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21 ABSTRACT

23 Earthquakes with magnitudes greater than 4.5-5 induce massive rockfalls close to the fault rupture zone.
24 Driven by seismic shaking, the blocks collapse through the hillslope, which yields a fresh surface that is
25 unbeatable for new lichen colonization. The lichenometric technique involves dating lichens developed on
26  the surfaces of rockfall blocks induced by earthquakes. This study is focused on Cejo de Cano (Lorca,
27  Spain), which is an earthquake-prone landslide scarp, as shown after the 2011 Lorca shaking (Mw 5.2).
28  After this event, the possibility that the rocky volume at the foot of its slope could have a seismic origin
29 started to be considered. In this research, lichenometry is used to date lichens on rock surfaces and test a
30 possible correlation with the cataloged historical earthquakes. This research is important because of the
31 large number of rockfall earthquakes found at this site by applying lichenometry compared to other studies
32 in the literature. This technique allows us to extend the regional seismic catalog because the oldest lichens
33 are older than the documented catalog of historical earthquakes. An oriented rockfall pattern that correlates
34  with the location of epicenters is observed. In addition, the parallel and oblique previous fracturing of Cejo
35 de Cano makes this scarp a suitable place to test whether the fracturing direction of the scarp could control
36 a greater volume of rockfalls. This research opens up a new field of study to evaluate this correlation in

37 larger areas.

40 Keywords: lichens, rockfall, fracturing, pattern, Lorca, seismicity

44 1. INTRODUCTION

46 Earthquakes are one of the major causes of landslides around the world, which in turn represent one of the
47 more significant hazards associated with earthquakes in mountainous regions (Harp and Jibson 2002;
48 Morzoratia et al. 2002; Koukouvelas et al. 2015; Li et al. 2022). Moreover, population increase and new
49 settlements cause that the landslides generate greatly impact on the seismic hazards in these regions,

50 blocking road transportation, disrupting rescue lines, etc. (Bommer and Rodriguez 2002; Khazai and Sitar
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2003; Lin et al. 2003). The basis of seismic hazard studies is formed by analyzing earthquakes that happened
in a region by completing seismic catalogs (Musson 1996; Guidoboni and Ebel 2009). Seismic catalogs
provide information on past events and their coseismic effects, such as landslides or earthquake damage to
buildings, which provide information about ground shaking, intensity, etc. (e.g., Korjenkov and Mazor
1999; Guidoboni and Ebel 2009, 2013; Udias 2015; Martin-Gonzalez 2018; Crespo-Martin et al. 2018).
The completeness of data in historical catalogs with these seismic parameters is essential to provide better
insights into earthquake recurrence, intensity, and location and to evaluate seismic hazards and building
requirements. Therefore, studies of landslide characteristics associated with specific earthquakes can be of
great interest for seismic catalog completeness (Brune 1996; Bull 2003). Moreover, landslides have
preferred orientations and distributions (e.g., Sato et al. 2007; Meunier et al. 2013; Xu et al. 2014).
Seismogenic fault parameters, such as trends and kinematics, are some of the controls on landslide spatial
patterns (Meunier et al. 2013; Delano et al. 2018; Martino et al. 2022). Studies of these spatial patterns can
constrain and shed light on seismogenic faults (Delano et al. 2018; Martin-Gonzalez 2021). However,

studies of ancient landslides are complex due to the difficulty of assigning them to specific events.

Lichenometry is a technique used to date rockfalls induced by historical earthquakes. The blocks fall down
the hillslope because of seismic shaking; they bounce and roll along the ground and provide a fresh surface
that is ideal for new lichen colonization (Bull 2003). Lichenometry is suitable for dating not only large
earthquakes involving surface ruptures but also moderate earthquakes that induce significant ground
shaking. Lichenometric dating of coseismic landslides was initially performed in the Southern Alps in New
Zealand (Bull 1996b; Bull and Brandon 1998) and for earthquakes associated with the San Andreas Fault
in California (Bull 1996a). In the Iberian Peninsula, coseismic rockfalls in the well-known 1755 Lisbon

earthquake and the SE Iberia earthquakes have also been dated (Pérez Lopez et al. 2012a, 2019).

