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S U M M A R Y 

The hypocentres of natural earthquake swarms and injection-induced seismicity usually show 

systematic migration, which is considered to be a manifestation of their triggering mechanism. 
In many of these cases, the overall growth of the earthquake distribution is accompanied 

by short episodes of rapid migration, the origin of which is still not suf ficientl y clarified. 
We re vie w the possible triggering mechanisms of these migrating episodes and propose a 
graphical method for distinguishing internal and external triggering forces. We also analyse 
the theoretical relationship between the evolution of the cumulative seismic moment and 

the rupture area and propose two models, the crack model and the rupture front model, 
which can explain the spreading of hypocentres. We developed an automatic algorithm for 
detecting fast migration episodes in seismicity data and applied it to relocated catalogues of 
natural earthquake swarms in California, West Bohemia, and Iceland, and to injection-induced 

seismicity. Fast migration episodes is shown to be relati vel y frequent during earthquake swarms 
(8–20 per cent of all events) compared to fluid-induced seismicity (less than 5 per cent of the 
events). Although the migration episodes were detected independently of time, they grew 

monotonically with time and square-root dependence of radius on time was found suitable 
for majority of sequences. The migration velocity of the episodes of the order of 1 m s −1 

was found and it anticorrelated with their duration, which results in a similar final size of the 
clusters scattering around 1–2 km. Comparison of seismic moment growth and acti v ated fault 
area with the predictions of the proposed models shows that both the rupture front model and 

the crack model are able to explain the obser ved mig ration and that the front model is more 
consistent with the data. Relati vel y low estimated stress drops in the range of 100 Pa to 1 MPa 
suggest that aseismic processes are also responsible for cluster growth. Our results show that 
the fast migrating episodes can be dri ven b y stress transfer between adjacent events with the 
support of aseismic slip or fluid flow due to dynamic pore creation. 

Ke y words: Earthquak e source observations; Statistical seismology; Earthquake interaction; 
Seismicity migration. 
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1  I N T RO D U C T I O N  

Migration of hypocentres is a common attribute of induced injec- 
tion seismicity and earthquake s warms, w hich usually distinguishes 
them from aftershock sequences. It is likely related to aseismic 
driving mechanisms, such as fluid intrusions or aseismic slip. 

Mig ration of swar ms in various tectonic environments is at- 
tributed to fluid or magma migration, for example in Iceland (Woods 
et al. 2019 ; Fischer et al. 2022 ), Japan (Yoshida & Hasegawa 2018a ), 
(Yoshida & Hasegawa 2018b ; Guo et al. 2023 ), Afar Rift (Wright 
et al. 2012 ), Yellowstone (Shelly & Hill 2011 ; Massin et al. 2013 ) or 
West Bohemia/Vogtland (Bachura et al. 2021 ). Different migration 
scenarios are observed from monotonous migration in the horizon- 
tal or vertical direction or migration with direction changes within 
312 
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the evolution of the seismic cluster. The shape of the spreading 
en velope ho wever depends also on the initial fault criticality (De 
Barros et al. 2021 ). In contrast to direct influence of pore pres- 
sure perturbation, aseismic slip is able to explain fast hypocentre 
migration (Lohman & McGuire 2007 ). 

Ear thquake mig ration patter ns, ho wever , often exhibit not only 
spreading envelopes but also fast-growing episodes embedded in 
the overall migration trend. This was observed for the 2009 Long 
Valley Caldera swarm (Shelly & Hill 2011 ), Yellowstone 2008–
2009 swarm (Massin et al. 2013 ), Greece swarms (Kapetanidis & 

Deschamps 2015 ; De Barros et al. 2020 ; Dublanchet & De Barros 
2020 ) and West Bohemia swarms (Fischer & Hainzl 2021 ). Similar 
fast mig ration patter ns are also obser ved during tremor activity 
(Ghosh et al. 2010 ; Gombert & Hawthorne 2023 ). It is not the 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/ ), which 
 any medium, provided the original work is properly cited. 
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bsolute speed of migration that identifies fast migration episodes.
ather, they are characterized by their occurrence behind the overall
igration envelope and by a migration velocity higher than the

nvelope migration speed. As shown in Fig. 1 , it also turns out
hat when distance–event index plots are used instead of distance–
ime plots, the originally nonlinear and interrupted migration front
ecomes more linear and continuous. This is consistent with a front-
upture model where new ruptures are triggered at the edge of the
upture zone due to stress transfers from previous earthquakes and
uid flow enabled by increased permeability in the rupture zone
Fischer & Hainzl 2021 ). 

In this paper, we focus on the analysis of the fast migration
pisodes. Their features and physics are not well studied so far.
or that purpose, we first discuss the possible seismic and aseis-
ic driving mechanisms and present two end-member models, the

rack-type and front-type model and their predictions of the cu-
ulative seismic moment and acti v ated area b y the ruptures. Fur-

hermore, we developed a fully automatic procedure based on the
istance–index information to detect significant migration features
n earthquake data without assuming any specific time dependence.
he new detection algorithm is then applied to selected swarms

rom California, Iceland and West Bohemia, as well as injection-
nduced seismicity. We systematically characterize their frequency,
iming, spatial spreading and moment release and compare their
attern with the different expectations for crack-type and front-type
rowth models. Our results provide new insights into the patterns of
ast migration episodes, which help us to understand the underlying
hysics. 

 E A RT H Q U  A K E  M I G R A  T I O N  

.1 Possib le sour ces of earthquake migration 

he driving force of earthquake migration can be of external or
nternal origin (Shapiro et al. 1997 ; Yamashita 1999 ; Parotidis et al.
003 ; Fischer & Hainzl 2021 ). 

In the case of external (aseismic) origin of the driving force, the
eismicity growth is controlled by an aseismic time-dependent driv-
ng mechanism, which triggers the observed seismicity. In this case,
uid injection or aseismic slip are candidates for the driving force.
hese mechanisms are usually modelled by a time-dependent pro-
ess (pore pressure diffusion, hydraulic fracture growth, transient
reep and similar). In particular, the pore pressure diffusion model
ssumes that earthquakes map the advance of the pore pressure
ront. We assume a homogeneous ambient stress field and medium
ith constant dif fusi vity of the rock, where the permeability and
ore pressure field are not altered by seismic rupturing and re-
ated stress changes. In that case, the distance r of the propagating
ore pressure front from the pressure source grows as r = 

√ 

4 π Dt 
Shapiro et al. 1997 ). Here, t is the time from the first contact of
he pore pressure source with the host rock, and D is the hydraulic
if fusi vity. Alternati vel y, hydraulic fractures can be an aseismic
riving source for the observed seismicity. In a simplistic model,
he hydraulic fracture growth is determined by the mass conser-
ation of the injected fluid. Provided a constant injection rate, the
elation between the triggering front distance r and time t depends
n the fracture geometry. If the thickness of the hydraulic fracture
s constant, r depends linearly on t for 1-D fracture propagation.
imilarly, r grows with the square root of time for unlimited 2-
 hydrofracture fracture propagation (Fischer et al. 2008 , 2009 ).
inall y, aseismicall y expanding creep on faults (slow slip) might
rigger earthquakes with migrating patterns due to the (constant)
ropagation of the slip front (Passarelli et al. 2021 ). 

