
3.73.9

Morphometric Analysis of Scoria
Cones to Define the ‘Volcano-Type’
of the Campo de Calatrava
Volcanic Region (Central Spain)

Rafael Becerra-Ramírez, Javier Dóniz-Páez  and Elena González

Special Issue
Landscape Heritage: Geomorphology, Geoheritage and Geoparks

Edited by

Prof. Dr. Rafael Becerra-Ramírez and Prof. Dr. Javier Dóniz-Páez

Article

https://doi.org/10.3390/land11060917

https://www.mdpi.com/journal/land
https://www.scopus.com/sourceid/21100811521
https://www.mdpi.com/journal/land/stats
https://www.mdpi.com/journal/land/special_issues/landscape_heritage_geomorphology_geoheritage_geoparks
https://www.mdpi.com
https://doi.org/10.3390/land11060917


Citation: Becerra-Ramírez, R.; Dóniz-

Páez, J.; González, E. Morphometric

Analysis of Scoria Cones to Define

the ‘Volcano-Type’ of the Campo de

Calatrava Volcanic Region (Central

Spain). Land 2022, 11, 917. https://

doi.org/10.3390/land11060917

Academic Editor: Oren Ackermann

Received: 18 May 2022

Accepted: 13 June 2022

Published: 15 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Morphometric Analysis of Scoria Cones to Define the
‘Volcano-Type’ of the Campo de Calatrava Volcanic Region
(Central Spain)

Rafael Becerra-Ramírez 1,2,3,* , Javier Dóniz-Páez 2,3 and Elena González 1,3

1 GEOVOL Research Group, Department of Geography and Land Planning, Facultad de Letras,

Universidad de Castilla-La Mancha, 13071 Ciudad Real, Spain; elena.gonzalez@uclm.es
2 Geoturvol Research Group, Departamento de Geografía e Historia, Facultad de Humanidades,

Universidad de La Laguna, 38200 San Cristóbal de La Laguna, Spain; jdoniz@ull.edu.es
3 Instituto Volcanológico de Canarias (INVOLCAN), 38320 San Cristóbal de La Laguna, Spain

* Correspondence: rafael.becerra@uclm.es; Tel.: +34-926052751

Abstract: The Campo de Calatrava Volcanic Region is the largest volcanic field in the Iberian Penin-

sula and presents a complex volcanic history, with more than 360 monogenetic basaltic volcanoes

developed in effusive, Strombolian, and hydromagmatic eruptions. The large number of scoria

cones, compared to the other existing types of volcanic morphologies, indicates that these landforms

represent the most common eruptive events that occurred during Calatrava’s geological past. In

this work, a morphometric analysis of the scoria cones was carried out, based on statistical analysis

of the main morphological parameters of these volcanoes (height, cone width, crater width, crater

depth, slope, area, etc.). The results were used to identify the most frequent scoria cone by means of

statistical analysis of its main morphological features. To do this, a methodology based on statistical

correlations of the morphological and morphometric parameters that best define the morphology

of these volcanoes was applied. The number of cones and their distribution correspond to platform

volcanic fields. The most frequent identified monogenetic volcano corresponds to a scoria cone

developed in Strombolian dynamics with lava flows, with mean dimensions of 36.54 m height,

0.008113 km3 volume and an area of 0.454 km2.

Keywords: Campo de Calatrava; monogenetic basaltic volcanoes; morphometry; scoria cones; Spain;

volcanic geomorphology

1. Introduction

Cinder cones, scoria cones, ash cones, or tephra cones [1–7] are different names used to
define the same morphological feature: the form taken by the products of a volcanic erup-
tion (pyroclasts: ash, lapilli, scoria, spatter, bombs), mainly effusive or Hawaiian, Strombo-
lian or violent Strombolian, and consisting of alkaline and/or subalkaline magma [6,8–11]
(Figure 1).

Many authors have tried to define these volcanic morphologies since the 1970s, based
on morphometric and morphological studies, differentiating them from other similar but
smaller morphologies such as spatter cones. McDonald [1] defined them as small cone-
shaped hills with a truncated top in which there is a bowl-shaped crater, built up by the
accumulation of ash and pyroclastic deposits around roughly circular mouths. Pike [2]
gave a definition of volcanoes in which the crater seldom intersects ground surface and that
are larger than spatter cones, which consist mostly of basaltic spatter and smaller amounts
of tephra. Settle [3] stated that cinder cones consist of interstratified deposits of fragmented
pyroclastic material produced by moderate explosions and that spatter cones may have
the same general appearance as cinder cones, but are composed mainly of agglutinated
lava globules. Wood [4,5] noted that cinder cones may be the most common volcanic forms,
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but that they are also the least studied and represent the least significant fraction of the
total ash and lava emitted in an eruption and that some are topped by a spatter collar,
remarking also that some eruptions emit all spatter, building a spatter cone with steeper
sides. Hasenaka and Carmichael [12] stated that cinder and lava cones are active for only
a short period of time, perhaps a few months, and rarely become active again. Cas and
Wright [13] noted that scoria or cinder cones are small volcanic landforms typically con-
structed during subaerial Strombolian eruptions and that elongated forms are constructed
when eruptions continue along a large fissure. Hooper and Sheridan [14] remarked that
these small volcanoes are often clustered by the dozens or even hundreds in volcanic fields
or on the flanks of larger volcanoes. Sigurdsson et al. [6] stated that these volcanoes are
truncated, conical, or horseshoe-shaped and the elongated cones are built on fissures with
more complex emission systems, and that scoria deposits consist of bombs, scoriaceous
lapilli, and ash. Martens [15] wrote that 90% of the cones that have been observed to form
were formed in less than a year and that their size is small compared to shield volcanoes
and stratovolcanoes, noting that their formation originates from relatively low-viscosity
magmas of basaltic composition in Strombolian or Hawaiian eruptions. Kereszturi and
Nemeth [16] observed that “scoria cones are formed by ‘scoria cone-forming eruptions’.
Thus, the term scoria cone includes every sort of small-volume volcano with a conical
shape and basaltic to andesitic composition. Additionally, during scoria cone growth,
three major styles of internally-driven eruption types can be distinguished, Hawaiian,
Strombolian and violent Strombolian, and an additional externally-driven eruption style,
such as phreatomagmatism-dominated, is also expected”.

that “scoria cones are formed by ‘scoria 
forming eruptions’. Thus, the term scoria cone includes every sort of small

dominated, is also expected”.

  

(a) (b) 

–Figure 1. Last September–December 2021 eruption on the island of La Palma (Canary Islands):

(a) Example of the formation of a scoria cone with a Strombolian behavior at the summit crater and

a Hawaiian effusive fissure at the base of the cone, taken on 24 September 2021, a week after the

beginning of the eruption; (b) The resultant morphology, the summit of the scoria cone, a month after

the eruption ceased, taken on 24 January 2022. Photos by Rafael Becerra-Ramírez.

According to the definition given by previous studies on scoria cones, these basaltic
monogenetic volcanoes are the most common eruptive forms produced by subaerial vol-
canism [4,9,17,18]. However, many of these studies, when defining scoria cones, mention
a multitude of processes that have taken place in their formation. Depending on the pre-
dominant eruptive style or the alternation of more or less explosive pulses, the materials
will tend to be looser and more fragmented (lapilli, scoria) or coarser and agglutinated
(spatter). The existence of lava flows will also be a determining factor in the formation of
the cones, since they will generate extremely hard layers that will affect the subsequent
erosion patterns of the volcano if they spill over the slopes [16,19]. Furthermore, for Nemeth
and Kereszturi [11] there is a wide spectrum of volcanic landforms that can be defined
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as monogenetic, from the simplest—scoria cones, maars, tuff rings, and tuff cones—to
the most complex, large-volume volcanoes that lie halfway between monogenetic and
polygenetic volcanism.