The study area selected for this research is a scarp composed of limestones and calcarenites, named Cejo
de Cano, located in the seismic area of the western Murcia region, 10 km to the NW of Lorca (Eastern Betic
Cordillera, Spain). The interest in this site is based on the following: 1.- it is a scarp prone to rockfalls
induced by moderate earthquakes, 2.- more than 12 earthquakes recorded in the seismic catalog with
intensities >V occurred within a distance < 40 km, and 3.- the scarp has a wide range of orientations that
allow to record different ground motion senses. Several seismic-induced rockfalls were produced in the
region, including that in the 2011 Lorca earthquake, which suggests the high potential of this region to
undergo this phenomenon (Alfaro et al. 2012; Delgado et al. 2020; Rodriguez-Peces et al. 2020). Among
the earthquakes in the study region, it is remarkable that the 2011 Lorca earthquake, despite its moderate
magnitude (Mw 5.2 ESI07 VI-VII), induced relevant coseismic geological effects, including a remarkable
volume of material mobilized by rockfalls (Alfaro et al. 2012; Pérez-L6pez et al. 2012b; Rodriguez-Peces
etal. 2012; Rodriguez-Peces et al. 2020), as well as events in other regions (Guemache et al. 2010). Because
of the descriptions of historical earthquake effects and the 2011 earthquake, earthquakes with magnitudes
greater than 4.5-5 have generated massive rockfalls close to the fault rupture zone and up to more than 12

km away (Rodriguez-Peces et al. 2014; Guemache et al. 2010).
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The aims of this study are as follows: 1.- verify the seismic origin of the rockfalls observed in the studied
scarp and assign and identify specific rockfall volumes to historical events recorded in the historical catalog.
Using this technique, nonrecorded events are identified, which complete the regional seismic catalog, not
only for large earthquakes but also for moderate earthquakes. 2.- The second aim is to analyze the
characteristic rockfall pattern. 3.- The last aim is to verify whether the orientations of the fracture systems
existing in the rock that forms the scarp control the directions of rockfalls along the Cejo de Cano. This
study sheds light on earthquake-induced rockfalls and establishes a relation between historical earthquakes
and rockfall patterns, which can be helpful for disaster management, rehabilitation, and risk mitigation for

future earthquakes.

2. GEOLOGICAL AND SEISMOLOGICAL FRAMEWORK

2.1. GEOLOGICAL AND STRUCTURAL SETTING

The Cejo de Cano is a 6 km-long scarp located 10 km to the NW of Lorca and the Eastern Betic Shear Zone
in the SE of the Betic Cordillera. This area is located close to the boundary between the Eurasian and
Nubian plates. It is characterized by the existence of a high density of neotectonic faults and fractures:
normal faults with orientations ranging from NW-SE to NNE-SSW and strike-slip and oblique-slip faults
with orientations ranging from NE-SW to E-W (Martinez-Diaz et al. 2012a, 2012b).

(POSITION OF FIGURE 1)

The Cejo de Cano, near the Puentes reservoir, is located on the NW edge of the Miocene Lorca Basin. This
basin is bounded by the mountain ranges of Sierra de Pefia Rubia to the south, Sierra de la Tercia to the
southeast, and Sierra de Espufia to the northeast, and by the Betic external zones to the northwest (Fig. 1).
The sedimentary record started in the Serravallian—Tortonian transition as a result of tectonic activity that
induced relative vertical movements of different tectonic blocks (Guillén-Mondéjar et al. 1995). Cejo de
Cano is a prominent morphological scarp-oriented NNE-SW to NE-SW and formed by late Tortonian
marine deposits. It is controlled by a strong lithological and mechanical contrast between the resistant strata
of limestones and calcarenites to the east and marls and alluvial deposits to the west (Fig. 2). The calcarenite
and limestone layers dip gently to the E and SE, generating the rocky cliffs under study, with heights
ranging from 511 to 586 m (Figs. 1 and 2).

The orientation and structure of the scarp are controlled by a system of normal and oblique normal—strike
slip faults oriented NNE-SSW, NE-SW, and NE-SW (Guillén-Mondéjar 1994; Martinez Diaz 1999).
These fault sets affect the rocks in the scarp at several scales (from metric to kilometric sizes) and control
the orientations of the scarp segments, orientations of the rockfalls, and volume of the rock blocks that

appear at the foot of the scarp.

(POSITION OF FIGURE 2)
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The most active fault in the region is the Alhama de Murcia Fault (AMF), which has oblique sinistral—
reverse kinematics and a NE-SW orientation. It is the largest active fault in the Eastern Betic Shear Zone
(Silva et al. 1993; Martinez-Diaz et al. 2012a). GPS velocity data suggest that this fault has a velocity of
stress load of 1.5+0.3 mm/a (Echeverria et al. 2013), which is faster in the Iberian Peninsula. In addition,
paleoseismic studies on the AMF showed that seismic events with magnitudes greater than 6.5 occurred
during the Holocene (Ortufio et al. 2012). According to the Quaternary Active Faults Database of Iberia,
other smaller active faults are located less than 20 km away from Cejo de Cano, such as the E-W and NW—
SE Las Viiias fault to the south of the scarp, the NNW—SSE Llano de las Cabras fault to the NE of the scarp
and the West of Pericay—Gigantes fault in the NW sector of the scarp (IGME 2023).

