims to answer by running multiple 

numerical experiments using different intrusion and crustal parameters: 

1. How does ICS changes as a function of time at the magma reservoir, and further 

away from the reservoirs, during and after the period of magmatic activity? 

2. What is the effect of latent heat in terms of crustal temperatures and crustal 

strength? 
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3. How important is the effective viscosity reduction from partial melting of the crust 

in terms of ICSR? 

4. How do the mechanical properties of the solidified intrusions change the 

mechanical strength of the crust during and after the period of magmatic activity? 

 

 

1.4 Objective of the Study 

 

The aim of this work is to quantify the effects of magmatism on crustal strength using a 

2D thermal (heat conduction) model, which will use geologically reasonable values for 

the model parameters and material properties. The thermal effect on crustal strength will 

be quantified using a finite difference solution to the 2D heat conduction equation, which 

is coupled to a series of 1D lithospheric strength envelopes. Multiple numerical 

experiments will be performed using different rock compositions with different material 

properties and melt fractions to study how the crustal strength is influenced by intrusion 

temperatures, latent heat, crustal melting, and crustal mechanical changes. 

The effect of arc magmatism on crustal temperatures and strength will be quantified at 

the magma reservoir and further away by computing CTC and ICS at these locations. The 

contribution from latent heat to the CTC and ICSR will be calculated using two different 

heat conduction equations, one where the latent heat and melt fraction term is included 

and one where this term is not included. The ICSR from the presence of crustal melt will 

be quantified by using the heat conduction equation with melt fraction and using a model 

that computes the effective viscosity reduction of partially molten rock. The crustal 

mechanical changes are caused by intruding magmas with different compositions 

compared to the surrounding crust and these changes will be quantified by comparing 

simulations with and without the crustal mechanical changes. 
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2. Geology of Magmatic Arcs 

 

 

2.1 Crustal Composition at the Magmatic Arc 

 

Rudnick and Fountain (1995) separated the crust into three layers with different 

compositions, based on seismic studies. At volcanic arcs the depth of Moho is 

approximately 30–40 km (Putirka 2017, Rudnick and Fountain 1995, Yuan et al. 2002) 

but at Central Andes the depth might be even 70 km (Putirka 2017, Yuan et al. 2002). 

Profeta et al. (2015) estimated crustal thicknesses as a function of time and determined 

that the variation is mostly between 30–70 km, where the crust grows thinner as time goes 

on. The contested mid crustal transition called Conrad discontinuity is not seen as clearly 

in some seismic studies, most likely because the crust might be separated into three layers 

(Rudnick and Fountain 1995), or that the discontinuity is not as clearly defined and varies 

depending on the region. 

The composition of the crust is thought to be extremely heterogeneous (Rudnick and 

Fountain 1995, DeBari and Greene 2011), but there probably is a bulk compositional 

difference between the lower crust and the upper crust. It is thought that the composition 

of the lower crust is mafic, middle crust is intermediate, and the upper crust is felsic 

(Karato 2008 p. 345, Rudnick and Fountain 1995, DeBari and Greene 2011). 

The lower crust is most likely composed of granulite or some other metamorphosed mafic 

rock (Karato 2008 p. 345, Rudnick and Fountain 1995), which is also a rock type that is 

used in many lithospheric strength models (Burov 2015). Rudnick and Fountain (1995) 

determined from seismic velocity studies, that the lower crustal rocks are most likely 

anorthosites, mafic granulites, high-grade metapelites or mafic amphibolite facies rocks, 

or perhaps a mixture of these. Accreted magmatic arcs from Alaska (Talkeetna arc), and 

Pakistan (Kohistan arc) show that the lower crust is mostly gabbro, or hornblende-gabbro, 

with a few lithological sections composed of more intermediate rocks such as tonalite and 

diorite, as well as sections of amphibolite which have been formed as a result of crustal 

melting (DeBari and Greene 2011). 
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The upper crust is possibly even more heterogenous than the lower crust. The exposed 

Talkeetna, Kohistan, and Bonanza (at Vancouver Island) arcs show that the upper crust 

is mostly composed of intermediate to felsic rocks, such as granodiorite, tonalite, diorite, 

and even some mafic hornblende-gabbro (DeBari and Greene 2011). The upper portions 

of these arcs are dominated by volcanic and sedimentary rocks. The typical upper crustal 

material, in terms of its mechanical strength, used in lithospheric strength models is wet 

quartzite (Burov 2003, Burov 2015), which is obviously not the actual upper crustal 

composition, but the rock has similar mechanical properties to other intermediate rocks 

such as diorites (see Figure 4 for reference; note the similar strength of wet diorite and 

wet quartzite). 

 

 

2.2 Magmatic Bodies 

 

It is now commonly accepted that most of the magma reservoirs or intrusions are 

composed of multiple intrusive events that occur at different depths, during millions of 

years of magmatic activity (Cooper 2017, Reid 2003, Grunder et al. 2008, Sparks and 

Cashman 2017, Putirka 2017, de St. Blanquat et al. 2011). Some volcanic areas have been 

active for millions of years, for example, the Aucanquilcha Volcanic Cluster in northern 

Chilean Andes, with an area of 700 km2, has been volcanically active for the past 11 Ma 

(Grunder et al. 2008). During this time there have been four more volcanically active 

periods that lasted 1–4 Ma with less active periods of 1–2 Ma in between. The timescales 

of such magmatic events can be constrained using petrological, geophysical, and 

geochemical evidence (Reid 2003, Cooper 2017). Geochemical evidence, such as isotopic 

ratios and chemical tracers also show that the so-called magmatic recharge events happen 

in pulses (Reid 2003). 

Distance from the subduction trench produce magmas from different sources, where the 

magmas closer to the trench have a stronger mantle signature and magmas in the interior 

orogen have a more lithospheric signature (Capaldi et al. 2021). The magma composition 

at the volcanic arc is highly variable but a typical mean composition is between dacitic 

and andesitic (Wörner et al. 2018, DeBari and Greene 2011). The magma compositions 

are also spatially and temporally constrained (Wörner et al. 2018), and deep crustal 
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magma reservoirs are typically more mafic in composition, whereas the shallower 

intrusions are typically more felsic (DeBari and Greene 2011). According to Wörner et 

al. (2018) the Central Andes younger volcanic systems (10 ka) have andesitic 

compositions, 100 ka systems vary in composition from basaltic to rhyolitic, and the 

oldest (>1 Ma) volcanic systems have dacitic compositions. 

There must be a certain amount of melt present before enough magma accumulates and 

begins to move upward. The movement of magma might be caused by density reduction 

from melting or fracturing of the crust by the expansion of the melt (Philpotts and Ague 

2009 p. 32). It is also speculated that there is a significant effective viscosity reduction 

when the rock melts, which is based on the separation of the interlocking crystals in the 

magma which typically happens between 0.4–0.6 melt fractions (Rosenberg et al. 2007, 

Sparks and Cashman 2017), and at melt fractions above 0.6 the solid particles no longer 

interact with each other (Rosenberg et al. 2007). The 0.4 melt fraction was also used in a 

model by Bundy and Annen (2016) as a transition point when the magma becomes 

eruptible. The typical melt fraction of a magma reservoir is thought to be variable and can 

be separated into areas with different rheological properties (Reid 2003), where the areas 

that have melt fractions below 0.6 are resistant to shear deformation. Allegedly a much 

more significant reduction in rock strength happens at melt fractions of over 0.07 

(Rosenberg et al. 2007, Hirth and Kohlstedt 1995). This is called the melt connectivity 

threshold where the rock strength is thought to be reduced significantly. 

The timescale of magmatic activity is related to the upward movement of magma due to 

buoyancy force (Putirka 2017). This movement can last for tens to hundreds of thousands 

of years (Cooper 2017), after which the magma can stagnate and form sills, dikes, or 

plutons (Putirka 2017, Sparks and Cashman 2017). The timescale of magma emplacement 

through fractures can be only a few years (Sparks and Cashman 2017). Olivine, 

clinopyroxene, and amphibole have been used to estimate the magma stagnation depths, 

for example, forsterite phenocrysts were used to indicate deep sources of magma at 40 

km depth at the Cascades (Putirka 2017). It is thought that magma pools at these levels 

because of equal densities between the wall rock and the magma (level of neutral 

buoyancy). This magma can then remobilize as it evolves into a less dense melt (Sparks 

and Cashman 2017). The magma system can extend through the entire crust, and because 

of the crustal stratification in terms of density, magmas with different compositions can 

stagnate at different levels in the crust (Putirka 2017, Sparks and Cashman 2017). This 
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explains why denser mafic magmas pool at deeper crustal levels, and felsic less dense 

magmas pool at shallower depths. For example, Kaneko et al. (2010) estimated using 

seismic tomography that the magma chambers beneath Mt. Fuji have basaltic 

compositions at 20 km depth and more silica rich compositions were estimated to be at 

8–9 km depth. At the Andes, the clinopyroxene samples record a depth of 27 ± 12 km 

(Putirka 2017) indicating intermediate intrusions at the mid crustal levels. Grove et al. 

(2005) suggest that at Mt. Shasta the Moho is at 33–38 km depth, and that there are three 

magma chambers located at 3–6 km, 7–10 km, and 15–25 km depths. At the Cascades 

clinopyroxenes, and amphiboles crystallize at 5–12 km range in a system of small sills 

and dikes (Putirka 2017). Castruccio et al. (2017) modelled volcanoes with different 

heights and basal radiuses, and determined that the depths of the magma chambers, that 

directly feed the volcanic eruptions, are dependent on the size of the volcanic cones. The 

smaller volcanoes have shallower and more evolved magmatic systems, whereas the 

larger volcanoes have less evolved mafic magma chambers at more than 15 km depth. 

Since the plutons are a collection of multiple magma pulses (Sparks and Cashman 2017, 

de St. Blanquat et al. 2011), it is difficult to determine the size of a single magma pulse. 

Plutons and magmatic suites can vary from small 1 km3 sized bodies constructed from a 

few small magmatic pulses to 1×104 km3 large intrusions constructed from multiple 

magma pulses (de St. Blanquat et al. 2011). Model results from Castruccio et al. (2017) 

indicate that the magma chamber at the Klyuchevskoy volcano in the Kamchatka 

peninsula could be 35 km3 in volume, and Mount Fuji was estimated to have a 34 km3 

magma chamber. Estimates of magma intrusion rates (magma flux) vary from 1×10-4 km3 

a-1 up to 1×10-1 km3 a-1 (de St. Blanquat et al. 2011). In a model by Schöpa and Annen 

(2013) a magma flux of 1.25×10-2 km3 a-1 was used for the lower end case and it was 

considered that at least a value of 6×10-2 km3 a-1 is needed for mobile magma 

accumulation. 
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3. Methods 

 

The model runs parallel to the magmatic arc, where magma pulses occur at different levels 

of the crust during the first 10 Ma, and the lithosphere is separated into the mantle, and 

the lower and the upper crust. 

 

 

3.1 Heat Transfer 

 

3.1.1 2D Heat Conduction Equations 

 

In the model, heat is transferred by conduction, and convection is not considered. The 

conservative form of the 2D heat conduction equation is used because the thermal 

conductivity (k) is not constant, but is material dependent (Gerya 2010): 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= −

𝜕𝑞𝑥

𝜕𝑥
−

𝜕𝑞𝑦

𝜕𝑦
+ 𝐻                                                                                                      (1) 

ρ is density, Cp is specific heat capacity, T is temperature, t is time, x and y are the x and 

y coordinates respectively, H is heat production, and 𝑞𝑥 = −𝑘 𝜕𝑇 𝜕𝑥⁄  is heat flux to the 

x direction, and 𝑞𝑦 = −𝑘 𝜕𝑇 𝜕𝑦⁄  is heat flux to the y direction. Density, specific heat 

capacity, heat production, and thermal conductivity are all material dependent. This 

equation is solved using the explicit finite-difference numerical method, with forward 

difference in time, and central difference in space. The partial derivatives are converted 

to finite differences: 

𝜕𝑇

𝜕𝑡
≈

𝑇(𝑥, 𝑦, 𝑡 + ∆𝑡) − 𝑇(𝑥, 𝑦, 𝑡)

∆𝑡
                                                                                             (2) 

∆t is a small step in time (time step), ∆x and ∆y are small steps to the x and y direction 

respectively, T(x, y, t) is the current temperature, and T(x, y, t + ∆t) is the temperature in 

the next time step, which is what we want to solve. The full finite difference formulation 

is shown later. 
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The release or absorption of latent heat (L) is dependent on the changes in melt fraction 

(F). When the rock is crystallizing latent heat is released (latent heat of crystallization), 

and when the rock melts the latent heat is consumed (latent heat of fusion). We can 

incorporate the effect of latent heat into Equation 1, and we get the following: 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐿

𝜕𝐹

𝜕𝑡
= −

𝜕𝑞𝑥

𝜕𝑥
−

𝜕𝑞𝑦

𝜕𝑦
+ 𝐻                                                                                     (3) 

All materials in the model use the same value for L, and the melt fraction is material, 

pressure, and temperature dependent. If we solve the partial derivative of melt fraction 

using the same finite difference method, we get: 

𝜕𝐹

𝜕𝑡
≈

𝐹(𝑥, 𝑦, 𝑡 + ∆𝑡) − 𝐹(𝑥, 𝑦, 𝑡)

∆𝑡
                                                                                            (4) 

F(x, y, t) is the current melt fraction, and F(x, y, t + ∆t) is melt fraction in the next time 

step. Here we have a problem, because to solve the future melt fraction F(x, y, t + ∆t) we 

need to know the future temperature T(x, y, t + ∆t), but sense we are trying to solve the 

future temperature by using the future melt fraction we cannot solve either in a 

straightforward way. In other words, the partial differential equation is nonlinear. 

Equation 1 and Equation 3 are both used to calculate the contribution of latent heat to 

temperature increase and strength reduction. 

 

 

3.1.2 Melt Fraction Approximation 

 

If we want to solve the temperature, we must also know the future melt fraction. We can 

approximate the melt fraction to be linearly related to the temperature by: 

𝐹(𝑥, 𝑦, 𝑡) = 𝑚𝑇(𝑥, 𝑦, 𝑡) + 𝑏                                                                                                      (5) 

m is the slope of the line, and b is the y-intercept. If we only consider the solidus (Tsol), 

and liquidus (Tliq) temperatures, then m and b are: 

𝑚 =
1

𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙
   𝑎𝑛𝑑   𝑏 =

𝑇𝑠𝑜𝑙

𝑇𝑠𝑜𝑙 − 𝑇𝑙𝑖𝑞
                                                                              (6, 7) 
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But because we are using interpolated melt fraction data acquired from rhyolite-MELTS 

(Gualda et al. 2012), for each material in temperature steps of 5 °C and pressure steps of 

111.83 MPa, we want to take smaller segments between the solidus and liquidus to have 

a more precise melt fraction approximation (Figure 1). The equations become: 

𝐹(𝑥, 𝑦, 𝑡) = 𝑓𝑑𝑖𝑓𝑓(𝑚𝑑𝑖𝑓𝑓𝑇(𝑥, 𝑦, 𝑡) + 𝑏𝑑𝑖𝑓𝑓) + 𝑓𝑚𝑖𝑛                                                             (8) 

𝑤ℎ𝑒𝑟𝑒         𝑚𝑑𝑖𝑓𝑓 =
1

𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
   𝑎𝑛𝑑   𝑏𝑑𝑖𝑓𝑓 =

𝑇𝑚𝑖𝑛

𝑇𝑚𝑖𝑛 − 𝑇𝑚𝑎𝑥
                               (9, 10) 

fdiff is the melt fraction interval, fmin is the lower end of the melt fraction interval, Tmax 

is the temperature at the upper bound of the melt fraction interval, and Tmin is the lower 

bound of the melt fraction interval. For example, if a segment of the melt fraction interval 

is 0.2–0.3 (20–30 % melt), then fdiff=0.1, and fmin=0.2, and Tmin is the temperature 

where the melt fraction is 0.2 and Tmax is the temperature where the melt fraction is 0.3. 

The fdiff can be chosen to be much smaller than 0.1. The fmin and fdiff are necessary to 

scale the melt fractions correctly. We can simplify Equation 8 by including fdiff and fmin 

to the slope (Equation 9) and the y-intercept (Equation 10) calculations: 

𝐹(𝑥, 𝑦, 𝑡) = 𝑚′𝑇(𝑥, 𝑦, 𝑡) + 𝑏′                                                                                                 (11) 

𝑤ℎ𝑒𝑟𝑒         𝑚′ =
𝑓𝑑𝑖𝑓𝑓

𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
   𝑎𝑛𝑑   𝑏′ =

𝑓𝑑𝑖𝑓𝑓𝑇𝑚𝑖𝑛

𝑇𝑚𝑖𝑛 − 𝑇𝑚𝑎𝑥
                                        (12, 13) 

We can approximate the future melt fraction, and substitute this approximation to 

Equation 4, and we get: 

𝐹(𝑥, 𝑦, 𝑡 + ∆𝑡) = 𝑚′𝑇(𝑥, 𝑦, 𝑡 + ∆𝑡) + 𝑏′                                                                             (14) 

𝜕𝐹

𝜕𝑡
≈

𝑚′𝑇(𝑥, 𝑦, 𝑡 + ∆𝑡) + 𝑏′ − 𝐹(𝑥, 𝑦, 𝑡)

∆𝑡
                                                                            (15) 

 

In the model the current melt fraction interpolation (Finterp) is first interpolated from the 

T vs P rhyolite-MELTS data which is used to calculate the upper (fmin) and the lower 

(fmax) melt fraction bounds using the fdiff. The Tmax and Tmin are then interpolated using 

the fmin and fmax from the F vs P data, which is itself interpolated from the T vs P rhyolite-

MELTS data. After the interpolations the melt fraction is calculated using Equation 11. 

The reason why the interpolation Finterp is not used, is that the Finterp, b’, and m’ do not 
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correlate perfectly with each other, meaning that the terms with latent heat in the 

discretized 2D heat conduction equation (Equation 29) release disproportionate amount 

of latent heat, resulting in a system that might never cools down. Although the difference 

between the calculated melt fraction and the melt fraction interpolation is very small. 

 

 

Figure 1. Melt fraction as a function of temperature. The colored lines are the interpolated melt fractions 

acquired from rhyolite-MELTS v.1.1.0 at the specified pressures. A) Interpolation of dry mafic composition 

between solidus and liquidus, and in melt fraction steps of 0.1. The 0.1 melt fraction step already follows the 

actual melt fraction curve quite closely. B) Dry mafic composition at different pressures. Increasing pressure 

increases the melting temperatures. C) Mafic composition with different concentrations of water. Increasing 

water concentration decreases the melting temperatures. D) Melt fraction curves for different compositions. 

More mafic compositions melt in higher temperatures. 

 

A 

C D 

B 
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3.1.3 Discretized Heat Conduction Equations 

 

The conservative 2D heat conduction equation is solved explicitly, meaning that the 

temperature at the next time step can be calculated from known variables. The explicit 

formulation has a time step limitation, and must satisfy (Gerya 2010):  

∆𝑡 <
∆𝑥2

3𝐾
   𝑎𝑛𝑑   ∆𝑡 <

∆𝑦2

3𝐾
                                                                                             (16, 17) 

𝐾 = 𝑘 (𝜌𝐶𝑝)⁄  is thermal diffusivity. Since K is a material property, the time step 

limitation must use a material that has the largest thermal diffusivity. 

Since the model uses different thermal conductivities for different materials a 

conservative finite difference solution is used so that the heat fluxes in and out of the 

nodal points are conserved. Figure 2 shows a staggered grid where the numbered nodes 

have values for specific heat capacity, density, temperature, thermal conductivity, and 

heat production. We need to solve the thermal conductivities to conserve the heat fluxes 

at the nodes with letters. The number of nodes in x and y direction in the model is 301 

and since the model depth is 150 km and the distance is 400 km the resulting length for 

the Δx≈1333 m and Δy=500 m. 

