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Abstract: Mid-plate South America remains one of the least-studied regions of intraplate seismic-
ity. Little is known about the origin and controlling factors that make this area the least seismically
active intraplate region in the world. We analysed the distribution of intraplate seismicity and its
correlation with several geophysical lithospheric parameters in an attempt to establish which
factors might promote or inhibit the occurrence of intraplate earthquakes. We found that above-
average seismicity occurs mostly in Neoproterozoic fold belts, associated with areas having a
positive gravity anomaly, lower elastic thickness, higher heat flow, thinned crust and a negative
S-wave anomaly at 100 km depth (associated with non-cratonic crust). Cratonic areas with a higher
elastic thickness and lower heat flow are associated with low rates of seismicity. Our study suggests
that the most important controlling factors are elastic thickness and heat flow. We propose that
earthquake-prone areas with these favourable conditions correspond to regions of weakened lith-
osphere, where most of the regional lithospheric stresses are supported by the overlying brittle
upper crust. These areas act as local concentrators of the regional compressional stress field,
with the stress build-up then leading to the occurrence of intraplate seismicity.

Supplementary material: contains additional statistics and figures considering different filters for
the used catalogue as a mean of comparison with the figures presented in the main text. They are

available at http: //www.geolsoc.org.uk/SUP18872

Intraplate earthquakes account for only 5% of the
global release of seismic energy, but can generate
vast losses in terms of human lives and resources
(Talwani 2014). For example, the 1556 Shaanxi
(China) earthquake (about magnitude 8) left a
death toll of 830 000 victims (the deadliest earth-
quake on record, including plate boundary earth-
quakes), while, more recently, the 2001 magnitude
7.7 Bhuj (India) earthquake killed >20 000 people.
Mid-plate South America, and, in particular, Bra-
zil, is not exempt from intraplate seismicity that
can cause considerable material damage and panic
among a population not used to these phenomena
(e.g. Chimpliganond et al. 2010; Agurto-Detzel
et al. 2015). The largest registered earthquake in
this area is the 1955 M, 6.2 Porto dos Gatchos
earthquake (Barros er al. 2009), which is at least
one unit of magnitude smaller than the maximum
magnitudes registered in other intraplate regions
of the world (e.g. Schulte & Mooney 2005). This
fact, nonetheless, should be considered cautiously
as earthquake records in South America are very
recent and recurrence periods of large intraplate
earthquakes are between a few hundreds and a few
thousands of years (e.g. Hough 2014). Furthermore,

although intraplate earthquakes are much less fre-
quent than plate boundary earthquakes, seismic
waves are much less attenuated in stable continental
lithosphere than in active areas, causing strong
ground motions at large distances, which increases
the hazard.

An understanding of the causes and controll-
ing factors associated with the occurrence and dis-
tribution of intraplate events has proved to be
much more elusive than an understanding of their
interplate counterparts. In an early effort to explain
the occurrence of intraplate seismicity on a global
scale, Sykes (1978) found that these events tend to
occur along pre-existing zones of weakness within
areas affected by the last major orogenesis. Other
researchers have explored the association of intra-
plate seismicity with rifted crust (e.g. Johnston &
Kanter 1990; Johnston et al. 1994; Schulte &
Mooney 2005), craton edges (e.g. Mooney et al.
2012), rift pillows (e.g. Zoback & Richardson
1996), areas of high heat flow (e.g. Liu & Zoback
1997), lateral density variations (e.g. Stein et al.
1989) and the intersection of faults (Talwani 1999).

Zoback (1992) proposed, at a lithospheric
scale, the existence of a first-order mid-plate
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compressional stress field (St), which is the product
of the main plate tectonic forces, superimposed
locally by a second-order stress field (Sp) associated
with specific geological or tectonic features (such as
lithospheric flexure, lateral strength contrasts and
lateral density contrasts), which often causes a
rotation of the resulting total horizontal stresses.
Analyses of more recent global stress data have
shown that the stress field can have several wave-
lengths ranging from the plate scale to the regional
and local scales (Heidbach et al. 2010). In an
attempt to combine all these findings into a unified
model for intraplate earthquakes, Talwani (2014)
proposed that intraplate seismicity occurs in zones
where certain geological features, called local stress
concentrators, promote the accumulation of local
stresses, such that the interaction of this local stress
field (SL) with the regional tectonic stress field
(ST) may ultimately lead to an earthquake. The main
geological features proposed as local stress concen-
trators lie within rifted crusts and at craton edges.
Few studies have examined the causes and
distribution of intraplate seismicity for mid-plate
South America. Zoback & Richardson (1996) dem-
onstrated that local stresses associated with a rift
pillow located in a failed rift in the Amazonian cra-
ton were large enough to rotate the regional stress
field and produce intraplate seismicity. Assumpgao
(1998) noticed that, in Brazil, passive margins do
not seem to be significantly more active than the
average continental interior. Assumpgdo (1998)
also found that two different patterns of seismic-
ity arise along the Brazilian continental margin:
(1) in the northeastern margin (where the conti-
nental shelf was not extended very much during
Atlantic rifting), seismicity tends to occur onshore;
and (2) in the southeastern margin (where the crust
was highly extended during Atlantic rifting), higher
seismicity occurs offshore in an area of thicker
sedimentary packs. Assumpg¢do et al. (2004) and
Azevedo et al. (2015) found that higher seismic-
ity rates occur in areas with low P-wave velocities
at 150-250 km depth, interpreted as areas with a
shallower asthenosphere and thus a higher geo-
thermal gradient. In these hotter areas, the litho-
spheric upper mantle and lower crust have a
reduced strength, thus concentrating the lithospheric
stresses solely on the brittle upper crust and gener-
ating the observed seismicity. Similarly, Pérez-
Gussinyé et al. (2007) suggested that intraplate seis-
micity in South America is associated with areas of
lower effective elastic thickness and high heat flow
and that the cold cratonic interiors would be strong
enough to inhibit neotectonism. Based on gravity
and stress modelling, Assumpg¢ao & Sacek (2013)
proposed that flexural deformation contributes
significantly to the occurrence of intraplate seismic-
ity in mid-plate South America. Finally, Assumpcao

et al. (2014) associated the occurrence of intraplate
seismicity in Brazil with: (1) areas of non-cratonic
crust; (2) within cratonic edges; (3) areas with flex-
ural stresses resulting from intracrustal loads; (4)
areas near neotectonic faults; and (5) areas within
the passive margin.

