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On 21 May 2021, the MS 6.4 earthquake struck Yangbi County, Dali City, Yunnan
Province. Minor seismic activities were common both before and after the
earthquake; the foreshock sequence activity characteristics of this earthquake
were studied to gain a better understanding and more perspective. First, between
May 18 and 5 July 2021, we collected data of the seismic events from the Yangbi
MS 6.4 earthquake sequence, determined the minimum magnitude of
completeness of the sequence based on the magnitude-frequency
relationship, filtered out the more complete earthquake sequences, and
performed double-difference earthquake relocation using the HypoDD
method. Then, we improved the nearest-neighbor distance algorithm and used
it in conjunction with the Gaussian mixed model fitting method to conduct a
comprehensive multiple factor analysis of the Yangbi MS 6.4 earthquake
sequence. The main findings of our preliminary analysis are as follows: 1) We
distinguished the foreshocks, mainshocks, and aftershocks of the Yangbi
earthquake sequence as well as their higher-order aftershocks, using the
method described in this paper, and we can obtain clear intergenerational
relationships between them. We identified eight “foreshocks” with statistically
greater physical significance than the others and found that majority of the shocks
occurred shortly after the mainshock were direct aftershocks, with secondary or
higher-order aftershocks gradually increasing in the later stage of the sequence. 2)
Combining the double-difference earthquake relocation and the event
distribution on the fault plane, we found that the b-value of the Yangbi
foreshock sequence was clearly on the lower end of the spectrum, with an
obvious nonlinear amplification process, and can be divided into three
foreshock sub-sequences: sub-sequence | with the lowest b-value and a
concentrated spatial distribution, which is an F-value foreshock sequence;
subsequence Il with an overall shallower source depth and an obvious
rebound in b-value, which is an explosive aftershock sequence; subsequence
Il with a lower b-value and a rapid rupture spread, which is a typical U-F-p
foreshock. 3) We constructed a topological tree of the Yangbi foreshock sequence
in Yunnan Province using the nearest-neighbor distance algorithm, combining the
correlation between earthquake sequence type and fault rupture intensity. We
analyzed the distribution and topology of the three sub-sequences (combined) of
the Yangbi MS 6.4 foreshock sequence and found the following: the topology of
subsequence | was more linear than the sequence Il, each was the parent event of
the subsequent event, and its rupture mode was similar to the fluid intrusion
rupture in a specific channel; sequence Il had a relatively simple topology,
exhibiting a spray topology, and independently formed a main-aftershock
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mini-sequence, probably triggered by its shallow brittle rupture, which caused the
fluid intrusion rupture to spread faster and eventually triggered the Yangbi

MS6.4 mainshock.
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sequence

1 Introduction

On 21 May 2021, at 21:48:34, an MS 6.4 earthquake occurred in
Yangbi County, Dali Bai Autonomous Prefecture, Yunnan Province, with
an epicenter at (25.67°N, 99.87°E) and a focal depth of 8 km. This
earthquake was a typical foreshock-mainshock-aftershock-type seismic
event. From 18 to 21 May 2021, before the MS 6.4 mainshock,
10 MS >3.0 earthquakes occurred in the region, of which the largest
foreshock of MS 5.6 occurred 27 min prior to the mainshock.

