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Strong intermittency as well as spatial heterogeneity characterize the brittle deformation of geophysical
objects such as the Earth's crust or the Arctic sea-ice cover. They can be expressed through specific scaling
laws, that relate, for a space-time domain, (a) the number of earthquakes or (b) the strain rate, vs. the size of
the domain, for the Earth's crust or the Arctic sea ice, respectively. However, in both cases, spatial
(respectively temporal) scaling depends on the time (respectively spatial) scale considered, i.e., the space
and time scaling dependences are coupled. Here, we show that this space-time coupling of brittle

deformation at geophysical scales can be summarized through a unique scaling law characterizing the
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discrete fracturing events (earthquakes or displacement events along sea-ice leads). As suggested by an
analysis of southern Californian seismicity, we argue that this space-time coupling is likely to emerge from
the complex correlation patterns related to chain triggering of earth- or ice-quakes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The brittle deformation of geophysical objects such as the Earth's
crust or the Arctic sea-ice cover is characterized by intermittency as
well as spatial heterogeneity, both expressed through specific scaling
laws. For the Earth's crust, spatial heterogeneity is illustrated by the
fractal clustering of earthquake hypocenters (Kagan and Knopoff,
1980; Kagan, 1991):

N(R)~R" 1)

where N(R) is the number of hypocenters within a region of radius R,
and 0<D <3 is a fractal dimension. Intermittency, i.e. time clustering
of events, is caused by earthquake interaction mechanisms, i.e.,
triggering of an earthquake by previous earthquakes. This triggering is
illustrated by the Omori's law (Omori, 1894) that states that the rate
of aftershocks triggered by a mainshock decays with time according to
an inverse power of time, 1/t". Alternatively, without considering the
causal relationship implied by mainshock-aftershock triggering, this
intermittency has been also expressed by fractal clustering (Kagan
and Jackson, 1991):

N(t)~t" 2)

where N(t) is the number of earthquakes within a time window of
duration ¢, and 0<6<1 is a fractal exponent. As shown below,
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relation (2) is probably in many cases an oversimplification of a more
complex trend.

In case of the Arctic sea-ice cover, the much faster dynamics allow
to directly observe the intermittency and spatial heterogeneity of
deformation in terms of the scaling properties of strain-rate patterns.
Using Lagrangian tracking of points on successive SAR satellite
images (Fily and Rothrock, 1987; Kwok et al., 1990) or of ice-tethered
buoys in order to derive strain-rate patterns, it was shown recently
that the average sea-ice strain rate is characterized by spatial as well
as temporal scaling laws (Marsan et al., 2004; Rampal et al., 2008).
We define the total strain rate ¢ as ¢=&wp/t, Where g =
\/ shear? + divergence? is the total deformation occurring during a
time interval t. The spatial scaling of this strain rate, i.e., the
dependence of ¢ on the size R of the domain, is given by:

&(R)~R" 3)

where the exponent 3 expresses the degree of heterogeneity of sea-
ice deformation, bounded by 3=0 for a homogeneous deformation
field (e.g. viscous-like), and by 3=d, the topological dimension, for a
deformation localized along a single fracture (d =2 for sea ice, see
below). Similarly, the dependence of £ on the observation time scale t
is:

&)~ (4)

where « is a measure of the degree of intermittence of the defor-
mation process, bounded by av= 0 for a non-intermittent viscous-like
flow, and by a=1 for a deformation accommodated by a single
cracking event.
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However, observations reveal that these exponents D, 3 and 6, «
that characterize the spatial heterogeneity and the intermittency of
brittle deformation are not constant: instead, the two spatial expo-
nents D and 3 depend on the time scale considered, whereas the
temporal exponents 6 and « depend on the spatial scale. For crustal
seismicity, using the PDE worldwide catalog, Kagan (1991) reported a
D-value of 1.2 at small time scales (1 day), which eventually reaches
D=2.1 at large time scales (25 years). This growth of D with time
suggests a memory effect of the system that slowly weakens with
time: starting with a given fracture/fault at time t=0, the initially
strong spatial clustering implies that subsequent fractures/faults
occurring quickly after t=0 will be observed close to the initial
location. However, as time goes on, less and less can be said about the
initiation of fractures nearby, which become more and more
unconditioned on the initial position.