Because intraplate events are much less fre-
quent than interplate events, and because intraplate
seismicity occurs in a wide range of geological
environments, a general model explaining the occur-
rence of intraplate seismicity, supported by sta-
tistics and quantitative measures, has not yet been
published. Moreover, a quantifiable homogeneous
methodology that correlates geological or geophys-
ical lithospheric characteristics with the occurrence
of seismicity has not previously been proposed for
intraplate seismicity. Our study continues previous
work (e.g. Assumpcio et al. 2004, 2014), adding
new geological and geophysical variables and a more
homogeneous methodology to correlate these vari-
ables with the distribution of intraplate seismicity.
To that end, we want to understand where and
why seismicity in mid-plate South America tends
to occur more often in relation to the distribution
of certain lithospheric characteristics. We hypothe-
size that the occurrence of intraplate seismicity in
mid-plate South America is influenced by particular
geological or geophysical variables that promote or
inhibit local stress concentrations in certain regions,
thus regulating the rates of seismicity.

Methods

Our study area is defined by the catalogue limit
as shown in Figure 1. It consists of an area of
14.25 x 10°km? (10.95 x 10°km* inland and
3.30 x 10°km? offshore), involving the whole
territory of Brazil and its passive margin and partial
territories of the Guyanas, Venezuela, Bolivia, Par-
aguay, Argentina and Uruguay, which cover most
of the inland portion of mid-plate South America.
From Figure 1, some characteristics of the distri-
bution of seismicity can be noticed: seismicity
occurs over the whole area, but it is clearly not uni-
form and some concentrations are observed particu-
larly in the SE (both onshore and offshore), NE
(mainly onshore, along the coast) and in a long
belt roughly north—south extending from the Ama-
zon fan through central Brazil and then Paraguay.

The catalogue

We built a declustered catalogue, filtered for M > 3,
giving a total of 634 events from 1767 to December
2013. The initial catalogue (1942 events) was
declustered using the window method proposed by
Gardner & Knopoff (1974) with the time—distance
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Fig. 1. (a) Topographic map of study area. SdM, Serra do Mar Mountain Range; and Mtq, Mantiqueira Mountain
Range. The inland lines are political borders between countries. The segmented black line shows the bathymetric
level —2000 m, which indicates the border of the continental shelf. (b) Declustered catalogue with epicentres M > 3

(634 events).

windows proposed by Uhrhammer (1986). After
declustering, 559 events were left out. We then
filtered out events with M < 3 and depths >45 km,
leaving a final catalogue with 634 events (Fig. 1).
With this selection, we avoided considering recur-
rent sequences of foreshocks/after-shocks, deep
non-intraplate events in the Peru—Brazil border
and small events related to mining activities.

The catalogue is based on data from the Brazil-
ian Seismic Bulletin (www.moho.iag.usp.br/por
tal /events#catalog), which, in turn, is based on
the compilation by Berrocal et al. (1984), comple-
mented since 1982 by the universities of Sdo
Paulo, Brasilia and Rio Grande do Norte, and the
Technological Research Institute of the state of
Sao Paulo. Unfortunately, most events in our data-
base do not have reliable depths and therefore we
did not perform any analysis regarding the distribu-
tion in depth of the seismicity. However, previous
studies indicate that intraplate seismicity in Brazil
occurs at shallow crustal depths, mostly <10 km
(e.g. Berrocal et al. 1984; Assumpgao et al. 2014).
Magnitudes vary between 3 and 6.2. The adopted
magnitude scales (both equivalent to each other)
are the 1-s P-wave teleseismic M, (mostly used
for events M > 4.5) and the regional magnitude
Mg developed by Assumpcdo (1983), which uses
the maximum P-wave particle velocity in the period
range 0.1-1.0 s for events recorded between 200
and 2000 km. A detailed explanation on the adopted
magnitude scales and magnitude completeness has
been given by Assumpgdo et al. (2014).

Data processing

To analyse the distribution of seismicity in relation
to the distribution of geological and geophysical

variables, we used the method proposed by Hauks-
son (2011) applied to seismicity in California
and also implemented by Agurto et al. (2012) to
study the distribution of after-shocks of the 2010
M,, = 8.8 Chile earthquake. We present a set of
three plots (Figs 2—10) for each geological or geo-
physical variable showing: (1) a map of the distribu-
tions of both the variable and the seismicity; (2)
a histogram showing the normalized frequency
percentage distributions of both the variable (histo-
gram bars) and the seismicity (stepped line in
histogram); and (3) a histogram showing the cumu-
lative distribution of seismicity per bin of variable
(stepped line in histogram) and the corresponding
ratio Ry,

For each of the geological or geophysical vari-
ables, we first analysed its areal distribution by sam-
pling the total area in cells of 0.1°, which correspond
to the approximate average horizontal error of the
events in our catalogue. We then counted the fre-
quency of occurrence of cells for each of the consid-
ered variable ranges. For example, for the variable
‘topography’ (e.g. Fig. 4), we considered ranges or
bins of 200 m each. For the first bin (0—200 m),
we counted the frequency of occurrence of cells
with topography in that range and normalized it
with respect to the total number of cells. In this
case, the range 0-200 m accounts for 47% of
the total number of cells (i.e. 47% of the continen-
tal part of the catalogue area shown in Fig. 1). We
then determined the value of the geophysical vari-
able at each of the epicentres by bi-cubic inter-
polation (Wessel & Smith 1998) and calculated
the normalized distribution of events occurring
within each one of the parameter bins. In our exam-
ple, the normalized frequency of events for the
range 0—-200 m is 35%. If a random distribution
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of events was observed, the frequency of seismic-
ity would match that of the areal distribution of
the variable for that given range. Thus we looked
for patterns of seismicity that differed from the
‘expected’ number of earthquakes.
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Finally, we defined and calculated for each bin
a ratio R, = (Eg/Eg)/(Vr/Vr), where Eg is the
number of events occurring within that bin, Et is
the total number of events, Vi is the number of
cells with that parameter value within that bin and
Vr is the total number of cells. Thus a value of
Ry, > 1 indicates that seismicity occurs more often
than expected (above the average) and Ry, <1 indi-
cates seismicity below the average. A value of
Ry, ~ 1 suggests that the seismicity occurs as often
as the variable (as in a random distribution of earth-
quakes) and therefore no correlation exists. By using
this approach, we ensured a homogeneous and quan-
tifiable assessment of the normalized distributions
of both the seismicity and the geological or geo-
physical variable frequencies. The use of the ratio
R, provides a quantitative measure of the occur-
rence of seismicity regarding the distribution of
the variable.