The analysis of characteristics and distinguishing of foreshock
activity have been topics of interest among both local and
international seismologists for many years—they also constitute
significant scientific challenges. Relevant overseas studies include the
following: Lucile and Peter (1979) discussed the characteristics of
foreshocks and their relationships with mainshocks. Lucile (1984)
identified that the length of foreshock sequences is inversely
proportional to depth. Pechmann and Thorbjarnardottir (1990) and
Terry (1994) identified that foreshocks are characterized by spatial
clustering through the use of waveform cross-correlation. Rachel and
Jim (1996) concluded that the possibility of foreshocks decreases as the
depth of the mainshock source increases; the occurrence of foreshocks
depends on the slip orientation of the mainshock; and foreshock activity
is independent of the nucleation process of the mainshock. Paul (1999)
and Christine et al. (2011) statistically investigated the relationship
between the mainshock and foreshock magnitudes. Sebastian et al.
(1999), based on a spring-block model, conducted simulations and
identified that the rate of increase of foreshocks follows an exponential
distribution, and that the b values of foreshock sequences are
significantly smaller. In recent years, a series of major global
earthquakes have been preceded by significant foreshock events [e.g.,
the 5 July 2019 Ridgecrest, California Mw 7.1 earthquake foreshock; Hui
et al. (2020) and Xue et al. (2021) statistics]. Accordingly, research on
foreshocks is again becoming topical, especially with the application of
new technologies. For example, using the same high-resolution seismic
catalog on Southern California seismicity, Daniel and Zachary (2019)
suggested that foreshocks exist in 72% of the mainshocks in Southern
California, whereas van den Ende and Ampuero (2020) considered this
to be less than 18%. Moutote et al. (2021) used the ETAS model to study
foreshocks in the Southern California region; Eugenio et al. (2019)
suggested that the ETAS model was unable to reproduce a few of the
common features of foreshock sequences. Additionally, studies by Peng
and Mori (2022) and Bi and Jiang (2022) explored the statistical
characteristics of foreshock sequences in the North-South Seismic
Zone regions of Japan and China.

It has long been noted in China that foreshock sequences have
the characteristics of concentrated spatial distribution, low b values,
and consistent source mechanisms (Chen and Knopoff, 1978). After
considering the spatial and temporal distributions of sequences
activity, Yan et al. (2012) suggested that foreshock activity has a
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concentrated spatial distribution. The study by Cai and Wang
(1994), and other similar studies, suggested that earthquake
sequences are characterized by a small spatial distribution.
However, there are different views on this. Zhao et al. (1990) and
other similar studies suggested that the average focal depth of
foreshock sequences may be deeper and occupy a larger and less
concentrated space than the average earthquake swarm.

Foreshock activity may also show certain statistical features in
the time sequence. For example: Liu et al. (1998) (a) used a modified
Omori formula to fit foreshock sequences and concluded that there
is a non-linear increase in earthquake magnitude with time. Luo
etal. (2000) defined a time coefficient of variation () for earthquake
sequences and identified that the time coefficient of variation was § =
1 for foreshock sequences. Cai and Wang (1994) indicated that
foreshock sequences have significant fluctuations in terms of event
intensity.

In terms of foreshock cluster and sequence determination, local
researchers have conducted many studies. For example, the commonly
used prescribed values in daily tracking analysis by the Department of
Forecasting and Prediction, China Earthquake Administration (2020) of
b, h, U, K, p; parameters such as generalized foreshock sequence time and
spatial distribution, spectrum of generalized dimension, and scaling
index spectrum (Zhu and Wang, 1996); and later discriminant
methods using a combination of parameters based on the
aforementioned research (Lin et al, 1994; Dou et al, 2020). These
parameters and methods continue to impact the distinguishing of
sequences and earthquake swarm group types.

Many Scholars have studied the foreshock sequence of the
Yangbi earthquake in Yunnan. Lei et al. (2021) analyzed the
background of the
according to the distribution of foreshock and aftershocks. Yan

tectonic Yangbi earthquake sequence
et al. (2022) constructed a more complete earthquake catalogue
through deep learning and template matching techniques, and
analyzed the seismicity based on the catalogue. Wang et al.
(2021) Use the short-period seismograph network to analyze the
earthquake sequence. Zhang et al. (2023) analyzed the spatio-
temporal distribution characteristics of the Yangbi earthquake
sequence. It is very necessary to use different methods and
perspectives thinking angles to verify the results of the
earthquake and supply new understandings.

In this study, we focus on the foreshock sequence of the 2021 MS
6.4 earthquake in Yangbi, Yunnan Province, and analyze the internal
spatio-temporal structure of this significant foreshock sequence
from multiple perspectives using the nearest event distance
algorithm based on the relocation results. Additionally, we
analyze and discuss its related statistical features, hoping that it
facilitates identifying a few foreshocks prior to strong earthquakes,
and provides a basis for the short-term prediction of moderate to
strong earthquakes.
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FIGURE 1
Distribution of 2021 Yangbi 6.4 earthquake sequence and
surrounding faults.

