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Introduction  

Text S1, Figures S1–3, and Table S1 provide detailed descriptions of the tests that were 
performed to evaluate the effects of mesh construction and artificial diffusion coefficient 
on fluid migration in our model. 
 
 
Text S1. Effects of mesh construction and artificial diffusion coefficient on fluid 
migration 

As can be seen from Eq. 7, the choice of element size h and the tuning parameter 
value δ controls the degree to which artificial diffusion is imposed, influencing the 
evolution of fluid migration. The smaller these values are, the smaller the effect of 
artificial diffusion is in the model. However, small element size is computationally 
expensive, and a small tuning parameter can trigger numerical instability. We tested the 
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model with a range of mesh construction and artificial diffusion coefficient and 
determined the computationally optimal mesh and artificial diffusion coefficient in 
minimizing their effects on the evolution of fluid migration paths.  

For this exercise, we apply fluid influx over an isolated depth range centered at a 75 
km depth (as in Section 3), which is the shallowest influx depth adopted in this study. At 
this depth, a sharp change in fluid fraction is expected along the leading edge of the fluid 
flow due to small grain size and low permeability at the base of the mantle wedge, 
resulting in relatively large artificial diffusion compared to models with deeper fluid 
influx. Thus, minimizing the effect of artificial diffusion in this setting leads to optimal h 
and δ for other influx depths. We use FM Models A’ and B’ as warm-slab and cold-slab 
end-member scenarios, respectively. For each model discussed here, critical influx values 
are used (i.e., influx that causes the initiation of upward fluid migration at 5 Myr after the 
influx initiation). 

We constructed four different meshes in which the minimum element size is reduced 
by approximately a factor of 2 going from Meshes 1 to 2, 2 to 3, and 3 to 4 (Table S1; 
Figure S1). We first show the effect of δ, using Mesh 1. With δ = 1, a relatively large 
effect of artificial diffusion allows fluids to travel away from the location of fluid influx 
quickly, reaching into the region of mantle inflow and resulting in initiation of upward 
fluid migration. For given mesh construction, the distance over which fluids are dragged 
down-dip by mantle flow increases with decreasing δ in both FM Models A’ and B’ 
(Figures S2a–c and S3a–c). This occurs as the effect of artificial diffusion becomes 
smaller. We found that in most case δ = 0.25 provides the solution least influenced by 
artificial diffusion without causing numerical instability (except in FM Model B” with 
very fine mesh shown in Figure S3e,f). 

In FM Model A’ with δ = 0.25, the down-dip drag distance increases from Mesh 1 to 
Mesh 2 due to reduction in artificial diffusion (Figures S2c,d). However, the difference 
in the distance among Meshes 2–4 is small, indicating that Mesh 2 provides reasonable 
approximation for solutions obtained by finer mesh (Figures S2d–f).  In FM Model B’, 
the down-dip drag distance also increases from Mesh 1 to Mesh 2 and continue to 
increases with decreasing element size. However, for fine mesh, such as Meshes 3 and 4, 
the δ value of 0.25 results in numerical instability (indicated by grey dashed circles in 
Figure S3e,f). The propagation of instability (oscillation) causes unphysical migration or 
pooling of fluids, resulting in incorrect solutions. We found that with δ = 0.25, the finest 
mesh that can be used with δ = 0.25 for FM Model B’ is Mesh 2.  

Mesh 2 is not fine enough to entirely remove the effect of artificial diffusion on the 
down-dip drag distance for FM Model B’ (cold-slab cases), as was the case for FM 
Model A’ (warm-slab cases). With Mesh 2, therefore, the down-dip drag distance is 
likely to be underestimated for cold-slab cases. In the main text, we discuss the horizontal 
location of arc volcanoes based on our modeling results, assuming that they form above 
the forefront of upward fluid migration. The predicted arc location is also affected by our 
choice of mesh and is predicted to be closer to the trench than what is expected from the 
true solution. However, the results provide the general trend in the effects of grain size 
variation on fluid migration in the mantle wedge, which is one of the key objectives of 
this study. Thus, based on these results, we chose to use Mesh 2 with δ = 0.25 for all 
models presented in the main text. 
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Figures 
 

 
Figure S1. Distribution of element sizes in Mesh (a) 1, (b) 2, (c) 3, and (d) 4. (see Table 
S1) 
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Figure S2. Fluid migration pattern in FM Model A’ at 10 Myr after initial fluid influx 
centered at a 75-km depth (black vertical arrow) calculated by using Mesh 1 with (a) δ = 
1 (ϕc' = 0.00832), (b), δ = 0.5 (ϕc' = 0.00580), and (c) δ = 0.25 (0.00450), (d) Mesh 2 with 
δ = 0.25 (ϕc' = 0.00380), (e) Mesh 3 with δ = 0.25 (ϕc' = 0.00336), and (f) Mesh 4 with δ 
= 0.25 (ϕc' = 0.00298). Black vertical arrow indicates the horizontal location of the peak 
fluid influx. Red vertical arrow indicates the horizontal location of the forefront of 
primary upward fluid migration paths. Blue dashed line parallel to the base of the mantle 
wedge indicates the distance over which fluids are dragged down-dip by mantle outflow. 
The down-dip drag distance increases with decreasing δ from (a) to (c) and with 
decreasing element size from (c) to (f). Difference in the down-dip drag distance among 
(d)–(f) is relatively small.  Red lines indicate mantle flow streamlines.Dark blue lines 
indicate based on the fluid velocity field calculated at the given time step. 
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Figure S3. Fluid migration pattern in FM Model B’ at 10 Myr after initial fluid influx 
centered at a 75-km depth (black vertical arrow) calculated by using Mesh 1 with (a) δ = 
1 (ϕc' = 0.00360), (b), δ = 0.5 (ϕc' = 0.00402), and (c) δ = 0.25 (0.00458), (d) Mesh 2 with 
δ = 0.25 (ϕc' = 0.00472), (e) Mesh 3 with δ = 0.25 (ϕc' = 0.00412), and (f) Mesh 4 with δ 
= 0.25 (ϕc' = 0.00363). Grey dashed circle in (e,f) indicates the location of numerical 
instability, which affects the pattern of fluid migration. See the caption for Figure S2 for 
other symbols.  Red and dark blue lines indicate mantle and fluid streamlines, 
respectively. 
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Table S1. The minimum and maximum element sizes at the base of the mantle wedge 
and the total number of elements in the model domain. 
Mesh 
construction 

Minimum 
element 
size (m) 

Maximum 
element 
size (m) 

Total 
number of 
elements 

1 173.6 5720.0 50770 
2 90.9 4159.5 117676 
3 45.3 4160.9 160433 
4 22.5 4283.3 255528 
 