Similarly, for four worldwide and a regional (Californian) catalogs,
Kagan and Jackson (1991) reported a 6-value around 0.2 for small
spatial scales (10 km) and close to the limit value 6=1 at very large
scales (>10% km). This increase of § illustrates a slow weakening of
time correlations with increasing distance.

For Arctic sea ice, 3 decreases with increasing time scale, from
B=10.85for t =3 h to 3=0.35 for t =~ 2 months in winter (respectively
0.85 for 3 h and 0.42 for 1 month, in summer) (Rampal et al., 2008).
Sea-ice deformation appears more homogeneous as one considers a
longer time scale, but localized deformation features persist over a
season, in agreement with the analysis by Coon et al. (2007). Similarly,
«adecreases with increasing spatial scale, from av= 0.89 for R~ 1 km to
a=0.30 for R=~300 km in winter (respectively 0.87 and 0.25 for
summer): intermittency decreases as one averages deformation over a
coarser spatial scale, although this intermittency persists even at large
spatial scales, i.e. sea-ice deformation does not mimic viscous flow
(ae=0) at scales significantly large compared to the size of the Arctic
basin.

We will show in this paper that the dependence of D on t and 6 on
R in one hand, and of B on t and « on R on the other hand, are the two
related aspects of a strong space/time coupling that characterizes
brittle deformation. Since a similar coupling is observed for both the
Earth's crust and the Arctic sea-ice cover, it suggests that it is
characteristic of the brittle deformation of large geophysical objects.

2. Space/time coupling in the deformation of the Arctic
sea-ice cover

The strain rate within a region of size R and a time window of
duration t, scales according to Eqgs. (3) and (4). This behaviour is
obtained when analyzing the total deformation rate, hence a positive
scalar which accounts for both shear strain as well as changes in
surface. The dependence of exponent « (respectively (3) on spatial
scale (respectively time scale) implies that &(R.t)~t=R ~R=FO,
This can be rewritten as

é(R, t)NtfoLORf[’aoecln (t)In(R) (5)

which thus gives that ¢(R) ~R( o+ n(O) hence B(t) = By — cIn(t), and
é(t) ~ e+ dn®) hence (R) = aip — cIn(R). Parameter c thus repre-
sents the strength of the space/time coupling, whereas o and 3 are
constants which values depend on the chosen space and time units,
and thus that have no particular physical meaning. The observed
dependence of «on t and 3 on R for Arctic sea ice (Rampal et al., 2008)
are in reasonable agreement with this expression, with c~0.10
(Fig. 1).

The Arctic sea-ice cover deformation results from the opening,
closing and shearing of the so-called ‘leads’, i.e. the fractures and faults
that run through the entire ice thickness, and as such is mainly caused
by brittle, fracturing events (Schulson, 2004; Weiss et al., 2007; Weiss
and Schulson, 2009). A discontinuous model of motion was already
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Fig. 1. Space-time coupling in Arctic sea-ice deformation. (A) Evolution of the spatial
scaling exponent (3, characterizing the spatial heterogeneity of Arctic sea-ice
deformation, cf. Eq. (3), with the durationt of the time window considered. Triangles:
winter; circles: summer. See Rampal et al. (2008) for more details about the
determination of B-values and the associated error bars. Exponent 3 decreases as
B~—cxIn(t) over the full scale range. The dashed line shows this trend with c=0.10.
Large uncertainties on 3 imply that c is badly resolved, with a relative error of 90%. (B)
Evolution of the temporal scaling exponent ¢, characterizing the intermittency of Arctic
sea-ice deformation, cf. Eq. (4), with the spatial scale R. Triangles: winter; circles:
summer. See Rampal et al. (2008) for more details about the determination of c-values
and the associated error bars. The dashed line represents a logarithmic scaling
a~—cxIn(t), with c=0.104+0.015.

proposed by Thorndike (1986), to show how the collective effect of
many fracturing leads can explain observations of sea-ice motion. This
model was however based on crude hypotheses, such as a fully
random (Poissonian) distribution of fracturing events in space and
time, and a Gaussian distribution for the displacements across the
leads. As shown below, some of these hypotheses disagree with
observations and/or the scaling of the strain rate reported above
(Egs. (3) to (5)). We here elaborate on this seminal model, to
investigate how the scaling expressed in Eq. (5) translates in terms of
the number of fracturing events with region size R and observation
time interval t.

