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Abstract. Peru is located above the damaging Peru—Chile Trench, which is the line where the Nazca Plate
is subducting under the South American Plate. The two plates are approaching one another at a velocity of
around 78 millimetres each year. There is a history of really big earthquakes in southwest Peru. The Arequipa,
southern Peru, earthquake of 23 June 2001 had a moment magnitude of 8.4, a maximum Mercalli severity of
VIII (severe), and occurred at 20:33:15 UTC (15:33:15 local time). It was the worst earthquake to ever strike
the world since the 1965 Rat Islands earthquake and the most destructive earthquake to strike Peru since the
disastrous Ancash earthquake of 1970. In this study, the horizontal and vertical displacements before and after
the Arequipa, southern Peru, earthquake were analysed (kinematic GNSS results were compared with static
GNSS results). As a result of these GNSS investigations (pre-motion on 20-21 June 2001), the obtained GNSS
data for the precursor of the Arequipa earthquake were used. The AREQ IGS station before the earthquake,
the movement in the horizontal components that occurred on 20-21 June 2001, and the decrease of this move-
ment on 22 June 2001 seem to be a harbinger of the earthquake. In addition, the effects of the earthquake that
occurred on 23 June 2001 were continued with aftershocks on 24 June 2001. In addition, this study may serve
as a basis for understanding potential precursory patterns in this region.
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INTRODUCTION

Earthquakes are major natural disasters that cause
destruction and loss of life. Precursor earthquakes are
of great social and economic importance. The Nazca
Plate is moving east-northeast relative to the South
American Plate at an annual rate of about 78 mm/
year. Plunging into the mantle along the Peru—Chile
trench, the Nazca Plate can produce earthquakes at the
depths of more than 600 km. This movement causes
inter-plate thrust earthquakes at shallow depths (10—
60 km). From the 20th century to the present day,
several large earthquakes on the M8+ scale have oc-
curred in this region. These include the 1960 Mw 9.5
Chile earthquake and the 2010 Mw 8.8 Chile earth-
quake (Métois et al. 2016; Argus et al. 2011). The
June 23, 2001 Arequipa earthquake with a moment
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magnitude (Mw) of 8.4 was studied in detail by the
USGS (United States Geological Survey). This earth-
quake, with a maximum Mercalli intensity estimated
as VIII (severe), caused major damage in the Tacna,
Moquegua and Arequipa regions of southern Peru
and was one of the most important seismic events
in recent history (Giovanni ef al. 2002; Curtis 2002;
Hergert, Heidbach 2006; Philibosian 2024).

Surface deformations after the earthquake have
created impacts such as cracks, landslides and col-
lapse of drainage systems, and it is thought that such
surface changes may have lasting impacts on ecosys-
tems and landscapes in the long term (Keefer, Mo-
seley 2004; Lovery et al. 2024; Kumar et al. 2016;
Pritchard et al. 2007). Several studies have been con-
ducted to understand the Arequipa earthquake, an im-
portant geological event. For example, Pichon et al.
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(2002) analysed infrasonic waves and ground-related
air waves detected after the Arequipa earthquake. The
waves were found to propagate from northwest to
southeast at a velocity of 3.3 km per second, provid-
ing valuable data on the earthquake’s refraction dy-
namics and its impact on the acoustic signature in the
atmosphere (Pichon et al. 2002). Ocola (2008) con-
ducted a study to determine the geologic variations of
co-seismic plunges from the Arequipa earthquake.
Bilek and Lay (2018) analysed the main shock and
aftershocks in detail to determine the moment oscil-
lation distributions and the pattern of aftershocks fol-
lowing the Arequipa earthquake. The study provides
important evidence for the importance of aftershock
behaviour in seismic hazard assessments, as the earth-
quake resulted in a significant rupture over an area of
180 km to the southeast, related to another seismic
event in 1868 (Bilek, Ruff 2002). Naranjo and Clav-
ero (2005) evaluated the impact of seismic events on
geologic features in a study of unusual high flows trig-
gered by the Arequipa earthquake. The study found
that prolonged post-earthquake vibrations combined
with a period of much above-normal rainfall in Boliv-
ia caused high flows. This study highlights the com-
plex relationships between seismic events and envi-
ronmental conditions, providing important insights
into how earthquake dynamics can trigger secondary
geological phenomena (Naranjo, Clavero 2005). Dev-
lin et al. (2012) analysed the stress changes that oc-
cur after large earthquakes and their effects on other
earthquakes that follow. The study found that several
earthquakes in the aftermath of the Arequipa earth-
quake occurred as a result of severely altered stress
fields (Gutscher et al. 2000; Lovery et al. 2024; Bevis
et al. 2001; Devlin et al. 2012; Jara et al. 2018). This
study contributes to a better understanding of seismic
hazards following large earthquakes. The main objec-
tive of this study is to analyse the movements before
and after the Arequipa earthquake. By analysing the
pre-earthquake motions, it is aimed to contribute to
the precursor models. Furthermore, understanding
the relationship between the Arequipa earthquake
and large earthquakes that occurred in the historical
period is critical for predicting future seismic events.
In this situation, horizontal and vertical displacement
analyses will be performed by using Global Navi-
gation Satellite System (GNSS) data in the region,
thus providing a scientific basis for risk reduction. In
addition, the kinematic processing of GNSS meas-
urements before, during and after the earthquake is
planned. The kinematic processing of GNSS data is
an important method to detect earthquakes in advance
(Jara et al. 2018). This approach will contribute to the
development of precursor and early warning systems
for future earthquakes, especially by revealing poten-
tial indicators that can be used in the early detection