In the case of internal (seismic) origin of the driving force, the
eismicity growth is controlled by the earthquake ruptures them-
elves. Such a self-driven process can explain aftershock sequences
nd also fast migrating episodes as discussed below. Earthquake
uptures create pore space and damage on and in the surrounding
f the rupture (Marone et al. 1990 ; Yamashita 1999 ), as well as
ynamic and static coseismic stress changes. The intensity of the
tress changes is the highest on the front of the rupture tip. Thus,
 new rupture most likely nucleates adjacent to the previous one,
ssuming homogeneous medium properties and pre-stress. The un-
erlying processes are not necessarily continuous in time because
trength heterogeneities combined with the delayed rupturing of
arriers due to stress corrosion might lead to a broad distribution
f waiting times (also called interevent times). For example, the
nterevent times of the swarms in NW Bohemia show a power-law
istribution related to a strong sub-clustering in the swarm activity
Hainzl & Fischer 2002 ). Accordingly, no clear time dependence of
eismicity is expected. 

.2 Gra phical anal ysis 

ig ration patter ns are usuall y anal ysed in the coordinate–time ( x –t )
omain (Fig. 1 a), where the time t is used as the independent vari-
ble. Ho wever , this postulates that time controls the seismogenic
rocess. Such plots are suitable to identify and characterize the ex-
ernal aseismic driving force, for example to estimate the hydraulic
if fusi vity D in the case of seismicity dri ven b y pore-pressure dif-
usion. 

Additionally to time, the event order can be used as the in-
ependent variab le, w hich is also termed natural time (Rundle
t al. 2018 ). In such a case, a coordinate-ev ent-inde x ( x –N ) plot
s produced (Fig. 1 b). This approach postulates that the seismic
uptures control the evolution of the seismicity, that is the pro-
ess is self-driven. Exploring the seismicity spreading dependent
n the event order ignores the influence of time on the seis-
icity and can facilitate the investigation of self-driven cluster

ormations. 
The different representation of seismicity migration using x –t

nd x –N plots is apparent in Fig. 1 of this paper and fig. 1 in
ischer & Hainzl ( 2021 ). In the x –N plot, the periods of quiescence
isappear, and the original temporal clusters found in the x –t plot
erge into a continuous seismicity sequence migrating in a single

ominating direction. Most triggering fronts seem to show a linear
nvelope whose slope (migration velocity measured in metres per
vent) stays almost constant for longer periods. Fig. 1 also illustrates
he two phenomena mentioned above: the overall growth of the
eismic clouds is manifested in the triggering front envelope and
he embedded rapid episodes that propagate both in the same and
pposite directions as the triggering envelope. 

A combined analysis of both x –t and x–N plots helps us to un-
erstand the processes in more detail. It can be used to indicate
he aseismic driving mechanisms and self-driven processes. The
eneral procedure is illustrated in the flow diagram in Fig. 2 . To ex-
lain the strength of the combined analysis, we analysed synthetic
imulations of seismicity dri ven b y pore-pressure and self-driven
upture propagation (Appendix B1). While the growth pattern of
he externall y (aseismicall y) dri ven seismicity is continuous in the
 –t plot (and also in the x –N plot), we find that internally driven
eismicity (self-driven) shows a continuous growth only in the x –N
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Figure 1. Migration of the earthquakes in the West Bohemia seismic swarm occurred in 2008: (a) coordinate-time and (b) coordinate-ev ent-inde x plot. Note 
the episodic occurrence of activity in the coordinate-time plot compared to the overall continuous spreading of activity in the coordinate-ev ent-inde x plot. The 
size of symbols scales with event magnitude ranging from −1 to 3.5. 

Figure 2. Flow diagram for identification of the background driving mechanism using coordinate–time ( x –t ) and coordinate–index ( x –N ) plot. The diagrams 
show simulations of seismicity growth using the pore pressure diffusion model (A) and front migration model (B and C); see more details in the Appendix B. 
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plot, but a disrupted growth in the x –t plot. This observation al- 
lows, in the first approximation, to visually distinguish the different 
types of driving forces (Fig. 2 ). It should be noted that transient 
catalogue incompleteness in the form of occasional missing events 
can also lead to discontinuous event migration in the x –N plot, sim- 
ilar to that seen in Fig. 2 (c) caused by the largest rupture in the 
sequence. 
3  C H A R A C T E R I Z AT I O N  O F  

S E L F - D R I V E N  S E I S M I C I T Y  

The growth of self-driven seismicity can be understood by different 
models predicting the growth of the acti v ated area. Among them, 
we discuss the two following end-member cases, that is, the crack 
and the front model (Fig. 3 ). 

art/ggad221_f1.eps
art/ggad221_f2.eps
https://www.overleaf.com/project/638df122ddb4c7690bc6ec42
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Figure 3. Schematic illustration of the seismicity growth in the (a) crack and front model in the case of the channel (b) and wedge (c) growth. 
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The crack model is based on the ef fecti ve stress drop approach
Madariaga & Ruiz 2016 ; Fischer & Hainzl 2017 ). It supposes that
 crack can be replaced by a cluster of events, which releases the
otal stress. Depending on the fault rheology, stress is released and
eloaded either by re-rupturing of asperities (brittle rheology) or
y a combination of seismic and seismically triggered aseismic
lip. The ef fecti ve (seismic) stress drop is found to be small in the
ase of a large contribution of creep to the slip (ductile rheology).
he crack model assumes ongoing slip within the rupture area. In
ontrast, seismicity is assumed to be only triggered at the crack tip
n the case of the front model . Note that the latter is equi v alent to
he pulse model for concentrated slip on the rupture front during a
ingle earthquake rupture (Heaton 1990 ). As discussed by Fischer &
ainzl ( 2021 ), the front model e xplains observ ed linear or square-

oot event migration patterns observed in the x –N plot. 

.1 Seismic moment release versus activated area 

n the following, we investigate the relationship between the ac-
i v ated area of the fault segment and the total seismic moment
eleased during an episode. For this purpose, we consider the crack
olution of a single earthquake. In particular, we use the relation
etween the rupture area A and the seismic moment M 0 of an earth-
uake (see e.g. re vie w of Madariaga & Ruiz 2016 ), 

A = 

(
M 0 

f �σ

)2 / 3 

(1) 

ith �σ being the static stress drop and the geometric constant
f = 

16 
7 π

−3 / 2 for a circular rupture. 
In the case of the crack model , the fault segment consists of

ensely distributed asperities that rupture, reload and re-rupture
ndi viduall y until the stress is released everywhere within the rupture
rea, leading to the highest event density in the central part of the
ault segment. The summed area of individual ruptures exceeds the
rea of the acti v ated fault segment, and is related to the cumulative
eismic moment of the swarm activity according to 

A crack = 

(∑ 

M 0 ,i 

f �σ

)2 / 3 

, (2) 

here �σ represents the ef fecti ve stress drop (Fischer & Hainzl
017 ). 

