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Abstract:9

The Magnitude–Frequency-Distribution (MFD) of earthquakes is typically modeled10

with the (tapered) Gutenberg–Richter relation. The main parameter of this relation,11

the 𝑏-value, controls the relative rate of small and large earthquakes. Resolving12

spatiotemporal variations of the 𝑏-value is critical to understanding the earthquake13

occurrence process and improving earthquake forecasting. However, this variation is not14

well understood. Here we present unexpected MFD variability using a high-resolution15

earthquake catalog of the 2016–2017 central Italy sequence. Isolation of seismicity16

clusters reveals that the MFD differs in nearby clusters, varies or remains constant in17

time depending on the cluster, and features an unexpected 𝑏-value increase in the cluster18

where the largest event will occur. These findings suggest a strong influence of the19

heterogeneity and complexity of tectonic structures on the MFD. Our findings raise the20

question of the appropriate spatiotemporal scale for resolving the 𝑏-value, which poses21

a serious obstacle to interpreting and using the MFD in earthquake forecasting.22

1



1 Introduction23

Beroza et al. [2021] recently highlighted that current earthquake catalogs achieve a high level of24

detail that likely contains more information about earthquake occurrence, allows testing of existing25

hypotheses, and potentially improves earthquake forecasting. One of the main ingredients for26

earthquake forecasting and seismic hazard models is the Magnitude–Frequency-Distribution (MFD)27

of earthquakes, which carries information about the proportion between small and large earthquakes.28

The MFD is typically modeled with the Gutenberg–Richter (GR) relation and its 𝑏-value (the slope29

of the GR relation), which can be used to infer the occurrence rate of large earthquakes from small30

ones. The 𝑏-value is observed to vary in space and time [e. g., Wiemer and Wyss 1997; Hainzl and31

Fischer 2002; Tormann et al. 201«; Gulia et al. 2016; Shelly et al. 2016; Petruccelli et al. 2019;32

Taroni et al. 2021], which is thought to be primarily related to variations of the stress state in the33

crust [e. g., Wyss 197«; Scholz 2015; El-Isa and Eaton 201»]. The 𝑏-value is also considered as an34

indicator for other conditions in the crust, which are directly or indirectly related to the stress state,35

such as faulting style [e. g., Schorlemmer et al. 2005; Petruccelli et al. 2019], locked or creeping36

fault patches [e. g., Wiemer and Wyss 1997; Sobiesiak et al. 2007; Ghosh et al. 2008; Tormann et al.37

201«], material properties [e. g., Mogi 1962; Goebel et al. 2017], fluid pore-pressure perturbations38

[e. g., Hainzl and Fischer 2002; Bachmann et al. 2012; Shelly et al. 2016; Passarelli et al. 2015],39

and critical nucleation length [Dublanchet 2020], among others [see El-Isa and Eaton 201», and40

references therein]. 𝑏-value variations may therefore have an important role in improving our41

physical understanding of earthquake occurrence.42

Estimating the 𝑏-value appears trivial in theory (after all, it is simply the rate parameter of43

an exponential distribution), but not in practice. Several aspects affect the ability to resolve44

representative 𝑏-value variations in earthquake catalogs, such asȷ45

1. the quality of the data, its spatiotemporal selection, and the various ways of sampling it [e. g.,46

Tormann et al. 201«; Roberts et al. 2016];47

2. the sample size and available magnitude range [e. g., Wiemer and Wyss 2002; Marzocchi and48

Sandri 200«; Roberts et al. 2016; Nava et al. 2016];49

«. the used magnitude scale, magnitude binning, and maximum likelihood estimator [Wiemer50

and Wyss 2002; Marzocchi and Sandri 200«; Marzocchi et al. 2020; Herrmann and Marzocchi51

2021];52

». the treatment of departures from an exponential-like GR distribution at the upper end53

(due to truncation or tapering) and lower end (due to the inherent and potentially varying54

incompleteness) [Kagan 2002; Spassiani and Marzocchi 2021; Marzocchi et al. 2020;55