Data and information

The 2021 Yangbi MS 6.4 earthquake sequence occurred near the
Weixi-Qiaohou Fault in the Southern Yunnan block (Figure 1)—a
region of intersecting faults, complex tectonics, and susceptibility to
frequent and numerous small and medium-sized earthquakes. This

10.3389/feart.2023.1168043

MS 6.4 earthquake is the largest earthquake to occur in the region in
the past 45 years. As demonstrated by numerous studies (Yang et al.,
2021; Zhao et al.,, 2022), this was a strike-slip event with a shallow
source depth that occurred on a cryptic fault.

Based on the collection of catalogs and observations, we first
relocated the 7,092 seismic events of the Yangbi MS 6.4 earthquake
sequence between 18 May and 5 July 2021 (Figure 2A) using
HypoDD, based on the arrival time data from the China
Earthquake Networks Center (Figure 2B). The results showed a
NW-SE sequence trend, with possible bifurcation of the fault at its
SE-end. Additionally, the main earthquake rupture triggered the
activity of small-scale secondary faults that intersected it, with
specific analysis presented in a separate study (Cui et al., 2022).
Thereafter, determined the minimum magnitude of
completeness (MC) of the based on the
magnitude—frequency relationship (Figure 2C) and with reference
to the study by Zhang et al. (2021): MC = 0.9 + 0.1 for the Yangbi MS
6.4 earthquake sequence. Hence, ML 1.0 was chosen as the
minimum magnitude of completeness of the sequence.
Additionally, the fitting results of the G-R relationship showed
that the b value of the full sequence was approximately 0.691.

we
sequence

3 Theory and methodology

To study the Yangbi earthquake sequence, we used a cluster
seismic analysis method that was newly developed in recent years
(Zaliapin and Ben-Zion, 2016, which is based on the proposed
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Relocation and preliminary statistical analysis of the Yangbi MS 6.4 earthquake sequence. (A) sequence M| > 1.0 magnitude M-t diagram; (B)
distribution of sequence epicenters after relocation (five-pointed red star indicates the main earthquake); (C) sequence G-R relationship and fitting

results.
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generalized definition of the distance between any two earthquakes
in the space-time-magnitude domain, i.e., the nearest-neighbor
distance #* algorithm by Baiesi and Paczuski, 2004). The method
can identify and distinguish background earthquakes from
clustering earthquakes with greater statistical and physical
significance, and applications in recent years have shown good
results (Zheng et al., 2014; Wang et al, 2017; Li and Zheng,
2021; Li and Zheng, 2022).

A brief description of the methodology is as follow.

For a given seismic catalog, where each record {t;, 0;, ¢;, hi,m;},i =
1...N describes the time of onset, location (latitude, longitude, and
depth), and magnitude of a single earthquake, for each of these events j,
its nearest-neighbor event i can be found and the corresponding nearest-
neighbor distance can be calculated #*

11; = min ;n; (1)

)

o crijr:.j.IO"’(”‘""”‘” 7;=0
v o0 T,'j <0

where 7;; =t; —t;, r;; is the spatial distance, my is the reference
magnitude, c is the constant coefficient, d is the fractal dimension of
the epicenter distribution, and b is the b value in the G-R
relationship.

According to Zaliapin et al. (2008), the nearest-neighbor
distance #* can be conveniently broken down into temporal and
spatial components.

T,*j = Tijlo_bmi/z (3)
the number of persons who have been granted the right to vote
d —bm;

R = ri107m/2 (4)

Clearly, 7 = TR (Without loss of generality, it is assumed here
that = 1,my = 0).

In the one-dimensional representation of the distance n* , the
mode separation can be achieved by choosing a suitable threshold 7,
and if the corresponding #* > o, then the event belongs to the
background earthquake; conversely, if 77* < 77, then the event belongs
to the cluster earthquake. Furthermore, in the two-dimensional
representation of spatio-temporal distances, steady background
earthquakes correspond to the joint unimodal distribution of
(logo Tij; logio Ry), being clustered around a line {log;o T+logyo
R=const}; cluster earthquakes are clustered around {log;, R=const}.
The two can be separated by the straight line {log;q T+log;o R=#}
(Zaliapin and BenZion, 2013).

