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Abstract 

Crustal segments, such as those in Eastern Turkey, which host magma chambers, volcanoes, 

and fault zones, experience complex stresses generated through interactions between regional 

tectonic loading, magmatic pressure, and geothermal dynamics. Here we model these competing 

loading mechanisms and examine their effects on generating stresses in a complex crustal segment 

which has been subjected to orogenesis and hosted voluminous magma discharge. This simulated-

region hosts several volcanoes, thermal fields and has experienced complex tectonic deformation 

which manifests as crustal faults. We present a suite of purely thermal models to show the 

temperature distribution within the crust assuming an arrangement of crustal magma chambers and 

a realistic geothermal gradient. We also present a suite of linear elastic mechanical models to 

investigate the effect of magma pressure and regional tectonic loading in the absence of 

temperature variations using different arrangements of magma chambers and faults. Finally, we 

present coupled linear elastic thermomechanical models that highlight the influence of temperature 



on the distribution of both crustal stresses and deformation using the same complex geometries. 

Results show that thermal stresses generate two competing consequences, 1) they increase the level 

of shear stress around the magma chambers, potentially leading to fault nucleation or reactivation, 

and 2) they partially act to suppress the level of tensile stress originally generated both by magma 

pressure and tectonic loading. This implies that for any magmatic recharge event, which increases 

the internal magma chamber pressure, the contribution of temperature increase in the surrounding 

host rocks must also be taken into account when considering the distribution, magnitude and type 

of stresses around magma chambers in such crustal environments.  



1. Introduction 1 

 2 

The way in magma chambers behave mechanically in different tectonic environments and under 3 

different crustal deformation conditions remains poorly constrained, particularly when considering 4 

the crustal response to thermomechanical loading (Mogi, 1958; Marsh, 1989; Gudmundsson, 5 

2012). Variations in thermomechanical crustal loading arise from the emplacement of hot 6 

magmatic fluids but will be complicated in regions of large differential stress, such as active fault 7 

zones (i.e., Fitton et al., 1991). In terms of regional thermomechanical behaviour, convergent plate 8 

margins are among the most complex tectonic and temperature environments on Earth. In principle, 9 

the collision of two continental plates, which results in subduction, generates hybrid magmas 10 

through melting of the subducted-plate, which is in turn structurally controlled by compressional 11 

tectonics. However, understanding of some volcanic provinces linked to subduction-related or 12 

post-orogenesis is more complex because of the retreat and the geometry of the subducted-slab, 13 

and the thermomechanical differentiation between crustal materials on Earth (Gorczyk et al., 2007; 14 

Paterson et al., 2011). In order to better understand the origin of magmas, the propagation of magma 15 

through the crust, and the ensuing crustal deformation, models that take account of both the thermal 16 

and mechanical properties of the crustal segments that host magma are needed (i.e., Cloos, 1985; 17 

Lagabrielle et al., 2000; Gorczyk et al., 2007).   18 

 19 

To address both of these issues, we conducted a numerical study to compare the elastic effects of 20 

both mechanical and thermal loading on a complex crustal segment based on a region of Eastern 21 

Turkey (i.e., Karaoğlu et al., 2017, 2018). We present a suite of numerical models that simulate the 22 

temperature field of the simulated region. All of the combined heat distribution and stress 23 

components presented are designed to further our understanding of how changes in crustal 24 

temperature influence elastic deformation and hence generate crustal stresses and rock fracture in 25 



the regionally complex thermodynamic setting of the Karlıova Triple Junction (KTJ) in Eastern 26 

Turkey.  27 

 28 

The main goal of this study is, hence, to better understand the nature of elastic thermomechanical 29 

interactions between crustal magma chambers by taking account of both the thermal and 30 

mechanical stress distributions surrounding such magma bodies (i.e., Hickey et al., 2016; 31 

Townsend et al., 2019). Understanding crustal heat distribution is important in fully characterising 32 

thermomechanical models of magmatic and geothermal systems (Jaupart et al., 1998). The 33 

temperature distribution around crustal segments that host volcanoes and magmatic systems 34 

influence the movement of fluids, through convection, and hence partly controls the development 35 

of geothermal systems and the deposition of ore minerals (Eldursi et al., 2009). As such, 36 

thermomechanical models have been used to understand the nucleation and development of faults 37 

generating large scale volcanic collapse features such as calderas (Burov & Guillou‐Frottier, 1999). 38 

