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In the Campo de Calatrava Volcanic Field (CCVF, Central Spain), the eruption of Pliocene–Pleistocene maar
craters into two clearly distinct types of pre-volcanic rocks allows the observation and comparison of hard-
substrate and soft-substrate maar lakes. Hard-substrate maars formed when phreatomagmatic processes
affected the jointed, Paleozoic igneous and metamorphic rocks (hard substrate), giving rise to funnel-like
maar lake basins. Soft-substrate maars resulted from phreatomagmatic volcanic processes affecting poorly-
consolidated Pliocene sediments, forming bowl-like maar lake basins. Pre-volcanic bedrock determined the
post-eruptive lacustrine architecture in the craters and favored a higher preservation of hard-substrate maars
in comparison to soft-substrate maars. This is because the hard-substrate maars, surrounded by a deep stable
crater wall, are more capable of collecting sediments in their basins. These sediments could be preserved for
longer than similar deposits in broad, shallow maars with a soft substrate. Ancient soft-substrate maars do
not usually preserve their original morphology well and can be identified only by their lacustrine deposits.
Carbonate lacustrine/palustrine deposits surrounding a bowl-like depression are the remnants of this second
type of maar lake, and allow reconstruction of the original morphology of ancient soft-substrate maar craters.
Geophysical (electrical tomography ground surveys) and geomorphologic–geologic mapping techniques
were combined with fieldwork and facies analysis in order to locate and accurately characterize the Pliocene–
Pleistocene soft-substrate maar volcanic structures of the CCVF.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Maars are a special type of volcanic structure formed by phreato-
magmatic processes, characterized by circular craters, often filled with
water and sediments and surrounded by a ring of pyroclastic deposits
(Schmincke, 1988; Büchel, 1993). The entire volcano, including the
tephra ring surrounding the maar crater, is called a maar–diatreme
volcano (Lorenz, 1975; Lorenz, 1985). All terms are used in a purely
descriptive, non-genetic way, and do not connote a specific emplace-
ment process. More than any other type of volcanic activity, maar
volcanism is strongly affected by the near-surface geologic setting (e.g.
Lorenz et al., 1970; Kienele et al., 1980; Self et al., 1980; Lorenz, 1986;
White, 1991; Aranda-Gómez and Luhr,1996; Gevrek and Kazanci, 2000;
Németh et al., 2001). Phreatomagmatic eruption mechanisms and the
geology of maar–diatreme structures have been comprehensively
discussed in several papers (e.g. Fisher and Schmincke, 1984; Lorenz,

1986; Lorenz et al., 2003;Wohletz and Zimanowski, 2000; Pirrung et al.,
2003).

The detection of preserved maar structures is important not only for
undergroundmapping, but also forpaleoclimate research, since laminated
maar lake sediments may contain very detailed archives of climate and
environmental history in continental areas (e.g. Dodson,1974;Negendank
and Zolitschka, 1993; Creer and Thouveny, 1996; Roberts et al., 2001; Liu
et al., 2001;Wagstaff et al., 2001; Caballero et al., 2003; Lücke and Brauer,
2004; Mingram et al., 2004; Schulz et al., 2005; Crausbay et al., 2006;
Garcin et al., 2006; Zolitschka et al., 2006; Pirrung et al., 2008). The
advantage offered by maar lake records is their high temporal resolution;
their morphology favors the rapid and continuous accumulation of
sediments (Gasse et al., 1997; Allen et al., 1999). Maar lake basins have a
relatively small drainage basin, uniform geology, and a simple hydrologic
regime. Most of them have sediments with annual lamination, which can
be employed as an independent chronologic system.

In general terms, volcanic eruption style is primarily controlled by
eruption rate, magmatic gas content, viscosity of magma, and magmatic
source— basically the “source and en route” processes. Maar formation is
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affectedbynear-surface conditions, namely thephysical parameters of the
shallow substrate. Moreover, the potential eruption style (effusive versus
phreatomagmatic) is strongly controlled by the host rock environment
which the mafic melt encounters (Connor et al., 2000). Pre-volcanic
country rocks control themorphologyofmaar formation and their related
maar lake basins. Phreatomagmatic explosions take place simply because
magma heats various groundwater aquifers. Two contrasting environ-
ments exist with regard to groundwater availability for phreatomagmatic
explosions: (1) the “hard-rock” environment, which is a joint aquifer, and
(2) the “soft-rock” environment, which is a pore aquifer (Lorenz, 2003).
The water saturation (and style of water storage, e.g. porous media–soft
rock, or fracture-controlled–hard rock aquifers) of the substratewill affect
the potential for the occurrence of magma–water interaction, and, as a
consequence, the phreatomagmatism. The “soft-rock environment” is a
term used to refer to loose and water-saturated country rocks and
sediments that the feeding dikes intrude, and which may enhance
phreatomagmatism (Lorenz, 1985, 2002).

