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Abstract
Human has been eagerly expecting to know some information that can indicate a large earthquake’s
impending1,2,3,4,5. Decades of efforts showed that the impending of large earthquakes was usually
accompanied by a process of regional weakening manifested with multiple temporal and spatial scaled
deformation, and such a deformation was often accompanied by clusters or swarms of micro-
earthquakes6, which further caused observable change in anisotropy of nearby rocks7,8,9,10. Here we
show that the anisotropy information of crustal rocks may be extracted from the seismological garbage,
the travel-time residuals produced by dense seismic stations which record clusters or swarms of micro-
earthquakes, by means of a new concept, the slowness deviation tensor expressing 3-axis slowness
anisotropy. In particular, we present a real example to justify that the slowness deviation tensor with
arbitrarily inclined axis may be successfully extracted from the travel-time residual data, and meanwhile
to demonstrate that this anisotropy re�ected by the extracted tensor mainly originated from the local
stress action or deformation. Undoubtedly, this work provides a completely new methodology to link the
clusters or swarms of micro-earthquakes with the weakening process which occur before large
earthquakes, which essentially contributes a promising direction toward the information that human has
been expecting for.

Background
Large earthquakes often produce huge loss in economy and life, for example, the Mw7.9 earthquake
having occurred in Wenchuan, China in 2008 killed more than 90 thousand people and ruined almost all
the cities and villages along the over-100km-long seismogenic fault11,12. Over a century, geo-scientists
have been seeking for the information that indicates impending of large earthquakes1,2,3,4,5. Only months
ago, a process of regional weakening was proposed as a new model for the generation of large
earthquakes, during which temporally and spatially multi-scaled deformation was manifested and
characterized with clusters or swarms of micro-earthquakes6. This model states that deformation should
be the primary information associated with generation of large earthquakes, and micro-earthquakes in
styles of clusters or swarms should be the primary manifestation. However, a question was remained:
how to build a bridge to physically link the deformation with the manifestation?

For decades, the efforts in seismological and rock-laboratory studies7,8,9,10 have revealed that micro-
earthquake seismicity were able to cause stress change, and deformation were able to produce rock
anisotropy. Apparently, using anisotropic property to monitor deformation is a good choice, and the
interrelation between deformation and stress change makes it possible to extract anisotropic information
by observing micro-seismicity.

The anisotropy of the rocks that make up the Earth is simply divided into two types: the LPO (lattice-
preferred orientation) formed by the alignment of intrinsically anisotropic mineral grains, and the SPO
(shape-preferred orientation) generated by the ordered assembly of individually isotropic materials, and
any of them may lead to a speed difference of up to and even exceeding 10% for the waves of different
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polarization or propagation directions13,14. However, the crust and especially upper crust is almost
dominated by the SPO due to the deformation response to long-term stress action15,16,17,18,19.

Reviewing the works associated with seismic anisotropy, we noticed that in most of them shear waves,
instead of compressional waves, were employed 20, 14, and that in a small number of them the inclined
symmetrical axis were allowed21,22,23. However, compressional waves also contain anisotropy
information, and the travel-time measurements of the direct compressional waves are usually more
accurate and reliable 24,25. Moreover, symmetrical axis of anisotropy is generally neither vertical nor
horizontal in reality23,22. Thus, it will be very signi�cant to extract the information on seismic anisotropy
with arbitrarily inclined axis from the direct compressional waves.

Here we present a real example in which we successfully extracted the information on the seismic
anisotropy with inclined and vertical axis from a dataset of the travel-time residuals obtained by directly
measuring the direct P-wave arrivals of a cluster of micro-earthquakes recorded by a dense seismic array,
and in which we adopted an inversion method designed based on a freshly proposed concept, a slowness
deviation tensor (SD tensor) describing seismic anisotropy with arbitrarily inclined symmetrical axis. Also,
we exhibit a comparison in direction between the stress �eld inverted from the focal mechanism
solutions of the cluster and the seismic anisotropy resolved by the travel-time residuals, to demonstrate
that the seismic anisotropy of crustal rocks even under local stress action was detectable. All of these are
strongly suggesting that it will be promising and expectable to monitor the weakening process preceding
to large earthquakes by densely observing the micro-earthquake seismicity.

1 a Real Example Of Extracting The Anisotropy Information
On May 18, 2020, a sequence of earthquakes, with an MS5.0 main-shock, occurred in Qiaojia, Yunnan,
China. Coincidently, our seismic array was deployed around the sequence (Fig. 1) so that we obtained
perfect and reliable travel-time data. The sequence was located within a relatively small volume of
3km×5km26 so that it could be taken as a cluster and all the events might be approximated at the same
source (Fig. 2).

A total of 165 events were precisely located by 10 nearby stations (Fig.1 and Fig. 2a), so the
measurements of travel-time in various azimuths were very su�cient. The 1-D velocity model used to
locate the events came from local tomography27, and was specially examined by man-made
earthquakes28, so the travel-time residuals were considered to contain the substantial part of slowness
anisotropy.

