
Articles
https://doi.org/10.1038/s41561-020-0545-x

Earthquakes and tsunamis caused by low-angle 
normal faulting in the Banda Sea, Indonesia
Phil R. Cummins   1,2,3 ✉, Ignatius R. Pranantyo1, Jonathan M. Pownall   1,4, Jonathan D. Griffin3,5, 
Irwan Meilano6 and Siyuan Zhao   1

1Research School of Earth Sciences, Australian National University, Canberra, Australian Capital Territory, Australia. 2Global Geophysics Research Group, 
Institut Teknologi Bandung, Bandung, Indonesia. 3Community Safety Branch, Geoscience Australia, Canberra, Australian Capital Territory, Australia. 
4Department of Geography, Geology, and Environment, University of Hull, Hull, UK. 5Department of Geology, University of Otago, Dunedin, New Zealand. 
6Geodesy Research Group, Faculty of Earth Science and Technology, Institut Teknologi Bandung, Bandung, Indonesia. ✉e-mail: phil.cummins@anu.edu.au

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

Nature Geoscience | www.nature.com/naturegeoscience

http://orcid.org/0000-0001-8826-3021
http://orcid.org/0000-0002-6013-3193
http://orcid.org/0000-0002-4232-6514
mailto:phil.cummins@anu.edu.au
http://www.nature.com/naturegeoscience


Supplementary Material

Table ST1: GPS observations from analysis of Indonesian Agency for Geospatial
Information CORS stations in the Banda Sea region.

Station longitude latitude veast(σeast) vnorth(σnorth) vup(σup)
◦ ◦ (mm/yr) (mm/yr) (mm/yr)

BANI 129.905 -4.522 29.9(0.3) 35.5(0.3) 1.4(0.7)
CAMB 128.185 -3.696 10.3(0.3) 23.7(0.3) -0.7(1.0)
CBLA 130.488 -3.104 -6.3(1.0) 40.8(1.0) 2.0(4.0)
CFAK 132.304 -2.924 -23.8(0.4) 44.3(0.3) 0.6(0.9)
CSAU 131.298 -7.984 34.8(0.4) 54.9(0.3) -2.3(0.7)
CUAL 132.745 -5.632 19.7(0.2) 58.3(0.2) -1.6(0.7)
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Figure S1: Analysis of GPS measurements of crustal motion in the Banda
Sea region, modelled as the interaction the Australian Plate (AUST) with five
crustal blocks - East Maluku (EMAK), Banda (BAND), Timor (TIMO), Sumba
(SUMB) and Seram (SERA). Arrows depict observed (green) and modelled (yel-
low) velocities referenced to a fixed AUST, and the dominant slip regime on each
block boundary is indicated by a symbol whose size scales with total relative
velocity, including any oblique component. Oblique motion is indicated by the
skewed directions of the symbols with respect to the respective block boundary.
The inset shows the residual - observed minus calculated - velocity for the two
stations BAPI and BANDI closest to the Banda Detachment, along with the
geometry of the normal fault used to model them. Locations of stations CAUL
and CSAU in the outer arc that are referred to in Figure 2 are also indicated.
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Figure S2: Elevation profiles in the Weber Deep. (above) Contours show the
elevation at every 1,000 m depth, and the red lines indicate the locations of the
corresponding elevation profiles shown below. (below) Elevation profiles along
the lines shown above. The number on top of the profile shows maximum slope
angle from west to east (WE) and east to west (EW) along the profile.
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Figure S3: Computational domain used in the tsunami simulations. The outer-
most domain uses a 450 m gird spacing, while the domain in the first level nested
grid (outermost blue rectangles) uses 150 m grid pacing, and the innermost gird
(innermost blue rectangles) uses 50 m. Red curves are the tsunami inverse travel
time contours from Banda Neira, and the inset shows the bathymetry used in
Banda Neira based on a historical document57.

4



T
ab

le
S

T
2
:

G
ro

u
n

d
m

o
ti

o
n

a
n

d
ts

u
n

a
m

i
a
cc

o
u

n
ts

o
f

th
e

1
8
5
2

B
an

d
a

S
ea

ev
en

t

L
o
c
a
ti
o
n

(R
e
g
io
n
)

D
e
sc
ri
p
ti
o
n

M
M

I1
T
H

2

B
an

d
a

Is
la

n
d

s:
B

an
d

a
N

ei
ra

an
d

B
an

d
a

B
es

ar
7:

50
am

ea
rt

h
q
u

a
ke

w
it

h
a

d
u

ra
ti

o
n

o
f

5
m

in
u

te
s.