Considering two points A and B distant by R, such as ice-tethered
buoys, their relative displacement, or dispersion u (scaling laws (3)
and (4) were obtained from dispersion rates of pairs of buoys (Rampal
et al,, 2008)), results from the cumulative effect of all the displace-
ments uy,..., U, at the n leads crossing the segment AB. Note that these
displacements can be divergent, convergent, and/or transverse in any
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direction of the fault, and their mean is assumed to be zero. This model
amounts to neglect the elastic part of the deformation, an approxi-
mation that is reasonable as long as R is much greater than the
thickness of the cover, i.e. a few meters on average. As is the case with
crustal earthquakes, for which the magnitudes, hence the fault-
averaged slip, are independent from one event to the next, we
consider here that these displacements are all independent of each
other — which does not mean that their occurrences (times and
locations)nare independent (see below). The dispersion u is given by

the sum)_ u;, and therefore scales as n'/?, where vy is an exponent

equal to '(Tflthe individual displacements have a finite variance) or less
than 2 (if the pdf of the displacements lies outside the Gaussian
attractor basin, i.e. if the individual displacements have an infinite
variance) (Sornette, 2000). Since (i) the strain rate is £&(R,t) = g%
(Rampal et al., 2008), (ii) the scaling of £(R,t) is as expressed in Eq. (5),
and (iii) the number N(R,t) of ice deformation events in a region of
size R is the square of the number n of leads cutting across a segment
of length R, we obtain that:

N(R, t)NtﬁORDOec' In(t)In (R) 6)

with 6o =27v(1— ), Do=2vy(1 — o), and ¢’ = 2yc. Eq (6) is, for lead-
induced deformation events, the mirror expression of the coupled
scaling law (5).

Considering either a time interval of fixed duration t, or a region of
fixed size R, Eq. (6) implies that Eq. (1) and Eq. (2) also describe
respectively the spatial heterogeneity and intermittency of sea-ice
fracturing events, enlightening the analogy between the crust and the
sea-ice cover. This also means that the occurrences of these events are
not independent, in contradiction with the hypotheses of the original
Thorndike's model. The value of parameter 7y is not well constrained,
but several arguments can be proposed in order to discuss a crude
estimate. For crustal earthquakes, the seismic moment M is pro-
portional to M~uxA, where A is the rupture area. For large earth-
quakes that break the whole width of the schizosphere, M scales as u2.
A similar scaling is relevant for sea-ice leads, especially given the
relatively small thickness of the ice cover. Assuming further that
M~101>>™ (Hanks and Kanamori, 1979) where m is the mag-
nitude, and that m is distributed according to the Gutenberg-Richter
law f(m) ~10~"™ where b is the so-called b-value, we obtain that the
pdf of M is f(M)~M~(' + %)_ This finally gives that f(u)~u~(1 + %),
hence that y = min {2; 4b1 Whereas the b-value for crustal seismic-
ity is generally close to 1 (Utsu, 2002), i.e. y~4/3 in this case, the very
scarce seismoacoustic data available for sea ice (Dudko et al., 1998)
support the Gutenberg-Richter law with b=1.534+0.10 (modified
from Weiss, 2003), but is limited to very small, local ice-quakes
corresponding to displacements u of the order of pum to mm (Dudko,
1999). We therefore need to be cautious with this estimate of the y
parameter from seismic data, which is clearly not well resolved. The
existence of regional scale ice-quakes has still to be demonstrated. The
scaling range of the equivalent of the Gutenberg-Richter law for these
events is still unknown. The seismoacoustic observations are gen-
erally confined to small scale areas (up to 1km), over short
observation spans. Too little is known about the strain relaxation
processes leading to these seismic events, which, as with crustal
earthquakes, could possibly mix brittle and slow fracturing mechan-
isms. A b-value of 1.5 would yield that 4b/3 =2, hence y=2, i.e., the
pdf of the displacements across individual leads would remain within
the Gaussian attraction basin, as assumed by Thorndike (1986).