Results
Geotectonic provinces

To investigate the possible correlations between
seismicity and geotectonic setting, we divided the
continental (inland) portion of our study area into
three major geotectonic provinces: (1) Phanerozoic
basins; (2) Neoproterozoic belts; and (3) cratonic
areas (Fig. 2). These cratonic areas (e.g. the Amazon
and Sdo Francisco cratons) were stable platforms
during the Brasiliano orogeny (740—-580 Ma). For
simplicity, we only considered those major geotec-
tonic provinces broadly accepted in the literature
(e.g. Brito Neves 2002; Assumpg¢ao et al. 2014).
The normalized areal distribution of each province
shows a dominance of Phanerozoic basins (52% of
the total continental area), followed by cratonic
areas (34%) and fold belt provinces, which only
cover 14% of the area. Despite the low distribution
of fold belts, 48% of the normalized seismicity
occurs in this province, which is reflected in the
ratio Ry, = 3.4. The distribution of seismicity for
the other two provinces (basins and cratons) is
equally proportional to their areal distributions

Fig. 2. Distribution of seismicity versus geotectonic
province. (a) Map showing earthquakes and tectonic
features. GS, Guyana Shield; CBS, Central Brazil Shield;
SFC, Sao Francisco Craton; AM, Amazonian Basin; PB,
Parnaiba Basin; PC, Parecis Basin; PT, Pantanal Basin;
CH, Chaco Basin; PR, Parana Basin; BP, Borborema
Province; TP, Tocantins Province; MP, Mantiqueira
Province; and TBL, Transbrasiliano Lineament. (b)
Histogram of frequency of seismicity and areal
distribution of the geotectonic provinces. (¢) histogram
of cumulative distribution of seismicity and ratio Ry,.
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with a ratio R, ~ 0.6. Thus the seismicity in mid-
plate South America clearly correlates with the
geotectonic environment in which it occurs, with
seismicity occurring in Neoproterozoic fold belts
3.4 times more often than expected for a random dis-
tribution. No clear difference was observed in
the seismicity rate for Phanerozoic basins and old
cratonic areas, where it was around half the rate
expected from a random distribution.

Non-rifted interior versus passive margin

A spatial association between intraplate earthquakes
and rifted crust has been suggested by several
researchers (e.g. Sykes 1978; Johnston & Kanter
1990). Schulte & Mooney (2005) found that, world-
wide, 52% of intraplate earthquakes of magnitude
>4.5 occur in rifted crust, with passive margins
(rifted continental margins) accounting for 25%.
These researchers also found that earthquakes
occurring in rifted crust account for 90% of the
energy released by intraplate earthquakes. This is
highly significant given that the area of non-rifted
crust in stable continental interiors is several times
larger than the area of rifted margins. We wanted
to test whether this association holds true in the
case of mid-plate South America.

We separated our study area into regions of
continental interior (non-rifted interior) and pas-
sive margin (rifted continental margin; Fig. 3).
We defined passive margins as the area contained
between the coastline and the oceanic—continental
crust limit (see Assumpg¢do et al. 2014 for an
extended explanation). The continental interior
accounts for 87% of the total area, whereas the
passive margin represents the remaining 13%. Of
the 632 earthquakes occurring within the total area
(i.e. passive margin plus continental interior), 547
(87%) occurred within the continental interior
and 85 (13%) within the passive margin area. This
relationship indicates that, for mid-plate South
America, there is no preference for seismicity
occurring in rifted crust (continental margin) versus
non-rifted crust (continental interior). If we con-
sider the whole catalogue of events M > 3 and the
unified catalogue, a similar relation is found.

Topography

We only considered the continental area for the
topographic analysis as the low frequency and wide
range of offshore topography bins might have
masked the real distributions inland. In any case,
the observed characteristics are similar if we
consider the whole area (inland + offshore). For
this analysis, we used the global topography grid
ETOPO1 (Amante & Eakins 2009) with a resolu-
tion of 1 arc-minute. The lowest and highest
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topographic values are —100 and 2385 m, respec-
tively, with an average altitude of 297 m for the
inland area considered. Higher topography is
observed in the eastern part of Brazil, along the
Mantiqueira and Serra do Mar mountain ranges
(Figs la & 4a), whereas the lowest values are
found in the coastline and around the Amazonian
basin. The frequency distribution of the topographic
values constantly decays towards higher values,
with almost 50% of the nodes presenting values
<200m (Fig. 4b). The seismicity distribution
tends to follow the topography distribution, indi-
cating that this variable would not critically affect
the occurrence of seismicity. Nevertheless, higher
ratios of up to R, = 2.2 are observed for the bins
between 600 and 1400 m. The lowest seismicity
rate is observed for the range 0—200 m, with 35%
of the earthquakes and a ratio R, = 0.75. The
lower than expected occurrence of seismicity in the
range 0—200 m is highly significant with a proba-
bility p(quakes < 35%) = 1.9 x 10 %, whereas the
higher rates of seismicity observed in the range
600—-1200 m are also statistically significant with
p(quakes > X%) < 0.05. In conclusion, a higher
than average seismicity rate (about two times) is
observed for higher values of topography between
600 and 1200 m and lower seismicity than expected
is observed for the lower range 0—200 m. For the
range 200—600 m, the seismicity rate is not signif-
icantly different from that expected and therefore
the topography might not control decisively the
occurrence of earthquakes in this topographic range.

