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Volcanic arcs at convergent plate margins are primary surface expressions of plate tectonics. 

Although climate affects many of the manifestations of plate tectonics via erosion, the upwelling of magmas 

and location of volcanic arcs are considered insensitive to climate. In the Southern Andes, subduction of the 

Nazca oceanic plate below the South American continent generates the Southern Andes Volcanic zone. 

Orographic interactions with Pacific westerlies lead to high precipitation and erosion on the western slopes 

of the belt between 42-46°S. At these latitudes, the topographic water divide and the volcanic arc are 

respectively farther and closer to the subduction trench than at lower latitudes, despite a constant 

subduction dip angle along strike. Here, we use thermomechanical numerical modeling to investigate how 

magma upwelling is affected by topographic changes due to orography. We show that a leeward topographic 

shift may entail a windward asymmetry of crustal structures accommodating the magma upwelling, 

consistent with the observed trench-ward migration of the Southern Andes Volcanic Zone. A climatic control 

on the location of volcanic arcs via orography and erosion is thus revealed. 

Southern Andes volcanic arc and climate 

Dehydration of a subducting oceanic plate commonly occurs at ~100 km depth and leads to 

partial melting of mantle rocks1,2. Upwelling buoyant magmas then feed the volcanic arc on the 

upper continental plate1–5. The slab dip angle, thus, exerts a primary control on the distance 

between the volcanic arc and the subduction trench2,6, while crustal and lithospheric structures 

affect the magma ascent toward the surface3–5. The topography generated by compressional 

strain and magma upwelling during ocean-continent subduction is subject to climate-driven 

erosion7–11. The redistribution of the surface masses by erosion, in turn, affects the lithospheric 

deformation, partial rock melting, and magma transfer, thereby influencing the structural and 

magmatic evolution of a compressional orogen7–13. If the topography acts as an orographic barrier, 

in particular, enhanced precipitation and erosion on the upwind side of the orogen force a leeward 

migration of the topographic range9. While the role of orography and associated erosion gradients 

on the structure and topography of an orogen was addressed before7–10, its forcing on the location 

of a volcanic arc has been overlooked. 

In the Southern Andes between ~34-46°S, subduction of the Nazca oceanic plate beneath 

South America bounded to the south by the northward migrating Chile Triple Junction (CTJ) 

generates the Southern Andes Volcanic Zone (SVZ) and an orogenic wedge with mean elevation 

between 1-3 km above sea level14–20 (Fig. 1a). Throughout the Plio-Quaternary, steady oblique 

subduction along strike occurs at a rate of ~7 cm/yr (Refs. 21–23) with slab dip angle of ~25° 

(Refs. 24–26). Three latitudinal zones account for statistically significant changes in the relative 

distances between the subduction trench, the topographic water divide, and Quaternary volcanoes 

(Fig. 1, Supplementary Table 1, Methods). The average distance between each volcano and the 
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subduction trench decreases from ~300 km north of 42°S (zones 1 and 2), where volcanoes are 

located above the 100 and 120 km slab isodepths, to ~260 km south of ~42°S (zone 3), where 

volcanoes are located above the 80 and 100 km slab isodepths (Fig. 1a,b). This ~40 km trench-

ward migration of the volcanic arc between zones 1-2 and zone 3 cannot be explained by a 

southward increase in the slab dip angle24–26. Instead, south of ~40°S the amount of precipitation 

increases on the western slopes due to orographic interactions with westerly winds27. The 

increase in erosion rates on the upwind side of the range28,29 leads to a ~70 km eastward 

migration of the topographic water divide (Fig. 1c) and contributes to a ~1000 m decrease in the 

mean altitude15,18,20 of the orogenic wedge from zone 1 to 3. Volcanoes are found west and east of 

the topographic water divide north of ~40°S, but they are systematically west of the water divide 

south of ~40°S (Fig. 1a,d). 

 

Fig. 1. Synoptic view of the study region and data analyses. a, Map of total annual precipitation30 in the Southern 
Andes with Quaternary volcanoes (red triangles31) divided in three latitudinal zones for analysis (Methods). 
Quaternary erosion rates29. Convergence plates velocities21. Depth of the top of the Nazca slab25,26. Late Miocene arc 
front adapted from19. b-d, Scatter and box plots of the relative distances between the volcanoes, the subduction 
trench and the topographic water divide (Supplementary Table 1). Negative values indicate volcanoes to the west of 
the water divide. Whiskers (w) extend to the most extreme data points (without considering outliers, plotted with ‘+’ 
(Supplementary Table 1), and correspond to ~2.7σ and 99.3% coverage of the data. Outliers, defined as values 
greater than 𝑞3 + w(𝑞3 − 𝑞1)  or smaller than 𝑞1 − w(𝑞3 − 𝑞1) , where q1 and q3 are the first and third quartiles 
respectively, correspond to within-plate volcanoes19 located more than 400 km east of the subduction trench. 