This estimation of y, however, seems in contradiction with the
observations of Lindsay and Rothrock (1995), who reported a power law
distribution of lead widths w (or diverging displacements) from the
analysis of radiometer (AVHRR) satellite images, f(w) ~w~1¢%01 je a
corresponding y-value of 0.6 4- 0.1. Similar scaling has been reported for
Earth's fault displacements (or slip), with a y-value between 0.5 and 2

(Scholz and Cowie, 1990; Walsh et al, 1991; Otsuki, 1998). This
disagreement confirms that the <y-value is still poorly constrained in
case of sea-ice fracturing events. However, it is important to emphasize
that this model is only intended to suggest that there exists a strong link
between the two descriptions of sea-ice deformation, i.e. either through
deformation fields as measured by buoy dispersion or satellite imagery,
or through discrete events related to displacements across leads. As
such, Eq. (6) shows that the coupled space-time scaling of the
deformation rate of the Arctic sea-ice cover is equivalent to a coupled
space-time scaling of the discrete ice-fracturing events occurring along
the leads, as is also the case of crustal earthquakes. Indeed, the com-
bination of Eqs. (1) and (2) derived from earthquake data, N(R;t)~
?® ~RP®) can be rewritten as Eq. (6). This suggests that, for both the
crust and the sea-ice cover, there exists a common mechanism that
could explain this coupling.

From the D and 6 values reported by Kagan (1991) and Kagan and
Jackson (1991), the pertinence of Eq. (6) for worldwide crustal
seismicity (PDE catalog, magnitude cut-off m,=5.3) can be tested
(Fig.2).Using ¢’ ~0.11, a reasonable agreement is obtained, especially
for the evolution of the fractal exponent 6 with spatial scale. However,
significant deviations from the proportionality of D(t) with In(t) are
observed either towards small and large time scales. At time scales
larger than 103 days (about 3 years), this might be interpreted as a
vanishing space/time coupling, associated with an asymptotic value of
D()=2.2 characterizing the underlying fractal structure of the
Earth's fault system (Kagan, 1991). Note that the 6-values plotted on
Fig. 2B have been estimated by Kagan and Jackson (1991) over a time
scale range from 1 to 10 days over which space/time coupling is
expected to hold. Deviations observed towards small time scales are
more difficult to interpret. Catalog incompleteness after large earth-
quakes and/or the spatial resolution of hypocenter location for this
worldwide catalog may have an influence.

To better test the proposed coupled scaling law on seismicity data,
we analyze in the next section a more recent regional catalog of
southern California with an improved spatial resolution and a smaller
magnitude cut-off (m.=2.3). We show that the fractal time clustering
proposed by Kagan and Jackson (1991) is an oversimplification, but
that an extended-scaling version of Eq. (6) well describes the datain a
unified form. This analysis is then exploited in Section 4 to suggest
that this coupling could emerge from the complex chain of triggering
that characterizes seismicity dynamics.

3. Space/time coupling in a high resolution earthquake catalog

We revisit the analysis of earthquake space-time scaling coupling
as previously evidenced by Kagan (1991) and Kagan and Jackson
(1991), using a southern California earthquake catalog (Shearer et al.,
2005) that covers 19 years of activity (1984 to 2002), and gives
relocated hypocenter positions with a typical accuracy of less than
100 m. The magnitude of completeness is m.= 2.3 when considering
the whole 19-year period, although it experiences transient increases
in the aftermath of large shocks. There are N=37,059 m>2.3 earth-
quakes. We consider distances to the fault rather than hypocentral
distances: the distance between earthquake A and earthquake B is
thus the nearest distance from the causative fault of A to the
hypocenter of B. This computation is detailed in the supplementary
information of Marsan and Lengliné (2008): the causative fault is
modelled as (i) a point source for m<4, (ii) a finite, square fault with
length and width scaling with m according to L= 10%°("~4) (L in km)
for 6>m>4, (iii) a geometrically complex fault as imaged by rupture
trace observation and slip inversions for m>6. We first estimate the
space-time coupling of this population of earthquakes, and then
develop in Section 4 a tentative explanation for this coupling.