In order to extract anisotropy information from travel-time residuals, we proposed an inversion
system (Supplementary Information). In this system, seismic anisotropy is linearly related with travel-time
residuals by a new concept, slowness deviation (SD) tensor. It is stressed that symmetrical axis may be
arbitrarily inclined.
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At �rst, we did not impose any constraints, which means that the symmetrical axis may be arbitrary, and
the observed data with large standard deviations were automatically removed, which means that the
solution was optimized without any arti�cial disturbances. As Fig.2a shows, a SD tensor with inclined
axis was successfully obtained by inverting the automatically selected travel-time residuals as shown in
Fig.2b. The inverted parameters were presented in Table S1. The magnitude of the anisotropy was 9.4%,
estimated when the isotropic part of the slowness was 1/6km/s. In this case, 409 observed data, which
were automatically selected from the raw dataset containing 891 measurements, were �tted with a
correlation coe�cient (CC) of 0.98. 

Next, we constrained the medial axis (N-axis) to be vertical to ground surface, which means that the slow
axis (S-axis) and the fast axis (F-axis) both were kept horizontal, and we still allowed the observed data
with large standard deviations to be removed automatically. Repeating the same process as above led to
the SD tensor as shown in Fig.3a and the observed data �tting as shown in Fig.3b. The inverted
parameters were presented in Table S2. In this case, the magnitude of the anisotropy was 4.4% only, and
431 observed data were �tted with a CC of 0.94. Note, one of the 10 stations was automatically removed,
implying the non-negligible incline of the symmetrical axis.

2. Comparison Of The Seismic Anisotropy With The Stress Field
In order to obtain a reliable SD tensor re�ecting the seismic anisotropy of the observational region, we
randomly selected 700 samples of the 891 travel-time residuals, and repeated the inversion 50 times. The
individual solutions were used to outline the uncertainty, and their average was accepted as the best
solution (Fig.S1a). By repeating the same process, we obtained the best solution together with its
uncertainty in case the N-axis was �xed vertical (Fig.S1b, Tables.S5 and S6). The anisotropy magnitudes
with and without the constraint were 5.2% and 9.4%, respectively, which both lied in the interval revealed
in previous studies29,30,14.

In the meanwhile, we obtained the principle directions of the local stress �eld so as to compare with the
anisotropic property of the same region. We had successfully obtained the focal mechanism solutions
(FMSs) of 70 relatively large events following the Ms5.0 mainshock (Fig. 1) 26. Following the same
strategy as above, we randomly selected 50 samples of the 70 FMSs, and ran the program MSATSI31,32 
50 times without any constraints and with the constraint of vertical B-axis, respectively. The best solution
and its uncertainty inverted were exhibited in Supplementary Information (Figs.S1c and S1d, Tables. S5
and S6). Substantially, the two solutions identically showed a stress setting similar to that in a broader
region33,34. 

Additional tests indicated that both of the solutions (SD tensor and stress tensor) for the observational
region were su�ciently stable (Supplementary Information). Comparing the directions indicated by the
two tensors, we found an intriguing identity: the T-axis and P-axis corresponded to the S-axis and F-axis,
respectively. This identity became more outstanding as the B-axis and N-axis both were constrained to be
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vertical (Fig.S1b and Fig.S1d), which strongly suggested that the anisotropy was caused mainly by the
stress action in this case though it might be caused by other sources somewhere35,36.

3. Summary
Our work essentially builds a new link between the cluster or swarms of micro-earthquakes proceeding
potential large earthquakes and the deformation taking place during the weakening process prior to the
large earthquakes. In comparison to shear-wave splitting, the methodology we proposed here is more
straight forward, more open, and practically much easier though shear-wave splitting can also supplies
with anisotropy information of crustal rocks. Therefore, our work contributes a more promising approach
to monitoring the change in deformation or stress.

However, our method seems to require a highly accurate measurements or observations. We spent efforts
to extract anisotropic information from S-wave travel-time residuals, but failed. Carefully analyzing the
observed travelling times, we found that their uncertainty ranges would become larger when the S-wave
arrivals were added to locate the seismic events (Fig. S2). Very probably, the errors in observed S-wave
arrivals and S-velocity model both brought disturbance into the S-wave and even P-wave residual,
because the SD tensor inversion could be realized successfully only based on pure P-wave arrivals plus
accurately chosen P-velocity model27,28. Predictably, S-wave residuals will be usable as soon as the S-
arrival pick-ups and the S-velocity model become accurate and reliable.

Although we could not have found a case in which a complete process of deformation preceding a large
earthquake was observed and the deformation process was successfully monitored with our method, this
work has started a new and promising path to the unknown pre-processes of large earthquakes, or at
least introduce a new beam of light into the domains of high-precision seismological observations,
recycling seismological garbage, monitoring crustal rock deformation, and among others, which will
ultimately light up the dark pre-processes of large earthquakes.
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Figure 1

2020 Ms5.0 Qiaojia earthquake sequence and seismic stations. (a) 2020 Ms5.0 Qiaojia earthquake
sequence, the main-shock plus its 164 aftershocks, where beach balls denote the focal mechanism
solutions of relatively large events; (b) Stations and area of main plot (a); (c) Location of subplot (b) with
respect to Tibetan plateau, where arrows show stress-�eld directions.
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Figure 2

The SD tensor inversion without any constraints. (a) SD tensor (beach ball), stations (yellow triangles)
and ray paths (green lines); (b) Comparison of the observed with synthetic data.

Figure 3

The SD tensor inversion as N-axis was constrained vertical to ground surface. (See Fig.2)
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