Gravity anomaly

Residual gravity anomalies reflect the distribu-
tion of lateral density variations within the crust.
We used the satellite-derived European Space
Agency’s Gravity Field and Steady-state Ocean Cir-
culation Explorer free air gravity anomaly model
to test whether variations in crustal density have
an impact on the distribution of intraplate seis-
micity in mid-plate South America (Fig. 5). The
histogram of gravity anomalies shows a normal dis-
tribution with extreme values of —74 and 79 mGal
and an average value of —2 mGal. Negative anom-
alies are found mainly offshore (just off the conti-
nental shelf) and in the Parana and Parnaiba
basins. Positive anomalies are found in the west,
closer to the Andes and along the Transbrasiliano
Lineament (TBL). Most of the seismicity is concen-
trated in areas of positive gravity anomaly: 57% of
the total events occur within positive anomalies
and the remaining 43% in areas with negative grav-
ity anomalies. Furthermore, 79% of the seismic-
ity occurs in areas with a gravity anomaly greater
than —10 mGal, although this gravity range
involves only 61% of the total area. Accordingly,
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ratios of R, <1 are observed for areas with a gravity
anomaly less than —10 mGal, whereas Ry, > 1 ratios
are found in areas with anomalies between —10
and 40 mGal (Fig. 5¢). In conclusion, it seems that
higher than average seismicity mostly occurs in
areas of average (close to 0) and positive (greater
than —10 mGal) anomalies, some of them related
to the regions of Neoproterozoic fold belts described
in this paper, such as the TBL and Tocantins prov-
ince. On the other hand, areas with high negative
gravity anomalies, such as the Parana and Parnaiba
basins and the Guyana craton, tend to have below
average seismicity.

Elastic thickness

The flexural rigidity or effective elastic thickness,
T., is commonly used to characterize the state of
mechanical strength of the lithosphere. Pérez-
Gussinyé€ et al. (2007) found that intraplate seismic-
ity in South America tends to occur more often
in areas with lower values of T, implying that cra-
tonic interiors (with higher values of T,) are strong
enough to inhibit tectonism, and that intraplate
deformation tends to occur within thin, hot and
hence weak lithosphere. Here we revisit these find-
ings, expanding the earthquake catalogue and using
a new T, database. The new T, grid (Pérez-
Gussinyé, pers. comm. 2014) was built by combin-
ing windows of 400 x 400, 600 x 600 and
800 x 800 km? (Pérez-Gussinyé et al. 2009a, b) to
obtain a unified grid with a resolution of 0.5°.

The map of T, (Fig. 6a) shows that 42% of the
total area corresponds to cells with 7, > 100 km,
mainly located in the interior of the continent.
Low values of T, are found along the continental
edge and in the oceanic crust. Noteworthy is the
presence of intermediate 7, values (30-70 km)
near the Tocantins Province (and beneath the Parana
Basin) in the centre of our study area. The distribu-
tion of seismicity tends to follow that of the T, i.e.
the ratios R, are close to one for the different
T, bins, except for T, < 30 km and 7, > 100 km
(Fig. 6b, ). It appears that above-average seismicity
occurs in areas with low T, (<30 km), such as near
the coast in northern Brazil and in the southeastern
offshore area. The highest ratio (R, ~ 3.9) is found
for the T, range 0—10 km and is mostly due to the
high seismicity occurring in one particular area of
the Borborema Province (NE tip of Brazil). The
lowest ratio (R, = 0.65) is found for very large val-
ues of T, (T, > 100 km, such as in the Amazonian
craton), indicating that zones with a thicker T,
tend to have lower seismicity rates. For this bin
(T, > 100), the expected number of earthquakes
for a random distribution would be 266 (42% of
the total 634 quakes), but instead we only observed
174 (27.4%), which is highly significant with a
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probability p (quakes < 174) = 1.9 x 107", Sim-
ilarly, for the bins 7, < 30km the difference
between the expected and observed number of
earthquakes is statistically significant (p < 0.05). In
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summary, it appears that effective elastic thickness
is an important variable in determining the occur-
rence of intraplate seismicity. Areas with lower
elastic thickness, T, < 30 km, tend to have higher
seismicity rates (R, ~ 1.4), whereas areas with
high 7. values (7. > 100 km) present lower seis-
micity rates (R, = 0.65).

Heat flow

Heat flow measurements reflect the thermal state
of the lithosphere. For example, old cratonic areas
present low heat flow, whereas newer oceanic
crust presents higher than average heat flow. Liu
& Zoback (1997) proposed that intraplate seismicity
is associated with areas of elevated temperature at
depth, in which plate-driving forces are largely sup-
ported by the upper crust because the lower crust
and upper mantle are relatively weak. We wanted
to test whether seismicity in mid-plate South Amer-
ica shows any correlation with heat flow data.
We hypothesized that lower than average seismicity
occurs in cold cratonic areas, whereas seismicity
tends to concentrate in areas of higher heat flow.
We used the world heat flow database published
by Davies (2013), which contains heat flow cells
of 2 x 2°. The heat flow data for South America
used by Davies (2013) is largely based on the com-
pilation by Hamza et al. (2005), which, unfortu-
nately, has a very sparse distribution in Brazil.
Figure 7 shows the distribution of heat flow values
and seismicity in our study area. In general, mid-
plate South America presents low temperatures,
with an average of 60 mW m ™2 in the continental
area. Despite the low resolution of the grid, it is
possible to individualize areas of low heat flow,
such as the Amazon craton in the north, and others
of higher heat flow, such as in the continental mar-
gin. Around 97% of the area presents heat flow
values <80 mW mfz, with >75% of the area show-
ing values between 50 and 70 mW m 2. Despite
this prevalence of values <80 mW m 2 97% of
the area), the distribution of seismicity shows the
occurrence of only 76% of seismicity in cells with
heat flow values in this range. In particular, the
heat flow bin 60—70 mW m 2, which occupies
almost 50% of the study area, contains only 40%
of the normalized seismicity. Accordingly, the

Fig. 6. Distribution of seismicity versus effective elastic
thickness. (a) Map showing earthquakes over elastic
thickness grid. The geotectonic provinces of Figure 2 are
delineated in white. (b) Histogram of frequency of
seismicity (stepped line) and areal distribution of each
bin of elastic thickness values (bars). (¢) Histogram of
cumulative distribution of seismicity (stepped line) and
ratio Ry,.
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Fig. 7. Distribution of seismicity versus heat flow.

