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Introduction
This file contains texts S1: Resolution and Time Stepping, S2: Volatile Volume and
Density, S3: 2D Scaling Law and S4: 2D vs 3D as well as Figures S1-S6 and supplementary

table S1.
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Text S1: Resolution and Time Stepping

To maximize the resolution, we use only one quarter (half for 2D) of the perfectly
symmetric domain. Figures S2a, S2b and S3a show that we do not introduce any effects
through this simplification. Using 384 cells in each direction yields roughly 56.6 million
cells and a vertical resolution of about 40 meters (Figure la). As the model extends
15 km in the vertical and 50 km in horizontal directions, the horizontal cell size is only
40 meters in the central 2.5 km and then increases towards the horizontal edges of the
domain. Resolution tests confirm that this is sufficient (Figures S2a, S2b and S3b). We
run the model for 40 years with a constant time step of 1 year. This domain width and
time stepping allows the evaluation of reliable models (see section 3.1 and Figures S2c,
S2d, S3c, S3d). Figure 1d shows that emplacing the full volatile reservoir at once or

incrementally increasing its size results in the same surface response.
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Text S2: Volatile Volume and Density

We use the ideal gas law to estimate the volume of the volatile reservoir:

B nRT
p

1% (S1)

V' is the volume, n the amount of substance, R the universal gas constant, T" the temper-

ature and p the pressure. n is calculated by

n= o (S2)

where m is the total volatile mass and M is the average molar mass of the volatile mixture.

Finally, we calculate density p by:

<3
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Text S3: 2D Scaling Law

Figure S4b shows four material parameters that have a considerable effect on the surface
response. The radius of the volatile reservoir (r,,), the depth of the volatile reservoir
(dyor), the density contrast between volatiles and crust (Ap) and the shear modulus of the
crust (Gerust). We performed a systematic parameter variation, testing 5 different values
for each parameter (9 for d,,) while keeping the other parameters constant. Figure S5
shows the results for individual parameters. From this, we are able to derive the following

scaling relationship:

r*Apg
dG ’

Ahg = A (S4)

where Ahg is the predicted subsidence upon volatile removal, A is a pre-factor with units of
meters, r is the radius of the volatile reservoir, Ap is the density contrast between volatiles
and crust, ¢ is the gravitational acceleration, d is the depth of the volatile reservoir and
G the shear modulus of the crust. Figure S4c shows that the scaling law is able to predict
the modeling results as well as 24 additional cases where multiple parameters were varied
and that were not used in deriving the law. The error is on the order of 10% or lower for
the majority of cases. Exceptions are models with a shallow volatile reservoir (r /d > 0.1,
blue in Figure S4d). Analytical solutions for the gravity anomaly of buried cylinders or
spheres have the same issue of only being applicable when the depth of the body is much
larger than its radius (Turcotte & Schubert, 2002). The same is true for simple models
relating the inflation of magma bodies to surface deformation (e.g. Mogi, 1958; Yang et

al., 1988).
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Text S4: 2D vs 3D

The surface displacement in our 2D models is larger than in the 3D models by a factor
of about 30. This stems from the fact that modeling a sphere in 2D is equivalent to
modeling an infinite horizontal cylinder/pipe in 3D. Our study highlights the importance
of modeling magmatic systems in 3D. Yet, there are some relevant results that do not
change when moving from 2D to 3D. The influence of material parameters Ap and G as
well as the independence of the surface deformation from the reservoir shapes and the
temperature structure of the crust did not change when moving to 3D. Consequently, the
scaling laws for 2D (equation S4) and 3D (equation 8) are similar. So 2D models can
serve as a good tool for orientation as they are computationally much cheaper and allow
to do extensive initial testing. To get quantitative results on finite bodies, it is however

critical to use 3D models.
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Figure S1. Magnitude of deviatoric stress (771) around the volatile reservoir for different
time steps and reservoir shapes. Dashed yellow lines follow boundaries of volatile and magma
reservoir. (a) Reference model with volatiles emplaced. (b) Reference model right before the
eruption. (c) Reference model after the volatiles have been released. (d) Oblate reservoir with

volatiles emplaced. (e) Prolate reservoir with volatiles emplaced.
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Table S1. Material parameters

Material | p[X%] | G [GPa] | B, lip) | En [kJ] n
Crust 2500 2.0 3.2x107%| 154 2.3
Magma | 2500 0.1 n = 10'8 Pas
Volatiles | 500 0.1 n = 10'% Pas

