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Abstract

Anthropogenic fluid injections at depth induce seismicity which is generally organized as swarms, clustered in time and space,
with moderate magnitudes. While some similarities between swarms have already been observed, whether they are driven by the
same mechanism is still an open question. Pore fluid pressure or aseismic processes are often proposed to explain observations,
while recent models suggest that seismicity is triggered by fluid-induced aseismic slip. Using 22 natural and anthropogenic
swarms, we observe that duration, migration velocity and total moment scale similarly for all swarms. This confirms a common
driving process for natural and induced swarms and highlights the ubiquity of aseismic slip. We propose a method to estimate
the seismic-to-total moment ratio, which is then compared to a theoretical estimation that depends on the migration velocity,
the effective stress drop and the slip velocity. Our findings lead to a generic explanation of swarms driving process.
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Introduction

This Supplementary Material presents information about the data used in our study, the methods chosen to
estimate the parameters of interest as well as their limits, and additional figures to help the understanding
of the paper.

Text S1. Data

In our study, we used datasets of earthquake swarms from natural and injection-induced origins. Among all
the swarms available, we did not consider swarms associated with volcanic activity as they might involve
more complex processes (magma circulation, high temperature effects, etc.). We also focus on swarms
with suspected fluid-driven processes, excluding swarms that are thought to be purely driven by slow-slips.
Furthermore, we did not consider “complex” swarms, i.e. swarms with several phases of activity (bursts
of seismicity separated by periods of quiescence for instance) or with several faults involved, as it would
make our assumptions for parameter estimations less reliable. We limited our work to simple swarms, with
well-located events on a planar structure. Studying complex swarms with our methods could be done by
decomposing them into more simple subsets.

The data required for our study only consists in standard earthquake catalogs, which contain origin time,
localization and magnitude. For the Soultz 2004 and Cahuilla swarms, we do not have a moment magnitude
but only a local magnitude. We assumed, following ( Edwards and Douglas, 2014) that for the first case
Mw=MI-0.2 while we use the relation in Hawthorne et al. (2017) for the Cahuilla swarm.

For some of the swarms studied, the largest event static stress drop value was available in the literature. In
this case, we used this value in our work. Otherwise, we assumed a default value of 10MPa.

Some of the sequences have incomplete data. Indeed, for the Soultz 1993 and 1995 swarms, instrumental
deficiencies lead to gaps in seismicity. However, given the small temporal duration of those gaps (<10% of
the total duration), we chose not to correct for them, and consider the missing seismic moment as negligible
at first approximation.

Text S2. Description of the data used.
We briefly describe below the datasets used, the context of injection or of seismic activity as well.

Basel, Switzerland : In 2006 a fluid injection took place in the underground of the city of Basel, in
Switzerland. It aimed at developing an Enhanced Geothermal System (EGS). More than 11,000 cubic
meters of fluids were injected at a depth of around 5km, during 6 days. After an intense seismic activity, the
injection was stopped. Despite that, a MI=3.4 event took place a few hours after well shut-in, and seismicity
was still intense a few days after that. Mainshock stress drop has been to 2MPa (Goertz-Allmann et al.,
2011). In our work, we use the relocated catalog from Herrmann et al., 2019.

Soultz-Sous-Foret, France : The 1993, 1995, 1996, 2000, 2003, 2004 Soultz-Sous-Foret fluid injections
took place in Alsace, France. Those injections also aim at developing a deep geothermal system. Using
several well with time, GPK1-4, injections of 9400 (in 2004) to 37000 (in 2003) cubic meters took place
at about 5km, during 4 to 15 days. The largest earthquake induced range from Mw=0.8 for the 1993
sequence to Mw=2.9 for the 2003 sequence. Data for those sequences are provided by the CDGP services
(https://cdgp.u-strasby. fr/geonetwork/srv/fre/catalog. search# /home).

Rittershoffen : In June 2013, an hydraulic stimulation took place in Eastern France at a depth of 2580m.
It lasted 2 days, and lead to a few hundreds of events, separated into two phases both temporally and
spatially (Lengline et al., 2017). We consider both phases as injection-induced sequences, but analyze them
independently. We get migration velocities of 251m/day and 1161 m/day, over durations of 0.48 and 0.05
days respectively.

ST1, Finland : This fluid injection is the most recent of our dataset. It took place in June and July 2018
during 49 days. The goal was to control the injection parameters in order to mitigate the associated risk.



A volume of fluids of more than 18,000 cubic meters was injected at a depth of around 6.1 km. It led to
several events of magnitude greater than 1 and one of magnitude 1.9. The value of the largest event static
stress drop (taken as 20MPa) and the earthquake data comes from ( Kwiatek et al., 2019) .

