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Intrusions of magma induce thermal aureoles in the country rock. Analytical solutions predict that the thickness of an aureole is proportional to the thickness of the intrusion. However, in the field, thermal aureoles are often significantly thinner or wider than predicted by simple thermal models. Numerical models show that thermal aureoles are wider if the heat transfer in the magma is faster than in the country rock due to contrasts in thermal diffusivities or the effect of magma convection. Large thermal aureoles can also be caused by repeated injection close to the contact. Aureoles are thin when heat transfer in the country rock is faster than heat transfer within the magma or in case of incrementally, slowly emplaced magma. Absorption of latent heat due to metamorphic reactions or water volatilization also affects thermal aureoles but to a lesser extent. The way these parameters affect the thickness of a thermal aureole depends on the isotherm under consideration, hence on which metamorphic phase is used to draw the limit of the aureole. Thermal aureoles provide insight on the dynamics of intrusions emplacement. Although available examples are limited, asymmetric aureoles point to magma emplacement by over-accretion for mafic cases and by under-accretion for felsic cases, consistent with geochronological data.
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INTRODUCTION

Contact metamorphic aureoles are due to the elevation in temperature in country rocks induced by the proximity of an igneous intrusion. Simple analytical models predict that the thickness of a thermal aureole, i.e., at what distance from the intrusion contact a metamorphic mineral appears that is characteristic of a certain temperature, is proportional to the thickness of the igneous intrusion. However, in reality, contact aureoles are often thinner, and sometimes wider than predicted. For example, the aureole associated with the several kilometers thick Manaslu leucogranite is only observed over a thickness of 100 m (Guillot et al., 1995). In contrast, andalusite registers the thermal impact of 5.5 km thick Western Adamello intrusion 1,700 m away from the contact (Floess and Baumgartner, 2015). A compilation of contact aureole thicknesses (Reverdatto et al., 1970; Barton et al., 1991) shows that for a given depth and intrusion composition, i.e., for a given initial country rock and magma temperature, aureole thicknesses relative to intrusion thicknesses vary significantly (Figure 1). Galushkin (1997) reports reduced thermal effects around a number of relatively small intrusions (from 1.3 to 20 m thick) and explains low temperatures by emplacement of the intrusion in a shell of cooler magmatic rocks but without explaining how this shell formed without transiting through high magmatic temperatures.
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FIGURE 1. Compilation of thermal aureole relative thickness for different intrusion compositions. The aureole relative thickness is the aureole thickness divided by the intrusion thickness. Black diamonds are data from Reverdatto et al. (1970) for meso- or hypabyssal metamorphic facies that are amphibolite hornfels and muscovite hornfels. Red dots are for (1) the Manaslu (Guillot et al., 1995), (2) the Alta stock (Cook and Bowman, 1994), (3) the Western Adamello tonalite (Floess and Baumgartner, 2015), (4) the Cupsuctic (Bowers et al., 1990), (5) the Skaergaard (Bufe et al., 2014).



In the present paper, I briefly review the parameters controlling aureole thicknesses around tabular intrusions and explore a few mechanisms that can explain large variations in the thickness of aureoles. Tabular intrusions include sills, dykes, and laccoliths. Geophysical data and field observations show that plutons are also often tabular in shape (Cruden and McCaffrey, 2001). The intensity and extent of contact metamorphism depends on physical parameters, like thermal diffusivities or the temperature of the intruded magma, which are related to magma and country rocks compositions. Mechanisms that affect heat transfer include convection in the magma, hydrothermal circulation in the country rock, and, most importantly, the mechanism and timescale of magma emplacement.

METHODS: ANALYTICAL AND NUMERICAL COMPUTATION OF HEAT TRANSFER FROM A MAGMA INTRUSION TO THE COUNTRY ROCK

In this paper, I model aureoles induced by conductive heat transfer by (i) an instantaneously emplaced single magma sheet and (ii) an incrementally emplaced magma body with a time interval between magma increments.