Many authors point out that scoria cones constitute simple and ideal morphologies to
which one may apply morphometric techniques and develop statistical studies [14,20–24].
Morphometric analysis has been used since the 1950s to analyze basaltic monogenetic
volcanoes, but it became more widespread in the 1970s, when it was primarily descriptive
and qualitative in nature. Since the 1980s, these studies have become more quantitative,
but in the late 1990s and especially in the last two decades, morphometric studies have
become much more accurate thanks to the extensive use of GIS and DEMs obtained by
remote sensing.

In general, morphometric techniques applied to the study of monogenetic volcanoes
allow for the establishment of quantitative comparisons between scoria cones from dif-
ferent volcanic areas [9]. A review of the literature most often cited and used for these
analyses would suggest different objectives: reconstruction of magma-feeding fractures and
morphologies [2,3,24,25]; morphological characterization of the scoria cones [4,12,26–28];
correlations between the evolution of volcanoes and their relative age [5,14,23,29]; cone
erosion estimation [7,17,29–31]; determination of the chronospatial evolution [32,33]; deter-
mination of the volcano size [10,34]; application of GIS and DEM obtained through remote
sensing for modeling structural control, erosion, morphology, hazards, etc. [20,28,31,35–42].

Morphometric analyses have also been carried out in the Campo de Calatrava Vol-
canic Region (CCVR), the first of which was undertaken by Gosálvez [43] who studied
the hydromagmatic edifices—maars—with a shallow lake in their interior. Subsequently,
Becerra-Ramírez [44] identified more than 180 morphologies within the cone-type mono-
genetic volcano category (defined by Kereszturi and Nemeth [16])—scoria cones and
spatter cones (Figure 2)—and analyzed their distribution and their morphological and
morphometric features.

The large number of these landforms encouraged us to apply a systematic method-
ology to describe and classify the features of the cone-type monogenetic volcanoes and
to establish the general characteristics of the eruptions that gave rise to their formation
in CCVR. Among the cone-type volcanoes, scoria cones are the most abundant volcanic
edifices in this region and also represent the most probable future morphology. For this
reason, it is important to apply statistical methods to characterize this kind of volcanism,
and also to define the most frequent volcanic edifice or volcano-type [9,45], or even to use
such analyses to characterize the geodiversity and geomorphological heritage (geoheritage)
of this region [46].

Therefore, the main aim of this study is to characterize the distribution of volcano-
types among the basaltic monogenetic scoria cones in CCVR based on the morphometric
analysis of the main morphological parameters of these volcanoes (height, cone width,
crater width, crater depth, slope, area, etc.). For this purpose, a quantitative description
of the variety of volcanoes within the volcanic region is carried out to determine the most
frequent scoria cone, following the methodology implemented by Dóniz et al. [9] based on
the compilation of 16 morphological and morphometric parameters, both qualitative and
quantitative. A basic morphometric analysis of the spatter cones was also performed to
compare the dimensions of these small volcanoes with the scoria cones.
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Figure 2. Geological map of the Campo de Calatrava Volcanic Region (1:1,000,000 scale, IGME) [47],

distribution of the volcanoes and main volcanic alignments [44,48–50]. Adapted with permission

from Becerra-Ramírez et al. [51].

2. Study Area: Geographical and Geological Setting in the Campo de Calatrava
Volcanic Region

This region is the largest volcanic field in Spain on the Iberian Peninsula. Other
volcanic fields include the Catalan Volcanic Zone (NE Spain), Cabo de Gata, and Murcia (SE
Spain) and specific volcanic outcrops such as the Pitón de Cancarix (Hellín, Albacete) and
Cofrentes (Valencia), as well as the islands of Alborán and Columbretes. The Campo de
Calatrava Volcanic Region is located in the province of Ciudad Real (Castilla-La Mancha), in
the center of the Iberian Peninsula, and occupies a mountainous region of nearly 5200 km2

with a diameter of about 80 km. The average altitude is 650–700 m, and the highest point is
La Atalaya volcano (1118 m.a.s.l.). The rocks of the morpho-structural framework consist of
quartzite, sandstone, and slate (Paleozoic) of the Variscan folding, limestone and marlstone
(Neogene sedimentation), and alluvial (limestone, sand, gravel) and colluvial deposits
(Quaternary sedimentation) (Figure 2) [52].

The volcanic field is delimited in the north by Montes de Toledo; in the west by Montes
de Ciudad Real; in the south, by Alcudia valley, Sierra Madrona, and Fresnedas valley;
and in the east by the wide plains of La Mancha [44,50,52]. The layout of the volcanoes
responds to tectonic patterns which run in a NW–SE direction in an axial band and parallel
secondary bands, crossed by others in an ENE–WSW direction [48,49,53,54].

This volcanic field of central Spain is characterized by the presence of mafic and
ultramafic rocks that formed from alkaline/sodic-alkaline magmas rich in CO2 (silica
content lower than 45%) and outcrops of ultrapotassic rock [48,55]. The period of eruptive
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activity lasted from the Upper/Late Miocene to the Holocene [48,56–60]. Several studies
have identified different stages in the formation of volcanoes during this long period of
time, ranging from the appearance of the oldest dated volcano—Morrón de Villamayor,
with an age of 7.4–7.1 Ma [56]—to the most recent eruption of the Columba volcano
dated to between 14 and 13.5 ka [60] and 5500 years BP [57,58]. Between the earliest and
most recent dates for these volcanoes, there would have been stages of profuse eruptive
events alternating with intermediate stages of “eruptive calm” [48,50]. On the basis of
these chronologies, this volcanic field is classified by the Global Volcanism Program [61] of
the Smithsonian Institution (USA) as active. However, more recent volcanic phenomena
are related to degassing processes (diffuse CO2 emission, concentrated gas leaks, hot
springs and carbonic water fountains (hervideros and fuentes agrias), gas-water fountains/jets
(chorros), etc.) [51,62–64].

The volcanoes of this region, given its alkaline nature and its location in an intraconti-
nental platform area, fall within monogenetic and polycyclic basaltic volcanism [44,65]. For
this reason, no individual volcanic fields can be distinguished, as in the Catalan Volcanic
Zone, which is divided into three units or volcanic fields based on the morpho-structural
patterns (Empordà, La Garrotxa, and La Selva) [66], or as in the case of flank cones associ-
ated with stratovolcanoes [36,67,68]. The Calatrava volcanoes follow the tectonic patterns
outlined above, and comprehensive and exhaustive dating has not been performed (ex-
cept for about 20 volcanoes) to reflect chronologically differentiated areas and to thus
differentiate volcanic sub-fields.

The eruption styles that produced these volcanoes have been identified from the
volcanic deposits and the landforms, suggesting two main types of eruption: magmatic
(Hawaiian/effusive and Strombolian) and hydromagmatic (phreatic and phreatomag-
matic) [43,44,50]. About 360 have been counted in the volcanic field; 51% correspond to
magmatic and 49% to hydromagmatic eruptions [44,51].

The study by Poblete et al. [65] proposed a simplified morphological classification
for the magmatic volcanoes of CCVR: scoria cones and exogenous domes. However, this
study drew on the classification outlined in the work of Thouret [69], the Encyclopedia of
Volcanoes [6,17,18] and the morphogenetic classification by Kereszturi and Németh [16] for
monogenetic basaltic volcanoes, used previously by Becerra-Ramírez [44] for the Calatrava
volcanoes. In the light of these studies, the resulting morphologies based on their genesis
and subsequent modeling correspond to the following types: spatter cones and scoria
cones (spatter-dominated scoria cones, ash-dominated scoria cones, scoria cones ss.). We
should not forget that, within the classification of monogenetic volcanoes [16] eruptive
complexes comprising maar/scoria cones and maar-tuff ring/scoria cones are also found in
CCVR [43,44], apart from maars and maars-diatreme, which are not addressed in this study.