Herrmann and Marzocchi 2021], e. g., the estimation of the magnitude of completeness, 𝑀c,56

as the lower magnitude threshold.57

Although this list is not exhaustive, these considerations highlight that the outcome of a 𝑏-value58

analysis highly depends on expert judgment and/or subjective choices. A recent scientific discussion59

between Gulia and Wiemer [2021] and Dascher-Cousineau et al. [2021] reemphasized that choices60

have to be specific, meaningful, and reproducible to obtain robust results that contribute to a better61

understanding of the underlying physical processes. It appears that this field of study requires62

well-defined schemes and analysis steps. Moreover, choices are critical for real-time applications63
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that need to run automatically, e. g., for operational earthquake forecasting (OEF) purposes [Jordan64

et al. 2011]. Assessing the influence of expert choices and various modeling ideas on the forecasting65

performance needs community efforts such as the Collaboratory for the Study of Earthquake66

Predictability (CSEP) [Zechar et al. 2010; Schorlemmer et al. 2018], which tests forecasting models67

prospectively in a controlled environment.68

Here we argue that a complex earthquake sequence with multiple ruptured fault segments can69

further bias MFD and 𝑏-value analysisȷ If the MFD varies temporally among tectonic structures, an70

averaged view over the whole sequence or a smoothed view over a finite scale (either in space or time)71

will neglect or mask those variations and may lead to inappropriate or biased inferences. Instead, an72

MFD analysis may become more physically meaningful and less ambiguous when accounting for73

the internal structure and evolution of a sequence. Igonin et al. [2018] already showed that the MFD74

can significantly differ in adjacent but well-defined zones of induced seismicity. In this study, we75

introduce a new perspective to investigate the spatiotemporal behavior of the MFD and 𝑏-value by76

isolating spatial seismicity clusters of a complex sequence and dividing them into temporal periods.77

To define clusters, we use the hypocenter density of a seismic sequence; the temporal periods are78

defined by occurrence time of the largest events.79

We use the 2016–2017 central Italy (hereafter ‘CI2016’) sequence as an example due to its complex80

tectonic structure, cascading evolution, and the availability of high-resolution catalogs. The CI201681

sequence occurred in the central Apennines, one of Italy’s most seismically active areas, and was82

marked by a cascade of three main eventsȷ the 𝑀w6.0 (𝑀L6.0) Amatrice event on 2» August 2016,83

the 𝑀w5.9 (𝑀L5.8) Visso event on 26 October 2016, and the 𝑀w6.5 (𝑀L6.1) Norcia mainshock on84

«0 October 2016. On 18 January 2017, four 𝑀w5.0–5.5 events followed near Campotosto. These85

seven events have been caused by movements on SW-dipping normal faults and they ruptured86

multiple fault segments, activating a complex fault system [e. g., Chiaraluce et al. 2017; Improta87

et al. 2019; Michele et al. 2020; Porreca et al. 2020; Tondi et al. 2020; Waldhauser et al. 2021].88

The CI2016 sequence is particular in that it features seismicity in a ∼1 km-thick subhorizontal89

detachment at around 10 km depth, which intersects with and confines almost the entire normal90

fault system above [e. g., Michele et al. 2016; Chiaraluce et al. 2017; Vuan et al. 2017; Michele91

et al. 2020; Waldhauser et al. 2021]. Such a feature was already observed in the Apennines at a92

depth of 15–20 km [De Luca et al. 2009], which suggested the presence of a buried subhorizontal93

thrust related to (the deepest part of) the Apennines build-up. It generally appears as a flat layer, and94

high-resolution catalogs resolved it as a slightly east-dipping, irregular structure (i. e., with locally95

varying depth and thickness) [Chiaraluce et al. 2017]. Vuan et al. [2017] interpreted this feature as96

a midcrustal shear zone, which decouples the upper and lower crust. They found prior seismicity97

mostly to occur along this structure, suggesting that it was loaded tectonically and eventually favored98

the unlocking of the shallower faults through stress transfer. Waldhauser et al. [2021] identified99

partially overlapping fault fragments in this structure.100

Magnitude statistics of CI2016 have been investigated in several recent studies. Montuori et al.101

[2016] found that the Amatrice event originated in an area with a high 𝑏-value and subsequently102

reduced the 𝑏-value to the north and south, suggesting a high potential for further large events.103

Gulia and Wiemer [2019] found a 𝑏-value variation during the course of the sequence, in particular104

(i) a drop after the Amatrice event (especially in the area to the north where the Norcia mainshock105

occurred afterward), interpreted as a still impending large earthquake, and (ii) a 𝑏-value increase106
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after the Norcia mainshock, interpreted as a substantially reduced chance for a further large event107

similar to the tectonic background rate. García-Hernăndez et al. [2021] also observed a “marked108

drop of the 𝑏-value” after the Amatrice event (resolved spatially and in depth) and a recovery of the109