 

 

Figure 2. An illustration of a staggered grid. Note that the y-axis is pointing down. An actual staggered grid 

is not used in the model, but it is shown here to illustrate how the conservative heat flows are calculated, 

which in this case is taking the average thermal conductivities between the numbered nodes. Point 3 is the 

node for which the thermal conductivity equation is formulated. The lettered nodes are the heat flux nodes 

for which we need to know the thermal conductivities to conserve the heat fluxes. Based on an illustration 

from Gerya (2010). 
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A shorthand notation for the finite differences is used from now on, where the subscript 

refers to the position in space, and the superscript refers to time: 𝑇(𝑥, 𝑦, 𝑡) = 𝑇𝑥,𝑦
𝑡 , and 

𝑇(𝑥, 𝑦, 𝑡 + ∆𝑡) = 𝑇𝑥,𝑦
𝑡+1, and 𝑞𝑥(𝑥 + ∆𝑥 2⁄ ) = 𝑞𝑥𝐵, and 𝑞𝑥(𝑥 − ∆𝑥 2⁄ ) = 𝑞𝑥𝐴. The heat 

flow subscripts A and B refer to the nodes in Figure 2, and the calculation is formulated 

for node 3. The discretized forms of the conservative heat conduction equations (Equation 

1, and Equation 3) are: 

𝜌𝑥,𝑦
𝑡 𝐶𝑃𝑥,𝑦

𝑡 𝑇𝑥,𝑦
𝑡+1 − 𝑇𝑥,𝑦

𝑡

∆𝑡
= −

𝑞𝑥𝐵 − 𝑞𝑥𝐴

∆𝑥
−

𝑞𝑦𝐷 − 𝑞𝑦𝐶

∆𝑦
+ 𝐻𝑥,𝑦

𝑞                                               (18) 

𝜌𝑥,𝑦
𝑡 𝐶𝑃𝑥,𝑦

𝑡 𝑇𝑥,𝑦
𝑡+1 − 𝑇𝑥,𝑦

𝑡

∆𝑡
+ 𝜌𝑥,𝑦

𝑡 𝐿𝑥,𝑦
𝑡

𝑚′𝑇𝑥,𝑦
𝑡+1 + 𝑏′ − 𝐹𝑥,𝑦

𝑡

∆𝑡

= −
𝑞𝑥𝐵 − 𝑞𝑥𝐴

∆𝑥
−

𝑞𝑦𝐷 − 𝑞𝑦𝐶

∆𝑦
+ 𝐻𝑥,𝑦

𝑞                                                            (19) 

Tx,y
t+1 is the future temperature that we want to solve. Note that Equation 19 has the melt 

fraction approximation already added. We do not know the heat flows between the 

numbered nodes because we are not using an actual staggered grid so there are no 

assigned values at the lettered nodes seen in Figure 2, but heat flow can be calculated if 

we know the thermal conductivity of the materials, and by taking the average thermal 

conductivity at the numbered nodes. The heat flows at the lettered nodes are: 

𝑞𝑥𝐴 = −𝑘𝐴

𝑇𝑥,𝑦
𝑡 − 𝑇𝑥−1,𝑦

𝑡

∆𝑥
          𝑞𝑥𝐵 = −𝑘𝐵

𝑇𝑥+1,𝑦
𝑡 − 𝑇𝑥,𝑦

𝑡

∆𝑥
                                           (20, 21) 

𝑞𝑥𝐶 = −𝑘𝐶

𝑇𝑥,𝑦
𝑡 − 𝑇𝑥,𝑦−1

𝑡

∆𝑦
          𝑞𝑥𝐷 = −𝑘𝐴

𝑇𝑥,𝑦+1
𝑡 − 𝑇𝑥,𝑦

𝑡

∆𝑦
                                           (22, 23) 

kA, kB, kC, and kD are the average thermal conductivities between the nodes n and n±1, to 

the x or y direction, where n is the number of the node: 

𝑘𝐴 =
𝑘𝑥−1,𝑦

𝑡 + 𝑘𝑥,𝑦
𝑡

2
          𝑘𝐵 =

𝑘𝑥,𝑦
𝑡 + 𝑘𝑥+1,𝑦

𝑡

2
                                                               (24, 25) 

𝑘𝐶 =
𝑘𝑥,𝑦−1

𝑡 + 𝑘𝑥,𝑦
𝑡

2
          𝑘𝐷 =

𝑘𝑥,𝑦
𝑡 + 𝑘𝑥,𝑦+1

𝑡

2
                                                               (26, 27) 
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Substituting Equations 24–27 to Equations 20–23, and substituting the results to 

Equations 18 and 19, and solving the temperature in the next time step, we can write the 

final discretized conservative 2D heat conduction equations as: 

𝑇𝑥,𝑦
𝑡+1 =

∆𝑡

𝜌𝑥,𝑦
𝑡 𝐶𝑃𝑥,𝑦

𝑡 (
(𝑘𝑥,𝑦

𝑡 + 𝑘𝑥+1,𝑦
𝑡 )(𝑇𝑥+1,𝑦

𝑡 − 𝑇𝑥,𝑦
𝑡 ) − (𝑘𝑥−1,𝑦

𝑡 + 𝑘𝑥,𝑦
𝑡 )(𝑇𝑥,𝑦

𝑡 − 𝑇𝑥−1,𝑦
𝑡 )

2∆𝑥2

+
(𝑘𝑥,𝑦

𝑡 + 𝑘𝑥,𝑦+1
𝑡 )(𝑇𝑥,𝑦+1

𝑡 − 𝑇𝑥,𝑦
𝑡 ) − (𝑘𝑥,𝑦−1

𝑡 + 𝑘𝑥,𝑦
𝑡 )(𝑇𝑥,𝑦

𝑡 − 𝑇𝑥,𝑦−1
𝑡 )

2∆𝑦2
)

+
𝐻𝑥,𝑦

𝑡 ∆𝑡

𝜌𝑥,𝑦
𝑡 𝐶𝑃𝑥,𝑦

𝑡 + 𝑇𝑥,𝑦
𝑡                                                                                          (28)  

With neither melt fraction nor latent heat 

𝑇𝐿𝑥,𝑦
𝑡+1 =

1

𝜌𝑥,𝑦
𝑡 𝐶𝑃𝑥,𝑦

𝑡 +𝜌𝑥,𝑦
𝑡 𝐿𝑥,𝑦

𝑡 𝑚′
 

                           × [∆𝑡 (
(𝑘𝑥,𝑦

𝑡 + 𝑘𝑥+1,𝑦
𝑡 )(𝑇𝑥+1,𝑦

𝑡 − 𝑇𝑥,𝑦
𝑡 ) − (𝑘𝑥−1,𝑦

𝑡 + 𝑘𝑥,𝑦
𝑡 )(𝑇𝑥,𝑦

𝑡 − 𝑇𝑥−1,𝑦
𝑡 )

2∆𝑥2

+
(𝑘𝑥,𝑦

𝑡 + 𝑘𝑥,𝑦+1
𝑡 )(𝑇𝑥,𝑦+1

𝑡 − 𝑇𝑥,𝑦
𝑡 ) − (𝑘𝑥,𝑦−1

𝑡 + 𝑘𝑥,𝑦
𝑡 )(𝑇𝑥,𝑦

𝑡 − 𝑇𝑥,𝑦−1
𝑡 )

2∆𝑦2
)

+ 𝐻𝑥,𝑦
𝑡 ∆𝑡 + 𝜌𝑥,𝑦

𝑡 𝐶𝑃𝑥,𝑦
𝑡 𝑇𝑥,𝑦

𝑡 − 𝜌𝑥,𝑦
𝑡 𝐿𝑥,𝑦

𝑡 𝑏′ + 𝜌𝑥,𝑦
𝑡 𝐿𝑥,𝑦

𝑡 𝐹𝑥,𝑦
𝑡 ]                        (29) 

With melt fraction and latent heat 

 

Both equations are used in the actual simulations, to quantify the effect of latent heat on 

temperature increase and strength reduction. This effect is simply calculated by 

subtracting the resulting temperatures of Equation 28 from Equation 29. To learn more 

about using these methods, Annen et al. (2008) gives a broad overview of a discretization 

of the 2D heat conduction equation with slightly different model geometry; Daniels et al. 

(2014) gives a full discretization in the appendix which is like what is used in this study; 

and Gerya (2010) has written a book that is a more comprehensive look on different 

numerical methods for different equations important to geosciences, such as Navier-

Stokes equation (conservation of momentum) and continuity equation (conservation of 

mass). 
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3.2 Rock Strength 

 

The modelled crust can deform by either brittle failure, or by crystal-plastic flow or 

simply plastic flow (deforms like a viscous fluid, but in a solid state over a long period) 

(Karato 2008 pp. 114–115). The terms brittle failure and brittle strength are used to 

describe the localized faulting or fracture regimes in the Earth’s crust, and plastic flow 

and plastic strength are used when referring to the homogenously deforming creep 

dominated regimes. Note that the plastic strength is based on viscosity equations (section 

on flow laws), and a term viscous strength could also be used to describe the rock strength 

in these crystal-plastic flow regimes, but for clarity I use the terms brittle and plastic to 

separate the two deformation regimes. Plastic flow in the crust is mostly described by 

dislocation creep, but other creep mechanisms play a role as well. Elastic deformation is 

not considered, and brittle failure can be thought to occur without any plastic deformation. 

Brittle failure is linearly pressure (depth) dependent, whereas plastic flow is temperature, 

strain rate, and material dependent (Karato 2008 p. 343, Stüwe 2007 p. 233). With 

increasing pressure, a larger differential stress is required to reach brittle failure, and with 

increasing temperature the plastic strength of the rock decreases exponentially. Rock 

deforms by a deformation mechanism, which requires the least amount of differential 

stress (Stüwe 2007 pp. 233–242). Therefore, some sections of the crust deform by plastic 

flow and other sections deform by brittle failure. 

 

 

3.2.1 Brittle Strength of Rocks 

 

The brittle strength of materials is described by Mohr-Coulomb-criterion, which shows 

that brittle strength is a linear function of normal stress (Coulomb 1776): 

𝜎𝑠
𝑐 = 𝜎0 + 𝜇𝜎𝑛                                                                                                                            (30) 

σs
c is the critical shear stress, σ0 is a material constant called cohesion, σn is the normal 

stress, and µ is the internal coefficient of friction. The internal coefficient of friction is 

very similar for all rocks. When a rock contains pre-existing cracks, it can be considered 
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that the cohesion is negligible, and the equation simplifies to Amonton’s law (Stüwe 2007 

p. 226): 

𝜎𝑠
𝑐 = 𝜇𝜎𝑛                                                                                                                                      (31) 

At less than 200 MPa pressures (shallow depths) Byerlee (1978) showed empirically that 

µ=0.85, and above 200 MPa µ=0.6 and σ0=50 MPa. In the model I use σ0=55 MPa above 

200 MPa to make the crustal strength continuous at the pressure transition. When 

considering pore fluid to lithostatic stress ratio (λ) Byerlee’s law is formulated to (Stüve 

2007 p. 226): 

𝜎𝑠
𝑐 = 0.85𝜎𝑛(1 − 𝜆)                            (below 200 MPa)                                                    (32) 

𝜎𝑠
𝑐 = 55 𝑀𝑃𝑎 + 0.6𝜎𝑛(1 − 𝜆)          (above 200 MPa)                                                    (33) 

The value of λ used in this study is 0.4. With these values, and a Mohr-Coulomb-criterion 

reformulated in terms of differential stress, which is 𝜎1 − 𝜎3 = 𝜎𝑑𝑖𝑓𝑓, and lithostatic 

stress (σL), by Anderson (1951) for compressional lithospheric setting, we get: 

𝜎𝑑𝑖𝑓𝑓 =
2(𝜎0 + 𝜇𝜎𝐿(1 − 𝜆))

√𝜇2 + 1 − 𝜇
                                                                                                  (34) 

The differential stress required to deform the rock at a compressional setting is dependent 

on lithostatic stress, which increases as a function of depth and rock density by: 

𝜎𝐿 = 𝜌𝑔ℎ                                                                                                                                     (35) 

g is acceleration due to gravity, ρ is the rock density, and h is depth. The final two 

equations, below and above 200 MPa, to solve the brittle strength of the rock in the model 

are: 

𝜎𝑑𝑖𝑓𝑓 (<200 𝑀𝑃𝑎) =
2(0 + 0.85(𝜌𝑔ℎ)(1 − 0.4))

√0.852 + 1 − 0.85
                                                                (36) 

𝜎𝑑𝑖𝑓𝑓 (>200 𝑀𝑃𝑎) =
2(55 𝑀𝑃𝑎 + 0.6(𝜌𝑔ℎ)(1 − 0.4))

√0.62 + 1 − 0.6
                                                      (37) 

 

Figure 3 shows the brittle strength (differential stress) above and below the 200 MPa 

range as a function of pressure (lithostatic stress). The rock will deform by brittle failure 

if the differential stress is larger than the lines in Figure 3. The brittle strength increases 
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linearly as a function of pressure. Above 200 MPa the increase in differential stress as a 

function of pressure is not as large as below 200 MPa. Note that the density in Figure 3 

is 2700 kg m-3, where in the model the density of the lower crust is 3000 kg m-3. 

 

 

Figure 3. Brittle strength above and below 200 MPa. Both pressure (lithostatic stress) and depth are shown 

for a crust with density of 2700 kg m-3. A) The rock strength increases linearly as a function of pressure. The 

crust deforms below 200 MPa shown by the blue line, and above 200 MPa show by the orange line. B) A 

strength profile is constructed from the two different lines and the transition point is approximately at 8 km. 

 

 

3.2.2 Flow Laws 

 

The plastic flow of rock is based on equations describing viscous deformation, but these 

equations are formulated to simulate the rocks crystal plasticity in a solid state. On a 

microscopic and nanoscale, the rock deforms by many different deformation mechanisms, 

for example by dislocation creep, and grain boundary migration (Stüve 2007 p. 230). On 

a macroscale it is useful to average out these different deformation mechanisms and 

consider that the rock flows like a fluid. The Arrhenius equation describes the flow, or 

more precisely the viscosity (µ)of liquids or melt (Stüve 2007 p. 231): 

𝜇 = 𝐴𝑒
𝑄

𝑅𝑇                                                                                                                                     (38) 

A is the pre-exponent constant, Q is activation energy, R is the universal gas constant, 

and T is temperature. We can see from this equation that the viscosity of liquids is highly 

temperature dependent. However, most rocks deform more like a non-Newtonian fluid 

A B 
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where the relation between stress and the strain rate is non-linear (Burov 2015). This non-

linearity is described by equation (Stüve 2007 p. 231): 

𝑇𝑠
𝑛 = 𝐴𝑒𝑓𝑓γ̇                                                                                                                                 (39) 

TS is shear stress, Aeff is a material constant with units of Pan s, n is the power law 

exponent, and γ̇ is (shear) strain rate. By using Equations 38, and 39, we can formulate a 

new equation in terms of differential stress (σdiff), and longitudinal strain rate (ε̇l) (Sonder 

and England 1986): 

σ𝑑𝑖𝑓𝑓 = (
ε̇𝑙

𝐴
)

1
𝑛

𝑒
𝑄

𝑛𝑅𝑇                                                                                                                     (40) 

This equation is called the flow law and it uses dislocation creep parameters: the pre-

exponent constant (A) with units of Pa-n s-1, activation energy (Q) with units of J mol⁻¹, 

and the power law exponent (n). These parameters are material properties derived from a 

series of laboratory experiments (Table 1). Wet granulite and micro gabbro are from 

Wilks and Carter (1990), wet granite is from Carter and Tsenn (1987), dry diabase is from 

Mackwell et al. (1998), wet diorite is from Ranalli (1995), and wet quartzite is from 

Gleason and Tullis (1995). 

 

Table 1. Mechanical properties of the materials. Parameters used for the plastic flow: A is the pre-exponent 

constant, Q is the activation energy, and n is the power law exponent. Rock type is a naming convention 

used in this study. Mechanical Material is the rock that was used in the laboratory experiment. References 

are given in the main text. The mantle uses its own rheological flow law and is discussed in the main text. 

Note that in the model the lowest intrusions do not change the mechanical properties of the crust. The 

mechanical properties discussed in the main text refer to the three parameters shown in this table. 

Rock type Mechanical Material A (MPa⁻ns⁻¹) Q (kJ mol⁻¹) n 

Granodiorite Wet granite 2.0×10⁻⁴ 140 1.9 

Diorite Wet diorite 3.2×10⁻² 212 2.4 

Gabbro Micro gabbro 5.0×10⁹ 497 3.4 

Peridotite Micro gabbro 5.0×10⁹ 497 3.4 

Upper crust Wet quartzite 1.1×10⁻⁴ 223 4 

Lower Crust Wet granulite 1.4×10⁴ 445 4.2 

Strong Lower Crust Dry diabase 8.0 485 4.7 

 

Flow law is temperature, strain rate, and material dependent, although the strain rate 

which is 10-15 s-1 is not varied in any of the model scenarios. Figure 4 shows the plastic 
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strength for the different materials as a function of temperature, and Figure 5 shows the 

plastic strength using the initial geotherm with a model reference depth and crustal 

transition zones. 

Mantle uses its own flow law with some unique parameters, and it is not included in the 

ICS calculations although some of the figures will show the reduction in mantle strength. 

The equation for the mantle is formulated differently because the deformation in the 

mantle is possibly more strongly dominated by diffusion creep (Ranalli and Fischer 

1984). The equation for the modified flow law is (Goetze 1978, Goetze and Evans 1979): 

𝜎𝑑𝑖𝑓𝑓 = 𝜎𝐷 (1 − √
𝑅𝑇

𝑄𝐷
ln (

ε̇𝐷

ε̇𝑙
))                                                                                           (41) 

Typical values for the equation are: QD=5.4×10⁵ J mol⁻¹ (activation energy of olivine 

creep), ε̇D=5.7×10¹¹ s⁻¹ (critical strain rate), and σD=8500 MPa (critical stress) (Sonder 

and England 1986). 

 

 

Figure 4. Relation between plastic strength and temperature for the materials shown in Table 1. The solid 

lines show the plastic strength of the materials used for the crust, and the dashed lines are materials used 

for the intrusions. The plastic strength decreases rapidly with increasing temperature. The strength is only 

shown up to 2000 MPa, because in most cases the materials brittle strength is lower than this, and the rock 

deforms by brittle failure. 
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Figure 5. Plastic strength of the rocks using the initial geotherm. The black dashed lines show the upper-

lower crustal transition, and Moho. The temperature is 1300 °C at 150 km depth and 0 °C at the surface. 

Note that this figure does not show the true crustal strength, since only the plastic strength of the rock is 

shown. A) Plastic strength of materials used for the lower and the upper crust. The upper crust is wet 

quartzite, and the lower crust is either dry diabase or wet granulite. Mantle is not included in the figure. B) 

Plastic strength of materials used for the intrusions. 

 

 

 

 

A B 
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3.2.3 Viscosity Reduction from Melting 

 

The crustal strength reduction includes viscosity reduction from melting. It is calculated 

using a viscosity model for a solid with fluid-filled pores (Schmeling et al. 2012). The 

multiparameter fitting equation for the strength reduction from melting is: 

𝜇𝑠 = 𝜇𝑠0 (1 −
𝐹

𝐶
)

𝑘1

                                                                                                                   (42) 

𝜇𝑠 = 0     𝑓𝑜𝑟 𝐶 ≤ 𝐹 ≤ 1                                                                                          

F is the melt fraction, and μs0 is the initial shear viscosity of the solid material, for 

example granite or gabbro, but in this study μs0=1 is used since this gives a fraction of 

viscosity reduction, and not absolute shear viscosities of a specific rock type. The fitting 

curve is acquired by calculating C and k1 using specific fitting parameters: 

𝑘1 = 𝑎1(𝑎2 + 𝛼(1 − 𝑎2))                                                                                                        (43) 

𝐶 =
𝑏1𝛼

1 + 𝑏2𝛼𝑘2
                                                                                                                           (44) 

The values for the parameters are: a1=0.97, a2=0.8, b1=2.2455, b2=3.45, k2=1.29, α=0.1. 

The parameter alpha represents the shape of the grains or the film geometry and can be 

changed between 0 and 1 (sphere). A more spherical film shape reduces shear viscosity 

less effectively with increasing melt fraction (Schmeling et al. 2012). I chose to use the 

value of 0.1 for the value of alpha. The final equation to calculate the effective shear 

viscosity reduction is only dependent on melt fraction, and can be calculated 

approximately by: 

𝜇𝑠 ≈ (1 −
𝐹

0.1908
)

0.7954

                                                                                                         (45) 

F in Equation 45 is the melt fraction, but in Figure 6 melt is shown as a percentage. The 

strength reduction from melting, at any node in the model, is calculated by multiplying 

the remaining strength at that node with the value of the effective shear viscosity, which 

is dependent on the proportion of melt. 
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Figure 6. Decrease in effective viscosity from melting. Effective viscosity is calculated using a viscosity 

model for a solid with fluid-filled pores (Schmeling et al. 2012). Parameter alpha for the blue viscosity 

reduction curve is 0.1. The strength reduction from effective viscosity is calculated by multiplying the 

remaining strength with the value of effective viscosity. For example, if a nodal point in the crust contains 10 

% melt, the remaining strength at this node is being multiplied by 0.55 (45 % reduction in remaining strength). 