2.2. HISTORICAL SEISMICITY IN THE REGION

Historically, the most destructive earthquakes (e.g., 1579, 1674, 1818 and 1907) in the study area are
located close to Lorca and associated with the Alhama de Murcia Fault (Martinez-Diaz et al. 2012b). Before
the last destructive 2011 earthquake, several damaged historical earthquakes with high intensities were
known to have affected the Lorca region (Table 1 and Fig. 1) (Martinez-Solares and Mezcua Rodriguez
2002).

(POSITION OF TABLE 1)

The data of historical and instrumental earthquakes in the vicinity of the study region are collected from
the Spanish National Seismic Network (Table 1) (IGN 2023). For the analysis, historical earthquakes are
selected in a radius of 40 km and intensity (EMS-98) > 1V, as they could affect the study region with enough

intensity to provoke rockfalls (Rodriguez-Peces et al. 2014).

Considering the described conditions of intensity and proximity to the studied scarp, twelve historical
earthquakes are analyzed; nine earthquakes were registered at Lorca, two events were recorded at Totana
and one earthquake was recorded at Librilla (Table 1 and Fig. 1). Distances and orientations of earthquakes
are given based on the Cejo de Cano. The earthquakes are as follows:

1.- Lorca earthquakes 1579, 1674, 1713, and 1783. Located 10-12 km to the SE. The two larger

earthquakes were the 1579 event that shook the region with an EMS intensity of VII and the 1674

earthquake with a higher intensity (VIII EMS).

2.- Lorca 1818 earthquake (VI-VII EMS). Located 13 km to the east.

3.- Librilla 1855 earthquake (VI-VII EMS). Located 40 km to the ENE.

4.- Totana 1872 (IV-V EMS). Located to 20 km to the east.

5.- Totana 1907 earthquake (V1I EMS). Located 25 km to the ENE.

6.- Lorca 1932 earthquake (V EMS). Located 12 km to the SE.

7.- Lorca 1963 earthquake (V EMS). Nearest event (9 km); located WNW.

8.- Lorca 1977 earthquake (VI EMS). Located 14 km to the SSE.

9.- Lorca 2011 earthquake (VI EMS). Located to 9 km to the ESE.
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Even the high-intensity (V1) event, which is located within 30 km and is within temporal proximity of the
1932 earthquake in Lorca, allows us to exclude the 1948 Cehegin earthquake from this study due to a
possible overlapping temporal effect.

It is worth noting a far-field earthquake that could have affected the locality. The 1755 Cabo de San Vicente
earthquake, better known as the Lisbon earthquake of 1755, has left evidence of rock mass mobilization in
the Rambla de los 17 Arcos within the municipality of Lorca, as well as 70 km northeast of the study region,

and therefore could also have caused rockfalls in the study area (Pérez-Ldpez et al. 2012a, 2019).

3. METHOD

Lichenometry is a dating technique that is often used to quantify variations in the exposures of rock surfaces
and morphologies, such as moraines, rock glaciers, landslide deposits or rockfalls, because of the estimation
of the relative growth of the lichens developed on the surfaces (Chueca-Cia 1991). Several lichenometric
dating studies measure the historical movement and activity of glacial moraines around the world: in the
Andes, specifically in Argentina (Garibotti and Villalba 2009), in the Jotunheimen Mountains in southern
Norway (Matthews 2005) or in the rocky glacier of Skjoldalur in Iceland (Chueca-Cia 1991). An example
of lichenometric dating in landslide deposits is a study in the Alta Ribagorza in the Eastern Oscense
Pyrenees (Chueca-Cia and Julian-Andrés 1995).

Numerous studies have revealed that during strong earthquakes, massive rockfalls are generated, and new
rupture surfaces are colonized by lichens (Bull et al. 1994; Harp and Jibson 1996; Pérez-Lépez et al. 2012a).
Lichenometry of coseismic rockfalls was developed after discovering that the growth of lichens on rocky
slopes affected by earthquakes records pulses of rockfalls related to historical earthquakes (Bull 1996a;
Bull and Brandon 1998). Some ancient rockfalls are also observed in nearby regions, and they relate to the
described historical events, such as the 1674 Lorca earthquake or the far-field Lisbon earthquake in 1755
(Table 1) (Pérez-Lo6pez et al. 2012a). As a result of the 2011 Lorca earthquake, it was shown that shallow
strike-slip earthquakes (even in cases of low magnitude such as this Mw 5.2 event) tend to promote
processes of directivity in rupture propagation, which could provoke pulses of stronger ground motion
normal to the fault plane. These effects could be relevant in controls on the volume of rockfalls in areas

close to the causative faults (Alfaro et al. 2012; Martinez-Diaz et al. 2012a; Rodriguez-Peces et al. 2012).