3. Materials and Methods

The methods used are based on analytical approaches used in geography and geo-
morphology to identify deposits and landforms derived from volcanic activity. Once the
volcanic edifices had been identified, the cones were classified according to their type and
morphology, and morphometric parameters were measured, both in the field and in the
laboratory, to determine the most significant morphological parameters of these volcanoes.
The chosen parameters were then analyzed with the aim of determining the suitable inter-
vals that make the sample representative of the whole population of the studied volcanoes
following their morphological and morphometric distribution. Using these data, the most
frequent scoria cone type can be defined for the Campo de Calatrava Volcanic Region.
Moreover, this volcano-type could be taken as an example for the characterization of the
geoheritage of magmatic volcanoes in the “Calatrava Volcanoes. Ciudad Real” geopark
project, which is being implemented by the Provincial Council of Ciudad Real [51,70–72].

Firstly, published works on volcanism within CCVR were reviewed (mainly geological
and morphological). Some source data were used for the spatial location, morphology, and
morphometric analysis of the scoria cones, such as digital orthophotography, printed and
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digital topography at scale 1:25,000, 5-m pixel resolution DEM (provided by CNIG, the
Spanish National Geographic Institute—IGN) [73], and printed and digital geological maps
(provided by the Spanish Geological Survey—IGME) at scale 1:50,000 (GEODE, GIS map
server) [47].

Topographic maps at a scale of 1:25,000 have contour lines with an equidistance of
10 m. The study by Dóniz-Páez [8] rejected the use of the 1:25,000 scale and argued that
for the mapping of small or medium-sized volcanic edifices, the optimal scale would be
1:10,000 or higher, with contour lines of 5 m, since this reduces measurement error. Given
that many of the volcanoes analyzed in CCVR were barely 20 m high, it was necessary
to automatically generate contour lines with an equidistance of 1 m from DEMs (5-m
pixel resolution) in geographic information systems (GIS) (ArcMap 10.8, ESRI license for
University of Castilla-La Mancha) (Figure 3).

—
—

 

Figure 3. Example of contour line generation from the DEM on cartographic sheet no. 810 (Puertol-

lano) [44]: (a) DEM raster file (2-m pixel resolution); (b) automatic generation of contour lines with

equidistance of 1 m; (c) hillshade raster generated from the DEM; (d) superimposition of the 1-m

contour lines on the hillshade raster, and detail of the Cabeza Parda and Las Carboneras scoria cones,

and the Laguna Blanca maar/tuff ring (Argamasilla de Calatrava).

Using contour lines with an equidistance of 1 m, the morphometric measurements are
much more accurate than in the traditional literature, which used maps at scales of 1:25,000
and 1:50,000 [7,12,15,24,27,33,74]. Therefore, in the preparation of the geomorphological
maps of each volcano, we worked with a scale of 1:5000, which also offers much more
precision when delimiting the morphology of the cone (and lava flows), and calculating
parameters such as height, surface area, cone and crater diameter, etc., as has been done in
other recent studies [19,20,41,42,75].

For the statistical treatment of the morphometric data, commercial software was used:
Excel 16.14 from MS Office for Mac, and SPSS Statistics 28.0 from IBM (license for the
University of Castilla-La Mancha).
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Finally, fieldwork helped to recognize and confirm the morphology previously iden-
tified by cartographic analysis. This analysis enabled us to describe the morphologies
associated with a genetic type, using the classification of volcanoes given by Thouret [69],
Sigurdsson et al. [6], and the morphogenetic and morphological classifications from Keresz-
turi and Nemeth [16] and Dóniz-Páez [45] for basaltic monogenetic volcanoes.

The following morphometric parameters were used in this study (Figure 4):

1. Cone height (Hco), calculated as the difference between the altitude of the top of
the cone and the altitude of the base of the cone [3–5,7,12,14,21,23,26,27,29,30] for
cones located in areas with flat topography (Figure 4). To calculate the height of
cones located in areas with pronounced slopes where the base is at different altitudes
(stratovolcanoes and volcanic rifts) or in mountain and piedmont areas (as in Campo
de Calatrava), a method proposed by other authors was used [10,36,45] whereby the
height is the difference between the altitude of the summit and the mean altitude of
the volcano (Figure 5), calculated from the arithmetic mean of the altitudinal values
of the base of the cone (minimum and maximum altitude) (Equation (1)) or of the
maximum and minimum heights of the cone relative to the base (Equation (2)) [44].

Hco =
1

2
[(Aco − ABm) + (Aco − ABM)] (1)

Hco =
1

2
(HMco − Hmco) (2)

where Aco is the altitude of the top of the cone, ABM is the maximum altitude of the
base of the cone, ABm is the minimum altitude of the base, HMco is the maximum cone
height, and Hmco is the minimum cone height.

2. Cone diameters, maximum (WMco), minimum (Wmco), and mean (or cone width Wco).
These are calculated by comparing the volcano with a circumference or an ellipse,
where the axes of the ellipse are the basal diameters of the volcanic edifice (Figure 6).
To calculate the mean cone diameter (Wco), the arithmetic mean of the largest (WMco)
and smallest (Wmco) diameters of the volcanic edifice is calculated using methods
drawn from other authors [3–5,7,9,12,14,19,21,23,26,27,29,30].

3. Crater maximum (WMcr), minimum (Wmcr), and mean diameters (or crater width Wcr).
These parameters are calculated following the model used for the cone diameters
(Figure 6) [3–5,7,9,12,14,21,23,26,27,29,30].

4. Cone area (Aco), calculated automatically from the area occupied by the cone polygon
in the geomorphological diagrams produced with GIS, based on topographic maps
and aerial orthophotography [12,27,44,45].

5. Cone volume (Vco). Different formulae are used to calculate this parameter depend-
ing on whether or not the volcanic edifice still has a crater. Other morphometric
parameters such as height, mean basal diameter and radius of the cone, and diameter
and radius of the crater are also used. If the cone has no crater, the formula used to
calculate the volume is the same as for the calculation of the volume of the geometric
shape of an oblique cone. If the cone still has a crater, the geometric formula for
calculating the volume of a truncated cone is used [9,10,12,23,27]. Volume is given
in km3 in line with the unit of measurement used in the international literature.

Vco with crater = 1/3 {π Hco [(Rco
2 + rcr

2) + (Rco × rcr)]} (3)

Vco without crater = 1/3 [π Hco × Rco
2] (4)

where Hco is the cone height, Rco is the radius of the cone base (calculated as the half
of the cone diameter = Wco/2), rcr is the radius of the cone crater (calculated as the
half of the crater diameter = Wcr/2).

6. Number of craters (Ncr), identified in the cone morphology. For this purpose, a geo-
morphological scheme was drawn up beforehand. The ‘crater’ parameters (diameter,
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depth, elongation. . . ) were calculated on the largest crater [9,44,45] in cones with
more than one crater.

7. Crater depth (Dcr), is calculated by subtracting the minimum altitude of the crater
from the altitude of the top of the cone, which coincides with the highest peak of the
cone [9,10,14,23,26,30,76].

8. Cone maximum slope (Smaxco) corresponds to the maximum gradient in degrees
from the highest point of the cone to its base [5,12,16,20,23,26,27,34,36,42]. These
measurements were taken by generating a slope raster file from the DEM using the
ArcMap Slope tool (Figure 7) [44]. The silhouette of the cone was superimposed on the
slope raster and the steepest slope was then determined.

9. Cone slope (Sco), is the average slope of the entire surface of the volcanic edifice
obtained by calculating the value of the α angle on the triangle outlined by the height
and length of the volcano with respect to the horizontal line. It may be obtained from
two methods: by using the cone to form a right-angled triangle and calculating the
slope in degrees of one of its sides [8,44]; or by the method proposed by Hasenaka and
Carmichael [12,27] and other authors [7,14,15,24,34,37,77,78]. It is calculated using
the following equations:

Sco without crater = tan−1 [2Hco/Wco] (5)

Sco with crater = tan−1 [2Hco/(Wco − Wcr)] (6)

where Hco is the cone height, Wco is the mean cone diameter and Wcr is the mean
crater diameter.