Furthermore, as the distance #* is the only one that provides a
quantitative relationship metric between different seismic events with
physical significance, the relationship between different seismic events
can be determined from it: the only nearest-neighbor event i of event j
is called its parent; each event has a parent event, while it can itself be
the parent of multiple events, which are called its children. Connecting
each event to its nearest-neighbor (determined by the distance #*)
from the distance between parent and child events results in a time-
oriented tree, the root of which is the first event in the catalogue
(Baiesi and Paczuski, 2004). Removing all connections associated with
large parent-child distances, it is possible to isolate a number of
seismic clusters. Those comprising a single event are called isolated
events, and clusters comprising multiple events are called families.
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The largest earthquake in a family is the mainshock; all events in the
family that follow the mainshock are called aftershocks; and those that
precede it are called foreshocks. If the largest magnitude event occurs
in the middle of a cluster, and the cluster includes other events of
comparable magnitude, then the cluster is called an earthquake
swarm. Each family has a tree structure that allows the links
between the mainshock and related events to be analyzed to
determine the typical characteristics of the topology of the
earthquake sequence.

4 Results and analysis
4.1 Full sequence analysis

The nearest-neighbor distance of the Yangbi 6.4 earthquake
sequence was calculated using the method previously described; the
results are shown in Figure 3. Based on the statistical findings of the
nearest-neighbor distance #* (Figure 3A), the sequence satisfies the
unimodal normal distribution well, indicating that the vast majority
of the sequence belongs to cluster earthquakes. However, from the
spatiotemporal distribution of #* (Figure 3B), in addition to the
dense distribution in the lower part of the figure at the horizontal
level, another small portion in the upper part of the figure has
relatively high values, implying that there may be multiple clusters in
the sequence, consistent with the distribution of aftershocks after the
previous relocation (see Figure 2B).

Many theoretical studies addressing seismic sequence activity
(Song and Wang, 1998) have concluded that there is self-similarity
in aftershock activity—that is, any one earthquake in the aftershock
sequence can generate its own higher-order aftershocks. The
aftershock sequence activity mainly includes three characteristics:
time evolution, spatial distribution, and intensity distribution, and
the nearest-neighbor distance #n* properly integrates these three
factors. Hence, the aftershocks and higher-order aftershocks can be
distinguished based on the magnitude of #* between different events.

Based on the calculated nearest-neighbor distances for each
event n*, each event in the entire Yangbi 6.4 magnitude
earthquake sequence is connected to its nearest-neighbor event to
obtain Figure 4A. It can be seen that the 6.4 magnitude mainshock
played a dominant role in the aftershock activity of the sequence,
and the majority of aftershocks were physically intimately related to
it, and were its sub-events. However, by the later stage of the
sequence activity, the influence of the 6.4 magnitude mainshock
diminished, and larger aftershocks had aftershocks of their own.

Figure 4B shows the changes of the sequence b value with time
(equal seismic number, window length 200, step size 50); it was
found that the b value gradually increases as the sequence develops.
The b value of the foreshock sequence was 0.568, and the b value of
the aftershock sequence as of July 4 was 0.739. The development of
the b value of the aftershock sequence after the mainshock also
showed a gradually increasing trend (Table 1). The b value of the
foreshock sequence was notably low, which is consistent with the
previous understanding (Sebastian et al., 1999; Xue et al., 2021).

To better visualize the changes of the foreshock activity prior to the
mainshock, we took the logarithm of the time of the sequence activity
from the time of the mainshock and processed it appropriately, depicting
this information in Figure 4C. It can be seen, the parent event of the
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TABLE 1 Yangbi MS 6.4 earthquake sequence b values.

Sequences  Foreshock 1 day after the main earthquake 2days 3days 4days 5days 7days 10days 15

b value 0.568 0.648 0.679 0.694 0.701 0.707 0.714 0.720 0.728 | 0.734

Yangbi 6.4 mainshock was the Mg 5.6 foreshock that occurred at 21:221: 4.2 Traditional analysis of foreshock
25, and more than 40 events between the M5.6 foreshock and the Ms ~ S€qUeNCeES
6.4 mainshock were all aftershocks or higher-order aftershocks of the

