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Figure 1. Procedure of ASTI method. See text for detail.  
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ABSTRACT

       

We propose an inversion method to determine tectonic 

stress field and individual focal mechanisms directly 

from waveform amplitude as well as P-wave first-

motion polarity data. The method is different from a 

conventional stress tensor inversion using earthquake 

focal mechanism data, and is considered an extension 

of a sophisticated approach using P-wave polarity as 

input data. We conducted numerical tests using 

synthetic data to investigate the performance of the 

method. In particular, in order to see the effect of the 

newly added amplitude data, we compared the result 

with the case of estimating by P-wave -polarities alone. 

The results indicate that a correct stress tensor was 

obtained by both methods, though fault planes were 

sometimes incorrectly determined in the case of 

polarity data alone. When we decreased the 

observations for each earthquake, our method still 

succeeded in estimating the true stress tensor, while the 

method using P-wave polarities alone failed, 

suggesting an effectiveness of our method especially 

for microearthquake study.  
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INTRODUCTION 

 

The stress tensor inversion method solves for the 

orientation of the three principal stress axes and the 

relative magnitude of the principal stresses using suites 

of fault slip data. In seismology, focal mechanisms are 

generally used as the basis for searching the best fit 

stress model and several stress tensor inversion 

methods have been developed (e.g., Ellsworth, 1982; 

Gephart and Forsyth, 1984; Michael, 1987). In the 90s, 

a sophisticated approach by inverting directly from the 

P-wave polarity data to a stress tensor was proposed 

(e.g, Rivera and Cisternas, 1990; Horiuchi et al., 1995; 

Loohuis and van Eck, 1996; Abers and Gephart, 2001). 

It is noted that the method determines the stress tensor, 

not from previously obtained focal mechanisms, but 

rather from the original data sets. The focal 

mechanisms are determined as a by-product of the 

inversion. In this study, we extend the approach by 

using seismic amplitude data, together with P-wave 

polarity (namely signed amplitude). Because the 

addition of amplitude data is shown to be efective for 

focal mechanism determination (e.g., Imanishi et al., 

2011), it is expected to be also effective for stress 

tensor estimation. The proposed method is applied to 

synthetic data sets to investigate its performance. 
 

Method 

 

The present method consists of two nested 

searches in order to determine the best stress and focal 

mechanisms for a population of earthquakes (Figure 1). 

The outer search is conducted over a range of the stress 

tensor, where the principal stress orientations 

(σ1≥σ2≥σ3) and stress ratio (Φ=(σ2-σ3)/(σ1-σ3)) are 
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Figure 2. Assumed stress tensor to generate 

synthetic data set. The orientation of the principal 

stress axis is indicated in parentheses (azimuth, 

plunge). Φ is the stress ratio. 
 

 
 

Figure 4. Estimated stress tensors by POSTI (a) and 

ASTI (b) method, respectively (lower hemisphere of 

equal-area projection). The stress ratio is 

represented by color. Crosses indicate the stress 

tensor of the assumed stress. The number of 

observations for each earthquake decreases to 20, 10 

and 5 as the top, middle and bottom panels. 

 
 

Figure 3. Synthetic focal mechanism solutions 

(lower hemisphere of equal-area projection) used 

for the numerical test. The green nodal planes 

indicate the fault planes given in the synthetic data 

of numerical test.  Auxialiary planes are determined 

from the orthogonality with the fault planes. The red 

and blue crosses represent compressional and 

dilatational first motions, respectively.  

gridded with an appropriate interval. The inner search 

is conducted to identify a focal mechanism for each 

earthquake that best fit the observations (polarities and 

amplitudes) by testing stress-consistent focal 

mechanisms (SFM). Here SFM is the suite of focal 

mechanisms whose fault plane can have any 

orientations (strike and dip), but the slip direction must 

be aligned with the shear stress direction predicted by 

the stress tensor of the outer search. We determine the 

total misfit of the stress model by summing the residual 

between observed and synthetic amplitudes of each 

earthquake. As a result of the two nested searches, we 

obtain the best stress tensor that minimizes the total 

misfit, together with individual focal mechanisms. The 

total misft, S, is defined  by 

 

 
 

where Ne is the event number and Ni is the number of 

observation for event i. oi
j
 and si

j
 are observed and 

synthetic signed amplitude for event i and observation  

j. In this study, we call the present method "ASTI 

(Amplitude-based Stress Tensor Inversion)" and the 

original method using polarity alone "POSTI (Polarity-

based Stress Tensor Inversion)", respectively. 

