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Abstract: In this work, a landslide event that took place on January 1831 at the Pedregoso Mountains,
Cabeza del Buey, SW Spain, is described. This landslide had not been documented to date and was
only described in the local press. This event involved an estimated amount of dislodged material in
the order of 10* m3. The amount of meteorological data is very scarce as the event occurred before
the setting up of the national meteorological service in Spain. However, data from the relatively near
location of SW Iberia suggest that the landslide was preceded by a prolonged period of unusually high
precipitation totals and that this intense wet period is compatible with the large-scale atmospheric
configuration in the winter of 1829-1830. In fact, the North Atlantic Oscillation (NAO) index for that
winter achieved one of the most negative values observed in the bicentennial period spanning 1821
to 2019. This multidisciplinary work represents the first attempt to report and describe the main
triggering mechanism for an historical landslide in the Extremadura region that is similar to other
great historical landslides which have already been documented for other locations in Spain.
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1. Introduction

Landslides are a geological phenomenon that consists of the movement of a mass of soil, rock and
debris down the mountain slopes [1,2]. These events are usually associated with the loss of human
lives and with important economic damages [3]. Landslides can be described as physical systems that
evolve in time through different stages [4]. The speed of the landslide and the volume they displace
depend on intrinsic and extrinsic triggering factors [5]. The intrinsic factors include the geology of
the area and the geometry of the mountain slope. The most important extrinsic factor is rainfall [3,6].
Several European regions have developed significant efforts to gather and characterize all information
on historical geomorphological hazards (floods and landslides), often based on documental sources
(e.g., [6,7]). For example, based on many thousands of newspaper articles, it was possible to gather
a comprehensive catalogue on past landslides (and floods) that impinged human consequences in
Portugal since 1865 [7]. However, not even these assessments are capable of describing all events
before the generalized use of meteorological stations or newspapers, only the largest ones, such as
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the event described here. Thus, despite the efforts to better assess the climate of the SW during the
first half of the 19th century, there are large gaps to be filled. This work aims to study the landslide
event of January 1831 at the Pedregoso Mountains, Southwest Spain, for a better understanding of the
occurrence rate of this kind of natural disaster and the triggering factors in the region, because there
are no landslides like this one in the literature on this subject.

The city of Cabeza del Buey is located in the southwest of Spain (38°43’ N, 5°13’ W, 531 masl) in
the region of Extremadura (Figure 1). Its landscape is dominated by the Pedregoso Mountains (foothills
of Sierra Morena), being situated in the north slope of these mountains. The Pedregoso Mountains have
several peaks with elevations higher than 800 masl. Its climate is classified as Képpen type Csa, mild
with hot and dry summer [8]. In addition, it is possible to indicate that the SW of the Iberian Peninsula
(IP) has equal climatic characteristics, with a climate classified as Koppen type Csa in almost all of its
territory [8]. Although other landslide events have been reported in Spain [3,9-13], none of them were
reported in Extremadura region, where Cabeza del Buey is located. Thus, it is important to document
this large event because of the absence of similar records in the region. In fact, it is worthy of mention
that there are numerous historical cases of different natural hazards in the region of Extremadura
(floods, earthquakes, etc.) except for landslides [14,15], so this study has important repercussions for
the management of the Pedregoso Mountains and other areas of SW Iberia with similar geological or
meteorological conditions.
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Figure 1. (a) Location of Spain; (b) location map of the study area (Cabeza del Buey) as well as other
places where rainfall data were obtained (Badajoz, Zafra and Gibraltar); (c) topographic view of Cabeza
del Buey.

2. Geological Setting

The study area is represented by three lithological units (Figure 2): The older Ediacaran unit
includes alternated layers of greywacke and shale, which are impermeable rocks that upon weathering
giverise to clay soils. Overlaying, in angular and erosive unconformity, is located the Lower Ordovician
Armorican Quartzite, which is mainly composed of orthoquartzite, resistant to chemical weathering
and which build the most important topographic reliefs. Orthoquartzite is brittle, highly fractured,
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permeable and usually forms aquifers whose confining unit is the contact with the impermeable
Ediacaran rocks. The more recent Quaternary unit includes unconsolidated colluvium, caused by the
gravity-induced build-up of blocks from the fractured quartzites of the Ordovician, that accumulate in
the areas of maximum slope [16,17]. These materials are very unstable and have a high permeability.
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Figure 2. Geological map of Cabeza del Buey and Pedregoso Mountains and geological cross-section of
the north slope of the Mountain Range.

