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ABSTRACT 

On 16 June 2021, a moderate earthquake with Mw 5.9 occurred in the Banda Sea, precisely at the top of the Banda Arc. 

The fault plane mechanism in this area is still not well identified, and this problem can be solved by determining the 

activated fault plane. In this research, the activated fault plane was based on the estimation of rupture directivity of the 

earthquake using the curve fitting method between observed and calculated P-wave rupture duration data. The maximum 

epicentral distance between the station and the epicentre of the earthquake is 40o. The number of seismic stations used 

is 33 stations with good azimuthal coverage. The rupture directivity of the earthquake is towards the south-southwest 

(SSW) with an azimuth of 196.5o ± 3.3o. This research has activated fault plane results validated using five aftershocks 

epicentres from USGS and NP1 CMT catalogue from GEOFON. The consistent NP is NP1 with strike/dip/slip values, 

respectively as follows 217/57/-85. This research also revealed that the earthquake located at the top of the Band Arc 

had an SSW-NNE fault orientation. 

Keywords: Rupture directivity, Activated fault plane, Banda Arc, Rupture duration, P-wave. 

1. INTRODUCTION 

The earthquake's size is theoretically proportional to 

the area of the fault where the effective slip occurs. 

Medium earthquakes (Mw > 5) usually have a fault 

length of several tens of kilometres, while for large 

earthquakes (Mw > 7), the fault length is several tens to 

hundreds of kilometres. An important thing that is rarely 

considered in determining the source mechanism for 

moderate earthquakes because they have a less 

significant impact than large earthquakes. However, it is 

essential to know because moderate earthquakes occur 

more globally than large earthquakes. One of them was 

the earthquake on 16 June 2021, which occurred in the 

Banda Sea at 7.0 km. This earthquake has a typical fault 

type occurring in one of the most striking subduction 

zones globally, with a concave-westward arc bending 

180o within a tight 300 km radius of curvature (Figure 1). 

The history of seismicity in the Banda Sea in the past can 

cause large earthquakes and tsunamis that can destroy the 

Banda Islands [1, 2], as well as potential threats that will 

occur in the future [3, 4, 5], should be associated with 

megathrusts along the outer Banda Arc. However, 

because the Banda Arc is an arc-continental collision 

zone, it no longer has oceanic trenches and thus does not 

have megathrusts [6, 7, 8, 9]. Therefore, the source 

mechanism of the earthquake on 16 June 2021 is crucial 

because it can be used as further knowledge regarding 

geological conditions in the Banda Sea. 

Determination of the activated fault plane is critical 

because it can be used as further knowledge regarding the 

mechanism of earthquake sources [10,11]. The Centroid 

Moment Tensor (CMT) solution produces two fault 

planes: the activated fault plane and the auxiliary fault 

plane, which are equivalent and indistinguishable. 

Identification of the activated fault plane of the CMT 

solution can lead to fault plane ambiguity. In order to 

select one of the two nodal planes (NP), we need 

additional information such as aftershock distribution or 

rupture dimension mapping at ground level. When none 

of this information is available, it is usually forced to 

make predictions based on local geological (or tectonic) 

conditions. Nevertheless, this has many drawbacks and 

has enormous potential for causing errors in determining 

the activated fault plane. The solution to overcome this is 

to determine the rupture directivity of the earthquake [12] 

because the rupture propagates along the fault plane [13]. 
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Figure 1 The current geological map of the Banda Sea, modified from Pownall et al. (2016) [14]. Beachball 

represents the 16 June 2021 earthquake, and the yellow circle is the distribution of aftershocks. 

 

The earthquake of 16 June 2021 is moderate. Usually, 

determining the rupture directivity for a moderate 

earthquake is using differences in source duration [15,16] 

or peak ground amplitude [17,18] observed at each 

station in the time domain or the difference in spectral 

ratios [19,20], or it could be used corner frequencies in 

the frequency domain [21]. These parameters contain 

information about the earthquake fault characteristics. 