In the case of the front model , re-rupturing of asperities does
ot occur, and each rupture increases the total rupture area of the
arthquake sequence. This can happen if the earthquak e–earthquak e
nteractions are mediated by afterslip in the vicinity of the asper-
ties and thus the stress increases due to neighbouring rupture are
mall compared to earthquake stress drops, preventing reloading of
lready ruptured asperities. Thus a front migration might be facil-
tated by aseismic processes within the ruptured area, such as an
seismic slip or fluid flow due to dynamic pore creation as proposed
y Yamashita ( 1999 ). On a fault plane, two geometrical concepts
ere considered by Fischer & Hainzl ( 2021 ): the channel model
escribing a unilateral growth along a channel of width W and the
ector model describing a 2-D sectorial growth with angle θ (Figs 3 b
nd c). In the case of the front model , because the ruptures do not
verlap, the sum of areas of individual ruptures A i fits the area of
he acti v ated fault se gment. By e xpressing A i using eq. ( 1 ), the total
rea is 

A front = � A i = 

∑ 

(
M 0 ,i 

f �σ

)2 / 3 

= 

⎛ 

⎜ ⎝ 

(∑ 

M 

2 / 3 
0 ,i 

)3 / 2 

f �σ

⎞ 

⎟ ⎠ 

2 / 3 

, (3) 

here �σ refers to the static stress drop of the earthquakes, and
he final rearrangement is aimed at obtaining the same form as in
q. ( 2 ). Hence eqs ( 2 ) and ( 3 ) are similar in the form 

A = 

(
M 

T 
0 

f �σ

)2 / 3 

, (4) 

here the seismic moment is replaced by 

M 

T 
0 ≡ ∑ 

M 0 ,i Crack model (5a) 

≡
(∑ 

M 

2 / 3 
0 ,i 

)3 / 2 
Front model (5b) 

hus, plotting M 

T 
0 versus empirically estimated rupture area A in a

ouble-logarithmic scale should show a linear slope with a gradient
f 1.5 and an offset related to f �σ . The comparison of the fits of
oth eqs ( 5a ) and ( 5b ) can point to the possible character of the
nalysed episode - a crack- or front-type migration. 

For comparison, we also analyse the relationship between the ac-
i v ated area S and total seismic moment M 

T 
0 within a sequence for

he pore pressure diffusion model. In this case, the number of earth-
uakes, and thus the cumulative seismic moment, is proportional
o the injected volume, assuming a homogeneous medium and pre-
tress. In the case of a constant injection rate q and 2-D diffusion,
oth the area enclosed by the fluid front at radius 

√ 

4 π Dt and the
olume, Q = qt , grow linearly with time. Then, the cumulative seis-
ic moment is proportional to the injected volume (McGarr 2014 )

nd consequently to the activated area 

M 

T 
0 = 

∑ 

M 0 ,i = m A Diffusion model , (6) 

here m defines the mean seismic moment density. In a double-
ogarithmic scale, this relation corresponds to a linear slope with a
radient of 1.0 and an offset m . 

art/ggad221_f3.eps
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Table 1. Total number of events per data set, their depth range, duration of the activity, magnitude range of the 
seismicity and estimated completeness magnitudes M c using the Maximum Curvature (MaxC) method. 

Swarm Number of events Depth (km) Duration (d) Magnitudes M c 

West Bohemia (2000) 5104 6.5–10.4 156 −0.3–3.0 0 .2 
West Bohemia (2008) 3891 6.0–10.3 117 −1.0–3.5 − 0 .1 
West Bohemia (2011) 9496 6.8–10.2 31 0.0–3.6 0 .2 
West Bohemia (2014) 2824 6.9–11.0 103 −1.0–4.4 − 0 .1 
West Bohemia (2018) 3424 6.0–11.0 15 0.5–3.8 0 .6 
LongValleyCaldera 4580 4.0–8.0 154 −1.0–3.5 − 0 .2 
Iceland, Reykjanes 9000 2.0–6.0 23 0.0–5.3 1 .9 
Basel 1974 3.6–4.9 8 0.1–3.4 0 .8 
Soultz (2000) 5030 3.8–5.5 10 −0.9–2.5 0 .1 
Soultz (2003) 1675 3.6–5.7 46 −0.5–2.9 0 .0 
Helsinki 6121 4.6–6.3 60 −1.9–1.2 − 0 .3 
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4  A NA LY S I S  O F  T H E  FA S T  M I G R AT I O N  

E P I S O D E S  

4.1 Data 

We analysed two different types of seismic catalogues—natural 
ear thquake swar ms obser ved in West Bohemia (Czech Repub- 
lic), Iceland and California (USA) and injection-induced seismicity 
recorded during stimulation of deep geothermal projects—Soultz- 
sous-Forets (France), Basel (Switzerland) and Helsinki (Finland) 
(Table 1 ). West Bohemia is a well-known area for its repeated seis- 
mic activity, where many earthquake swarms were instrumentally 
recorded by the local seismic network Webnet since the 1990s. In 
this study, relocated swarms from the years 2000, 2008, 2011, 2014 
and 2018 (Bachura et al. 2021 ) are used for further analysis. Ad- 
ditionall y, we anal yse a very similar seismic acti vity from Iceland, 
where earthquake swarms on Reykjanes peninsula (SW of Iceland) 
were recorded by a local seismic network. Specifically, we inves- 
tigate the 2021 swarm preceding the eruption of the Fagradasfjall 
v olcano (F ischer et al. 2022 ). The last natural swarm data set is 
from Long Valley Caldera, California, recorded in 2014 (Shelly 
et al. 2016 ). 

The second data type comes from hydraulic injections in deep 
geothermal projects. The first part of these data sets consist of stim- 
ulations of two different wells at Soultz-sous-Forets in the years 
2000 and 2003 (Charl éty et al. 2009 ). Another induced-seismicity 
case stems from the Basel stimulation in 2008 (Kraft & Deich- 
mann 2014 ). The final and newest used data set is from the Helsinki 
geothermal site where in year 2020 near-real time processing dur- 
ing stimulation was performed in order to lower the risk of strong 
earthquakes (Kwiatek et al. 2022a , b ). 

4.2 Detection of the fast migration episodes 

To detect migration pattern within those swarm data, we devel- 
oped an automatic migration detection algorithm, described in 
detail in the Appendix A. The algorithm aims to detect system- 
atic increases in the distances of subsequent e vents relati ve to 
the location of an earthquake in the sequence. In particular, it 
is based on the distances’ rank v ariability. Onl y the fact counts 
whether one event occurred closer or farther away, and neither 
their time difference nor the absolute distances are considered. 
Thus, by its construction, the algorithm does not make any as- 
sumptions about the specific space–time relations of the underlying 
process. 