When significant precipitation occurs, large amounts of water infiltrate the colluvium causing a
great recharge of the aquifer and into the confining unit (contact with the weathered and impermeable
clay materials of the Ediacaran, Figure 2). This increases the plasticity of the clays favoring gravity
slippage in the areas of higher slope. Another possible effect, given the great permeability of the
colluvium, is the erosion of the clay materials at the contact surface, facilitating the collapse of the
colluvium. Both effects would cause gravity slippage of the unconsolidated colluvium in times of
heavy rainfall, as could be the case with the event described.

Given the great extension of this landslide, it is interesting and important to make a rough
evaluation of the total volume of materials dislodged. Using data from “Diario de Badajoz”, presented
in Section 3.2, it was considered that the fissure had a length of 1250 m and was 50 cm wide. Finally,
thickness is a difficult parameter to be estimated, but in this case, it can be approximated due to the fact
that mountain slope deposits do not have great thickness values. Therefore, it was estimated at 20 m, a
normal value for this kind of material. Thus, the resulting calculation was of 12,500 m?3, an order of
magnitude of 10* m® of mass involved in this event [16,17].
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3. Rainfall Data

When studying the past climate, it is often difficult to access data that corresponds precisely to the
researched period and to the exact area. For that reason, it is necessary to evaluate the availability of
different sources of information like indirect references (or proxy data) and man-made documentary
sources. Some examples of indirect sources in Western Iberia are the study of tree rings [18], fossil
pollen [19] or lake sediments [20] that allow a relatively comprehensive climate reconstruction for
the last millennium [20,21]. As for documentary data, some examples are annals, chronicles, private
correspondence, newspapers, paintings or photographs, early instrumental observations and ship
logbooks, among others, as reviewed by [22,23]. In this context it is important to stress several works
with these documentary sources for SW Iberia published in the last decade [24-28].

The studied event took place in 1831, therefore, there was not much information nor exhaustive data
available about precipitation from this area. In this year, there were no proper national meteorological
services in Spain yet (nor in many countries of Europe). National institutions in Iberia did not
coordinate well the activities of scientists and this led to the poor development of the meteorological
observations. This period was also characterized by several political conflicts and many wars in Spain
that lasted until the middle of the twentieth century [27]. Nevertheless, despite this unfavorable
context, it was possible to obtain important data from near locations shown in Figure 1. Two types
of data are used throughout this article: meteorological data and data from reports and newspaper
articles. They were obtained from a wide range of sources, including libraries, online repositories and
contemporary documents.

3.1. Meteorological Data

Meteorological data from Cabeza del Buey could not be found. However, there were contemporary
registers from Badajoz and from Gibraltar that were available and will be used in this article.

Badajoz, located to the west of Cabeza del Buey, was already a relatively large city at the time in
this province. Fortunately, there are some available observations [27] consisting of three-times per day
qualitative indications about the weather, from 1830 to 1833. The rainy days were counted, and then
the counts were grouped in quarterly intervals (removing those with lost data), and results can be
observed in Figure 3a. The quarter Nov 1830-Dec 1830-Jan 1831 stands out for being the one with the
greatest amount of rainy days and the difference in amount of rainy days between this period and the
remaining quarters is significant, presenting roughly double the number of rainy days than the same
quarter of the following year.

Gibraltar records [29] were formed by a monthly number of rainy days register. The period
of data available was from 1821 to 1832. All data was grouped in quarterly intervals and can be
observed in Figure 3b. This figure clearly shows that the second greatest peak is the quarter November
1830-December 1830-January 1831, corresponding to the period of the studied landslide. There is
only one quarter with a greater number of rainfall days in Gibraltar, corresponding to November
1829-December 1829-January 1830, with a few more registers. With such a wet previous winter, it is
likely that the ground moisture was already much higher than the average, and that ground moisture
in the studied winter was closer to saturation and thus more prone to the occurrence of landslides.
Both of these quarters surpass the intense precipitation seasonal cycle, represented by the mean plus
one standard deviation dotted curve, a threshold value that is often used to easily evaluate how
uncommon these winter months were. In general terms, the lack of major mountains between the
Atlantic coast and the study area implies that SW Iberia has the same climate type in the Képpen
Classification. In particular, the link between the most important large-scale pattern of atmospheric
circulation (NAO) and local rainfall in Gibraltar and in Cabeza del Buey is quite similar, especially in
winter. That makes Gibraltar’s data very important, despite its distance to the study area.