However, the effect of elastic thermomechanical stressing on stress concentrations around fault 39 

zones have not received sufficient attention.  40 

 41 

2. Geological and tectonic settings 42 

 43 

The geodynamic history of eastern Turkey is dominated by the convergence of the African, Arabian 44 

and Eurasian plates since the early Mesozoic (Dewey et al., 1986; Şengör et al., 1985). Following 45 

crustal shortening resulting from a NNE-SSW convergence between the Arabian and Eurasian 46 

plates, the westward extrusion of the Anatolian plate was accommodated by two conjugate left-47 

lateral EAFZ (East Anatolian Fault Zone) and right-lateral transform faults NAFZ (North Anatolian 48 

Fault Zone) nearly 6 Ma (Şengör et al., 1985; Karaoğlu et al., 2017, Fig. 1 a,b). The migration of 49 

the Anatolian plate caused substantial deformation around the Karlıova Triple Junction (KTJ) 50 



which in turn promoted and accommodated the initiation of volcanism in the province (Fig. 1c). 51 

Crustal complexities around the KTJ have been shown to significantly control the geometry of 52 

magma emplacement and propagation (Karaoğlu et al., 2016, 2018). The initiation of magmatism 53 

is closely associated with incremental and complex deformation of the crust that hosts the KTJ. 54 

Karaoğlu et al. (2016) presented a relationship between this crustal complexity and magmatic dike 55 

geometries. According to Karaoğlu et al. (2016, 2018), dikes propagate through a highly 56 

heterogeneous crust which hosts both inclined-layers or variable stiffness and multiple crustal 57 

faults.  58 

Widespread volcanic activity around the KTJ, initiated since the late Miocene, has been subdivided 59 

into three chemically distinct groups as follows: 1) Early Phase (Solhan volcanism; ~7.3–4.4 Ma), 60 

characterised with alkali basalt to trachyte lava flows and pyroclastic successions; 2) Middle Phase 61 

(Turnadağ and Varto volcanism; ~3.6–2.6 Ma), with emplacement of products of basalts, trachytes, 62 

dacites and rhyolites, and 3) Late Phase (Özenç volcanism; ~2.6–0.5 Ma), mostly erupted of 63 

products of alkali basaltic, hawaiitic and mugearitic lavas and dykes (Fig. 1c; Karaoğlu et al., 64 

2020).	65 

To estimate magma chamber depths and sizes around the KTJ, Karaoğlu et al. (2018) used an 66 

analytical method, based on the aspect ratio (length/thickness) of dikes. They showed that the 67 

depths of the magma chambers feeding the observed dikes were between 2 and 4 km at Turnadağ 68 

and between 2 to 5 km at Varto. Both of these complexes were subjected in transtensional tectonics. 69 

Whereas the depth of the chambers at the Özenç complex ranged between  22 to 27 km which was  70 

instead formed in a dominantly convergent tectonic setting. Teleseismic P-wave tomograms 71 

confirm the existence of magma stocks at depths between 3 and 10 km below the both Turnadağ 72 

and Varto volcanoes. The tomograms also indicate a deep magma reservoir residing between 15 73 

km and 30 km in the Özenç region (Karaoğlu et al., 2018). 74 



Wide-spread Plio-Quaternary volcanism (Jaupart et al., 1998; Aydin et al., 2005) and segmentation 75 

of the lithosphere (Eldursi et al., 2009; Parks et al., 2015) has produced a higher-than-average 76 

geothermal gradient in Eastern Turkey (Bektaş et al., 2007; Aydin et al., 2005; Karaoğlu et al., 77 

2019). Curie point depths indicate the deepest point of magnetic sources (approximately 580 ºC for 78 

magnetite at atmospheric pressure) and can hence be used to reflect the geothermal gradient. The 79 

Curie point depth map of Turkey, constructed from a spectral interpretation of magnetic anomaly 80 

data, shows that the magnetic thickness of the region varies from 13 to 23 km (Deb, 2006). This 81 

map also indicates that the Curie point depth is nearly 18-20 km in the Karlıova region (Bektaş et 82 

al., 2007; Aydin et al., 2005). The geothermal gradient of the region can then be calculated by 83 

dividing 580 ºC by the Curie point depth and hence provides a temperature gradient of 84 

approximately 30 ºC per km.  85 

 86 

3. Methods 87 

3.1. Numerical models   88 

All of the Finite Element numerical model geometries, created in COMSOL Multiphysics 5.5 89 

(Tabatabaian, 2014), were based on field observations and published papers on the KTJ (Thompson 90 

