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Large earthquakes occurring worldwide have long been recognized to be non Poisson
distributed, so involving some large scale correlation mechanism, which could be internal
or external to the Earth. We have recently demonstrated this observation can be
explained by the correlation of global seismicity with solar activity. We inferred such a
clear correlation, highly statistically significant, analyzing the ISI-GEM catalog
1996-2016, as compared to the Solar and Heliospheric Observatory satellite data,
reporting proton density and proton velocity in the same period. However, some
questions could arise that the internal correlation of global seismicity could be mainly
due to local earthquake clustering, which is a well-recognized process depending on
physical mechanisms of local stress transfer. We then apply, to the ISI-GEM catalog, a
simple and appropriate de-clustering procedure, meant to recognize and eliminate local
clustering. As a result, we again obtain a non poissonian, internally correlated catalog,
which shows the same, high level correlation with the proton density linked to solar
activity. We can hence confirm that global seismicity contains a long-range correlation,
not linked to local clustering processes, which is clearly linked to solar activity. Once we
explain in some details the proposed mechanism for such correlation, we also give
insight on how such mechanism could be used, in a near future, to help in earthquake
forecasting.

Keywords: worldwide earthquakes, solar activity, long range correlation, solar and heliospheric observatory
satellite, proton density

INTRODUCTION

Worldwide seismicity does not follow a Poisson distribution (e.g., Corral, 2005), but the character
and cause of such internal correlation has not been explained till now. Recently, Marchitelli et al.
(2020) found a clear correlation between the global seismicity and the proton density associated to
the solar activity. This finding represents the first evidence allowing to propose an explanation for the
internal correlation among worldwide earthquakes: it can be due to a triggering effect from high
proton density. A mechanism has been proposed for such a triggering effect, in terms of an inverse
piezoelectric effect, which would produce strain/stress pulses in the quartz crystals, abundant on
large faults, as a response to huge current discharges from the ionosphere.
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However, the character and properties of the internal
correlation observed in global seismicity have never been
analyzed before: it is not clear, for instance, if it only depends
from local clustering, which could only be due to the very trivial
and well known physical mechanisms of stress redistribution
(Stein et al., 1992; Troise et al., 1998). In this case, any correlation
found with large scale events (like the solar activity) would
obviously be meaningless.

In this paper, after recalling the main results of Marchitelli
et al. (2020), we first analyze the global earthquake catalog (ISI-
GEM, from 1964 to 2016), by applying to it the most appropriate
and “neutral” de-clustering able to eliminate local clustering.
After such de-clustering procedure, we demonstrate the
presence, in the catalog, of a long range internal correlation,
which still correlates, at a very high statistical significance, with
proton density generated by solar activity.

Once demonstrated the robustness, against any possible bias
due to other local stress interaction effects, of the correlation
between global seismicity and solar activity, we discuss more the
proposed physical mechanism for the triggering effect.

Finally, we discuss how the new evidence could be, in future,
used to improve earthquake forecast.

INTERNAL CORRELATION OF GLOBAL
SEISMICITY

By interpreting the internal correlation of global seismic catalogs,
an important concern would be to investigate the role played by
local, short-range clustering, which mainly depends from well
recognized physical mechanisms of stress interaction (Stein et al.,
1992; Troise et al., 1998). Such an investigation is important, and
at our knowledge never afforded, because it can enlighten if the
internal correlation in the global catalog is due, besides to short
range clustering, also to some long-range clustering which would
be much more interesting to explain, with respect to such trivial
effects of local stress interaction. Although it is almost impossible
to distinguish, among such effects of stress interaction,
foreshocks, main events, aftershocks and background
seismicity (e.g., Bak et al, 2002), all of these effects have a
common, well grounded physically, property to act only
within relatively short distances (comparable to the fault size:
see Wells and Coppersmith, 1994). As a consequence, in order to
eliminate, from the earthquake catalog, such short-range effects,
an appropriate de-clustering method should consider, as
correlated events, all couples which occur within a given
distance (on the order of the largest fault size between the two
events) and within a suitable time window.

So, in order to obtain a declustered catalog we used the ISC-
GEM catalog (Storchak et al., 2013; Storchak et al., 2015; Di
Giacomo et al., 2018) that is complete from M > 6.0 for shallow
events (depth up to 60 km) from early fifties. Epicentral locations
however improve dramatically since 1964. We used therefore the
time interval 1964-2016. In order to de-cluster it, we considered
all the event pairs that were comprised in a time window of
6 months and that were spaced less than twice the fault length of
the larger of the two events, according to the formula for a generic
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earthquake according to Wells and Coppersmith (1994). We
anyway considered a minimum epicentral distance of 160 km,
that is that any two events spaced less then 160 km within a time
interval were anyway considered correlated, not depending from
the fault size. If a pair satisfied this criteria, we discarded the
smaller. Even discarded events were considered however as able
to trigger other events. In this way we ended up with about 60% of
the original earthquakes.