The temporal clustering exhibits two distinct regimes, for ¢ less or
greater than 2 days, see Fig. 3A. This break in scaling is highly sig-
nificant: we compute the change in the Akaike information criterion
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Fig. 2. Space-time coupling in crustal seismicity. (A) Evolution of the fractal dimension
D, characterizing the spatial clustering of earthquake hypocenters N(R)~RP, with the
duration t of the time window considered. The plotted D-values are taken from (Kagan,
1991) for the shallow earthquakes (0-70 km) of the PDE worldwide catalog
(magnitude cut-off m.=5.3). See Kagan (1991) for more details about the
determination of D-values. The dashed line shows a logarithmic scaling D~c’ x In(t),
with ¢’=0.10940.02. (B) Evolution of the fractal exponent 6, characterizing the
temporal clustering of earthquakes N(t)~t°, with the size R of the region considered.
The plotted -values are taken from (Kagan and Jackson, 1991) for the shallow
earthquakes (0-35 km) of the PDE worldwide catalog. See Kagan and Jackson (1991)
for more details about the determination of §-values. The dashed line represents a
logarithmic scaling 6~ ¢’ x In(R), with ¢’ =0.106 4 0.011. Similar analyses performed on
different catalogs (Harvard, DUDA, ABE) (Kagan and Jackson, 1991) give similar trends
with slope ¢’ varying from 0.10 to 0.13.

(AIC) in order to compare the best model with one single scaling
regime from 103 to 103 days, to the best model with two scaling
regimes with a transition at 2 days (Main et al., 1999). We define

N
AIC=NIn| Y>" (yn—¥,)| + 2p, where the N datapoints y are
n=1

compared to the best fit j given the model, and p is the number of
free parameters (either 2 or 4 depending on the case). We obtain that
O6AIC=AIC(two regimes)-AIC(single regime)= —22.0 for r<0.2 km,
and 6AIC= —26.2 for r<15 km. Despite this break in scaling, the
exponents characterizing the two temporal regimes of N(R,t) clearly
increase with the size of the volume R. In fact, the relative increase A\ of
the two exponents is the same. This can be seen in Fig. 3B, which
displays N(R=15 km, t) vs. N(R=0.2 km, t), for t ranging from 10> to
10> days, hence a very wide time scale interval. We obtain, to a very

108 T T T T T
-
o
_ -
r<15 km
108 T 1
zZ
el Ao B
10“/0/9/0 r<0.2 km b
10° 3 s ] .0 p ) 3
10 10 10 10 10 10 10
time (days)
108 T T
107 F E
£ 10°¢ E
_
w
Y105} 3
=
10°F E 3
3 1 L
10502 10° 10* 10°
N(r<0.2 km, t)

Fig. 3. Temporal clustering of the southern California earthquakes. (A) Number of pairs
of earthquakes N(R,t) separated by less than time t and distance R, function of t, for the
two values of R= 0.2 km corresponding to the accuracy on the distances, and R=15 km
which is the thickness of the schizosphere. We observe two scaling regimes as depicted
by a continuous and a dashed lines, that are separated by the transition scale t = 2 days.
(B) N(R=15km, t) vs. N(R=0.2 km, t). The power law relationship between the two
expresses the fact that the exponents characterizing the two scaling regimes of Fig. 3A
grows with R at the same relative rate.

good accuracy, that N(R=15 km, t) ~N(R=0.2 km, t)*, with A =2.11,
whatever the temporal regime considered. Translated in terms of the
dimension 6 as with the analysis of Kagan and Jackson (1991), this
exponent A is equal to the ratio 6(R=15 km)/8(R=0.2 km). Fig. 4
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Fig. 4. Dependence of the temporal clustering on the spatial scale R. Ratio §(R= 15 km) /
6(R=0.2 km) vs. R, for R ranging from 0.2 km to 15 km. The log-linearity of this ratio
with R, as shown by the black line, implies that §(R) =0.27 x 6(R=0.2 km) x In(R). The
relative uncertainty on the coupling value 0.27 is + 12%.
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shows these ratio when comparing N(R,t) to N(R=0.2 km, t), for R
ranging from 0.2 km (resolution on the distances) to 15 km (thickness
of the schizosphere). We find that 6(R) =0.27 x §(R=0.2 km) x In(R),
hence a coupling coefficient ¢/ =0.27 x 6(R= 0.2 km), cf. Eq. (6).