For an instantaneously emplaced magma sheet of thickness 2a, the temperatures T as a function of time t and distance to the sheet center x can be analytically calculated with the following equation (Furlong et al., 1991):
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where T0 is the initial temperature of the rocks in which the magma is emplaced, ΔT is the temperature difference between T0 and the magma temperature Tm, and K is the thermal diffusivity.

The effect of the latent heat L released by crystallization of the magma can be accounted for by increasing ΔT as follows (Jaeger, 1964):
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where cp is the specific heat of magma. However, Furlong et al. (1991) noted that this way of correcting ΔT overestimates the temperatures at the contact between magma and country rock.

Numerical simulation allows taking into account release of latent heat of crystallization, including the latent heat absorbed by metamorphic reactions, and modeling incrementally emplaced magma sheets. The temperature evolution is computed numerically according to the equation of heat flow:
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or
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where Q is:
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where ρ is density, X is melt fraction, and k is thermal conductivity. Thermal conductivity relates to thermal diffusivity through K = k/ρcp.

Finite differences are used to solve for Q along a 1D grid (Figure 2) with dx, the distance between nodes and dt, the computation time steps:
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Superscript p is for moment in time and subscript i is for nodes position in space.
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FIGURE 2. Model setup. Magma intrusions are sheets of half width a. Temperatures are calculated analytically in a one-dimensional half-space with Equation (1) or numerically with Equations (5–10). The system initial temperature is T0 and is perturbed by emplacement of magma with temperature Tm. dx is the dimension of the cell of the numerical grid.



Whittington et al. (2009) showed that k varies with temperature. In case of varying k, Equation (6) becomes (Hunt et al., 2006):
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T is retrieved from Q using Equation (5). This requires knowing how melt fraction X varies with T. The relationship between T and X depends on rock composition and on pressure.

Here, I opted for a simple linear relationship between temperatures and melt fractions so that:
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With Ts and Tl, the solidus and liquidus temperatures, respectively. The actual X-T relationships are not linear for most magmas. An accurate knowledge of the X-T relationship is important to precisely determine the melt fraction evolution over time. However, for the purpose of this contribution, which is to determine the thickness of thermal aureoles, the controlling parameters are the total heat content of the magma and not the exact evolution of melt fraction with time.

Equation (8) was also used when including latent heat of metamorphic reaction or water volatilization in the country rock. In this case, X is either the fraction of mineral that reacted or the portion of water volatilized, and Ts and Tl are the lower and upper temperatures bounding the reaction.

The simulation initial conditions are T = Tm and X = 1 at the j first nodes, with jdx = a, and T = T0 and X = 0 for all the other nodes. The boundary conditions are no heat flux through the boundary so that:
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and
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The simulation run over time, calculating temperatures at each time step dt. The simulation stops when temperatures have dropped everywhere below a threshold value that was chosen as T0 + (500 − T0)/2.

Because the thickness of thermal aureoles is recorded by the presence of metamorphic mineral phases, the geologically relevant parameter is the maximum temperature Tmax reached in the country rock as a function of distance from the intrusion contact.

The validity of the numerical code based on Equations (5–10) was tested by comparing the results with those obtained with the analytical solutions (1) and (2) for an instantaneously emplaced magma sheet. The values of the parameters used in the computations are reported in Table 1. If the latent heat is set to 0 and if the physical parameters are constant in time and space and the same for the magma and the country rock, the profile of Tmax obtained with the numerical simulation is identical to the profile of Tmax obtained using Equation (1). As noted by Furlong et al. (1991), if latent heat is included, the analytical solution (Equations 1, 2) over-estimates temperatures close to the contact (Figure 3).


Table 1. Parameters used in calculation unless specified otherwise.
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FIGURE 3. Comparison of the maximum temperatures obtained numerically and analytically. If the latent heat is set to 0, the curves are superposed. If the latent heat is set to 300 kJ/kg, the maximum temperatures close to the contact obtained with Equations (1, 2) are higher than the temperatures obtained numerically.