𝑏-value to the background level after the Norcia mainshock; they exclude that these variations are110

caused by an increased 𝑀c after the main events.111

However, those studies did not (i) use a high-resolution catalog, (ii) account for the complexity of the112

sequence including its depth-dependent structure, and (iii) resolve what happened in the days before113

the largest event (Norcia). Using a high-resolution catalog, we investigate whether accounting for the114

complex sequence in an isolated fashion provide a benefit in resolving the spatiotemporal variation115

of the MFD and 𝑏-value. Rather than solely focusing on 𝑏-value estimates, we consider it important116

to exploit more information from the MFD, e. g., by assessing and comparing its exponential-like117

part and reporting the 𝑏-value stability as function of 𝑀c.118

2 Results119

2.1 Description of clusters120

Using the high-resolution catalog of Tan et al. [2021], we spatially isolated the five largest seismicity121

clusters (Cluster 1–5, hereafter abbreviated with C1, C2, etc.) following the procedure described122

in Methods. Figure 1 shows that the obtained clusters are not randomly distributed, but instead123

highlight the complex spatial structure of the sequence. For instance, C1 comprises seismicity in124

the northern part of the subhorizontal structure, parts of the normal fault (Mt. Vettore) that ruptured125

during the Norcia mainshock, and this mainshock hypocenter itself. C2 represents seismicity in126

the southern part of the subhorizontal structure, and C« captures the shallow northern part of the127

sequence, including the Visso hypocenter. C» and C5 relate to small-scale structures. These five128

clusters correspond to the five largest volumes with high hypocenter density (see Supplementary129

Fig. S1). The Amatrice event does not belong to any of the main clusters because the area around its130

hypocenter is devoid of events [see also Improta et al. 2019; Michele et al. 2020; Tan et al. 2021].131

The Campotosto events were also not assigned to a main cluster.132

Figure 2 shows that each cluster has a distinct temporal activity. For instance, C1 was active133

throughout the sequence until the Campotosto events; C2 was quiet after the Visso event until134

the Norcia mainshock while C« was very active in this period. C» and C5 were mostly active135

toward the end of the sequence, along with the other clusters in roughly comparable proportions.136

Supplementary Fig. S2 and Supplementary Note 1 summarize the cluster statistics in terms of size137

and ratio for each period, making it more apparent that at least ∼50% of the events in each period of138

the sequence belong to a cluster. Moreover, up to two clusters were dominating each period except139

for the last period.140
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Figure 1: Map view and depth sections of the 2016–2017 central Italy (‘CI2016’) seismicity with identified

clusters (see legend). The depth sections are exaggerated by a factor of three. To better reveal the structure

of the individual clusters, the events are plotted ascending by their cluster number on top of ‘unclustered’

events, neglecting a physically correct appearance. The main events ‘Amatrice’, ‘Visso’, ‘Norcia’, and four

‘Campotosto’ events are represented by larger circles; in the map view, they are annotated with the respective

initial letter (A, V, N, C). Supplementary Fig. S1 shows the event density for the same data.

2.2 Cluster-based MFD analysis using the whole sequence141

For the statistical analysis of the MFD, we follow the procedure described in Methods. Table 1 and142

Fig. « indicate differences and similarities in the MFD among the clusters. In particular, Table 1143

suggests that C1, C2, and C« have identical MFD shapes, but that the MFD of C1 and C2 are distinct144

from the ones of C» and C5. There is a tendency that C1 differs from C2, although not statistically145

significant. Figure « provides more details about the MFD behavior in terms of the 𝑏-value as146

function of 𝑀c. For instance, the largest clusters C1–C« (red, blue, and green, respectively) have147

comparable 𝑏-values (∼1.2) at their corresponding 𝑀Lilliefors
c , but behave differently for increasing148

𝑀cȷ for 𝑀w ≥ 3.0, the 𝑏-value is much higher in C« than in C1 or C2. The small-scale clusters C»149
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Figure 2: Temporal evolution of CI2016 seismicity colored by cluster association. Note that the x-axis

represents the event index of all shown events (i. e., excluding unclustered events). The horizontal whiskers at

the top indicate the periods of the temporal subsets. The bottom panel shows the event proportion of each

cluster as fraction of the total events (including unclustered events) within a rolling window of the previous 24

hr.