Bothmaar types (Figs.1 and 2) have been identified in the Campo de
Calatrava Volcanic Field (CCVF) (Ancochea,1983; Poblete,1995;Martín-
Serrano et al., 2007). In hard-substrate maars, the explosive volcanic
processes affected the basement metasediments (Precambrian slates
and graywackes, Carboniferous sandstones, and Tremadocian–Areni-
gian (early Ordovician) slates and quartzites) with magma interacting
with water in joint aquifers. On the other hand, in soft-substrate maars,
the explosive volcanic processes affected the thick poorly-consolidated,
fluvio-lacustrine Pliocene sediments (arkosic sands, marls, and silts).
Thus, maar lake basins are controlled by the pre-volcanic environment.

Hard-substrate maars, surrounded by a deep stable crater wall, are
more capable of collecting sediments in their basins which could be
preserved for longer than similar lacustrine deposits in a broad, shallow
maar formed in a soft-substrate environment. This situation favors a
higher preservation of hard-substrate maar lakes because their country
rocks are more resistant to collapse and erosion, as opposed to soft-
substrate maars where the less resistant materials can subside and
collapse into the newly-formed depression. Also, the surface morphol-
ogy of soft-substrate maars is changed more easily, after eruption, by
erosion and compaction, or is hidden by younger sediments. Ancient
soft-substrate maar basins can be identified by their lacustrine infill
(Martín-Serrano et al., 2007; Németh et al., 2008), or their exposed
diatreme and peperitic zones (Auer et al., 2007; Németh and Martin,
2007). Maar crater morphologies, and, thus, maar lake basin size,
erosion–sedimentation processes, and lacustrine facies are clearly
determined by the pre-volcanic country rocks.

The Valverde de Calatrava area of Central Spain is studied here
because its Campo de Calatrava Volcanic Field features both types of
pre-volcanic maars and their related lakes. The post-eruptive
sedimentation–erosion history of maars has not yet been studied in
detail, and clues to the relationship between phreatomagmatism and
subsequent maar lake formation and evolution can confirm the
differences in maar development in soft- and hard-substrate areas.

2. Site description and geology

The study site ismainly located in the CiudadReal Province of Central
Spain, in the area known as the Campo de Calatrava Volcanic Field
(CCVF) in the Central Volcanic Region (Hernández-Pacheco, 1932;
Ancochea, 1983) (Fig. 1). Volcanism of the CCVF developed individual
small-volume mafic volcanoes in a continental monogenetic volcanic
field where maar craters, scoria cones, and lava flows are the most
abundant features. According to K–Ar and Ar–Ar ages from the lava
(Ancochea, 1983; Bonadonna and Villa, 1984), there were at least two
volcanic stages. Thefirst stage involvesmafic extrusives of ultra-potassic
characterandoccupies the centerof thevolcanic regionwith age ranging
between8.7 and6.4Ma. The second stage contains an alkaline andultra-
alkaline volcanism, with its main activity phase between 4.7 and
1.75 Ma. Later, there was some volcanic activity in the early Pleistocene

that greatly extended the period of volcanic activity in the region,
between 1.3Ma and 0.7Ma (Gallardo-Millán and Pérez-González, 2000;
Gallardo-Millánet al., 2002;Gallardo-Millán, 2004). Large-scale tectonic
processes in the CCVF, related to the Alpine Orogeny, affected the
Paleozoic basement rocks, forming faults and overthrust faultswithNE–
SW and SE–NW trends (Galindo-Zaldívar et al., 1993; Muñoz and de
Vicente,1998). Twomain tectonic stages are identified. The first stage is
compressional that originated faultswith aNE–SW trend, and conjugate
faults with a SE–NW trend, all during the Miocene. A second stage was
active from the Pliocene to the present day, but was less compressive
than the previous one.