(a) Map showing earthquakes over heat flow grid. The
geotectonic provinces of Figure 2 are delineated in white.
(b) Histogram of frequency of seismicity (stepped line)
and areal distribution of each bin of heat flow values
(bars). (¢) Histogram of cumulative distribution of
seismicity (stepped line) and ratio Ry,

ratio of seismicity to heat flow is much higher
than 1.0 (seismicity well above average) for the
range 80—100 mW m ™2 and particularly low (seis-
micity below average) for the heat flow bin
40-50 mW m™~ 2. Tn conclusion, seismicity tends
to occur at above-average frequencies in areas
with heat flow >80 mW m ™2 and less frequently in
areas of low heat flow, such as cold cratonic areas.

Crustal thickness

Using Moho depth constraints, we wanted to test
whether the occurrence of seismicity shows any cor-
relation with crustal thickness. The grid of crustal
thickness used was Model A of Assumpcio et al.
(2013a) based on receiver functions and seismic
refraction lines (Fig. 8). The deeper Moho depths
are found within the Guyana and Central Brazil
shields, the Sao Francisco craton and to the SW of
this craton in the Parand Basin. Moho depths shal-
lower than 35 km are found in the central part of
the study area around the TBL and near the conti-
nental border, whereas the shallowest values occur
within the oceanic crust. The extreme crustal thick-
ness values found within our study area are 10 and
50 km, with a mean of 34 km (extreme values of
24 and 50 km with a mean of 38.5 km for the inland
portion). Most of the area (67%) presents a crustal
thickness between 35 and 45 km, but this range con-
tains only 59% of the seismicity. For this range (35—
45 km), the observed seismicity is significantly
lower than that expected for a random distribution
of earthquakes. On the other hand, seismicity rates
well above average are found for the crustal thick-
ness range 25—35 km, which corresponds to thinned
continental crust near the margin and stretched con-
tinental crust beneath the continental shelf. The low-
est rates are observed for areas with a Moho depth
shallower than 20 km (i.e. mainly oceanic areas);
areas with Moho depths between 35 and 45 km
also present slightly lower than average seismicity
rates (Rp ~ 0.9). In conclusion, inland seismicity
tends to occur more frequently than expected in
areas of thinned continental crust with Moho depths
shallower than 35 km. A lower seismicity rate is
observed in areas with deeper Moho (thicker
crust), in particular for the range 35—45 km, which
covers most of the inland area.

Lithospheric S-wave velocity anomaly
(cratonic versus non-cratonic lithosphere)

Using the shear-wave velocity perturbation (8Vs)
at a depth of 175 km, Mooney et al. (2012) defined
areas of cratonic and non-cratonic lithosphere
worldwide and found that intraplate seismicity
with magnitudes >4.5 tends to concentrate at
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Fig. 8. Distribution of seismicity versus crustal
thickness. (a) Map showing earthquakes over crustal
thickness grid. The geotectonic provinces of Figure 2 are
delineated in white. (b) Histogram of frequency of
seismicity (stepped line) and areal distribution of

each bin of crustal thickness values (bars). (¢) Histogram
of cumulative distribution of seismicity (stepped line)
and ratio Ry,

cratonic edges and that cold, stable cratonic inte-
riors (8Vs > 3.5%) have significantly fewer earth-
quakes. To test this hypothesis for mid-plate South
America, we analysed the distribution of seismic-
ity versus the S-wave anomaly data obtained from
a joint inversion of surface waves and receiver
functions (Assumpgdo et al. 2013a; Fig. 9). The
S-wave velocity anomalies were measured with
respect to a reference model (in this case, IASP91)
and are interpreted in terms of cratonic and non-
cratonic lithosphere. For our study area, the Vg
values range from —7 to 7% with an average of
1% &Vg anomaly. Zones of high S-wave anomaly
(8Vg > 5%) are found in the cratonic areas such
as the Guyana and Central Brazil shields, with
another high S-wave anomaly to the south and SW
of the Sdo Francisco craton. Negative S-wave anom-
alies are found in the oceanic area, near the con-
tinental margin and beneath the Chaco Basin
(northern Argentina and Paraguay) and the Panta-
nal Basin in central-west Brazil. The distribution
of seismicity shows, in general, a higher frequency
of events in regions with negative anomalies (dVg
less than —1%), accounting for 44% of the total seis-
micity and a higher than average seismicity in areas
with 8Vg between 3 and 5%, accounting for 26% of
the seismicity. The maximum ratio R}, (seismicity/
S-wave anomaly) is found for the 3Vg range —6 to
—5% (R, = 3.5), although this has to be considered
with caution given that regions within this Vg range
only account 1% of the total area. On the other hand,
regions with average S-wave velocity anomalies
(—1 to 3%) present the lowest seismicity rates,
with the ratio R, ~ 0.55, and account for only 26%
of the total seismicity despite covering 45% of the
total area. Regions with anomalies 8Vg > 5% also
present low levels of seismicity (Rp ~ 0.7). In sum-
mary, areas with average 8Vs (—1 to 3%) and high
8Vs > 5% tend to have low rates of seismicity,
whereas areas with negative anomalies dVg less
than — 1% show higher than average levels of seis-
micity. The occurrence of higher than average seis-
micity in the 8Vg range 3—-5% probably reflects
the cratonic edge effect found by Mooney et al.
(2012) and confirms the initial findings of Assump-
¢do et al. (2014).

Crustal average V,/V ratio

We created a new map of average crustal V,/V;
ratios for the continental part of our study area
based on the integration of several published data-
sets (e.g. Bianchi 2008; Assumpgdo et al. 2013b
and references cited therein; Fig. 10). Each reported
value was averaged when corresponding to a
repeated station and the final map was produced
by interpolation of the median values gridded
every 2 x 2°. Extreme values (<1.68, >1.82)
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were removed before computation of the grid, as
well as points with a discrepancy >0.5. We observe
V,,/ Vs values between 1.69 and 1.82, with a mean of
1.73 for the total area. Low V,/V, values are
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observed in the interior of the continent, mostly in
cratonic areas, whereas the higher values are closer
to the coast. The seismicity mostly concentrates at
average values between 1.71 and 1.75 (71% of the
seismicity). For this range, higher than average seis-
micity is observed with ratios Ry, between 1.0 and
1.5. The seismicity rate decreases towards the
extremes, following the distribution of the variable.
Thus V,,/V; ratios do not seem to exert a major influ-
ence on the occurrence of seismicity, with 56% of
the seismicity occurring for values below the gene-
ral average (1.69—1.73) and 44% occurring in the
upper range (1.73-1.83).