M5.6 foreshock. In general, it appears that the foreshock sequence In the foreshock sequence of the Yangbi Mg 6.4 earthquake
showed phases of fluctuations. We will specifically analyze the  (Figure 5), the first significant foreshock event—the Mg
foreshock sequence changes in the subsequent section. 4.2 earthquake—occurred at 21:39:35 on 18 May; the second
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significant foreshock event—Msg 4.5 earthquake—occurred at 20:05:
56 on 19 May. Subsequently, the intensity of the earthquake
escalated, with the highest magnitude foreshock of this
sequence—Ms 5.3 earthquake—occurring at 21:21:25 on 21 May,
followed 27 min later by the sequence mainshock—Ms
6.4 earthquake. The smaller earthquakes before the mainshock
showed a phenomenon of progressive gradual increasing,
weakening, followed by increase, and both the frequency of
smaller earthquakes and strain energy release showed an
increasingly obvious acceleration (Figure 5), which is in line with
the previous understanding of foreshock sequences (Liu et al., 1998).

The activity of the Yangbi 6.4 foreshock sequence can be
divided into three phases
beginning of the sequence until the Mg 4.5 earthquake on
19 May at 20:05:56; from that, until the Mg 3.0 earthquake on
21 May at 20 is 20:55:43; and thereafter, until the Mg 6.4 mainshock
(see Figure 5).

(or sub-sequences): from the

Song and Wang (1998) proposed a comprehensive judgment
index based on the eigenvalues of earthquake swarms. This indicator
can identify whether the earthquake swarm that occurred is a
precursor earthquake swarm, and determines the three elements
of future earthquakes. Details as follows.

U value: In an earthquake swarm sequence, the ratio of the
shortest time T’ required to release 90% of the strain energy to the
duration T of the entire sequence is called the U value of the

Frontiers in Earth Science

earthquake swarm. It denoted by U (Lin et al, 1984). The
formula is as follows:

TI

U
T

(5)
The U value describes the way in which earthquake swarms release
strain energy, known as uniformity of energy release. Its value range
is before 0 and 1, and the unit of T'; and T is day.

K value: The K value of the earthquake swarm is the
normalized information entropy of the earthquake swarm,
which characterizes the uniformity of the seismic energy
distribution in the earthquake swarm (Zhu and Wang, 1996).
The formula is as follows:

_InS 3.453.2?51&5,- ©
InN InN S

In the formula, Aj=M; -My,i=1,2,-,N-1;S; = 10"°%;
S=S;+S,+ - +Sy-1 + 1; N is the total number of earthquakes.
N >4 N, generally 4-10; M; is the magnitude of each earthquake;
My is the minimum magnitude in the sequence.

p value: After statistical testing, we believe that the earthquake
time interval T in the earthquake swarm sequence obeys the Weibull
distribution. The formula is as follows:

f (@) =ur"" exp(-ur’/p) )
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TABLE 2 Traditional foreshock cluster distinguishing parameters of the Yangbi 6.4 foreshock sequence.

Sub-sequence

Distinguishing parameters cut-off criteria

I 0.435 0.880 0.690 0.540 3.500 0.358
11 0.351 0.534 ‘ 0.723 ‘ 0.315 1.580 0.641
11 0.558 1419 ‘ 0.000 ‘ 0.276 3.500 0.455

In the formula, y and p are undetermined parameters. Among
them, p is an earthquake occurrence mode parameter, which
characterizes the degree of clustering of earthquake sequences
in time.

b value: The magnitude-frequency relationship of earthquake
swarm sequences usually obeys the G-R formula. The b value
represents the proportional relationship of different magnitude
earthquakes in an earthquake sequence. The formula is as follows:

IgN (M) =a-bM (8)

h value: The change of earthquake frequency over time in
earthquake swarm sequences generally obeys the Omori formula.
The h value indicates the degree of attenuation of the earthquake
frequency in the earthquake sequence. The formula is as follows:

n(t) = At™" 9)

Fvalue: The F value indicates the uniformity of energy release of
earthquake sequences with different average intensities.