Mig ration patter ns are usually obser vab le in the w hole magni- 
tude range. Thus we use all recorded earthquakes in the catalogue 
for the analysis. The changes of magnitude of completeness may 
affect the total seismic moment; this influence can be however ne- 
glected because of onl y tin y contribution of the smallest events to 
the total seismic moment. To address the possible influence, in the 
supplementary material, we also show results for all data sets, using 
only earthquakes with magnitudes above the estimated complete- 
ness magnitude. 

Using our detection algorithm (see Appendix A), we detected 
480 different migration episodes consisting of 7725 earthquakes in 
total. The detected events are colour-coded in Figs 4 and 5 , show- 
ing the projected hypocentres on the fitted fault planes in the case 
of all analysed swarms, except the Iceland case which has no pla- 
nar structure. While Figs 4 and 5 show the events as a function of 
the earthquake index, Figs S1 and S2 of the supplementary mate- 
rial show the same as a function of time. Note that the migration 
episodes were detected by the automatic algorithm using hypocen- 
tral distances rather than projected on a plane. Nevertheless, the 
detected episodes form, either in one or even both fault dimen- 
sions, mostly connected clusters with rare gaps between subsequent 
ev ents. For four e xamples, Fig. 6 shows the distance v ersus time 
and the hypocentre projections on the fault planes, where the time 
is colour-coded. 

To check whether the detected events may be aftershocks of a 
main shock in the first phase of the cluster, we calculated for each 
episode the ratio between the seismic moment release of the first half 
of the events and that of the second half of events. Fig. 7 shows that 
the ratio scatters around one, indicating that magnitudes occur rather 
randomly within the sequence, typical for swarms rather than main 
shock–aftershock sequences. This is confirmed by the observation 
that only 9 per cent of the detected episodes started with the largest 
event. Similar results are obtained for the analysis restricted to 
events with a magnitude above the completeness magnitude (see 
Supplementary Fig. S6). 

4.3 Analysis of detected migration episodes 

We first analysed the detected episodes according to the following 
research questions. 

4.3.1 How frequent are those episodes within the swarm activity? 

To answer this question, we calculated the ratio between the num- 
ber of events within all detected episodes and the total number of 
earthquakes in each swarm. 

To compare the results, we tested synthetic sequences without 
any systematic migration. In particular, we analysed 100 sequences 
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Figure 4. Identified clusters with mig ration patter ns in the analysed natural swarms, except the Iceland case which has no planar structure. The name of each 
data set is marked as title, while the coordinates on the corresponding fault plane are shown as a function of the event index for each case; x and y denote to 
the along strike and along dip directions. For comparison, the time dependence of the coordinates ( x –t plots) is shown in Supplementary Fig. S1. 
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f 5000 events uniformly distributed within a box with a 5 km
5 km dimension (Poisson process). To be more realistic, we also

un simulations of the Epidemic Type Aftershock Sequence (ETAS)
odel (Ogata 1998 ), which considers aftershocks triggered by the

ackground activity. Details are provided in the Appendix B2. 
The resulting ratio of clustered events with the overall swarm
cti vity v aries strongl y between the anal ysed data sets. As shown in
ig. 8 , the ratio is highest in the natural swarms observed in West-
rn Bohemia, Long Valley Caldera and Iceland. It decreases from
0 per cent to 8 per cent with time for the Western Bohemian swarms
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Figure 5. The same as Fig. 4 but for the identified episodes in the injection-induced seismicity cases. The time dependence of the coordinates ( x –t plots) is 
shown in Supplementary Fig. S2. 

Figure 6. Four examples of identified episodes: (a) the 23th episode of West Bohemia (2000), (b) 25th episode of West Bohemia (2008), (c) 7th episode of 
West Bohemia (2018) and (d) 2th episode of LongValleyCaldera. In all cases, the upper plot shows the 3-D distance to the first event as function of time, while 
the bottom plot shows the hypocentre projections on the fault plane where circle size is related to a stress drop of 0.05 MPa and colours refer to the timing 
indicated in (a). Grey dots refer to the preceding activity in the swarms. 
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Figure 7. Histogram of the ratio between the seismic moment released by 
the first and second half of the events in a a detected episode. Additionally, 
the cumulative distribution function is shown by the blue curve with the 
scale on the right-hand side. The distribution is approximately symmetric 
around the ratio of 1.0, indicating their swarm-type character. 

Figure 8. The fraction of migrating events within the sequences. The hori- 
zontal bars refer to the range between the 5 per cent and 95 per cent quantiles 
of the results for synthetic Poisson and ETAS sequences with 5000 events. 
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etween 2000 and 2018, while intermediate values of 12 per cent
nd 19 per cent are observed for the Long Valley Caldera and
celand sw arms, respecti vel y. These v alues are larger than the cor-
esponding values in the random Poisson and ETAS sequences by a
actor of 3 to 10. In Poisson simulations, the percentage of detected
igrating events scatters around 2 per cent, while it scatters around
 per cent in the case of the ETAS simulations. In contrast to nat-
ral sw arm acti vity, such mig ration patter ns are rarely detected in
he injection-induced seismicity, where the ratio is within or only
lightly above the values in the Poisson and ETAS simulations. Sim-
lar results are found for the same analysis restricted to events above
he completeness magnitude, as shown in Supplementary Fig. 7 . 

.3.2 How do clusters grow in time? 

he spatial growth of the identified clustered events with time is un-
lear because our detection algorithm does not imply any functional
ependence on time. Indeed, the detection algorithm involves only
he earthquake index and the distance rank, so it is not necessarily
xpected that the distances of the detected events follow a clear
attern as a function of time. To analyse the growth pattern in a
ompact wa y, w e measured the distances and times relative to the
rst event in each episode and stacked all of them in one plot. The
esult is provided in Fig. 9 (a), showing a scattered point cloud span-
ing a timescale from seconds to tens of days and distances from
etres to kilometres. To account for different cluster growth rates,
e fitted to each migration episode a linear function f ( t ) = vt and
 square-root function 

√ 

4 π Dt and measure the variance reduction
R 

2 = 1 − ∑ 

i [ r i − f ( t i )] 2 / 
∑ 

i [ r i − r̄ ] 2 , where ̄r refers to the mean
istance. While a value of R 

2 ≤ 0 would indicate that the data cannot
e described at all by a linear or square-root growth function f , a
alue of R 

2 = 1 would refer to the perfect fit r i = f ( t i ) for all cluster
embers. Then we plotted the observed distance versus the rescaled

ime, either vt in panel Fig. 9 (b) or 
√ 

4 π Dt in panel Fig. 9 (d), using
he optimized values v and D for each episode. For earthquakes all
riggered at the rupture front position f ( t ), all points will fall on the
iagonal indicated by the dashed red line in Figs 9 (b) and (d). The
bserved points scatter around this line, showing that they follow
ystematic temporal trends on average. The square-root function fits
he majority of the sequences better than the linear function, namely
n 60 per cent of the cases. The variance reduction R 

2 for the indi-
idual episodes is in both cases larger than 50 per cent for most of
he episodes, namely in 66 per cent (58 per cent) of the episodes for
he square-root (linear) function. The estimated v and D values are
hown in Figs 9 (c) and (e). The migration velocities range between
.01 and 10 m s −1 for most cases, with a mean value of 1.8 m s −1 .
he estimated D -values range between 0.1 and 1000 m 

2 s −1 with
 mean of 178 m 

2 s −1 . Similar values are obtained for the migra-
ion episodes detected using a magnitude cutoff, see Supplementary
ig. 8 . For pore-pressure diffusion in intact rock, the latter values
eem to be too large, see for example Talwani et al. ( 2007 ) who re-
orted dif fusi vity of seismo genic fractures not exceeding 10 m 

2 s −1 .
o wever , if pore-pressure diffusion occurs within a freshly ruptured

ault segment, permeability might be strongly increased due to pre-
ursory cracking, possibly explaining those high values. 