For an incrementally growing body, regular emplacement of new magma increments is simulated by setting the first j cells to T = Tm and X = 1, with jdx corresponding to the thickness of a magma batch. To simulate the accommodation of the increment by displacement of the intrusion walls, the former values of the cells (before the increments) are transferred to the cells of position i + j. The time interval between two increments depends on the emplacement rate that is tested.

The computations, analytical and numerical, do not explicitly integrate heat transfer by convection. Convection is expected to enhance heat transfer within the magma for thick intrusions, or within the country rocks for permeable water-rich environments. The effect of convection can be approximated by an increase in the value of diffusivities, which is discussed later.

RESULTS

Instantaneous Intrusion without Diffusivity Contrasts

The temperature evolution in the country rock after the instantaneous emplacement of a sheet-like magma intrusion depends on the thickness of the intrusion, the country rock initial temperature and composition, the magma emplacement temperature and latent heat of crystallization, and the thermal diffusivity (c.f. Equation 1). Thermal diffusivity controls the time that is needed for a given point to reach a maximum in temperature (Tmax) and the time it takes for temperatures to decay (Figure 4). In the absence of diffusivity contrasts between the intrusion and the country rock, the thermal diffusivity does not influence the height of the maximum in temperature. Thus, in the absence of spatial variations of diffusivities, profiles of Tmax are independent from the absolute value of thermal diffusivities and depend only on the magma and country rocks initial temperatures and on the intrusion thickness (Figure 5). Figure 6A shows that the distance to the contact of a given Tmax, i.e., the thickness of the contact aureole, is a linear function of the intrusion thickness. For a given initial temperature and rock type the relative thickness of the aureole l/a, with l the thickness of the aureole, is a constant (Figure 6B). This result is in stark contrast with the data compiled by Reverdatto et al. (1970) and Barton et al. (1991) that show large variations in the relative thickness of aureoles (Figure 1).
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FIGURE 4. Evolution of temperatures over time at 525 m from the contact of a 2 km thick intrusion for different thermal diffusivities K. There is no spatial variation of diffusivities, which are identical in the magma and the country rock.
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FIGURE 5. Maximum temperatures reached by the country rock as a function of distance from the intrusion contact for different intrusion half-thicknesses a, all other parameters being equal.
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FIGURE 6. (A) Thickness of the thermal aureole expressed as the distance from the contact, where Tmax is 550°C, respectively 400°C, as a function of the intrusion thickness. (B) Relative thickness of the aureole expressed as the distance to the contact divided by the intrusion thickness.



Diffusivity Contrasts

For the simulation shown on Figures 7, 8, thermal diffusivity K was varied by varying thermal conductivity k and keeping ρ and cp constant. Although, Tmax is independent from diffusivity as long as diffusivity does not vary spatially, spatial variation of diffusivity, and in particular diffusivity contrasts between the intrusion and the country rock have a marked effect on Tmax profiles (Figures 7, 8). Nabelek et al. (2012) showed that in models where diffusivity is temperature-dependent and decreases with increasing temperatures (Whittington et al., 2009), Tmax in contact aureoles are lower than with a constant diffusivity of 10−6 m2/s. If the intrusion diffusivities are higher than the country rock diffusivities, the country rock acts as an insulating layer that slows down heat transfer from the intrusion. Heat builds up in the country rocks close to the contact resulting in elevated temperatures and larger aureoles. A similar effect has been described by Jaupart and Provost (1985), who showed how heat focusing at the boundary between a high conductivity granitic rock and a low conductivity sedimentary rock results in elevated temperatures and melting. In contrast, if the country rock diffusivity is higher than the intrusion diffusivity, heat is rapidly dissipated, temperatures in the country rocks remain relatively low, and the thermal aureole is relatively small. Figure 7 shows that a diffusivity contrast can reduce the aureole thickness to less than the definition of the numerical grid (10 m) or almost double it in comparison to an absence of contrast. The increase in aureole thickness is bounded and is more important when high temperatures are considered (Figure 8).