Paralana, Australia : This injection took place at about 4km below the surface, in the South of Australia,
in July 2011. More than 3,000 cubic meters of fluids were injected to create a geothermal reservoir. The
induced seismicity presented a mainshock with a magnitude of Mw=2.5. The data are provided by J.
Albaric (Albaric et al., 2014) and the static stress drop value for the biggest earthquake is 1.8MPa (Pers.
Communication . from J. Albaric ).

Cooper Basin, Australia : In 2003, an injection was performed in the Cooper Basin injection site in
Australia. During “45 days, 20000 cubic meters of fluids were injected at a depth of "4250m in the granitic
crust, during two phases. We only consider here the seismicity between 29/11/2003 and 22/12/2003.

In 2012, around 34000 cubic meters of fluids were injected during two injections (a small one then the main
one) in a new well, at "4000m depth. We focus here only on the main injection, going on from 17/11/2012,
with around 20000 events.

The data for Cooper Basin come from the EPOS repository (https://tcs.ah-epos.eu/#episodes:).

Paradox Valley, USA : This sequence is one of the longest injection-induced seismic sequence, as injection
activities in this area of the Colorado began in 1985. About 7.7 million cubic meters have been injected at a
depth between 4 and 5 km. This tremendous injection lead to several Mw>4 earthquakes like in May 2000
and January 2013. Yeck et al., 2015 estimate the largest event static stress drop as being 5MPa.

Corinth, Greece : The Gulf of Corinth is an extension zone prone to earthquake swarms. The swarm
considered here occurred in 2015 and lasted 10 days, with a magnitude culminating at 2.5. The data used
come from De Barros et al., 2020.

Ubaye, France : This earthquake swarm began in 2003 in the Alps region in France. It lasted 2 years. The
data used is an earthquake catalog of relocated events from Daniel et al., 2011 of more than 1,000 events
(more than 16,000 were initially detected by (enatton et al., 2007).

Crevoux, France : This small swarm also occurred in the Alps region, in 2014, just near the Ubaye Valley.
It took place during the aftershock sequence of the 07/04/2014 Barcelonette earthquake (M1=4.8), 6km
North of the main cluster of seismicity (De Barros et al., 2019)

SWX, Iceland : The Husavik-Flatey Fault has experienced numerous earthquake swarms (Passarelli et
al., 2018). From Passarelli’s study, we considered 3 swarms, in 2001, 2008 and 2013, taking place in different
zones of the same transform fault. We chose those swarms among the other swarms they studied because
of their spatial and temporal simplicity (Passarelli et al., 2018). Cahuilla, USA : Similarly to the Ubaye
swarm, this swarm is unexpectedly long, lasting more than 2 years and with a highest magnitude of Mw=4.4.
It took place near the San Jacinto fault, an area prone to earthquake swarms. Composed of more than 19000
events, the catalog from Ross et al., 2020 was used here.

Text S3. Migration velocity of the swarms

In our study, we estimate the migration velocity of the swarms using the same methodology for both natural
and injection-induced sequences. Indeed, if for the latest the injection location can be known and used as
the origin for distance computation, it is not available for natural swarms. We therefore decided to take as
a spatial origin the median of the coordinates of the first 10 events. Indeed, those 10 first events can be
considered close spatially and temporally to the injection point given that hundreds or thousands of events
will then migrate from there.

With this spatial origin, and taking the occurrence time of the first event as the t=0s reference, we compute
the distance and time of each event. We define the migration front of the swarms based on the 90" percentile
of distance bins with time. Indeed, some events, likely background seismicity or mislocated events, occurred



isolated at large distances early in the swarm. Choosing the 90" percentile of distance allows us not to take

into account those events for the migration velocity computation. For the ST1 swarm velocity fitting, we
removed the events happening at a >750m distance very early in the swarm, as they do not seem triggered
by the same mechanisms as the other events. The percentiles were computed over sliding 50 events bins, to
get a reliable estimate of the position of the seismicity front with time.

For each swarm, we empirically defined a migration period. Indeed, in the case of injection-induced swarms,
the seismicity front migration decelerates when the injection is stopped. It is likely to be the case for natural
earthquake swarms, but the injection duration is unknown in this case. As we did not find a criterion for
natural and injection-induced swarms to separate the migrating and non-migrating part and avoid a bias
in the fitting, we empirically defined the migration period as the time during which the migration front
propagates. In all cases, this period lasts most of the swarm.