The effective viscosity is one part of the total strength reduction and has an effect only after the rock starts 

to melt, but it is important to understand that before any crustal melting occurs the strength of the crust can 

be reduced by increased temperatures, because of the temperature dependent flow law. 

 

 

3.3 Material Properties and Compositions 

 

The different rock types in the model use different chemical compositions which are 

shown in Table 2. These compositions are used to acquire melt fractions at different 

pressures and temperatures for each material using rhyolite-MELTS (Gualda et al. 2012). 

The specific rhyolite-MELTS version is 1.1.0 which is capable of modelling 

thermodynamic conditions of quartz saturated, and H2O-bearing magmas at 0–2 GPa 

conditions. The melt fractions were computed with 5 °C temperature steps and 111.83 

MPa pressure steps using quartz-fayalite-magnetite redox buffers. The melt fractions in 
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between were then interpolated from this T vs P data. The melt contours in T vs P can be 

seen from Figures 7 and 8. These contours are in melt fraction steps of 0.1. The felsic and 

the mafic compositions are from Woodhead et al. (1998) from the Sulu Range (sample: 

3032A) and the Narange Island (sample: 69092), and the intermediate composition is an 

average between these two. The ultramafic composition is an average composition of the 

first formed melt from Kilbourne Hole Lherzolite at 1 and 3 GPa from Takahashi (1986), 

and the mantle is pyrolite from Ringwood (1966). 

 

Table 2. Chemical compositions used in Rhyolite-MELTS to acquire the melting temperatures of the different 

rock types. Values are in oxide percentage. The table compositions are normalized to 100 % with 0 % H2O 

concentration. Most of the simulations use the standard H2O concentration for both intrusions and the crust, 

but some cases vary the water concentration of the crust or the intrusions. References are in the main text. 

Oxide Felsic Intermediate Mafic Ultramafic Mantle 

SiO2 74.01 61.69 49.38 48.45 45.12 

TiO2 0.32 0.66 1.01 0.76 0.71 

Al2O3 13.7 16.2 18.71 14.47 3.53 

Fe2O3 0.9 0.45 0.0 1.74 1.64 

Cr2O3 0.0 0.0 0.0 0.25 0.43 

FeO 1.51 5.6 9.66 5.74 6.98 

MnO 0.07 0.13 0.19 0.15 0.14 

MgO 0.83 3.07 5.32 14.47 37.41 

NiO 0.0 0.0 0.0 0.0 0.2 

CaO 2.81 7.0 11.18 11.9 3.07 

Na2O 4.14 3.69 3.23 2.07 0.57 

K2O 1.68 1.26 0.85 0.0 0.13 

P2O5 0.03 0.25 0.47 0.0 0.07 

H2O 

Dry - 0.0 0.0 - - 

Standard 1.0 0.75 0.5 0.5 0.0 

Wet - 1.5 1.0 - - 

Wettest - 3.0 2.0 - - 

 

Material properties of the different rock types used in the model are in Table 3. These 

rock types are used in the model for the intrusions, the mantle, and the upper and the 

lower crust. The thermal conductivity (Turcotte and Schubert 2002 p. 435), density 

(Hasterok et al. 2018), heat production (Hasterok et al. 2018), specific heat capacity 

(Mel’nikova et al. 1975, as cited in Waples and Waples 2004), and latent heat (Bohrson 

and Spera 2007, Stacey and Davis 2008) are typical values that can be found from 

multiple different sources. The values for the crust and the mantle are commonly used in 

most geodynamic models (Turcotte and Schubert 2002 pp. 435, 7–13; Philpotts and Ague 

2009 pp. 11, 29–30) and similar values were used for example by Kukkonen et al. (1999). 
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The crust and the mantle CP and L have the same values as the rock types. Each rock type 

also has a specific chemical composition, and this can be either dry or wet. 

 

 

Figure 7. Melt fraction contours computed using rhyolite-MELTS (Gualda et al. 2012). The faint contours 

between the solidus and liquidus lines show melt fractions in steps of 0.1. The exact water concentration is 

shown in Table 2. The ultramafic composition has 0.5 % H2O which is the only ultramafic composition used 

in the study. The Mantle melting curves are in Appendix A. 
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Figure 8. Melt fraction contours for the dry and wet variants of the intermediate and mafic compositions 

calculated using rhyolite-MELTS (Gualda et al. 2012). The water concentration is shown in Table 2. Addition 

of water causes a significant decrease to the rock melting temperatures. Especially the solidus temperatures 

are lowered significantly. The other melting curves are in Appendix A. 

 

 

Table 3. Material properties used for the rocks in the magmatic scenarios. Chemical compositions are in 

Table 2, flow law parameters are in Table 1, and references are listed in the main text. 

Rock type k 

(W m⁻¹K⁻¹) 

ρ 

(kg m⁻³)  

H 

(µW m⁻³) 

CP 

(J kg⁻¹K⁻¹) 

L 

(J kg⁻¹) 

Chemical 

composition 

Granodiorite 2.75 2718 1.82 650 4.2*10⁵ Felsic 

Diorite 3.2 2792 1.221 650 4.2*10⁵ Intermediate 

Gabbro 2.95 2990 0.498 650 4.2*10⁵ Mafic 

Peridotite 3.75 3194 0.466 720 4.2*10⁵ Ultramafic 

Upper crust 2.75 2700 1.5 650 4.2*10⁵ Intermediate 

Lower Crust* 2.75 3000 0.375 650 4.2*10⁵ Mafic 

Mantle 3.75 3300 0.01 720 4.2*10⁵ Mantle  
* Lower crust can be either strong (dry diabase) or weak (wet granulite) (Table 1) 
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3.4 Model Implementation 

 

3.4.1 Model Parameters, Initial Conditions, and Boundary Conditions 

 

It is important to first define some terminology used in this study. The terms intrusion 

and magma pulse are mostly used as synonyms, and have specific initial temperatures, 

melt fractions, and compositions. These intrusions make up magma chambers which are 

areas that are composed of multiple intrusions or magma pulses, and the magma reservoir 

refers to multiple magma chambers which are stacked on top of each other and extend 

through the crust down to the Moho (at 45 km). 

The model is 150 km in depth and 400 km wide (Figure 9). The crust is separated into 

lower and upper crust. The upper crust is 25 km in depth and in total the crustal depth is 

45 km. There are four equally spaced magma reservoirs in the model. Each magma 

reservoir has three areas, where a magma pulse can potentially be emplaced. This area is 

6 km by 30 km and one magma pulse is approximately 1 km by 6 km in size for most of 

the cases. Upper, middle, and lower intrusions are placed at 10±3 km, 25±3 km and 42±3 

km depth respectively. 

 

Figure 9. Initial lithosphere structure and geometry. The yellow areas are where the magma pulses are 

randomly distributed during the first 10 Ma. This area is 6 km by 30 km in most cases except for the wider 

distribution scenario. The reservoir midpoints are at 100 km distance, meaning that the average distance of 

each randomized magma pulse is 100 km. The size of a magma pulse is 1 km by 6 km except for the higher 

magma volume scenario. 
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The simulation time of the model is 40 Ma, and the magma pulses are emplaced during 

the first 10 Ma. This first 10 Ma is referred as the activity period or the period magmatic 

activity. During this activity period, magma pulses intrude the crust periodically and 

slowly fill the magma pulse distribution areas (Figure 10). Material properties of the 

distribution area are changed to match the properties of the specific intrusions. The 

exception is made with the lowermost intrusions, where the mechanical properties (A, Q, 

and n) remain constant, since it can be argued that the source of the magma is partial melt 

of the lower crust (although other material properties do not reflect this). So, the crustal 

mechanical changes only reflect the middle and upper crustal changes. 

 

Figure 10. Distribution of Magma pulses. The positions of the magma pulses after 10 Ma which is the end 

of the activity period in the simulation. The mantle, the upper crust, the lower crust, and intrusions at different 

depths use different material properties and these can be found from Table 3. A) Positions of the magma 

pulses in the standard distribution scenario. B) Magma pulses in the wide distribution scenario. 

 

A 

B 
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There are 10 groups of magma pulses in total, that occur after every millionth year, and 

each group has 12 pulses. These pulses are emplaced in the magma distribution area 

during a 500 ka period (≈ 1 pulse per 42 ka), after which there is a 500 ka period of 

inactivity at each magma pulse emplacement depth. The middle crust pulses occur 150 

ka after the first Moho pulse is emplaced, and the upper crust pulses occur 150 ka after 

the first middle intrusion has been emplaced. These magma pulse timings are more clearly 

presented in Figure 11. For most of the model scenarios, a magma flux of 1.296×10⁻³ km 

a⁻¹ is used at one reservoir and 5.18×10⁻³ km a⁻¹ for all four reservoirs that are in the 

model. These fluxes are time-averaged for 10 Ma and it seems reasonable that timescales 

this long should use input rates that are closer to the typical time-averaged magma fluxes 

(de St. Blanquat et al. 2011). 

 

Figure 11. Magma pulse timings during the first 10 Ma. Each colored vertical line represents a magma pulse. 

The total simulation time is 40 Ma and after the first 10 Ma the system cools down without new added heat 

sources. 

 

The initial state of the 2D thermal model is shown in Figure 12 and it is computed using 

the material thermal properties shown in Table 3. The small rectangles show the first 

magma pulse coordinates. The thermal model is a 2D representation of the geotherm in 

Figure 13 A. The upper and the lower boundaries use a constant temperature boundary 

condition, and temperatures are 0 °C at the surface and 1300 °C at 150 km depth. The 

initial geotherm is such that the temperatures at the Moho (45 km) are approximately 655 

°C, and melt fraction is 0 everywhere. The left and right boundaries use the insulating 

boundary condition, also called zero heat flux or lateral symmetry condition (Gerya, 

2010), and can be expressed in discretized form as: 

𝑇𝑏 = 𝑇2                                                                                                                                         (46) 
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Tb is temperature at the boundary, and T2 is temperature next to the boundary. The initial 

heat flux at the surface, before any magma pulses have intruded the crust, is 68.54 mW 

m-2. 

The style by which the mantle and the crust deform is determined by the deformation 

mechanism (plastic flow or brittle failure) which requires the smallest amount of 

differential stress. The strength envelope is constructed by considering both brittle 

strength, and plastic strength. From Figure 3 B, and Figure 5 A we can construct the initial 

crustal strength envelopes (Figure 13). Note however, that the density of the upper crust 

is 2700 kg m-3, the lower crust is 3000 kg m-3, and the mantle is 3300 kg m-3 which slightly 

changes the differential stress at which brittle failure occurs below the upper crust. The 

linear portions of the strength envelope are where the crust deforms by brittle failure and 

the curved portions of the strength envelope are where the crust deforms by plastic flow. 

The strain rate used to calculate the plastic strength is 10-15 s-1. The stronger lower crust 

(dry diabase) deforms partially by brittle failure, whereas the weak lower crust (wet 

granulite) deforms completely by plastic flow. The ICS is calculated by summing up the 

area under the strength envelopes from 0–45 km depth, and the initial ICSs are 9.69 TN 

m-1, and 22.93 TN m-1 for the weak crust (wet granulite), and the strong crust (dry diabase) 

respectively. 

 

Figure 12. Initial thermal model with positions and temperatures of the first randomly placed intrusions. Note 

that the randomized positions of the first magma pulses (the square shaped high temperature areas) are 

shown here as an example and in the actual simulation the heat from the lower intrusions would have already 

conducted through the crust before the upper crustal pulses are emplaced because of the different magma 

pulse timings (Figure 11). 
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Figure 13. Initial strength envelopes for the weak and the strong crust and the initial geotherm. A) The upper 

crust is mechanically wet quartzite, and the mantle is wet olivine. The lower crust uses wet granulite (referred 

to as standard or weak crust) for most of the numerical experiments, but few cases are performed using dry 

diabase (referred to as strong crust). B) The integrated lithospheric strength is the colored area under the 

strength curve (mantle included), and the colored area above the Moho (at 45 km) is the ICS. Different 

coloring represents sections of the crust which deform by brittle failure (blue), and by plastic flow (red). The 

wet granulite lower crust (solid curve at 25–45 km) deforms completely by plastic flow, and the dry diabase 

lower crust (dashed line at 25–45 km) deforms partially by brittle failure. The upper crustal BDT is at 12 km 

depth, and the dry diabase lower crust BDT is at 34 km depth. 

 

During each numerical experiment the increase in crustal temperatures is calculated by 

using Equations 28 and 29, to calculate the effect of latent heat on CTC and ICSR. The 

mechanical changes to the crustal strength are studied with a similar approach, where 

each experiment is executed in two ways: By changing the mechanical properties of the 

crust as the intrusions replace the country rock, and by keeping the mechanical properties 

of the crust constant. Similar solution is also used for the viscosity reduction from 

melting. 

A B 
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3.4.2 Magmatic Cases 

 

A case refers to a single numerical experiment or a simulation, that varies some model 

parameter, such as intrusions with high melt fractions. The case names are capitalized to 

avoid confusion. Magmatic scenario refers to a group of cases that explore some aspect 

of magmatism, such as increasing intrusion melt fraction, and compares all the cases. 

Magmatic scenarios are separated into different subsections in the Results. Most cases 

vary the intrusion temperatures, melt fractions, and rock types. Table 4 shows these 

variations for the intrusions at different levels in the crust (refer to Figure 10 for the 

emplacement depth of the intrusions).  

The Example case is a numerical experiment, which is compared with many other cases. 

The approximate intrusion emplacement temperatures are determined by their 

composition, depth (pressure), and melt fraction (F=0.4 for the Example case). For most 

cases the initial intrusion melt fraction is 0.4 which might be a lower end value since the 

mean melt fraction of the intrusions is thought to be 0.5–0.6 (Cooper 2017) or even more 

(Reid 2003). The Felsic and the Mafic case intrusion temperatures are determined in a 

similar manner, but the compositions of the initial intrusions are changed. 

The intrusion water concentration is studied in two ways. First, as the intrusion water 

concentration is increased (the Wet and Wettest cases) the emplacement temperatures 

remain the same. This means that because adding water decreases the intrusion melting 

temperatures, the initial melt fractions of the intrusions increase. The second approach is 

where the intrusion melt fraction is the kept same (F=0.4) as the water concentration is 

increased. This means that the initial intrusion temperatures are lower because the 

increased water concentration has decreased the melting temperatures. 

The melt fraction scenarios change the intrusion emplacement melt fractions. When the 

intrusion melt fraction is changed the intrusion emplacement temperature changes. As the 

initial melt fractions are lower the temperatures are lower as well, and when the melt 

fractions are higher the temperatures are higher also. 

Table 5 show the remaining cases and scenarios which explore some other variations in 

arc magmatism. These cases and scenarios have variations in magma input rate, magma 

pulse distribution, crustal water concentration, and initial crustal strength. The wide 
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distribution, strong crust, and crustal water scenarios are executed using different cases, 

such as the Example, Felsic, and Mafic cases. 

 

Table 4. Different cases describing the intrusion composition, initial temperature, and initial melt fraction. 

Temperatures are in °C. The rock types without a prefix in the name use the standard water concentration. 

The values for temperatures and melt fractions are only approximate, because of the random variation in 

the intrusions coordinates and pressures. 

Case Upper 

Intrusions 

Middle 

Intrusions 

Lower 

Intrusions 

Notes 

Example Diorite 

T ≈ 932 

F ≈ 0.4 

Gabbro 

T ≈ 1132 

F ≈ 0.4 

Peridotite 

T ≈ 1303 

F ≈ 0.4 

T is determined from 

F = 0.4 and P at the 

intrusion location 

Felsic Granodiorite 

T ≈ 890 

Diorite 

T ≈ 989 

Gabbro 

T ≈ 1167 

Same F as Example 

case 

Mafic Gabbro 

T ≈ 1094 

Peridotite 

T ≈ 1222 

Peridotite 

T ≈ 1303 

Same F as Example 

case 

Wet (constant T)* Wet Diorite 

F ≈ 0.51 

Wet Gabbro 

F ≈ 0.57 

Peridotite 

F ≈ 0.4 

Same T as Example 

case 

Wettest (constant T)* Wettest Diorite 

F ≈ 0.68 

Wettest Gabbro 

F ≈ 0.74 

Peridotite 

F ≈ 0.4 

Same T as Example 

case 

Wet (constant F)* Wet Diorite 

T ≈ 846 

Wet Gabbro 

T ≈ 1078 

Peridotite 

T ≈ 1303 

Same F as Example 

case 

Wettest (constant F)* Wettest Diorite 

T ≈ 772 

Wettest Gabbro 

T ≈990 

Peridotite 

T ≈ 1303 

Same F as Example 

case 

10% Melt T ≈ 737 

F ≈ 0.1 

T ≈ 915 

F ≈ 0.1 

T ≈ 1011 

F ≈ 0.1 

Same rock type as 

Example case 

70% Melt T ≈ 1073 

F ≈ 0.7 

T ≈ 1200 

F ≈ 0.7 

T ≈ 1363 

F ≈ 0.7 

Same rock type as 

Example case 

100% Melt T ≈1144 

F ≈ 1.0 

T ≈ 1257 

F ≈ 1.0 

T ≈1450 

F ≈ 1.0 

Same rock type as 

Example case 
* The intrusion water scenario uses the same material and mechanical properties as the standard variant of 

that rock type but use the wet and wettest compositions and melting temperatures (Table 2). 

 

 

Table 5. Other cases and scenarios with different variations for the intrusions and the crust. 

Cases and Scenarios Variation 

Double Magma case The input volume of magma is doubled 

Half Magma case The input volume of magma is halved 

Dry Crust scenario* The upper and the lower crust use dry chemical composition 

Wet Crust scenario* The upper and the lower crust use wet chemical composition 

Strong Crust scenario** The lower crust is composed of dry diabase instead of wet granulite 

Wide Distribution scenario** Distribution areas of the intrusions are tripled 

* The dry and wet crust cases use the same mechanical properties as the standard variant of that rock type 

but use the wet and wettest composition and melting temperatures (Table 2). 

** Strong Crust and Wide Distribution scenarios have same intrusion parameters as the Example, the Felsic, 

and the Mafic cases, but some extra cases are performed as well. 
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4. Results 

 

The results are separated into three sections where the Example case is presented first, 

and changes in crustal temperature and strength are described in detail. After this the 

intrusion properties such as melt fractions and compositional differences are explored, 

and in the last section some of the crustal properties are changed. ICSR and CTC are 

presented in each case, but latent heat, crustal melting, viscosity reduction from melting, 

and crustal mechanical changes are shown only in the more relevant cases, but for those 

interested these are discussed in more detail in the Appendix B–H. 

 

 

4.1 Example Case 

 

4.1.1 Thermal and Strength Evolution 

 

At 10 Ma crustal temperatures are at their peak, and the highest temperatures are around 

the intrusions (Figure 14 A). The strength of the whole crust has been reduced by 50–100 

% at depths below 10 km, but the top portion of the crust is still strong and deforms by 

brittle failure (Figure 14 B). Some sections of the upper crust where the deformation 

occurs by brittle failure change to temperature dependent plastic flow as the crustal 

temperatures increase. Crustal melt at 10 Ma remains below 16 % which is not enough to 

reduce the crustal strength completely (Figure 14 C). Most of the melt is concentrated in 

the lower crust, which remains molten for longer than the upper crust. The crustal 

composition has changed at the intrusion distribution areas, increasing the melting 

temperatures, and lowering the amount of melt compared to the surrounding rock. 

The profile will not cool down to the initial conditions, because of the different material 

properties of the intrusions, such as different heat production (Figure 15 A). At the end 

of the simulation, the lower crust remains 40–50 % weaker than it initially was and the 

lower portion of the upper crust is mostly 20–30 % weaker (Figure 15 B). The upper 

portion of the upper crust is as strong as it was in the beginning because this crustal section 

does not have high enough temperatures to deform by plastic flow, and because the 
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differential stress required to deform the rock by brittle failure is much lower in the upper 

sections of the crust. The upper mantle (50–75 km) is weakened 50–60 % showing that 

the mantle strength remains lower for longer. 