Table 1: Pairwise comparison of the cumulative magnitude distribution of each cluster against the

others.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Cluster 1 0.089 0.26 2.2e-06 1.2e-06

Cluster 2 0.089 0.59 0.024 0.0084

Cluster 3 0.26 0.59 0.49 0.36

Cluster 4 2.2e-06 0.024 0.49 0.51

Cluster 5 1.2e-06 0.0084 0.36 0.51

𝑝-values of two-sample Kolmogorov–Smirnov tests (see Methods). Statistically significant 𝑝-values are highlighted in

bold.

and C5 (yellow and cyan, respectively) show the highest overall 𝑏-value. The Lilliefors 𝑝-value150

is useful to judge the reliability of the 𝑏-value; a 𝑝-value dropping below 0.1 indicates that the151

𝑏-value for C1 and C« below 𝑀w2.0 does not relate to a persistent exponentiality with 𝑀c, which152

can have several reasons (see Supplementary Note 2.2) and necessitates an inspection of the MFD in153

individual periods, as done in the following subsection.154
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Figure 3: Magnitude statistics for all extracted data (black) and individual clusters (see legend). The

top panel shows the data in terms of their magnitude–frequency distribution (MFD). Note that a tiny value

is added to each MFD (between −0.1 and 0.1) to avoid visual overlaps at large magnitudes. The middle

and bottom panel show, as a function of lower magnitude cutoff, or magnitude of completeness, 𝑀c, the

Lilliefors 𝑝-value (assuming an exponential distribution as null hypothesis) and the 𝑏-value (the slope of the

fitted Gutenberg–Richter relation), respectively (see Methods). The 𝑀Lilliefors
c estimates are indicated for each

cluster in the top and bottom panels with a circle marker. Supplementary Fig. S3 shows the same analysis

using local magnitudes.

For the sake of completeness, we repeated the analysis using local magnitudes, 𝑀L (see Supple-155

mentary Fig. S«), which introduces a different MFD behavior for the individual clusters due to a156

narrower exponential range (see Supplementary Note 2.«).157
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Table 2: Pairwise MFD comparison of temporal subsets. Like Table 1, but for three periods of Cluster 1, 2,

and 3 that exclude short-term incompleteness (STAI).

Cluster 1 Cluster 2 Cluster 3

(pre-V.) (pre-N.) (pre-C.) (pre-V.) (pre-N.) (pre-C.) (pre-V.) (pre-N.) (pre-C.)

C1 (pre-Visso) 0.0037 0.33 0.59 0.73 0.03 2.1e-05 0.86 0.79

C1 (pre-Norcia) 0.0037 0.23 0.01 0.73 0.044 1.3e-09 0.0056 0.052

C1 (pre-Campotosto) 0.33 0.23 0.52 0.42 0.21 6e-06 0.62 0.013

C2 (pre-Visso) 0.59 0.01 0.52 0.78 0.28 2.5e-06 0.51 0.067

C2 (pre-Norcia) 0.74 0.72 0.42 0.79 0.51 0.093 0.43 0.26

C2 (pre-Campotosto) 0.03 0.044 0.21 0.28 0.5 7.6e-08 0.0087 0.018

C3 (pre-Visso) 2.1e-05 1.3e-09 5.8e-06 2.5e-06 0.093 7.6e-08 3.1e-06 0.012

C3 (pre-Norcia) 0.86 0.0056 0.62 0.51 0.42 0.0087 3.2e-06 0.098

C3 (pre-Campotosto) 0.79 0.052 0.013 0.068 0.26 0.018 0.012 0.099

2.3 Cluster-based MFD analysis using temporal subsets158

We extend the spatial analysis by a temporal component using three periods that exclude the159

short-term aftershock incompleteness (STAI) between the main events, namely ‘pre-Visso’, ’pre-160

Norcia’, and ‘pre-Campotosto’ (see Methods). Table 2 provides a more granular breakdown of MFD161

variations above 𝑀Lilliefors
c than Table 1, also temporally within the same cluster. For instance, in162

C1, only pre-Visso and pre-Norcia are distinct; in C2, no period is distinct, and in C«, pre-Visso is163

distinct from the other two periods. The MFD in pre-Campotosto is never distinct in any cluster.164