We used two data sets both based on the ISC-GEM catalog
(Storchak et al., 2013).

The first data set, we applied such a de-clustering procedure, is
relative to the shallow (depth < 60km) M > 8.00 events that
occurred since 1905. There are 83 of them. We manually de-
clustered it so to discard even events, located within the mentined
distance, occurring to within 3 years from another one. We
remained with 76 events. Both data sets are available as
Supplementary Material.

The second data set is relative to the shallow (depth < 60 km)
M > 6.00 events that occurred since 1964. The choice of 1964 as
lower bound is due to the fact that epicentral location quality
dramatically increases starting from that date.

Once the new de-clustered catalog was obtained, we checked it
for poissonianity. Then, we applied the algorithm devised by
Harabaglia (2020) to verify poissonianity. This algorithm states
that

AMAt) = —log[SP(At)]/At;

where SP(At;) is the Survival Probability Function at the At; timing
interval. If the data set where truly poissonian, SP(at) = exp (—pat)
(where y is the average value of at), so that A should be constant
over the entire at; data set. This approach is even more powerful
than that devised by Vecchio et al. (2008).

Figure 1 shows A for the de-clustered data set with M > 8.
Inter-event times are normalized to the average value of about
536.5 days. As far as the first six points are concerned, they refer
to earthquake pairs that occurs at distances between 2,375 and
14,091 km with mean of 6,993 km and median of 6,479 km:
hardly aftershocks. This is tantamount to say that long range
(both temporally and spatially) internal correlation do exist.

In Figure 2A we show for each earthquake its relation, in
terms of At vs. Ad, with every single event that follows it, up to the
end of the catalog; that is, we show over 14 x 106 pairs of data.
The left side of Figure 2A is the most interesting. The lower left
corner is the area of foreshocks and aftershocks. The upper left
corner represents the non poissonian distribution that will
survive any de-clustering process. Figure 2B is the equivalent
of Figure 1 for the shallow (depth < 60 km) M > 6.00 data set after
de-clustering according to the method used in appendix. It is
obvious that for at; of 20.000 s or less the non poissonianity is
evident. In Figure 2C we show the Survival Probability Functions
both in terms of at and ad, relatively to the declustered M > 6.00
data set. It is clearly visible that at; spans over more orders of
magnitude with respect to ad;. This means that events are more
clustered in time than in space, so that a kind of long range
interaction, which is not destroyed by the local de-clustering,
exists in the catalog. The obvious consequence of this finding is
that a global process is affecting the seismicity.
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FIGURE 1 | Poisson’s test according to Harabaglia (2020), for the declustered M > 8, depth<60 km worldwide ISC-GEM catalog in the period 1904-2016. The
catalog is normalized. Perfect poissonianity would be represented by an horizontal line.
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ANALYZING THE CORRELATION WITH
SOLAR ACTIVITY

Once we stated the de-clustered seismic catalogs still are non
poissonian, so evidencing a long range correlation among the
worldwide earthquakes we want to specify its origin. Marchitelli
et al. (2020) showed that the whole worldwide seismic catalog
ISC-GEM, with threshold magnitude M > 5.6, is clearly
correlated with the proton density as recorded by the SOHO
(Solar and Helioscopic Observatory) satellite, at a confidence
level as high as 99.999%. Here, we want to check if also the ISC-
GEM catalog, de-clustered as explained in the former
paragraph, is still correlated with the proton density. We
have to consider the period 1996-2016, in order to compare
it with the SOHO proton density data; so, we can use the whole
ISC-GEM catalog (with earthquakes of any depth) down to the
magnitude threshold of completeness M = 5.6. Using such a
catalog, which is exactly the same used by Marchitelli et al.
(2020) for our computations, will make easier the comparison
with previous results.

We then apply the de-clustering method previously described
to this catalog. Such a de-clustered catalog has only 3,241 events,
instead of 6,612 of the original one analyzed by Marchitelli et al.
(2020).

We used the conceptual Molchan (1990) method, as modified
and adapted by Marchitelli et al. (2020) to test the correlation
with the SOHO proton density catalog. We recall here the
method. The procedure has been adapted from the concept of
the Molchan diagram (Molchan, 1990). We start considering a
time window whose length in days is 0.01 of the total catalog: 0.01
X 6,774 = 67.74, rounded to 68 days. We than consider all the
parts of length 68 days in the catalog, by sliding progressively the
68 days windows of 1 day each step, until the 68th day
corresponds to the ending day of the catalog. In this way, we

