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Abstract

In this study we map the distribution of the b-value of the Gutenberg-Richter law—as
well as complementary seismicity parameters—along the fault responsible for the
2009 My, 6.1 L'Aquila earthquake. We perform the calculations for two independent
aftershock sub-catalogs, before and after a stable magnitude of completeness is
reached. We find a substantial spatial variability of the b-values, which range from 0.6
to 1.3 over the fault plane. The comparison between the spatial distribution of the b-
values and the main-shock slip pattern shows that the largest slip occurs in normal-to-
high b-values portion of the fault plane, while low b-value is observed close to the
main-shock nucleation. No substantial differences are found in the b-value computed
before and after the main-shock struck in the region of the fault plane populated by

foreshocks.

Introduction

Rupture complexity during large earthquakes is usually explained in terms of stress or
strength heterogeneity along the fault plane: asperity [Kanamori and Stuart, 1978;
Ruff, 1992] and barrier [Das and Aki, 1977]. These two different models explain also
the occurrence of foreshocks, small asperities that rupture before the main event, and
aftershocks, small barriers unbroken during the main event. The occurrence of both
foreshocks and aftershocks during seismic sequences indicates that a mixture of stress

and strength heterogeneities co-exists in the rupture process.

The frequency-magnitude relationship has been used to map asperities along major

faults, with the idea that the b-value is sensitive to highly stressed, locked portions of
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the crust [Wiemer and Wyss, 1997; Schorlemmer and Wiemer, 2005; Ghosh et al.,
2008]. The lower the b-value the higher the applied shear stress [Wyss et al., 2000;
Wyss et al., 2004]. In accordance, low b-value is observed close to the nucleation
zone of large earthquakes [Nuannin et al., 2005; Schorlemmer and Wyemer, 2005]
and proposed as a good proxy for sizing the asperities capable of large slip. The
analysis of aftershocks revealed that high b-value regions are correlated with the
highest slip during large earthquakes [Gorgiln et al., 2009; Sobiesiak et al., 2007].
Although the variation of the b-value along a fault is often observed and resolved, a
physical interpretation of what locally alters the frequency-magnitude relationship,
changes in the state of stress and/or material properties is still lacking [Wiemer and
Katsumata, 1999]. Mori and Abercombie [1997] interpreted the decrease of the b-
value with increasing depth, observed for earthquakes in California, as due to a
diminution of the heterogeneity with depth. Laboratory experiments [Amitrano, 2003]
suggest that b-values reflect the type of macroscopic behavior (brittle-ductile) and the

b-decrease with depth can be due to change from brittleness to ductility.

In this study, we present the b-value distribution along the 2009 L’Aquila fault,
probably the best-monitored normal faulting earthquake occurred so far [Chiarabba et
al., 2009]. The analysis of the closest strong motion accelerograms reveals that the
initial stages of the main shock rupture are rather complex. Indeed, ground motion
time histories show an initial emergent P-wave signal (hereinafter EP) followed by an
impulsive onset (IP) (see Figure 1 and 3) [Di Stefano et al., 2011]. An almost null slip
is observed close to the hypocenter, while the largest slip patch (up to 1 meter, see
Figure 3) is located southeastward of the rupture nucleation [Atzori et al., 2009;
Cirella et al., 2009; Trasatti et al., 2011], in agreement with the evidence of rupture

directivity toward SE [Pino and Di Luccio, 2009]. The delayed along-strike
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propagation has been explained in terms of heterogeneity of material properties
[Cirella et al., 2009; Di Stefano et al., 2011]. Main objective of this study is to verify
if the distribution of b-value along the fault plane contributes to improve our

understanding of the physical process at the base of moderate to large earthquakes.