Dating and locating preinstrumental earthquakes using lichenometry is a challenge, and the careful selection
of blocks is essential. Rockfall-prone sites, including steep slopes, glacial moraines, alluvial fans, and even
meteorological events, favor the addition of new blocks to slopes (Benedict 1967; Bull 1996a). All scarps
are formed by the same lithology (Fig. 1b), which provides lichens with the same growth conditions. The
wide variation in the scarp orientation and three main orientations of segments (N-S, NNE-SSW, and NE—
SW) make the Cejo de Cano an optimal place to test rockfall orientation patterns (Fig. 1a). In addition, the
sample sites were thoroughly and carefully selected to reduce factors influencing lichen growth rates (e.g.,
humidity variations and shadows caused by trees) (Porter 1981; Bull et al. 1994). Due to the lack of trees

on the selected scarp, the collection of lichenometric data avoids the problem of irregular light conditions.
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The scarp is only 4.8 km in length, and all the studied segments are affected by homogeneous climatic and
meteorological conditions, reducing the probability of uneven lichen growth. Moreover, lichens are strictly
measured on horizontal surfaces to avoid different growth rates, depending on the orientation of the surface.
The resemblance of these characteristics throughout the scarp, which indicates similar growth conditions,

makes it an ideal site for lichenometric analysis.

For lichenometric analysis, crustose lichens with discoidal geometry are frequently used, as they are
characterized as isolated individuals whose food base is the rock; they are regularly disc-shaped and have
constant growth throughout their life (Jomelli et al. 2007; Pérez-Lo6pez et al. 2012a). The lithologies present
in Cejo de Cano are calcarenites, limestones, and calcareous sandstones, so the lichens that are used are
crustose calcareous lichens associated with temperate climates (Fig. 2b) (Pérez-Lopez et al. 2012a, 2019).
In this study, the species selected for dating is the crustose calcareous lichen Aspicilia calcarea, which has
a discoidal geometry with a grayish white thallus (Rogers, 1999) (Fig. 3d). It is associated with carbonate
rocks in sunny areas and temperate climates and is very common in the Mediterranean region and
specifically in SE Spain (Hughes 2007; Pérez-L6pez et al. 2012b).

(POSITION OF FIGURE 3)

The research of McCarthy and Smith (1995) points out the importance of calibrating a regional growth
curve for each lichen since its growth is conditioned by the hours of light, precipitation, lithology, and other
local factors. Because of this calibration, it is possible to estimate the exposure age of the rock surface and
to relate the diameter of the lichen to the time of its colonization. The calibration curve applied in this study
is based on the previous research of Pérez-Lopez et al. (2012a), which calibrated the mean annual growth
rates using local lichens. They measured lichens on subhorizontal surfaces (inclinations less than 15°) to
avoid several orientations and sunstroke hours that could affect a homogenous annual rate of thallus growth.
The curve is calibrated using lichen diameters in historical buildings, cemetery graves, and monuments of
known age, with identical lithologies and environmental conditions. The mean annual growth rate
determined in the city of Lorca for Aspicilia calcarea is 0.235 mm/year (Pérez-L6pez et al. 2012a). The
mean annual growth rate was estimated based on the lichen of largest diameter, measured in monuments of

known age (aqueduct of Rambla de los 17 Arcos of 1791).

Measurements of the thallus diameter of Aspicilia calcarea are made with a digital caliper and based on the
longest-diameter approach (Winchester 2023). Considering that the data were collected in 2015, the
calendar age is the year 2015 minus the lichen age. A temporal range of ecesis of 10 years is used, i.e., the
lichens start to colonize the surface within a period of 10 years after the rockfall event (Wilkinson 2011).
A prior study indicates that for the largest-lichen approach, it is possible to observe a rapid sigmoidal growth
rate during the first 31 years (in the case of Aspicilia calcarea) followed by decline to low constant growth
(Winchester 1984; 2023). In this study, only 2% of lichen measurements could be affected; therefore, this

phenomenon is considered to have an insignificant influence on the results and discussion of this research.
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The different orientations of the segments that draft the Cejo de Cano scarp suppose that by measuring the
orientation of the fracture families present in the rock that forms the scarp, whether the angle between the
fractures and the scarp has a significant influence on the volume of material involved in the rockfalls is
studied. The orientations of minor faults and fractures were measured in the field along each segment, and

hectometric faults were measured using aerial images.