Numerical analysis 

We use a lithosphere-asthenosphere thermomechanical visco-elasto-plastic numerical 

geodynamic model (see Methods) to test the hypothesis of an upwind (i.e., trench-ward) migration 
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of the SVZ forced by orography. A mantle-melting zone (MMZ) with 20 km diameter is imposed in 

the center of the model domain. The upward transfer and emplacement of magma into the crust 

occurs through a 3 km wide magmatic channel, which allows for a simplified representation of 

magmatic percolation by hydrofractures3–5, diffusion32, porous flow33, and reactive flow34 through 

the rheologically stronger mantle lithosphere35 (Supplementary Table 2). The parametric study 

(Supplementary Table 3) focuses on (1) the crustal thickness (Ch, equal to 35 and 45 km14,17,18,25), 

(2) the initial depth of the magmatic channel upper tip35 (Dmc, equal to 15, 20, and 25 km) and, (3) 

the lithospheric thickness (Lh, equal to 90 and 100 km14,17,25). In order to investigate how the 

topographic load affects the magma upwelling path, all model configurations were tested with an 

initial central and lateral (i.e., shifted rightward with respect to the MMZ) topographic wedge on the 

model free surface (Fig. 2 and Supplementary Figs. 1-4). This choice implies that, for each model 

configuration, simulations with central and lateral topography show the paths of magma upwelling 

prior to and after the landscape has adjusted to the orographic gradient, respectively (the transient 

state is beyond our purpose). In order to isolate the effects of topographic changes on magma 

upwelling, we did not impose tectonic convergence in the models, which simply evolve by 

upwelling of buoyant magma into the crust until depletion of the MMZ in about 0.2 Myr (Fig. 2 and 

Supplementary Figs. 1-4). 

 

Fig. 2. Initial and final steps of 
selected numerical simulations (Ch = 
35, Lh = 100, Dmc = 20 km). Color 
layering in the crust is to show 
deformation. The topographic profiles 
shown above the simulation have 3x of 
vertical exaggeration. Lithological and 
thermal distribution (a) and cumulative 
bulk strain (b) of the numerical model 
with central topographic wedge above 
the MMZ. Note the symmetric final 
system of brittle-ductile structures 
accommodating the rise of magma to 
near the surface. Lithological and 
thermal distribution (c) and cumulative 
bulk strain (d) of the numerical model 
with topographic wedge to the right of 
the MMZ. The final system of brittle-
ductile structures is asymmetric 
(leftward), leading to distal magma 
upwelling from the initial topographic 
wedge. dr and dl are defined in the text. 
SA – sticky air; C – crust; LM – 
lithospheric mantle; A – asthenosphere; 
MA – molten asthenosphere.  

 

The emplacement of magma into the crust is accommodated by strain structures, which 

interest the brittle upper crust and the ductile lower crust. Simulations that account for a central 
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topographic wedge show the formation of symmetric crustal magma reservoir and strain structures 

with respect to the MMZ, feeding volcanoes on both sides of the topographic wedge (Fig. 2a,b and 

3). Simulations that account for a lateral topographic wedge develop highly asymmetric crustal 

magma reservoirs and strain structures, feeding volcanoes on the opposite side of the topographic 

wedge (Figs. 2c,d and 3). 