Over the migration period, we then just performed a linear regression over the 90*" percentiles of distance
with time. The value of the slope is the migration velocity of the swarm. We do not force the fit of the
seismic front to pass by the origin as 1) the injection might not be purely punctual, but may originate from
a 1D /2D structure, such as an open borehole and 2) the origin time is arbitrarily fixed to occurrence time
of the first event time, but the injection might have started before.

This method allows us to get an average migration velocity for all swarms.

We added, on Figure 2, some data from literature. Those sequences come from Kim et al., 2013; Seeber et
al., 2004; Duverger et al., 2015 ; Yoshida et al., 2018 ; Duboeuf, 2018.

Text S4. Effective stress drop

Following Fischer et Hainzl, 2017, we compute the effective stress drop of the studied seismic sequences.
Some catalogues (Rittershoffen) do not have moment available. In this case, we did not consider them in
the computation of the effective stress drop or further for the total moment estimation.

The effective stress drop is defined following the same formalism as the static earthquake stress drop, but
at the scale of the swarm and not of the individual earthquake. Therefore, it depicts the cumulative seismic
moment release over the seismicity area to the power 3/2 (see Equation S1). Effective stress drops are
usually lower than classical values of static earthquake stress drop (1-10 MPa). A low effective stress drop
value indicates a low seismic moment release on a large seismicity area, and therefore a strong aseismic
deformation. On the contrary, an effective stress drop value that gets close to an earthquake one indicates
that most of the slip is seismic. We here do not focus on the possible time variations of the effective stress
drop during the swarm but on its final value.

To compute the effective stress drop, we use a similar method as in Fischer et Hainzl, 2017. First, given a
set of hypocenters in 3D, we remove the few points too far away from the rest of the seismicity. Then, using
a least square fitting method, we find the best plane fitting the 3D distribution of the events. Assuming
that all events occured on a single fault, we then project the hypocenters on this plane, and after removing
once again the points too far away, we compute the area of seismicity using a Convex Hull.

Note that it is important to remove the outliers as (i) they could bias the plane fitting and (ii) they can lead
to an overestimation of the seismicity area and radius (especially given that to compute the effective stress
drop we need a cubic power of the radius).

We then sum the seismic moment of the events within the area, and compute a radius by assuming the area
of seismicity is circular, following :

R=+/S/m

The effective stress drop [?]oe is given by (24) following :



165 Mo seisma .
Ao, = ——=2=gemic (Equation S1)

where My scismic is the cumulative seismic moment. We find similar values to the ones previously determined
by (24), like 0.95 MPa and 3 MPa for Basel, or 0.36 MPa and 0.34 MPa for Soultz 2000 (our analysis and
Fischer et Hainzl, 2017 respectively ) Those differences can come from the difference in the catalogs used (i.e.
differences in cumulative moment values, localization of the events, etc.) or from the implemented methods.

Text S5. Total moment

To compute the total moment, we consider the slipD,,x over the main event asperity. We computeD .
based on the main event moment and stress drop. We neglect the afterslip given that aseismic slip repre-
sents only “20% of the slip occurring over the seismically slipping area for simulations of small repeating
earthquakes (Chen et Lapusta, 2009). Therefore, we can still get the good order of magnitude for the slip
occurring over the seismically slipping area by not considering aseismic slip.

On Figure 4 in the main text, the indicative black lines were computed assuming a G value of 30GPa and
Vinax/n values of107?, 10~® and 10’7m/s values. To see the influence of the value of G on the estimated
values of Vi we plot below the same figure but with G=15GPa. Despite a lateral shift, we still find similar
values, consistent, for Viax/n.

Fig. S1.

Figure S1 : Map with the locations of the swarms studied. Symbols and color are the same as in the main
manuscript. When swarm location is redundant, only one symbol is represented.



Fig. S2.
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Figure S2 : Area computation in the case of the Cooper Basin sequence. After removing the too far away
points (none here), area is computed using a Convex Hull algorithm, which computes the smallest convex
envelope that encloses all the seismic events, projected on the best-fitting fault plane.

Fig. S3.

102

Figure S3: Seismic to total moment ratio as a function of the product of the swarm migration velocity and
its effective stress drop. Here a value of G=15GPa is assumed.

Table S1.