Data and Method

We consider all the aftershocks occurred until the end of 2009 and relocate them using
the 1-D (P- and S-wave) velocity model of Chiaraluce et al. [2011]. We retain only
events with at least 4 P- and 1 S-phases, hypocenter solution with rms < 0.5 s,
azimuthal gap < 180°, and formal errors < 1 km. Finally, we select all the earthquakes
located within 5 km of perpendicular distance from the fault plane, as identified by Di

Stefano et al. [2011], (Figure 1). This gives us a set of 7,634 events.

We first assess the level of completeness of the used catalog, an issue that is especially
critical in the first few days after a main-shock, due to under-reporting of short-term
aftershocks [Enescu et al., 2007]. Also, in our case, changes in the magnitude of
completeness (Mc) arise from the increased monitoring capabilities after a number of
temporary seismic stations starts to operate in the meizoseismal area [Margheriti et
al., 2011]. We compute the Mc vs time relationship for the selected aftershock catalog
on running windows of 300 events (Figure 2a). On each sample, we determine the
magnitude of completeness (Mc) as the magnitude at which 90% of the data can be
modeled by a power law fit [Wiemer and Wyss, 2000]. Uncertainties on the Mc values
were calculated by bootstrapping each sample with 1000 realizations, and indicated
with dashed lines in Figure 2a. We consider that the Mc reaches a stable value when a

straight line fitting data points becomes horizontal (slope = 0.0), within their
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uncertainties (Figure 2b). This condition is verified starting from the end of day 5
after the main-shock (see Figure 2b), when Mc is about 1.5. We therefore split the
aftershocks into two sub-catalogs, the first one (C;) from the main-shock to day 5

(04/10/2009), the second one (C,) from day 6 (04/11/2009) to the end of 2009.

We compute the distribution of b-value—as well as complementary seismicity
parameters—on the fault plane relative to C,, i.e. after the Mc reaches a steady
threshold, which contains 5,527 earthquakes. Uniform detection sensitivity over the
whole fault plane is assumed. All the selected earthquakes are projected on the fault
plane. Calculations are made by dividing the fault plane into 5x5 km square cells. In
each cell containing at least 100 earthquakes Mc, b-value, a-value, and number of
events above Mc (Nmc) are computed (this last only shown in the auxiliary material),
following the maximum likelihood estimate approach [Aki, 1965] described by
Wiemer and Wyss [2000]. Cells are retained only if the error on the b-value does not
exceed 10% of its estimate [Shi and Bolt, 1982]. The grid is then shifted along the
directions of the cell edges by half of cell size and calculations are re-made, thus
obtaining a 2.5x2.5 grid. A continuous representation of the estimated parameters on
the fault plane (Figure 3a-d) is obtained through a common minimum curvature
gridding method [Smith and Wessel, 1990]. The corresponding discrete representation

is available on the auxiliary material (Figure S1).

We then compare the distribution of b-value on the fault plane relative to C, to those
obtained for C; (2,107 earthquakes). For C; calculations are made following two
different approaches: fixing the Mc over the whole fault plane to its worst value (Mc
= 2.5, see Figure 2a); estimating in each cell its own Mc, as for the C,. The results of
this exercise are shown in Figure 3e,f (for a full discrete representation of the

parameters obtained for C;, see Figure S2 and Figure S3 in the auxiliary material).
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Finally, we compare the distribution of the b-value obtained from the aftershocks
analysis (Figure 3c,e,f) with the b-value computed for the foreshock sequence
preceding the My 6.1 L'Aquila earthquake (Figure 3d) [see Lucente et al., 2010, for
the foreshock sequence details]. The seismicity parameters on the fault plane region
populated by the foreshocks are computed by estimating in each cell its own Mc, as
for the C, (for a full discrete representation of the seismicity parameters computed for
the foreshock sequence, see Figure S4 in the auxiliary material).