To estimate the total displaced rock volume, an DTM (Digital Terrain Model) of the studied region with a
horizontal resolution of 2 m and vertical resolution of 25 cm obtained with LIDAR raw data from the IGN
is used. It also utilizes 25 cm-resolution orthophotography. After digitalization of the map view section of
each block using GIS, a spherical shape is assumed for each block, and the volumes of all blocks are added
to estimate the total volume mobilized per segment.

The assessment of the volume of dislodged blocks per segment and the main fracturing direction of each

allows us to test the relation between both factors.
4, RESULTS

It is possible to divide the scarp into 22 segments according to their orientation. These segments are
classified into Groups A, B, and C, following the orientation ranges of 0°-32°, 56°-97°, and 97°-150°,
respectively (Table 2) (Figs. S.1 to S.4).

(POSITION OF TABLE 2)
Along the scarp, 1306 blocks are mapped, and their volumes (m?®) are estimated (Fig. 4). For lichenometric
dating, lichens were measured at 15 stations along the entire scarp (Figs. 2a and 4). To gather them in a
group based on their orientation, the main direction of the scarp where each station is located is measured
(Fig. 4 and Table 3).

(POSITION OF TABLE 3)
A total of 462 data points were collected for Aspicilia calcarea, with diameters ranging from 2.35 mm to
217.71 mm, which are linked to the 2005 and 1089 calendar ages, respectively. We measured 234 lichens
of Aspicilia calcarea for Group A orientations (at 9 stations), 42 lichens for Group B (at 2 stations), and
186 lichens for Group C (at 4 stations) (Figs. 2a, 4 and Table 3).

(POSITION OF FIGURE 4)

4.1. Correlation of lichen ages and dates of historical earthquakes

An increase in the number of lichens was observed in the 10 years immediately after the occurrence of a

historical earthquake. This finding reveals the correlation between the frequency of lichens for calendar age
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and the occurrence of historical earthquakes (Fig. 5). This trend is remarkable in Group A after the
earthquakes of 1674, 1818, and 1872. Group B is relevant after the earthquakes of 1872 and 1932, while in
Group C, this trend is noteworthy after the 1783 and 1855 earthquakes. In the 2011 earthquake, the ecesis
period of 10 years and the small diameter of new lichens prevented the increase in the frequency of lichens
after this event (Fig. 5). It is remarkable how the lichenometric technique allows us to identify earthquakes

that are even more ancient than the documented catalog (1089, 1357 and 1467) (Fig. 5).

(POSITION OF FIGURE 5)

4.2. Rockfall orientation patterns

Each historical earthquake seems to follow a rockfall pattern depending on the groups based on orientation
(Fig. 6 and Table 2). For Group B (56°-97°), the peaks of mobilized volume are observed in the 1872 (300
m®) and 1907 (224 m®) Totana earthquakes. For scarp segments of Group C (97°-150°), the 1855 Librilla
earthquake mobilized the highest rockfall volume (1362 m®). No specific earthquakes are responsible for
the rockfalls for the Group A orientation, although the historical earthquake of 1089 mobilized 630 m? of
rock (Fig. 6). The rockfall volume per earthquake in Figure 6 is weighted according to the total rockfall
volume of each group based on orientation: 1997.75 m? (Group A), 533 m® (Group B) and 1694.8 m® (Group
C).

(POSITION OF FIGURE 6)

The rockfall pattern orientation could be controlled by the location of the historical earthquake (Figs. 1, 6
and 7). An example is the Lorca earthquakes of 1674, 1713, 1783, 1818, and 1932, which follow the same
orientation pattern of Group A and Group C (Fig. 6). This is also the case for the Totana earthquakes of
1872 and 1907 with dominant rockfall orientations of Group B (56°-97°). The Lorca earthquakes of 1963
and 2011 reflect an orientation pattern similar to that of Group A (Figs. 6 and 7).

In addition, this technique allows the identification of other historical earthquakes that could affect the
region. The likely historical earthquakes of 1089 and 1357 created rockfalls in the orientation of 0°-32°
(Group A). A possible historical earthquake of 1467 caused rockfalls in the orientation of 97°-150° (Group
C) (Figs. 6 and 7).