Discussion

The following analyses were performed only for
the continental region (see Fig. 2) as this area pre-
sents more accuracy on the sampled parameters
and can be divided into the three geotectonic prov-
inces considered. Also, including offshore data for
analysis of the correlation between variables artifi-
cially increases the degree of correlation between
variables given that most of the crustal parameters
exhibit first-order differences between onshore and
offshore values.

Geotectonic provinces

As expected, a clear dependency exists between
seismicity and the geotectonic environment. A
variance analysis of the average number of earth-
quakes per sampled node (0.5°) shows that the
seismicity in fold belts is significantly different
(higher) than the seismicity in the other two areas
(p < 0.05). Thus Neoproterozoic fold belts present
higher tectonic activity — in this case, 3.4 times
higher than expected for a random distribution
of earthquakes (see Fig. 2). On the other hand, the
Phanerozoic basins and cratonic areas present simi-
lar lower rates of seismicity, around half that
expected for their respective areas.

Once it had been established that fold belts pre-
sent significantly more seismicity than the other two
geotectonic provinces, we wanted to explore which
geophysical parameters characterized each province
and whether these parameters could explain the
observed distribution of seismicity. Table 1 gives

Fig. 9. Distribution of seismicity versus S-wave
anomaly at 100 km depth. (a) Map showing earthquakes
over S-wave anomaly grid. The geotectonic provinces of
Figure 2 are delineated in white. (b) Histogram of
frequency of seismicity (stepped line) and areal
distribution of each bin of S-wave anomaly values (bars).
(c) Histogram of cumulative distribution of seismicity
(stepped line) and ratio Ry,.
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Fig. 10. Distribution of seismicity versus crustal
average V,/V; ratios. (a) Map showing earthquakes over
V,,/ Vs grid. The geotectonic provinces of Figure 2 are
delineated in white. (b) Histogram of frequency of
seismicity (stepped line) and areal distribution of

each bin of V,,/V; values (bars). (¢) Histogram of
cumulative distribution of seismicity (stepped line) and
ratio Ry,.

the descriptive statistics for each geophysical vari-
able for the three geotectonic provinces. In com-
parison with the Phanerozoic basins and cratonic
areas, the Neoproterozoic fold belts are distinctively
characterized by: (1) higher values of topography,
heat flow and V,/V; ratios; (2) lower values of
elastic thickness, crustal thickness and S-wave
anomaly; and (3) lower (closer to 0) free air gravity
anomalies.

Another way of visualizing these differences
is shown in Figure 11, which presents the value of
each considered geophysical parameter at the posi-
tion of each one of the 547 inland earthquakes.
Each line therefore represents an earthquake col-
oured according to the geotectonic province in
which it occurs. It seems that earthquakes that
occur in fold belts (green lines) tend to concentrate
at lower values of T, and crustal thickness and at
higher values of heat flow. Earthquakes in cratonic
areas (blue lines) concentrate, for example, at high
values of S-wave anomalies and present the highest
crustal thickness values. The most dispersed param-
eters appear to be topography and gravity anomaly,
for which earthquakes of the three geotectonic prov-
inces seem to occur at all values. Thus the higher
rates of seismicity observed in fold belts could be
explained by the crustal parameters that character-
ize this geotectonic province. In this sense, earth-
quakes would preferentially occur in areas with
higher topography, heat flow and V,,/V; ratios, and
in areas with a lower elastic thickness, crustal thick-
ness and S-wave anomaly.

Correlations between crustal parameters and
earthquake occurrence

To better understand the relationships between
each of the geophysical parameters and the occur-
rence of seismicity, we calculated their respec-
tive correlation coefficients. We sampled our study
area in cells of 0.5° and calculated the values of
each geophysical parameter, including the number
of earthquakes, in each cell. The results are shown
in Table 2. Larger correlations are observed for
crustal thickness with S-wave anomaly (0.48) and
with elastic thickness (0.32); and for S-wave anom-
aly with heat flow (—0.38), with elastic thickness
(0.36) and with gravity anomaly (—0.33). The rela-
tions among these variables can be explained as
follows: a thicker crust, such as in cratonic areas,
presents a high S-wave anomaly (cratonic roots), a
higher effective elastic thickness and a low heat
flow (older, thus colder lithosphere). Another inter-
esting correlation is observed between S-wave
anomalies and V,/V; ratios (—0.28), which can
be interpreted in terms of Archean cratonic areas
(which present high positive S-wave anomalies)
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Table 1. Median, mean and standard deviation (SD) values of the sampled geophysical parameters for each

geotectonic province

Basins

Fold belts Cratons

Median Mean

SD  Median Mean

SD  Median Mean SD

Topography (m) 155 237 215
Gravity anomaly (mGal) 3.46 2.02 2043
Elastic thickness (7;) (km)* 101.0 90.4 18.3
Heat flow (mW m~2) 61.4 60.4 10.4
Crustal thickness (km) 38.1 38.4 3.0
S-wave (%) 1.92 1.70 2.33
Vo/ Vs 1.732  1.733  0.024

369 444 321 241 324 254
2.60 0.60 20.18 -394 -—2.82 2091
62.6 63.1 309 101.0 86.2 22.5
61.8 67.0 21.0 58.1 56.1 8.2
375 36.8 3.6 39.2 39.3 2.7
0.68 0.73 2.33 2.89 2.92 1.87
1.742  1.744 0.026 1.722 1.723 0.018

*Elastic thickness with values >100 km were fixed to 101 km.

being composed of a more felsic crust that lacks
a mafic underplated lower crust (i.e. without a high-
velocity mafic basal layer; e.g. Durrheim & Mooney
1994) and therefore presenting lower V,/V; ratios
(see Fig. 10).