of seismic events. The objective of the study was to
examine the secant features of the earthquake and the
earthquake-related ground displacements. The find-
ings show that the earthquake partially filled a seis-
mic gap that has been recognized since 1868, mak-
ing an important contribution to the understanding of
seismic gaps and future seismic hazards (Ocola 2008;
Dorbath et al. 1990; Hergert, Heidbach 2006; Phili-
bosian 2024; Pritchard, Fielding 2008).

MATERIALS AND METHODS

Along the Peru—Chile Trench, Peru is located
above the destructive border where the Nazca Plate
is subducting under the South American Plate. Every
year, the rate of convergence between the two plates
is around 78 mm. Large-scale earthquakes have his-
torically occurred in southwest Peru (Fig. 1). It ap-
pears that a portion of the plate boundary section that
caused the magnitude 9.0 earthquake in 1868 was
ruptured during the 23 June 2001 shock, which oc-
curred roughly southeast of the source of the mag-
nitude 7.7 earthquake in 1996. In communities that
were severely destroyed by the 23 June 2001 earth-
quake, the 1868 earthquake had a devastating effect.
The South American coast had hundreds of fatalities
from the 1868 earthquake-caused tsunami, which
also damaged Hawaii and resulted in the only known
tsunami deaths in New Zealand (Gagnon et al. 2005;
Perfettini et al. 2005; Shimazaki, Nakata 1980; Phili-
bosian 2024).

As can be seen in Figs 1 and 2, the Arequipa earth-
quake that occurred on 23 June 2001 was the recur-
rence of earthquakes of 1604 (moment magnitude,
Mw 8.8), 1784 (Mw 8.4) and 1868 (Mw 8.8). The
recurrence period of these earthquakes in this region
was approximately between 84 and 180 years. In gen-
eral, these earthquakes differ in magnitude according
to the width and length of the fault at the epicentre
(Philibosian 2024; Li, Chen 2023; Fig. 2b).

RESULTS AND DISCUSSIONS

The knowledge of the tectonic processes involved
in the Arequipa-Peru earthquake requires the un-
derstanding of the amount of displacement brought
about by the earthquake. In this circumstance, the
data of AREQ station (IGS GNSS station) close to the
earthquake epicentre is quite helpful. In this study,
the data of the AREQ station on the IGS network that
are close to the epicentre of the Arequipa-Peru earth-
quake were collected and analysed (see Figs 1 and 2,
Table 1). The AREQ points’ coordinates and standard
deviations are shown in Table 1. The displacements
due to the earthquake were determined by analysing
the time series obtained from the daily (19-24 June
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(a) Macroseismic Intensity Map USGS
ShakeMap: near the coast of southern Peru
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Fig. 1 (a) Main event, epicentre marked with a star (USGS 2001, modified) and (b) aftershock locations through 23 June
2001 (Pararas-Carayannis 1965, 1968, 1969, 1974, 1972, 1977 and 2012, modified)
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2001) GNSS data solutions (Figs 3, 4 and 5). As not-
ed in the preceding part, the data of the AREQ station
from the IGS network were processed by kinematic
and static GNSS methods. On 19-24 June 2022, the
GNSS data were analysed to study the earthquake im-
pacts seen in the time series (00:00:00-23:59:30 UTC
Time). From the IGS network servers, 24 hours’ du-
ration RINEX observation data with a thirty-second
interval were downloaded during this time period. Us-
ing CSRS-PPP Software to process by static (30 sec
interval) and kinematic methods (00:00:00-23:59:30
UTC Time 30 sec interval), the 24-hour RINEX ob-
servation files (19-24 June 2001) of the AREQ sta-
tion were analysed. Static and kinematic processing
results were obtained by using CSRS-PPP Software
(24 hours). During the monitoring period (19 June
2001), the standard deviations of coordinates were
computed with an accuracy of 6-13 mm in the hori-
zontal components and 30 mm in the vertical com-
ponents.

The effect of the Arequipa, Peru, earthquake on
the AREQ IGS point is shown in Fig. 3. It seems that
the motion of the AREQ point is in the north and
south directions before the earthquake (20-21 June
2001), as seen in Fig. 3. The effect of the Arequi-
pa-Peru earthquake on the AREQ point is shown in
Fig. 3e. It seems that the motion of the AREQ point is
in the north-west and south-east directions during the
earthquake (Fig. 3). It is obvious that the earthquake

significantly affected the horizontal coordinate data
(Fig. 4). Based on the time series of coordinate dif-
ferences from the AREQ station, the horizontal co-
ordinates changed by about 1-10 cm and the height
coordinates changed by about 10—45 cm by using the
three-dimensional displacement components of the
AREQ point computed by using GNSS data, as il-
lustrated in Fig. 4.