Creep parameters (B, E,, n) are chosen after Ranalli (1995)
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Figure S2. Results of 2D models. (a) Comparison of the maximum surface uplift through
time between the full size model, the symmetric version and the symmetric version at doubled
resolution. (b) Comparison of a surface profile at 20 years between the full size model, the
symmetric version and the symmetric version at doubled resolution. (¢) Maximum surface uplift
through time in the reference model using different time steps. (d) Maximum surface uplift

through time in the reference model using different model widths.
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Figure S3. Results of 3D models. (a) Surface profile after 20 years (right before removal of

the volatiles) for the full size model and the symmetric version (used in the study). (b) Surface
profile after 20 years for different model resolutions. (c) Surface profile after 20 years for different
model widths. (d) Maximum surface uplift through time in the reference model using different

time steps.
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Figure

magma body shapes and temperature structures. All models show similar results. (b) Effect
of perturbing one crucial material parameter compared to the reference model. (¢) Comparison
between modeled subsidence and subsidence predicted by equation S4. Black dashed line shows
1:1 correlation. Orange crosses show models that were used to derive equation S4, green crosses
show models that were used to test it and blue crosses show models with a shallow (<= 2km)
volatile reservoir. (d) Error between the modeled subsidence and the predicted subsidence in

dependence of reservoir depth. Error is only > 20% for the models with a shallow volatile
April 13, 2022, 2:01pm

SPANG ET AL.: VOLCANO DEFORMATION AND BUOYANCY

) - Reference
— Magmaob,
m— Magmapro
| e NO Diff
=== | ONng Diff
m— High T
1 1 1 1 1
0 10 20 30 40
Time [yr]
i /x
4
4
T 4
7/
4
i //
X
i v
4

ho [cm]

Error []

80

60

40

20

0.6

0.5

0.4

0.3

0.2

0.1

0.0

- > Regular
X Shallow
_ X Validation
T T T T T T T
0 1 2 3 4 5 6
Modeled Ahg [m]
S4. Results of 2D models. (a) Maximum

reservoir.

m— Ref
-1 r' = [yol
s O
— dvo/
7 f— Gcrust
L 1 1 1 1 1
0 10 20 30 40
Time [yr]
i X
. > Regular
% X Shallow
_ X Validation
RV
| X
] X o XX
x ; % X X X
- X X
1 1 1 1
2 4 6 8
Depth [km]

surface uplift through time for different




SPANG ET AL.: VOLCANO DEFORMATION AND BUOYANCY

0.2
//
0.0 7
Y.
)R
- -0.2 ’
< //’
= R
= -0.4 .
b 7’
=2 s
0.6 PRd
’
/’
-0.8 m = 2.01
7
T T T T T
2.1 2.2 2.3 2.4 2.5 2.6
l0g10(rvor)
X
01 m = -0.99
X
-0.1
_ <
ad
< \
= \
S -03 \\
(@)} '\
o \
N
-0.5 \\
\u
\
-0.7 T T T T T
3.0 3.2 3.4 3.6 3.8 4.0
IOglo(dvol)
Figure S5.

log10(Ahg)

log10(Ahg)

-0.24

-0.28

-0.32

0.75

X -13
)
/7
/’
e
///
i /’
/’
/’
w2
/
/’
’
’
- P
p
/’
/’
//
P m = 1.00
T T T
3.24 3.28 3.32 3.36
log10(Ap)
AN m = -0.96
\
\
i \
\
\
\
\N
_ \
S\
\
\
\
i N\
N
\
\
\
— \/
T T T T
8.0 8.5 9.0 9.5 10.0 10.5
IOglo(Gcrust)

Results of scaling law analysis in 2D. Surface subsidence upon volatile removal

(Ahg) in dependence of the 4 material parameters, we found to be significant. m denotes the

slope of the linear fits and equates to the exponent of the parameter in the scaling law (equation

S4).

linear fit.
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Blue crosses in ¢ denote two shallow models (d <= 2km) that were excluded to allow a
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Results of scaling law analysis in 3D. Surface subsidence upon volatile removal

(Ahg) in dependence of the 4 material parameters, we found to be significant. m denotes the

slope of the linear fits and equates to the exponent of the parameter in the scaling law (equation

8). Blue crosses in ¢ denote two shallow models (d <= 2 km) that were excluded to allow a linear

fit.
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