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Abstract 
The aim of this paper is to investigate the effects of Solar cycles and season 
fluctuations on earthquakes, in a location named South Atlantic anomaly. 
The area used herein is delimited 0N, −50S, 40E, −90W, and is the region 
with the Earth’s lowest magnetic field, which allows a higher number of io-
nized particles to reach the ionosphere. The period chosen is 1996-2018, com-
prising two Solar Cycles and the respective solar maxima in 2000 and 2014. 
The first results pointed out that occurrences of swarm location depending 
from the depth search. Shallow earthquakes developed swarms near the shore-
lines and deep depth inland. A mathematical model was developed to statis-
tically evaluate the changes in the earthquakes increases. The outcome resolu-
tions showed Summer and Fall are the most important seasons for tremors in 
this region. The period analyzed have an extended solar minimum occurred 
2003-2010, we analyzed the evolution of earthquakes occurrences under the 
South Atlantic anomaly. 
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1. Introduction 

Earth is surrounded by the dipolar or almost-spherical magnetic field, and the 
Sun sends electromagnetic radiation plus ionized particles towards the Earth and 
reaches the magnetosphere. Those particles penetrate the poles or other regions 
of the terrestrial magnetosphere and enter the atmosphere. The Earth’s magnetic 
field configuration allows the trapping and distribution of energized ionized par-
ticles in different layers. The magnitude variation of this field varies from 30,000 
nT at the equator to 50,000 nT at the poles [1].  
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The South Atlantic Anomaly (SAA) is a low magnetic field area that spans 
from east of Africa over the Atlantic Ocean and is centered on South America 
(See Figure 1). This weak magnetic field region has expanded over time and has 
also moved westward; it is linked with the geomagnetic field distribution. The 
SAA is characterized by a lower magnetic intensity and is a location where the 
inner radiation belts are closest to Earth’s surface. The movement of this ano-
maly over South America was found as 0.06 N/yr. and 0.28 W/yr [2].  

The energetic particles captured by the geomagnetic field can reach lower al-
titudes, forming a high radiation region. The SAA, when compared to other lo-
cations, indicates a more significant number of energetic particles. The eccentric 
dipole is currently offset from Earth’s center by about 550 km in a path approx-
imately 22˚N, 140˚E. This distance is steadily increasing, and the location of the 
eccentric dipole center is drifting westward and slightly northward. In the an-
tipodal route, which corresponds to the location of the SAA, the drift shells get 
closer to Earth’s surface and move mainly westward and slightly southward. The 
SAA is approximately centered over Sao Paulo (Brazil) [3]. 

Thermospheric density is directly correlated with the Sun’s activity due to 
heating driven by Solar radiation and shows the same time evolution as the Solar 
Cycle. The density of particles increases at high altitudes as the atmosphere ex-
pands during Solar maxima, which leads to more frequent collisions between the 
trapped energetic protons and atmospheric atoms. The trapped protons are 
depleted during the higher activity of the Solar Cycles. 

Shaeffer et al. [4] showed that the particle hit intensity in the region was anti-
correlated with the Solar activity. If there are years of high solar activity, the 
radiation intensity is lower, while during quiet solar years, the radiation intensity 
is more powerful. Their data implied the strong solar wind from the Sun sweeps 
out more low-energy galactic cosmic rays, while the Sun’s smooth winds let 
more in. The peak of SAA intensity occurs a bit later than the last year of the so-
lar minimum. Their data connected sunspot number minimum occurring in 
2009 with the peak of SAA intensity. According with them, Geomagnetic storms 
charge particles that are precipitated along the magnetic field lines in the auroral 
zone and also induce photometer counters. The SAA does not remain in a fixed  

 

 
Figure 1. South Atlantic anomaly region and magnetic field magnitudes in nanoteslas. 
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geographic location; instead, it tends to drift in a mostly west northeast direc-
tion. 