Results

In the following we summarize the main results of our analysis. For the sake of
simplicity, we will refer to C; and C, aftershock catalogs as C; and C, periods of the
aftershock sequence. We base the general description of the seismicity parameters on
the values obtained for the C; period, i.e. when the Mc reaches a stable value. The b-
value distribution obtained for the C; period and for the foreshocks sequence is also
discussed and the significance of the b-value variation through the different periods is

assessed.

The frequency-magnitude relationship of the aftershocks features a low b-value in the
nucleation zone and a normal-to-high b value (0.9-1.1) on the fault portion with the
highest coseismic slip (Figure 3c). b-values higher than 1.1 are observed in the
upward tip of the fault, upside the large slip area (Figure 3c).

Low b-values, below 0.8, are observed in the northwestern deep portion of the fault
plane, also prior to the major seismic event (Figure 3d) and in C; period (Figure 3f),
when in each cell its own Mc is estimated. Also for fixed Mc in C;, this portion of the
fault plane features the lowest b-values (lower than 1.0, cfr. Figure 3e). This low b-
value region, close to the nucleation zone, coincides with the area interested by most

of the early strong aftershocks (Figure 3e,f). The non-overlapping of low b-value and
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highest Mc regions both in period C; and C; (see Figure Sla,c and Figure S3a,c in the
auxiliary material) enables us to exclude a b-value underestimation due to inclusion of
earthquakes below Mc. Again, high values of b (above 1.0) characterize the higher

slip area in the C; period (Figure 3g,f).

We point out that, although the b-values computed for the C; period differ by 0.2 on
average (Figure 3e,f), depending on the computation approach used, the distribution
of areas of relative maximum and minimum b-values on the fault plane remains
unchanged, providing equivalent information. We assess the significance of these
differences by applying the statistical test proposed by Amorese et al. [2010] (see
auxiliary material): the differences observed in the b-values computed for the C;
period using the two different approaches are not significant from a statistical point of

view.

We evaluate the significance of the temporal variation of b-value from the foreshock
through the C; and C, periods by applying the same statistical test [Amorése et al.,
2010] (see auxiliary material). We only find a significant temporal variation of b-
value between period C, and C; (both approaches) in the northwestern deep portion of
the fault plane (see Figure 3e,f of the main text and Figure S2 and S3 in the auxiliary
material). Here the b-value increases from about 0.6 to about 1.0 after the first five
days. In all the other cells the variation of b-value is not significant by a statistical
point of view. No significant differences are found between the b-values computed for
the foreshock catalog and the b-values computed for each of the aftershock sub-

catalogs, C; (both approaches) and C..

Discussion and Conclusions



156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

By using the b-value as a stress-meter, as suggested by Schorlemmer and Wiemer
[2005], we infer that the nucleation region is at the edge of the highly stressed portion
of the fault, since the low b-values observed by the foreshocks and the early part of
the aftershock sequence (C; period). This is in accordance to the results of laboratory
fracture studies on rock samples, where low b-values correspond to the asperity
regions and initiation of the main events rupture at the edge of asperities is by far the
most common instance [Lei, 2003; Goebel et al., 2012]. The foreshock activity all
occurred within the low b-value zone (see Figure 3d). During the rupture, the low b
small fault patch experienced a null or low slip (Figure 3c). Then the stress variation
by the main-shock caused the rupture of intact neighboring asperities and large
aftershocks occurred (see Figure 3e,f). In the large slipping portion of the fault, the
shear stress drops significantly during the main rupture and favors high b-value for the
aftershocks (Figure 3c,e,f) [Wiemer and Katsumata, 1999]. The normal-to-high b-
value defined by aftershocks that occurred in the high slip area is consistent with
observations for other large earthquakes [Wiemer and Katsumata, 1999; Wiemer et
al., 2002; Zhao and Wu, 2008]. In this area, shear stress are almost entirely released
by the main-shock and few strong aftershocks occur (Figure 3c,e,f). The statistically
significant increase of b-value for C, (see Figure 3c) in the low b-value zone seen in
the C, period, could indicates a coseismic stress-drop and a consequent redistribution
of the stress, as observed for both natural sequences and laboratory experiments
[Schorlemmer and Wiemer, 2005; Lei, 2003].