(POSITION OF FIGURE 7)

4.3. Influence of the rock structure on the rockfall volume.

The vulnerability of the scarp to rockfalls depends not only on its orientation and height but also on its
internal structure, which is controlled by the orientation of faults and fractures. The orientation of dominant
fractures in the segments and the angles of these fractures based on the orientation of the segment control

the size and shape of the blocks of rock susceptible to falling on the slope (Fig. 8). The longer segments are
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parallel to the dominant fracture families. The rockfall block volume on the hillslope is analyzed according
to the main fracture orientation per segment (Figs. S.1 to S.4). The outcomes show two maximum volumes
of fallen rocks in segments oriented N20°-N40° and N80°-N100°. A large rockfall volume ranging from
N110° and N130° is remarkable (Fig. 8a). Considering the orientation in Groups A, B and C, the segments
oriented 0°-32° and 97°-150° release 40% and 47%, respectively, of the rockfall volume. Group B (56°-
97°) releases only 13% of the rockfall volume (Fig. 8b).

(POSITION OF FIGURE 8)

5. DISCUSSION

5.1. Correlation of lichen ages and dates of historical earthquakes

Rockfalls are observed along the Sierra de la Tercia (NE of Lorca), in the northern Sierra de las Estancias
(NW of Lorca), and along the Cejo de Cano scarp, which is related to the 2011 earthquake (Rodriguez-
Peces et al. 2012; 2020). In this location, there were at least two rockfalls triggered by the 2011 earthquake,
and the existence of older rockfalls in its hillslopes could suggest a possible seismic origin behind these

rockfalls. To test this hypothesis, lichenometry dating is applied.

The earthquakes of 1674, 1818, and 1872 (Group A) are consistent with the frequency peaks of Aspicilia
calcarea at 1680-1700, 1820-1840, and 1880-1900, respectively. This trend repeats for the earthquakes
of 1872 and 1932 in Group B (1880-1900 and 1940-1950, respectively) and 1783 and 1855 in Group C
(1790-1820 and 1860-1880, respectively). Therefore, all these peaks in the frequency of Aspicilia
calcarea growth are related to several historical earthquakes, which reinforces the induced earthquake
hypothesis. A clear correlation is observed between the increase in the frequency of the growth of
Aspicilia calcarea and the occurrence of historical earthquakes, which demonstrates the reliability of the
lichenometric dating technique (Fig. 4). This link between earthquakes and lichen growth that developed
on fresh rock rockfall surfaces suggests a likely seismic origin behind the instabilities. In addition, prior
lichenometric research conducted at a smaller site in Lorca, which included Aspicilia calcarea lichens,
obtained a clear association between fallen rocks on hillslopes and the historical earthquakes of 1674 and
1755 (Pérez-Lépez et al. 2012a, 2012b). Due to the correlation of rockfalls in this research with the 1674
and 1755 earthquakes in the literature, the results support the likely seismic origin of the rockfalls in the
Cejo de Cano scarp. An important part of this research is a large amount of rockfall-earthquake correlation
(Fig. 5) to which the lichenometric technique is applied compared to prior lichenometric studies in the
literature.

Despite the longer time frame, a gradual increase in lichen frequency is observed after the 1579 and 1674
earthquakes. For some rockfalls of historical earthquakes of XVI11 century and later, mainly on XX century,
more data have been collected, so Aspicilia calcarea outcomes are more suitable. This is consistent with
the complex survival of ancient lichens, which are prone to disappear due to physico-chemical processes
and intra- and interspecific competence (Armstrong and Welch, 2007; Rosenwinkel et al. 2015). Despite

the shortage of older lichens (<200 yr), more ancient lichens are dated than in the regional historical catalog:
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1089, 1357, 1363, and 1467 (Fig. 5). A possible seismic source triggering lichen colonization could be

considered.

5.2. Rockfall orientation patterns

The analysis of rockfall orientation patterns shows a correlation with the location of the assigned
earthquakes. Thus, the Totana 1872 and 1907 earthquakes show a pattern where Group B is dominant, and
the Lorca 1674, 1713, 1783, 1818, and 1932 earthquakes show similar patterns in which Groups A and C
are dominant (Fig. 6). Moreover, the Librilla 1855 earthquake shows an orientation pattern that is
completely different from that of the other earthquake locations (Totana and Lorca). These results indicate
that the location of the earthquakes controls the orientation and volume of the main rockfalls (Figs. 2, 6,
and 7). Even though a rockfall orientation pattern based on the location of epicenters is observed, the reason

is unknown, and more research related to accelerations and site effects is necessary in the future.