On the other hand, one single scaling regime characterize the
spatial clustering, for 0.2 km<R<15 km, see Fig. 5A. We estimate the
fractal dimensions D(t), and plot them vs. time ¢t in Fig. 5B. As expected,
D increases with t, but, as in Fig. 3A, a clear change in trend is observed
at about 2 days. This break is again very significant: 6AIC= —20.2.

These results can be coherently summarized by the expression:

N(R7 t)NTSURDUec’ In(7)In(R) (7)

where 7= f(t) is a function of time that account for the transition scale
at 2 days. This expression generalizes Eq. (6) to the present case with
two distinct temporal regimes. Because of the functional 7 of t, we
cannot compare the new coupling coefficient ¢’ with previous values
inferred from the works by Kagan (1991) and Kagan and Jackson
(1991). The latter assume that 7=t, which we cannot validate with
the present analysis. However, it is clear that a space-time coupling
exists for this dataset, with a form very similar to the coupling
described in Section 2, although the physical origin of this transition
scale at 2 days remains unclear. This implies that the mechanism
responsible for this space-time coupling is also present in this
southern California data. We thus explore possible explanations for
this coupling, by further analyzing this earthquake dataset.
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Fig. 5. Spatial clustering of the southern California earthquakes. (A) Number of pairs of
earthquakes N(R,t) separated by less than time ¢t and distance R, function of R, for three
values of t as indicated on the graph. A power law regime is found for R between 0.2 km
and 15 km, as shown by the black lines. (B) Exponents D of the power law regime of a,
vs. time t. The two regimes separated by ¢t = 2 days are shown with the two (continuous
and dashed) lines.

4. Physical origin of the unified space/time coupling

Earthquakes trigger other earthquakes (aftershocks). Immediately
following a mainshock, the earthquakes are more clustered together
than during a ‘normal’ time interval taken at random. A first simple way
of explaining the relaxation of spatial clustering with time is therefore to
invoke two spatial clustering: (1) one that characterizes temporally
correlated earthquakes, including aftershocks, Neorr(R)~RP<, and
(2) one that characterize the remaining, temporally uncorrelated
earthquakes Nyuc(R) ~RPwer with Dype>Deorr. Overall, clustering is
dominated at short time scales by the 1st term, and at long time scales
by the 2nd. From here on, we will use ‘correlated’ and ‘uncorrelated’ for
‘temporally correlated’ and ‘temporally uncorrelated,” respectively. The
simplest model comes from suggesting that N(R,t) emerges from the
sum of these two contributions:

N(R, t) = Neorr (R)Ncorr (€) + Ninc(R)Nync(£) 8)

This model decouples space and time in the sense that the correlated
and uncorrelated earthquake spatial distributions remain the same at all
time scales. While it can explain the trend from strong to mild spatial
clustering with increasing time scale, it is not appropriate: Ncoq(R,t)
cannot be decoupled into N {R)Neorr(t). To prove this, we construct in
Fig. 6 the sum of Eq. (8). The temporal terms are shown in Fig. 6A,
by plotting N(t) = N(R,t) vs. t for R infinitely large, and by compare it to
Nunc(t), which would be obtained in the case of a Poisson process, hence
an earthquake time series only made of background events. We thus
define the number of correlated pairs as No(t) = N(t) — Nync(t). The
uncorrelated earthquakes start dominating the rate dN(t)/dt at about
t=100 days. The two contributions Ney;-(R)Neorr(t) and Nync(R)Nync(t)
to N(Rt) of Eq. (8) are shown in Fig. 6B and C, for t=10"> days (about
1 min 30 s) and for t = 10> days (about 3 years). If the model expressed
by Eq. (8) were correct, then (i) at short time scales (Fig. 6B) N(R,t) and
Neorr(R)Neorr(£) should be equal, which, indeed, is true, and (ii) at long
time scales (Fig. 6C) N(R,t) and Nync(R)Nync(t) should eventually become
equal, which is not true. Instead, the strong clustering of the correlated
pairs still dominates at short distances (R<15 km). This implies that
Neorr(R,t) cannot be simply decoupled into Neo(R)Neorr(t): the spatial
clustering of correlated earthquakes becomes significantly milder with
time.