The low b-values area close to the nucleation, strictly coincides with a high Vp low
Poisson ratio volume, while the high b-values in the upper portion of the fault are
corresponds to high Poisson ratio [Di Stefano et al., 2011]. This last observation is

consistent with diffuse aftershocks spreading over a large shallow volume favored by
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a progressive upward migration of fluids. In this shallow region afterslip occurred, as
modeled by geodetic data [Cheloni et al., 2010; Lanari et al., 2010]. It’s worth to note
that, the area of resolved increased b-value, in the northwestern deep portion of the
fault plane, corresponds at least partially to the deepest patch of postseimic afterslip
modeled from the inversion of multitemporal DINSAR and GPS measurements made

since 6 days from the main-shock [D’Agostino et al., 2012].

We conclude that, if the low b-value is really sizing the asperities, then the set of
observations arising from the distribution of the b-value along the fault responsible for
the L'Aquila earthquake support the idea that location of the asperities on the fault
plane plays a crucial role in determining the spatial properties of both nucleation and
slip areas. Furthermore, it seems to be a major factor in controlling location and size

of both fore- and after-shock events.
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Figure Captions

Figure 1. Map of the L’ Aquila earthquake aftershocks used in this study. Earthquakes
are color-coded by depth according to the scale on top. The yellow stars indicate the
locations of the EP and IP phases of the main-shock, respectively (see text for details).
The red dashed box on map outlines the surface projection of the main shock fault
plane [Di Stefano et al., 2011], where thicker red hatched line indicates its top edge.
Triangles are seismic stations operating in the meizoseismal area during the
aftershock sequence: permanent (red triangles) and installed after the main-shock
(pink triangles). In the bottom right inset a cross section through the main-shock is
drawn (see thin black line on map). Again the yellow stars represent the EP (smaller)
and IP (larger) phases of the main-shock, while the red line is the trace of the fault
plane. We project on the cross section all the events located within 2 km distance from
the vertical plane and 5 km from the fault plane (see text for details). Star in the

bottom left inset is location of the L’ Aquila main shock on map of Italy.

Figure 2. (a) Mc as a function of time for the aftershock catalog used in this study
(detail of the first 30 days from the main-shock). Thick line represent the Mc values
computed on running windows of 300 events, dashed lines indicate its standard
deviation. Frequency of data points can be seen on the plot below. (b) Slope of the
straight line fitting the Mc vs time data points in the above plot. Each point represents,
on the time scale, the slope of the straight line fitting all points from that moment
onward, until the end of 2009. On each point, vertical bars indicate the standard

deviation of the slope.
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Figure 3. Continuous representation of seismicity parameters on the L’Aquila
earthquake fault plane shown in Figure 1. The first three panels display: (a) Mc, (b) a-
value, and (c) b-value obtained for C, sub-catalog, respectively (see text for details).
Last three panels display the b-values computed for (d) the foreshock catalog and for
the C; sub-catalog in the case of (e) fixed and (f) changing Mc, respectively (see text
for details). Below each panel the appropriate color scale is placed. On each panel
black stars indicate the locations on the fault plane of the EP (smaller) and IP (larger)
phases of the main-shock. On panel (a) the orientation of the fault plane is indicated.
On panels representing the b-value (c-f), earthquakes used for the analysis in their
respective cases are also shown (M, < 3.5 = small black dots; M_ > 3.5 = red circles),
along with the co-seismic slip by Cirella et al. [2009] (black solid contouring).
Finally, on panels representing the b-value computed for the C; sub-catalog, (e) and
(f) (both approaches, see text for details), the shaded area on the bottom-left outlines
the cells in which the difference of b-value with respect to that computed for C; is

statistically significant [Amorése et al. 2010].
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