M
a

jo
ri

ty
o
f

th
e

b
u

il
d

in
g
s

w
er

e
d
es

tr
oy

ed
a
n

d
g
ro

u
n

d
cr

a
ck

in
g

a
p

p
ea

re
d

a
ro

u
n

d
th

e
is

la
n

d
.

T
h

en
it

w
a
s

fo
ll

ow
ed

b
y

a
t

le
a
st

9
a
ft

er
sh

o
ck

s
d

u
ri

n
g

th
e

d
ay

.
A

fl
o
o
d

w
av

e
su

rg
ed

in
to

th
e

b
ay

fi
ft

ee
n

m
in

u
te

s
la

te
r.

T
h

e
se

aw
a
te

r
ro

se
a
s

h
ig

h
a
s

th
e

fo
o
t

w
a
ll

o
f

F
o
rt

B
el

g
ic

a
a
n

d
th

e
fo

o
t

m
o
u

n
ta

in
s

a
t

B
a
n

d
a

B
es

a
r

(L
o
n
th

o
r)

(a
p

p
ro

x
.

8
.2

m
).

T
h

e
n

o
rt

h
co

a
st

o
f

B
a
n

d
a

N
ei

ra
a
n

d
th

e
so

u
th

er
n

sh
o
re

o
f

B
a
n

d
a

B
es

ar
n

o
ti

ce
d

m
in

o
r

ts
u

n
a
m

is
o
n

ly
.

8
+

b
(1

0
)

8
.2

a

B
an

d
a

Is
la

n
d

s:
R

os
en

ga
in

an
d

A
i

S
tr

on
g

ea
rt

h
q
u

a
ke

w
a
s

fe
lt

a
t

th
e

is
la

n
d

s
o
f

R
o
se

n
g
a
in

a
n

d
A

i.
S

ea
w

at
er

ro
se

b
u

t
o
n

ly
a

fe
w

fe
et

a
b

ov
e

th
e

u
su

a
l

le
ve

l.
8

(8
)

<
1a

A
m

b
on

:
A

m
b

on
T

ow
n

,
H

il
a,

L
ar

ik
e

7:
30

am
,

th
e

to
w

n
o
f

A
m

b
o
n

fe
lt

v
io

le
n
t

g
ro

u
n

d
m

o
ti

o
n

la
st

in
g

fo
r

5
m

in
u

te
s.

S
h

o
rt

ly
a
ft

er
,

th
e

w
a
te

r
in

th
e

b
ay

ro
se

a
n

d
o
sc

il
la

te
d

u
n
ti

l
2:

0
0

p
m

.
It

re
a
ch

ed
u

p
1
.8

m
in

th
e

fi
rs

t
fi

v
e

ti
m

es
.

T
h

e
gr

ou
n

d
m

o
ti

o
n

w
a
s

a
ls

o
fe

lt
a
t

H
il

a
a
n

d
L

a
ri

ke
w

it
h

o
u

t
ca

u
si

n
g

an
y

d
am

a
g
e.

5 (A
m

b
o
n

:
7
;

o
th

er
s:

6
)

1
.8

a
(A

m
b

on
B

ay
)

S
ap

ar
u

a:
T

ij
au

,
H

at
u

an
a,

P
or

to
,

K
u

lo
r,

S
ir

i
S

or
i,

B
oi

7:
30

am
,
is

la
n

d
o
f
S

a
p

a
ru

a
fe

lt
a
n

ea
rt

h
q
u

a
ke

.
A

fl
o
o
d

w
av

e
su

rg
ed

in
to

S
a
p

a
ru

a
B

ay
,

o
sc

il
la

te
d

b
et

w
ee

n
8
:3

0
a
n

d
1
1
:0

0
a
m

,
ro

se
u

p
to

3
m

,
a
n

d
in

u
n

d
a
te

d
a
b

o
u

t
1
2
7

in
la

n
d

a
t

se
tt

le
m

en
ts

a
ro

u
n

d
th

e
b

ay
a
n

d
T

ij
a
u

.
V

il
la

g
es

o
f

P
o
rt

o
,K

u
lo

r,
S
ir

i
S

o
ri

n
o
ti

ce
d

a
w

ea
k

fl
o
o
d

.
A

v
il

la
g
e

o
f

B
o
i,

w
h

er
e

w
a
s

lo
ca

te
d

in
th

e
b

ay
,

h
ea

rd
ru

m
b

le
so

u
n
d

fr
o
m

so
u

th
ea

st
d

ir
ec

ti
o
n

.