& Connolly, 1995; Aydin et al., 2005; Topuz et al., 2017). The models are all two dimensionally 91 

symmetric and the magma chambers are considered as cavities or holes with an applied internal 92 

excess pressure (𝑃!) and temperature (𝑇!) (e.g., Gudmundsson, 2011; Gerbault, 2012; Karaoğlu et 93 

al., 2016). All models are based upon an E-W striking profile, through the Karlıova region, that 94 

encompasses volcanic provinces and fault zones (Fig. 2). We assume ellipsoidal, or sill-like, 95 

magmatic geometries, typical of well-documented magma chambers around the world (e.g., 96 

Gudmundsson, 2012; Chestler & Grosfils, 2013; Le Corvec et al., 2013; Caricchi et al., 2014). 97 

Although near-surface stress fields may be affected by topography, the primary focus of the 98 

presented models is on the stress differences caused by mechanical loading on vertical 99 



sideboundaries and thermal variations applied to the magma chambers. Therefore we decided to 100 

use a flat topography in all models. The models are created as two main geometries both of which 101 

are hosted in a crustal domain segment of 60 km in length and 30 km in depth. The first model 102 

named as two-magma-chmanber model, includes two shallow magma chambers with their roofs at 103 

depths of 8 km and they are both 9 km in length and 2 km in thickness (Fig. 2). The second model 104 

(three-magma-chamber model)  also encompasses these shallow magma chambers but with an 105 

additional deeper magma reservoir located at 15 km below the crustal surface. The deeper reservoir 106 

is 24 km in length and 3 km in thickness. Both models also host a series of faults which are 107 

simulated as zones of softer, or more compliant rocks. The magma chamber and fault locations are 108 

based on the results of Karaoğlu et al. (2016). The models are heterogeneous in that they also 109 

combine 14 different horizontal mechanical layers, or stratigraphic units, which are again based on 110 

geological observations (e.g., Karaoğlu et al., 2016) (Supplementary Figure S1). The upper crust 111 

is assumed to be mostly made up of limestone, metamorphic rocks, massive gabbro and sandstones 112 

with estimated laboratory densities ranging  2000 to 3100 kg m−3 (e.g., Gudmundsson, 2011). The 113 

Young's modulus (E) of layers in Fig. 2 alters within a reasonable range for rock units at 114 

corresponding depths with values between  20 GPa and 50 GPa. . We use constant typical values 115 

of Poisson’s ratio (ν) of 0.25 (e.g., Gudmundsson, 2012) as ν does not vary significantly for these 116 

rock layers. The fault zones, the most compliant units, are represented by sub-vertical polygons 117 

(Efault) in Figure 2. The Young’s modulus and Poisson’s ratio values for the fault zones are defined 118 

as 0.1 GPa and 0.33, respectively, as derived from active fault zones elsewhere (Gaffney et al., 119 

2007; Gudmundsson, 2011; Karaoğlu et al., 2018).   120 

The thermal properties of each layer of country rocks are listed in the Supplementary Table 1. We 121 

use k [W/(m*K)] for thermal conductivity in the range of 0.45 and 0.92, Cp for specific heat 122 

[J/(kg*K)] in the calculation of transient thermal conditions (response of a rock body to a transient 123 

heat source or sink) which varies from 690 to 990, and α is the coefficient of thermal expansion 124 



[1/K] in the range of 1.6 x 10-5 and 6 x 10-6 for each rock unit. The lower thermal expansion values 125 

are linked to the thermal and mechanical properties of lithological units consisting unconsolidated 126 

mudstone and sandstone presented as layer E2 in the Supplementary Table 1. It is important to 127 

note that we are attempting to characterize the precise nature of each units mechanical properties 128 

but simply consider the resulting stress effects of different units. Hence the values used are typical 129 

of crustal rocks but not precisely represent the values in the studied region as there is virtually no 130 

information on such properties in these crustal rocks.    131 

3.2. Governing equations for the model set ups 132 

When we neglect radiative heat transfer, a steady form of the equation solved in the Heat Transfer 133 

in Solids interface of COMSOL can be used and it becomes: 134 

𝜌	𝐶"	𝑢 ⋅ 𝛻𝑇 + 𝛻 ⋅ 𝑞 = 𝑞# + 𝑄$!% + 𝑄                                                                                      (1) 135 

where 𝜌 is density, 𝐶" is specific heat at constant stress, 𝑇 is absolute temperature, 𝑢 is a velocity 136 

vector of translational motion, 𝑄 represents heat transfer from other sources, in this case from the 137 

shallow magma chambers and deeper magma reservoir, and 𝑞 is heat flux by conduction and 138 

defined as; 139 

𝑞 = −𝑘	𝛻𝑇                                                                                                                               (2) 140 

where; 𝑘 is thermal conductivity, as mentioned before. 𝑄$!% is a thermoelastic dampening that 141 

accounts for thermoelastic effects in solids and is only relevant when the heat transfer is coupled 142 

to the solid mechanics and is calculated as: 143 

𝑄$!% = −𝛼	𝑇: %&
%$

                                                                                                              (3) 144 

where; as stated, 𝛼 is the coefficient of thermal expansion, and 𝑆 is the second Piola-Kirchhoff 145 

stress tensor. 146 

In the “Solid Mechanics” interface of COMSOL the steady form of the equation of motion for 147 

linear elastic material is solved as follows: 148 

0 = 𝛻 ⋅ 𝑆 + 𝐹'                                                                                                                           (4) 149 