10. Cone elongation (Eco) and crater elongation (Ecr). The ratio of the greatest to the
smallest cone/crater diameter is calculated to determine whether or not the volcanic
eruption that produced the volcanic edifice was a fissure eruption. According to
Dóniz-Páez [8], the closer the value is to 1, the more rounded the cone will be; and the
further away from 1, the more elongated it will be, especially for values higher than
1.5 [2,12,24,27,76,79–81].

11. Separation index between cones (SIco). Calculation of the distance between two
volcanic edifices in close proximity to each other (Figure 8) from the distance measured
from the geometric center of a cone to the geometric center of the nearest cone [3,5,7,
12,27]. The calculations were performed through spatial analysis using the Proximity
toolset in the ArcMap ArcToolbox package to generate and analyze distances between
two points.

 

–

− −

−

Figure 4. Main morphological and morphometric parameters calculated in the studied scoria cones

in Campo de Calatrava Volcanic Region.
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Figure 5. Scheme and example of morphometric parameters to calculate the mean height of scoria

cones located in steep or high slope topography. Height calculated by using the cone base minimum

(ABm) and maximum (ABM) altitudes and minimum (Hmco) and maximum (HMco) heights. Self-

elaboration following different authors [9,10,36,44].

–

–

= 1/3 {π H

= 1/3 [π H

‘ ’ 

Figure 6. Diagram of the calculation of the diameters of the cone and the crater. Self-elaboration

following different authors.

…

 

’

tained by calculating the value of the α angle on the triangle outlined by the height 

−1

−1 −

–

Figure 7. Generation of slopes from DEM with ArcMap’s ArcToolBox spatial analysis tool: (a) slope

raster from cartographic sheet no. 810 (Puertollano); (b) detail of the slopes in degrees of the La

Conejera volcano (Ballesteros de Calatrava).
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Figure 8. Diagram of the calculation of the separation index (SIco) following different authors.

Modified from Becerra-Ramírez [44].

4. Results and Discussion

More than 180 volcanic landforms in the Campo de Calatrava Volcanic Region have
been identified as cone-type monogenetic volcanoes (as per Kereszturi and Nemeth [16]) in
the Campo de Calatrava Volcanic Region: nearly 160 scoria cones and some 30 spatter cones.

The scoria cones of CCVR were formed by Strombolian or violent Strombolian erup-
tions with emission of pyroclasts (ash, lapilli, scoria, bombs, and blocks), building up a
truncated cone shape around the crater. These eruptions produced lava fountains and lava
flows with pahoehoe and aa surface morphologies, and many spatter deposits that piled
up on the slopes of some cones [44,50,65]. The analysis realized by Becerra-Ramírez [44]
based on the morphological classification of monogenetic basaltic scoria cones [8,9,45],
established the following morphologies in CCVR (Figure 9): ring-shaped cones (14.9% of
the total cones analyzed), horseshoe-shaped cones (17.5%), multiple volcanoes (8.8%) and
volcanoes without a crater—divided into pyroclastic mountains (39.8%) and spatter-lava
mountains (19.3%).

The spatter cones in CCVR are the result of short effusive events generated in effusive
fissure eruptions which formed small piles of highly welded and agglutinated spatter. The
resulting morphologies (Figure 10) include small, agglutinated spatter cones, hornitos, and
even rootless hornitos, as well as some short, thick lava flows. Because of their fragility,
these small volcanic landforms are highly eroded and only the lava flow deposits remain,
whereas the hornitos, rootless hornitos, and some spatter cones have disappeared almost
completely [44,51].

4.1. Morphometric Analysis

The morphometric analysis of the parameters described in Section 3 was applied
to 114 scoria cones (Figure 11), to characterize the morphological and morphometric
distribution of these volcanoes to determine the most frequent cone of the Campo de
Calatrava Volcanic Region. Although the main objective of this study is to identify the
most frequent volcano-type of this volcanic field by analyzing the morphometric and
morphological parameters of the most abundant monogenetic volcanoes (scoria cones),
a morphometric analysis of 24 spatter cones has also been included for the purpose of
comparing their dimensions with those of the larger cones.
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Figure 9. Examples of scoria cones in Campo de Calatrava Volcanic Region: (a) the ring-shaped cone

of Columba (Granátula-Calzada de Calatrava.); (b) horseshoe-shaped cone of La Yezosa (Almagro);

(c) multiple volcano of La Conejera (Ballesteros de Calatrava); (d) spatter-lava volcano of El Morrón

(Villamayor de Calatrava).

 

Figure 10. Examples of spatter cones in Campo de Calatrava Volcanic Region: (a) Azá Pastor

(Valenzuela de Calatrava); (b) Peñón de Ciruela (Ciudad Real); (c) Pozo Blanco (Moral de Calatrava);

(d) La Viñuela (Almodóvar del Campo).
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Figure 11. Distribution of the basaltic monogenetic volcanoes in Campo de Calatrava Volcanic

Region: measured scoria cones and spatter cones, and other volcanic morphologies. Self-Elaboration,

modified from Becerra-Ramírez [44].

Therefore, a morphometric analysis of 138 volcanoes, about 74% of the more than
180 volcanic landforms classified as cone-type, was carried out.

The rest of the cone-type morphologies identified, built by Strombolian and effusive
eruptions, were not analyzed due to three main reasons:

• they are old volcanoes (most of the dated volcanoes are older than 2.5 My [48,50,56,60]),
and their forms are half-buried by sedimentary deposits in the Neogene basins or in
the mountain ranges and piedmont by hillslope colluvium and other deposits [44],
which makes it very difficult to correctly identify and analyze them morphometrically,
as it happens in other volcanic fields [42];

• they are ancient landforms that have lost all or most of the pyroclastic materials that
formed the cone, and that now present extrusive—neck or dome—morphologies (as
per Poblete et al. [65] and geological maps [47]);

• they exhibit significant degradation as a result of extreme anthropogenic pressure
(mining and extractive activity) on some cones, which has caused them to all but
disappear, consequently making it impossible to measure morphometric parameters
and to establish a morphological classification.

The overall data for the cone-type basaltic monogenetic volcanoes of CCVR are sum-
marized in Table 1 and Figure 12 (only four main parameters), which presents descriptive
statistical values—mean, typical error, median, mode, standard deviation, maximum, and
minimum data—in line with the morphometric analysis presentation method of other
authors [33,40,42,82].
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Table 1. Descriptive statistical data for different morphometric parameters measured in the 114 scoria

cones and 24 spatter cones analyzed on Campo de Calatrava Volcanic Region. Self-elaboration.

Mean Typical Error Median Mode
Standard
Deviation

Minimum Maximum Counting *

Scoria cones

Hco 36.54 2.02 33.00 17.00 21.54 10.00 108.00 114
Aco 0.454 0.043 0.327 0.162 0.455 0.027 2.856 114

Vco 0.008113 0.001099 0.002937 - 0.011734 0.000142 0.055293
114
114

WMco 737.71 32.02 681.50 514.00 341.93 229.00 2004.00 114
Wmco 612.18 30.82 572.00 336.00 329.10 132.00 1887.00 114
Wco 674.94 31.10 626.25 706.50 332.06 193.00 1945.50 114
Ncr 1.17 0.06 1.00 1.00 0.38 1.00 2.00 47

WMcr 218.47 19.96 181.00 126.00 136.83 38 618 47
Wmcr 158.00 15.46 142.00 142.00 105.95 26.00 487.00 47
Wcr 188.23 17.24 163.50 93.00 118.17 32.00 521.50 47
Dcr 23.79 2.95 20.00 5.00 20.22 2.00 80.00 47

Smaxco 15.85 0.69 14.00 10.00 7.34 5.00 40.00 114
Sco 6.79 0.33 6.11 - 3.56 1.72 16.57 114
Eco 1.27 0.02 1.20 1.26 0.23 1.00 1.99 114
Ecr 1.94 0.09 1.30 - 0.63 1.01 4.48 47

SIco 2410.24 163.09 1990.00 1440.00 1741.38 375.00 9323.00 114

Spatter cones

Hco 11.54 1.00 10.00 10.00 4.90 4.00 24.00 24
Aco 0.097 0.019 0.060 0.035 0.094 0.007 0.334 24