Regarding those variables that correlate better
with earthquake occurrence, we observed that the
maximum correlation occurs with 7, (—0.14), indi-
cating, once again, that higher seismicity occurs in
areas with a lower elastic thickness. For the rest of
the variables, we see that seismicity is associated
with higher heat flow (0.10), thinner crust (—0.09)
and S-wave anomalies (—0.07). On a second order
of correlation, we see that earthquake occurrence

62 1289.59 471

is related to higher topography (0.05) and gravity
values (0.05), whereas V,,/V; ratios seem to have a
much weaker relation (0.01).

To explore the ranges of values of each geo-
physical parameter at which most earthquakes
occur, we calculated the mean, median and stan-
dard deviation of the geophysical variables at each
inland earthquake and for the inland area in gen-
eral (Table 3). We observed that there are clear
differences between the average values of each
parameter measured for earthquakes and for the
area. For example, inland earthquakes tend to occur
in regions with higher topography and a higher
positive gravity anomaly than the average height

167 49.5 6.25 178
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Fig. 11. Sampled geophysical parameters for inland earthquakes. Each earthquake is represented by a line coloured
according to its geotectonic province. See text for further explanation.
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s and sampled variables in inland areas

No. of Topography  Gravity T, Heat Crustal ~ S-wave V,/Vj
earthquakes anomaly flow thickness

No. of earthquakes 1.00 0.05 005 —0.14 0.10 —0.09 —0.07 0.01
Topography 0.05 1.00 001 —0.17 0.02 0.21 0.01  0.07
Gravity anomaly 0.05 0.01 1.00  —0.06 0.20 —0.19 —-0.33 —0.09
T. —0.14 —0.17 —0.06 1.00 —0.18 0.32 0.36 —0.09
Heat flow 0.10 0.02 020 —0.18 1.00 —0.31 —-0.38 0.09
Crustal thickness —0.09 0.21 -0.19 032 —-0.31 1.00 048 —0.12
S-wave —0.07 0.01 -0.33 0.36 —0.38 0.48 1.00 —0.28
Vo/ Vs 0.01 0.07 —-0.09 —-0.09 0.09 —0.12 —-028 1.00

Values in bold indicate higher correlations (see text).

and gravity anomaly of the inland area, respectively.
Further, earthquakes tend to occur more often where
the elastic thickness is lower, the heat flow is higher
and the crustal thickness is thinner than their res-
pective averages for the inland area. Lastly, the
mean and median values of the S-wave anomaly
measured for earthquakes indicate that earthquakes
tend to occur in regions with lower S-wave anomaly,
whereas no noticeable difference is observed in
terms of preference for certain values of V,/V
ratios.

The higher rates of seismicity in Neprotero-
zoic fold belts are statistically significant and can
be explained as the lithosphere of stable cratonic
areas tending to be strong enough to inhibit neotec-
tonic activity, whereas fold belts are more likely
to have zones of weakness where earthquakes
occur in inherited structures. Accordingly, a set
of geophysical parameters that characterize these
areas of higher seismicity also delineates the most
crucial parameters in terms of influence on the
occurrence of earthquakes. In mid-plate South
America, and relative to the average geophysical
values of the sampled area, earthquakes tend to
occur in areas with higher topography, positive
gravity anomalies, lower elastic thickness, higher

heat flow values, thinner crust and negative S-wave
anomaly values.

Although higher than average levels of seismic-
ity seem to occur in areas with higher topography
(>600 m), the low correlation coefficient between
earthquake occurrence and topography (0.05) dis-
cards this variable as an important controlling fac-
tor. Recent thermochronological studies have
indicated that there is a relationship between topog-
raphy and neotectonics in SE Brazil (e.g. Cogné
et al. 2012). However, the relationship between
topography and tectonic activity is poorly known
in mid-plate South America and further studies are
needed to address this issue.

The higher than average seismicity found for
positive gravity anomalies can be explained as
a consequence of the superposition of regional
stresses with local flexural stresses, as suggested
by Assumpcdo & Sacek (2013) for central Brazil.
Similarly, the occurrence of higher rates of seis-
micity in areas with lower elastic thickness and
higher heat flow indicate an analogous process of
local stress concentration. These areas correspond
to regions with a hot and weak upper mantle
lid (thinned lithosphere), where the lithospheric
stresses are supported mainly by the strong, brittle

Table 3. Median, mean and standard deviation (SD) values for each geophysical parameter for inland

earthquakes (Q) and inland study area (A)

Inland earthquakes (547)

Inland study area

Median Q Mean Q SD Q Median A Mean A SD A
Topography (m) 312 387 304 213 297 257
Gravity anomaly (mGal) 7.6 6.23 18.23 0.87 0.23 20.49
T, (km)* 71.8 65.3 35.0 101.0 85.0 23.9
Heat flow (mW m ™~ 2) 62.7 67.7 15.6 60.6 60.0 12.1
Crustal thickness (km) 37.6 36.9 4.1 38.5 38.5 3.1
S-wave (%) 1.11 0.92 2.88 2.17 1.96 2.32
Vo/ Vs 1.728 1.733 0.019 1.726 1.732 0.024

*Elastic thickness with values over 100 km were fixed to 101 km.
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upper crust. Thus a local disturbance and concen-
tration of the regional compressional stress field
occurs, eventually leading to an earthquake. To
summarize, stress concentration in the upper crust
can be due to: (1) a weak and thinned lithosphere
(shallow asthenosphere) characterized by low
elastic thickness, high heat flow values and low
S-wave anomalies; and/or (2) flexural stresses
caused by crustal loads in areas of thin crust (high
positive free air gravity anomalies) and low elastic
thickness. On the other hand, a thicker, cold and
therefore stronger crust, such as in cratonic areas,
presents significantly lower levels of seismicity.
This is particularly reflected by the lower than
average levels of seismicity observed in areas
with high elastic thickness (7, > 100 km), low
heat flow (<70 mW m~?) and high S-wave anom-
aly (>5%).

Consequently, we have found that there are cer-
tain geophysical variables that seem to exert a major
influence on the occurrence of seismicity, whereas
others have a lesser or no impact. The variables
that appear not to have any impact are rifted versus
non-rifted crust and V,,/V; ratios. All the other var-
iables show certain ranges of values that seem to
promote (or inhibit) the occurrence of earthquakes.
In this sense, the geotectonic province is the vari-
able that shows the most evident correlation with
seismicity.