Comparisons among clusters for the same temporal period show no significant differences between165

C1 and C2, but when comparing C1 or C2 to C«. (Note that the sample size of C2 in pre-Norcia is166

very small (26 events), which reduces the power of the KS test to detect potential differences for167

pairs that include this subset.) The most unique subset is C« during pre-Visso, which differs from168

almost all other subsets. Of all «6 pairs, 15 (»2 %) are significantly different.169

Further investigating the MFDs in terms of a 𝑀c-dependent 𝑏-value (Figs. » and 5) provides a more170

nuanced discrimination. The most remarkable observation is that the 𝑏-value in C1 is highest before171

the Norcia mainshock—it has increased after the Visso event from 1.4 to 1.6. After the Norcia172

mainshock, the 𝑏-value remained at a high level (1.5 in the pre-Campotosto period). In C2, the173

𝑏-value remained high at ∼1.45 both before the Visso and after the Norcia mainshock. (This cluster174

does not have enough events in the pre-Norcia period to estimate a 𝑏-value.) In C«, which contains175

the Visso event, the 𝑏-value increased from 1.0 in pre-Visso to 1.4 in pre-Norcia, at which level it176

stayed also after the Norcia mainshock.177

Fig. » facilitates a temporal comparison of the MFD among the clusters. In pre-Visso, the 𝑏-value is178

similar in C1 and C2 at around 1.4, and much lower in C« (1.0). Prior to the Norcia mainshock,179

the 𝑏-value increased both in C1 and C« (to 1.4−1.6); C2 does not provide enough data. After the180

Norcia mainshock (i. e., pre-Campotosto), the 𝑏-value remains elevated in C1–C« (1.3−1.5) and181

C1 and C2 have similar 𝑏-values again. After the Campotosto events (see Supplementary Fig. S8,182

‘post-Campotosto’), the 𝑏-value still remains elevated in C1–C« (1.4−1.5).183

For the sake of completeness, we repeated the analysis using 𝑀L (see Supplementary Figs. S», S5,184
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Figure 4: Magnitude statistics in three individual periods of Cluster 1 (left), Cluster 2 (center), and

Cluster 3 (right). Like Fig. 3, the top panels show clusters in terms of their magnitude–frequency distribution;

the middle and bottom panels show the Lilliefors 𝑝-value and 𝑏-value as function of 𝑀c, respectively. Supple-

mentary Fig. S4 shows the same analysis using local magnitudes. Supplementary Figs. S7 and S8 compares

the periods shown here with periods that include STAI.

and Supplementary Note 2.«), which reproduces our main findings qualitatively with comparable185

relative 𝑏-value changes, albeit the 𝑏-value behaves differently as function of 𝑀c owing to the scale186

change. For a comparison using temporal periods that include STAI, see Supplementary Note 2.»187

and Supplementary Figs. S6–S8.188

3 Discussion189

We found that individual earthquake clusters that represent the most active zones of a complex190

sequence are characterized by a significantly different MFD behavior. In particular, the MFD191

can experience variations as temporal changes and spatial differences, or remain identical within192

one cluster throughout the sequence. This observed MFD variability is likely due to fine-scale193

heterogeneity and complexity of the tectonic structures that were activated in this sequence. In194
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Figure 5: Reordering the magnitude statistics of Fig. 4 temporally by periods: ‘pre-Visso’ (left), ‘pre-

Norcia’ (center), and ‘pre-Campotosto’ (right). Like Figs. 3 and 4, the top panels show clusters in terms of their

magnitude–frequency distribution; the middle and bottom panels show the Lilliefors 𝑝-value and 𝑏-value as

function of 𝑀c. Supplementary Fig. S5 shows the same analysis using local magnitudes.

the following, we first discuss the observed temporal behavior, followed by a discussion of spatial195

differences and similarities, an interpretation of our findings, and a summary.196

Regarding temporal changes, the most striking observation is the progressive 𝑏-value increase in the197

structure where the strongest earthquake eventually occurred (C1). Apparently, a high 𝑏-value did198

not prevent the nucleation of a large rupture in this structure. This resolved behavior differs from199

the general observation that the 𝑏-value decreases prior to large earthquakes [e. g., Suyehiro et al.200