McCracken et al. [5] studied the period 2004 to 2016 that showed particle hit 
intensity was anticorrelated with solar activity. The authors compared three 
former minimum named the three Grand Minima, the Spoerer, Maunder and 
Dalton minima the long sunspot minimum of 2006-2009. The heliospheric 
magnetic field strength (3.9 nT) observed in 2009 was much more significant 
than the peak values of 2.0 - 2.9 nT found for the three Grand Minima. 

The evolution of the SAA particle flux can be seen as the result of two main 
effects: 1) the secular variation of Earth’s core magnetic field and 2) the modula-
tion of the density of the inner radiation belts during the solar cycle, as a func-
tion of the L value that characterizes the drift shell where charged particles are 
trapped [6]. The unusual spatial characteristics for the area indicate that it would 
be essential to determine if those disturbances would be necessary for the earth-
quake's evolution. It was found that during the solar minima 2006-2010, there 
was an indication of higher earthquake activity in the region. 

We also search for the seasonality earthquake variation in the two setups, one 
for all the tremors that occurred in the area, and another for the depths ≥ 200 
km. The first group (all depths) identified earthquakes swarm locations at shore-
lines in Southern Pacific. The ones with depths ≥ 200 km occurring in a different 
location inland. Both scenarios, indicated tremors in the region occurring most 
during Summer and Fall. 

The paper is divided into a brief study of a swarm of earthquakes around the 
southern Pacific subduction under South America, for all events and deep-depth 
earthquakes. Catalogs and data for earthquakes are found in [7] [8]. Data for 
Solar Cycles are found in [9]. Our research considers earthquakes with M ≥ 3 
since, in a past paper, we showed that lower magnitudes can be from an anthro-
pogenic origin [10]. We included a section with a dependence of events into 
depths in this area where anomaly occurrences were found in [10] [11] [12]. 

To study the development of these events and parameters, it is necessary to 
employ a statistical, mathematical model using the number of earthquakes speci-
fied, in years and months, for two cycles. 

2. Swarm of Earthquakes around South America Anomaly 

The following Table 1 shows the locations under the South Atlantic anomaly 
with the occurrence of great swarms in the period 1996-2018. Table 1 has 16 
swarm events, which most occurrences were in the Fall, Summer/Fall, or Fall/ 
Winter. The following years, between 2003-2010, present the highest number of 
swarms and also correspond to the year of quiet solar activity [5]. In 2006, the 
swarm had two distinct periods: Fall/Winter and Winter; there were 1118 total 
events. Such results coinciding with [5] attribute maximum solar radiation dur-
ing the solar minima years (See Figure 2). 

It appears that Fall drives most of the swarm earthquakes from around the  

https://doi.org/10.4236/ojer.2020.94018


M. Hagen, A. Azevedo 
 

 

DOI: 10.4236/ojer.2020.94018 310 Open Journal of Earthquake Research 
 

Table 1. Data swarms for earthquakes period 1996-2019, all depths. 

Year Anomaly Coordinates Swarm region (number of events) 