.3.3 How is the migration velocity related to the episode’s 
uration? 

he relation between the mean migration velocity and the duration
f the sequences might be indicative of the underlying process. To
nalyse this relation, we used the velocity values v estimated by the
t of v · t to the time–distance points ( t i , r i ) for each episode, see
ig. 9 (a). The duration T is simply determined by the time difference
etween a episodes’s last and first earthquakes. Fig. 10 shows a
trong anticorrelation between both values. The linear correlation
oefficient between the logarithmic values in Fig. 10 is −0.93. This
esult indicates that the episodes stop after reaching a similar size
ndependent of the migration speed. The mean value of the product
 · T is 1.6 km with [0.4, 2.6] km being the 90 per cent confidence
nterval. Excluding the Iceland data, the mean is 1.2 km with a
onfidence interval [0.4, 2.1] km. Similar results are found for the
ame analysis restricted to events above the completeness magnitude
see Supplementary Fig. 10 ). 

 T H E  M O M E N T - A R E A  G ROW T H  

ccording to our models of self-driven seismicity, the area occupied
y the earthquakes is related to the seismic moment of the events.
o analyse this relation for the detected episodes, we first projected

he hypocentres to the best-fitting plane and then measured the acti-
 ated area b y its conv e x hull. For the third and all following events,
e calculated the corresponding area A i and the cumulative seis-
ic moment M 

T 
0 ,i released until this event during the episode using

q. ( 5a ) for the crack and eq. ( 5b ) for the front model . For each
pisode, we then fitted eq. ( 4 ) to the points ( A i , M 

T 
0 ,i ) to estimate
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Figure 9. (a) Distance r versus time t of all events ( N = 7725) in the 480 detected migration episodes, where times and distances are measured relati vel y to 
the first event in each sequence. (b) and (d) show the same for rescaled time by the estimated velocity v in the case of linear fits (b) or 

√ 

4 π Dt in the case of 
square-root fits (d). Plots (c) and (e) show the estimated propagation velocity (c) and dif fusi vity (e) as a function of the cumulative seismic moment released 
during the episodes. In (c) and (e), the error bars refer to one standard deviation. The variance reduction of the corresponding fits is larger than 50 per cent for 
58 per cent (66 per cent) of the sequences in the case of linear (square-root) fits, and 60 per cent of the sequences are better fitted by 

√ 

4 π Dt than vt . 

Figure 10. Estimated propagation velocity v as a function of the duration T 
of the episode. The error bars refer to one standard deviation. The dashed 
line refers to v = 1000/ T [m s −1 ], indicating that the episodes migrate 
approximately all the same distance but with different velocities. 

stressed. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/1/312/7179985 by Bibliothek des W

issenschaftsparks Albert Einstein user on 04 Septem
ber 2023
the stress drop σ . In Figs 11 (a) and (d) we stack the estimated area 
versus the calculated M 

T 
0 -values during the cluster evolution of all 

sequences; each point represents the M 

T 
0 ,i –A i pair. The large scatter 

of this plot is likely a result of strongly varying stress drops for 
different episodes. To account for this, the values of seismic mo- 
ment and area for each sequence were fitted by eq. ( 4 ) providing an 
estimate of the corresponding stress drop values �σ . Seismic mo- 
ments were then rescaled by the stress drops of individual episodes 
showing much smaller scatter (Figs 11 b and e) pointing to clusters’ 
growths in agreement with the model predictions. 
Additionally, we calculated the corresponding variance reduction 
R 

2 for each fit. For 42 per cent of the crack model fits, and 59 per cent 
of the front model fits more than 50 per cent variance reduction 
w as achie ved. The fr ont model outperforms the cr ack model in 
most cases, namely in 94 per cent of the episodes. The estimated 
stress drops scatter mainly in the range between 100 Pa and 1 MPa 
(Figs 11 c and f), with a slightly larger mean value of 0.3 MPa in the 
case of the front model compared to 0.2 MPa for the crack model . 
Supplementary Fig. S9 provides the similar results obtained for the 
corresponding analysis restricted to events above the completeness 
magnitude. 

6  D I S C U S S I O N  

We find that the fast migration episodes frequently occur during nat- 
ural earthquake swarms but are quite rare in the analysed injection- 
induced earthquake activity. Our observation points to possible dif- 
ferences in the underlying triggering process of both seismicity 
types. It turned out that main shocks do not simply drive those fast 
migrating episodes, and dif ferent dri ving mechanisms should be 
sought. Traditionally, both fluid flow and elastic stress transfer are 
considered responsible for swar ms’ mig ration. Stress transfer was 
found ef fecti ve in triggering fast sub-sequences of the 2000 West 
Bohemia s warm (F ischer & Hor álek 2005 ) thanks to ele v ated pore 
pressure in the fault zone. For the same swarm, Hainzl & Ogata 
( 2005 ) found that stress triggering was dominant in driving the ob- 
served seismicity, but fluids were needed to initiate and contribute to 
dri ving the sw ar m itself. On the contrar y, injection-induced seismic- 
ity occurs usually in intact rock or near faults that are not critically 
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Figure 11. Evolution of the seismic moment release as a function of the area covered on the fault plane and estimated stress drops for the case that seismic 
moment is measured by eq. ( 5a ) (a–c) or eq. ( 5b ) (d–f). (a) Evolution of the cumulative seismic moment v ersus cov ered area on the fault plane, where the dashed 
red lines refer to the theoretical model lines for stress drops varying from 1 kPa to 1 MPa. (b) and (e) show the same result for seismic moment normalized by 
the stress drop estimated for the individual migration episodes. The corresponding stress drops are plotted as a function of the total seismic moment release for 
each episode in panels (c) and (f) for the crack and front model , respecti vel y, where the error bars refer to one standard deviation. 
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Another candidate for producing bursts of events manifested by
ast hypocentre migration is the aseismic slip supported by pore
ressure buildup in the fault zone which could generate the required
tress perturbations (Lohman & McGuire 2007 ; De Barros et al.
020 ; Dublanchet & De Barros 2020 ). This could be the reason for
he less frequent occurrence of fast migration episodes in seismicity
nduced by fluid injections, which are usually not performed along
aults and so the slow slip is less likely in these cases. Indeed,
njection-induced swarms are understood as a response of the rock

edium to an anthropogenic pore pressure perturbation in otherwise
table areas with no aseismic slip. 