Vco 0.000340 0.000074 0.000232 - 0.000362 0.000019 0.001563
24
24

WMco 362.67 40.09 292.00 - 196.42 107 766 24
Wmco 259.75 28.34 217.50 - 138.82 98 556 24
Wco 311.21 33.16 261.75 - 162.46 102.50 634.00 24
Ncr 1.00 0 1.00 1.00 0 1.00 1.00 2

WMcr 41.00 39.00 41.00 - 55.15 2.00 80.00 2
Wmcr 28.00 26.00 28.00 - 36.77 2 54 2
Wcr 34.50 32.50 34.50 - 45.96 2.00 67.00 2
Dcr 2.50 1.50 2.50 - 2.12 1.00 4.00 2

Smaxco 12.21 1.47 11.50 16.00 7.21 3.00 30.00 24
Sco 5.53 0.71 5,25 - 3.46 0.90 14.87 24
Eco 1.41 0.08 1.30 - 0.37 1.06 2.78 24
Ecr 1.24 0.24 1.24 - 0.34 1.00 1.48 2

SIco 2290.38 374.03 1587.00 1389.00 1832.35 375.00 8132.00 24

Hco = cone height; Aco = area; Vco = volume of the cone; WMco = maximum cone diameter; Wmco = minimun cone
diameter; Wco = mean cone diameter; Ncr = number of craters; WMcr = maximum crater diameter; Wmcr = min-
imum crater diameter; Wcr = mean crater diameter; Dcr = crater depth; Smaxco = maximum slope of the cone;
Sco = cone average slope; Eco = cone elongation; Ecr = crater elongation; SIco = separation index. * For the
parameters related to the crater, only those volcanoes that conserve the crater have been counted.

We can observe that the mean height for the 114 scoria cones analyzed (Table 1) is
36.54 m, with values ranging from 10 to 108 m, a median of 33.00 m, and a standard deviation
of 21.54 m. The mean area is 0.454 km2, with values ranging from 0.027 to 2.86 km2, a median
area of 0.327 km2 and a standard deviation of 0.455 km2. The mean volume is 0.008113 km3,
with values between 0.000142 and 0.055293 km3, a median of 0.002937 km3 and a standard
deviation of 0.011734 km3. For the average diameter of the cone, the results are a mean
of 674.94 m, with values between 193 and 1945 m, a median of 626.25 m, and a standard
deviation of 332.06 m. These data would indicate small cones when compared with cones
from other volcanic fields on the planet [10–12,23,29,74]; moreover, they are highly eroded
given their considerable age. This is confirmed by observing the distribution histograms of
scoria cones in Figure 12a: according to their height, most of them are smaller than 60 m;
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most cones have an area of less than 0.850 km2 and an average width of less than 750 m;
and most of the cones have a very small volume of only 0.008 km3.

 
(a) 

 
(b) 

Figure 12. Frequency distribution histograms for scoria cones (a) and spatter cones (b) in the main

parameters related to the cone size. Abbreviations: St. Dev., is the standard deviation; Min. and Max.,

are the minimum and maximum values. Self-elaboration.
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These scoria cones have a mean number of craters of 1.17 (craters have only been
observed in 47 cones) with a mean diameter of 188.23 m and a mean depth of 23.79 m,
which, a priori, might seem relatively simple volcanic morphologies, without accounting
for the fact that most of the volcanic edifices have lost their craters as a result of erosion.
The cone maximum slope values give a mean of 15.85◦ and the mean value for cone slope
is 6.79◦, which is indicative of the significant erosion of these cones [44] as has occurred in
other volcanic fields such as Bakony–Balaton Highland (Hungary) [16,19,38], which are
similar to Calatrava in composition, chronology, morphogenesis, morphology, and erosion
rates. In addition, the values for cone and crater elongation are not very high, with a mean
of 1.27 for cones and 1.94 for craters, which suggests that the craters are a reflection of the
fissure eruptions that formed these volcanoes and, in some cases, the existence of nested
craters. Finally, the separation index—with a mean value of 2410.24 m—is consistent with
platform volcanic fields analyzed in other volcanic regions [3,4,7,12].

In the case of the 24 spatter cones analyzed (Table 1 and Figure 12b), the mean data
are a height of 11.54 m, a surface area of 0.097 km2, a volume of 0.00034 km3, and a basal
diameter of 311.21 m, which reflects dimensions that are typically much smaller than in the
case of scoria cones, as expected for this type of morphology classified as “small” (Figure 10)
by the authors mentioned in Section 1 [3,10,16]. These data are also confirmed by observing
at the histograms of spatter cone distribution (Figure 12b): according to their height, most
of them are distributed between 8 and 16 m; most spatter cones have an area of less than
0.06 km2 and an average width of less than 330 m; and most of the cones have a very small
volume of only 0.0003 km3. As for the craters, only two spatter cones still retain their crater,
of very small dimensions, with a mean diameter of 34.5 m and depth of 2.5 m. The slopes
are gentler, given that these are landforms that have been exposed to an important erosion,
with a maximum of 12.21◦ and a mean of 5.53◦. The elongations of the cone (1.41) and
the crater (1.24) do not give very high values, although the spatter cones do have slightly
higher values than for scoria cone elongation, which may reflect their Hawaiian/fissure
formation, or that they formed on the flanks/piedmont of Paleozoic mountain ranges [44]
(map in Figure 11) and, in some cases, at the edge of maars, tuff rings, or at the base of
some scoria cones [43,50,83].

Given the small number of spatter cones (24 analyzed) and their small size, the
enormous morphological differences between them, due to their poor state of preservation,
would not faithfully reflect the morphological and morphometric values of the monogenetic
volcanoes of CCVR, so it was decided not to include them in the subsequent analysis for
defining the most frequent volcano-type.

As in other studies [9,84], mean and mode data are not sufficiently representative of
the entire population of cone-type monogenetic volcanoes in CCVR. Therefore, a statistical
analysis of the scoria cones based on the Pearson correlation coefficient [85] was performed
to establish the relationship between two quantitative variables, as this is one of the
statistical methods most widely used by various authors [4,26,77,86]. To check the results,
we also applied the linear method of principal component analysis (PCA), which has also
been used by several authors [33,82,87] to study the morphometry of scoria cones. These
statistical analyses, which establish the linear relationship between two or more variables,
are used to reduce the number of variables (in our study, morphometric parameters) that
best correlate with each other and that would therefore be the most representative of the
morphology and dimensions of the volcano. The results obtained vary between 1 and −1,
and the closer the result is to 1 or −1, the closer the correlation between both quantitative
parameters. Results close to 0 would indicate that the parameters do not correlate or that
there is simply no relationship.

Correlations were performed only on scoria cones as they are the most repeated
landform within the classification of cone-type monogenetic volcanoes (Table 2) in the
Campo de Calatrava Volcanic Region.
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Table 2. Pearson correlations for different morphometric parameters * measured in the 114 scoria

cones analyzed on Campo de Calatrava Volcanic Region. Strong correlations in red and weak

correlations in black. Self-elaboration.