As shown, Badajoz and Gibraltar data are consistent with the fact that the rain event of December
1830-January 1831 was relevant and anomalous, having many more rainfall days than what is usually
recorded for these stations. It is well known that winter months characterized with precipitation
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amounts and frequency of wet days above the average in western Iberia are preferably associated to
the negative phase of the North Atlantic Oscillation (NAO) [30]. To assess this issue more in depth,
the NAO index, shown in Figure 3¢, will be examined in Section 4 of this article.
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Figure 3. (a) Quarterly rainfall days 1830-1833 in Badajoz; (b) quarterly rainfall days 1821-1832 in
Gibraltar. The dotted line represents mean + standard deviation of the values, and the solid line
below, the mean; (c) bimonthly (DEC-JAN) North Atlantic Oscillation (NAO) index 1821-2019. Values
observed during the reported event are highlighted in yellow.

3.2. Reports and Newspapers

In this case, it was possible to access a newspaper from Badajoz called “Diario de Badajoz”,
from the 19th century [31], as well as the description of weather observations made in the Duchy of
Feria in the period 1750-1840 [32].

The article of 4 February 1831, from “Diario de Badajoz” (Figure 4) described an outstanding rainy
event, followed by a horrific noise and the appearance of a crevice at the north slope of the mountain.
In the southern slope of the mountains some strange movements were equally perceived:

“[...] It was about half past twelve on 21 January 1831 when a terrible noise, lasting two
minutes, was heard; and an excessive amount of rain was falling at the same time. After that,
an E-W oriented crevice appeared in the north face of the mountain slope, where the village
is built. The fissure, 1.25 km long, smashed stones and walls of the surrounding farming
lands. This crevice was 20-56 cm wide and has remained unchanged to date.

In the southern slope of the same mountain a similar spectacular noise was heard at 9 in
the morning. Those herdsmen, present at the time, saw the shaking of the whole mountain
range in several directions, as if it was going to collapse; they also saw huge cracking stones,
and other phenomena | ... ].”

Weekly reports about weather in the Duchy of Feria were carried out in its capital, Zafra [28].
Here, a local accountant regularly informed the main accountant of Madrid, where the Duke of
Feria lived, about the most important events happened in his duchy. Among all this information,
a large number of consistent notes including meteorological situations or related events (such as crops
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developing or prices) were found and have been used to infer weather conditions. In fact, [32,33]
reconstructed monthly precipitation and temperature indices for the period 1750-1840 based on these
documentary sources.

Figure 4. Article of 4 February 1831, from “Diario de Badajoz” [31].

There are two dates in the weekly reports very close to the landslide event date in Cabeza del
Buey. First, on 17 January, the register says that there were continuous rainy days. The second
note is from 24 January, three days after the landslide had happened. This note describes a terrible
socioeconomic and human situation, with lots of laborers having to be accommodated in wealthy
people’s houses, because they could not work in the fields, completely flooded after two consecutive
months of abundant rain.

“Continuously rainy weather, the roads are impassable”. [Original text: “El tiempo de
continuas lluvias, tal que estan intransitables los caminos”.] (17 January, 1831)

“The abundant and continuous rain from the last two months has made field works absolutely
impossible for the conclusion of the sowing and for the olive harvest, which employs the
most part of the infinite laborers that live in this village. Needy and hungry, as their families,
they surprisingly met in groups at the houses of the property owners, being required the
judicial authority intervention to calm the situation and to agree on how should the really
needy people be helped. [ ... ] it was impossible to take such a great amount of needy people
in the wealthy people houses. [ ... ] The weather is still changeable. There have been infinite
misfortune events of drowned people at rivers and streams near this location, as well as
herd, that were going to be sold in different points of the province. Many drivers have been
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stopped for five days”. [Original text: “Las abundantes continuas lluvias de dos meses a
el presente han imposibilitado del todo los trabajos de campo, asi para la conclusién de la
sementera, como el de cogida de aceituna, cuya cosecha buena ocupaba infinitos jornaleros
de que se compone el mayor nimero de vecinos de esta villa, necesitados y hambrientos
como sus infelices familias, se reunieron en grupos abocandose y sorprendiendo las casas
de varios hacendados, cuya ocurrencia y disgustos oblig6 a la autoridad judicial a poner
remedio y acordar como habian de ser socorridos los verdaderamente necesitados. [ ... ]
no siendo posible colocar el gran nimero de necesitados en las casas de los pudientes [ ...
] El tiempo sigue vario: Son infinitas las desgracias de personas ahogadas en las riveras o
arroyos de estas inmediaciones, y también ganados de cerda, gordos que pasaban para su
venta a distintos puntos de la provincia. Los conductores de valija han estado detenidos
cinco dias.”] (24 January, 1831)

4. NAO Index and Synoptic Conditions

The most important large-scale mode of climate variability in south-western Europe is the North
Atlantic Oscillation that consists of a north-south dipolar pattern in sea-level pressure, with one center
placed in Iceland, and the other one near the Azores islands [30]. The positive phase of the NAO
indicates stronger-than-usual low-pressure centers affecting the high latitudes of the North Atlantic,
while high pressure centers dominate the area spanning the area between the Azores and the Iberian
Peninsula (IP). During the negative phase of the NAO, the situation is the opposite. NAO is one
of the most broadly studied climatic indices [34,35] and has been found to be strongly related to
precipitation in Western Europe and the Mediterranean basin. This is linked to changes in the activity
and orientation of the North Atlantic storm trajectories and precipitation [30]. It is important to stress
that previous long-term assessments on landslide frequency close to Lisbon (Portugal) confirm that
these geomorphological hazards occur more frequently (and are deeper on average) during winter
months characterized by strong negative NAO values [36,37].