 

Figure 14. Thermal model, crustal strength, and melt fraction after 10 Ma. A) Heat produced by the intrusions 

have increased crustal temperatures in the regions surrounding the intrusions and perturbing the thermal 

field. The green dash-dotted line shows the position of the reservoir, and the cyan colored dashed line shows 

the location between the reservoirs. These locations will be referred throughout the text. B) The thermal 

perturbation as well as crustal melting has reduced the crustal strength by lowering the viscosity and by 

reducing the thickness of the layer that deforms by brittle failure. C) Partial melt is formed at places where 

the crustal temperature exceeds the rocks melting temperature at the specific pressures. 

A 

B 

C 
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Figure 15. Temperature and strength reduction after 40 Ma. A) There have not been active intrusions for 30 

Ma, and the temperature field has cooled down by conduction. Note however that the initial temperature 

conditions are not reached. B) Strength of the mantle and the crust remain much weaker from the thermal 

effect of the intrusion even at the end of the numerical experiment. The dark blue oval shaped areas are the 

locations of the intrusions. These areas of the crust are strengthened by the mechanical properties of the 

intrusions, but this is not quantitatively shown in the figure. 

 

In Figure 16 the ICSR is shown as a function of distance and the crustal strengthening at 

the magma reservoir can be seen more quantitative. After 10 Ma the ICSR is over 90 % 

at the reservoirs, and between the reservoirs ICSR is approximately 40 %. At the end of 

the simulation the ICS is approximately 20 % stronger at the reservoirs and over 20 % 

weaker between the reservoirs. The increased strength at the reservoirs is caused by 

changes in the material properties, especially the mechanical properties (A, Q, and n). 

A 

B 
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Figure 16. ICSR after 10 Ma and at the end of the simulation. Note that because the figure shows reduction 

in ICS, the negative values indicate crustal strengthening, and positive values crustal weakening. The plot 

shows the ICSR as a function of distance at the peak of magmatic activity (10 Ma), and at the end of the 

simulation (40 Ma). Only the upper and the lower crust (0–45 km) is included in the ICS calculation (mantle 

is excluded). 

 

During thermal evolution the mean lithospheric temperatures can be over 200 °C at their 

peak (Figure 17 A). The temperature change is calculated by subtracting the initial 

geotherm from the geotherm at each time step. No more magma intrudes the crust after 

10 Ma, but the temperatures are still approximately 150 °C higher in the lower crust at 13 

Ma. The upper crust cools quickly, whereas the lower crust and the mantle retain more 

heat even at the end of the simulation. Mean lithospheric strength is reduced close to 100 

% in the upper portion of the lower crust between 10–14 Ma showing that the crustal 

strength remains very low long after the magmatic activity has ceased (Figure 17 B). The 

lower crust and the mantle remain ~40 % weaker at the end of the numerical experiment. 

The lower portion of the upper crust has been strengthened because of the different 

intrusion compositions. These intrusions have higher melting temperatures than the upper 

crustal material, meaning that this section of the crust solidifies faster, but the intrusions 

also make the crust harder to deform by plastic flow. 



43 
 

Figure 17. Evolution of the mean lithospheric temperature and strength over the 40 Ma simulation. Note that 

x-axis is the simulation time, and y-axis is depth down to 100 km. A) The mean temperature change is shown 

in the color bar. During the first 10 Ma, intrusions change the mean temperatures, and over the next 30 Ma 

the thermal model cools down without any new magma pulses. B) The mean strength is affected by this 

temperature change, but also because of crustal compositional change and crustal melting. The crust is also 

strengthened where the mechanically strong intrusions have cooled down. The white dashed line shows 

where the crustal strengthening is located, but the strengthening is not quantitatively shown here. 

 

At the reservoir the lithosphere temperature change is maximally over 650 °C which is 

more than 3 times higher than changes in mean lithospheric temperatures (Figure 18 A). 

The reservoir crustal strength below 7 km is reduced almost by 100 % during 1–14 Ma 

(Figure 18 B). The crust has strengthened at the lower portion of the upper crust, which 

can also be seen in Figure 17 B. This strengthening occurs at the reservoir but here also 

the mid-portion of the upper crust is strengthened. This cannot be seen in the mean 

strength evolution figure (Figure 17 B) implying that strengthening at this crustal depth 

is not as significant. Thermal evolution between the reservoirs reaches its peak after the 

magmatic activity period has ended, because it takes a longer time for the heat to conduct 

through the crust (Figure 18 C). Here the peak lithospheric temperature change is less 

than half of the mean temperature evolution, but the upper portion of the lower crust still 

reaches ~90 % strength reduction at 3–5 Ma after the magmatic activity period (at 13–15 

Ma) (Figure 18 D). 

The strength envelopes in Figure 19 show slices from 10 Ma and 40 Ma from Figure 17 

B, 18 B, and 18 D. At the end of magmatic activity, the reservoir has strength only in the 

upper portion of the lithosphere, whereas the strength between the reservoirs is not 

reduced to such an extent (Figure 19 A). The mean crustal strength is approximately 

between these two. In Figure 19 B the strengthening of the lower portion of the upper 

A B 



44 
 

crust is seen quantitively. The strength has increased significantly at the reservoir and is 

more than 3 times larger than the mean crustal value. We can see from Figure 17 B and 

Figure 18 B that the lower portion of the upper crust started to acquire higher strength 

than the initial crust after 13–15 Ma. Notice also that the lower portion of the upper crust 

is deforming by brittle failure at the end of the numerical experiment, because the 

intrusions that replaced the crustal material at these depths require higher differential 

stress to deform by plastic flow. 

 

 

Figure 18. Evolution of lithospheric temperature and strength at the reservoir and between the reservoirs, 

over the 40 Ma simulation. Figure 14 shows the location at the reservoir and between the reservoirs. The 

temperature change, and the strength reduction is also shown for the upper mantle. Note that the 

temperature evolution scale is changed between the diagrams, but the scale for the strength evolution 

diagrams is kept constant. A) Temperature change at the reservoir is higher than for the mean crust. The 

magma pulse behavior can be easily seen in this picture. B) The corresponding strength reduction at the 

reservoir, which is much larger compared to the mean strength reduction. C) Temperature evolution between 

the reservoirs. D) The corresponding strength reduction between the reservoirs. 

 

A B 

C D 
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Figure 19. Strength envelopes for the Example case at the end of magmatic activity period and at the end 

of the numerical experiment. Both images show the initial strength, strength at the reservoir, strength 

between the reservoirs, and the mean crustal strength. A) Strength at t=10 Ma where the crustal 

temperatures are at their highest. Crustal strength has reduced significantly at the reservoir and the upper 

crustal BDT is approximately at 5 km depth. B) Crustal strength at the end of the simulation. The strength 

envelope does not return to its original shape partly because of the timescale of the simulations (remaining 

thermal anomaly), but also because of the changes in the crustal compositions. The newly intruded material 

also creates a BDT zone at the lower-upper crustal transition which did not exist initially. Note how the 

strength between the reservoirs has not changed by the intrusion compositions, and the mean crustal 

strengthening is approximately one third of the reservoir strengthening. 

 

Heat flow (Q) is calculated at the surface of the model. At approximately 50 km distance 

from the magma reservoir (between the reservoirs) heat flow increases only by 10–15 

mW m⁻¹ and at the reservoir the peak heat flow is 180 mW m⁻¹ which is more than 2.5 

times the initial value (Figure 20). Between the reservoirs heat flow keeps increasing for 

approximately 4 Ma after the end of magmatic activity. The peak mean crustal heat flow 

is approximately 110 mW m⁻¹ and increases to over 50 % from the initial value. After the 

magmatic activity period ends, heat flow starts to decrease rapidly at the reservoir, and 

A B 



46 
 

already after 13 Ma it is below 100 mW m⁻¹. The other magmatic scenario heat flows are 

presented in Appendix B–H. 

 

Figure 20. Mean crustal heat flow, and heat flow with increasing distance from the magma reservoir. The y-

axis on left side of the figure shows the units of heat flow in mW m-1 and the right side shows normalized 

heat flows (heat flow divided by the initial heat flow). The initial heat flow is shown in the upper left corner. 

Note that the y-axis starts from this initial heat flow value. 

 

 

4.1.2 Mean Crustal Temperature Change and Integrated Crustal Strength 

 

Another way to explore the changes in crustal temperatures and crustal strength is by 

using the CTC and the ICS. Figure 17 and 18 show the crustal temperature evolution and 

a series of strength envelopes as a function of time and calculating the average crustal 

temperatures and integrating the area under the strength envelopes down to Moho for 

each timestep gives the CTC and the ICS as a function of time for the Example case. 

At the reservoir the ICS reduces to 4 TN m⁻¹ from the initial 9.69 TN m-1 in a few thousand 

years and below 1 TN m⁻¹ in just 1–3 Ma (Figure 21 A). The reservoir ICS is almost 
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completely reduced to zero in the lower crust and in the lower portion of the upper crust 

(Figure 19 A). Between the reservoirs (50 km) the peak ICSR is 5 TN m⁻¹ and this occurs 

much later (14–15 Ma), because it takes time for the intrusion heat to conduct a 50 km 

distance. The mean ICSR is close to 3 TN m⁻¹ at the end of magmatic activity period (10 

Ma). 

The peak ICSR can also be represented as a percentage. At the reservoir the ICSR is ~90 

% and between the reservoirs the crust is almost 50 % weaker at 14–15 Ma. The mean 

ICSR is ~67 % at 10 Ma. Also, note the change in ICSR between 17–19 Ma (7–9 Ma after 

the magmatic activity period) after which the ICSR is more between the reservoir than at 

the reservoir. This is caused by crustal strengthening at the lower portion of the upper 

crust (Figure 17 B) and the crust starts to strengthen at the reservoir after 30 Ma (ICSR is 

negative). 

 

 

Figure 21. ICS in teranewtons per meter and ICSR in percentage as a function of time. A) The initial ICS is 

9.69 TN m⁻¹. The ICS is presented as a function of time for the mean crust, at the reservoir, and between 

the reservoirs. The magmatic activity ends after 10 Ma. B) ICSR in percentage where the values indicate 

how much the strength has decreased compared to the initial strength of the crust. Note that the positive 

values indicate crustal weakening and negative values represent crustal strengthening. 

 

There is a large difference in CTC between the reservoirs and at the reservoir (Figure 22 

A). CTC decreases as the distance (d) from the magma reservoir increases. This is not 

shown as strongly in the ICSR however, and smaller temperature increases between the 

reservoirs can reduce the ICS significantly (Figure 22 B). The closest distances (d=8.2 

km and d=16.4 km) from the reservoir midpoint show similar ICSR as the reservoir 

strength, especially after the magmatic activity period. At approximately 18 Ma (8 Ma 

A B 
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after the activity period), the ICSR at and around the reservoir is lower than the strength 

further away, meaning that the crust at the reservoir and the surrounding area at 16.4 km 

distance, strengthens in comparison to the surrounding rock. 

 

 

Figure 22. CTC and ICSR with increasing distance from the magma reservoir. The lighter colored lines 

indicate the CTC and ICSR with different distances (d) away from the midpoint of the magma reservoir. A) 

The mean CTC between the reservoirs (approximately 50 km) is approximately 60 °C at 15 Ma which occurs 

5 Ma after the end of magmatic activity. The reservoir maximum CTC is 350 °C at the end of the magmatic 

activity period (10 Ma). B) At the reservoir the ICSR is already 90 % after ~2 Ma, even when the temperatures 

keep rising, meaning that the temperatures do not need to be very high in order to reduce the reservoir ICS 

significantly. 

 

 

4.1.3 Latent Heat, Crustal Melting, and Crustal Mechanical Changes 

 

Equation 29 (with latent heat) increases crustal temperatures significantly more than 

Equation 28 (without latent heat). Note that latent heat also keeps the crustal temperatures 

higher after the magmatic activity has ceased (Figure 23 A). The mean CTC can be 40 °C 

higher just because of the latent heat, and at the reservoir, CTC can be approximately 80 

°C higher. For the ICSR this increase in crustal temperatures is seen most clearly after 

the activity period. During magmatic activity, the initial intrusion temperatures are high 

enough to reduce the ICS significantly, which is why the effect of latent heat becomes 

more important after the activity period. 

 

A B 
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Figure 23. CTC and ICSR with and without latent heat (L). A) The CTC without latent heat is shown as 

dashed lines, and the solid lines show simulations with latent heat included. The difference in the simulations 

is larger at the reservoir and smaller between the reservoirs. B) The ICSR showing cases with and without 

latent heat. The effect of latent heat increases after the activity period. 

 

Crustal melting reduces crustal strength by reducing its effective viscosity. However, this 

reduction in ICS is so small that in Figure 24 this reduction is shown as a proportion of 

ICSR from melting. Crustal melt increases until the end of magmatic activity and after 10 

Ma the mean crustal melt is below 2 %, but at the reservoir, melt can be as high as 6.8 % 

(Figure 24 A). The melting of the rock decreases ICS maximally by 0.23 % at the 

reservoir (3 Ma), and 0.08 % for the mean crust (12 Ma) (Figure 24 B). The low reduction 

in ICS results from the fact that the crust loses most of its plastic strength (temperature 

dependence of flow law, see Equation 40) from increased temperatures, long before the 

rock starts to melt. 

If the mechanical properties of the intrusions differ from the mechanical properties of the 

surrounding crust, it is possible that the crust will strengthen (Figure 25). Mechanical 

properties refer to the dislocation creep parameters shown in Table 1. During magmatic 

activity the mechanical changes do not change the ICSR significantly since the magma 

reservoir is in a molten state, but as the intrusions solidify the crust can mechanically 

strengthen. However, if the solidified intrusions are mechanically weaker it is possible 

that the crust will also weaken. 

 

A 

B 
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Figure 24. Crustal melt and ICSR from the presence of crustal melt as a function of time. A) Mean crustal 

melt and melt at the reservoir in percentage. B) The corresponding ICSR from crustal melting. Note that the 

y-axis is in percentage and not as a fraction, meaning that the reduction in ICS remains below 0.25 % even 

at the reservoir. 

 

 

Figure 25. ICSR with and without crustal mechanical changes. The ICSR is not shown between the 

reservoirs since there are no intrusions and hence no mechanical changes. The solid lines show the 

standard Example case scenarios at the reservoirs and for the mean crust, and the dashed lines are the 

simulations where the mechanical changes were not implemented. In the Example case the intrusion 

strengthens the crust. 

 

 

A B 
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4.2 Intrusion Properties 

 

In this section, different intrusion parameters are varied and compared with the Example 

case. These parameters are intrusion compositions, water concentrations, initial melt 

fractions, magma fluxes, and distribution widths. Only the most relevant figures are 

shown in these subsections. Additional figures can be found in Appendix B–F. 

 

 

4.2.1 Composition 

 

Different intrusion compositions change multiple crustal properties simultaneously, such 

as the density, heat production, melting temperatures, mechanical properties, etc., and this 

is reflected in CTC and ICSR (Figure 26 and 27). The peak mean CTC is 20 °C higher 

(at 10 Ma) in the Mafic case and 20 °C lower in the Felsic case compared to the Example 

case (Figure 26 B). After 33 Ma the Felsic case mean CTC is higher than the Mafic case 

CTC because felsic intrusions have a larger concentration of heat producing elements. 

This is even more prominent at the reservoir after 25 Ma (Figure 26 D). During the 

magmatic activity period, CTC difference at the reservoir is approximately twice as large 

as CTC difference for the mean crust. Between the reservoirs the Mafic case CTC remain 

higher than the Felsic case CTC for the whole duration of the simulation, mostly because 

felsic intrusions have not increased the concentration of heat producing elements in the 

crust. 

Since the intrusion compositions have such a large effect on different crustal material 

properties, the ICS at the reservoir behaves very differently compared to the ICS between 

the reservoirs (Figure 27). The mean ICSR between the different cases is similar during 

the activity period, but after 10 Ma the Felsic case shows significant crustal weakening 

compared to the Example and Mafic cases (Figure 27 A). At the end of the simulation the 

crust in the Felsic case is approximately 28 % weaker, than both the Example and the 

Mafic cases (Figure 27 B, note that the Example case is at 0), and at the reservoir felsic 

intrusions have weakened the crust 80 % more than the Example and Mafic case 
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intrusions (Figure 27 D). Since the material properties between the reservoirs have not 

changed, the ICSR shows only crustal weakening caused by CTC (Figure 27 E and F). 

 

Figure 26. CTC for the mean crust, CTC at the reservoir, and CTC between the reservoirs for different 

intrusion compositions. The left side of the figure shows the CTC of the Example case, Felsic case and Mafic 

case, and the right side of the Figure compares the Felsic and the Mafic cases to the Example case (by 

subtraction). Not that in these temperature difference diagrams the Example case is at 0. A) Mean CTC of 

the Example, Felsic, and Mafic case. B) Comparing the mean CTC of the Felsic and Mafic cases to the 

Example case. C) CTC at the reservoir. D) Comparing the Felsic and Mafic case CTC at the reservoir to the 

Example case. E) CTC between the reservoirs. F) Comparing the Felsic and Mafic case CTC between the 

reservoirs to the Example case CTC. 
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Figure 27. Mean ICSR and ICSR at the reservoir and between the reservoirs. The left side of the figure 

shows the ICSR for the Example, Felsic, and Mafic cases, and the right side compares the Felsic and Mafic 

cases to the Example case. The comparison is made by subtracting the Felsic and the Mafic case from the 

Example case. A) Mean ICSR. B) Comparing the Felsic and the Mafic case ICSR to the Example case. C) 

ICSR at the reservoir. D) Comparing the Felsic and the Mafic case ICSR to the Example case at the 

reservoir. E) ICSR between the reservoirs. F) Comparing the Felsic and the Mafic case ICSR to the Example 

case between the reservoirs. 

 

The mechanical properties of the intrusions only affect the plastic flow and not the brittle 

failure, although it must be noted that if the plastic strength of the intrusions is large 

enough, a section of the crust that previously deformed by plastic flow can start to deform 
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by brittle failure, because the differential stress required to deform the intrusions by 

plastic flow might exceed the differential stress required to deform the intrusions by brittle 

failure. This can of course happen the other way around, where a section of the crust that 

previously deformed by brittle failure starts to deform by plastic flow, if the intrusions 

that replaced the crustal rock have lower plastic strength than what is required for the 

crust to deform by brittle failure. The ICSR is similar in all the cases when the crustal 

mechanical changes are not included (Figure 28).  Notice how the Felsic and Mafic cases 

have 80 % difference at the reservoirs at the end of the numerical experiment (Figure 27 

D), but when the mechanical properties are not included the difference between the cases 

is less than 20 % (Figure 28 B). Additional figures for this magmatic scenario can be 

found from Appendix B. 

 

Figure 28. Example, Felsic, and Mafic cases without considering the intrusions changing the mechanical 

strength of the crust. In the standard scenario, intrusions change the crustal composition by replacing the 

crustal rock. Here the mechanical properties or the dislocation creep parameters remain unchanged, but the 

other material properties are still changed at the places where the intrusions are emplaced. A) Mean ICSR. 

Note how the mean ICSR of the Felsic case shows a much larger crustal weakening at the end of the 

simulation (Figure 27 A). B) ICSR at the reservoir is similar between the cases without mechanical changes 

compared to the standard cases where the mechanical changes are included (Figure 27 C). 

 

 

4.2.2 Intrusion Water 

 

The increase of intrusion water concentration and its effect on crustal strength and crustal 

temperatures is explored in two ways: (1) The intrusion water concentration is increased 
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while the initial intrusion temperatures between the cases are the same (referred as 

constant T), which means that intrusions with higher water concentrations also have 

higher melt fractions. (2) The magma can only intrude the crust as the melt fraction is 0.4, 

meaning that initial intrusion melt fractions are the same between the cases as the water 

concentration is increased (referred as constant F). In this case, intrusions with higher 

water concentration have lower initial temperatures because of their lower melting 

temperatures. 

Difference in CTC using different intrusion water concentrations is slightly lower than in 

the composition magmatic scenario (Figure 29). The peak mean CTC can be as high as 

130–165 °C depending on the case. The Wettest case (constant F) has the lowest CTC, 

and the highest CTC is seen in the Wettest case (constant T), which releases a larger 

amount of latent heat. The most extreme cases differ by 35 °C in peak mean CTC. 