Some earlier studies (e.g. Johnston & Kanter
1990; Johnston et al. 1994; Schulte & Mooney
2005; Assumpcao et al. 2014) have suggested that
there is a preference for intraplate earthquakes to
occur in regions of rifted crust — in particular, pas-
sive margins —compared with non-rifted regions.
We observed that this does not hold true for Brazil,
where we found the same number of expected
events for rifted (continental shelf) and non-rifted
crustal regions according to their respective areas
(Fig. 3). Assumpcao (1998) made a similar observa-
tion by comparing qualitatively the seismicity in the
Brazilian interior and passive margin. Schulte &
Mooney (2005) suggested that, on a global scale,
the correlation between intraplate earthquakes and
rifted crust has been overestimated in the past. Fig-
ure 3 shows that seismicity is not uniform along the
Brazilian passive margin, indicating that other fac-
tors (such as high stretching ratios in the pre-rift pro-
cess and flexural effects from a thick sedimentary
load) should be more important than just the rifted
nature of the crust.

Conceptual model

Figure 12 shows the correlations found in this work,
presenting a lithospheric cross-section based on
actual data. In this section, the Borborema Province
(BP) shows the highest levels of seismicity, with

clusters occurring in the NE tip of the province
and to the northern edge of it. The lithosphere here
is the thinnest in the continental area considered
and, in general, this geotectonic province presents
a lower elastic thickness and higher heat flow than
the surrounding areas (Figs 6 & 7), prompting the
generation of seismicity. On the other hand, for
the Parnaiba Basin and Central Brazilian Shield,
the levels of seismicity are much lower. These
areas are characterized by a thicker lithosphere,
with a low heat flow and greater elastic thickness,
characteristics that seem to inhibit the occurrence
of seismicity. Some other events occur in the
Tocantins Province, which also presents a thinner
lithosphere and high positive gravity anomalies. A
few earthquakes also occur in the border between
the Tocantins Province and the Central Brazilian
Shield, probably associated with the described
craton-edge effect. We propose that, in intraplate
regions, seismicity occurs in areas where regional
stresses, derived from the plate-driving forces,
concentrate locally as a result of the conjunction of
particular geophysical characteristics. Among these
characteristics, we propose thinned lithosphere and
high heat flow to be the main controlling factors,
which, in turn, will produce low values of the elastic
thickness. Other factors also play an important role
locally, such as density contrasts (causing flexural
stresses) and cratonic edges.

Our study highlights the importance of heat
flow and elastic thickness as determinant control-
ling factors in the occurrence of seismicity in
mid-plate South America, as indicated by their cor-
relation coefficients. Similar to the model proposed
by Liu & Zoback (1997), our study suggests that,
within intraplate regions, areas with a weak litho-
sphere characterized by high heat flow or lower
elastic thickness are prone to accumulate elastic
deformation in the upper crust, ultimately leading
to the generation of intraplate earthquakes. This
occurs because in areas with high heat flow and/
or lower elastic thickness, the regional compres-
sional stresses resulting from plate-driving forces
are mostly supported by the upper crust, whereas
the rest of the lithospheric section (lower crust and
upper mantle with relatively high temperatures) is
rather weak and thus unable to support elastic
stresses. In contrast, in areas with higher elastic
thickness and/or low heat flow, such as cold cra-
tonic areas, the cumulative strength of a thicker
lithosphere surpasses the regional stresses of plate-
driving forces, which are now absorbed not only
by the upper crust, but also by the lower crust and
upper mantle, preventing the generation of intra-
plate seismicity.

We have implemented a homogeneous and
quantifiable methodology to establish the correla-
tions between lithospheric characteristics and the
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Fig. 12. Conceptual model showing lithospheric cross-section based on real data from northern Brazil. Histogram with
white bars shows number of earthquakes per longitudinal degree from the considered area. Topography is exaggerated
100x. CO, continental—oceanic crustal limit; M, Moho discontinuity; LAB, lithosphere—asthenosphere boundary;

GS, Guyana Shield; CBS, Central Brazil Shield; AM, Amazonian Basin; PB, Parnaiba Basin; BP, Borborema Province;

TP, Tocantins Province.

occurrence of intraplate seismicity. This methodol-
ogy is easily transferable to other areas and thus
comparisons between different intraplate regions
of the world could be analysed in future studies.
A possible next step would be to perform a multivar-
iate regression to quantify and model the relative
influence of each of the geophysical parameters on
the occurrence of seismicity. A preliminary attempt
shows that the variables with greater influence are
elastic thickness and heat flow, in agreement with
the findings presented here.

Conclusion

Seismicity in mid-plate South America was ana-
lysed and described as a function of the distribution
of several geophysical parameters characterizing
lithospheric properties. We found that seismicity
does not occur homogeneously and tends to con-
centrate in areas characterized by certain ranges
of values for each of the geophysical variables
considered. Higher than average seismicity rates
were observed for regions with: a positive free air
gravity anomaly (greater than — 10 mGal); a lower
elastic thickness (<30 km); a higher heat flow
(>80 mW m ™ 2); a thinner crust (between 20 and
35 km); and a negative S-wave anomaly in the lith-
ospheric lid (less than — 1%). In contrast, lower than
average seismicity was observed for areas with: a

high elastic thickness (>100 km); a low heat flow
(<70mWm 2); and a high S-wave anomaly
(>5%, characteristic of cratonic roots).

Areas with rifted crust (i.e. passive margins)
did not have more seismicity than non-rifted crust
areas. On the other hand, Neoproterozoic fold
belts were found to be significantly more seismic
than Phanerozoic basins and cratonic areas. The
occurrence of more seismicity in fold belts can be
explained by their geophysical characteristics
(more likely to have thinned lithosphere, thinned
crust, higher heat flow, lower elastic thickness and
larger gravity anomalies), in agreement with the
preferred ranges of geophysical values for earth-
quakes. Cratonic areas, in contrast, present charac-
teristics that inhibit the occurrence of seismicity,
such as a low heat flow, deep lithospheric roots
and high elastic thickness.

All this can be unified into the concept of
earthquake-prone areas with a hotter, weakened
lithosphere, delimited by strong lateral geophysical
variations. In these areas, the bulk of the lithospheric
stresses are concentrated at the brittle upper crust,
eventually leading to a higher occurrence of intra-
plate earthquakes.
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