𝑆 = 𝑆(% + 𝐶: 𝜀!)                                                                                                                        (5) 150 

𝑆(% = 𝑆# + 𝑆!*$ + 𝑆+                                                                                                                (6) 151 

𝜀!) = 𝜀 − 𝜀,-!)                                                                                                                           (7) 152 

𝜀,-!) = 𝜀# + 𝜀!*$ + 𝜀$. + 𝜀./ + 𝜀") + 𝜀01 + 𝜀'"                                                                       (8) 153 

𝜀 = 2
3
[(𝛻𝑢)4 + 𝛻𝑢]                                                                                                                   (9) 154 

In these equations 𝐶 is the constitutive tensor which is a function of Young's modulus (𝐸) and 155 

Poisson’s ratio (𝜈), 𝐹' is the volume force vector, 𝜀 is a strain tensor, and 𝑢 is the displacement 156 

field, 𝜀") is a plastic strain, 𝜀01 is creep strain, 𝜀!) is elastic strain, 𝜀,-!) is inelastic strain, 𝜀# is initial 157 

strain, 𝜀!* is the external strain, 𝜀./ is a hygroscopic strain, 𝜀'" is a viscoplastic strain, and finally, 158 

𝜀$. is thermal strain which is a function of both temperature and thermal expansion coefficient, 159 

defined as;  160 

𝜀$. = 𝛼:𝑇 − 𝑇1!5;                                                                                                                  (10) 161 

 162 

3.3. Boundary Conditions and Parameters 163 

Only the thermal boundary conditions are necessary to solve the governing equations in heat 164 

transfer simulations; whereas, for the coupled simulations of heat transfer and solid mechanics we 165 

require both mechanical and thermal boundary conditions. 166 

For the heat transfer simulations; the temperature of the upper horizontal boundary (the earth’s 167 

surface) of the computational domain (𝑇6") is set to 0 °C. The wall temperatures of the two shallow 168 

magma chambers (𝑇!2,	𝑇!3, 	𝑇!7, 𝑇!8, 𝑇!9, 𝑇!:) are both set to 300 °C, 600 °C or 900 °C while the 169 

other larger and deeper  magma reservoir wall temperature (𝑇!;, 𝑇!<,		𝑇!>) is set to 600 °C, 900 °C 170 

or 1200 °C. Two additional temperature boundary conditions are used for the left side, right side, 171 

and lower boundary of the computational domain. In all model cases, as previously performed in 172 

measurements of Jaupart et al. (1998) and Eldursi et al. (2009), the temperature of the vertical sides 173 



is defined as a function of depth in which the temperature increases 30 °C for every 1 km of depth 174 

increment, and given in Equation (11) below, reaching a maximum of 900 °C at the lower 175 

horizontal boundary.  176 

 177 

𝑇?(𝑦)[°𝐶] = 30	𝑦[𝑘𝑚]                                                                                                       (11) 178 

 179 

For the solid mechanics part of the simulations; the upper horizontal boundary of the computational 180 

domain is defined as a free surface, i.e., the interaction with an area that cannot accommodate shear 181 

stress. For the lower horizontal boundary, zero shear stress and zero normal strain is set. On the 182 

other hand; five different mechanical boundary loading conditions are considered to simulate 183 

compression and extension at the left and right vertical sides of the computational domain, namely 184 

-10, -5 MPa (simulating extension); 0 and, +5, +10 MPa (simulating compression). Excess pressure 185 

(𝑃!2,𝑃!3,𝑃!7) of 5 MPa is applied at the boundaries of all magma chambers. 186 

The models assume two-dimensional plane-strain conditions . Hence, the magma chambers are 187 

approached as cavities with an infinite in plane depth. We do not attempt to upscale the results to 188 

three-dimensions here.  189 

Depending on the model (two-magma-chamber or three-magma-chamber), appropriate boundary 190 

conditions summarized are used, and every combination of these boundary conditions are 191 

considered. Boundary conditions are also indicated in the Supplementary Table 2.  192 