Name Data source Migration duration (
Basel (BAS) Herrmann et al., 2019 6.7
Soultz 1993 (SZ93) FEOST & GEIE EMC. (2017), CSMA; Bourouis and Bernard, 2007 15.5



Name

Data source

Migration duration (

Soultz 1995 (SZ95)
Soultz 1996 (SZ96)
Soultz 2000 (SZ00)
Soultz 2003 (SZ03)
Soultz 2004 (SZ04)
Paralana (PAR)
ST1

Cooper Basin 2003 (CB03)
Cooper Basin 2012(CB12)

Paradox (PRX)
Ubaye (UBY)
Corinth 2001
Corinth 2015 (CRT)
Crevoux (CRV)
SW2

SW4

SW6

Cahuilla (CHA)

EOST & GEIE EMC. (2017), CSMA; Gerard et al., 1997
EOST & GEIE EMC. (2017), CSMA; Gerard et al., 1997
EOST & GEIE EMC. (2018), Cuenot et al., 2008

EOST & GEIE EMC. (2018), Calo and Dorbath, 2013
EOST & GEIE EMC(2018); Dyer et al., 2004

Albaric et al., 2014

Kwiatek et al., 2019

Baisch et al., 2006

Baisch et al., 2015

US Bureau of Reclamation

Daniel et al., 2011

Duverger et al., 2018

De Barros et al., 2020

De Barros et al., 2019

Passarelli et al., 2018

Passarelli et al., 2018

Passarelli et al., 2018

Ross et al., 2020

11.6
2.1
7.3
17.9
2.4
6.0
47.3
11.6
15.8
8815
658
150
5.0
6.3
20
12.8
11.4
1073

Table S1 : Results of our computations. * = Cumulative seismic moment within the area determined for

the effective stress drop. It might differ from the cumulative seismic moment of the whole catalog.
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Key Points:

e Scaling laws show that injection-induced and natural earthquake swarms have the same
driving mechanism.

o We show that aseismic slip is always present in swarms, although its contribution differs
from one swarm to another.

e We propose a model based on fluid-induced aseismic slip propagation that explains
swarms behavior.
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Abstract

Anthropogenic fluid injections at depth induce seismicity which is generally organized as
swarms, clustered in time and space, with moderate magnitudes. While some similarities between
swarms have already been observed, whether they are driven by the same mechanism is still an
open question. Pore fluid pressure or aseismic processes are often proposed to explain
observations, while recent models suggest that seismicity is triggered by fluid-induced aseismic
slip. Using 22 natural and anthropogenic swarms, we observe that duration, migration velocity
and total moment scale similarly for all swarms. This confirms a common driving process for
natural and induced swarms and highlights the ubiquity of aseismic slip. We propose a method to
estimate the seismic-to-total moment ratio, which is then compared to a theoretical estimation
that depends on the migration velocity, the effective stress drop and the slip velocity. Our
findings lead to a generic explanation of swarms driving process.

Plain Language Summary

Swarms are a particular type of seismic sequence, during which many earthquakes occur but with
no mainshock distinguishable from the other events. They can be induced by anthropic injections
at depth, like during geothermal exploitation. Natural swarms are also observed in a large variety
of geological contexts. Natural and injection-induced swarms share a lot of similarities, like the
migration of seismicity. But little is still known about their physics. Here, we explain the
observed similarities by the fact that both types of swarms correspond to earthquakes triggered by
the propagation of an aseismic slip transient, induced by fluid circulation. This allows to
reconcile observations made over different length- and timescales, and provides a generic
explanation of the processes occurring at depth.

1. Introduction

1.1 Natural and injection-induced swarms exhibit many similarities

Fluid pressure changes at depth can induce seismicity, as shown by the increase in seismicity
near fluid injection sites during geothermal activities (e.g., in Basel, Switzerland; Diechmann and
Giardini, 2009), wastewater storage in Oklahoma (Hincks et al., 2018), or during fault activation
experiments in France (Guglielmi et al., 2015). On the other hand, earthquake swarms of natural

origin (i.e., sequences of clustered earthquakes with moderate magnitudes, generally
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below M,, = 5, without a mainshock-aftershock pattern) occur in various geological and tectonic
contexts, such as mountain ranges (Jenatton et al., 2007), rift zones (De Barros et al., 2020) or
along transform faults (Roland and McGuire, 2009). Earthquakes during those swarms are
located over one or several fault planes (Lohman et McGuire, 2007; Baisch et al., 2009: Hong et
al., 2020; Fischer et Hainzl, 2021). Migration of seismicity is the most characteristic behavior of
both injection-induced and natural earthquake swarms (Goebel et Brodsky, 2018, Passarelli et
al., 2018). Proposed physical explanations for swarm migration include fluid pressure diffusion
(Shapiro et al., 1997), aseismic slip (Roland et McGuire, 2009), or a combination of both (De

Barros et al., 2021), as well as cascading events (Fischer et Hainzl, 2021).

To gain deeper understanding into swarm processes and evaluate how generic they are, we
compare injection-induced swarms with natural ones. Given the similarities identified between
the two types of swarms, we aim at evaluating if a common mechanical process may drive

swarms in different geological contexts and origins.