1998 Jul-Aug −27.64N, −37.47S, −66.25E, −74.85W Valparaiso-Concepcion (Chile)-324 

2001 Apr −18.94N, −40.05S, −60.30E, −74.36W Chile coast-294 

2001 Jun −14.13N, −37.17S, −64.39E, −75.28W Peru/Bolívia-238 -Chile Coast-111 

2001 Oct − 18.96N, −36,58S, −64.26E, −77.97W Northern/Southern Chile-119 

2001 Dec −26.81N, −37.70S, −65.71E, −73.09W Northern/Southern Chile-372 

2002 Jan-Apr −2.07N, −41.75S, −63.63E, −82.79W Near coast Ecuador/ South Argentina-1051 

2003 Apr-Jun −18.89N, −39.30S, −63.75E, −73.07W Near Coast Chile, S. Chile/Arg border-1273 

2005 May-Jun −13.48N, −41.43S, −64.26E, −77.27W Central Peru, Near Coast Chile-470 

2006 Apr-May −25.60N, −36.21S, −67.76E, −72.58W Chile/ Arg border, Central Chile-562 

2006 Jul-Aug −27.65N, −37.40S, 67.7E, −72.5W Chile Coast, Central Chile-556 

2007 May −18N, −38.15S, −62.20E, −74.68W North/Southern Chile-289 

2007 Jul-Aug −12.33N, −16.08S, −74.8E, −78.05W Peru coast-South/Central Chile-737 

2010 Feb-Apr −32.27N, −39.45S, −70.37E, −75.38W Coast Central Chile-1531 

2014 Mar-Apr −32.27N, −39.45S, −66.46E, −75.38W Coast Central Chile-618 

2015 Sep-Nov −27.75N, −37.57S, −68.59E, −75.18W Coast and off coast Central Chile-923 

2017 Apr −19.29N, −39.35S, −65.88E, −75.73W Near Coast Central and North Chile, off coast-202 

 

 
Figure 2. The location of South America with the highest number of earthquakes clusters at the Chilean 
coast (all depths considered). 

 
South Pacific shorelines to South America. The clusters were found in the same 
region as the entire Chile coast and Central Chile. The location is defined by 
−20.20N, −39.89S, −69.43E, −74.70W, with the most in-depth event in the area 
at 213 km. 
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These results indicate a correlation between the earthquakes and the Solar 
minimum. Figure 2 shows the location in South America, where the clusters 
appeared in the maximum number of happenings. 

Swarm of Earthquakes in South America for Deep Earthquakes 

Table 2 exhibits the features for earthquakes with a depth below 200 km. First 
column is the year of occurrence, then the month, coordinates and swarm re-
gions, and the number of occurrences. Observe that the swarms here are fewer 
events than those included in Table 1. Also, the location of these events is in-
traplate around Brazil and borders with other South American countries. In this 
case, there are the maximum number of earthquakes in 2017 (88 tremors) and 
2018 (48 shocks). 

Deeper earthquakes indicate that the lithosphere is uneven into these depths 
and must play a strict rule for the occurrences [10] [12] [13].  

The years with more events were 2017 (Fall/Winter), 2018 (Fall/Winter), and 
the region reached was the same for both years: Chile/Argentina border, South-
ern Bolivia, Jujuy, and Salta (Argentina). 

Figure 3 shows a rare circumstance of the swarm reaching the highest num-
ber of occurrences in South America. The data in the chart is from November 
2015. There is a complete absence of events due to the Solar maxima, 2000 and 
2014, and the highest number of clusters that happened in the period mentioned 
as solar minimum. Both Table 1 and Table 2 indicate an anomaly number of 
earthquakes during Fall or Fall/Winter. 

The next section shows the data and techniques for analysis of the earthquakes 
data set.  

 
Table 2. Shows data swarm of quakes for depths ≥ 200 km. 

Year Anomaly Coordinates Swarm region (number of events) 