 

Figure 29. The mean crustal CTC and CTC at the reservoir for the intrusion water scenario. The diagrams 

on the left show CTC as a function of time and on the right is the corresponding differences in CTC compared 

to the Example case. A) Mean CTC. B) Comparing the mean CTC between the wet and wettest cases to 

the Example case. C) CTC at the reservoir. D) Comparing CTC between the wet and wettest cases to the 

Example case at the reservoir. The Wettest case (constant F) peak CTC difference is almost -50 °C.  

A B 
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There is a smaller difference in ICSR during the magmatic activity period compared to 

the intrusion composition scenario, especially when comparing the ICSR at the reservoir 

(Figure 30). The peak ICSR happens at 10 Ma (Figure 30 A) but the maximum difference 

occurs much later (22–23 Ma) (Figure 30 B). This difference is caused by larger intrusion 

melt fractions and the corresponding release of latent heat, which is clearer in the Wettest 

(constant T) case. The ICSR difference is approximately 4 % at 22–23 Ma between the 

Example case and the wettest (constant T) case (Figure 30 B). At the reservoir the 

maximal difference is under 8 % at 22–23 Ma (Figure 30 D). Since the increasing melt 

fraction does not influence CTC or ICSR in the wet (constant T) and wettest (constant T) 

cases when the release of latent heat is not included, the results for the simulations without 

latent heat are the same as in the Example case (Figure 23), but for those interested 

additional figures for the intrusion water scenario are in Appendix C. 

 

Figure 30. Mean ICSR and ICSR at the reservoir with different intrusion water concentrations. The left side 

of the figure shows the ICSR as a function of time, and the right side of the figure compares all the wet and 

wettest cases to the Example case. A) Mean ICSR. B) Comparing the wet and the wettest case ICSR to the 

Example case. C) ICSR at the reservoir. D) Comparing the ICSR of the wet and the wettest cases to the 

Example case at the reservoir. 
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4.2.3 Intrusion Melt Fraction 

 

In this subsection the intrusion melt fraction are changed but note that the initial intrusion 

temperatures change as well. This means that CTC and ICS are not only dependent on the 

increased latent heat, but also on the higher intrusion temperatures. The different cases in 

this section use melt fractions of 0.1, 0.4 (the Example case), 0.7, and 1.0. 

The initial intrusion melt fractions affect CTC significantly (Figure 31). The mean CTC 

in the 10% Melt case is approximately half of the Example case CTC (Figure 31 A). There 

is only a small difference in the 70% Melt and 100% Melt cases, and the peak mean 

crustal CTC is approximately 55 °C higher compared to the Example case (Figure 31 B). 

The mean CTC of the 10% Melt case is 60 °C lower than the Example case at 10 Ma. At 

the reservoir the CTC is almost twice as large, compared to the mean crustal values, for 

every case. The 10% Melt case maximum CTC difference is almost 150 °C lower 

compared to the Example case and the 100% Melt case difference is 120 °C higher. 

 

 

Figure 31. CTC and difference in CTC between the melt fraction cases compared to the Example case. A) 

Mean CTC. B) Difference in mean CTC. C) CTC at the reservoir. D) Difference in CTC at the reservoir. 
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ICSRs are slightly closer between each case compared to the CTC (Figure 32), although 

the 10% Melt case has significantly lower ICSR compared to the other cases (Figure 32 

A). The mean ICSR of the 10% Melt case is approximately 10 % lower for most of the 

numerical experiment and is maximally almost 30 % lower (Figure 32 B). The 100% Melt 

case mean ICSR is approximately 13 % at 25 Ma. The reservoir ICSR is similar between 

the cases during the activity period, but differences between the cases appear as the 

magmatic activity ceases (Figure 32 C). At the reservoir the maximum strength difference 

of the 10% Melt case is 40 % at 19 Ma, and the strength difference of the 100% Melt case 

is maximally over 20 % at 25 Ma (Figure 32 D). 

Differences ICSR and CTC without latent heat result from different intrusion 

emplacement temperatures. When the latent heat of crystallization is removed the cases 

are much more similar between each other (Figure 33). Especially the 10% Melt case is 

similar with and without latent heat in CTC and ICSR. As the initial intrusion melt 

fractions increase the difference between the cases with and without latent heat increase. 

 

Figure 32. ICSR and difference in ICSR for the different melt fraction cases compared to the Example case. 

A) Mean ICSR. B) Difference in mean ICSR. C) ICSR at the reservoir D) Difference in ICSR at the reservoir. 
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Figure 33. CTC and ICSR as a function of time for cases with different initial intrusion melt fractions without 

latent heat. Diagrams on the left show CTC without latent heat, and diagrams on the right show ICSR without 

latent heat. A) Mean CTC. B) Mean ICSR. C) CTC at the reservoir. D) ICSR at the reservoir. 

 

The crustal melt is much higher using intrusions with higher initial melt fractions (and 

temperatures) and the crustal melt increases almost linearly until the end of the magmatic 

activity period (Figure 34). The Example case crustal melt is approximately 1.75 % at its 

peak, whereas the 100% Melt case crustal melt is maximally 4.0 %. For the 10% Melt 

case the crustal melt remains below 0.2 %. With increasing intrusion melt fractions the 

crust remains partially molten for a longer time. When the initial intrusion melt fraction 

is 0.1 the crust solidifies completely in a few million years after the magmatic activity 

has ceased, whereas in the 100% Melt case the crust remains partially molten for over 15 

Ma after the activity period. The corresponding mean ICSR from the presence of crustal 

melt remains below 0.12 %. The reservoir melt increases to 15–17.5 % for the 100% Melt 

case. However, the crust solidifies at the reservoir faster because of the higher melting 

temperatures of the intruded magma. At the reservoir the ICSR from melting remain 

under 0.2 %. Addition information for this scenario is in Appendix D. 
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Figure 34. Crustal melt and ICSR from the presence of crustal melt for intrusions with different initial melt 

fractions for the mean crust and at the reservoir. Note that the ICSR from melting is in percentage. A) 

Increase in mean crustal melt. B) Mean ICSR caused by the viscosity reduction from crustal melting. C) 

Increase in crustal melt at the reservoir. D) ICSR at the reservoir caused by the viscosity reduction from 

crustal melting. 

 

 

4.2.4 Magma Volume 

 

The effect of magma volume on the crustal strength and temperature is studied by halving 

and doubling the rate of intruded magma volume. For a singular reservoir the magma 

input rate for the Example case is approximately 1.30×10⁻³ km a⁻¹, so the Half Magma 

case input rate is 6.48×10⁻⁴ km a⁻¹, and the Double Magma input rate is 2.59×10⁻³ km a⁻¹. 

As there are four magma reservoirs in the model, the whole crustal magma input rates are 

5.18×10⁻³ km a⁻¹, 2.59×10⁻³ km a⁻¹, and 1.04×10⁻² km a⁻¹ for the Example, the Half 

Magma, and the Double Magma cases respectively. 

Doubling the rate of intruding magma (Double Magma case) creates almost twice as high 

CTC as the Half Magma case (Figure 35). The peak mean CTC is more the 220 °C in the 
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Double Magma case, and below 100 °C in the Half Magma case (Figure 35 A). Compared 

to the Example case, the peak mean CTC of the Double Magma case is higher than 60 

°C, and the Half Magma case is lower than 40 °C (Figure 35 B). At the reservoir the peak 

CTC of the Double Magma case is almost 500 °C, whereas the Half Magma case CTC is 

slightly above 200 °C (Figure 35 C). The CTC at the reservoir differs from the Example 

case more than 100 °C for both Half Magma and Double Magma cases (Figure 35 D). 

 

Figure 35. CTC and comparison in CTC between the different magma volume cases and the Example case. 

A) Mean CTC. B) Difference in mean CTC. C) CTC at the reservoir. D) Difference in reservoir CTC. 

 

The peak mean ICSR of the Half Magma case is below 60 %, whereas the value for the 

Double Magma case is approximately 75 % (Figure 36 A). The peak ICSR difference 

between the Example case and the Half Magma case is -15 % at 20 Ma, and the peak 

difference between the Example case and the Double Magma case is 14 % at 24 Ma 

(Figure 36 B). At the reservoir the ICS is only slightly different during the activity period 

and even the Half Magma ICSR is approximately 80 % (Figure 36 C). The reservoir 
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maximum ICSR difference between the Example case and the magma volume cases is 

more than ±20 % (Figure 36 D). For more details, see Appendix E. 

 

Figure 36. ICSR and comparison of ICSR between the different magma volume cases and the Example 

Case. A) Mean ICSR. B) Difference in mean ICSR. C) ICSR at the reservoir. D) Difference in reservoir ICSR. 

 

 

4.2.5 Magma Pulse Distribution 

 

In this subsection the effect of magma pulse distribution on CTC and ICSR is studied. 

The wide distribution cases use magma pulse distribution areas that 9 km by 60 km 

(Figure 10 B). The wider distribution of magma pulses changes the mechanical properties 

of the crust to a larger extent, which is why the Felsic, and the Mafic cases are also 

compared to their wide distribution equivalents. Extra material for this scenario is in 

Appendix F. 
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In Figure 37 each wide distribution case is compared with its standard distribution 

counterpart, which is different from the figures in the previous subsections of the Results. 

The mean CTC is slightly higher in the wide distribution cases during most of the 

simulation (Figure 37 A). The widely distributed felsic intrusions increase CTC more 

than the felsic intrusions with the standard distribution for the entire simulation time 

(Figure 37 B). This is not the case for the Mafic and the Example cases, where the wider 

distribution equivalents show lower mean CTC after 29 Ma and 35 Ma (values below 0). 

At the reservoir the wider distribution cases have lower CTC, since fewer magma pulses 

are concentrated at this section of the crust (Figure 37 C and D). 

 

Figure 37. CTC and CTC difference as a function of time for the different composition cases and their wide 

distribution equivalents. Note that the diagrams on the right show a difference between the standard 

composition cases and their wide distribution equivalents, which is different from the previous figures, where 

each case is compared to the Example case. For example, the standard distribution Felsic case is compared 

to the wide distribution Felsic case. A) Mean CTC. B) Mean CTC difference between the standard 

composition cases and their wide distribution equivalents. C) Reservoir CTC. D) Reservoir CTC difference 

between the standard composition cases and their wide distribution equivalents. 
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The mean ICSR is initially higher in the Mafic and Example wide distribution cases, but 

after 10 Ma the standard Mafic case reduces the ICS more than the Mafic (wide distr.) 

case and in the standard Example case this happens at 17 Ma (Figure 38 A). The wider 

distribution Felsic case reduces the ICS much more for the whole duration of the 

simulation (Figure 38 B). These differences are caused by a larger portion of the crust 

being replaced by intrusions with different material properties. The crust has strengthened 

at the reservoir in the wide distribution Example and Mafic cases at 25 Ma and 22 Ma 

respectively, whereas the standard Example and Mafic cases strengthen the crust after 29 

Ma (Figure 38 C). The wide distribution mafic case increases the ICS 30 % more than the 

standard distribution Mafic case (Figure 38 D). Without the crustal mechanical changes, 

the ICSR between all the cases is very similar (Figure 39). 

 

Figure 38. ICSR and ICSR difference as a function of time for the different composition cases and their wide 

distribution equivalents. Note that the diagrams on the right show a difference between the standard 

composition cases and their wide distribution equivalents, which is different from some of the previous 

figures, where each case is compared to the Example case. A) Mean ICSR. B) Mean ICSR difference 

between the standard composition cases and their wide distribution equivalents. C) ICSR at the reservoir. 

D) ICSR difference at the reservoir between the standard composition cases and their wide distribution 

equivalents. 
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Figure 39. The Example, Felsic, and Mafic wider distribution cases without intrusions changing the 

mechanical properties of the crust. A) Mean ICSR. B) ICSR at the reservoir.    

 

 

4.3 Crustal Properties 

 

In this section, the CTC and ICSR is studied by varying the crustal water concentration 

and crustal mechanical properties. In the crustal water cases the upper and the lower crust 

use dry and wet composition (in terms of melting temperatures), and in the strong crust 

case a mechanically stronger lower crust is used. 

 

 

4.3.1 Crustal Water 

 

This subsection explores how changes in crustal water concentration affect the CTC and 

the ICSR. The water concentration of the upper and the lower crust are changed between 

the different cases, but otherwise the compositions remain the same. The upper crust uses 

intermediate dry and wet compositions, and the lower crust uses mafic dry to wet 

composition. The Dry Crust case water concentration is 0.0 % for the upper and the lower 

crust, the Example case water concentration is 0.75 % for the upper crust and 0.5 % for 

the lower crust, and the Wet Crust case uses water concentrations of 1.5 % for the upper 

crust and 1.0 % for the lower crust. The crustal mechanical strength is not changed in this 

scenario, even though water can have a huge effect on the crustal strength, lowering both 
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plastic and brittle strength (Karato 2008 p. 119, Burov 2015). This means that in this 

scenario, only the melting temperatures are changed, which can influence the viscosity 

reduction from melting and the latent heat. 

Neither CTC nor ICSR are affected significantly by crustal water concentration (Figure 

40, and Figure 41). During the activity period the Dry Crust case has the highest increase 

in CTC, since a smaller portion of the crust is melted, meaning that a smaller amount of 

energy is consumed by the latent heat of fusion. On the other hand, the Wet Crust case 

shows higher temperatures after the activity period, because of the larger amount of 

released latent heat of crystallization as the crust is cooling and solidifying. The overall 

CTC difference is however not significant. 

 

Figure 40. CTC and CTC difference as a function of time for the different crustal water cases. A) Mean CTC 

is very similar between all the cases, but the Dry Crust has slightly higher CTC during the activity period. On 

the other hand, the Wet crust case shows higher CTC after the activity period. B) Mean CTC difference is 

maximally ±3 °C. C) Reservoir CTC. D) Reservoir CTC difference is only slightly higher and compared to 

other magmatic scenarios the difference is insignificant. 
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The difference in ICSR between the cases is also small, and for most of the simulations 

the mean ICSR difference is less than 1.0 % (Figure 41). During the magmatic activity 

period the ICSR is slightly larger for the mean crust compared to the magma reservoir. 

Even though decreased melting temperatures of the wet crust increase crustal melting and 

cause viscosity reduction from partial melting this is not reflected in the ICSR. 

 

Figure 41. ICSR and ICSR difference as a function of time for the different crustal water cases. A) Mean 

ICSR. B) Mean ICSR difference. C) Reservoir ICSR. D) Reservoir ICSR difference. 

 

Increased crustal water concentration decrease the melting temperatures whereas the 

decreased water concentration increases the melting temperature. This can be seen from 

Figure 42 where the crustal melt is much higher in the Wet Crust case, and much lower 

in the Dry Crust case. Even so, the viscosity reduction from the presence of crustal melt 

does not affect ICSR significantly. At the end of the numerical experiment, some crustal 

melt remains in the Wet Crust case, except for the reservoir where the melting 

temperatures of the intrusions are higher than the melting temperatures of the surrounding 

(wet) crust. Extra material for this magmatic scenario is in Appendix G. 
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Figure 42. Crustal melt and proportion of ICSR from crustal melting. A) Mean crustal melt is largest in the 

Wet Crust case, and at the end of the simulation some crustal melt remains. B) Although the crustal melt is 

almost doubled in the Wet Crust case, the proportion of ICSR from melting remains under 0.25 %. C) 

Similarly, the Wet Crust case has the highest melt at the reservoir, but because of the higher intrusion melting 

temperatures the reservoir does not remain molten at the end of the simulation.  D) The proportion of crustal 

weakening from crustal melting at the reservoir is maximally 0.35 %. 

 

 

4.3.2 Strong Crust 

 

In this subsection the mechanical properties of the lower crust are changed from the 

normal wet granulite to dry diabase, which is a much stronger rock type. Even though the 

lower crust uses a dry rock type, the melting temperatures use the same mafic rock with 

0.5 % H2O concentration, as was done in the previous cases. The mechanical properties 

of the upper crust remain the same. The standard crust Example, Felsic, and Mafic cases 

are compared to their strong crust equivalents similarly as was done in the wide 

distribution magmatic scenario. Also, a few more extreme cases are done, where different 

intrusion melt fractions are used in tandem with the strong crust to study if the ICSR from 
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melting is more significant. Only the mechanical properties of the crust are changed, and 

the crustal temperatures are the same as they were in composition magmatic scenario 

(Figure 26), that had mechanically weaker crust. 

The strength of the lower crust is significantly stronger using the dry diabase compared 

to the standard crust case (Figure 43). After 10 Ma the strength of the weak lower crust 

is almost zero, where the strong lower crust retains a larger portion of its strength (Figure 

43 A). At the end of the numerical experiment the strong and the weak crust have regained 

a lot of their strength, but the strong crust shows slight weakening in the upper section of 

the lower crust, where the gabbroic intrusions have been emplaced (Figure 43 B). Also, 

because of the remaining thermal anomaly, the plastic strength is reduced in the lower 

crust even at the end of the numerical experiment. 

 

 

Figure 43. Mean crustal strength envelopes at times 10 Ma, and 40 Ma, showing the differences in the 

strong crust and standard crust Example cases. Differences in ICS between the two cases are caused 

entirely by the strength of the lower crust. A) Strength envelopes at t=10 Ma. The strong crust at 10 Ma has 

approximately the same strength as the initial weak crust. B) Strength envelopes at the end of the simulation 

(t=40 Ma). The top portion of the lower crust has been weakened by the mafic intrusions. 
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The ICS is shown first in TN m⁻¹ (Figure 44) because of the different initial ICSs between 

the strong and the weak crust. The initial ICSs are 9.69 TN m-1 and 22.93 TN m-1 for the 

standard crust and the strong crust respectively. In both strong and standard crust cases, 

the ICS is almost completely reduced at the reservoir during the magmatic activity period, 

although the magnitude of the ICSR in the strong crust case is larger. 

 

Figure 44. ICS as a function of time in teranewtons per meter. These units show the magnitude of ICSR 

better between the strong crust and the standard crust cases. A) The magnitude of reduction in the mean 

ICS is larger for the strong crust cases but the strong crust remains stronger during the whole simulation 

(see Figure 43 for comparison). B) The ICSR at the reservoir shows how the standard and the strong crust 

cases both have similar ICSR during the active period, but the magnitude of ICSR of the strong crust case 

is more significant. 

 

A significant difference in the strong crust cases compared to the standard crust cases is 

that all different compositions show a larger similarity in ICSRs (Figure 45). This means 

that the felsic intrusions weaken the strong crust proportionally less than the Standard 

Crust, and that the strong crust Example, and Mafic cases can actually weaken the lower 

crust. At the reservoir the crustal strength is not increased by the strong crust Example, 

and Mafic cases at the end of the numerical experiment (Figure 45 C). ICSR without 

crustal mechanical changes is very similar between all the strong crust cases (Figure 46). 

A few more extreme scenarios were done to see the maximum viscosity reduction from 

melting (Figure 47). In these scenarios the lower crust uses the dry diabase as its 

mechanical strength, and the intrusions use different melt fractions. Note that even though 

the lower crust is mechanically dry diabase the rhyolite-MELTS data used is still mafic 

with 0.5 % water, favoring the melting induced strength reduction, because of the reduced 
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melting temperatures in combination with a larger portion of crustal strength left for the 

crustal melt to reduce. Additional figures for this magmatic scenario are in Appendix H. 

 

Figure 45. ICSR and ICSR difference as a function of time for the different composition cases and their 

strong crust equivalents. A) Mean ICSR. B) Difference in mean ICSR between the standard composition 

cases and the strong crust cases. C) ICSR at the reservoir. D) Difference in reservoir ICSR between the 

standard composition cases and the strong crust cases. 

 

Figure 46. Example, Felsic, and Mafic case ICSRs without the crustal mechanical changes in the strong 

crust scenario. A) Mean ICSR. B) ICSR at the reservoir 
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Figure 47. ICSR from melting as a function of time for the strong crust magmatic scenario with increasing 

intrusion melt fractions. The crustal melts are the same as in the standard intrusion melt fraction cases, 

which can be looked up from Figure 34. A) Mean ICSR from crustal melting. B) ICSR from crustal melting 

at the reservoir. 
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5. Discussion 

 

 

5.1 Comparing All Magmatic Scenarios 

 

We now compile the results from the different magmatic scenarios presented in the 

previous chapter and explore their differences and similarities, but first the contribution 

from different factors (latent heat, crustal mechanical changes, intrusion temperatures) 

affecting CTC and ICSR are compared as a function of time (Figure 48). Since the 

maximal ICSR from the presence of melt is below 0.1 % it is not presented in Figure 48. 