F = 075 (M-20) .T0.9Z\/f/T (10)

We calculated each of these three sub-sequences using the
traditional cluster sequence parameters (U, F, p, K, h, b, etc.), and
the results showed (Table 2): sub-sequence I has the smallest b
value (0.358), and the F value characterizing the uniformity of the
sequence energy release exceeds the cut-off criteria, indicating a
foreshock sequence; the b value (0.641) of sub-sequence II showed
a notable rebounding, and was comparable to the b value of
aftershock activity on the first day after the mainshock (0.648),
and all parameters exceeded the cut-off criteria, indicating an
aftershock
significantly ~decreased again (0.455),

sequence; the b value of sub-sequence III
three
parameters: U, F, and P met the criteria, indicating a typical

foreshock sequence.

whereas the

4.3 A new approach to the analysis of
foreshock sequences

There were 217 M; > 1.0 events in the relocated foreshock
sequence, including 42 events of magnitude 2.0 < My <2.9; 15 events
of magnitude 3.0 < M, < 3.9; four events of magnitude 4.0 < My, <
4.9, and one earthquake of magnitude Mg 5.6. We analyzed the
foreshock sequences using the method previously discussed.

Figure 6 is obtained by taking the spatial distance from the first
event of the sequence as the vertical coordinate, the interval between
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the time of onset and time of mainshock as the horizontal
coordinate, and connecting each event with its parent event
according to the distance from the nearest event. Figure 6A
shows the development of the Yangbi Mg 6.4 earthquake
foreshock sequence and the triggering relationship between
different events; to better observe the changes in the activity
before the mainshock, the logarithm derived from the interval
between the time of the onset and time of mainshock was
technically processed to obtain Figure 6B.

From Figure 6, the Yangbi 6.4 foreshock sequence can be divided
into three small clusters (refer to Clusters—1, 2, and 3 in the figure)
based on the nearest-neighbor distances between all foreshock events,
which exactly correspond to the three preceding sub-sequences.

Cluster—1: There were 37 M; >1.0 events, with the main event
being M 4.2 at 21:39 on 18 May, and most of the subsequent events in
this cluster were aftershocks of this notable earthquake, except for the
six small earthquakes that occurred before that event. Three of the
initial six events were M; 3 magnitude earthquakes, plus the main
event of Mg 4.2, which were, in turn, the parents of the latter event.

Cluster—2: There were 129 M; >1.0 events, and the main
event—that is, the first event of the sequence, was Mg 4.4 at 20:
05 on 19 May; all other events in this cluster were aftershocks of this
earthquake (including a few higher-order aftershocks).

Cluster—3: There were 51 M, >1.0 events, with the main event being
M 5.6 at 21:21 h on 21 May, followed by five 3s and one 4, which were all
direct aftershocks of this magnitude 5 earthquake; this magnitude
5 earthquake was preceded by a sub-level foreshock sequence of
8 M;, >1.0 events, of which Mg 4.3 at 20:56 h on 21 May was the
parent event of this 5.3 main event. The Mg 3.0 at 20:55 on 21 May was
again the parent event of this Mg 4.3; this cluster was the last set of cluster
before the Yangbi 6.4 mainshock, which occurred less than a minute later.

From the spatial distribution of foreshock sequences (Figure 7): the
foreshock sequences fundamentally all occurred in the southeast
direction of the epicenter of the Yangbi 6.4 magnitude mainshock;
the sequence spreading was essentially consistent with the rupture
direction of the fault and the mainshock source mechanism. Studies
by Rachel and Jim (1996) and Reymond et al. (2003) identified that the
rupture initiation point of the mainshock was located at the edge of the
foreshock rupture zone, and the rupture initiation point of the Yangbi
Mg 6.4 mainshock was also consistent with this finding (Figure 7A).
Norihito et al. (2002) conducted cross-spectral analysis and found that
the foreshock sequence has a deep to shallow rupture process, which is
thought to be related to the nucleation process of the mainshock. Based
on our results, the mainshock events in the three clusters, except
Cluster—2, are deeper in the other two clusters, and the subsequent
sub-events are essentially at more shallow locations, which is consistent
with the findings of Norihito et al. (2002).
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Topology tree of the Yangbi 6.4 earthquake sequence. All aftershocks of magnitude 4 or higher are marked on the graph.