 193 

3.4. Model Mesh 194 

Throughout this study, we implemented COMSOL's predefined extremely fine mesh setting with 195 

triangular quadratic elements which were used for all the model runs. This extremely fine mesh 196 

setting yields a maximum element size of 0.6 km and a minimum element size of 0.001 km, and 197 



an average element quality of 0.87. As such, the total number of elements used in the two magma 198 

chamber and three magma chamber geometry models were 63,575 and 68,771, respectively. 199 

 200 

4. Results 201 

 202 

Three different types of simulation, for both the two-magma-chamber and three-magma-chamber 203 

configurations, were executed in order to analyse and compare the changes in thermal and 204 

mechanical stress with depth around the magma chambers. The results are presented in  Figures 3-205 

8. The characteristics of these simulations are as follows: (1) Thermal simulation without 206 

mechanical coupling (Heat transfer only  simulation – Fig. 3), in which thermal boundary 207 

conditions provided in Supplementary Table 2 are valid and there is no mechanical stress applied 208 

or calculated. (2) Purely mechanical simulation that reveals the elastic deformation associated only 209 

with magmatic overpressure and regional extension or compression (Figure 4). (3) Coupled 210 

thermomechanical stress simulation for both two-magma-chamber (Fig. 5) and three-magma-211 

chamber (Fig. 6-8) configurations. In the corresponding coupled simulations, stresses are generated 212 

by both thermal expansion of the rocks surrounding the magma chambers and internal magma 213 

pressure of 5 MPa. In all aforementioned three different types of simulation, the temperature of the 214 

boundaries of the shallow magma chambers is set to 300 ºC, 600 ºC, or 900 ºC, the temperature of 215 

the boundariy of the deeper magma reservoir is defined as 600 ºC, 900 ºC, and 1200 ºC. 216 

 217 

4.1. Heat transfer only simulation  218 

In this suite of first simulations, we explored the temperature distribution within the domain 219 

depending on the magma chambers’ temperature values and arrangement. There is no mechanical 220 

coupling in both two-magma-chamber or three-magma-chamber models and only a temperature 221 

field output is generated. In order to visualize how high the temperature could be, the corresponding 222 



temperature profile results, within the domain, are presented for both models considering internal 223 

temperatures of 900 ºC in the shallow magma chambers and 1200 ºC in the deeper magma reservoir, 224 

as displayed in Figure 3. As such, the temperature field output gives a temperature differential, or 225 

change in temperature which is essential for understanding thermal stress.. In all runs we plot the 226 

temperature field as a 2D surface and as curves of temperature vs distance along the profile at 227 

different depths representing the earth’s surface, and at 0.1 km, 0.5 km, 1 km, 4 km and 9 km depth, 228 

respectively (Sections 1-6 in Fig.2).  229 

 230 

As expected, heat is symmetrically distributed around the two shallow magma chambers with peaks 231 

in the central sections above their respective roofs in two-magma-chamber model simulation. 232 

Temperature decreases with distance from the two chambers.. However, the central part of the 233 

domain remains with an elevated temperature of a few hundred degrees. Near the surface the 234 

temperature becomes elevated by around 10 ºC, particularly in the regions directly above the 235 

magma chambers (Figures 3a, 3b and 3c). It should be noted that despite the different thermal 236 

expansion properties of the fault zones, none affect the diffusion of the heat. This fact is obvious 237 

because, the heat transfer only simulation does not take thermomechanical interactions into account 238 

and hence none of the rock units deform.   239 

  240 

The effect of adding an additional, much larger and much hotter magma body results in an 241 

asymmetry in the temperature field (Figures 3d, 3e and 3f). The right part of the domain hosting 242 

the larger and deeper magma reservoir has a higher temperature than the left part.. The entire crustal 243 

segment becomes hotter and the region of increased temperature is much larger. The temperature 244 

observed just below the earth surface also increases by around 10 ºC as in  the two-magma-chamber 245 

model (Figures 3d and 3e). The fault zones, again, have no effect on the temperature distribution.  246 

4.2. Purely mechanical simulation  247 



In the second suite of simulations, the crustal segment is mechanically loaded by applying an 248 

internal overpressure in the magma chambers and an extensional or compressional load at the 249 

vertical boundaries is analysed for the three-magma-chamber model (Fig. 4). The extentional or 250 

compressional load is applied by assigning a -10 MPa or +10 MPa pressure vertical side loading 251 

condition. Analyses are presented in terms of the resulting amounts of minimum principal 252 

compressive stress (σ3) and von Mises shear stress (τ).  253 

 254 

Numerical analyses’ results show that both σ3, and τ, predominantly concentrate at the lateral 255 

margins of each magma chamber and at the earth’s surface above the magma chambers when only 256 

an internal magmatic pressure is applied (Figures 4a and 4e). When a regional extension is applied, 257 

the stress patterns remain with a similar behaviour but the absolute values of stress increase 258 