196»; Nanjo et al. 2012; Tormann et al. 2015; Gulia et al. 2016; Gulia and Wiemer 2019], albeit201

similar observations to ours do exist [e. g., Nanjo and Yoshida 2017]. The increasing 𝑏-value in202

C1 after the Visso event highlights that activity in one cluster may influence the MFD in another203

one. After the Visso event, the 𝑏-value also increased in its own cluster (C«), which corroborates204

that large events may influence the MFD in their surrounding as already found by [Gulia et al.205

2018]. The later Norcia mainshock, however, did not alter the MFD in the three main clusters206

further and the 𝑏-value remained high—also after the Campotosto events. This stagnating 𝑏-value207

highlights that the MFD eventually became insensitive to strong seismicity even though it had208
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experienced significant temporal variations in the same structures earlier. This ambivalent character209

is compounded by the MFD behavior in C2, where the MFD locally remained constant throughout210

the sequence and apparently unaffected by surrounding seismicity.211

When comparing clusters spatially regarding the whole sequence, we found differences in the MFD212

between the largest clusters (C1 and C2) and the smaller ones (C» and C5). The former have overall213

lower 𝑏-value estimates, which are due to the stronger influence of STAI as a result of their proximity214

to larger events. In fact, the 𝑏-value estimate can be much lower in periods that include STAI (see215

Supplementary Note 2.» and Supplementary Figs. S7–S9). In each of these time periods, we found216

spatial MFD differences among the largest clusters (C« differing from C1 and C2). Simultaneously,217

MFD similarities coexisted among these clusters (C1 and C2), although we do not have evidence for218

every time period, such as for pre-Norcia when C2 only provides few samples. C1 and C2 have219

in common that they represent the majority of seismicity in the subhorizontal structure at depth220

(its northern and southern extension, respectively). Their MFD differs from C« in each individual221

period and tend toward a higher 𝑏-value, which means that this subhorizontal structure is not only222

tectonically distinct from the shallower normal faults (see Introduction), but also in terms of the223

MFD.224

Although our study focuses on raising awareness of appropriately resolving MFD and 𝑏-value225

variations, we briefly speculate about the underlying causes for our most remarkable observations226

in this sequence. The marked MFD variability among the clusters over time likely reflects a227

heterogeneous stress field and/or a complex fault geometry with significant contributions from the228

subhorizontal detachment. Moreover, a complex rupture process is suggested by the fact that only229

some of the main events belong to clusters—a result of the different event densities surrounding230

these hypocenters. The generally higher 𝑏-value in the subhorizontal structure could be caused231

by the structure’s reduced capacity to accumulate stress (i. e., low differential stress). Instead of232

accumulating stress, it preferentially transfers stress to the shallow fault system, favoring its unlocking233

[Vuan et al. 2017]. Moreover, this subhorizontal thrust is known to release microearthquakes234

quasi-continuously along its entire length [Chiaraluce 2012; Chiaraluce et al. 2017], occasionally in235

minor sequences [Ciaccio 2016; Moschella et al. 2021], but not hosting larger earthquakes (which236

should have an extensional mechanism). The very high 𝑏-value prior and close to the hypocenter of237

the Norcia mainshock could be explained with (i) the generally high 𝑏-value in the subhorizontal238

structure, because C1’s pre-Norcia seismicity occurred within its north-eastern extension (see239

Supplementary Fig. S10), whereas its pre-Visso seismicity was located in a shallower part; and (ii) a240

consequence of the previous two main events (Amatrice and Visso) and their aftershocks generally241

reducing the differential stress in its surrounding by releasing built-up strain, i. e., stored energy, on242

the normal faults. Note that the Norcia mainshock nucleated in between the pre-Norcia and the243

pre-Visso subset of C1 (i. e., the aftershock zones of Amatrice and Visso, respectively, see also244

Improta et al. [2019]), which is consistent with observations that large events tend to nucleate at245

the rim of seismic clouds [van der Elst and Shaw 2015; Stallone and Marzocchi 2019] and the246

cascading stress transfer hypothesis [e. g., Ellsworth and Bulut 2018; Gomberg 2018].247