obtain 6,774 — 68 = 6,706 time windows. For each time window,
we compute if the Event Relative Rate R, for earthquakes
occurring within 24h from the end of a density peak, is
higher or lower than the average number of events per day
computed from the whole catalog (1,322/6,774 = 0.196 events/
day): if it is higher, the prediction outcome is positive, otherwise it
is negative. In case there is, in a given time window, no day
occurring after the end of a density peak, that window is excluded
from the count. On the Y axis, we indicated the fraction of the
sliding time windows with a prediction failure. Then, we repeat
the same procedure and computation for time windows
progressively larger, from a fraction 0.01 to 1 of the total
catalog time duration; for each fractional length of the sliding
window, indicated on the X axis, we report on the Y axis the
fraction of prediction failures. For a totally random outcome, the
fraction of prediction failures is around 0.5; a number
significantly smaller indicates a significant correlation, whereas
a number significantly higher would indicate a significant anti-
correlation.

In Figure 3A we show the results obtained, by the modified
Molchan method applied to the de-clustered catalog, with the best
fitting threshold of 16 counts cm™ for the proton density. We
want to stress that such a best fitting threshold is only slightly
larger than the best one used for the original (non de-clustered)
catalog in Marchitelli et al. (2020). However, how it can be seen
from Figure 3B, which reports the values of the modified
Molchan integral (fraction of prediction failures), the best
fitting value of 16 counts cm™ is another, almost equivalent,
best fitting value also for the original catalog. We see that total
fraction of failures amounts to 10% for the de-clustered catalog (it
is 5.5% for the original catalog), so indicating the correlation is
highly significant. In the next chapter, we will discuss anyway in
more detail the results obtained, with different threshold values,
for the original and the de-clustered catalog.
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FIGURE 2| (A) M > 6, depth<60 km, worldwide ISC-GEM catalog in the period 1964-2016. Each point represents AT vs. AD of every event with respect to all other
earthquakes that occurred after it. There are over 14 x 10 pairs. (B) Poisson’s test as in Figure 1) but relative to the declustered M > 6, depth < 60 km worldwide ISC-
GEM catalog in the period 1964-2016. (C) Survival Probability functions both in time (blue) and in space (red) for the data set of (B). Both temporal and spatial functions
are normalized.
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We have then demonstrated that also cutting from the catalog
the local clustering, a long-range internal correlation remains,
which is still significantly correlated with proton density due to
solar activity.

DISCUSSION AND CONCLUSIONS

Although the non poissonian character of worldwide earthquake
catalogs was a well recognized effect since more than half a

century, we demonstrate here, for the first time in a clear way, that
internal correlation among worldwide earthquakes is dominated
by a long range clustering effect. Such effect is well distinct from
local clustering, which is due to local stress interaction among
the faults.

Once such long range effect has been identified, we have
shown that correlation between solar activity and earthquakes
still holds even for de-clustered data sets, after removing the local
clustering effects. This means that the long range internal
correlation of the worldwide catalog, which has not a simple
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FIGURE 4 | Modified Molchan diagrams (Marchitelli et al., 2020) applied
to the whole original catalog, first half (1996-2006) and second half
(2006-2016), and to the corresponding de-clustered catalogs. Diagrams for
the original catalog and its partitions are marked by continuous lines
(colors are indicated in the figure); diagrams for the corresponding de-
clustered catalogs are indicated by dashed lines (colors indicated in figure).

physical explanation, is certainly linked with proton density
modulated by solar activity. We could also speculate if the
short range clustering, which is generally interpreted in terms
of local stress interaction, would also be affected by proton
density. In principle, there would be no reason to neglect
interaction with solar activity at all scales. In fact, the
correlation inferred by Marchitelli et al. (2020) for the whole,
not de-clustered catalog, ie., including the local clustering,
appears to be even more significant than the results obtained
with the de-clustered catalog. Even the test with the modified
Molchan-like method (Molchan, 1990; Marchitelli et al., 2020)
indicates a total failure integral, for the de-clustered catalog, of
10%, compared with 5% obtained with the original catalog.
This confirms that the proton density effect on seismicity is
significant at all scales, and also adds to the common, local
stress interaction effects, in order to increase short range
clustering. It is important to stress that we hypothesize the
influence of high proton density just represents a triggering
effect, which adds up to the tectonic loading, which is by far the
most important factor for earthquake generation. Such a
triggering effect, able to anticipate earthquakes on faults
already close to tectonic loading (De Natale et al., 2011)
would obviously act at any scale (because there is no reason
to believe the contrary), so being able to affect the foreshock-
mainshock-aftershock sequences also at local scale.
However, besides we were able, by using an appropriate de-
clustering technique, to isolate and put in evidence the long range
internal correlation of the worldwide earthquake catalog, we are
anyway convinced (and the results obtained here, even more clear