Therefore, it is possible to determine the activated fault 

plane and to estimate the rupture directivity by analyzing 

data from each station with good azimuthal coverage. 

This research aims to determine the activated fault 

plane of the 16 June 2021 earthquake in the Banda Sea 

through a rupture approach. Estimation of earthquake 

rupture directivity using curve fitting method between 

observed and calculated P-wave rupture duration. 

Furthermore, the results of the rupture directivity in this 

research will be validated using data on the distribution 

of aftershocks and local geological conditions. 

2. METHODS 

The data used in this research is secondary data 

obtained from the https://ds.iris.edu/wilber3/find_event 

page. The maximum epicentral distance between the 

earthquake epicentre and the station is 40o. The rupture 

duration was recorded by 33 stations which were spread 

evenly around the earthquake epicentre. The rupture 

directivity can be determined by the curve fitting between 

observed and calculated rupture durations. In particular, 

the rupture directivity is characterized by the minimum 

rupture duration recorded at the station. Mathematically, 

the rupture duration can be determined using Equation 1. 

𝑇𝑑𝑢𝑟 =
𝐿

𝑉𝑟
−

𝐿

𝑉𝑝
𝑐𝑜𝑠 𝑐𝑜𝑠 (𝜑 − 𝜆∗)                                (1) 

where 𝐿  is the rupture length, 𝑉𝑟  denotes the rupture 

velocity, 𝑉𝑝  indicates the P-wave velocity, 𝜑  describes 

the station azimuth angle, and 𝜆∗ represents the rupture 

directivity angle. If the value of the difference between 𝜑 

and 𝜆∗ is equal to zero or minimum, then the resulting 

cosine value will be maximum. Thus, the minimum 

rupture duration can be obtained. 

P-wave is a seismic wave that has the highest velocity 

of other seismic waves. Thus, it can be used as an 

estimation of the rupture directivity quickly and 

accurately. In this study, the P-wave is used to estimate 
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the rupture duration with a direct procedure, namely by 

calculating the delay time after the arrival of the P-wave 

by 90% (𝑇0.9), 80% (𝑇0.8), 50% (𝑇0.5), dan 20% (𝑇0.2) 

from the peak value [22,23]. The rupture duration of P-

wave can be estimated using the following equation: 

𝑇𝑑𝑢𝑟 = (1 − 𝑤)𝑇0.9 + 𝑤 𝑇0.2                                   (2)   (2) 

𝑤 =  
[

𝑇80+ 𝑇50

2
−20 𝑠]

40𝑠
                       (3) 

where 𝑤  is a constant, which is mathematically 

represented in Equation (3) with a limit 0 ≤ 𝑤 ≤ 1 . 

Furthermore, the rupture duration value limit is  𝑇0.2 ≤
𝑇𝑑𝑢𝑟 ≤ 𝑇0.9 [24]. 

3. RESULTS AND DISCUSSION 

The estimated rupture directivity for the 16 June 2021 

earthquake uses teleseismic data, with a maximum 

epicentral distance of 40o. Teleseismic data is used 

because it can reach station coverage that can cover the 

epicentre well. The closer the distance between stations, 

the rupture directivity results more accurate. The 

estimation results of the rupture duration of the P-wave 

were processed using non-linear inversion to obtain the 

curve fitting results also the model parameters of the 

rupture directivity. The curve fitting results of the 16 June 

2021 earthquake are presented in Figure 2. 