Although the migration episodes were detected without time in-
ormation, most of them form systematic trends in time, either
howing linear or square-root growth. In particular, the square-root
unction fits better with 66 per cent of the episodes showing more
han 50 per cent variance reduction compared to 58 per cent of
he episodes for the linear fit (Fig 9 d). The increase of the cumu-
ative seismic moment release as a function of the rupture area
rowth is best explained by the front model (Fig 11 b). Both ob-
ervations indicate a sectorial front growth (illustrated in Fig. 3 c)
ith decreasing rupture speed. The square-root rupture speed could

ndicate that pore pressure diffusion drives the activity. Ho wever , it
hould be noted that a square-root migration is also observed for
low slip events (Ide 2010 ) and the square-root growth is similarly
xplained by 2-D hydraulic fracture growth, given a constant in-
ow rate. In this case, the fracture and the associated seismicity is
irectl y dri ven b y the pressurized w ater flow, which dif fers from
he front model where fluid flow is only enabled by the fracture
rowth. 

The propagation velocity of the fast migrating episodes scatters
round 1 m s −1 , corresponding to a scatter around approximately
00 km d −1 . This exceeds by approximately one order the veloc-
ty of fast migrating episodes in the 2015 Corinth rift swarm (De
arros et al. 2020 ; Dublanchet & De Barros 2020 ). This differ-
nce is possibly not related to the different tectonic environments
f the swarms in question but most probably accounts for the differ-
ng methods used for episodes detection. While the fast migration
pisodes in the Corinth rift swarm were detected manually, our re-
ults are based on automatically detected episodes; the detection
ethod identifies subsequent events, which could tend to highlight

ast migration velocities. It is interesting to note that Danr é et al.
 2022 ) obtained a similar anticorrelation of migration velocity with
warm duration (fig. 4 in their paper). In their case, the migration
elocities range from 1 to 10 4 m d −1 , which is by three orders of
agnitude smaller than our migration velocities. The reason is that
anr é et al. ( 2022 ) analysed the average velocity of the seismicity

ront, which is in principle much smaller than the migration rate of
ast episodes within the swarm. 

We observe a clear anticorrelation between the estimated cluster
rowth velocities and the duration of the clusters. This observation
eans that migration clusters reach, on average, independently of

heir migration speed, a similar final size. Even more surprisingly,
he same relationship is observed for the different s warms, w hether
hey are natural or injection-induced. This points to a dynamic effect
f the underlying process, which is not well understood so far.
nterestingly, the identified episodes span across the entire acti v ated
ault segment; see Figs. 4 and 5 . The mean value v · t of 1.6 km
oints to a typical size of the acti v ated clusters and its maximum
ize could be related to seismogenic depth of the crust mapped by
he maximum hypocentre depth. This ranges from 6–7 km in Long-
alley Caldera and Iceland (Shelly et al. 2016 ; Fischer et al. 2022 )

o about 13 km in West Bohemia (Fischer et al. 2014 ). 
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In many cases, the mig ration episodes for m spatially continuous 
clusters (Fig. 6 ). Spatial discontinuities that appear inconsistent with 
the front model could be related to missing small events or aseismic 
deformation that do not require continuous event clusters. This is 
consistent with the rather low stress drops we observe. 

Our results show that the relation of the seismic moment and 
acti v ated area of most sequences can be successfully fitted by the 
fr ont and/or cr ac k model . This is apparent in F igs 11 (a)–(d) w here 
the scatter of the points significantly decreases when the cumulative 
seismic moment is scaled by the estimated stress drop and the points 
align along a line with the slope of 3/2 as predicted by eq. ( 4 ). This 
indicates the fast propagating episodes are driven by the seismic 
activity itself with fluid flow that follows the fracture growth and 
supports it from behind. 

7  C O N C LU S I O N S  

We analysed the growth of earthquake clusters with the focus to 
fast migration episodes that are embedded in the overall migration 
trend and occur mainly during earthquake swarms. The aim of our 
study was to unveil the physical mechanism responsible for this 
unique phenomenon. After re vie wing the sources of earthquake mi- 
gration and the ways how to graphically analyse it we propose a 
simple scheme for distinguishing between the external (aseismic) 
and internal (seismic) drive of the activity. Next we focus on the 
self-driven (seismic) mechanism and propose two models, the crack 
and the front model that can explain the hypocentre spreading. They 
are characterized by the binded growth of cumulative seismic mo- 
ment and acti v ated fault area. It is shown that the relation of these 
quantities differ for the two models, which allows for identification 
of the background mechanism. 

We developed automatic algorithm for detection of the migration 
episodes in seismicity data and applied it on relocated catalogues 
of natural ear thquake swar ms and injection induced seismicity. It 
turned out that the fast migration episodes are quite frequent during 
natural ear thquake swar ms (8–20 per cent of all events) compared 
to fluid induced seismicity (less than 5 per cent of the events). We 
also found that although episodes were detected independently of 
time, they gre w monotonicall y with time according to a linear or 
square-root dependence of radius on time; for majority of sequences 
the square-root growth showed a better fit. A quite high propagation 
velocity of the episodes migration in the range of 1 m s −1 was found; 
its anticorrelation with the episodes duration points to a similar final 
cluster size in the range of one to two kilometres. 

The comparison of the growth of seismic moment and the ac- 
ti v ated fault area with the proposed models shows that both the 
rupture front model and crack model are able to explain the ob- 
ser ved mig ration, however the front model is more consistent with 
the data. The relati vel y low estimated stress drops ranging between 
100 Pa and 1 MPa indicate that aseismic processes are also in place. 
Our results show that the fast migrating episodes can be driven by 
stress transfer between adjacent events with the support of aseismic 
slip or fluid flow due to dynamic pore creation. 

S U P P O RT I N G  I N F O R M AT I O N  

Supplementary data are available at GJI online. 