5.3. Influence of the rock structure

The scarps do not have the same vulnerability to rockfalls along their length. They are conditioned by their
orientation and the characteristic geometry and size of the rock fracturing (Fig. 7) (e.g., Sago et al. 2007;
Martinez-Diaz et al. 2012c; Meunier et al. 2013; Li et al. 2022). The study scarp is highly sensitive to the
rockfalls associated with earthquakes due to the high density of scarp-parallel and oblique fracturing. In the
Cejo de Cano, two peaks of rockfall volume are obtained in segments oriented N20°-N40° and N80°-N100°
(Fig. 8a). The high rockfall volume from N110° to N130° is also remarkable (Fig. 8a). The pie chart
accounts for the 0°-32° and 97°-150° orientations encompass 87% of rockfalls and are considered the most
expected block drop orientations (Fig. 8b). Consequently, the fracture families of N20°-N40° and N80°-
N100°, along with the fracturing between N110° and N130°, determine the orientation prone to the largest
rockfalls of 0°-32° and 97°-150°. Hence, the mechanical anisotropy induced by the internal fracturing of
rock controls the scarp orientation, which generates the maximum rockfall material. This result has
important implications because it provides an approach to the segments that are more likely to produce
higher volumes of rockfalls. The study of Harp and Jibson (1996) indicates that a large database could allow
quantitative modeling of the relationship between earthquakes, landslide susceptibility, and landslide
distribution. Therefore, this study observes how the fracture orientation of the scarp controls the directions
of rockfall volumes, which opens up a new field of work for analyzing this type of correlation in larger

areas.

6. CONCLUDING REMARKS

A correlation between historical earthquakes and lichen growth developed on fresh rockfall surfaces is
observed. This relation indicates a seismic source as a trigger of the rockfalls in the study area. The
importance of this study is the large number of earthquakes that correlate with the frequency of lichens

compared to studies in the literature.

Even with the high mortality rate of older lichens (<200 yr), more ancient lichens than in the historical

catalog are dated in the region. Lichens formed in 1089, 1357, 1363 and 1467 are measured. A possible
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seismic source triggering lichen colonization is likely to be considered because they could be linked to the
1089, 1357 and 1467 earthquakes. This study proposes an extension of the regional seismic catalog based

on the oldest lichens compared to the documented catalog of historical earthquakes.

The earthquakes located in the same area provoke similar rockfall patterns, as in the case of the Lorca and
Totana earthquakes. Although the ultimate cause is not entirely clear, a relationship is observed between
the rockfall orientation pattern and the position of the epicenters.

Not only the orientation of a scarp but also the orientation of the fractures affecting the rocks along it is
responsible for the direction of rockfall material. In the study region, a high rockfall volume in the N20°-
N40° and N80°-N100° orientations, together with the fracturing between N110° and N130°, determine the
orientation prone to the largest rockfalls oriented N—S to NNE-SSW and NW-SE. These results show the
correlation between the fracture orientation of the scarp and the direction of rockfall volumes, which should

be analyzed in the future in larger areas.
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CAPTIONS

Fig. 1 Regional map of the studied region marked as CC (Cejo de Cano) in the black square. Seismicity is
marked by colored points according to the intensity. The dates of historical earthquakes are shown in black.
The dates and intensities of selected earthquakes (Table 1) are marked in red. Municipalities are represented

with gray polygons. Inset: location map of the Iberian Peninsula

Fig. 2 (a) Location of the studied region (Cejo de Cano), NW of Lorca municipality. Yellow line: segments
defined in Table 2. Blue circles: studied stations and their names. Red circles: studied stations and their
names, with rockslides affected by the 2011 earthquake. Inset: location map of the Iberian Peninsula. (b)

Geology of Cejo de Cano and surroundings

Fig. 3 Rockfalls at Cejo de Cano in (a) a general view at the southern of segment 1 (b) at Station 11, and
(c) at Station 12, with recent rockfalls (white rocks) of the 2011 Lorca earthquake (Fig. 1). (d) Aspicilia

calcarea on rocks in the study region

Fig. 4 Rockfalls digitalized for the studied scarp. (a) Rockfalls and stations in southern Cejo de Cano. The

dotted box shows a detailed region shown in b. (b) Details of mapped rockfalls in southern segments

Fig. 5 Frequency of Aspicilia calcarea lichen for groups based on orientation, with bins of 10 years. (a)
Group A (0°-32°). (b) Group B (56°-97°). (c) Group C (97°-150°). Cataloged historical earthquakes marked
with colored lines and their years of occurrence on the top (Table 1). Gray boxes depict the ecesis of 10

years in Aspicilia calcarea growth

Fig. 6 (a) Orientation of the volume of rockfall per earthquake compared to the orientation of the total
volume of rockfall (see the text for explanation). (b) The directional diagrams proportionally depict the top
chart that follows real orientations. Group C orientations are doubled because of the two orientations in the

scarp (Figure 7). In the 1977 earthquake, no rocks were mobilized

Fig. 7 Scheme of rockfall patterns of Figure 6 based on the scarp orientation (Groups A, B, and C)

Fig. 8 (a) Volume of rockfall weighted with the segment length versus the fracture orientation. (b)

Percentage of the volume of rockfall for each orientation in the Cejo de Cano scarp
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Table 1. Historical and instrumental earthquakes (EMS98< V) affecting the studied area. Considering the
high intensity (>IV) and nearness of Cejo de Cano, the earthquakes selected for this research are marked in
bold. LAT and LONG refer to Latitude and Longitude, respectively. MW: magnitude in Mw. INT: intensity
of EMS-98 scale. (Data collected from IGN).