The space-time coupling therefore originates from the evolution
of the spatial distribution of correlated earthquakes. The fact that D(t)
increases quickly with time, even at t << 100 days (Fig. 5) which marks
the time at which the uncorrelated earthquakes start impacting the
distribution, further indicates this.

Aftershocks can in turn trigger their own aftershocks, generating a
cascade of triggering, hence of correlated earthquakes, that extends the
initial aftershock pattern caused by the mainshock to longer durations
and distances from the main fault. It is convenient to represent this
cascade of triggering by a tree in which any earthquake A preceding
earthquake B is either (1) the parent, i.e., A directly triggered B, (2) an
ancestor, i.e., there exists a chain of parents-children leading from A to B,
(3) acousin, i.e., Aand B have acommon ancestor, or (4) not related to B,
i.e, they have no common ancestor. Earthquakes can be grouped in
clusters, with all earthquakes belonging to a cluster being either cousins,
parents or ancestors of each other. The earliest earthquake of the cluster,
having by definition no parent, is a so-called background earthquake.
Fig. 7 shows an example of the various relationships between
earthquakes. Earthquakes belonging to the same cluster are (tempo-
rally) correlated, while they are (temporally) uncorrelated otherwise.
The spatial distribution of correlated earthquakes can therefore be
studied if the triggering chain is correctly sorted out.

We use a recently proposed declustering procedure (Marsan and
Lengliné, 2008, in press) to estimate the triggering chain of Californian
earthquakes. This method computes the probability w,p that A could
have directly triggered B, for all earthquake pairs, based on an
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Fig. 6. Testing a model that decouples space and time. (A) Number of pairs of
earthquakes N(t) separated by less than time ¢ (thick line) compared to the same if the
time series were a realization of a Poisson process (thin line). The difference between the
two corresponds to the correlated number of pairs Ne,(t). Inset: corresponding rates of
earthquakes. The uncorrelated regime becomes dominant at about t=100 days.
(B) Number of pairs of earthquakes separated by less than time t=10"">days
(about 1 min and 30's) and distance R. Thin line: Ny,.(Rt=10"> days) extrapolated
from Nyne(R.t =103 days), by multiplying the latter by 10°. Thick line: N(R,t) as given by
Eq. (8). At this time scale, N(R,t) is dominated by N (R,t), the two terms being
indistinguishable on this plot. (C) Same as B, for t=103days. Ne,(R,t= 10> days)
(triangles) is extrapolated from N(R,t= 107> days)=N(R,t= 1073 days) using the
analysis of A. The thick line (Eq. (8)) should follow Ny,(R,t) (squares) at this time scale
(10 times greater than the 100 days transition scale, see inset of A) if the model were
correct.

Expectation-Maximization inversion algorithm (Dempster et al.,
1977). Using these probabilities w4p, we can randomly draw
realizations of the causal chain that links every earthquake to a single
parent earthquake: earthquake B will then be a direct aftershock of
earthquake A in wyp realizations of the causal chain, on average. For
each realization of the causal chain, we separate the earthquakes into
clusters of cousins. Repeating this for a great number of chain

@/

Fig. 7. Sketch of the possible relationships between earthquakes. In this example, A and
H initiates two separate groups (clusters). Therefore, earthquake pairs made of
elements belonging to the two groups (i) A,..., G and (ii) H, I, ], are uncorrelated. A is the
parent of B and C, while it is the ancestor of D,..., G. B and C are cousins (they have a
common ancestor, A, as are all the earthquakes of a given cluster (A to G on one side, H, [
and ] on the other side).