The degree of asymmetry of the accumulated strain at the end of the simulations is defined 

as 𝛿𝑑 = |𝑑𝑟| − |𝑑𝑙|, where 𝑑𝑟 and 𝑑𝑙 are the maximum horizontal distance between the center of 

the model domain and the surface fault tips to the right (positive values) and left (negative values) 

respectively (Fig. 2b,d; Supplementary Figures 1-4 and Supplementary Table 3). When the 

topography is shifted laterally, a thin crust (Ch = 35 km) enhances the asymmetry of strain and 

magma upwelling (Figs. 2, 3, and Supplementary Figs. 1 and 2). This general trend is largely 

independent on Dmc and Lh. When the crust is thick (Ch = 45 km) and Dmc is high (25 km), the 

viscous strain in the lower crust accommodates almost entirely the emplacement of magma, 

inhibiting the formation of upper crustal brittle structures and the rise of magma to the near surface 

(Fig. 3 and Supplementary Figs. 3,4). Regardless of the crustal and lithospheric thickness, when 

Dmc is low (15 km), the magma rises easily to the surface through brittle structures near the 

center of the model, resulting on relatively small values of 𝛿𝑑 (Fig. 3 and Supplementary Figs. 1-

4). When Dmc is intermediate (20 km), brittle-ductile structures cross through the crust reaching 

the surface at further distance from the center of the model (Figs. 2, 3, and Supplementary Figs. 

1,3,4). This results into a highly asymmetric magma upwelling system when topography is shifted 

laterally (i.e. high, negative 𝛿𝑑 value, Figs. 2d and 3). The reference model (Fig. 2) shows 𝛿𝑑 = ~-

40 km, consistent with the observed trench-ward shift of the volcanic arc in zone 3 compared to 

zones 1 and 2 (Fig. 1a,b). 

 

Fig. 3. Results of the parametric study. Initial depth of the magmatic channel upper tip (Dmc) vs. degree of 
asymmetry in cumulative strain (𝜹𝒅, see text), with central (a) and lateral topography (b). Negative values show 
asymmetry to the left of the MMZ. Values for Ch and Lh are shown in the legend, cold and hot colors show 
simulations with thin and thick crust, respectively. See results of simulations on Fig. 2, Supplementary Figs. 1-4 and 
Table 3. 

Tectonics, orography and volcanic arcs 

The topography of an orogen commonly adjusts to lateral erosional gradients over 

timescales between 0.01-0.1 Ma (Ref. 36), which are significantly shorter than the Pliocene to 
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present interval, during which orography and the onset of glaciation conditioned the orogen 

growth28,29,37 in absence of major tectonic changes22,23,38,39. We can thus interpret our results in 

the light of the multi-Ma timescale orogenic and volcanic arc evolution. 

The break-up of the Farallon Plate into the Nazca and Cocos oceanic plates22,23 enhanced 

compressional stresses and mountain building across the Southern Andes in the Miocene20,37–41. 

South of ~40°S, strain localization along the transpressive Liquiñe-Ofqui Fault Zone (LOFZ) since 

at least the Pliocene15,28,42 is related to the oblique convergence of the Nazca Plate and/or the 

CTJ approaching its current position15,16,28,41–43. Trench-ward migration of the Late Miocene 

volcanic arc to its current position is ascribed to the activation of the LOFZ which accommodates 

magma upwelling15,38,40 (Figs. 1a and 4b) and/or a slab steepening event17,19,40. Our models show 

that a thinner crust such as that between ~42-46°S is more prone to localized strain structures that 

may accommodate the magma upwelling and migration of the volcanic arc (Figs. 2-3), as 

previously suggested18. Results, however, further show that also an orographic shift of the 

topographic load during magma upwelling can foster the formation of localized strain structures 

toward regions of enhanced erosion and reduced topographic load. If these structures serve as a 

main path for the magma ascent as suggested for the LOFZ15–18,28,40–43, then a leeward orographic 

shift of the topography can facilitate an upwind migration of the volcanic arc (Fig. 4). Our results 

explain observations (Fig. 1) without requiring a contribution by northward migration of the CTJ 

nor a change in slab dip angle, although we do not dismiss these factors. We thus propose that, 

following the Miocene fragmentation of the Farallon slab and associated topographic 

growth20,22,23,37–41, a Plio-Quaternary trench-ward migration of the strain and the volcanic arc south 

of ~40°S is fostered jointly by the established orographic erosion gradient, the approach of the 

CTJ to its present position28,41,43 and possibly a slab steepening event19,40. In this view, heat 

advection from the approaching CTJ28,39 was enhanced by higher orographic erosion on the 

windward side of the orogen, weakening the crust and fostering the activation the LOFZ and 

westward volcanic arc migration. 