1997 Mar -Fall −7.76N, −10.49S, −69.96E,−72.96W Western Brazil, Peru border (3) 

2001 Apr-Fall −16.21N, −34.23S, −61.14E,−72.04W Jujuy-Argentina, Southern Bolivia, Chile/Bolivia (20) 

2005 Mar-(Fall) −16.94N, −27.78S, −60.58E,−68.38W Jujuy-Argentina, Chile/Bolivia, Peru/Brazil border (17) 

2007 May-(Fall) 8.49N, −52.21S, −14.03E,−119.15W Chile/Argentina, Western Brazil, S. Peru, Jujuy (13) 

2007 Aug-winter −18.07N, −27.15S,−64.48E,−68.03W S Bolívia, Argentina border, Jujuy Argentina (13) 

2010 Feb-Summer −18.07N, −25.15S,−64.36E,−69.46W Chile/Argentina, South Bolivia, Jujuy, (15) 

2015 Feb -Summer −17.6N, −26.74S, −63.86E,−68.15W (Jujuy, Salta) Argentina, Southern Bolivia (13) 

2015 Nov-Spring −7.58N, −11.39S,−69.56E,−72.33W Peru/Brazil border, Western Brazil (19) 

2016 Oct-Nov Spring −18.07N, −26.36S,−65E,−68W Chile/Argentina border, South Bolivia (23) 

2017 May-Jul Fall-Winter −18.07N, −26.36S,−65E,−68.6 Chile/Argentina border, S.Bolivia, Salta, Jujuy, Mendoza (65) 

2017 Dec Summer −18.54N, −25.06S,−65.37E,−68.97W Bolivia (Central, South), Jujuy, Salta, Mendoza (Argentina) (13) 

2018 Apr-Jul Fall-Winter −18.07, −27.15S,−64.48E,−69.03W Jujuy, Salta, Chile/Argentina border, South Bolivia (41) 

2019 Dec-Summer −19.12N, −25.30S,−64.13E,−70.1W Chile/Argentina, Jujuy (11) 
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Figure 3. Occurrence of cluster for deepest earthquakes in 2015, SAA. 

3. Data, Techniques for Analysis 

This paper is focused on a region that has earthquakes rising in different loca-
tions; part of them are at the Southern Pacific side, part in the Atlantic Ridge, 
and a few earthquakes in Africa. The coordinates are 0 N, -50 S, 40 E, -90W. The 
seasons in the Southern Hemisphere are in Table 3. The catalogs for earth-
quakes are from USGS and IRIS, both offering different approaches, and only 
USGS can map the region and display the data [7] [8]. 

3.1. Mathematical Method 

The following is our method to determine if earthquakes increase, decrease, or 
remain constant in each region and depth: First, we collected the data for shal-
low earthquakes occurring at the South Atlantic anomaly; the dimensions for 
depth is d ≤ 200 km. Assessed events are with typical magnitudes of M ≥ 3 dur-
ing the period 1996-2018. This defines the last Solar Cycles 23 and 24, the year 
maxima are 2000 and 2014, and the minima are 1996 and 2008. Our data offers 
the year, month, and number of earthquakes for each. The average is found by 
dividing the total amount per month by 22, which is the total number of years in 
the period. The tables constructed will show the year, month, and correlated 
number of events, on average. 
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Table 3. Seasons in the southern hemisphere. 

South Hemisphere Range 

Spring Sept 1-Nov 30 

Summer Dec 1-Feb 28 

Fall March 1-May 30 

Winter Jun 1-Aug 31 

3.2. Construction of Tables and Plots 

The data set comprises earthquakes recorded during the period 1996-2018. 
The raw data shows that several months had earthquake event anomalies, ei-

ther positive or negative. It shows two types of anomalies: positive and negative. 
Positive anomalies are when the number of events is above average, and negative 
when the number of earthquakes is below average. The ones we can reveal are 
the positive anomalies. 

Our plots are most intended to show how Solar Cycles and seasonal changes 
can relate to event variations. The South Atlantic Anomaly has a tight connec-
tion with geomagnetic storms which leans toward a region with a weaker mag-
netic field. The raw data is impossible to be studied, and it is necessary to adjust 
this data mathematically to find any valuable variance or connection with the 
described factors above. 

The data values are described by year and month and they are collected for all 
depths during these 22 years. 

0 0 1nn
n Yn yn yn ynn′= + + ⋅⋅⋅ +∑                   (1) 

where n = 1996 ∙∙∙ 2018, and n′  is 22 years. 
The mean is defined as 

0Mean
22

n

n

nYn
A= = ∑                        (2) 

Data value mean Yn− ′=                      (3) 

If Yn A′ > , the value is greater than one during that year, and it means the 
number of earthquakes exceeds the average. It is divided by the number/average 
and it gives how much the events surpassed the standard. The results are dis-
cussed in the next section. On the other hand, if Yn A′ < , the number will be 
less than one during that year, demonstrating that the number of earthquakes 
was below average. 

There are two kinds of possible anomalies in the data, positive and negative. 
The positive anomaly is a result that is higher than the average number consi-
dered as 1. There is only one negative number found, −0.5, and it means the 
number of events was half of the average. 