During active magmatism the intrusion’s emplacement temperatures are more important 

in terms of ICSR than latent heat or intrusion compositions and this is especially true at 

the reservoir. The crustal mechanical changes do not affect the ICSR when the 

temperatures are high because the rock is in a molten state, but as the crust and the 

intrusions crystallize, the ICSR decreases because of the mechanically stronger 

intrusions. In the Mafic case these changes occur even during the magmatic period 

(Figure 27). At the reservoir after 32 Ma the latent heat becomes a more important factor 

than the intrusion temperatures. 

Comparing the peak ICSR to the time-averaged ICSR display the importance of the long-

term changes to the ICSR. In Figure 49 the peak ICSR and the time-averaged ICSR are 

shown for most of the scenarios in this study. The peak mean ICSR is quite similar 

between all the cases (Figure 49 A), apart from the Half Magma and 10% Melt cases 

which both have a lower thermal effect on the crust. The time-averaged ICSR show more 

variation because the mechanical properties of the intrusions become much more 

important after magmatic activity has ceased (Figure 49 B). This is especially noticeable 

in the Felsic, and Mafic cases and their wide distribution equivalents. Even though the 

wide distribution Example and Felsic cases show a similar peak ICSR, the time-averaged 

ICSR of the Example case is much lower. The reservoir ICSRs are not shown in these 

figures, but it should be stated that the peak ICSR at the reservoir is even more similar 

between all the cases, and the time-averaged values show an even larger difference 

especially between the intrusion composition cases. The corresponding CTC for each 

magmatic scenario is in Appendix I. 
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Figure 48. Contribution from latent heat, crustal mechanical changes, and intrusion temperatures to the 

ICSR for the Example case. The blue curve shows the total ICSR, and the other curves show how much the 

ICSR is affected by intrusion emplacement temperatures, crustal mechanical changes, and latent heat. Note 

that changes in heat producing elements, changes in thermal conductivities etc. are included in the 

temperature curve. The total strength is the sum of the other three curves. A) Mean ICSR is reversed after 

30 Ma between the total strength and the temperature curves. B) ICSR at the reservoir is reversed after 23 

Ma between the total strength and the temperature curve, showing that the mechanical changes strengthen 

the crust sooner at the reservoir. In the Example case the crust is mechanically strengthened only after the 

intrusion have solidified. 

 

Although the Double Magma, 100% Melt, and 70% Melt cases have the largest changes 

in CTC, the Felsic cases (excluding the strong crust scenario) show the largest ICSR, even 

though the intrusions had much lower temperatures. The Mafic case intrusions on the 

other hand have higher CTC than the Example or the Felsic cases but end up having a 

lower ICSR because of the mechanical strengthening of the solidified intrusions. It is 

important to note however, that the increased intrusion melt fractions (and temperatures) 

and magma volumes are still significant and have one of the largest ICSRs, whereas the 

decreased melt fractions and magma volumes show the smallest ICSRs. 

The Wet and Wettest cases show only a moderate difference compared to the Example 

case. Mechanical weakening caused by water (Regenauer-Lieb et al. 2001, Karato 1986, 

Burov 2015), which was not implemented in this study, might be a more important factor 

than the changes in melting temperatures. Also, the crustal water concentration does not 

seem to cause a significant difference in ICSR or CTC, which is slightly counterintuitive 

since it would be expected that the decreased melting temperatures cause a larger amount 

of melting. However, as was shown in the results, crustal melting does not play a 

significant role in ICSR even in the high crustal water case (the strong crust 100% Melt 

case is discussed later). 

A B 



75 
 

 

 

Figure 49. Peak and time-averaged mean ICSR for all different magmatic cases. Note that the y-axis does 

not start from 0. t indicates the timing of the largest ICSR. A) The timing of the peak ICSR is slightly different 

for each case. The stronger crust Felsic and Example case peak ICSR timings compared to their standard 

crust equivalents occur 1.43 Ma and 0.85 Ma after magmatic activity. The 10% Melt, and the Half Magma 

cases show the lowest peak ICSR, and the 70% Melt, 100% Melt, Double Magma, Example case (wide 

distribution), and Felsic Case (wide distribution) have the largest peak ICSR, although the wide distribution 

cases should not be overinterpreted because of the different model geometry. B) Largest differences 

between the time-averaged ICSR and the peak ICSR is seen in the composition magmatic scenarios, where 

the felsic intrusions have weakened the crust permanently, and the mafic intrusions have strengthened the 

crust. 
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The largest differences between the cases in CTC occur during the magmatic activity 

period, whereas the largest differences in ICSR occur after the activity period (Figure 50). 

The difference in peak mean CTC between the most extreme cases at 10 Ma is 

approximately 138 °C, and at the end of the numerical experiment the difference is 22 

°C. The other cases fall somewhere between these extremes. When comparing the peak 

mean ICSR, it is noticeable that even though some of the cases cause a much larger CTC, 

the ICSR between the different cases remains somewhat similar, although the lower 

temperature cases (10% Melt and Half Magma cases) do not reduce the mean ICS as 

much, even during active magmatism. After 10 Ma the crust starts to cool down, and we 

can see a much larger variation in ICSR between the different cases. During the magmatic 

activity period the largest ICSR is caused by the intrusions with high magma volume, and 

high melt fraction (and temperatures), and by the wide distribution Felsic and Example 

cases (see also Figure 49). The lowest ICSR is caused by intrusions with low magma 

volume and low melt fraction. 

At the reservoir the CTC and ICSR have an even larger difference at the end of the 

simulation (Figure 51). During the activity period the reservoir ICSR is very similar 

between all the cases, and afterward other intrusion properties become important. As the 

intrusions start to cool down, the differences in ICSR become more apparent, and at the 

end of the numerical experiment the difference in ICSR between the most extreme cases 

(Mafic and Felsic cases with wide distributions) is approximately 126 %. Even the non-

wide distribution cases (10% Melt and Felsic cases) show approximately a 100 % 

difference in the final ICSR. 

When comparing Figure 50 and Figure 51 it is notable that the ICSRs at the reservoir are 

very similar during magmatic activity, but away from the reservoir (mean crust) the 

ICSRs differ significantly between the cases, especially if the wide distribution scenario 

is excluded. Comparing the wide distribution scenario to all the others is somewhat 

artificial because of the difference in model geometry. The temperatures at the reservoir 

do not need to be high to reduce the ICS significantly, but the lower melt volume and 

melt fraction intrusions cannot produce enough heat to reduce the ICS in the surrounding 

rock to the same level as the hotter and higher melt volume intrusions. After only 1 Ma 

(the first magma pulse groups) the ICSR is over 50 %, and after 2 Ma the ICSR is over 

70 %, which is nearly at the peak of ICSR at the reservoir, meaning that the crustal 

strength at the reservoir is reduced quickly and does not require long periods of magmatic 
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activity. On the other hand, the mean ICSR keeps rising with every magma pulse event, 

meaning that the surrounding crust keeps weakening with increasing magma volume. Of 

course, it also takes time for the heat to conduct to the surrounding crust, but the ICSR 

would not rise much higher without additional magma pulses. The mean ICSR is between 

20–30 % after 1 Ma, and between 28–50 % after 2 Ma. Since the reservoir ICSR is 

significant during the magmatic activity irrespective of the case, other factors such as the 

intrusion mechanical properties are more important at the reservoir in the long-term. This 

similarity in crustal weakening during the magmatic activity at the reservoir is also seen 

well in the comparison between the strong and the weak crustal scenarios (Figure 44 B), 

where the ICSR is the same at the reservoir, even though the magnitude of the ICSR in 

the strong crust scenario is much larger. The strengthening at the magma reservoir was 

already shown by Handy et al. (2001) to some degree, although they did not consider 

crustal weakening by more felsic intrusions or quantify these mechanical changes to the 

same degree as is done in this study. 
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Figure 50. The mean CTC and mean ICSR for most of the cases. The colors of the lines match with the 

colors in Figures 49, although the cases are not individually named. A) Mean CTC with the difference in 

temperatures for the most extreme cases (10% Melt and Double Magma case) at the peak crustal 

temperatures and at the end of the numerical experiment. B) The mean ICSR with the difference in strength 

for the most extreme cases at the peak ICSR (10% Melt and Double Magma or wide distribution Example 

case) and at the end of the numerical experiment (wide distribution Mafic and Felsic cases). Even the non-

wide distribution cases (10% Melt and Felsic case) have a difference of 40 % at the end of the numerical 

experiment. 
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Figure 51. The reservoir CTC and reservoir ICSR for all the cases. The colors of the lines match the colors 

in Figures 49. A) Reservoir CTC with the difference in temperatures for the most extreme cases (10% Melt 

and Double Magma case) at the peak crustal temperatures and at the end of the numerical experiment. B) 

The reservoir ICSR with the difference in strength for the most extreme cases at the peak ICSR and at the 

end of the numerical experiment (wide distribution Mafic and Felsic cases). Note that the final difference in 

ICSR between the most extreme non-wide distribution cases is over 100 % (10% Melt and Felsic case). 
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5.2 Is Latent Heat Important? 

 

Latent heat can increase crustal temperatures significantly. The contribution of latent heat 

to CTC and ICSR is the difference between the cases with and without latent heat (Tdiff) 

for each timestep: 

𝑇𝑑𝑖𝑓𝑓 = 𝑇𝐿 − 𝑇                                                                                                                            (47) 

TL is the temperature of the numerical experiment with latent heat included, and T is the 

temperature without latent heat. Contribution of latent heat to ICSR is calculated 

similarly. The difference between the cases increases as the intrusion melt fraction 

increases, since a larger amount of heat from crystallization is released (Figure 52). It is 

also notable that the Example case (40% Melt), with latent heat included, has higher CTC 

and ICSR than any of the cases without latent heat. This includes even the 100% Melt 

case where the initial intrusion temperatures are approximately 100–200 °C higher. 

 

Figure 52. Mean CTC and ICSR as a function of time for cases with increasing intrusion melt fraction with 

and without latent heat. The difference between the cases with and without latent heat is the contribution 

from latent heat to CTC and ICSR. A) The difference in CTC between the cases with and without latent heat 

increases with increasing initial intrusion melt fraction, and the largest amount of latent heat is released at 

the peak of crustal temperatures during active magmatism. B) Crustal strength is reduced similarly with 

increasing intrusion melt, but the largest contribution from latent heat to ICSR happens after the active 

magmatism. 

 

The contribution of latent heat to ICSR for the Example case is clearly more significant 

after the magmatic activity has ended and reaches its peak at approximately 21 Ma (Figure 

53). The peak ICSR from latent heat is 24 % at the reservoir, 8 % between the reservoirs, 

A B 
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and 13 % for the mean crust. Since the crust was not molten between the reservoirs, ICSR 

is not affected as significantly by the released latent heat. Another reason is that in the 

Example case the crustal composition changes, because of the intruded magma, and the 

crust is mechanically strengthened, so there is a larger portion of strength to be reduced 

by latent heat. On the other hand, if felsic intrusions mechanically weaken the crust by 

changing the crustal composition, the latent heat will show a lower reduction in ICSR, 

because proportionally the weakening from latent heat is lower (see Appendix B for more 

information). The peak latent heat contribution to the CTC occurs at the time of highest 

crustal temperatures, but the contribution of latent heat to the ICSR happens much later, 

because the ICS is reduced significantly by other factors such as increased temperatures. 

 

 

Figure 53. Contribution of latent heat to ICSR for the Example case (40% Melt). Contribution of latent heat 

is the difference between cases with and without latent heat. The difference of the purple solid and dashed 

lines in Figure 52 B is shown here as the solid purple line. The latent heat contribution is also shown between 

the reservoirs, and at the reservoir, and is at its peak 11 Ma after the magmatic activity has ceased. The 

contribution of latent heat to ICSR is at its peak 10 Ma after the end of active magmatism.  

 

There is no significant difference in CTC or ICSR between the 70% Melt and 100% Melt 

cases possibly because the initial intrusion temperatures are similar in both cases (Figure 

54). This similarity between the 70% Melt and 100% Melt cases is also apparent in the 

ICSR. The crustal temperature increase from latent heat is approximately twice as large 
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at the reservoir compared to the mean crust. At the time of magmatic activity, the ICSR 

is more similar between the different cases, and the contribution from latent heat is not 

large, because the strength of the reservoir has already been reduced to almost zero by the 

higher temperatures of the intrusions. 

 

Figure 54. Mean CTC and ICSR, and the latent heat contributions, for cases with different melt fractions. 

The top portion of each diagram shows the contribution of latent heat to the CTC and ICSR or the difference 

between the latent heat and no latent heat cases. The lower portion of the diagrams has solid lines that are 

cases where latent heat is included, and dashed lines show cases without latent heat. A) Mean CTC (lower 

portion of the diagram) with and without latent heat, and the latent heat contribution to the CTC (upper portion 

of the diagram). The largest contribution from latent heat occurs at the end of the magmatic activity period. 

B) Mean ICSR and contribution from latent heat. The peak contribution from latent heat occurs at 15–25 Ma 

and the timing is dependent on the intrusion temperatures (100% Melt case has highest emplacement T). 

On the other hand, the increasing melt fraction increases the contribution from latent heat to CTC. C) 

Reservoir CTC and contribution of latent heat to CTC. D) ICSR and contribution from latent heat at the 

reservoir. The 100% Melt case shows that latent heat can reduce ICS by over 30 % after 25 Ma. 

A B 

C D 
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After magmatic activity has ceased, latent heat keeps crustal temperatures higher, and this 

can also be seen in the peak latent heat contribution to ICSR (Figure 55). This peak can 

be as large as 30 % at the reservoir, and 17.5 % for the mean crust in the 100% Melt case, 

although for intrusions with 0.4 melt fractions the contribution is maximally 12.5 % and 

22.5 %, for the mean crust and the reservoir respectively. The higher initial intrusion 

temperatures also shift, the peak contribution from latent heat, to occur later in time. Note 

that higher melt fraction cases also have higher initial intrusion temperatures. The other 

latent heat contribution figures can be found in Appendix B–H. 

 

 

Figure 55. Contribution of latent heat to the ICSR for intrusions with different initial melt fractions. The figure 

is a closeup of the top portion in Figure 54 B and D without the 70% Melt case. In the 100% Melt case the 

ICSR is at its peak 15 Ma after the magmatic activity has ceased. As the intrusion temperatures decrease 

the peak contribution from latent heat occur earlier, and as the melt fractions decrease the peak is lower. 

 

Figure 56 shows the proportion of latent heat to CTC as a percentage (Tprop), where the 

latent heat difference is compared with the latent heat case: 

𝑇𝑝𝑟𝑜𝑝 = 100 × (
𝑇𝑑𝑖𝑓𝑓

𝑇𝐿
)                                                                                                            (48) 

This is a more convenient way to show how much latent heat increases crustal 

temperatures. In the Example case (40% Melt), latent heat increases the crustal 
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temperatures approximately 25 % during the magmatic activity. For intrusions with 10 % 

melt this temperature increase is between 10–15 % and for intrusions with 100 % melt it 

is between 30–35 %. The latent heat from crystallization is very similar for the mean crust 

and at the reservoir during the period of magmatic activity, but afterward the proportion 

of latent heat is larger at the reservoir. Note however that even though the proportion of 

latent heat is increasing after the activity period, the crustal temperatures and the 

contribution to latent heat are still decreasing (Figures 54 A and C). 

The percentage increase in CTC from latent heat is dependent on other heat sources, such 

as increase in heat producing elements, or from shear heating, which was not implemented 

in this study. Schmalholz et al. (2009) showed that the crustal temperatures can be higher 

because of shear heating, especially in actively deforming areas. This means that the 

proportion of latent heat in percentage might be slightly lower in nature, and the values 

in Figure 56 are more precise, when an area with lower deformation rate is considered. 

 

  

Figure 56. Proportion of Latent Heat to the CTC. Information is lost in this figure, since the CTC in Celsius 

is not shown, so comparisons between the previous figures and this figure is recommended. Note also, that 

in Celsius the highest CTC from latent heat is at 10 Ma (Figure 54 A and C), but the proportion of latent heat 

to CTC (%) is higher after 10 Ma. The contribution of latent heat to CTC increases as a function of time. 

During magmatic activity, latent heat contributes 10–15 %, 25–30 %, and 30–35 % using intrusions with 0.1, 

0.4, and 1.0 melt fractions respectively. 
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From these experiments, I can conclude that latent heat seems to be very important in 

terms of crustal temperatures, and the contribution to CTC and ICSR is significant. 

Crustal temperatures are approximately 20–30% higher with the inclusion of latent heat. 

For intrusions with low melt fractions the CTC from latent heat is much lower. The latent 

heat becomes more important for the ICSR after the magmatic activity has ceased. Part 

of the reason for this is that at the reservoir the crustal strength has already been reduced 

by increased temperatures, and the extra heat from crystallization causes only a small 

addition to this strength reduction, although latent heat is much more important in terms 

of reducing the strength of the surrounding crust during the activity period. After 

intrusions crystallize and the crust starts to cool, latent heat keeps the crustal temperatures 

higher for longer. 

However, the ICSR is highly case dependent since multiple different factors are 

considered when calculating the ICSR. For example, when the intrusion composition is 

felsic, the crust is mechanically weakened, which means that the proportion of strength 

reduction from latent heat would be lower. Still, it is quite reasonable to say that in a 

somewhat typical magmatic scenario the proportion of ICSR from latent heat is 5–10 % 

during magmatic activity and can increase to 20 % at the reservoir. 

 

 

5.3 How Important are the Intrusion and the Host Rock Compositions? 

 

Crustal composition changes when intrusions replace the initial crustal material, and 

changes resulting from the mechanical properties of the intrusions seem to be extremely 

important in terms of ICS. Intrusions can change the bulk composition of the crust, and 

because the reservoirs spend only a short time in a molten state, which was also observed 

by Bundy and Annen (2016), the mechanical properties become very important compared 

to the initial magma temperatures. Initial intrusion temperatures may be more important 

when considering the surrounding crust, but the mechanical properties of the intrusions 

play a larger role at the reservoir where the magma is emplaced. 

If intrusions are more mafic in composition than the surrounding rock the crust is going 

to be mechanically strengthened, and the opposite happens when the intrusion 
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composition is more felsic than the surrounding crust (Figure 57). Although it should be 

stated that the felsic intrusion might not cause such crustal weakening if the upper crust 

is composed of even weaker rock types such as metamorphosed sedimentary rocks and 

in such cases for example wet granite can be one of the stronger rocks (Burov 2003). The 

proportion of the mechanical change is shown in the top portion of Figure 57, calculated 

the same way for the ICSR as it was in Equation 47. At the end of the simulation the 

proportion of mechanical weakening by the Felsic case intrusions is over 30 %, and the 

proportion of the Mafic case mechanical strengthening is over 30 %. Note that these 

numbers do not mean that the crust is strengthened or weakened compared to the initial 

crust. The mafic intrusions start to strengthen the crust only after ~29 Ma and end up 

strengthening the initial crust by over 20 % after 40 Ma. Even during the activity period, 

the Mafic case intrusions solidify very quickly and cause the jagged pattern during the 

first 10 Ma. This happens because the mafic intrusions crystallize faster and start to 

deform by brittle failure at regions of the crust where the deformation mechanism was 

initially plastic flow. 

 

 

Figure 57. Reservoir ICSR of the Felsic and the Mafic cases with (solid lines) and without (dashed lines) 

crustal mechanical changes. The flow law uses different parameters for different materials and creates these 

differences in strengthening and weakening between the Mafic and Felsic cases. The top portion of the 

figure shows the difference between the cases with and without the mechanical crustal changes. With the 

mechanical changes, the felsic intrusions end up weakening the crust by over 30 % more and the mafic 

intrusions strengthen the crust by 30 % more. 
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At the peak of magmatic activity all the strength envelopes are very similar (Figure 58), 

but the mafic intrusions show slightly larger strength in the upper crust, since the mafic 

intrusions solidify and deform by brittle failure much faster which is seen as the jagged 

pattern during the magmatic activity in Figure 57. Comparing the initial strength envelope 

and the Felsic, and the Mafic case envelopes at 40 Ma we see that the mafic intrusions 

have strengthened the lower portion of the upper crust, and the felsic intrusions have 

weakened the upper crust as well as the upper portion of the lower crust. It might be 

possible that even during magmatic activity mafic intrusions reduce mean ICS less than 

the felsic intrusions (Figure 59). 