The climatic control on magmatism, thus, occurs not only through a forcing from ice 

building-melting12,13, erosion11,44 and/or sea level changes45 on the magma production, but also 

through an orographic forcing on the magma upwelling path, affecting the location of volcanic 

arcs. We expect this recognition to be broadly applicable to other volcanic arcs worldwide and 

particularly relevant for volcanic arc ore deposits, the exploitation of which is primarily conditioned 

by the regional topography itself. Because volcanic arcs provide a substantial contribution to the 

evolution of climate across timescales, this recognition provides an additional evidence of the tight 

coupling between climate and plate tectonics46,47. 
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Fig. 4. Schematic model of the orographic 
forcing on the location of the SVZ. a, 
Analogy for zones 1-2 (~33-42°S), with 
relatively symmetric climate, erosion rates, and 
volcanoes position with respect to the orogenic 
wedge, structures are simplified from20. b, 
Analogy for zone 3 (~42-46°S), with 
asymmetric climate, erosion rates and 
volcanoes position due to westerly storm-
tracks, driving leeward migration of the 
orogenic wedge and upwind migration of the 
deformation, structures are simplified from40 
and the LOFZ is represented as a preferential 
channel for magma upwelling. 
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Methods 

 Measurements of volcano-trench-water divide distances and zonal analysis 

The relative distances between the volcanoes, the subduction trench, and the topographic 

water divide were measured based on volcanoes coordinates provided by Ref. 31. The location of 

the subduction trench and the topographic water divide was traced using Google Earth at a scale 

~1:4,000,000. Measurements (Supplementary Table 1) account for the closer point along the 

trench and the closer point along the water divide to each volcano. The subdivision of the SVZ in 

zones 1, 2 and 3 is based on the petrochemical and structural arrangement of the arc16–19 and 

help us to highlight meaningful correlations between measured distances. 

Thermomechanical model  

The numerical model is based on conservative finite-differences with marker-in-cell 

technique and incorporates temperature-dependent rheologies for solid and partially molten 

rocks35,48. The model accounts for a (1) mechanical, (2) visco-elasto-plastic rheological, (3) 

thermal, and (4) partial rock melting component. A short description of the models’ components is 

provided hereafter. Additional details and full description of the numerical techniques are provided 

elsewhere11,35,49. 

Mechanical Component 

The continuity equation (1) 

(1)  𝜕𝜌𝜕𝑡  + ∇(𝜌�⃗�) =  0, 

where 𝜌 is the local density, 𝑡 is time, �⃗� is the velocity vector, and ∇ is the divergence operator, 

allows for the conservation of mass during the displacement of a geological continuum. 

The momentum equation (2) 

(2)  𝜕𝜎𝑖𝑗𝜕𝑥𝑖  +  𝜌𝑔𝑖 =  𝜌 (𝜕𝑣𝑖𝜕𝑡  +  𝑣𝑗 𝜕𝑣𝑖𝜕𝑥𝑗), 

where 𝜎𝑖𝑗 is the stress tensor, 𝑥𝑖 and 𝑥𝑗 are spatial coordinates, and 𝑔𝑖 is the i-th component of the 

gravity vector, describes the changes in velocity of an object in the gravity field due to internal and 

external forces. 

Rheological Component 

Ductile deformation is thermally activated and occurs by viscous flow. Diffusion and 

dislocation creep are computed based on material viscosity shear viscosity35,49, 𝜂𝑑𝑢𝑐𝑡𝑖𝑙𝑒 (equation 

3), defined as: 

(3) 
1𝜂𝑑𝑢𝑐𝑡𝑖𝑙𝑒  =  1𝜂𝑑𝑖𝑓𝑓  +  1𝜂𝑑𝑖𝑠𝑙 , with 

(3.1) 𝜂𝑑𝑖𝑓𝑓  =  𝜂02𝜎𝑐𝑟𝑛−1 𝑒𝑥𝑝 (𝐸𝑎 + 𝑃𝑉𝑎𝑅𝑇 ),and 

(3.2) 𝜂𝑑𝑖𝑠𝑙  =  𝜂0 1𝑛2 𝑒𝑥𝑝 (𝐸𝑎 + 𝑃𝑉𝑎𝑛𝑅𝑇 ) 𝜀�̇�𝐼1𝑛−1
, 

where, 𝜂𝑑𝑖𝑓𝑓  (equation 3.1) and 𝜂𝑑𝑖𝑠𝑙  (equation 3.2) are the shear viscosity for diffusion and 
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dislocation creep, respectively, 𝜂0  is the material static viscosity, 𝜎𝑐𝑟  is the diffusion-dislocation 

transition critical stress, n is the stress exponent, 𝐸𝑎 is the activation energy, 𝑉𝑎 is the activation 

volume, P is pressure, R is the gas constant, T is the temperature, and 𝜀𝐼𝐼̇  is the second invariant 

of the strain rate tensor. Then, the viscous deviatoric strain rate tensor, 𝜀̇′𝑖𝑗 (𝑣𝑖𝑠𝑐𝑜𝑢𝑠) (equation 4), is 

computed as: 