With reference to the results of the study by Yang et al. (2021),
“A-A” in the figure is the fault plane of the Yangbi 6.4 mainshock. Of
the three clusters, Cluster—1 occurred in the center of the foreshock
concentration zone, with a more concentrated spatial location, as
well as an increase in depth from the beginning of several events to
the Mg 4.2 mainshock at 21:39 on 18 May. Cluster—2 occurred in
the northwest of Cluster—1, closer to the future 6.4 mainshock
depth.
Cluster—3 partially overlapped with Cluster—1 but was more
extensive and showed rapid spreading; expansion on the fault

epicenter, and was overall more shallow in

plane occurred noticeably in a lateral direction, especially toward
the southeast. From the foreshock distribution on the fault surface in
Figure 7B, it can be clearly seen that the rupture activity was sparse
in the area between the initial rupture point of the Yangbi Mg
6.4 mainshock and the M5.6 maximum foreshock, and this area was
also, basically, the distribution range of the maximum dislocation of
the Yangbi Mg 6.4 mainshock rupture (Yang et al.,, 2021).

Observing Cluster—1 reveals that it can well satisfy the previous
knowledge about the concentrated spatial distribution of foreshocks
and the small spatial distribution (James and Bergthora, 1990; Terry,
1994; Cai and Wang, 1994; Yan et al,, 2012). However, the entire
foreshock sequence does not fit these characteristics: on the fault
plane, the distribution of the foreshock sequence covers most of the
future 6.4 mainshock rupture zone. Two events are worth
highlighting: M;, 2.2, which occurred at 21:42:39 on 21 May at a
depth of 9.91 km, immediately adjacent to the initial rupture point
of the future Mg 6.4 mainshock; and M; 1.9, which occurred
1 minute prior to the mainshock at a depth of 13.56 km; perhaps
these two earthquakes are somehow related to the initial rupture of
the Mg 6.4 mainshock.

We unify time and space to analyze the characteristics of
earthquake sequences. This method has more physical and
statistical significance, and can obtain the temporal and
spatial distribution characteristics of earthquake sequences
more intuitively. Furthermore, we can divide the sub-
sequences based on their characteristics, and study the spatial
distribution of the divided three sub-sequences combined with
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the direction of fault rupture. This method is more intuitive and
innovative.

4.4 Topological analysis of the Yangbi
sequence

Based on the calculated nearest-neighbor distances, we plotted
the topology tree of this Yangbi earthquake sequence (Figure 8). The
topology tree describes the order of connection of seismic events
within the sequence, reflecting the transmission depth of the
children of each event. The topology tree depth of the entire
Yangbi Mg 6.4 earthquake sequence is 16, but the maximum
depth of the aftershock after the Mg 6.4 mainshock was only 8.
The average leaf depth is less than 5, which is consistent with
theoretical estimates (Zaliapin and BenZion, 2013).

Combining the sequence activity process reveals that the same
magnitude 4 aftershock, which has no sub-events or few transmission
depths of the sub-events early in the sequence activity, triggers more of
its higher-order aftershocks and increases its transmission depth as the
sequence develops. There are two possible reasons for this
phenomenon: first, early aftershocks, even small ones, are directly
affected by stress perturbations caused by the mainshock rupture;
second, early in the sequence, there may be some degree of missed
earthquakes.

Using the same approach, it was found in the analysis of
Southern California seismicity that, in addition to isolated
background earthquakes, the topology of cluster earthquakes can
be divided into two types: linear structure—each event is a child of
the previous one, with its largest event occurring in the middle of the
sequence; spray-shaped topology—the main shock occurs first in the
sequence and the aftershocks are all sub-events of the main shock.
These two topologies correspond to the two types of cluster
earthquakes: burst-like clustering and swarm-like clustering.

The topology of the entire sequence shows the unusually
complex structure of the Yangbi 6.4 foreshock sequence.

Cluster—1’s  topology tree has a large degree of linear
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component, from 18:49 M; 3.8 on 18 May to 20:20 M 3.4, 20:56 My,
3.6 to 21:39 Mg 4.2, each being the parent of the latter event;
Cluster—2’s topology is relatively simple, independently forming
a small sequence of primary aftershocks; Cluster—3’s topology lies
between the first two, with 20:55 My, 3.0 on 21 May being the parent
event of the subsequent 20:56 M4.3, which, in turn, was the parent
event of the subsequent 21:21 M5.6, both of which, in turn, triggered
their own aftershocks.