 

Figure 58. Strength envelopes at the reservoir at 10 Ma and 40 Ma. A) At 10 Ma all strength envelopes are 

very similar to each other except for the Mafic case upper crust, which is slightly stronger than in the 

Example, and the Felsic cases. The upper mafic intrusions are deforming by brittle failure soon after they 

have crystallized, which is different for the Example case and felsic intrusions which deform by plastic flow 

long after crystallization. B) At 40 Ma the felsic intrusions have weakened the middle crust and the middle 

area of the upper crust, whereas the Example, and the Mafic case intrusions have strengthened the lower 

portion of the upper crust. At the reservoir the felsic intrusions have separated the crust into three distinct 

layers and moved the BDT to a lower depth. The strength envelopes for the mean crust are in Appendix B. 

A B 
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Figure 59. Contribution of crustal mechanical changes to the mean ICSR using the standard and wide 

distributions. In the wide distribution felsic case, intrusions weaken the crust more than in the standard 

distribution case, and mafic intrusions strengthen the crust to a larger extent. The mafic intrusions can reduce 

ICS less than felsic intrusions even during magmatic activity. 

 

The proportion of ICSR from the mechanical changes is larger in the wet granulite crust 

than in the dry diabase crust (Figure 60). The magnitude of crustal strengthening is lower 

in the strong crust Example and Mafic cases for two reasons. First the middle intrusions 

decrease the strength of the lower crust. Second, the proportion of the upper crustal 

strengthening is lower, because the crust in general has higher initial ICS. This leads to 

an important point; the long-term mechanical weakening or strengthening is only possible 

if the surrounding rock’s bulk composition differs from that of the intrusions. Note 

however that even though the proportion of ICSR from changes in the crustal mechanical 

properties are lower in the strong crust magmatic scenario, the overall magnitude of ICSR 

is larger (Figure 44). 

Because intrusions spend most of their time in a solid state as stated in Bundy and Annen 

(2016) as well as in this study and knowing that the intrusion rheology plays a significant 

role in crustal strength, the intrusion compositions can possibly affect orogenic wedge 

growth, magmatic arcs, and strain partitioning (see also Handy et al. 2001). If arc magmas 

are more mafic than the surrounding rock, soon after the intrusion crystallize the crustal 

weak zones are located close to the magma reservoirs where the thermal weakening is 

large but mechanical strengthening has not taken place. On the contrary if the magmas 

are more felsic, then the crust is weakest at the reservoirs, even after the intrusions have 
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solidified. This would have implications in strain partitioning and subduction models, 

such as in Schütt and Whipp (2020), although the exact influence on the behavior of strain 

partitioning is beyond the scope of this study. It should also be stated that even though 

the bulk crustal strength might be changed by the intrusion compositions, there are many 

other factors to consider when it comes to crustal weak zones and shear zones at magmatic 

arcs. The rock strength is at its lowest at fractures and faults with melt, although as the 

magma cools down, the strength at the fault is determined by the mechanical properties 

of the solidified material and can strengthen the rock as the melt solidifies (Handy et al. 

2001). However, as has been shown in this study, the crustal strength can also be reduced 

significantly by felsic intrusions. However, at the upper crustal conditions (at few km 

depths) strength is mostly determined by Byerlee’s law, meaning that the long-term 

plastic strength of mechanically stronger materials, might not be as important in the upper 

crustal conditions. Also, the real upper crust is typically composed of multiple different 

rock types (DeBari and Greene 2011) whereas in this study the strength of the upper crust 

was assumed to be mechanically dominated by quartz. In the case where the upper crust 

is more heterogenous, the rock strength is controlled by the bond strength between the 

phases (Burov 2003) and in this case some sections of the upper crust could be weaker 

and be strengthened even by more felsic intrusions. 

 

 

Figure 60. Proportion of ICSR from changes in mechanical properties of the crust, between the strong crust 

(dry diabase) and weak crust (wet granulite) cases. The ICSR from the crustal mechanical changes are 

larger in the strong crust scenario compared to the standard crust scenario. This happens because in the 

strong crust scenario the mafic intrusions reduce the lower crustal strength and because in general the initial 

ICS is higher meaning that the fraction in ICSR is lower. A) Proportion of mean ICSR. B) Proportion of ICSR 

at the reservoir. 

A B 
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Also, for a long-lasting magmatic activity period such as 10 Ma, the crustal strength 

remains lower for longer, because of the large-scale thermal weakening, and the crustal 

strengthening is only seen millions of years later. The magma reservoir is mechanically 

strengthened in the Mafic case only after ~29 Ma (Figure 57), and the mean crust is 

weaker even at the end of the simulation. Also, the crust is at its weakest at the reservoir 

during magmatic activity period and the mechanical changes to the crust might only cause 

a slight difference in the large-scale tectonic processes. For example, the Coast Plutonic 

Complex (British Columbia) shear zones were active during the period of arc magmatism 

and during the emplacement of the large batholiths (Chardon et al. 1999). Also, if shear 

zones are formed during the magmatic activity period and these zones are not intruded by 

magma, the lowest crustal strengths might be localized parallel to these shear zones 

(Handy et al. 2001). However, this is possibly more important at shallow depths. Also, if 

magmatic activity is short lived the thermal effect remains lower and the crust cools much 

faster, in which case we could see crustal strengthening on a much shorter timescale, 

although this would need further studies with smaller spatial and temporal scales. 

 

 

5.4 Is Crustal Melting Important? 

 

The effective viscosity reduction from melting does not seem to be significant in most 

cases, and the ICSR from melting remains typically below 0.1 % for the mean crust and 

0.2 % for the reservoir. This happens even though the effective viscosity reduces the rock 

strength to 0 in the models at more than 19 % crustal melt. Figure 61 shows the crustal 

and reservoir melts and the corresponding ICSR from melting for the standard crust and 

the strong crust. Even with these extreme cases the ICSR from the presence of melt does 

not exceed 1 %. 

To show any reduction in crustal strength from melting, the strength envelopes (Figures 

62 and 63) are displayed with the differential stresses plotted in log scale. At 10 Ma the 

crustal melting is approximately at its peak, but the viscosity reduction is still quite 

insignificant (Figure 61), and without the logarithmic scale the strength reduction would 

not be visible. For example, at 35 km depth, the reservoir strength has already been 

reduced to approximately 1 MPa from the initial 100 MPa, and the small fraction of the 
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remaining strength reduction results from the viscosity reduction from melting. The 

strength reduction from melting is small, because the increased temperatures have already 

reduced the differential stress required to deform the rock by plastic flow. Because the 

flow law is highly temperature dependent, the crustal strength is reduced significantly 

before the rock starts to melt. Therefore, the viscosity reduction from crustal melting 

affects the ICSR less than 0.1 % in most cases. 

 

 

Figure 61. Proportion of ICSR from the presence of crustal melt for the mean crust and at the reservoir. The 

small diagrams show crustal melt percentage as a function of time. A) Mean ICSR from melting for the 

standard and strong crust. The maximum ICSR from melting in the standard crust 100% Melt case is slightly 

over 0.1 %, whereas for the strong crust the value is slightly over 0.5 %. B) At the reservoir the ICSR from 

melting is almost 0.2 % in the standard crust cases, and maximally over 0.8 % for the strong crust. 

A 

B 
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Figure 62. Reduction in crustal strength from melting of the rock for the Example case (standard crust), at 

the end of magmatic activity (10 Ma). Differential stress is plotted on a logarithmic scale to show the effect 

of viscosity reduction from melting. The left side of the strength envelope plot shows melt percentage as a 

function of depth, and the right side shows how the strength changes as a function of depth for the mean 

crust and the reservoir. The strength is plotted with and without the reduction in effective viscosity from 

melting. The small diagram on the right shows how much the crustal strength is being reduced as a function 

of melt fraction (effective viscosity reduction from melting). The remaining strength is reduced approximately 

by half as the melt is 11 %, and the strength is zero as the melt is larger than 19 %. The mean crustal 

strength reduction from melting is barely visible. The 10% Melt and 100% Melt case strength envelopes are 

in Appendix J. 

 

As the mechanical strength of the strong (dry diabase) lower crust does not change the 

crustal temperatures, the melt fractions also remain the same (Figure 63). The viscosity 

reduction is larger, however, because the melting temperatures of the lower crust are the 

same, but the lower crust retains a larger portion of its mechanical strength. When the 

strong lower crust and intrusion melt fractions of 1.0 are used, the maximum ICSR from 
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crustal melting is below 1 % even at the reservoir. Figure 63 shows the strength envelope 

at 10 Ma for the strong crust scenario, using high intrusion melt fractions. 

 

Figure 63. Strength envelope after 10 Ma, using intrusions with high melt fractions (100% Melt), and a 

mechanically strong lower crust (dry diabase). Note the logarithmic x-axis for the differential stress. Below 

12 km the crust is partially molten and at depths, where the melt is above 19 % the crustal strength is zero 

(at reservoir). The strength reduction from melting is larger than what is seen in Figure 62, because the 

mechanically stronger lower crust retains a larger portion of its strength from increased crustal temperatures, 

although the melting induced strength reduction is still proportionally small. Note also that the reduction from 

melting for the mean crust is still insignificant. 

 

Of course, even more extreme cases could have been done, for example if mafic crustal 

compositions with larger water concentrations and a dry diabase lower crust were used, 

the ICSR would have been more noticeable. This is not realistic however, since in nature 

increasing water concentrations also reduces the mechanical strength of the rocks (Burov 
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2015), which was not implemented in these models. Also, as the rocks melt the volatiles 

escape, which increases the melting temperatures in the long term (if the magma does not 

erupt), and this can essentially harden the rocks and increase their mechanical strength 

(Karato 1986). Meaning that, crustal melting can possibly be even less important in terms 

of ICSR. 

When the temperature dependent plastic flow is considered in tandem with the crustal 

melting, the proportion of melt induced strength reduction is very small. Sometimes 

authors (Rosenberg et al. 2007, Rosenberg and Handy 2005, Sparks and Cashman 2017) 

point to significant strength reductions from melting and give supporting images for these 

claims, such as seen in Figure 64. Notice that in this figure the plastic strength does not 

change with the increase in crustal melt, meaning that the crustal melting happens without 

an increase in temperatures. Rosenberg and Handy (2005) do note however, that without 

the temperature dependent creep mechanisms (plastic flow), the results should not be 

overinterpreted. Even so, these figures can be misleading since they indicate that the 

strength reduction from melting happens without a crustal temperature increase and as 

Karato (1986) already pointed out, this does not happen often in nature. Even if the melt 

is coming from the mantle, the magma temperature itself is much more significant in 

terms of crustal weakening than the effective viscosity reduction from crustal melting. 

Rock experiments are typically done in higher temperatures and strain rates than what 

happens in nature (Burov 2015). Also, in some experiments, such as was performed by 

Hirth and Kohlstedt (1995), the melt was added to the upper mantle composition in the 

form of glass. In this case the glass had to be added, since the mantle might not otherwise 

melt in a temperature range of 1110–1306 °C. This added melt reduces the effective 

viscosity significantly, but without the melt addition, the rock would not melt until the 

creep mechanisms reduce the strength almost completely from the increased 

temperatures. 

Even though the reduction in effective viscosity from melting is insignificant in these 

models, the melting of the rock might be important, because the molten magma moves 

more easily through preexisting fault structures (McNulty et al. 1998), or in the upper 

crust where the generation of magma can possibly expand and fracture the surrounding 

rock (Philpotts and Ague 2009 p. 32). For example, McNulty et al. (1998) proposes that 

the Cordillera Blanca batholith was intruded in preexisting tension fractures. If the 
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expanding magma fractures the surrounding rock, a lower viscosity melt can possibly 

segregate more easily from the material in suspension and move through these newly 

formed fractures (Sparks and Cashman 2017), but it is not as safe to state, that the melting 

induced viscosity reduction of magma (solid particles included), is a critical factor in 

volcanic eruptions or in the strength reduction of the system as a whole. According to 

Handy et al. (2001) fractures and shear surfaces work as conduits through which buoyant 

magma rises and weakens the continental crust mostly during short 1000–100,000-year 

periods. This seems to be a better mechanism for how the melting of the rock reduces the 

crustal strength, since we know from experiments in this study, that the stationary in situ 

formed melt, does not cause significant strength reduction. 

 

Figure 64. Aggregate strength (differential stress) as a function of melt (left diagram) and melt induced 

strength reduction in the lower crust (two pictures on the right). Images are reproduced from Rosenberg et 

al. (2007), and Rosenberg and Handy (2005). The diagram on the left shows that the strength is initially 

reduced significantly as the first melt is formed, and the pictures on the right show how this melt reduces the 

strength of the lower crust. There are two huge problems with these images. First the diagram on the left 

does not show units for the y-axis, and second the images on the right show how melt reduces the strength 

of the lower crust without an increase in crustal temperatures. Note how the curved portion of the strength 

envelope does not change shape with the increased melt. 
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These simulations show that the bulk rock strength is already reduced significantly, 

before the rock melts, because of the increased temperatures, and the temperature 

dependence of the plastic flow. Also, Schmalholz et al. (2009) showed that the crustal 

strength might be even lower in actively deforming areas, such as magmatic arcs, because 

of structural softening and strain localization (and shear heating), meaning that melting 

induced viscosity reduction might be even lower than what is shown in this study, 

although this is highly speculative without direct studies. At the point when the rock starts 

to melt, the ICS has already reduced in many cases more than 99 %, and even at the 

reservoir the ICSR from melting is insignificant. This happens simply because of the 

interplay between the melt fraction data computed using rhyolite-MELTS, and the flow 

law which uses the experimentally derived material constants. It can be concluded from 

the numerical experiments, that the effective viscosity reduction from crustal melting is 

not a significant factor for ICSR. 

 

 

5.5 Reliability of the Model Results, Limitations, and Other Implementations 

 

The results have some important geological implications that can be drawn, but there are 

limitations that should be considered in interpreting these results. The largest uncertainty 

is possibly caused by the rock experimental data used for the flow law (Burov 2015). The 

problem is that deformation on a lithospheric scale happens much more slowly than any 

experiment that can be performed in a laboratory. Typical strain rates that happen in 

nature are on a scale of 10-13–10-17 s-1, but at a laboratory these experiments are typically 

conducted with strain rates of approximately 10-7 s-1 (Burov 2015). For example, Wilks 

and Carter (1990) used strain rates of 10-4–10-7 s-1 for their deformation experiments on 

two granulites and a microgabbro at 600–900 °C temperatures and 0.8–1.0 GPa pressures. 

These differences will obviously generate a huge margin of error with the experimental 

data. But even if changes in crustal strength are not entirely quantifiable, the crustal 

weakening or strengthening, from more felsic or mafic intrusions, can still point in the 

right direction. 

There also remains some uncertainty in the crustal composition. Especially the 

composition and strength of the lower crust is still somewhat unknown which is why both 
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wet granulite and dry diabase lower crust were used. Also, the upper crust is typically 

much more heterogenous and is composed of multiple different rock types (DeBari and 

Greene 2011) and the strength of the crust is controlled by the bond strength between the 

different phases (Burov 2003). 

Some flow laws are also formulated for different grain sizes and the strength of the rock 

increases in the plastic flow regime with increasing grain size (Karato 2008 p. 339, 

Solomatov 1996). Thus, increasing temperatures could increase the grain size of the 

rocks, which in term could increase the mechanical strength of the rocks (Solomatov 

1996). Water can also influence the mechanical strength of the rocks by reducing their 

strength (Burov 2015), but also as the temperatures increase the escaping volatiles 

increase the melting temperatures of the rocks (Karato 1986). This was not implemented 

however in order to explore how different water concentrations change the melting 

temperatures and influence the release of latent heat. It is however reasonable to assume 

that in nature the crustal strength is reduced more by intrusions with higher water 

concentrations because of the lower mechanical strength of wet rocks. Schmalholz et al. 

(2009) also pointed out that the strength of the strong lower crust is possibly 

overestimated in 1D strength envelope models in actively deforming geological regions, 

such as volcanic arcs. This is because 1D strength envelope models do not include shear 

heating, strain localization, or structural softening, which might slightly skew the results, 

especially in the strong lower crust (dry diabase) cases. 

The model works by replacing previous material in the crust with new material, which is 

different from, for example, Annen and Sparks (2002) who had crustal material shift 

downward as new sills were emplaced. If the material was shifted, a larger portion of the 

crust would be covered with the new material, meaning that the material properties, such 

as the rocks mechanical strength, would have an even more significant effect. 

The rhyolite-MELTS is also a potential source of minor error, where some of the magma 

compositions using water have uncertainty close to the point where the melt fraction is 

zero. This is caused by the fact that the exsolved water remains in the system and is 

included with the fluid or the melt phase. The convention done in this study was that the 

melt was zero when the melt fraction did not change after the third decimal place in a 5 

°C temperature step. Some other corrections also had to be made at certain pressure ranges 

where no experimental data was available. In these cases, the melt fractions were 
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calculated by taking the average from the melt fractions corresponding to the closest 

pressures at the same temperatures. However, these issues do not cause a significant 

difference with the model results. 

The model has no magma mixing so the composition of the intrusions and the wall rock 

remains constant. The mixing of different compositions would also change the 

mechanical properties of the materials, which would most likely not be as significant, at 

least in terms of the mean ICSR but might be more important when considering a more 

localized area. 

Finally, the thermal model could also include temperature and pressure dependent thermal 

conductivities, and specific heat capacities. Implementations of such methods can be 

found for example in Hasterok and Chapman (2011), and Waples and Waples (2004). 

These features would possibly change the magnitude of some effects in the model, but 

likely would not change the first-order results. 
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6. Conclusions 

 

 

6.1 Spatial and Temporal Effect of Arc Magmatism 

 

The mean integrated crustal strength reduction (ICSR) is 55–75 %, depending on the style 

of magmatism, for magmatic activity lasting 10 Ma with the center points of the magma 

reservoirs being separated 100 km distances from each other. In addition, the integrated 

crustal strength (ICS) does not decrease linearly with increasing crustal temperatures; 

even small increases in crustal temperatures can have a large effect on the ICSR. This is 

important between the magma reservoirs where the temperatures can be only slightly 

increased from the initial geotherm, but the strength can be significantly reduced. This is 

also noticeable at the magma reservoirs where the ICS is reduced by 70–95 % only after 

1 Ma of magmatic activity. The reservoir crustal strength is reduced almost completely 

below 3–6 km down to the Moho during period of active magmatism. 

The largest difference between the magmatic scenarios (style of magmatism), in terms of 

crustal temperatures occurs during the period of magmatic activity but the largest 

differences in ICSRs are seen after magmatism has ceased. This difference in ICSR and 

crustal temperatures between the different magmatic scenarios is more prominent at the 

magma reservoir and is more subdued for the average crust. The reason for this difference 

is that temperatures are not required to be very high at the reservoir to reduce the ICS 

significantly, but as the intrusions cool down the composition of the intrusions and 

especially their mechanical properties become very important. For example, at the end of 

the magmatic activity period (10 Ma), the peak difference (between two simulations) in 

crustal temperatures at the reservoir is 285 °C but the difference in ICSR is only 6 %, 

whereas at the end of the numerical experiment (40 Ma) the temperature difference is 35 

°C, and the ICSR difference is 126 %. Still, the intrusion temperatures (especially with 

large melt fractions), and high magma intrusion rates, should not be understated since 

changing these parameters causes the highest crustal temperature changes (CTC) and 

ICSRs, especially during magmatic activity. However, as the intrusions cool down other 

intrusion properties become more important. 
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6.2 Importance of Crustal Melting, Intrusion Composition, and Latent Heat 

 

The mechanical properties of the intrusions do play a significant role, especially after 

magmatic activity has ceased. This is shown for example in a case where the intrusions 

are more felsic in composition, and during magmatism the peak ICSR is lower than in 

most other magmatic scenarios, but the time-averaged ICSR is one of the highest. This 

means that the crust retains a lower strength after the magma reservoirs have solidified. 

However, during magmatic activity the compositional differences are not significant and 

the difference in peak ICSR between the felsic and mafic magma composition is very 

similar. Keeping in mind that the differences in temperatures between the more mafic 

intrusions and more felsic intrusions are 204 °C, 233 °C, and 136 °C for the upper, middle, 

and lower intrusions respectively, where the felsic intrusions have lower temperatures. 