(4) 𝜀̇′𝑖𝑗 (𝑣𝑖𝑠𝑐𝑜𝑢𝑠) =  12𝜂𝑑𝑢𝑐𝑡𝑖𝑙𝑒 𝜎′𝑖𝑗 + 𝛿𝑖𝑗𝜂𝑏𝑢𝑙𝑘𝜀�̇�𝑘 = 12𝜂𝑑𝑖𝑓𝑓 𝜎′𝑖𝑗 + 12𝜂𝑑𝑖𝑠𝑙 𝜎′𝑖𝑗 + 𝛿𝑖𝑗𝜂𝑏𝑢𝑙𝑘𝜀�̇�𝑘 , 
where, 𝜎′𝑖𝑗 is the deviatoric stress tensor, 𝛿𝑖𝑗 is the Kronecker delta, 𝜀�̇�𝑘 is the volumetric strain 

rate (e.g., related to phase transformations), 𝜂𝑏𝑢𝑙𝑘 is the bulk viscosity. 

Elastic deformation is reversible and assumes proportionality of stress and strain. The 

elastic deviatoric strain rate tensor, 𝜀̇′𝑖𝑗 (𝑒𝑙𝑎𝑠𝑡𝑖𝑐)  (equation 5), is computed as: 

(5) 𝜀̇′𝑖𝑗 (𝑒𝑙𝑎𝑠𝑡𝑖𝑐) = 
12𝜇  �̆�𝜎′𝑖𝑗𝐷𝑡  , 

where, 𝜇  is the shear modulus, and 
�̆�𝜎′𝑖𝑗𝐷𝑡  is the objective co-rotational time derivative of the 

deviatoric stress tensor. 

Plastic (or brittle) localised deformation occurs at low temperature in the upper part of the 

lithosphere, after reaching the absolute shear stress limit, 𝜎𝑦𝑖𝑒𝑙𝑑 (equation 6), is defined as: 

(6) 𝜎𝑦𝑖𝑒𝑙𝑑  =  𝐶 +  sin(𝜑)𝑃, 

where, 𝐶  is cohesion, 𝜑  is the effective internal friction angle. The plastic strain rate tensor, 𝜀̇′𝑖𝑗 (𝑝𝑙𝑎𝑠𝑡𝑖𝑐) (equation 7), is then computed as: 

(7) 𝜀̇′𝑖𝑗 (𝑝𝑙𝑎𝑠𝑡𝑖𝑐) = 0 𝑓𝑜𝑟 𝜎𝐼𝐼 < 𝜎𝑦𝑖𝑒𝑙𝑑, 𝜀̇′𝑖𝑗 (𝑝𝑙𝑎𝑠𝑡𝑖𝑐) = 𝒳 𝜕𝜎′𝑖𝑗2𝜎𝐼𝐼  𝑓𝑜𝑟 𝜎𝐼𝐼 ≥ 𝜎𝑦𝑖𝑒𝑙𝑑, 

where 𝒳 is the plastic multiplier which satisfies the plastic yielding condition 𝜎𝐼𝐼  =  𝜎𝑦𝑖𝑒𝑙𝑑. 

At the lithospheric scale, all deformation mechanisms occur jointly and the overall visco-

elasto-plastic rock strain rate tensor, 𝜀̇′𝑖𝑗(𝑏𝑢𝑙𝑘) (equation 8), is defined as: 

(8) 𝜀̇′𝑖𝑗(𝑏𝑢𝑙𝑘) =  𝜀̇′𝑖𝑗(𝑣𝑖𝑠𝑐𝑜𝑢𝑠)  +  𝜀̇′𝑖𝑗(𝑒𝑙𝑎𝑠𝑡𝑖𝑐)  +  𝜀̇′𝑖𝑗(𝑝𝑙𝑎𝑠𝑡𝑖𝑐) 
Thermal Component 

Heat conservation during advective and conductive heat transfer in the continuum is 

computed by the energy equation (9): 