Here, we used the NAO index defined by [38] that is calculated as the difference of normalized
sea level pressure observed between Gibraltar and Reykjavik, Iceland. Data include monthly values
from 1821 to 2019.

Reference [39] found that the winter NAO index affected mainly the intense winter rainfall events,
whereas light and moderate rainfall were less affected by this index. In general, when the NAO index
is in a positive phase, the weather in Europe is warm, with abundant rain in the north of the continent,
and less precipitation throughout Southern Europe [40,41]. In Iberia, [39] found the best correlations
with the winter NAO in the west, southwest and in the interior, while on the Mediterranean coast and
in the north of Iberia, this correlation was worse.

Winter bimonthly mean values representative of December (year n — 1) and January (year n) of
the NAO index are represented in Figure 3c. It is important to notice that the period of December
1830-January 1831 presents one of the most negative NAO index values for the entire period, with the
few similar negative periods being observed only closer to the late 20th century. This strong NAO
index value (relative to December 1830 and January 1831) confirms that the large-scale atmospheric
circulation at the time was likely dominated by the passage of frequent low-pressure systems, i.e.,
storm tracks [30], with relatively intense precipitation events associated.

In order to characterize the atmospheric circulation during the relevant months, the Sea Level
Pressure (SLP) reconstructed dataset developed by [42] was used. They applied a principal component
regression analysis to early instrumental series and proxy data to reconstruct this index back to 1659
with monthly values, and to 1500 with seasonal values. This dataset has been applied successfully in
many studies of climate reconstruction [43,44]. Figure 5 (left) shows the monthly average SLP pattern
between November 1830 and February 1831, including January 1831, when the landslide of Cabeza del
Buey took place. It is also possible to visualize the monthly anomalies for this pattern (Figure 5, right).
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Figure 5. Monthly average of Sea Level Pressure (SLP) values, on the left, and monthly SLP anomalies,
on the right, for (a) November 1830; (b) December 1830; (c) January 1831; (d) February 1831. The location
of the studied region is clearly marked with a star in all maps.
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It is remarkable in Figure 5 that, even at monthly scale, it is possible to observe the presence of
a low-pressure center near the IP, over the Atlantic Ocean, during December 1830 and January 1831.
This contrasts with the mostly high-pressure influence that was registered throughout the previous and
subsequent months of November and February, respectively. Also, the anomaly maps show important
negative anomalies in Iberia during the aforementioned months. SW of IP in general (and Extremadura
region in particular) is mostly affected by Atlantic depressions, producing the most important rain
events of these areas. Sometimes, these low-pressure centers that affect the IP are associated with
structures called Atmospheric Rivers, which enhances the amount of moisture and lead to greater
amounts of precipitable water [45].

5. Discussion

Here is presented a description of the landslide event at the Pedregoso Mountains close to Cabeza
del Buey, SW Spain, in January 1831. The geological structure of the studied area is vulnerable to heavy
rainfall, as the unconsolidated colluvial deposits, which accumulate in high proportions in the areas
of maximum slope, can be removed downhill by the combined action of water and gravity. This is a
typical topography in the highlands of Extremadura, appearing more frequently in the province of
Caceres and in the north of the province of Badajoz. It was estimated that the volume of mass dislodge
in this event was in the order of 10* m>.

For the evaluation of the meteorological situation that caused the landslide, data available from
nearby locations were used. The data were consistent and pointed out the singularity of the situation
and confirm the rainy nature of the days and weeks leading to the event. The period of time when the
landslide took place was characterized by one of the most negative values of the NAO index observed
for the 200-yr period spanning between 1821 and 2019, explaining the appropriate setting to observe
much higher-than-usual precipitation levels. Maps based on Sea Level Pressure show an important
low-pressure center located in Western Europe, during December 1830 and January 1831, in contrast
with the previous and subsequent months and the previous and following winters.

With these results, the conclusion is that the reported event was in fact a landslide triggered by
the unfavorable weather during the entire winter season, with continuous rain, that affected the terrain
stability and caused several misfortunes.
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