For example, in Table 4, a negative anomaly appeared in January 2010, of 
−0.5. This means was half of the average which is 1, considering the given month 
and year. The positive anomalies are numbered above 1, for example. January  
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Table 4. The evolution of earthquake events for all depths period 1996-2018. 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1996 1.3 1.2 0.9 0.9 0.8 1 0.9 0.9 0 0 1.2 1 

1997 0.9 1 1.2 1.1 1 0 1.3 0.8 0.8 0.9 1.1 1 

1998 0.9 0 0.9 0.9 1 0.9 1.5 1.1 0.9 1 1 0.8 

1999 0.9 1.1 1.2 1.1 0.9 1.1 0.9 1.1 1 0.7 1 −0.5 

2000 0 0.8 1.1 0.9 0.9 1.1 0 1.1 1 1 1 1 

2001 0.7 0.7 −0.5 1.2 0.7 1.5 1.1 0.7 0.6 1.2 1.1 1.4 

2002 1.3 1.1 1.2 1 1 0.8 1 0.7 0.7 0.9 0.9 0.9 

2003 0 0.9 1.2 1.2 1 1.3 1.3 0.9 0.9 0.9 0.9 0.9 

2004 0.8 0 0.9 0.9 1.1 0.8 1 1.3 1.2 1 0.8 1.1 

2005 1 0 0.9 1.2 1.4 0.9 0.9 0.9 1 1.2 0.9 0.7 

2006 0.8 0 0.9 1.2 1.4 0.9 0.9 0.9 1 1.2 0.9 0.7 

2007 0.8 0 0.9 0.9 1.1 0 1 1.7 0.9 0.9 0.9 0.8 

2008 0.9 0.9 1 0.8 1.2 1.1 1.1 1 0.6 1 1.2 1.2 

2009 0.8 0.8 0.9 0.8 1.2 1.1 1 1 0.6 1 1.2 1.1 

2010 −0.5 4 6 1.7 1.2 0.9 0.7 0.8 0.8 0 −0.5 −0.5 

2011 1.6 1.4 0.8 1 0.8 1.2 1 0.7 0.8 1.1 0.9 0.7 

2012 0.9 0.9 1 1.1 1.1 1 0.8 0.8 0.9 1 1.1 1 

2013 0.8 0.8 0.9 0.9 0.9 0.9 1.2 1 1.1 1.1 1.2 1.2 

2014 0.6 −0.5 1.7 2.8 0.9 0.8 0.8 0 0 0.7 0.6 0 

2015 0.5 0.5 0.7 −0.5 −0.5 0.5 −0.5 −0.5 2.5 1.2 1.1 0.8 

2016 0.9 1.1 0.9 1.4 0.8 1.1 1.1 1 0.9 0.8 0.9 0 

2017 1 0.9 0.9 2 0.9 0.9 0.9 0.9 0.9 0 0.9 0.9 

2018 0.9 0.9 1 1.1 0.9 1 0.9 1 1.3 1 0.9 1 

 
2011, of 1.6. It means the number of earthquakes during this month and year 
was 0.6 above the average number 1. The only negative anomaly allows with 
physical meaning is −0.5; anything lower could not be evaluated. Negative num-
bers below this value are regarded as zero variation for physical connotation. 

Examining Table 4, in 2015, we observed four negative anomalies occurrenc-
ing during Fall and Winter and a peak in the Spring (Sept, Oct, Nov). However, 
2015 is one year after a solar maximum in 2014. Table 5 shows the quakes with 
the deepest depth and displays similar behavior in 2015, but only positive ano-
malies for the seasons, especially during the Spring. Both Table 4 and Table 5 
display the evolution of earthquakes by months. 

4. Discussion of Solar Cycles 

For this part of this study we use the calculations performed in Section 2 to 
search the variations in the earthquakes in the area defined by 0N, −50S, 40E,  
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Table 5. Showing the results for depths ≥ 200 km. 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1996 0 1.3 1 1.1 0 1.3 1 0.9 1 0 −0.5 0.9 