(9) 𝜌𝐶𝑃 𝐷𝑇𝐷𝑡 − 𝑑𝑖𝑣(𝑐∇𝑇) +  𝑣∇𝑇 =  𝐻𝑟  +  𝐻𝑠  +  𝐻𝑎  +  𝐻𝑙, 
where 𝐶𝑃 is specific heat capacity at a constant P, 𝑐 is the thermal conductivity, 𝐻𝑟  +  𝐻𝑠  +  𝐻𝑎  + 𝐻𝑙  are the volumetric heat productions by radiogenic, shear, adiabatic and latent heat, 

respectively. 𝐻𝑎 ∝  𝐷𝑃𝐷𝑡 , 𝐻𝑠 =  𝜎′𝑖𝑗𝜀̇′𝑖𝑗(𝑣𝑖𝑠𝑐𝑜𝑢𝑠), and 𝐻𝑟 and 𝐻𝑙 are defined in Supplementary Table 2. 

Partial Melting Component 

Partial melting occurs between the wet solidus, 𝑇𝑠, and dry liquidus, 𝑇𝑙, of the considered 

lithologies50–52 (Supplementary Table 2). 𝜉  is the volumetric fraction of melt (equations 10.1 – 



 

12 

 

 

10.3) that increases linearly with T at a constant P (Ref. 53), so that, 

(10.1) 𝜉 =  0 at 𝑇 ≤  𝑇𝑠 

(10.2) 𝜉 =  1 at 𝑇 ≥  𝑇𝑙 
and (10.3) 𝜉 =  (𝑇−𝑇𝑠)(𝑇𝑙−𝑇𝑠)  𝑎𝑡 𝑇𝑠 < 𝑇 < 𝑇𝑙 

The effective density, 𝜌𝑒𝑓𝑓 (equation 11), of partially molten rocks is then computed by11,35:  

(11) 𝜌𝑒𝑓𝑓  =  𝜌𝑠 ( 1 –  𝜉 +  𝜉𝜌𝑙0𝜌𝑠0 ), 

where 𝜌𝑙0 and 𝜌𝑠0 are the standard densities of solid and molten rocks, respectively. The solid rock 

density, 𝜌𝑠 (equation 12), is calculated as35: 

(12) 𝜌𝑠  =  𝜌𝑜 [1 +  𝛽(𝑃 − 𝑃0)]  × [1 –  𝛼(𝑇 − 𝑇0)], 
where 𝛽 is compressibility, 𝛼 is thermal expansion and 𝜌𝑜, 𝑃0, and 𝑇0 are density, pressure and 

temperature of rocks at surface conditions. 

Reference Model Setup 

The initial setup measures 200 × 120 km in the x and y dimensions (Fig. 2), resolved by 

201 × 61 grid points respectively, distributed on an irregular Eulerian grid that accounts for a 

maximum resolution of 1 km along the x and y directions in the upper-central part of the model 

domain. 400 × 400 Lagrangian markers are randomly distributed along the x and y dimensions 

and used for advecting the material properties11,35,49. The material properties carried by 

Lagrangian markers are then interpolated onto the Eulerian grid via a 4th order Runge-Kutta 

interpolation scheme35,49. An internal free surface is simulated through a 10 km thick layer of 

sticky air49. The velocity boundary conditions are free slip at all boundaries (x = 0 and x = 200 km; 

y = 0 and y = 120 km). The initial temperature gradient is piece-wise linear resulting from an 

adiabatic temperature gradient of 0.5 °C/km in the asthenosphere53 and thermal boundary 

conditions fixed at 0 °C at the surface and 1327 °C at the lower boundary, with nil horizontal heat 

flux across the vertical boundaries35. Temperature is set to 1327 °C in the mantle melting zone. 

The bulk composition of the mantle melting zone in the model is ultramafic, but enrichment by 

25% mafic melt is prescribed in the magmatic channel35,48. 𝜂𝑑𝑢𝑐𝑡𝑖𝑙𝑒 (equation 3) of partially molten 

rocks (with ξ > 0.1, equation 10.3) is assigned a low constant value of 1016 Pa s (Refs. 6,33). A 𝜂𝑑𝑢𝑐𝑡𝑖𝑙𝑒 upper limit is set to 1025 Pa s (Refs. 11,35,53). The topographic wedge measures 2.5 km in 

simulations with central topography, and 1.5 km in simulations with lateral topography, consistent 

with the change in mean altitude between zones 1-2 and zone 3 (ref. 18). 
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