Figure S1 . All identified clusters of the analysed natural swarms 
(besides the Iceland case), shown as function of time (in contrast 
to the main text figure, where it is shown as function of the event 
index). 
Figure S2 . All identified clusters of the injection experiments, 
shown as function of time (in contrast to the figure in the main 
text, where it is shown as function of the event index). 
Figure S3 . Same as the main text Fig. 3 but using magnitude cutoffs 
defined by the maximum curvature method. 
Figure S4 . Same as the main text Fig. 4 but using magnitude cutoffs 
defined by the maximum curvature method. 
Figure S5 . Clusters selected with magnitude cutoff based on the 
maximum curvature method: Four examples of identified clusters: 
(a, b) third and 18th cluster of West Bohemia (2000), (c) 8th cluster 
of West Bohemia (2008), (c) 21th cluster of West Bohemia (2008), 
and (d) 4th cluster of West Bohemia (2018). In all cases, the upper 
plot shows the 3-D distance to the first event as function of time, 
while the bottom plot shows the hypocentre projections on the fault 
plane where circle size is related to a stress drop of 0.05 MPa and 
colours refer to the timing indicated in (a). The grey dots refer to 
the preceding activity in the swarms. 
Figure S6 . Clusters selected with magnitude cutof f: Histo gram of 
the ratio of seismic moment released per event in the first half 
events in a cluster to the mean moment released by the second half 
e vents. Additionall y, the cumulati ve distribution function is shown 
by the blue curve with the scale on the right. The distribution is 
approximately symmetric around the ratio of 1.0, indicating their 
swarm-type character. 
Figure S7 . Clusters selected with magnitude cutoff: The fraction of 
migrating events within the sequences. The horizontal bars refer to 
the range between the 5 per cent and 95 per cent quantiles of the 
results for synthetic Poisson and ETAS sequences with 5000 events. 
Figure S8 . Clusters selected with magnitude cutoff: (a) Stacked 
distance r versus time t of all clustered events ( N = 6665) in the 370 
detected migration clusters, where times and distances are measured 
relative to the first event in each sequence. (b) and (d) show the same 
for rescaled time by the estimated velocity v in the case of linear fits 
(b) or 

√ 

4 π Dt in the case of square-root fits (d). Plots (c) and (e) 
show the estimated propagation velocity (c) and dif fusi vity (e) as a 
function of the cumulative seismic moment of the clusters. In (c) 
and (e), the error bars refer to one standard deviation. The variance 
reduction of the corresponding fits is larger than 50 per cent for 
60 per cent (68 per cent) of the sequences in the case of linear 
(square-root) fits, and 59 per cent of the sequences are better fitted 
by 

√ 

4 π Dt than vt . 
Figure S9 . Clusters selected with magnitude cutoff: Evolution of 
the seismic moment release as a function of the area covered on 
the fault plane and estimated stress drops for the case that seismic 
moment is measured by eq. (5) (a–c) or eq. ( 6 ) (d–f). (a) Evolution 
of the cumulative seismic moment versus covered area on the fault 
plane, where the dashed red lines refer to the theoretical model 
lines for stress drops varying from 1 kPa to 1 MPa. (b) and (e) 
show the same result for seismic moment normalized by the stress 
drop estimated for the individual clusters. The corresponding stress 
drops are plotted as a function of the total seismic moment release 
for each cluster in panels (c) and (f) for the crack and front model, 
respecti vel y, where the error bars refer to one standard deviation. 
Figure S10 . Clusters selected with magnitude cutoff: Estimated 
propagation velocity v as a function of the duration T of the clus- 
ters. The dashed line refer to v = 1000/ T [m s −1 ], indicating that 
the cluster migrate approximately all the same distance but with 
different velocities. 
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nason, E. ́A., Hor álek, J. & Hersir, G.P., 2022. Swarm seismicity illumi-
nates stress transfer prior to the 2021 Fag radalsfjall er uption in Iceland,
Earth planet. Sci. Lett., 594, 1117685 , doi:10.1016/j.epsl.2022.117685. 

hosh , A. , Vidale, J.E., Sweet, J.R., Creager, K.C., Wech, A.G., Houston, H.
& Brodsky, E.E., 2010. Rapid, continuous streaking of tremor in Cascadia,
Geochem. Geophys. Geosyst., 11, Q12010 , doi:10.1029/2010GC003305.

ombert , B. & Hawthorne, J. C., 2023. Rapid tremor migration during few
minute-long slow earthquakes in Cascadia, J. geophys. Res.: Solid Earth,
128, e2022JB025034. 

uo , Y. , Zhuang, J. & Zhang, H., 2023. Detection and characteriza-
tion of ear thquake swar ms in Nankai and its association with slow
slip events, J. geophys. Res.: Solid Earth, 128, e2022JB025984,

doi:10.1029/2022JB025984. 
ainzl , S. & Fischer, T., 2002. Indications for a successi vel y triggered rup-
ture growth underlying the 2000 earthquake swarm in Vogtland/NW Bo-
hemia, J. geophys. Res.: Solid Earth, 107, 2338 , doi:1029/2002JB001865.

ainzl , S. & Ogata, Y., 2005. Detecting fluid signals in seismicity data
through statistical earthquake modeling, J. geophys. Res.: Solid Earth,
110, B05S07 , doi:10.1029/2004JB003247. 

eaton , T.H. , 1990. Evidence for and implications of self-healing pulses of
slip in earthquake rupture, Phys. Earth planet. Inter., 64, 1–20. 

de , S. , 2010. Striations, duration, migration and tidal response in deep
tremor, Nature, 466, 356–360. 

aeger , J. , 1951. An Introduction to Applied Mathematics, pp. 364–369,
Clarendon Press. 

apetanidis , V. , Deschamps, A. et al. , 2015. The 2013 ear thquake swar m in
Helike, Greece: seismic activity at the root of old normal faults, Geophys.
J. Int., 202, 2044–2073. 

raft , T. & Deichmann, N., 2014. High-precision relocation and focal mech-
anism of the injection-induced seismicity at the Basel EGS, Geothermics,
52, 59–73. 

wiatek , G. , Mart ́ınez-Garz ón, P., Davidsen, J., Malin, P., Karjalainen, A.,
Bohnhoff, M. & Dresen, G., 2022a. Limited earthquake interaction during
a geothermal hydraulic stimulation in Helsinki, Finland, J. geophys. Res.:
Solid Earth, 127, e2022JB024354 , doi:10.1029/2022JB024354. 
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Figure A1. Three examples (columns) to demonstrate the steps (from top 
to bottom) for calculation of the discriminator value D V . 

Figure A2. Colour-coded density of D V values as function of the sequence 
length N for randomly distributed 2-D event data. The mean and the 1 per cent 
and 99 per cent percentiles of the D V value for a Gaussian, respectively 
uniform, distribution and the three different T –R parameter sets are marked 
by symbols. 
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A P P E N D I X  A :  D E T E C T I O N  

A L G O R I T H M  

The detection algorithm is based on the distances’ rank variability 
of subsequent events. By its construction, the algorithm does not 
make any assumptions of the specific space–time relations of the 
underlying process. In particular, the discriminator variable D V for 
a sequence of distances r i ( i = 1, . . . , N ) is calculated by 

(i) first calculating the rank i of each value r i , where, for example 
the smallest r gets rank = 1 and the largest r gets rank = N and 

(ii) secondly determining the standard deviation σ� 

of the dif- 
ference between subsequent ranks, � i = rank i + 1 − rank i , with i = 

1, . . . , N − 1. 

The discriminator is then defined by D V = σ� 

/( N − 1). Its cal- 
culation is illustrated in Fig. A1 . 