realizations, we estimate wup the probability that A and B belong to
the same cluster. This allows to compute N, (R,t) as

Neorr (R, 8) = > Qpp
AB /rap<R&tz—t,<t

as well as the number of directly triggered earthquakes (aftershocks)
Ngig(R,t) function of R and t, as

Nm’g(Rr t) = 2 Wyp
AB /rp<R&tg—ty<t

Fig. 8 compares these two quantities, for t=10"2 and 10? days.
First, Neor(R,t) follows a power law in the 0.2-15 km interval, with an
exponent D very close to the one shown in Fig. 5: D=0.80 compared
to 0.82 for t=10"2days, and D=1.39 compared to 1.56 for
t=102days. For the latter time scale, the uncorrelated seismicity
becomes effective in contributing to the spatial distribution, and the

108 T T T
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Fig. 8. Comparing the temporal evolution of spatial clustering of direct aftershocks and
of correlated earthquakes. Number of pairs of earthquakes separated by less than
distance R, and less than t = 10~2 days (two lower, dashed curves) or t = 10? days (two
upper, continuous curves). Circles: Nyig(R,t). Triangles: Neo(R,t). The best power law fits
for Neor(R,t) in the interval 0.2 km<R<15 km are shown in thick lines, yielding D = 0.80
and D = 1.39 respectively.
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difference in the estimate of D is likely to come from the fact that this
contribution is by definition ignored in N,.(R,t). This shows that (i)
our estimate of N,(R,t) is indeed correct, and (ii) N(R,t) can be well
approximated by N (R;t) at least for t< 100 days, and even to a
relatively good accuracy for t=100 days.

Second, the overall shape of Nyg(R,t) evolves very little with t, and is
clearly not a power law of R in the 0.2-15 km interval. This indicates that
the spatial pattern of direct aftershocks is strongly clustered at short
distances, and that it remains so at all time scales. Therefore, this
suggests that the entire cascade of triggering, and not only direct
triggering of aftershocks, is responsible for the space-time coupling
described in Section 3. This is coherent with the fact that this cascade has
been proposed to be responsible for a significant — although slow —
diffusion of the aftershock distribution (Marsan and Lengliné, 2008;
Helmstetter et al., 2003).

5. Conclusions

Because of mechanical interactions, (earth- or ice-) fracturing
occurrences are correlated together. As a result, the brittle deforma-
tion of the Earth's crust and of the Arctic sea-ice cover exhibits
clustering in space and in time, that can be expressed by power laws
over specific scale intervals. The two ways to analyze deformation
processes, either from a discrete point of view (quakes) or from
continuous fields (SAR or buoy displacements), can be compared to
each other. To do so, a crude but realistic model was developed in
Section 2 to translate the strain-rate dependence of the Artic sea-ice
cover on the scale of observation into an equivalent dependence for
the discrete, lead-induced deformation events.

In both instances, the space-time clustering is characterized by a
significant coupling: the spatial clustering decays (logarithmically
when expressed with the fractal dimension D) with time, while the
temporal clustering decays (also logarithmically) with the size of the
region. This space-time coupling of the scaling dependence of the
deformation is very similar in both cases, and it can therefore be seen
as a rather general feature of two (large) geophysical objects in the
brittle regime, that can be summarized into a unified scaling law.

A common mechanism that can explain the similarity of the space-
time coupling of ice deformation and crustal earthquakes has been
tested in Section 4. We propose that this feature emerges from the
cascade of earth-/ice-event triggering that, for the crust, is known to
extend the influence of earthquakes to longer durations and larger
areas than just their own aftershock sequence. While this type of
cascade process has already been proposed to characterize crustal
earthquakes, we here suggest that it is also at work for the sea-ice
cover. The collective dynamics of brittle (earth- or ice-) events
manifests itself in this non-trivial space-time coupling, which goes
well beyond a simple relaxation from a highly-clustered ‘after-quake’
initial distribution to a denser, hence less clustered, ‘background’
state. As this unified space-time coupled scaling encompasses the
more specific temporal and spatial scaling laws, Egs. (1) to (4) can be
seen also as consequences of this cascading process.
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