1997 1.1 0.9 −0.5 0.9 0.9 1 1 0 0 0.9 0 0 

1998 1.3 0 1 1.4 0 0.8 1 1 1.6 0 0 1 

1999 1 0.9 1 1.4 0 0.8 1 1 1.6 0 0 1 

2000 0.8 0.7 1.5 1.2 1.5 1.7 0 1.3 1 0 0.7 0.8 

2001 0.9 0.6 0.8 1 1.3 0.6 0.6 1.1 0.9 0 0.6 1 

2002 1.1 −0.5 1.3 0.8 1.1 1 0.7 0.8 −0.5 1 0.7 1 

2003 0 0.6 −0.5 −0.5 0.6 1 1 1.4 0 0 0 0 

2004 0 −0.6 0.8 1.1 0 1.1 1 1 1.1 0.9 1 1 

2005 1 1 1.1 1.1 1.3 0.9 1.1 1 0.9 0.9 0.4 0 

2006 1.2 0.8 1 0.7 0.9 0.9 1.2 0.9 0 0 0 0 

2007 0.8 1.1 0.8 1.1 1.2 0.5 0.8 1.5 0.8 0 0 0.9 

2008 0.4 1.3 0.9 0.6 1.7 0.7 0.6 1.4 0.7 0.9 0.9 1.1 

2009 1 0.8 0 −0.5 1 1 1 1 0.9 0 1.1 −0.5 

2010 1.7 3 1 1 0.9 0.9 0 0.9 0.9 0.7 0 0 

2011 0.9 0.9 0.9 1.1 1 0 1 0 0 1 1.3 0.9 

2012 0.9 1 0.9 1.1 1 0.9 0.9 0.9 1 1.1 0.9 0.9 

2013 0.6 0.9 0.9 0.6 0.9 1.3 1 0.9 1.1 1.3 1.6 1.1 

2014 0.9 0.6 1.3 1.1 0.9 0.9 1.1 0.7 1.3 0.8 1.6 1 

2015 1.4 1.5 1.4 1.7 1.1 1.3 1 1.4 1.6 1 3 0.7 

2016 0.7 1.3 1.6 1.6 1.3 1.3 0 1.3 1 0.9 1.1 1 

2017 0.7 0.9 1.1 1.1 1.6 1.6 1.3 0.9 1 0.8 1 1.4 

2018 1 0 0.9 1.1 1.1 1.1 1.1 0.8 0.9 0.7 0.9 1.3 

 
and −90W. The South Atlantic Anomaly, characterized by these coordinates, in-
dicates a domain with the lowest magnetic field that is dependent from the Solar 
Cycles maxima and minima (1996-2018). 

As recently established, the Van Allen belts receive ionized particles from two 
sources: 1) in the poles by magnetic reconnection in the dayside and 2) by the 
reconnection at the night side when there is a rupture of the magnetic lines and 
ionized particles are launched inside the Van Allen belts. 

The only questionable area is the South Atlantic Anomaly, when the ionized 
particles hit a weaker field created by the internal dynamo misalignment. These 
particles are unable to be trapped by the weaker field, eventually being released 
through plasma instabilities to the Earth’s surface. The questions here are: Are 
the variations in the density of the anomaly able to cause disturbances on the 
Earth’s surface? Are these disturbances able to affect seismologic events? The 
answer depends on the earth’s crustal surface and the tectonics in the area. At 
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first, it seems that the location under the South Atlantic Anomaly with more 
seismic variations is situated at the shorelines of South America, between Peru 
and Chile. The triple junction is highly active during the period searched. 

For this part of this study, we are using the calculations performed in section 2 
to search the variations in earthquakes in the area defined by 0N, −50S, 40E, and 
−90W. Scrutinizing the data from the perspective of Solar Cycles, the years of 
peaks, 2000 and 2014, did not show significant variations. Instead, significant 
variates occurred during a minimum, as in 2010, and one year after 2014 (max-
imum) in 2015. Actually, the years of minima, 2003 and 2010, showed more 
prominent negative anomalies and also higher positive disturbances. 

5. Data Discussion by Seasons 

With the datasets in Table 4 and Table 5, we can construct the next plots for 
seismic event variation during seasons [14]. Figures 4-7 are season variations 
for earthquakes with magnitudes M3 or higher, all depths, during 1996 to 2018. 

Spring—The highest anomaly occurred in Sep (2015), around 2.3 times the 
average in the period analyzed. The negative anomaly happened in Nov (2010). 