[image: image]

FIGURE 7. Evolution in time of temperatures at 525 m from the contact of a 2 km thick intrusion for different contrasts in diffusivities between the intrusion (Km) and the country rock (Kc) and for a temperature dependant conductivity [K = F(T); (Whittington et al., 2009)].
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FIGURE 8. Thickness of the thermal aureole expressed as the distance from the contact, where Tmax is 550°C, respectively 400°C, as a function of diffusivity contrasts (= conductivity contrasts). Values for the distance from contact are normalized to the value without diffusivity contrast.



Water in the Country Rock

The presence of water in the country rock is expected to affect the value of temperatures in a contact aureole as metamorphic reactions and water volatilization absorb latent heat (Wang and Song, 2012). Water can be part of the crystal structure or be in rock pores. Emplacement of shallow intrusions in water-saturated sediments can result in the boiling of pore water. The overpressures due to fluid expansion causes fluidization textures or the formation of sediments dykes and pipes, and hydrothermal vents (e.g., Svensen et al., 2006).

To investigate the thermal impact of the presence of water in the country rock, I simulated the case where a sill of magma is emplaced in shallow water-saturated sediments. The water-filled porosity is 35%, the pressure is 0.1 kbar, corresponding to a depth of 400 m, and the initial country-rock temperature is 30°C. At this pressure, the water boiling point is 311°C and the latent heat absorbed by water volatilization is 1,317 kJ/kg (www.thermexcell.com). Figure 9 compares profiles in Tmax obtained for three different country rocks, all other parameters being equal: (1) a dry sediment; (2) a sediment with water locked in hydrous minerals and dehydration between 400 and 600°C absorbing 160 kJ/kg (Walther and Orville, 1982); (3) a water-saturated sediment as described above. The effect of heat being absorbed by water volatilization is to decrease temperatures and the thickness of aureoles. This effect is partly compensated by the effect of pore-water high specific heat (4,180 J/kg °C), which increases temperatures (Nabelek et al., 2012; Wang, 2012). As a result, peak temperatures are highest for dry sediments and lowest for water-saturated sediments (Figure 9). However, the effect of water in sediments on aureole thickness is relatively weak in comparison with the effect of diffusivity contrasts or incremental emplacement.
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FIGURE 9. Maximum temperatures Tmax as a function of distance to the intrusion contact. Plain line: the country rock is dry and no latent heat is absorbed in the country rock when temperatures increase. Dashed line: the country rock contains hydrous minerals that dehydrate between 400 and 600°C, absorbing 160 kJ/kg. Dashed-dotted line: The country rock contains 35% pore water and devolatilizes at 311°C absorbing 1317 kJ/kg. The intrusion is 100 m thick and the initial country rock temperature is 30°C.



Incremental Emplacement

Incrementally emplaced intrusions grow by addition of smaller discrete magma batches. In this paper, I focus on sheet-like intrusions (horizontal or vertical) that grow by additions of thinner sheets. The temperature evolution within the growing intrusion and in the surrounding country rock is controlled by the intrusion emplacement rate. Emplacement rate is the thickness of the thinner sheets divided by the time interval between sheets (e.g., Michaut and Jaupart, 2006; Annen, 2009).