According to Eq. 1, the rupture directivity can be 

estimated from the minimum rupture duration recorded 

at the station [25]. The minimum rupture duration in this 

earthquake is 0.95 s which is located at an azimuth of 

199.95o. Figure 2 describes that the observed rupture 

duration data (grey circle) and calculated rupture duration 

data (black line) have a good match. This is indicated by 

the R-squared value of 0.979. In addition, it is supported 

by the RMSE value of 4.684. This figure also represents 

that the shape of the curve from the calculation data 

represent the cosine curve, which is characteristic of the 

unilateral rupture duration equation. This result has 

similar to the research of Caldeira et al. (2010) [26] and 

López-Comino et al. (2016) [27] by using different fitting 

methods. Based on the curve fitting results, it can be seen 

that the minimum peak of the curve is located at ~200o 

azimuth. This is correlated with the resulting rupture 

directivity model parameter, located at 196.5o ± 3.3o 

azimuth. The uncertainty of the model parameters is 

relatively small, so it can be indicated that the resulting 

model parameters are accurate. When we compare, the 

result of the rupture directivity using rupture duration and 

those using curve fittings have the same results. Thus, on 

16 June 2021, the earthquake ruptured directivity is 

towards the south-southwest (SSW) at an azimuth of 

around 196.5o ± 3.3o. 

 

 

Figure 2 The curve fitting results between observed and calculated rupture duration of the 16 June 2021 earthquake. 
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The rupture directivity can determine the activated 

fault plane, whether the earthquake has a reverse, normal, 

and strike-slip focal mechanism. In this case, the 16 June 

2021 earthquake has a typical fault type. The activated 

fault plane is determined by comparing the two focal 

mechanism strike angles with the rupture directivity 

angle. The striking angle with the exact match or closes 

to the rupture directivity can indicate an activated fault 

plane. A comparison of focal mechanism strike with 

rupture directivity has presented in Table 1.  

Table 1 describes that the three international 

seismological institutions (GCMT, USGS, GFZ) have the 

same focal mechanism values for the 16 June 2021 

earthquake. Based on the focal mechanism solution, it 

can be seen that the angle of rupture directivity is closer 

to the strike value of NP 1 than NP 2. The closeness of 

rupture directivity angle to the NP strike value indicates 

that this earthquake has an activated plane located on the 

nodal plane 1, which has a strike value is 217o (USGS 

solution). If we noted the dip value of NP1 from the three 

earthquakes CMT catalogues, none of them has a dip 

value above 60o, some even 37o. These have a good 

agreement with the characteristic of Low Angle Normal 

Fault (LANF) in the Banda Sea [28]. The results of 

rupture directivity and the activated fault plane are also 

supported by the distribution of aftershocks (Figure 1 

yellow circle) located in the south-southwest (SSW) 

direction from the epicentre. It confirms that the fault 

plane of this earthquake has an SSW-NNE fault 

orientation. Several previous studies have also revealed 

that the propagation area of the rupture directivity and the 

activated fault plane are areas where aftershocks occur 

[29, 30, 11]. 

 Based on the geological conditions, this earthquake 

is located at the top of the Banda Arc. In this area, the 

fault plane mechanism has not yet been identified. 

According to Axen (1999) [31] and Webber et al. (2020) 

[32], there is a possibility that an earthquake at the top of 

Banda Arc has the potential to have a normal fault type 

which has a steeper dip value (>30o). The results of this 

study proved this possibility, where the earthquake that 

occurred above the Banda Arc had a strike orientation of 

~200o and had a dip value of >30o. Thus, the results of 

the estimation of the activated fault plane using the 

rupture directivity are reliable. 

4. CONCLUSION 

The rupture directivity of the earthquake can estimate 

the activated fault plane of the 16 June 2021 earthquake. 

Based on the results of non-linear inversion of rupture 

duration by the curve fitting method, the rupture 

directivity propagates in the south-southwest (SSW) 

direction at an azimuth of 196.5o ± 3.3o. The angle of 

rupture directivity obtained indicates the actual fault 

plane, located at NP 1, with a strike/dip/rake value are 

217/57/-85, respectively. This research can also prove 

that the earthquake at the top of Band Arc has an SSW-

NNE fault orientation. Determination of rupture 

directivity depends on the density of station that records 

seismic waves. The closer the positions of stations around 

the epicentre, the more accurate the rupture directivity 

results. For future research, the rupture directivity can be 

developed to predict aftershocks in real-time and hazard 

mitigation. 
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