7
(5

)
3
.0

a

(S
a
p

a
ru

a
B

ay
)

H
ar

u
k
u

:
F

or
t

Z
ee

la
n

d
ia

(H
ar

u
k
u

),
H

u
la

li
u

,
O

m
a,

W
as

u

7:
30

am
,

is
la

n
d

o
f

H
a
ru

k
u

fe
lt

v
ib

ra
ti

o
n

ca
u

si
n

g
cr

a
ck

s
a
t

F
o
rt

Z
ee

la
n

d
ia

.
V

il
la

g
es

o
f

H
u

la
li

u
,

O
m

a
,

a
n

d
W

a
su

n
o
ti

ce
d

a
fl

o
o
d

w
av

e
to

g
et

h
er

w
it

h
a

ru
m

b
le

so
u

n
d

.

7
(6

)
<

2a

5



C
o
n
ti

n
u

a
ti

o
n

o
f

T
a
b

le
S

T
2

L
o
c
a
ti
o
n

(R
e
g
io
n
)

D
e
sc
ri
p
ti
o
n

M
M

I1
T
H

2
(m

)
N

u
sa

L
au

t:
A

m
et

,
A

k
o
on

,
L

ei
n

it
u

E
ar

th
q
u

a
ke

w
a
s

fe
lt

a
n
d

in
st

a
n
ta

n
eo

u
s

fl
o
o
d

in
g

n
o
te

d
a
t

A
m

et
,

A
ko

on
,

a
n

d
L

ei
n

it
u

.
7

(5
)

<
2a

B
u

ru
E

ar
th

q
u

a
ke

w
a
s

fe
lt

a
n

d
fo

ll
ow

ed
b
y

a
fl
o
o
d

w
av

e
w

it
h

o
u

t
ca

u
si

n
g

an
y

d
am

a
g
e.

5
(5

)
<

2a

S
er

am
:

A
m

ah
ai

8:
00

am
v
io

le
n
t

sh
a
k
in

g
w

a
s

fe
lt

a
t

A
m

a
h

a
i.

6
(6

)
<

2a

H
al

m
ah

er
a:

T
er

n
at

e,
L

ab
u

h
a

G
ro

u
n

d
m

o
ti

o
n

w
a
s

fe
lt

a
t

T
er

n
a
te

a
n

d
L

a
b

u
h

a
6

(L
a
b

u
h

a
:

5
;

T
er

n
a
te

:
3
)

–

K
ai

Is
la

n
d

s
an

d
it

s
su

r-
ro

u
n

d
in

gs
T

w
o

sm
a
ll

ri
se

n
is

la
n

d
s

w
er

e
o
b

se
rv

ed
in

1
8
5
3

h
a
d

so
ft

a
n

d
ye

l-
lo

w
go

ld
en

co
lo

u
r

su
rf

a
ce

.
T

h
re

e
sm

a
ll

s
is

la
n

d
s

w
er

e
d

is
co

v
er

ed
b

et
w

ee
n

T
ay

a
n

d
u

a
n

d
K

a
im

er
is

la
n

d
s.

A
n

o
th

er
n

ew
is

la
n

d
s

w
a
s

d
is

co
ve

re
d

in
1
8
5
4
.

–
–

J
av

a:
S

em
ar

an
g,

P
as

u
-

ru
an

,
G

ra
ti

,
S

u
m

en
ep

6:
45

am
,

a
w

ea
k

sh
o
ck

fe
lt
3
.

1
T

h
is

st
u

d
y

(P
re

v
io

u
s

st
u

d
y
1
1
)

2
E

st
im

at
ed

ts
u

n
am

i
h

ei
gh

t
(m

)
3

C
au

se
d

b
y

a
d

iff
er

en
t

ea
rt

h
q
u

ak
e

o
n

th
e

P
a
su

ru
a
n

F
a
u

lt
in

ea
st

J
av

a2
7

a)
F

ro
m

P
re

v
io

u
s

st
u

d
y
1
1

b
)

M
M

I
8+

d
en

ot
es

sa
tu

ra
ti

on
si

n
ce

M
M

I
8

w
o
u

ld
li

ke
ly

re
su

lt
in

co
ll

a
p

se
o
f

m
o
st

m
a
so

n
ry

b
u

il
t

in
1
8
5
2

E
n

d
o
f

T
a
b

le
S
T

2

6