 

Numerical test 

 

We conduct numerical tests on synthetic data sets 

to confirm the effectiveness of the proposed method. 

We generated 20 earthquakes whose fault planes were 

oriented in random directions. The slip direction of 

each fault plane was calculated so that it aligns with the 

shear stress direction predicted by the assumed stress 

tensor (Figure 2). Random angle values with the 

standard deviation of 10 degrees were added to the 

strike, dip and slip directions in order to simulate 

observations. The resulting focal mechanisms are 

shown in Figure 3. For each earthquake, 20 

observations (P-wave polarity & amplitude) were 

computed for a homogeneous infinite medium. 

We first show the results by POSTI method using 

20✕ 20 polarity data sets, where the left and right 

stereograms indicate the σ1 and σ3 orientations on 

lower-hemisphere, equal-area projections (top pannel 

of Figure 4a). We plot all stress tensors in which the 

number of inconsistent stations is 0. The stress ratio is 

indicated by color. Crosses correspond to the stress 

orientations used to generate the synthetic data, 

suggesting that the assumed stress tensor was 
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Figure 5. Fault planes obtained from POSTI (a) and ASTI (b) method (lower hemisphere of equal-area projection), 

when the number of observations for each earthquake is 10. The green and orange nodal planes indicate the fault 

planes given in the synthetic data of numerical test and those estimated in the inversion, respectively. Black nodal 

planes correspond to those of synthetic focal mechanism solutions. The red and blue crosses represent 

compressional and dilatational first motions, respectively. 
 

satisfactory reproduced by POSTI method. When the 

observations per each earthquake decrease, however, 

many unanticipated stress tensors become candidates to 

explain the observations (see the middle and bottom 

pannels of Figure 4a). Otherwise, polarity data alone 

cannot constrain the stress tensor, if the number of 

observations is insufficient. 

Figure 4b shows the results by ASTI method. 

Here the input data are signed amplitudes. We plot all 

stress tensors whose misfits are less than 1.5 times of 

the minimum misfit value (Smin). As different from the 

previous case, accurate estimation is possible even 

when the number of observations decreases. This result 

suggests that the ASTI method is superior to the 

POSTI method, especially for microearthquake study, 

because the number of observations is frequently small. 

Figure 5 shows the orientation of fault planes 

estimated in the inversion (orange), when the number 

of observations for each earthquake is 10. The same 

number of planes as that of the stress tensors in the 

middle panel of Figure 4 are shown. In the case of 

POSTI method, some stress tensors chose fault planes 

and some stress tensors chose auxiliary planes (Figure 

5a). In addition, unanticipated planes were ocasionally 

inferred (for example, see ev14). This result suggests 

that it is difficult to descriminate fault planes from 

auxialiary planes. In the case of ASTI method, in 

contrast, the orientation of fault planes is distinguished 

from auxiliary planes for most events (Figure 5b). 

When the number of observations for each earthquake 

is 20, there are no events whose auxiliary planes are 

incorrectly determined as fault planes. It is noted that 

the successful retrieval of the stress field and individual 

fault planes (focal mechanisms as a result) undoubtly 

owe much to the addition of amplitude data in the 

inversion. 

 

Conclusion 

 

We developed a method of the stress tensor 

inversion that determines tectonic stress field and 

individual focal mechanisms directly from waveform 

amplitude data. Our method is considered an extension 

of an approach using P-wave polarity as input data.  

Numerical test indicates that our method satisfactory 

reproduced the assumed stress tensor as well as 

individual fault planes even when the number of 

observations decreases, while the method using P-wave 

polarities alone failed. The proposed method is useful 

for microearthquake study, because the number of 

observations is frequently small. 
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