Dating of large (several kilometers thick) tabular bodies of granitoids commonly indicate that they grow top-down (Michel et al., 2008), i.e., that sheets under-accrete. Magma and heat are repeatedly advected at the floor contact. As a result, the top and bottom thermal aureoles are asymmetric and the thermal imprint on the country rock is more important at the floor than at the roof of the intrusion (Figure 10). If each magma increment is repeatedly injected in the middle of the body (intra-accretion) the two aureoles on each side of the body are symmetrical (Figure 11). The thickness of the aureole depends on the emplacement rate or, for a fixed thickness of the increments, on the recurrence time. On Figures 10, 11, the thickness of the aureole induced by an incrementally growing body is normalized by the thickness of the aureole induced by an instantaneously emplaced body of the same thickness and characteristics, and the recurrence time interval is non-dimensionalized by dividing it by the diffusion timescale of a single sill increment (a2/K). With short recurrence intervals (fast emplacement) the top and bottom aureoles are similar to the aureole induced by an instantaneously emplaced body. If emplacement is by under-accretion, the thickness of the top aureole keeps decreasing (Figure 10A) as the recurrence time interval increases, whereas the bottom aureole first increases, reaches a maximum, and then sharply decreases (Figure 10B). With long recurrence intervals (slow emplacement) both aureoles (Figure 10), as well as the aureole of an intra-accreting body (Figure 11), converge toward a thickness that corresponds to the aureoles thickness induced by the emplacement of a single increment. In other words, the thermal imprint of a large and slowly incrementally emplaced body reduces to the thermal imprints of one small single increment. The respective evolution of the top and bottom aureole is reversed in case of bottom-up growth (over-accretion). In case of intra-accretion, both contacts get further in time from the locus of magma injection and aureole thicknesses decrease sharply as the recurrence interval increases (Figure 11).
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FIGURE 10. Aureole thickness induced by an incrementally growing magma body as a function of the time interval between magma increments. The magma body grows by under- or over-accretion of 10 sills. The aureole thickness is normalized by the value of the aureole thickness induced by the same body instantaneously emplaced (shown by the upper horizontal dashed line). The time interval between increments is normalized by the heat diffusion timescale through an increment (a2/K). As the time interval between sills becomes long relative to the heat diffusion timescale, the thickness tends toward the aureole thickness induced by a single sill (lower horizontal dashed line). (A) Aureole thickness at the contact that gets further away from new sills as the body grows, i.e., the top aureole in case of under-accretion. (B) Aureole thickness at the contact where sills are repeatedly injected, i.e., at the bottom aureole in case of under-accetion.
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FIGURE 11. Same as Figure 10 for a magma body emplaced by sills intra-accretion. In this case the top and bottom aureoles are identical.



The increase in aureole thickness and the exact shape of the thickness-recurrence time relationship depend on the value of Tmax under consideration. An increase in thickness is more marked for high peak temperatures. For Tmax = 550°C, incremental emplacement can result in aureole thickness four times wider than in case of an instantaneously emplaced intrusion (Figure 10B).

DISCUSSION AND CONCLUSIONS

The thermal impact of a magma intrusion on the country rock depends on the difference in temperature between the magma and its surrounding and on the thickness of the intrusion. For a given background temperature, the thickness of a thermal aureole scales linearly with the thickness of the associated intrusion. Larger aureoles can be due to contrasts in diffusivity. Diffusivity is the ratio between thermal conductivity k and the volumetric heat capacity ρcp, and corresponds to the rate at which heat get transferred. Heat transfer within the magma that is large relative to heat transfer through the country rock corresponds to a small Biot number, a situation that has been shown to lead to high magma-country rock boundary temperatures (Carrigan, 1988). Heat is transferred more rapidly within the intrusion than through the country rock if the country rock is insulating or if the magma is convecting. The thermal conductivity of a rock is the sum of the conductivities of its minerals (Robertson, 1988). Porous rocks that are poor in quartz and contain water or air in pores are the most insulating (Robertson, 1988). They are most likely found at shallow depth. Thermal convection in magma is significantly accelerating heat transfer within the magma and has the same effect as high conductivities. For example, Joesten (1991) explains very high temperatures in the Christmas mountain contact aureole by magmatic convection. Convection is most important for large magma chambers and low viscosity magmas. The other factor that can explain large thermal aureoles is the incremental emplacement of magma. For a range magma injection recurrence intervals, the aureole at the contact where magma is repeatedly injected is increased. This effect has been reported by Floess and Baumgartner (2015) for the aureole of Western Adamello.