In summary, our study demonstrated that the spatiotemporal isolation of seismicity clusters resolves248

a distinct MFD behavior among the most active zones over time, including influences between249

them. We therefore argue that the MFD highly depends on the observed substructure. Since the250

most active structures in turn influence the overall MFD behavior of a sequence, a consideration251
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of the activity in individual structures allows us to decompose and analyze the most important252

contributions of a complex sequence. Our findings point to the problem of choosing an appropriate253

spatiotemporal scale to resolve the 𝑏-value, challenging existing approachesȷ A too large scale254

merges potentially different MFD behavior of individual structures and a too fine resolution obscures255

the tectonic relation and reduces the statistical robustness. The cluster-based approach presented256

here uses the distribution of the seismicity itself to choose a scale that is physically meaningful and257

provides robust statistics. Moreover, a spatial scale inferred from a cluster analysis may serve as an258

appropriate reference volume for the background 𝑏-value—provided that the (moment) magnitude259

estimates are consistent. In Supplementary Note 2 we discuss several more factors and choices that260

influence and potentially bias the 𝑏-value estimate, most importantly related to the sample size,261

exponentiality, STAI, and magnitude scale. Those aspects are not always carefully addressed when262

performing 𝑏-value analyses. We highlight that the absolute 𝑏-value has little meaning not only due263

to its dependence on the magnitude scale (see Supplementary Note 2.«), but also on the particular264

conversion relation (see Supplementary Note 2.5 and Supplementary Fig. S9). We hypothesize that a265

complex and distinct MFD behavior is not unique to the CI2016 sequence, but likely occurs in other266

regions and sequences. Our method may be beneficial in studying the peculiarities of spatiotemporal267

MFD variability and improving our understanding of the processes that influence seismicity. Even268

if the physical mechanisms remain hidden, recognizing that the MFD behaves complex potentially269

improves spatiotemporal forecast performance. Our approach based on an established clustering270

algorithm may also help to reduce the amount of expert judgment and subjective choices in MFD271

analysis, which could facilitate an application in real-time. Future work may focus on a refined272

identification of spatiotemporal clusters to improve MFD and 𝑏-value analysis, possibly by not273

relying solely on event density.274

4 Methods275

4.1 High-resolution earthquake catalog of the sequence276

We use the high-resolution catalog of Tan et al. [2021], which spans from 2016-08-15 to 2017-08-15,277

and extracted a spatial subset as followsȷ depth < 12 km; UTM eastingȷ ««0–«70 km (about longitude278

12.94–13.40); UTM northingȷ »690–»790 km (about latitude 42.34–43.25). Only events with279

moment magnitudes 𝑀w ≥ 1.5 were used, totaling 76 055 events. The 𝑀w contained in the catalog280

were converted from local magnitudes, 𝑀L, using the polynomial fit of Grünthal et al. [2009], an281

average European scaling relation based on catalogs of different seismological agencies with most282

events having 𝑀L > 1.5 and 𝑀w ≳ 1.5. For magnitudes of large events to match, Tan et al. [2021]283

calibrated its constant (0.53) to 0.817 (i. e., +0.287).284

4.2 Creating spatial earthquake clusters and temporal subclusters285

Seismicity was grouped spatially into clusters using DBSCAN [Density-Based Spatial Clustering286

of Applications with Noise, Ester et al. 1996], which groups points based on how closely they287

are packed together. Points that lie in low-density regions are left as outliers. Because the288
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horizontal extension of the CI2016 sequence is several times larger than the vertical extension,289

density-connected clouds of hypocenters preferentially extend in horizontal directions. To improve290

the clustering analysis for such an anisotropic case, data dimensions are usually rescaled beforehand.291

We therefore rescale the hypocenter coordinates to a uniform extent in each direction, i. e., rescaled292

into a cube. This procedure increases the local point density in horizontal planes, which facilitates293

identifying hypocenter clusters with horizontally elongated shapes (see Supplementary Fig. S1).294

We then applied DBSCAN with the following parametersȷ 𝜖 = 0.40, the neighborhood radius and295

𝑍 = 200, the minimum number of points required to form a dense region. This configuration yielded296

nine clusters, from which we selected the five largest (C1–5, descending by size) and labeled the297

remaining events as ‘unclustered’. Their spatial distribution is shown in Fig. 1 and the data provided298

as Supplementary Data.299

To enable a temporal analysis, each of the largest clusters C1–C« was divided into three periods (see300

indicators in Fig. 2)ȷ301

• ‘early’ȷ events before the Visso event;302

• ‘mid’ȷ events from the Visso event until two days after the Norcia mainshock;303