Zaliapin and BenZion (2013) concluded that burst-like clusters
may reflect brittle fracture, whereas swarm-like clusters may be associated
with mixed brittle-ductile damage in areas of relatively high temperature
and/or fluid content. Chen and Knopoff (1987) (b) concluded through
theoretical simulations that the sequence type is related to the rupture
strength at the fault site. Douglas et al. (1995) identified that foreshock
sequences mainly occur at tectonic discontinuities, or weak sites, of faults,
and that the foreshock sequences themselves may be a product of the
seismic nucleation process. From the analysis of the distribution of the
three sub-sequences (clusters) of the Yangbi Mg 6.4 foreshock sequence
and its topology, the fact that the nature of the activity of the three sub-
sequences was so different seems to indicate the tectonic discontinuity of
the seismic fault. The activity of Cluster—1 is concentrated in the upper
and lower directions, with an extremely narrow lateral spatial
distribution, much like a fluid intrusion rupture in a specific channel.
Perhaps, we can speculate that the fluid action triggered the activity of
Cluster—1, which, in turn, triggered the brittle rupture of the shallow
Cluster—2 in the northwest direction of the fault, and the stress
perturbation and adjustment caused by Cluster—2 lead to the rupture
of the fluid intrusion pipeline to rapidly spread further outward
(Cluster—3), which finally triggered the Yangbi Mg 6.4 mainshock.

5 Discussion and conclusion

We analyzed the Yangbi Mg 6.4 earthquake sequence based on
the nearest-neighbor distance algorithm to identify aftershocks and
their higher-order aftershocks. Combined with the sequence activity
process, we can see that the Mg 6.4 mainshock plays a dominant role
in the aftershock activity of the sequence, and the majority of
aftershocks are its direct aftershocks. Additionally, the triggered
secondary aftershocks and their higher-order aftershocks gradually
increase by the later stage of the sequence activity.

The foreshock sequence of the Yangbi Mg 6.4 earthquake was
investigated by combining the double-difference positioning results.
The results showed that the b value of the foreshock sequence was
clearly low and the nonlinear enhancement process was evident;
however, it does not satisfy the characteristics of concentrated spatial
distribution and small spreading range. According to the nearest-
neighbor distance, with reference to the source distribution on the
fault surface, the Yangbi M 6.4 foreshock sequence can be divided into
three sub-sequences (or small clusters): sub-sequence I had the smallest
b value and a concentrated spatial distribution—consistent with the
previous understanding of foreshocks—and is an F-value foreshock
sequence. Sub-sequence II had a recovered b value and an overall
shallow source depth, which was more like a burst-like aftershock and
shows a standard main aftershock type. Sub-sequence III has a b value
that again significantly decreases, with relatively scattered distribution
on the fault plane, showing rapid rupture spread, and the sequence
parameters are identified as a typical U-F-p foreshock sequence.
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The parent—child relationship of each event was established
based on the nearest-neighbor distance between all foreshock events,
and the spatio-temporal development and evolution of the
foreshock sequence was further analyzed. Tracing the parent
event of the Mg 6.4 mainshock revealed that the sequence began
to be active for a total of eight generations to the mainshock, and
these eight events belong more to the “foreshock” of the Mg
6.4 mainshock in a statistical and physical sense. These 8 events
are tightly connected; From fault dynamics point, its active
mechanism may be have some relationship with the nucleation
process of the Yangbi Mg 6.4 mainshock.

Finally, using the nearest-neighbor distance, we plotted the
topology tree of this Yangbi Mg 6.4 earthquake sequence. The
analysis of its topology revealed that the structure of sub-sequence I
was more linear, similar to fluid intrusion rupture in a specific channel.
Sub-sequence II might be the shallow brittle rupture triggered by it,
which, in turn, made the fluid intrusion rupture spread faster and finally
triggered the Yangbi Mg 6.4 mainshock.

There is still much debate about foreshocks characteristics analysis
and identification, and even about the definition of foreshocks. The
analysis of the spatial and temporal characteristics of foreshock
sequences needs to be based on the accurate delineation of
foreshocks and aftershocks by Hui et al. (2020). We analyzed the
2021 Yangbi M; 6.4 foreshock sequence activity based on the nearest-
neighbor distance algorithm, from which the main aftershocks were
distinguished and clear generational relationships were provided. The
analysis in this study was based mainly on the statistical analytical
results of the basic physical properties of the event (Terry, 1994),
without involving the source dynamics parameters and formation
characteristics, which expected to vyield more in-depth
understanding about foreshocks, if further combined with numerical

is

seismology results in the future.
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