Long-Range Clustering and Solar Activity

using the whole catalog, represent a further confirmation) that
any statistical analysis to infer the properties of an earthquake
sequence should avoid de-clustering procedures. As an example,
it is quite obvious that the generation mechanism in case of
multiple events is still poorly understood. For instance in Italy, in
2016, we had 3M > 6 events spaced apart few tenths of
kilometers. The first occurred on August 24th, the second on
October 26th and the third on October 30th. The latter being also
the largest. Does it means that stress transfer induced the three
events in sequence or does it imply that a larger slow process, such
as that envisaged by Michel et al. (2019), was in place? In fact slow
earthquakes have been recognized at least since Jordan (1991)
and Thmlé et al. (1993) but only recently it has been hypothesized
that they could last for months (Michel et al., 2019). Moreover,
Harabaglia (2020) showed that an event occurrence probability
strongly depends on the timing interval of the two events that
preceeded it. This dependence holds even at long timing intervals.
Such an effect is so strong, that it can explain large Italian
earthquakes (M > 6) where the occurrence rate is on the order
of a few tenths per century.

The main reason however we are against declustering is that it
certainly adds a high degree of subjectivity. There is in fact no
commonly accepted method: declustering therefore would make
any statistical finding about the catalog weaker.

We proceed now to discuss how our results correlate with the
well known main cycles of solar activity. Some researchers had
previously claimed the existence of some correlation between
earthquake occurrence and the main period of solar activity,
lasting 11 years (e.g., Mazzarella and Palumbo, 1989). Since our
data catalogs last only 21 years, less than twice the period of
11 years, we could not see anyway such eventual periods.
However, since in our hypothesis the influence of proton
density is only a trigger, which can destabilize faults already
close to a critical loading, what we should note in periods of low
solar activity is just a decrease of correlation with seismicity.
Marchitelli et al. (2020), applying their modified Molchan
method to the original catalog (non declustered) noted in fact
that, for the second half of the catalog (2006-2016),
corresponding to considerably lower solar activity, the
correlation with worldwide seismicity was less marked. Here,
we show in detail the different results obtained, for the original
and the de-clustered catalogs, in the whole period and in the two
half periods (1996-2005 and 2006-2016) characterized by very
different levels of solar activity.

Figure 1 shows the modified Molchan diagrams for the
original and the de-clustered whole catalogs, as well as the
same diagrams applied to the first and second halves of
the original and of the de-clustered catalogs. We used, for
such figure, a common value for the proton density threshold
of 16.0 counts cm™>, which appears to be a closely best fitting
value for all the catalogs (the value of 15.5 counts cm™ used by
Marchitelli et al. for the original catalog gives an almost
equivalent total prediction failure: 0.054 instead of 0.055). The
total prediction failures for the original catalog are 0.05 for both
the total catalog and the first half; whereas it is 0.17 for the second
part, in the period of considerably lower solar activity. For the de-
clustered catalog, the total prediction failure is 0.10 for the total
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catalog, 0.07 for the first half and 0.23 for the second half. These
results confirm the observation that, in periods of lower solar
activity, the correlation between proton density and global
earthquakes is lower.

Once the correlation between solar activity (proton density)
and worldwide seismicity is assessed, as we demonstrate, beyond
any reasonable doubt, what remains is to describe the mechanism
producing such a correlation.

Marchitelli et al. (2020) postulated a mechanism of interaction
involving electric discharges, caused by high electric potentials
induced by large proton density. However, also magnetic effects
(i.e., Duma and Ruzhin, 2003), should be considered, which could
be even more effective for deep earthquakes. We anyway prefer
the electric hypothesis since it would allow for a more extensive
involvement of this rupture mechanism. We think that the
charged particles interact with the magnetosphere and through
a Coulomb effect they alter the electric circuit, which constantly
crosses the entire planet. Since Quartz crystals are by far the most
common elements in the crust, any increment of potential can
cause the Quartz dilatation/contraction (depending from the
current polarity) and favor the rupture nucleation. An inverse
piezoelectric rupture nucleation could in fact occur even in
absence of anomalous solar activity since electric currents flow
throughout the entire planet constantly, as proven by the constant
existence of lightning. This explanation could even allow for a
feed-back mechanism. Recently, Martinelli et al. (2020a);
Martinelli et al. (2020b) conducted a series of laboratory tests
on Quartz crystals. In particular Martinelli et al. (2020b) showed
that stressed Quartz crystals emit radiowaves. This means that
nearby crystals could be in turn deformed and this could lead to a
catastrophic process. Any alteration of the electric potential:
external, due to the solar activity, or internal, caused by
electric currents that flow through the crust, could add to this
process.

Once the most appropriate mechanism will be precisely
assessed for the solar-earthquake interactions, is could likely
represent a powerful element to help in earthquake forecast.
Actually, a large number of methods devoted to earthquake
forecast have been implemented: an extensive review can be
found, for example, in Martinelli (2020), as far as geofluid
precursors are concerned. Among the most promising
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