1.2 Understanding the role of aseismic slip in swarms

Aseismic moment release is thought to occur for injection-induced sequences, as revealed by
moment-volume scaling relations (McGarr et Barbour, 2018; De Barros et al., 2019), by geodesy
in the vicinity of a fluid injection site in the Brawley Basin (Wei et al., 2015), by measurements
during field experiments (Guglielmi et al., 2015) or indirectly by studying repeating earthquakes
during the Soultz-Sous-Forét sequences (Bourouis and Bernard, 2007; Lengliné et al., 2014). The
relatively weak values of seismic moment released compared to the spatial extent of seismicity
also indicate that aseismic slip occurs over the whole seismicity area (Fischer and Hainzl, 2017).

Aseismic slip has also been observed in association with natural swarms, using geodesy and slip
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inversions (Lohman and McGuire, 2007; Gualandi et al., 2017), or by studying dual velocity
migrations and repeating earthquakes during the 2015 swarm in the Gulf of Corinth (De Barros et
al., 2020). Nevertheless, geodetic observations of aseismic slip associated with swarms remain
rare and difficult to achieve, given the depth, long duration and low deformation of such

sequences.

Numerical modeling showed that the increase of the critical earthquake nucleation size with fluid
pressure first leads to aseismic slip, which may outpace the diffusing pressure front
(Bhattacharya and Viesca, 2019; Larochelle et al., 2021) and which triggers seismicity near its

edges where shear stresses increase (Cappa et al., 2019; Wynants-Morel et al., 2020).

As illustrated on Figure 1, and based on the previously mentioned observations, while aseismic
slip is directly induced by fluid pressure, earthquake swarms seem to be triggered by the shear
stress perturbation resulting from aseismic slip propagation over brittle asperities, rather than by
fluid overpressure. In this case, seismicity migration would be related to the aseismic slip

propagation, and not to the diffusion of fluids (Bhattacharya et al., 2019; De Barros et al., 2021).

This is analogous to the observed co-location of seismic and aseismic slip areas during large slow
slip events (SSEs) in subduction zones, as in Cascadia (Bartlow et al., 2011). The seismic events
(tremors or earthquakes) are triggered by the stress transfer from the SSEs, even though such

SSEs are not necessarily driven by pore fluid pressure perturbation.

In this work, we aim at exploring the similairities between injection-induced sequences and
natural swarms in a general way, in order to infer if both types of seismicity can be explained by
a common process, and in which extent aseismic slip is driving them. Using a dataset of 22
seismic sequences, we first investigate scaling relations between moment, migration and duration

and we compare them to slow-slip events observations. As aseismic slip seems to be a common
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feature among swarms, we then introduce a method to estimate the total and aseismic
deformation. Finally, we propose a mechanical framework that relates the seismic to total ratio to

seismic observables.

Asperities Aseismic slip Aseismic slip
Fluid pressure front front
Aseismic slip front l Injection l

AN\

=== Shear stress

e FlUI
overpressure

Radius

Figure 1. Common model for natural and induced swarms. (A) Conceptual view. Over a fault plane, fluid
overpressure (blue arrows), either from anthropogenic or natural origin, induces aseismic slip (light green area). As
the aseismic slip zone expands, it triggers seismicity near its edges (red patches) or within it (grey patches), through
shear stress perturbation (brown curve, right). (B) Shear stress and fluid overpressure versus radial distance to the
injection. The fluid overpressure induces an aseismic slip, with a shear stress drop within the slipping area and a stress

concentration at its tip.

2. Materials and Methods
2.1 Data
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We focus on a global dataset of 22 earthquake swarms, from either injection-induced or natural
origin. For natural sequences, geological contexts are diverse: for instance, the 2003-2004 Ubaye
swarm (Jenatton et al., 2007) occurs in a near-zero strain-rate area in the French Alps, while the
2015 Corinth swarm (De Barros et al., 2020) takes place in a very fast extensional (~15 mm/year)
rift zone in Greece. We here focus on natural swarms in which fluid processes have been
previously discussed, and we do not consider swarms taking place near volcanoes or in
subduction zones. Most of the injection-induced swarms we consider originated from geothermal
exploitation. However, they span a wide range of characteristics, including the injected fluid

volume and the injection depth (see Supp.).
2.2 Migration velocity

Migration velocity of the 22 swarms is computed by fitting the seismicity front. Migration period
is defined as the time during which the swarm is expanding. The spatial origin is chosen as the
median of the coordinates of the 10 first events, and the origin time is defined as the time of the
first event. We define the seismicity front as the 90" percentile of event distances in a sliding
window containing 50 events. Seismicity front has been modelled by either diffusive law, linear
fit or more complex relationships (Goebel et Brodsky, 2018; De Barros et al., 2021). The shape
of the migration is here not investigated, as we only focus on an average migration velocity, in
order to make comparisons among the different swarms. We fit a linear model over the seismicity
front during the migration period of each sequence. This procedure yields migration durations

and average migration velocities for each sequence (Figure 2A,B).