Hco Aco Vco WMco Wmco Wco Ncr WMcr Wmcr Wcr Dcr Smaxco Sco Eco Ecr SIco

Hco - 0.42 0.76 0.45 0.47 0.47 0.40 0.53 0.48 0.52 0.59 0.58 0.54 −0.19 −0.01 −0.08
Aco 0.42 - 0.80 0.93 0.96 0.96 0.09 0.52 0.56 0.55 0.12 −0.16 −0.31 −0.38 −0.18 0.02
Vco 0.76 0.80 - 0.77 0.80 0.79 0.21 0.72 0.73 0.74 0.46 0.15 0.05 −0.33 −0.11 −0.06

WMco 0.45 0.93 0.77 - 0.96 0.99 0.14 0.49 0.54 0.52 0.13 −0.19 −0.37 −0.27 −0.22 0.03
Wmco 0.47 0.96 0.80 0.96 - 0.99 0.08 0.57 0.60 0.60 0.18 −0.18 −0.35 −0.50 −0.20 0.03
Wco 0.47 0.96 0.79 0.99 0.99 - 0.11 0.53 0.58 0.57 0.16 −0.19 −0.36 −0.39 −0.21 0.02
Ncr 0.40 0.09 0.21 0.14 0.08 0.11 - 0.12 0.06 0.10 0.12 0.27 0.23 0.15 0.16 −0.16

WMcr 0.53 0.52 0.72 0.49 0.57 0.53 0.12 - 0.89 0.98 0.67 0.07 −0.11 −0.41 0.12 0.11
Wmcr 0.48 0.56 0.73 0.54 0.60 0.58 0.06 0.89 - 0.97 0.57 0.01 −0.18 −0.40 −0.27 0.22
Wcr 0.52 0.55 0.74 0.52 0.60 0.57 0.10 0.98 0.97 - 0.64 0.04 −0.14 −0.42 −0.05 0.16
Dcr 0.59 0.12 0.46 0.13 0.18 0.16 0.12 0.67 0.57 0.64 - 0.39 0.36 −0.21 0.17 −0.08

Smaxco 0.58 −0.16 0.15 −0.19 −0.18 −0.19 0.27 0.07 0.01 0..04 0.39 - 0.85 0.16 0.16 0.00
Sco 0.54 −0.31 0.05 −0.37 −0.35 −0.36 0.23 −0.11 −0.18 −0.14 0.36 0.85 - 0.24 0.19 −0.07
Eco −0.19 −0.38 −0.33 −0.27 −0.50 −0.39 0.15 −0.41 −0.40 −0.42 −0.21 0.16 0.24 - 0.16 0.01
Ecr −0.01 −0.18 −0.11 −0.22 −0.20 −0.21 0.16 0.12 −0.27 −0.05 0.17 0.16 0.19 0.16 - −0.22

SIco −0.08 0.02 −0.06 0.03 0.02 0.02 −0.16 0.11 0.22 0.16 −0.08 0.00 −0.07 0.01 −0.22 -

* Hco = cone height; Aco = area; Vco = volume of the cone; WMco = maximum cone diameter; Wmco = minimun cone
diameter; Wco = mean cone diameter; Ncr = number of craters; WMcr = maximum crater diameter; Wmcr = min-
imum crater diameter; Wcr = mean crater diameter; Dcr = crater depth; Smaxco = maximum slope of the cone;
Sco = cone average slope; Eco = cone elongation; Ecr = crater elongation; SIco = separation index.

Applying the correlation coefficient to the 16 variables used for the morphometric
analysis and for the volcano-type definition (Table 2), ‘significant’ or ‘strong’ correlations
are taken to be >0.50, and it can be seen that six parameters (Ncr, Smaxco, Sco, Eco, Ecr,
and SIco) show only two or no correlations higher than 0.50. However, there are stronger
correlations between the remaining 10 quantitative parameters (Hco, Aco, Vco, Wco, Wcr,
Dcr), with between four and seven positive correlations higher than 0.50. As in other
studies [9,84], the positive correlations are moderate in general, although stronger between
the parameters Hco, Aco, Vco, and Wco (>0.76) (Table 2).

To confirm that the variables extracted with the Pearson correlation analysis are opti-
mal for the definition of the volcano-type following de morphological and morphometric
distribution of the scoria cones, principal component analysis (PCA) was additionally
applied to the 16 morphometric parameters used for this characterization (Table 3). As
in the Pearson analysis (Table 2), correlations of >0.50 between the different variables
(marked in red in the component matrix in Table 3) have been taken as significant. The first
four variables (Hco, Aco, Vco and WMco) have eigenvalues >1 and account for 81.69% of the
variability. The next two variables (Wmco, Wco) have eigenvalues between >0.68 and <1
and account for 91.47% of the variability of the PCA.

In the principal component matrix (Table 3) we can see that, in component 1, the
variables that better correlate (>0.60 and 0.80) are the parameters Hco, Aco, Vco, WMco,
Wmco, and Wco. The parameters WMcr, Wmcr, and Wcr also give strong correlations (>0.80)
but have lower eigenvalues and account for 99.3% of the variability.

Furthermore, each of the components obtained could be correlated with a key mor-
phological descriptor [82], depending on the data obtained. In our study, only two of the
components have three or more parameters that provide significant correlation results:

• Component 1—Size: the nine parameters that offer the strongest correlations (>0.80
and height 0.608) are closely related to the description of the size of volcanic cones—
namely height, area, and volume—and the dimensions of the cone base and craters
which, to some extent, are also related to the dimensions of the volcanic edifice.

• Component 2—Steepness: the three parameters that give the best results are those
related to the maximum and average slope and height of the cone, so this component
explains the steepness of the cone and, to a certain extent, its relationship with the
erosion of the volcano.

• Component 3—Craters: only the number of craters variable gives a strong correlation.
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• Component 4—Crater shape: only the crater elongation parameter shows a strong correlation.

Once the Pearson correlation analysis had been performed and checked against the
PCA, the parameters that most closely matched each other were selected in order to estab-
lish modal intervals for defining the Calatrava volcano-type, following the morphological
and morphometric distribution of the scoria cones.

Table 3. Correlation matrix of the principal component analysis (PCA) for different morphometric

parameters * measured in the 114 scoria cones analyzed on Campo de Calatrava Volcanic Region.

Strong correlations in red. Self-elaboration.

Components

1 2 3 4

Hco 0.608 0.621 0.284 −0.208
Aco 0.884 −0.296 0.267 0.031
Vco 0.909 0.217 0.186 −0.048

WMco 0.874 −0.283 0.325 −0.030
Wmco 0.928 −0.258 0.202 0.007
Wco 0.912 −0.274 0.268 −0.012
Ncr 0.135 0.396 0.568 0.023

WMcr 0.806 0.345 −0.347 0.240
Wmcr 0.833 0.209 −0.385 −0.102
Wcr 0.840 0.293 −0.374 0.093
Dcr 0.444 0.690 −0.308 0.120

Smaxco −0.167 0.828 0.047 −0.291
Sco −0.341 0.840 0.139 −0.219
Eco −0.532 0.163 0.315 −0.051
Ecr −0.182 0.326 0.101 0.824

SIco 0.190 −0.333 −0.412 −0.367

* Hco = cone height; Aco = area; Vco = volume of the cone; WMco = maximum cone diameter; Wmco = minimun cone
diameter; Wco = mean cone diameter; Ncr = number of craters; WMcr = maximum crater diameter; Wmcr = min-
imum crater diameter; Wcr = mean crater diameter; Dcr = crater depth; Smaxco = maximum slope of the cone;
Sco = cone average slope; Eco = cone elongation; Ecr = crater elongation; SIco = separation index.

4.2. Defining the ‘Volcano-Type’ of Campo de Calatrava Volcanic Region

As indicated in Section 1, qualitative (morphology, location, size of the cone) and
quantitative data obtained through morphometric analysis (Hco, Aco, Vco, Wco, Wcr, Dcr,
Ncr, Dcr, etc.) were used to define the most frequent cone-type basaltic monogenetic volcano
in the Campo de Calatrava Volcanic Region (Tables 4 and 5).

To define the qualitative data, we used the findings reported by Becerra-Ramírez [44]
on the distribution of the scoria cones, according to their morphology, topographic location,
and size. With these data, we can determine which morphology is the most frequent in
CCVR, in which topographical location and which size, following the method of Dóniz-
Páez et al. [9] (Table 4).

Once the qualitative attributes had been established, we chose those that occur most
frequently in the cone-type volcanoes of Calatrava. On this point, and as we saw earlier,
a first analysis would rule out the inclusion of spatter cones in the qualitative attributes,
given the small number of volcanoes of this typology (24 analyzed) and their variability in
terms of shape, state of preservation, and their small size, which would not faithfully reflect
the morphological and morphometric values of the cone-type monogenetic volcanoes of
CCVR. Therefore, Pearson correlations and PCA (Tables 2 and 3) for qualitative attributes
were only performed on the 114 scoria cones analyzed.
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Table 4. Qualitative attributes used to define the volcano-type in Campo de Calatrava Volcanic

Region. Self-elaboration, modified from Becerra-Ramírez [44].