LAT LONG DEPT MW INT LOCATION
30/01/1579 | 37.6833 -1.7000 0H VIl Lorca.MU
28/08/1674 | 37.6833 -1.7000 O VI Lorca.MU
03/10/1713 | 37.6833 -1.7000 O V-V Lorca.MU
04/03/1751 | 37.6500 -2.0667 O VI-VII Velez Rubio.AL
29/03/1783 | 37.6833 -1.7000 O V-VI Lorca.MU
16/09/1792 | 37.6833 -1.7000 O vV-v Lorca.MU
20/12/1818 | 37.7500 -1.6167 O VI-VII NE. Lorca.MU
11/11/1855 | 37.8647 -1.3147 O VI-VII Librilla.MU
12/01/1864 | 37.8500 -1.4167 O V-VI Alhama de
Murcia.MU
21/02/1872 | 37.7667 -1.5000 O V-V Totana.MU
24/11/1903 | 37.6000 -2.1000 O Vi Velez Rubio. AL
11/02/1907 | 37.8000 -1.4000 O Y, Alhama de
Murcia.MU
16/04/1907 | 37.8000 -1.5000 O Vil Totana.MU
22/01/1921 | 37.7667 -1.5000 O \Y% Totana.MU
24/10/1927 | 37.8333 -1.4167 O \Y% Alhama de
Murcia.MU
04/04/1932 | 37.6667 -1.7000 O \Y Lorca.MU
23/06/1948 | 38.0467 -1.7617 5 5.2 Vil SE Cehegin.MU
30/05/1963 | 37.7667 -1.8850 5 4.2 \Y NW Lorca.MU
06/06/1977 | 37.6450 -1.7283 9 4.4 VI SW Lorca.MU
22/10/1996 | 37.4750 -1.8700 1 4.1 \Y NE Huércal-
Overa.AL
23/08/2000 | 37.6358 -1.7722 0 4.0 \% SW Lorca.MU
06/08/2002 | 37.8925 -1.8353 1 5.0 Y, SW Bullas.MU
03/02/2005 | 37.8349 -1.7864 6 4.3 V-V NW Lorca.MU
11/05/2011 | 37.7175 -1.7114 4 51 Vil NE Lorca.MU
11/05/2011 | 37.7196 -1.7076 2 4.5 VI N Lorca.MU
04/04/2013 | 37.8247 -1.7870 11 3.7 V-V NW Lorca.MU
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Table 2. Segments classification in groups based on orientation.

Orientation (°) Segments
Group A | N-S to NNE-SSW 0° to 32° 2,3,4,5,7,9,10,14, 19 and 21
Group B | NE-SW 56° to 97° 15,17,18, 20 and 22

Group C | NW-SE 97° to 150° 1,6,8,11,12, 13 and 16


https://www.editorialmanager.com/nhaz/download.aspx?id=549256&guid=70a22c80-7301-4c4d-800e-82e4473c3512&scheme=1
https://www.editorialmanager.com/nhaz/download.aspx?id=549256&guid=70a22c80-7301-4c4d-800e-82e4473c3512&scheme=1

Table 3 Click here to access/download;Table;Table 3.docx %

Table 3. Classification of stations in Groups A, B, and C, depending on the orientation.

Station Main orientation Orientation(°) Group
1 125.67 97° to 150° NW-SE C
2 73.05 56° to 97° NE-SW B
3 31.7 0° to 32° N-S to NNE-SSW A
4 131.69 97° to 150° NW-SE C
5 38.22 0° to 32° N-S to NNE-SSW A
6 30.99 0° to 32° N-S to NNE-SSW A
7 55.78 56° to 97° NE-SW B
8 13.03 0° to 32° N-S to NNE-SSW A
9 19.37 0° to 32° N-S to NNE-SSW A
10 22.33 0° to 32° N-S to NNE-SSW A
11 96.69 97° to 150° NW-SE C
12 5.59 0° to 32° N-S to NNE-SSW A
13 12.3 0° to 32° N-S to NNE-SSW A
14 8.43 0°to 32° N-S to NNE-SSW A
15 140.11 97° to 150° NW-SE C
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