2.3 Seismicity area and effective stress drop computation
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By analogy with the moment-size relationship for circular ruptures, the effective stress drop of a

swarm is defined as (Fischer et Hainzl, 2017):

A _ 7M0,seismic

e = T 1eRd (Equation 1)

where R is the radius of the seismicity area and Mg seismic the seismic moment released during
the swarm. The effective stress drop value is an indicator of the relative importance of aseismic
moment release (Fischer and Hainzl, 2017): a low effective stress drop suggests distant seismic
asperities embedded in a fault slipping aseismically, while values close to earthquake static stress

drops suggest that seismic asperities cover most of the slipping area.

Following Fischer and Hainzl (2017), seismicity area is computed by fitting a 2D plane over the
3D distribution of hypocenters, after removing the outsiders biasing the plane fitting.

Hypocenters are then projected over the plane, and a ConvexHull algorithm delineates and

returns the seismicity area S. We then compute a characteristic size, defined as R = /S /m, and

with the cumulative seismic moment value, we compute the effective stress drop.
2.4 Total moment estimation

Aseismic slip quantification is difficult for injection-induced sequences as deformations
associated with those episodes are small (0.5mm for the Guglielmi et al., 2015 field experiment),
over long durations, leading to small strain rates hard to observe. This issue stays the same for

natural swarms.

We here propose a simple way to estimate, roughly, the aseismic slip. Studies of slow slip
transients have shown that the slip released by repeating earthquake sequences equals the
surrounding aseismic slip (Matsuzawa et al., 2004; Uchida, 2019). As the front of the swarm

seismicity is assumed to be directly triggered by the shear stress perturbation induced by aseismic
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slip (Figure 1), we here make an analogy with slow slip transients. We suppose that the slip
released seismically over discrete asperities equals the surrounding aseismic slip and neglect the
afterslip (see Supp.). Assuming the asperity associated with the largest earthquake in the swarm
only ruptures once, its slip gives an order of magnitude of the slip over the whole area. For each
sequence, we isolate the largest event of moment M ,4, and assuming a circular rupture with a
static stress drop 40,4, 0f 10MPa (unless a more precise value is provided in the literature, see

Supp.), we compute the slip D4, over this asperity (Madariaga, 1976) as:

1/3 % (1640'max)2/3
0,max Gm72/3

Dipar=M (Equation 2)

Given that seismic moment is released over brittle asperities and aseismic slip is released in
between them, we estimate the total moment (seismic + aseismic) over the seismicity area as
My otar = G * Dypgy * S (Equation 3)

where G is the rock shear modulus (taken here as 30 GPa) and S the previously computed
seismicity area. While the effective stress drop qualitatively indicates the importance of aseismic
slip during a swarm, the rough quantification approach here allows us to better constrain aseismic

moment release for each sequence.
2.5 Seismic to total moment ratio

By considering seismic and aseismic slip into one single slip event over a circular area of radius

R, we have (Madariaga, 1976):
16 3 .
MO,total = 7Aa'totalR (Equation 4)

Where A0 4:q; 1s the total stress drop over the studied area.
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The rupture velocity of slow slip events is related to its stress drop and to its maximum slip

velocity Viax (Ampuero and Rubin, 2008; Rubin, 2008; Passelegue et al., 2020) with:

Viupe = EVmax (Equation 5)

n*A0¢o¢al

To establish this, we assume that the stress drop of the slip event, A6 y¢q1, 1S proportional (factor
n > 1) to the associated strength drop. This can be observed in several numerical simulations of

slow slip, where n~10 (Hawthorne and Rubin, 2013; Lambert et al., 2021).

In our case, we make the hypothesis that the seismicity is triggered by the fluid-induced aseismic
slip. Therefore, the seismicity front follows the aseismic front (Wynants-Morel et al., 2020). The
migration velocity of the swarms is then the rupture velocity of the aseismic slip (Viupt = Vmigr)-

Combining Equation 4 and Equation 5 we then have:

16 GV ,
Mg otar = — * —2% x R3 (Equation 6)

7 nViigr

This leads us to the following expression for the ratio » of seismic to total moment:

Mo seismic _ 7+Mo seismic n*Vmigr

Mo total 16+R3 G+Vinax

r= (Equation 7)

This equation can be written in a more compact form using the effective stress drop (see

Equation 1). We then get:

nxAce*Vmigr
G+*Vinax

r= (Equation 8)

This relation links the ratio of the cumulative seismic to total moment to the product of the

migration velocity and the effective stress drop of the swarm.