(Figures 4b and 4f). Shear stress concentrates above the magma chambers and localises or 259 

dissipates at fault contacts (Figure 4f). Regional compression has the result of altering the 260 

orientation but not the magnitude of the σ3 (Figure 4c and 4g). However, some shear stress 261 

concentration above right-shallow magma chamber is notable (Fig. 4g).  262 

 263 

When all stress values are evaluated together, it is revealed that the σ3 values in the extensional 264 

regional stress environment are around 5 MPa more than in the compressional case. However, it is 265 

also observed that τ magnitudes have the same values under both extensional and compressional 266 

regional loading (Figure 4d-h). 267 

 268 

4.3. Coupled thermomechanical simulation 269 

In final suite of simulations, we investigated the effect of coupled thermal and mechanical loading 270 

and the resulting crustal stress response in both the two and three-magma-chamber configurations, 271 

considering all of the magma chamber temperature combinations and vertical side boundary 272 



mechanical loading conditions, as presented in Supplementary Table 2. The stress distributions 273 

resulting from the two magma chamber configuration are given in Figure 5 for each of the three 274 

temperatures tested (300 ºC; 600ºC and 900 ºC), and in the more complex (three-magma-chamber 275 

configuration, with/without additional boundary loading) are given in Figures 6, 7 and 8 for the 276 

range of temperatures described earlier. The results of the analyses are again presented in terms of 277 

temperature and the distribution of σ3 and τ.  278 

 279 

The difference in the coupled thermomechanical simulations, with respect to the previous purely 280 

mechanical models, is that the temperature now exerts a mechanical response in the form of thermal 281 

expansion and hence thermal expansion induced stressing. The temperature profile generated in 282 

these thermomechanical simulations is essentially identical to that described in Section 4.1.  283 

 284 

The effect of the heated magma chambers induces a crustal stress field which is most notable in 285 

the regions of largest temperature difference directly above the centre and directly below the centre 286 

of the two shallow magma chambers (Fig. 5). As the layers hosting the chambers are heterogeneous 287 

they experience different levels of stress distribution. This crustal heterogeneity is exacerbated 288 

where there are compliant crustal segments which concentrate or dissipate stresses. Cross-sections 289 

at various depths show a highly heterogeneous profile of crustal stresses, both in terms of σ3 (Fig. 290 

5a,b,c) and τ (Fig. 5.e,f,g). For example, τ is highest directly above and below the two shallow 291 

magma chambers, whereas both τ and σ3 increase locally at the margins of the faults. Generally, 292 

we note that the σ3 decreases at the magma chamber margins, where values fall below zero (Fig. 293 

5).    294 

 295 

The effect of increasing the magma chamber temperature from 300 ºC to 900 ºC is most pronounced 296 

within two slightly stiffer layers (E1 and E3), and directly adjacent to the chamber in the right of 297 



the model. Firstly, the stiff layers concentrate larger values of both tensile and shear stress directly 298 

above the magma chambers when the temperature is increased. However, adjacent to the magma 299 

chamber walls the situation is more complex. The tensile stress instead decreases with increasing 300 

temperature but the shear stress increases with increasing temperature (Fig. 5a,b,c). The shear stress 301 

increase predominantly locates within the lower parts of the corresponding magma chambers (Fig. 302 

5e,f,g), and this accumulation of stress increases at deeper crustal levels coinciding with the thermal 303 

gradient applied (Fig. 5a-g).  304 

 305 

Similar results are obtained in the three magma chamber configuration models (Figs. 6-8). In these 306 

cases the magnitude of tensile stresses around the larger deeper reservoir decreases from Figure 6 307 

at the lowest temperatures tested to Figure 8 at the highest temperatures tested, whereas again the 308 

shear stress increases with temperature.  It is further observed that the magntide of stresses are 309 

somewhat higher with the addition of the applied boundary loads (Fig 6-8). Also, increase in 310 

temperature promote an increase in σ3 along some of the major modelled fault zones (Figure 6-8 311 

a,b,c,d).  312 

Due to the singularity in boundary conditions, in the vicinity of the lower corners of the domain, 313 

artificial stress concentrations are observed. These are artefacts that arise from the loading 314 

condition and not be evaluated in connection with the magmatic and faulted systems. We were 315 

careful to design the models such that the area of interest was sufficiently far from these artefact 316 

effects.   317 

 318 

5. Discussion and conclusions  319 

 320 

Although mechanical and thermomechanical interaction of magma chambers in the earth’s crust 321 

have been previously investigated (Degruyter & Huber, 2014; Degruyter et al., 2016; Towsend et 322 



al., 2019), the overall stress field generation around magma chambers were not documented. 323 