The two-dimensional vectorial motions of the
AREQ station on 19, 20, 21, 22, 23 and 24 June 2001
are shown in Fig. 3. The vectorial motions on 20 and
21 June differed from the other days. On 20 June, the
motions were north and south (Fig. 3b), while on 21
June, the motions were south, south-east and south-
west (Fig. 3c). The earthquake occurred on 23 June
2001, at 20:33:15 UTC Time. On 22 June, a decrease
in the motions was observed. On 23 June, GNSS data
could not be recorded for a certain period of time due
to a lot of problems that occurred during the earth-
quake. Towards the end of the day, GNSS data could
be recorded again, and the obtained GNSS data were
processed. The initial movement of the AREQ sta-
tion due to the earthquake was in the north-west and
south-east direction (Fig. 3e).

On 24 June 2001, the effect of the earthquake of
23 June 2001 (Mw 8.4) continued with Mw 7.9 and
the south-west movement reached 50 cm (Fig. 4). It
is obvious that the horizontal motion of the earth-
quake of 23 June 2001 (1.25 m) decreased to 0.50 m

Table 1 Standard deviation, coordinate (ITRFO05, Epoch 2001.5) values of the two stations by using the static method

Name Latitude (°) Longitude (°) h (m) Std lat (m) Std lon (m) Std h (m)
AREQ -16°27' 55.84953" -71°29' 34.04942" 2488.926 0.006 0.013 0.030
Station AREQ
T| 19June2001  (a)| | 20June2001 (b)
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Fig. 3 Earthquake-induced horizontal displacement vectors of AREQ point on 19, 20, 21, 22, 23 and 24 June 2001
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and then continued with this value as a result of the
aftershocks (Mw 7.9) on 24 June 2001. Figure 3g
shows the three-dimensional coordinate differences
(kinematic-static) obtained from the earthquakes at
the AREQ station. On 23 June, there was a swell mo-
tion, and on 24 June, there was a collapse motion.
The swell motion was computed to be approximately
0.75 m, while the collapse motion was calculated to
be 0.50 m (Fig. 4).

A large earthquake of 23 June 2001 occurred off
the coast of Peru, close to a little Hacienda La Fed-
eral hamlet. At a distance of 120 miles (190 km),
the 8.1-magnitude earthquake brought down ancient
structures in Arequipa. The earthquake occurred at
the intersection of the South American and Nazca tec-
tonic plates, 20 miles (33 km) below the surface. The
Andes Mountains are rising, and volcanism is occur-

Station AREQ

Fig. 4 Values of horizontal distances and height differences
of the AREQ point between 19 and 24 June 2001

Pacific Ocean

(a)

ring as a result of the Nazca Plate being forced under
(subducted by) the South American Plate.

Several months before the earthquake (on 15 De-
cember 2000) an image of the earthquake was cap-
tured by NASA’s Terra satellite using the Advanced
Space-borne Thermal Emission and Reflection Radi-
ometer (ASTER) (Fig. 5a). Presented as red, green,
and blue, the picture is really a fake colour composite
made up of near-infrared, red, and green light. The
foliage has a vivid crimson appearance (NASA 2024;
Abrams et al. 2015; Fig. 5a).

In terms of geology, the image’s deep stream val-
leys and coastal cliffs that stretch from top to bottom
(north to south) show how quickly the ground is ris-
ing (Fig. 5b; Abrams et al. 2015; NASA 2024. The
results of this study confirm the understanding that
GNSS stations to be installed near the fault zone can
be used for the earthquake precursor with artificial in-
telligence (in its broadest sense, it is intelligence ex-
hibited by machines, machine learning, especially for
computer systems) by using them continuously and
evaluating the movements of the earthquakes in the
region.

CONCLUSION

Large megathrust earthquakes along the subduc-
tion zone, such as the Arequipa earthquake in 2001
with a magnitude of 8.4, which caused considerable
destruction, are a particular feature. The 23 June 2001
earthquake in Peru and its effects are analysed in this
article. The earthquakes in Arequipa region of Peru
recur at the intervals of 84 to 180 years. As a result of
the investigations of the AREQ station before the 23
June 2001 earthquake, the movement in the horizon-
tal components that occurred on 20-21 June 2001 and
the decrease of this movement on 22 June 2001 seem
to be a harbinger of the earthquake. In addition, the ef-
fects of the earthquake that occurred on 23 June 2001

Station AREQ

Nazca Plate
14 December

H=2488.929

Pacific Ocean

Nazca Plate

15 December 2000

Pacific Ocean

South American Plate

(b)

Fig. 5 (a) Arequipa earthquake epicentre on the ASTER aboard NASA’s Terra spacecraft image. (b) Vertical deformation
of the AREQ point and the surrounding region (after NASA 2024)
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were continued with aftershocks on 24 June2001. The
movement in the horizontal component continued at
50 cm on 24 June 2001. This earthquake in 2001 and
the horizontal movement that occurred before it can
be used as a precursor for the earthquakes that will
occur in this region in the future.
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