Qualitative Attribute Number of Cones % of Total Cones

Morphology of the cones 1

Ring-shaped cone 17 14.91
Horseshoe-shaped cone 20 17.54

Multiple cones 10 8.77

Cones without crater 2

Ash-dominated cones
Spatter-lavas dominated cones

45
22

39.77
19.30

Topographic emplacement

Plain or valley 52 45.61
Piedmont or hillside 27 23.68

Mountain 3 35 30.70

Size of the cones 4

Small cone 83 72.81
Medium cone 8 7.02

Others 23 20.18
1 Following the morphological classification of scoria cones of Dóniz-Páez [45]. 2 Sub-classification of cone
morphologies without crater by Becerra-Ramírez [44]; 3 These are not flank cones as mentioned above, but
volcanoes located on the summits of Paleozoic mountain ranges; 4 Following the size classification of scoria cones
by Dóniz-Páez et al. [10] calculated from quantitative parameters of height, area, and volume.

Table 5. Quantitative attributes used to define the volcano-type in Campo de Calatrava Volcanic

Region. Self-elaboration, modified from Becerra-Ramírez [44].

Cone Parameters * Modal Intervals Number of Cones % of Total Cones

Hco 0 <50 m 88 77.19
Aco <0.6 km2 86 75.44

Vco <0.01 km3 83 72.81
WMco ≥500 <1000 m 63 55.26
Wmco <1000 m 51 44.74
Wco ≥500 <1000 m 51 44.74

WMcr ≥125 <250 m 20 42.55 1

Wmcr 0 <250 m 42 89.36 1

Wcr ≥25 <145 m 20 42.55 1

* Hco = cone height; Aco = area; Vco = volume of the cone; WMco = maximum cone diameter; Wmco = minimun
cone diameter; Wco = mean cone diameter; WMcr = maximum crater diameter; Wmcr = minimum crater diameter;
Wcr = mean crater diameter. 1 Calculated on the cones that still preserve the crater (a total of 47 cones).

For the quantitative attributes, a modal intervals method [9,84] (Table 5) was used for
each of the morphometric parameters that had the strongest correlation with the Pearson
coefficient and its comparison against the PCA: height, area, volume, and cone and crater
diameters. Each of the modal intervals are representative of the real dimensions of the
cones studied [9,84], and for each parameter we chose the modal interval in which the
largest number of cones was distributed, which is therefore the most representative sample
of the ranges of height, area, volume, and cone and crater diameters in the set of scoria
cones surveyed in CCVR.

Once the quantitative and qualitative attributes described in Tables 4 and 5 had
been determined, according to the morphometric parameters that define the dimensions,
topographic location, and size of the cones, we were able to identify the most frequent
scoria cones in the Campo de Calatrava Volcanic Region. Taking into account the modal
intervals for both quantitative and qualitative attributes, it can be observed that in many
cases they represent more than 50% of the distribution of the scoria cones analyzed in CCVR.
This method therefore enables us to obtain a close approximation to the morphological
features of the basaltic monogenetic volcanoes [9,84].
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From the findings presented in Tables 4 and 5, we may infer that the most frequent
monogenetic basaltic volcano in the Campo de Calatrava Volcanic Region is a craterless
ash-dominated volcanic cone, mostly located in flat or basin areas, and of small size—
that is, with a height less than 50 m, an area less than 0.6 km2, a volume of less than
0.01 km3—and with a basal diameter between 500 and 1000 m. These modal values match
the averages presented in Table 1 and Figure 12a, which were: height 36.54 m, surface area
0.454 km2, volume 0.008113 km3 and mean cone diameter of 674.94 m. In keeping with
this Campo de Calatrava ‘volcano-type’, we note that the most frequent morphologies in
this volcanic field are known by the local toponym of cabezo or cabeza [50,51,88], which are
highly eroded flattened volcanic hills with little topographic reflection in the middle of the
central Neogene plains of the region (Figure 13a,b).

  
(a) (b) 

  
(c) (d) 

‘ ’ 

‘ ’ 

–

Figure 13. Examples of ‘volcano-type’ in Campo de Calatrava Volcanic Region. Small ash-dominated

cones without crater, located in plains and locally called cabezas or cabezos: (a) Cabeza del Rey

(Poblete); (b) Cabeza Jimeno (Ciudad Real-Miguelturra). Small horseshoe-shaped scoria cones with

crater, located in the piedmonts of the Paleozoic mountains: (c) La Estrella (Almagro); (d) El Retamar

or Cerro Moreno (Almagro).

These morphological features therefore reflect the current state of most of the cones
surveyed in CCVR: old, highly eroded volcanoes that have lost part of their original
morphological and morphometric values as a result of the processes of degradation. We
cannot affirm, then, that this is the original shape of a newly formed monogenetic basaltic
volcano in this volcanic field, but rather the result of its intense erosion, or its morphological
modification by syn- and post-eruptive events (volcanic or otherwise) after its formation,
as occurs in other volcanic fields [19,39,42].

However, if we wanted to determine what these cones were mostly like when they
first formed, we would have to look at the results of the analysis applied to the scoria cones
that still have a crater. The crater, therefore, would be the morphological evidence of the
original shape of these volcanoes produced in Strombolian paroxysms and effusive pulses
(Figure 1). Based on the number of volcanoes that still remain a crater, and taking into
account the values in Tables 4 and 5, we could therefore state that the volcano-type with
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a crater in CCVR is a horseshoe-shaped scoria cone (Figure 13c,d), located in areas of flat
or contrasting topography (piedmont), corresponding to the main emplacement of this
morphological type [44]. It is a small cone: height <50 m, area less than 0.6 km2, volume
less than 0.01 km3, basal diameter of between 500 and 1000 m, and mean crater diameter of
between 25 and 145 m.

5. General Discussion

In the Campo de Calatrava Volcanic Region, the purpose of establishing a volcano-type
is to learn about the structural and spatial aspect of these landforms and the type of eruptive
behavior that a volcanic edifice of these characteristics would have within the volcanic field,
in other words, to provide a statistical explanation of what an ‘ideal’ scoria cone would
be like, following the current distribution of these volcanoes from the morphometric and
morphological points of view. Other studies use this method to address hazard assessment
and risk analysis in the event of a monogenetic basaltic eruption [9,84]. Although CCVR is
considered volcanically active [61], to speak of hazards associated with a volcanic eruption
would not be entirely accurate, as the last eruption occurred between 14 ka and 5.5 ka
BP [57–60].

To determine the volcano-type of the Campo de Calatrava Volcanic Region, a selection
of qualitative morphological parameters was established by taking as a reference the
attribute that distributed the highest number of cones. The quantitative morphometric
indices were selected using Pearson linear correlations checked against PCAs to narrow
down the number of morphometric parameters that best define the morphology of the
cones. To this end, only indices with strong and/or moderate positive correlations (>0.50)
were selected, while negative and weak correlations were rejected. This ensures that there is
an association between the variables studied and a high degree of objectivity in the results
obtained with this method [9].

However, for the characterization of the cone-type monogenetic volcano in CCVR,
the lesser morphologies (spatter cones) were ruled out, even though they belong to this
morphogenetic typology, since they present very diverse and disparate forms, highly
eroded, partially buried, with hardly any morphological reflection and, most importantly,
only about 30 of these landforms still remain as compared to the greater number of scoria
cones in the volcanic region.

The methodology applied reveals the most significant morphological features of the
scoria cones of Calatrava, representing the most frequent eruptive morphologies in its
recent geological past, as well as one of the most representative values of the geodiversity,
geoheritage, and landscape heritage of this area of central Spain.