Previously simulated thermomechanical simulations mainly explore heat transfer (e.g. Anne, 324 

2009), cooling and longevity (e.g., de Silva & Gregg, 2014; Gelman et al., 2013; Karakas et al., 325 

2017), magma replenishment (Paterson et al., 2011; Hickey et al., 2016; Townsend et al., 2019) or 326 

level of stress relaxation (Grosfils, 2007; Karlstrom et al., 2010; Gerbault, 2012; Gudmundsson, 327 

2012; Karaoğlu et al., 2016) from the magma chambers. Here, we present a suite of novel 328 

thermomechanical simulations which explore, for the first time, the stress and deformation field 329 

around magma chambers at different crustal depths formed both by tectonic and magmatic pressure 330 

and by thermo-elastic expansions. 331 

 332 

In the suite of purely mechanical simulations, we demonstrated that the minimum principal 333 

compressive stress (tensile stress) is predominantly located at the lateral margins of the magma 334 

chambers and the magnitude of these stresses are always less than about 10 MPa for the applied 335 

conditions. The distribution and level of von Mises shear stress are also less than 20 MPa (Figure 336 

4). These results are consistent with previously published data using purely elastic mechanical 337 

models (Thompson & Connolly, 1995). When the results of purely mechanical and coupled 338 

thermomechanical simulations are investigated, it is possible to calculate the amounts of crustal 339 

deformation deriving from elastic thermal expansion. Coupled thermomechanical simulations 340 

show that the magnitude of Von Mises shear stress increased, when compared to the purely 341 

mechanical simulations, by around 1 order of magnitude to 200 MPa (Figs. 5-8). This is in stark 342 

contrast to the level of minimum principal compressive stress which decreases substantially at the 343 

lateral edges of the magma chambers, with temperature. This indicates that the thermal expansion 344 

around magma chambers, over the range 300 to 1200 ºC tested, can produce significant crustal 345 

thermal stresses and elastic deformation. We hence find that elastic thermal expansion induces two 346 

contrasting mechanical effects, i. it induces high levels of shear stress and ii. it suppresses tensile 347 



stresses generated through fluid overpressures. High levels of shear stress are generated as the 348 

overall stress field generated during thermal expansion is compressive, due in part to the expansion 349 

of the constituent grains in a rock mass (Browning & Gudmundsson, 2015). Any tensile stresses 350 

generated by the opening pressure of a fluid (magma or water) are cancelled out by the expansion 351 

effect of the mineral grains. There may be situations where the competing forces act to combine 352 

and lower the stress level needed to fracture the host rock, but such interactions are beyond the 353 

scope of our models.  354 

 355 

Throughout these numerical simulations, we use the inferred geological setting of a section of a 356 

complex crustal segment such as those found in Eastern Turkey (Karaoğlu et al., 2017), Galapagos 357 

(Searle & Francheteau, 1986) and Chile (Gorring et al., 1997). Whilst the continuation of structures 358 

through the depth profile is likely an over-simplification, it allows an examination of the potential 359 

relationship between inferred crustal structures and thermomechanical loading. The 360 

thermomechanical relationship between the shallow magma chambers and the deeper magma 361 

reservoir that we infer to underlie a faulted caldera system located on the right-part on the model 362 

domain is highly sensitive to temperature increases which may encourage and facilitate magma 363 

transport between the two systems and to the surface (Figs. 6-8). However, it should be noted that 364 

our simulations do not consider phase changes or ductile deformation which are likely to be 365 

important processes at depths below 10 km and at the margins of hot magma chambers. Whilst we 366 

do not model such effects, it is possible that rocks around the magma chambers may act at least 367 

partially as visco-elastic and hence inhibit the development of crustal stresses or magmatic 368 

overpressures (de Silva & Gregg, 2014; Degruyter et al., 2016). Further work is needed to consider 369 

the influence of such competing processes. It is clear though that the majority of the upper crust 370 

behaves as linear elastic (Grosfils et al., 2015) and hence simulations that determine the influence 371 

of temperature on elastic mechanical behaviour are important.  372 



 373 

Furthermore we do not directly consider magma chamber cooling but the longevity and cooling 374 

timescales of crustal magma chambers and reservoirs is a long debated topic in volcanology. Time 375 

sensitive numerical models (e.g., Annen, 2009; Gutiérrez & Parada, 2010; Paterson et al., 2011; 376 