3. Results

3.1 Aseismic slip drives the swarm’s dynamics
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The estimated velocities for the 22 swarms studied here range between a few meters per day, like
for the Cahuilla swarm (Ross et al., 2020), to more than 1 km/day in the case of the Rittershoffen
sequence (Lengliné et al., 2017). Figure 2C shows the migration velocity as a function of
duration, for induced and natural swarms. For sake of comparison, we add the migration velocity
of SSEs recorded on subduction zones (Gao et al., 2012). For these events, velocities correspond
to the propagation of an aseismic slip, which is characterized either with geodesy (Schmidt and

Gao, 2010) or with tremor migration (Bartlow et al., 2011; Ito et al., 2007).

a 6
T (days)

@ Slow slip events
A Injection-induced swarms
@ Natural swarms

-
o
W

Velocity (m/day)
S

=
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10°

102 10  10°  10* 102  10°  10°
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Figure 2. Scaling of propagation velocity with duration for swarms and slow slip events (SSEs). (A) Space-time
distribution of seismicity in the Basel sequence (Herrmann et al., 2019). Blue dots represent individual event
hypocenters while red circles represent the computed seismicity front. Linear fitting (magenta line) over the seismicity
migration period, delimited by the vertical blue line, yields a propagation velocity of 81 m/day. (B) Same but for the

Corinth 2015 swarm (De Barros et al., 2020). The seismicity front migrates at a velocity of 105 m/day. (C) Scaling of
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velocity with duration. Red dots represent SSE data from (Gao et al., 2012). Filled triangles and pentagons represent
injection-induced and natural swarms, respectively, for which we determined migration velocity and duration based
on seismicity catalogs. Empty symbols represent migration velocities and durations directly taken from the literature

(see Supp.). Black line represents the best-fitting line between our computed velocities and durations (R? = 0.76).

Two main observations can be made. First, injection-induced and natural swarms follow the
same scaling Va T™Y of velocity with duration, with y = 0.6 and y = 0.7 when considering
each subset individually. In addition to the other similarities discussed beforehand, the
continuous scaling of velocity with duration for all swarms is direct evidence that both types of
sequences obey the same physics for all velocity ranges (from a few meters per day in Ubaye or
Cahuilla to 1160 m/day for Rittershoffen). As anthropogenic seismicity is induced (though
indirectly) by fluid injection (Bentz et al., 2020), this confirms that natural swarms are also a

consequence of fluid pressure perturbations.

Second, the velocity-duration scaling is the same for swarms and for the SSEs reported by Gao et
al. (2012), despite higher velocities for the latter, typically around 1 to 10 km/day. This confirms
that the migration of swarms globally behaves as the propagation of aseismic slip, hence the
assumption made of Viupt = Vmigr. The observed scaling for swarms, VaT™Y with y = 0.55, is
compatible with fluid diffusion. However, a similar scaling is obtained for SSEs, which exhibit
individual linear migrations (Houston et al., 2011) and are not driven by fluid diffusion. Other
mechanisms have been proposed to explain such a scaling for SSEs, like a uniform stress drop or
a uniform slip (Ide et al., 2007). These mechanisms might also be valid for swarms, explaining
then the observed continuum of characteristics (Figure 2C). Therefore, a general scaling
compatible with diffusion does not imply that individual swarm are directly driven by fluid

diffusion.
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The effective stress drop 4o, is found to range between 1 kPa and 1 MPa (Figure 3). Those
values are lower than typical values of static stress drop for earthquakes, which usually range
between 1 and 100 MPa (Cocco et al., 2016) and are more similar to the stress drop values of
SSEs (Brodsky and Mori, 2007). Thus, they indicate an aseismic component in the swarm
processes. For instance, Aa, =1kPa for the Soultz-sous-Forét stimulation, indicates an important
aseismic moment release, while 4a, = 1MPa for the Basel injection means that aseismic slip is
relatively less important in this case. 4o, ranges in a similar way for natural and injection-
induced sequences (Figure 3), indicating once again that mechanisms of seismic and aseismic

moment release are controlled by the same processes for both types of sequences.
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Figure 3. Seismicity area (m?) as a function of the cumulative seismic moment released during 20 of the swarms

studied here. Triangles correspond to injection-induced sequences while pentagons refer to natural swarms. Black lines

represent different values of the effective stress drop 4a,.
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Based on migration velocity and effective stress drop analysis, both natural and injection-induced
swarms seem to share the same driving processes, in which aseismic slip seems ubiquitous, like
depicted on Figure 1. The seismicity front is depicting the aseismic slip rupture propagation and
the seismicity area corresponds to the aseismic slip area, in a similar way as tremors locations in
SSEs zones delineate slip migration and area (Bartlow et al., 2011). However, the aseismic

contribution might be different from one swarm to another.
3.2 Aseismic contribution differs among swarms

Once the total moment M ;54 for each swarm is computed, we compare it to the seismic

moment released by using the seismic to total moment ratio » (Equation 7).