Summer—The highest anomalies occurred in Feb (2010) when the intensity of 
earthquakes reached four times the average. In the same period, there occurred 
three negative irregularities Dec (1999, 2010), Jan (2010), and Feb (2014). The 
years of solar maxima, 2000 and 2014, did not enhance the events. 

 

 

Figure 4. Earthquakes evolution Spring during two Solar Cycles. The y-axis means the average number of events variations. It is 
the same axis Figures 4-11. 
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Figure 5. Earthquakes during Summer evolution during two solar cycles. 
 
 

 

Figure 6. Evolution of earthquakes on two Solar Cycles during Fall. 
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Figure 7. Evolution of earthquakes for all depths, two cycles, Winter. 
 

Fall—The highest positive anomaly for all seasons and years occurred in Mar 
(2010) when it became 5.5 times the average. Negative points occurred in Mar 
(2001) and Apr and May (2015). During the years of maximum, 2000 and 2014, 
the peak of events happened in Apr (2014). 

Winter—The enhancement of events occurred in Aug (2007), with the highest 
number of occurrences. The lowest anomalies in July and Aug (2015). Neverthe-
less, it is the season that had the weakest variations in the period searched. 

Discussions on Seasons for All Depths 

In comparing the dataset for Spring, Summer, Fall, and Winter, we find Fall has 
the highest anomalies in the period 2010-2017. For the seasons when this oc-
curred, there was an increase in events during Summer-Fall and a decrease dur-
ing Winter. For the Summer of Feb (2010), the positive anomaly was four times 
the average of events. For the Fall of March (2010), the positive irregularity was 
five times the average. 

6. Seasonal Variation for Depths > 200 km 

Figures 8-11 show the seasonal variations for events with depths ≥ 200 km. 
Spring—The enhancement of earthquakes was in Nov (2015), while negative 

anomalies happened in Nov (1996) and September (2002). 
Summer—Positive anomalies occurred in Feb (2010). Negative variances were 

more frequent and happened in Feb (2002, 2004), Jan (2003), and Dec (2009). 
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Figure 8. Evolution of Earthquakes two solar cycles, depths ≥ 200 km (Figures 8-11), Spring. 
 

 

Figure 9. Development of earthquakes, two solar Cycles, Summer. 
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Figure 10. Evolution of earthquakes during two Solar Cycles, Fall. 
 
 

 

Figure 11. Evolution of events during two solar cycles, Winter. 
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Fall—Positive anomalies happened in May (2008) and April (2015). Negative 
anomalies occurred in Mar (1997), Mar and Apr (2003), and Apr (2009). Any 
increase in earthquakes during this season was smooth. 

Winter—There were the highest positive disturbance in 2000 (Jun), and nega-
tive in 2016 (2016). During the winter, June, July and August all the positive 
tremors anomalies were below two, in the period searched. 

Discussions on Seasons for Depths > 200 km 

Comparing the datasets for Spring, Summer, Fall, and Winter for depths > 200 
km, we find an increase below three, for any season. There were two exceptions 
during Spring and Summer during Nov (2015) and Feb (2010). 

For the Fall and Winter, the earthquakes did not reach an increase above two. 
However, Fall, for this depth, presented four negative anomalies; these variations 
occurred for the years of minima in 1997, 2003, and 2009. This was similar to 
Summer, but different years, 2002 and 2009. Overall, the investigation of the ac-
tivity pointed out that the period 2000 to 2009 had significance for number vari-
ation in the plots. 

7. Conclusion 

Our research follows the evolution of earthquakes during two Solar Cycles (23 
and 24). We found that the Solar Minima was the period when earthquakes pre-
sented more variations between 2002 and 2010. The same search for the seasons 
pointed out that the seasons with more occurrences of earthquakes are Summer 
and Fall. Some of the data available for the deepest earthquakes also pointed to 
an uneven lithosphere as what makes the phenomena not well related to the So-
lar Cycles for those found to all depths. Overall, the South America Anomaly re-
gion does not present as many events as other locations around the Ring of Fire 
in the Pacific. 
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