• ‘late’ȷ the rest.304

Note that there is too few data in C» and C5 to benefit from the division.305

As illustrated in Supplementary Fig. S6, these periods are affected by short-term aftershock306

incompleteness [STAI, Kagan 200»; Helmstetter et al. 2006; Hainzl 2016; de Arcangelis et al.307

2018, see also Supplementary Note 2.»]. Supplementary Fig. S6 makes use of equalized plot scales308

as suggested by Agnew [2015] and overlays the event density as suggested by W. Ellsworth (pers.309

comm., 2021). In this way, Supplementary Fig. S6 informs us about the STAI duration after each310

main event, leading us to exclude STAI by using a temporal subset of each period for C1, C2, and311

C« (see indicators at the top of Fig. 2)ȷ312

• ‘pre-Visso’ȷ like early, but excluding the first 0.8 days after the Amatrice event;313

• ‘pre-Norcia’ȷ like mid, but excluding the first 0.6 days after the Visso event and 2.0 days after314

the Norcia mainshock;315

• ‘pre-Campotosto’ȷ like late, but before the Campotosto event;316

• ‘post-Campotosto’ȷ like late, but after the Campotosto event excluding the first 0.4 days.317

4.3 Earthquake statistics318

The clusters and their temporal subsets are investigated in terms of their MFD. To quantify MFD319

differences, we calculate the 𝑏-value as function of 𝑀c. The 𝑏-value is determined using the320

bias-free maximum likelihood estimation of Tinti and Mulargia [1987] and Marzocchi and Sandri321

[200«] for sample sizes 𝑁 ≥ 50. The 𝑏-value requires an exponential distribution of the magnitude322

above 𝑀c to be physically meaningful [Marzocchi et al. 2020]. To assess the exponentiality of the323

MFD, we apply the Lilliefors test [Marzocchi et al. 2020; Herrmann and Marzocchi 2021], using324

the implementation of Herrmann and Marzocchi [2020], and obtain a 𝑝-value as function of 𝑀c,325
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which expresses the probability to observe the MFD assuming that the exponential distribution is326

the underlying distribution. For a significance level of 𝛼 = 0.1, we derive the lowest magnitude327

level for which the MFD can be considered exponential, referred to as 𝑀Lilliefors
c . We always refer to328

the 𝑏-value at 𝑀Lilliefors
c .329

As an alternative to quantify MFD differences, we use the two-sample Kolmogorov–Smirnov (KS)330

test and compare the MFD of clusters or their temporal subsets pairwise. For each pair, the largest331

𝑀Lilliefors
c is used as lower magnitude cutoff. The KS test returns a 𝑝-value as a measure for the332

strength of evidence against the null hypothesis that the two MFDs come from the same parent333

distribution. We interpret a 𝑝-value < 0.05 as a statistically significant difference.334

We do not explore whether the MFD can be characterized by a tapered GR distribution, and therefore335

neglect variations of the corner magnitude, e. g., due to released energy close to faults [Spassiani336

and Marzocchi 2021]. While the 𝑏-value correlates with the largest magnitude [Marzocchi et al.337

2020], the KS test has reduced sensitivity toward the tails of the distributions. We assume that338

distinct 𝑏-values or significant 𝑝-values reflect differences or changes of the entire exponential part339

of the MFD.340

4.4 Prior seismicity341

The high-resolution catalog of Tan et al. [2021] only contains 15 events with 𝑀w ≥ 1.5 before the start342

of the sequence (i. e., before the Amatrice event). For a comparison of seismicity during the sequence343

with prior seismicity, we have initially considered HORUS [Lolli et al. 2020, horus.bo.ingv.it]344

as a temporally extensive catalog that provides 𝑀w magnitudes. Those magnitudes were converted345

from 𝑀L using a magnitude regression that differs from the conversion relation used in the CI2016346

catalog of Tan et al. [2021]. In fact, a comparative MFD analysis for CI2016 seismicity shows that347

the 𝑏-value differs considerably between both catalogs (0.2 units at 𝑀Lilliefors
c , see Supplementary348

Note 2.5 and Supplementary Fig. S9). Therefore, the two 𝑀w scales are not consistent with each349

other. This inconsistency does not allow a reliable comparison of the 𝑏-value among these two350

catalogs (e. g., against a reference “background” 𝑏-value based on HORUS). We therefore did not351

consider HORUS data in our MFD analyses.352
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