Thermal aureoles that are smaller than predicted by simple analytical models can be due to contrasts in apparent diffusivity, where heat transfer is slower within the magma than in the country rocks, corresponding to large Biot Number which has been shown to reduce the magma-country rock temperature (Carrigan, 1988). Low porosity, quartz-rich country rocks have high thermal conductivities. Heat transfer in the country rock can be enhanced by hydrothermal convection. Wang and Manga (2015) show that hydrothermal convection induces complexly-shaped thermal aureoles. Diffusivities decrease with temperatures (Robertson, 1988; Whittington et al., 2009). As a magma cools down and transfer heat to its surrounding, the magma diffusivity increases and the country rock diffusivity decreases. Nabelek et al. (2012) show that taking this effect into account in calculations decreases the thickness of thermal aureoles. Incremental emplacement of the magma intrusion can result in dramatically reduced thermal aureole if the time interval between magma batches is long. The limiting case is when the time interval between magma batches is so long that the country rock completely cool down between magma injection and the thickness of the thermal aureole is controlled by the thickness of one single batch.

In the absence of diffusivity contrasts between magmas and country rocks, the value of diffusivity does not affect maximum temperatures. However, it affects the time taken by the temperature to decay and for how long the rock stays at high temperature. Since metamorphic processes are time-dependent (Joesten, 1991; Nabelek et al., 2012; Mori et al., 2017), the aspect of the contact aureole could be affected by the value the thermal diffusivity even when the peak temperature is unaffected.

According to the calculations presented here, there is an upper limit to the thickness a thermal aureole can reach. In contrast, in theory, there is no limit on how small a thermal aureole can be. The thickness of an aureole is varying in different proportions for different isotherms (see also Floess and Baumgartner, 2015). Thus, when studying specific cases, speaking of the thickness of a thermal aureole in a general way can be misleading and it is important to specify what isotherm is being considered. In the field, which isotherm can be identified depends on what metamorphic minerals can form, hence on the composition of the rock.

A difficulty in applying models to thermal aureoles observed in nature it that the three-dimensional geometry of the associated intrusion is rarely clear in the field. The extension of the intrusion is often unknown and the roof and floor are rarely available for observation (Johnson et al., 2011). Only exceptionally do outcropping conditions allow for the simultaneous observation of the different sides of a pluton.

Bufe et al. (2014) fitted the thermal aureoles of the basaltic layered intrusion of Skaergaard (Greenland) with an instantaneously emplaced magma sphere 4 km in radius. In the field, the limit of the thermal aureole is determined by microcline becoming disordered sanidine and by quartz recrystallization, corresponding to an isograd of ~500°C. The edge of the aureole at the floor and lower wall of the intrusions is at 390 m from the contact. Bufe et al. (2014) note that the aureoles temperatures at this level are lower (about 100°C less) than the temperature at the intrusion roof and upper wall (Manning et al., 1993). The difference is attributed to heterogeneous release of latent heat of crystallization. An alternative explanation is an incremental emplacement of the intrusion from bottom to top, by over-accretion.

An example of an intrusion where the thermal aureole at the lateral wall was modeled is the quartz-monzonite Cupsuctic pluton in Maine, USA (Bowers et al., 1990). The distance between the biotite isograd (460°C) and the contact of the 6–8 km in diameter pluton range from a few hundred meters to about 1.5 km. Bowers et al. (1990) discuss the role of convection and conclude that hydrothermal convection affects the outer part of the aureole but not the inner part, and emphasize the importance of the pluton geometry in controlling the isograd contours shape. They successfully fit the isograds delimited by the appearance of Biotite at 460°C, Andalusite at 510°C, and Silimanite at 580°C, with a discoid, 4 km thick, instantaneously emplaced intrusion.

The granodioritic Alta stock in Utah, USA, investigated by Cook and Bowman (1994) is 2–3 km in diameter. The thermal aureole is delimited by an outer tremolite zone (410–450°C), an outer forsterite zone (490°C), and an inner forsterite zone (575°C). The aureole delimited by the outer tremolite zone reaches 1 km. Cook and Bowman (1994) failed to reproduce the aureole temperatures with a conductive model and an instantaneously emplaced stock. Their modeled temperatures are lower than the temperatures inferred from mineral assemblages. The authors preferred explanation for the discrepancy is that heat is advected by fluids, but they do not consider the possible effect of an incremental emplacement.