The common assumption may be that the reduction in crustal strength is larger with the 

hotter mafic intrusions, but because some portions of the magma reservoirs are solidified 

even during the magmatic activity period, the felsic intrusions will mechanically weaken 

the crust whereas the mafic intrusions strengthen the crust. This is even more prominent 

when a larger section of the crust is replaced by the intrusion compositions. 

In some studies, crustal melting is thought to influence crustal strength by reducing the 

effective viscosity of rocks due to the presence of melt. This might not be as prominent, 

however, when the plastic strength of the rock is considered. The plastic flow, which 

happens at the crustal level mostly by dislocation creep, is highly temperature dependent 

and reduces the rock strength significantly before any crustal melting occurs. Even when 

considering that the viscosity of magma, that contains 19 % partial melt is 0, the 

proportion of ICSR at the reservoir is below 0.2 % in most magmatic scenarios. This 

reduction in ICS is even less significant for the average crust and is below 0.1% for most 

cases. When the upper and the lower crustal water concentrations are increased to 1.5 % 

and 1.0 % (from 0.75 % and 0.5 %) respectively, the ICSR from partial melting remains 

insignificant and is below 0.35 % at the reservoir. In an extreme example where the 

intrusions are initially completely molten, and the lower crust is composed of dry diabase 

in terms of its mechanical strength, but the crustal water concentration is 0.5 % in terms 

of melting temperatures, the maximum ICSR from partial melting is below 0.85 % at the 

magma reservoir. Considering that even in this quite unrealistic scenario the reduction in 

ICS is small and it only happens during a short period, the conclusion can be made that 
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the effective viscosity reduction due to melting and partial melt in rocks does not affect 

crustal strength significantly. 

CTC and ICSR from latent heat are proportional to the initial melt fraction of the intruding 

magma. During magmatic activity, the proportion of the CTC from latent heat, is 

approximately 25 % for intrusions with initial melt fractions of 0.4, and for intrusions 

with higher melt fractions (F=1.0) this can be even 30–35 %. For magma pulses with 

F=0.1, the CTC from latent heat is only 10–15 %. Largest amount of latent heat is released 

at the point of highest crustal temperatures, which happens at the end of magmatic activity 

(10 Ma), but the fraction of the total CTC from latent heat increases after this activity 

period, meaning that latent heat keeps crustal temperatures higher for longer. Crustal 

strength is also reduced more by latent heat especially after the period of magmatic 

activity has ceased since intrusion temperatures alone are high enough to reduce ICS 

significantly during magmatism. Initially ICSR from latent heat is approximately 7.5 % 

for a typical magmatic scenario (F=0.4), but after the crust starts to cool down, latent heat 

can decrease ICS by 12.5–22.5 %. Intrusions with low melt fractions (F=0.1) can reduce 

ICS by 5–10 %, and completely molten intrusions (F=1.0) by 17.5–31 %. 

 

 

6.3 Future Studies 

 

Conducting studies with both a smaller timescale and smaller spatial scale would be 

beneficial, especially concerning melting induced viscosity reduction and crustal 

strengthening from intrusion mechanical properties. A more localized melting induced 

strength reduction might be more important to the ICSR, but a smaller scale also enables 

studying more specific geological areas, as well as makes it possible for example to study 

the flow of melt through conduits in the crust since smaller temporal and spatial scale 

(intrusion scale) is computationally less demanding. Implementing the expansion of melt, 

and exsolving of fluids, and studying how much melting is required for the pressure of 

the magma body to exceed the tensile strength of the crust can also be useful to understand 

the mechanisms of volcanic eruptions. 
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If a mixing model for the rock was implemented, more accurate new melting temperatures 

could be acquired. If rhyolite-MELTS, or other MELTS family software, could be used 

during a numerical experiment, perhaps the sequence of mineral crystallization could 

enable comparisons between real rock samples with the compositions acquired from the 

models, making it possible to better draw inferences on magmatic processes. A group 

called Enabling Knowledge Integration [ENKI] (Ghiorso et al. 2016–2021) are currently 

working on making the family of MELTS software run on Python environment and 

integrating thermodynamic models with geodynamic models (http://www.enki-

portal.org/index.html). The mixing model could also give more specific rock strengths, 

although the problem remains that so little experimental data, on crustal rock deformation 

by plastic flow exists. This means that more deformation experiments should be 

performed to get a more accurate representation for a more heterogeneous range of crustal 

strengths. 
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9. Appendices 

 

The Appendix contains additional figures, which are organized in the same order as the 

thesis itself. Figures are labeled according to the main chapters, sections, and subsections. 

 

 

Appendix A 

 

 

 

Figure A1. Methods: Mantle, and the other wet composition melting curves. 
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Appendix B 

 

 

 

Figure B1. Composition scenario: Contribution of latent heat to mean CTC and mean ICSR. A) The lower 

graph shows the mean CTC with and without latent heat for three different intrusion compositions. The upper 

portion of the figure shows the difference between the cases with and without latent heat. The Example, 

Felsic, and Mafic cases do not show significant differences between each other, even though the 

temperatures of the Mafic case intrusions were higher than the intrusions with the other two cases. However, 

all intrusions were placed with the same initial melt fraction, which explains why the latent heat contribution 

is very similar between all the cases. The crustal temperatures are approximately 35 to 40 °C higher with 

the latent heat at the end of the activity period (10 Ma). B) The lower graph shows mean ICSR with and 

without latent heat for three different intrusion compositions. It is important to note that the crustal strength 

is also being affected by the mechanical properties of the solidified intrusions. The upper portion of the figure 

shows the difference in strength between the latent heat and no latent heat cases. The highest strength 

reduction attributed to the latent heat happens after the magmatic activity has ceased (20–25 Ma). This 

means that the effect of latent heat becomes even more important after magmatic activity. The Felsic case 

does not show a significant reduction in strength after magmatic activity, because of the contribution from 

the weaker mechanical strength of the intrusions and larger concentration of heat producing elements. 
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Figure B2. Composition scenario: Contribution of latent heat to CTC and ICSR at the reservoir and between 

the reservoirs. A) CTC and contribution of latent heat to the CTC at the reservoir. B) ICSR and contribution 

of latent heat to the ICSR at the reservoir. C) CTC and contribution of latent heat to the CTC between the 

reservoirs. D) ICSR and contribution of latent heat to the ICSR between the reservoirs. 
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Figure B3. Composition scenario: Contribution of latent heat to the ICSR. The Larger contributions in the 

Example and Mafic cases are caused my changes in the crustal mechanical strength. The Felsic case shows 

lower reduction in ICSR from latent heat since the intrusion mechanical properties weaken the crust 

significantly and proportionally the crustal weakening from latent heat is lower. What can still be seen from 

the Felsic case, however, is that the ICSR from latent heat is highest after the magmatic activity has ceased. 
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Figure B4. Composition scenario: Effect of crustal melting on mean ICSR and reservoir ICSR. A) Mean melt 

percentage of the crust for the three different magma composition cases. B) Mean ICSR from melting. C) 

Reservoir melt percentage of the three different cases D) ICSR at the reservoir. 
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Figure B5. Composition scenario: Mean crustal heat flow, heat flow at the reservoir, and heat flow between 

the reservoirs. A) The mean crustal heat flow is maximally between 1.55–1.75 times larger than the initial 

heat flow (68.54 mW m⁻¹). B) The Mafic case maximal heat flow at the reservoir is 3 times larger compared 

to the initial heat flow, and the heat flow of the Example, and Felsic cases can be over 2.5 times larger. C) 

The heat flow between the reservoirs does not increase as much and remains 1.13–1.18 times larger than 

the original value. 
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Figure B6. Mean crustal strength envelopes at t=10 Ma, and t=40 Ma. A) Crustal strength at the end of 

magmatic activity. The crustal strength is at its lowest. The Mafic case upper crustal intrusions crystallize 

sooner, which shows up as a slightly higher crustal strength. B) The mean crust has strengthened from the 

mafic intrusions at the lower portion of the upper crust, because of the crustal mechanical changes. The 

felsic intrusions on the other hand show weakening at the mid-crust, and in the upper crust. 
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Appendix C 

 

 

 

Figure C1. Intrusion Water: CTC between the reservoirs. A) CTC between the Wet cases and the Example 

case. B) CTC difference. The maximum temperatures are reached approximately 5 Ma after the magmatic 

activity has ceased. 

 

Figure C2. Intrusion Water: ICSR between reservoirs. A) Comparing ICSR of the wet and the wettest cases 

to the Example case. B) ICSR difference. 

 

A B 

A B 



117 
 

Figure C3. Intrusion Water: CTC and ICSR with contribution of latent heat. All no latent heat cases have the 

same CTC and ICSR because the temperatures of the intrusions are the same between each case, and the 

latent heat does not play a role in the temperature increase. A) Mean CTC. B) Mean ICSR. The maximum 

contribution of latent heat to ICSR is approximately 13–17 %. C) CTC at the reservoir. D) ICSR at the 

reservoir. The maximal contribution of latent heat to ICSR is approximately 23–30 % E) CTC between 

reservoirs. F) ICSR between reservoirs. 
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Figure C4. Intrusion Water: Contribution of latent heat to CTC and ICSR for the cases with increasing water 

concentration and constant initial intrusion temperatures. Initial intrusion melt fraction increases in the 

constant temperature cases with the water concentration, but the intrusion temperatures are the same as in 

the Example case. The latent heat contribution to ICSR increases with increasing melt fraction. Since there 

are no other factors contributing to the ICSR, the reduction is purely caused by the increased release in 

latent heat. 

 

 

Figure C5. Intrusion Water: Proportion of latent heat. The proportion of latent heat increases with the 

increasing melt fraction. 
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Figure C6. Intrusion Water: CTC and ICSR with contribution of latent heat in wet constant melt fraction 

cases. When the melt fraction remains constant and the water concentration of the intrusions increase, the 

latent heat contribution to CTC between each case does not show large variation. A) Mean CTC. B) Mean 

ICSR. C) CTC at the reservoir. D) ICSR at the reservoir. E) CTC between reservoirs. F) ICSR between 

reservoirs. 
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Figure C7. Intrusion Water: Mean crustal melt and melt at the reservoir as a function of time. A) The mean 

crustal melt. B) Melt at the reservoir. 

 

 
Figure C8. Intrusion Water: Normalized heat flow for the mean crust, and heat flow at the reservoir and 

between the reservoirs for the different intrusion water cases. A) Mean crustal heat flow. B) Heat flow at the 

reservoir. C) Heat flow between the reservoirs. 
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Appendix D 

 

 

Figure D1. Intrusion melt fraction: CTC between the reservoirs. A) CTC of the different melt fraction cases 

B) CTC difference 

 

Figure D2. Intrusion melt fraction: ICSR between the reservoirs. A) ICSR of different melt fraction cases. B) 

ICSR difference. 
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Figure D3. Intrusion melt fraction: Mean CTC and ICSR and contribution of latent heat to CTC and ICSR. 

A) Mean CTC. The lower portion of the figure has solid lines that are cases where latent heat is included, 

and dashed lines are cases without latent heat. The CTC difference between latent heat and no latent heat 

cases is shown in the upper portion of the figure. B) Mean ICSR. The lower portion of the figure shows the 

mean ICSR of cases with different intrusion melt fractions and cases with and without latent heat. The upper 

portion of the figure has the contribution of latent heat to the ICSR. The mean ICSR from latent heat varies 

maximally between 5–18 % (10% Melt and 100% Melt cases) and is largest approximately 5–15 Ma after 

the magmatic activity ceases (after 15–25 Ma). 
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Figure D4. Intrusion melt fraction: Contribution of latent heat to the CTC and ICSR at the reservoir and 

between reservoirs. A) Reservoir CTC with contribution from latent heat. B) The corresponding ICSR and 

latent heat contribution to ICSR at the reservoir. C) CTC between two reservoirs. The temperatures and the 

latent heat contributions increase slowly as the heat from the intrusions is conducted throughout the crust. 

D) Between reservoirs the peak ICSR is between 30–60% and is largest 5 Ma after the magmatic activity 

has ceased (at 15 Ma). 
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Figure D5. Intrusion melt fraction: Normalized heat flow as a function of time. A) Mean crustal heat flow. B) 

Heat flow at the reservoir. C) Heat flow between the reservoirs. 
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Figure E1. Magma volume: CTC between reservoirs. A) CTC for cases with different magma volumes. B) 

Difference in CTC between the Example case and the magma volume cases. 

 

Figure E2. Magma volume: ICSR between the reservoirs. A) ICSR for the different magma volume cases. 

B) Difference in ICSR between the Example Case and the magma volume cases. 
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Figure E3. Magma volume: CTC and ICSR with contribution of latent heat. A) Mean CTC with and without 

latent heat, and the difference in temperature caused by latent heat. B) Mean ICSR with and without latent 

heat. C) CTC at the reservoir with and without latent heat. D) ICSR at the reservoir with and without latent 

heat. E) CTC between the reservoirs with and without latent heat. F) ICSR between the reservoirs with and 

without latent heat. 
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Figure E4. Magma volume: Proportion of latent heat to CTC for the different magma volume cases. Notice 

that latent heat contributes a larger portion to CTC in the Half Magma case, and a smaller portion in the 

Double Magma case. This should not be overinterpreted however, because larger and smaller volumes of 

magma change the material properties of the crust in different proportions. This means that other 

contributors to CTC might change the proportion, such as changes in the concertation of heat producing 

elements and changes in thermal conductivity. 

 

 

Figure E5. Magma volume: Contribution of latent heat to ICSR for the different magma volume cases. The 

increasing magma volume shifts the peak of latent heat contribution to ICSR forward in time. 
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Figure E6. Magma volume: Mean crustal melt and melt at the reservoir, and the corresponding viscosity 

reductions for the low and high magma volume cases. A) Mean crustal melt. B) The corresponding mean 

ICSR, caused by viscosity reduction from crustal melting. C) Melt at the reservoir. D) The corresponding 

ICSR at the reservoir, caused by viscosity reduction from crustal melting. 
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Figure E7. Magma volume: Normalized heat flows for the magma volume cases. A) Mean crustal heat flow. 

B) Heat flow at the reservoir. C) Heat flow between the reservoirs. 
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Appendix F 

 

 

Figure F1. Magma pulse distribution: CTC between the reservoirs. A) CTC for the standard composition 

scenarios, and the wide distribution scenarios. B) CTC difference. The difference compares the standard 

compositional cases such as Felsic case to its wide distribution equivalent. 

 

Figure F2. Magma pulse distribution: ICSR between the reservoirs. A) ICSR for the wide distribution cases. 

B) ICSR difference. The difference compares the standard compositional cases such as Felsic case to its 

wide distribution equivalent. 
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Figure F3. Magma pulse distribution: Contribution of latent heat to CTC and ICSR. Only the Example case, 

and the wide distribution Example case are compared to each other. A) Mean CTC and contribution of latent 

heat to CTC. B) Mean ICSR and contribution of latent heat to ICSR. C) Reservoir CTC and contribution of 

latent heat to CTC. D) ICSR at the reservoir and contribution of latent heat to ICSR. E) CTC between the 

reservoirs and contribution of latent heat to CTC. F) ICSR between the reservoirs and contribution of latent 

heat to ICSR. 
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Figure F4. Magma pulse distribution: Crustal melt. A) Mean crustal melt as a function of time. B) Reservoir 

melt as a function of time. 

 

 

Figure F5. Magma pulse distribution: Heat flow. A) Mean crustal heat flow. B) heat flow at the reservoir. C) 

Heat flow between reservoirs. 
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Figure F6. Magma pulse distribution: Mean crustal and reservoir ICSR, without the mechanical changes 

caused by different intrusion compositions. A) The wide distribution mean ICSR is larger for most of the 

simulation. Without the mechanical changes, all the wide distribution cases weaken the average crust to a 

larger extent for most of the simulation. The wide distribution Felsic case still shows larger ICSR mostly 

because of the increased concentration in heat producing elements in the crust, and the Example and Mafic 

cases show lower ICSR at the end of the simulation. B) At the reservoir the ICSR is initially lower for the 

wide distribution cases. During the first 10 Ma at the reservoir the ICSR of the wide distribution cases is 

lower, because of the lower temperatures compared to the standard composition cases. 

 

 
Figure F7. Reservoir ICSR of the wide distribution cases, with and without the mechanical changes from 

the intrusions, and the proportion of ICSR difference between these cases. Note that in this figure the solid 

lines represent the wide distribution cases, and the dash-dotted lines represent the wide distribution cases 

without the mechanical changes. 
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Appendix G 

 

 

Figure G1. Crustal water: CTC between the reservoirs. A) CTC for the crustal water scenario. B) CTC 

difference. 

 

Figure G2. Crustal water: ICSR between the reservoirs. A) ICSR for the Wet Crust and Dry Crust cases. B) 

ICSR difference. 
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Figure G3. Crustal water: CTC and contribution from latent heat to CTC. All crustal water cases without the 

latent heat have the same CTC, and approximately the same ICSR. The only difference in the cases without 

latent heat is that the wet crust melts easier, but as we have previously seen, the effect of crustal melting to 

the ICSR is negligible. The effect of latent heat during the active period is largest for the Dry Crust case, 

because the crust consumes less heat than the more easily melting wet crust. After the active period the wet 

crust releases more latent heat than the dry crust, which causes a larger ICSR later in the simulation. 
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Figure G4. Crustal water: Normalized heat flow as a function of time for the different crustal water 

concentration cases. A) Mean crustal heat flow is almost the same for all the different cases. B) At the 

reservoir, the heat flow is almost the same between all the cases. C) Heat flow between reservoirs. 
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Appendix H 

 

 

 

Figure H1. Strong Crust: ICSR in TN m-1 between the reservoirs for the strong crust cases. 

 

Figure H2. Strong Crust: ICSR between reservoirs for the strong crust cases. A) ICSR for the standard 

composition scenarios and for the strong crust scenarios. B) ICSR difference (weak crust cases compared 

to the strong crust cases).  
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Figure H3. Strong Crust: Mean crustal melt and the corresponding viscosity reduction from melting for the 

weak and the strong crust using different intrusion compositions. A) Mean crustal melt as a function of time 

is the same for the standard and the strong crust. B) Viscosity reduction from melting. The stronger crust 

cases have larger reduction in ICS. 
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Appendix I 

 

 

Figure I1. Discussion: Peak mean ICSR and time-averaged mean ICSR for different magmatic cases sorted 

from smallest to largest. Note that the y-axes start from different values. The lowest ICSRs are caused by 

the 10% Melt and Half Magma cases in both time-averaged and peak ICSRs. A) Peak mean ICSR is more 

similar between the cases compared to the time-averaged values, because a larger portion of the intrusions 

are still in a molten state, and the mechanical strength of the intrusions is not as important during magmatism. 

B) Time-averaged mean ICSR. Largest changes between the time-averaged and the peak ICSRs are seen 

in the composition scenarios, where the time-averaged values reflect permanent changes in crustal strength. 
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Figure I2. Discussion: Peak and time-averaged mean CTC for the different magmatic cases sorted from 

smallest to largest CTC. There is not much difference in the order between the peak and time-averaged 

CTC. A) Peak mean CTC is below 100 °C in the 10% Melt and Half Magma cases, and over 200 °C for the 

100% Magma and Double Magma cases. B) The time-averaged mean CTC is approximately 50 °C for the 

10% Melt and Half Magma cases, and 100 °C for the Double Magma and 100% Melt cases. 
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Appendix J 

 

 

Figure J1. Discussion: Reduction in crustal strength from melting of the rock, and the corresponding 

reduction in effective viscosity, at the end of magmatic activity (10 Ma), for the low melt intrusions (10% Melt 

case) and the high melt intrusions (100% Melt case), using wet granulite for the lower crust. Note the 

logarithmic scale of the differential stress. A) The 10% Melt case intrusions do not cause significant crustal 

melting. The effective viscosity reduction is even lower than in the Example case. Only a portion of the mid-

lower crust has a small amount of melt present. B) At the reservoir, the 100% Melt case intrusions reduce 

the mid-lower crustal strength to zero, although before this reduction the crustal strength was already 

significantly weakened. The reservoir has enough melt to reduce the strength to zero (melt > 19 %). 

However, the mean crust still does not show a significant reduction in strength from the viscosity reduction, 

and most of the melt is located close to the midpoint of the reservoir. 
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