On the basis of the data obtained, the most frequent scoria cone in CCVR is an ash-
dominated, craterless volcanic cone, located in flat areas and of small size (height < 50 m,
area < 0.6 km2, volume < 0.01 km3 and a mean basal diameter between 500 and 1000 m);
the modal results are consistent with the averages obtained for the surveyed scoria cones
(36.54 m height, 0.454 km2 area, 0.008113 km3 volume, and cone diameter 674.94 m). This
Calatrava ‘volcano-type’ resulting from the analysis is consistent with the volcanic hills
known locally as cabezos or cabezas.

This landform is the result of intense erosive processes over millions of years. The
craters of these volcanoes have disappeared and their size is very small, which suggests
that part of the eruptive material that formed the cone has been stripped away—especially
the smaller pyroclasts (ash, lapilli), as reflected in the mean, mode, and median data, as well
as in the modal intervals used to characterize the volcano-type. Moreover, this situation
is confirmed in similar volcanic fields when “most explosive cones are built up mostly by
loose lapilli and ash as well as minor, e.g., locally distributed, lava spatter, favoring rapid
erosion” [19].

For these reasons, it is considered that volcanoes that still retain their craters should
also be taken into account to characterize the original CCVR ‘volcano-type’, since craterless
cones are the result of the erosional evolution of the cones with crater. Therefore, to
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determine what these cones were mostly like when they were formed, we have to focus
on the analysis applied to the scoria cones that still have a crater. Following the same
methodology and based on the findings, the most frequently repeated volcano-type with
a crater in CCVR is a horseshoe-shaped scoria cone located in areas of flat or contrasting
topography (piedmont or hillside) and of small size.

It is true that this method is relatively simple for volcanic fields such as Campo
de Calatrava, with a great variety of more-or-less eroded volcanic morphologies given
the old age of many of them and the relative youth of others. One reason is that the
distribution of the most volcanoes that occur in the modal intervals have lost much of
their original form, which is reflected in alterations in the morphometric parameters of
height, basal diameter, surface area, and volume, and in other parameters such as loss of
craters and slope decrease. In general, the results of these alterations are morphological
features and erosion rates that are modified by “properties that result from the interaction
of syn- and post-eruptive processes (effusive and phreatomagmatic activity, erosion, the
slope of the pre-eruptive surface)” [42], or “erosion-resistant components” which has also
“played an important role on slope processes and thus morphometry [. . . ] e.g., dominant
effusive activity, different deposits preserved in the scoria cone successions [. . . ] welded
or agglutinated deposits” [19]. It could even be suggested that the “differences in cone
shape are also due to different degradation styles and rates. Even cones in the same field
that have large differences in age can display contrasting mean erosion rates due to past
climatic changes” as other studies note [39].

On the other hand, the other 49% of the basaltic monogenetic volcanoes of CCVR
formed in hydromagmatic eruptions—especially maars, maars-diatreme, and tuff
rings—were not studied. Even maars would be more frequent as single landforms, but a
thorough morphological and morphometric characterization of maars would be necessary.
There is a previous morphometric, hydrogeographic, and ecosystemic survey that analyzed
only 27 of these landforms that contain a shallow lake in their interior [44], only 15.4% of
the more than 175 hydromagmatic craters identified in the Campo de Calatrava Volcanic
Region. Another recent study extended the morphometric survey to 43 maars [83], only
24.6% of the Campo de Calatrava total.

Another fact that should be taken into account to complete this type of study is
the presence of combined landforms resulting from eruptions that alternate Strombolian
effusive pulses (e.g., Figure 1) with hydromagmatic pulses and/or phases [11,19,40,41],
in which volcanic complexes of different morphological features develop in the same
eruptive paroxysm (e.g., scoria cone-maar-spatter cone). These eruptive complexes show
that monogenetic volcanoes are highly variable in both form and composition, and that
there might be a transition from simple scoria cones to long-lived polygenetic volcanoes [41]
or monogenetic volcanoes with polycyclic behavior [16,89].

One of the best examples of such combined landforms in CCVR is the Cerro Gordo-
Barondillo-La Sima eruptive complex (Figure 14). This is a complex formed in several
eruptive pulses alternating between Strombolian, hydromagmatic, and effusive [90], which
may be classified as maar/scoria cone or maar/tuff-ring complex with scoria cone and
spatter cone, according to the classification of Kereszturi and Németh [16]. Moreover, this
eruptive complex shows a high geodiversity, as one of the most outstanding elements of the
geoheritage of the volcanic field, which is why it is included in the Geological Interest Sites
Inventory of the Spanish Geological Survey—IGME (IELIG TM146) [91], and as a geosite
within the “Calatrava Volcanoes. Ciudad Real” Geopark project [72]. In addition, it should
be declared as a natural protected area in the category of Natural Monument (pursuant to
the Nature Conservation Law of Castilla-La Mancha [92]).
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Figure 14. Panoramic view of the eruptive complex of Cerro Gordo-Barondillo-La Sima (Valenzuela-

Granátula de Calatrava): (a) scoria cone of Cerro Gordo; (b) maar/tuff ring of Barranco Barondillo;

(c) spatter cone of La Sima on the maar rim; (d) spatter cone with spatter lobes on the flank of

Cerro Gordo.

6. Final Remarks

Characterization of the monogenetic basaltic volcanoes is needed not only as individ-
ual landforms, but also in those cases where volcanic complexes have emerged involving
different eruptive pulses and phases in which some are more predominant than others.
It would thus be possible to determine a volcanic morphology ‘type’, or several types,
depending on the eruption style or styles and the final morphological features, closer to the
real and intact morphology of the more recent volcanoes of the Campo de Calatrava, or if a
volcanic eruption were to occur in this territory in the very long term.

Morphometric studies can also be used to analyze the geodiversity and geoheritage of
volcanic cones and other landforms [46], especially when applying new surveying tech-
niques, tools such as GIS, or high-resolution geographic information such as DEMs [41].
These tools would be useful in characterizing the geomorphological heritage of the “Ca-
latrava Volcanoes. Ciudad Real” Geopark project [70–72], as it would help us to better
understand how the volcanoes were formed, what interactions they had, the risks associ-
ated with this type of natural hazard, and the symbiosis generated after centuries of human
occupation that has exploited these landforms and their materials [93] and, in short, the
landscape with which the local population identifies.

This type of morphological and morphometric analysis should be taken into consider-
ation, especially for volcanoes that are undergoing major degradation without due account
being taken of their geological values (genesis, petrology, geochemistry), geomorphological
values (morphology, location, spatial distribution, size, association with other volcanic or
non-volcanic landforms), their connection with other natural elements linked to biodiver-
sity and ecosystems (volcanic shallow lakes) and the relationship that human societies have
had with these volcanoes, reflecting the idiosyncrasies of the cultures that have used them
over the centuries. Some examples of this situation are the scoria cones of Cerro Gordo
(Figure 14), La Yezosa, Columba (Figure 9a,b), and Cabezo Segura.

The use of morphometric analysis to classify volcano-type may also serve for future
purposes, in view of the results and the discussion:

• Apply the morphometric analysis to landforms produced by hydromagmatic eruptions
(maars, maars-diatreme, tuff rings), thereby adding to the number of volcanoes of this
type that have been previously surveyed [43,83];

• Analyze eruptive complexes where several overlapping landforms occur (scoria cones,
spatter cones, maar), produced by eruptive pulses of different kinds, to determine
whether there are other ‘volcano-types’;

• Model the morphological evolution of these volcanoes within the landscape, as part of
the natural heritage (geoheritage/geomorphological heritage);

• Include these qualitative and quantitative analyses in the study of the geoheritage and
landscape heritage of the Calatrava volcanoes, with a view to their being designated
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as a UNESCO global geopark. Even more so in a project within a region where the
leading attraction is the volcanoes, their morphological imprint on the landscape, the
natural resources they offer (fertile soils, hot springs, ecosystems), the use they have
been put to throughout history (mining, agriculture, geotourism and volcano tourism),
and their sustainable management (geoconservation and protection);

• Develop sustainable management tools for the region covered by this project, taking
into account the most representative and best-preserved volcanic landforms.
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