Gelman et al., 2013; Degruyter and Huber, 2014; Karakas et al., 2017) and high-precision zircon 377 

geochronology from silicic plutons show that the longevity supported by U-Pb geochronology for 378 

plutonic and volcanic systems (Costa et al., 2008; Schoene et al., 2012) is > 0.1 My for large silicic 379 

systems. In nature, any transfer of heat from a magma chamber or intrusion through the rocks will 380 

take time and hence the overall temperature field should be treated with caution. However, any 381 

thermal expansion or contraction will have a near instantaneous response in terms of the strain and 382 

stress produced. As such, the results presented here,  are most likely appropriate and valid near the 383 

margins of the heated bodies. The models do not consider the transient analyses of cooling which 384 

occurs over tens to hundreds of thousands of years (Gelman et al., 2013; Degruyter & Huber, 2014; 385 

Karakas et al., 2017) and has an effect on the distribution of thermo-mechanical stresses. Therefore, 386 

our models are likely most appropriate for considering the recent injection or replenishment of a 387 

magmatic body and reveal steady state solutions. Considering time independent analyses,  we likely 388 

simplify the complexities of large long-lived magma systems (Parmigiani et al., 2017; Townsend 389 

et al., 2019). However, it is possible to approximate the host rock temperature field as a function 390 

of time using cooling models such as the conductive cooling model of Carslaw and Jaeger (1959) 391 

or any other appropriate model. For the size of shallow magma chambers presented in our study, 392 

they would take of the order of several tens to a hundred thousand years to cool from 900 oC to 300 393 

oC, if the effect of magma reinjection is neglected. As such, each temperature field and resultant 394 

stress field studied, can be linked in time with the inherent simplifications associated with any 395 

conductive cooling model (Carslaw and Jaeger, 1959). 396 

 397 



Our results elucidate a complex distribution of crustal stresses resulting from the arrangement of 398 

crustal structures, i.e., faults, layers and magma chambers (e.g., Karlstrom et al. 2010). In the purely 399 

mechanical simulations, both tensile and shear stresses concentrate predominantly around the 400 

lateral margins of the magma chambers but also interact with the imposed caldera-faults around 401 

the caldera volcano in the east (Figure 4). The thermomechanical models show a substantially 402 

different distribution of stress with respect to the crustal faults. We find that many of the crustal-403 

scale faults (modelled as compliant units) change the distribution of crustal stresses in the 404 

thermomechanical simulations. In the threemagma-chamber model coupled thermomechanical 405 

simulations, the highest distribution of minimum principal compressive stress concentrates at 406 

around 10 km depth along the eastern part of one of the major faults (Figure 8a-c). The stress 407 

magnitude becomes more evident as the temperature applied for the deeper magma reservoir 408 

increases from 600 ºC (Fig. 6), 900 ºC (Fig. 7) to 1200 ºC (Fig. 8). The simulation results of the 409 

two-magma-chamber models also demonstrate that the thermomechanical behaviour of different 410 

magmas with different temperatures may provide an opportunity to study coeval and monogenetic 411 

volcano feeder systems since these systems are linked to a volcanoes all round stress field (Figure 412 

5). For example, lateral sill emplacement is expected throughout this crustal segment since the 413 

mechanical properties of the units vary substantially and likely encourage magma deflection 414 

(Figure 5-8) (Gudmundsson, 2011). We note a high concentration of tensile stress movement 415 

between the magma chambers in the east to a major fault zone in the west, especially when an 416 

extensional boundary loading condition was applied (Figure 5b), which may further encourage 417 

lateral magma or sill emplacement.  418 

It should be noted that the effect of geothermal gradient applied in all simulations plays a significant 419 

role in stress distribution throughout the crust (Figs. 6-8). The expansion of rocks around the 420 

magma chambers and resulting crustal displacement applies a compressional load close to the 421 

chambers but a tensile load at suitably aligned crustal stress raisers. The effect in both cases sees a 422 



reduction in normal stress on the fault which may have implications for unloading the fault and 423 

promoting slip. However, the normal stress is also accompanied by counteractive shear stress 424 

towards the base of the fault zone which may further contribute to the stability of the fault. This 425 

indicates that there is a complex interplay between stress distributions resulting from thermal 426 

expansion in the crust.  427 

 428 

The 2D, two-magma-chamber and three-magma-chamber models in this study, simulate the 429 

coupled stress and thermal effect on magma chambers in complex loading conditions such as those 430 

experienced in crustal segments in Eastern Turkey and can be used (with suitable modifications) 431 

to advance our understanding of magma storage, propagation and crustal deformation of crustal 432 

segments hosting magma worldwide. 433 
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