The full earthquake activity is scanned by this discriminator value 
to detect migration patterns. In particular, for a chronolo gicall y or- 
dered sequence of hypocentres � x i (related to i = 1, . . . , Z earth- 
quakes with magnitudes m i ≥ M c ), the following algorithm is used 
to detect mig ration patter ns within this sequence according the fol- 
lowing steps: 

(i) We set the minimum sequence length to N min = 10 and the 
detection threshold to D V , min = 0.2, which is well below the confi- 
dence interval of random data (see Fig. A2 ). 

(ii) Set i = 1 
(iii) Calculate the distance r of all subsequent e vents relati ve to 

location � x i ( Z − i values) and determine the corresponding D V ( k ) 
for the first k values, with N min ≤ k < Z . 

(iv) Determine the maximum D V and its k -value, D V , i , k i . If D V , i 

≤ D V , min , all events i + 1, . . . , i + k i are connect to the migration
patter n star ting with event i . 

(v) If i < Z − N min , set i = i + 1 and repeat steps 3 and 4 
(vi) Merge migration sequences: All subsequent events which 

belong to any individual mig ration patter n are grouped together. A 

grouped cluster ends when the next event does not belong to any 
sequence. 

(vii) Condense each merged cluster by choosing the most sig- 
nificant subsequence: Follow steps 2–6 for each cluster and finally 
replace the cluster by the subsequence with maximum D V -value. 

The algorithm is tested for synthetic data with nested linear 
hypocentre growth (in two dimensions) within stationary seismicity 
before and afterwards. The migrating of distance R = 10 with N 

events is simulated for a period of 50 by a unilateral moving Gaus- 
sian distribution with velocity v = 0.2 and standard deviation of σ x . 
Note that the larger σ x , the greater the scatter around the migration 
trend, and that the spatial and temporal scales are dimensionless 
and can be rescaled to any value. One example with N = 50 and 
σ x = 1.0 is presented in Fig. A3 (a), while a systematic analysis for 
dif ferent v alues of N and σ x is shown in Fig. A3 (b). The algorithm 

is found to work for these synthetics appropriately if the ratio, σ x / R , 
between variability/uncertainty and the final extension is smaller 
than approximately 20 per cent, that is σ x < 2. 

The rate of false detections can be e v aluated based on the random 

simulations described in Section 4.3.1 with results presented in 
Fig. 8 . In the case of randomly distributed events in a box, on 
average 2 per cent of the events are falsely identified as part of a 
migration episode. 
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Figure A3. (a) Example synthetic sequence with an embedded linear growth ( σ x = 1.0) consisting of N = 50 ev ents: Ev ent locations x (crosses) and y (circles) 
with scale on left and D V value (scale on right) as a function of time. Vertical black lines mark the tr ue mig ration period, while the vertical blue lines refer 
to the identified onset time T 1 , the end time T 2 . (b) Results for 1000 synthetic sequences for embedded migration episodes with different N (columns) and 
dif ferent v ariability σ x shown in each x-scale. The first row provides the percentage of sequences in which a migration pattern is identified by the algorithm. 
The following rows show the estimated onset T 1 and the end T 2 for the detected cases. 
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P P E N D I X  B :  S Y N T H E T I C  

I M U L AT I O N S  

1 Migrating events 

or illustration, we used in Section 2.2 synthetic sequences, which
ere simulated according to the following algorithms. 

1.1 Events trig g ered by pore-pressure diffusion 

or simplicity, we consider a 1-D pore-pressure diffusion with a
tep-function boundary condition (Jaeger 1951 ) 

p( r, t) = p 0 

[
1 − Erf 

(
r 

2 
√ 

Dt 

)]
, (B1) 

here both values, the boundary pressure p 0 and the hydraulic
if fusi vity D , are set to one. Asperities are uniformly distributed in
pace, and their initial stress values are uniformly distributed below
he critical failure stress. The stress increases by p according to
q. ( B1 ) with time at the location r of the asperities. The simulated
equence finally consists of the failure times and distances of the
sperities. 

1.2 Self-driven front migration 

n this case, we consider a channel with width W = 100 m, which
s successi vel y ruptured b y subsequent earthquakes nucleating at
he tip of each other. In particular, the position of the rupture front
ncreases with each earthquake according to � r = A / W , where the
vent’s rupture area A is calculated based on eq. ( 1 ) with stress
rop of 1 MPa and an earthquake’s magnitude randomly selected
rom a Gutenberg–Richter distribution in the magnitude range [0,
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License ( h
permits unrestricted reuse, distribution, and reproduction in any medium, provided
] with b = 1. The interevent-times � t are taken from a po wer-la w
istribution ∼( c + � t ) −p with p = 1.4 according to the empir-
cal observations for West Bohemian swarms (Hainzl & Fischer
002 ). 

2 Poisson and ETAS simulations 

ach Poisson simulation consists of 5000 e vents uniforml y dis-
ributed within a box with a 5 km × 5 km dimension. 

To be more realistic, we also run simulations of the Epidemic
ype Aftershock Sequence (ETAS) model (Ogata 1998 ), which
onsiders, in addition to randomly distributed background activ-
ty, aftershock triggering following empirical relations, specifically
he Omori-Utsu decay of the aftershock rates with time, the ex-
onential increase of the aftershock productivity with main shock
agnitude, and the po wer-la w type decay of the aftershock density
ith distance. 
Similarly to the Poisson synthetics, each simulation consists of

000 events in total, initiated by a background rate of 100 events per
ay in a 5 km × 5 km box, and simulated earthquake magnitudes
ccording to the Gutenberg-Richter distribution in the magnitude
ange between 0 and 5 with a b -value of one. For aftershock trig-
ering, we use standard parameters. First, we use c = 0.01 d and p
 1.2 for the temporal decay as a function of time t after the main

hock according to ( c + t ) −p . Secondly, we set K = 0.055 and α =
.0 for the aftershock productivity as a function of the main shock
agnitude m according to K · 10 αm , which leads to a branching pa-

ameter of 0.8, that is, 80 per cent aftershocks on average. Thirdly,
he spatial probability density function (1 − q )/( πd 2 )(1 + r 2 / d 2 ) −q 

s used with q = 1.5 and d = 0.013 · 10 −0.5 m which equals the
caling of the subsurface rupture length for normal faulting (Wells
 Coppersmith 1994 ). 
oyal Astronomical Society. This is an Open Access 
ttps://cr eativecommons.or g/licenses/by/4.0/ ), which 
 the original work is properly cited. 

art/ggad221_fa3.eps
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 EARTHQUAKE MIGRATION
	3 CHARACTERIZATION OF SELF-DRIVEN SEISMICITY
	4 ANALYSIS OF THE FAST MIGRATION EPISODES
	5 THE MOMENT-AREA GROWTH
	6 DISCUSSION
	7 CONCLUSIONS
	SUPPORTING INFORMATION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT
	REFERENCES
	APPENDIX A: DETECTION ALGORITHM
	APPENDIX B: SYNTHETIC SIMULATIONS