A value of r close to 1 indicates that moment release is mainly seismic, while a lower value
shows that moment release is significantly aseismic. We compute M ¢o¢q; and 7 for the swarms
studied here. As shown in Figure 4A, r ranges from 0.001 to almost 1. For the Basel injection-
induced sequence, = 0.97, suggesting that aseismic deformation is low in this case, while for

the Ubaye natural swarm, r = 0.005, indicating an important aseismic moment release.

For the Soultz 1993 sequence, despite an injected fluid volume of the same order of magnitude as
in the Basel injection (Diechmann et Giardini, 2009), the cumulative seismic moment is 3 orders
of magnitude lower than the Basel one. This can be explained here by an important aseismic
moment release (r ~ 0.001) taking place during the Soultz sequence. Therefore, the strong
difference of seismic moment release for similar volumes can simply reflect the amount of

induced aseismic deformation (McGarr and Barbour, 2018; De Barros et al., 2019).
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Figure 4. (A) Seismic to total moment ratio, as a function of the seismic moment released during each swarm, for the
sequences studied here. (B) Duration as a function of the estimated total moment. Black line represents the 1:1 scaling.

Red dots correspond to the SSE data from Gao et al., 2012. (C) Seismic to total moment ratio for the swarms studied

here, as a function of the product of the migration velocity and the effective stress drop. The black lines correspond to

Vmax
n

different values of , assuming G = 30GPa (see Equation 8).

Interestingly, one can also note that the scaling of duration with estimated total moment (Figure
4B) seems to be 1:1, similarly to the scaling between event duration and aseismic moment
observed for SSEs (Ide et al., 2007; Peng and Gomberg, 2010), while seismic moment vs
duration does not exhibit such a scaling (Passarelli et al., 2018). Indeed, with our total moment
estimate, we are able to measure the “hidden” aseismic slip release. As hypothesized (Peng and
Gomberg, 2010), the apparent branching off of the swarms in the moment duration can be

corrected when considering the aseismic deformation.
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Using Equation 8, we can relate the seismic to total moment ratio to two observables, effective
stress drop and migration velocity (see Figure 4C). Following Equation 8, we estimate V;,q,/1
being between 1071% and 107 m/s, which is consistent with expected orders of magnitudes
(Roland and McGuire, 2009; Glowacka et al., 2001) if we consider a value of n~10 (Hawthorne
and Rubin, 2013; Lambert et al., 2021). Variability in V ,,,4, explains why the observed scaling
between r and Ao, * Vg, 1s not as linear as expected. As the general trend shows a scaling
different than the isovalues of Vmax/n, it means that Vmax also depends, through fault and stress
properties, on the seismic-to-total seismic ratio. The slip velocity, together with the migration
velocity and the effective stress drop, are the crucial parameters to characterize the seismic and
aseismic moment partitioning in swarms. Among other properties, these three parameters depend
on the stress state and on the proximity of the fault to failure (Hainzl and Fischer, 2002; Fischer
and Hainzl, 2017; Passelegue et al., 2020; Wynants-Morel et al., 2020; De Barros et al., 2021).
These relationships therefore deserve to be investigated in order to anticipate the swarm
evolution, especially given that similarities are found between swarms and foreshock sequences

of some major earthquakes (Chen and Shearer, 2013).

4. Conclusions

In this work, we confirmed that injection-induced and natural swarms are governed by the same
physics, as was previously shown for particular sequences (Fischer and Hainzl, 2017). By
analyzing sequences covering a wide range of geological contexts, migration velocities, durations
and injected fluid volumes, we showed a global unity in the swarm’s dynamics. After confirming
that fluid-induced aseismic slip explains observations made on swarms, like their migration or
their spatial seismic moment release, we exploited the similarities between swarms and slow slip

events to introduce a simple mechanical framework that relates the seismic and aseismic moment

15
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316  partitioning to physical and observable parameters (Equation 8). This opens interesting
317  perspectives to better understand swarms, their propagation, and improve their monitoring in
318  order to anticipate potential large earthquakes. It also paves a way to studying natural and

319  injection-induced swarms as the same phenomena.
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