In contrast to the Alta stock and Cupsuctic pluton, the thermal aureole at the roof and floor of the Manaslu leucogranite (Centre Nepal) can be observed. According to a detailed analysis of the metamorphic assemblages and of the microstructures by Guillot et al. (1995), the temperature remained high at the base of the pluton, whereas the cooling was more rapid at the top. The top aureole is <100 m. These characteristics suggest an incremental emplacement of the pluton by under-accretion (Annen et al., 2006). The thickness of the Manaslu leucogranite plution is estimated to between 5 and 12 km (Guillot et al., 1995). The top aureole can be reproduced with numerical simulation if the leucogranite pluton results from the slow amalgamation of 10–100 m thick sills over more than 5 million years (Annen et al., 2006).

It is interesting to compare the thickness of the roof aureole of the Manaslu (<100 m) with the aureole in the roof of the Moosebokmeguntic igneous complex in the Northern Apalachian. Although, the Mooselookmeguntic granite to graniodioritic intrusions is only 2 km thick and much thinner than the Manaslu leucogranite, the aureole is much thicker with the isograd determined by the garnet zone exceeding 1 km (Johnson et al., 2011). The thermal aureole was fitted by Johnson et al. (2011) with a conductive model and instantaneous emplacement, which suggests that this intrusion might have been rapidly emplaced.

Modeling of the thermal aureole of the Western Adamello tonalite by Floess and Baumgartner (2015) indicates that the aureole is too thick to be accounted for by an instantaneous emplacement of the pluton. The Western Adamello tonalite is considered to be ~5 km-wide. The presence of andalousite at 1,700 m of the contact, of basement melting at 350 m of the contact, and of shale abundant melting and presence of orthopyroxene at 50 m of the contact, determine isograds of 525, 675, and 800°C, respectively. To fit the aureole, Floess and Baumgartner (2015) modeled the external zone of the Westen Adamello tonalite as a conduit by alternating periods of continuous magma flow with periods without flow.

Several asymmetric aureoles have been reported (Guillot et al., 1995; Alvarez-Valero et al., 2014; Bufe et al., 2014). Asymmetric aureoles can be explained by incremental emplacement (Figure 10) or by the presence of a fault on one side of the pluton along which the intrusion has been exhumed (Alvarez-Valero et al., 2014). Interestingly, higher temperatures at the roof than at the floor are reported for Skaeregaard mafic intrusion (Bufe et al., 2014) whereas the opposite is true for Manaslu leucogranite intrusion (Guillot et al., 1995). It suggests a magma emplacement by over-accretion for the mafic case and by under-accretion for the felsic case in good agreement with geochronological data that indicate ages that become younger toward the floor for incrementally-emplaced granite intrusions and toward the roof for mafic intrusions (Leuthold et al., 2012).

Understanding the emplacement dynamics of igneous bodies is critical because intrusion geometries and emplacement rates control the volumes of magma that are molten and the degrees of melting during and after emplacement (Hanson and Glazner, 1995; Yoshinobu et al., 1998; Glazner et al., 2004; Annen, 2009), thus they control the ability of a magma to convect, to differentiate, to mix, to be contaminated, and to erupt (Annen, 2011). The thickness of thermal aureoles provides insights on magma emplacement timescales (Annen et al., 2006; Floess and Baumgartner, 2015). As emphasized by Wang (2012), caution must be exerted when inverting results and trying to recover magma emplacement conditions from the characteristics of thermal aureoles as different sets of parameters can lead to similar results. Nevertheless, provided that the effect of physical parameters is correctly taken into account, the combination of field observation and numerical simulations is a powerful tool to understand magma emplacement dynamics.
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