According to Lorenz (1985, 2002, 2003), formation of Pliocene–
Pleistocene phreatomagmatic maars in the CCVF took place in hard
rocks and soft rocks (Fig. 1). Maar craters are lined up according to
NW–SE and NE–SW tectonic trends in Central Spain.

3. Methods

Geologic and geomorphologic maps at 1:25,000 scale were
composed through field work and interpretation of aerial photographs
(1:18,000). For each maar identified in the CCVF, values of maximum
and minimum diameters have been measured (Dmax and Dmin,
measured from the crest of the tephra ring). Mean radius (R) is
calculated as the half of the diameters. The average surface area (S) for
craters and their associated lakes (s) was estimated.

Electrical tomography (ET) methods were employed to character-
ize the internal structure of the maar lake sediments (thickness,
sedimentary facies, and sedimentary basin architecture) in two
selected maar lakes: i) Fuentillejo Lake, a hard-rock substrate maar,
and ii) Galiana palaeolake, a soft-rock substrate maar. The apparent
resistivity measurements for the ET study made on Fuentillejo Lake
used dipole–dipole electrode configurations. ET equipment consisted
of an Iris VIP-3000 transmitter fed by a 4 KVA generator (0.04 and
4 Amperes), Iris Elrec-6 and Elrec-10 transmitters, and steel electro-
des. However, measurements for the ET study made on the Galina
paleolake used a Lund system (Abem) equipped with a dipole–dipole
and Wenner electrode configurations.

A boreholewasdrilled in 2002 in the sediments of Fuentillejo Lake to
recover the 142.4 m-thick lacustrine sequence (FUENT-1 core). Cores
were stored in a core repository at 4 °C. Analyses of mineralogy of the
lacustrine sedimentswere carried out by X-ray powder diffraction using
a copper Kα-tube on a XPERT Pro of PANalytical (PTE-RX-004) at IGME
laboratories. Authigenic minerals, particle morphologies, and textural
relationships were observed by thin sections and scanning electron
microscopy (SEM) at Luis Brú Microscopy Center (Universidad
Complutense de Madrid). SEM observations were performed with a
JEOL JSM 6400 operated at 20 kV and equipped with a Link System
energy dispersive X-ray microanalyzer (EDX).

4. Maar lakes on CCVF hard-rock substrate

4.1. Basic features

A total of 60 hard-substrate maars have been identified on the
crystalline Paleozoic basement, and their craters usually are not
coalescent. This type originated as the explosive volcanic processes
affected the basement metasediments (Precambrian slates and
graywackes, Carboniferous sandstones and Tremadocian–Arenigian
slates and quartzites) where magma interacted with water in joint
aquifers. They commonly show tephra rings composed of pyroclastic
deposits with large exotic country rock fragments floating in a fine-
grained matrix outside crater walls. Half of them are concentrated in
the southern part of the CCVF (Fig. 1), and 26 of them do not have
lacustrine records because their craters are filled with rock falls.

Surface morphologic measurements of hard-rock substrate maars
are indicated in Table 1 and Fig. 3. The average crater radius (R) is
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339.4 m, and most of them have an R between 100 and 600 m. Lake
basins have a mean radius (r) of 254.7 m, and there is none greater
than 500 m. Nevertheless, some craters of large, hard-rock substrate
maars have R=750 m and S=1.77 km2 (e.g. La Nava and Caracuel
maars). The smallest crater (Cervera maar) has a radius of 88 m and a
surficial area of 0.24 km2. Inner slopes dip towards the interior of the
crater, with nearly vertical crater walls comprising slopes of 30° on
interior alluvial fans. Normally in the CCVF, this type of maar basin has
a greater inner slope angle than a soft-substrate maar. The internal
crater wall usually has a height difference of 120–40 m. Formation of
rockfalls, rock slumps, and scree material is very common.

4.2. Maar lacustrine deposits

Hard-substrate maar craters have a circular shape and host lakes in
the post-eruptive stage with their funnel-like shape (Fig. 2). Such
cone-shaped structures cut sharply into the “hard rock” hills,
providing a competent and stable substrate for lake basin develop-
ment. These types of maar lakes are ephemeral closed systems today
with the largest maar lakes drained for farming.

Fuentillejo Lake has been chosen here as a model for hard-
substrate maar lakes in the CCVF (Fig. 4). This maar is associated with
a pyroclastic flow that includes more than 5%, and rarely up to 30%, of
country rock fragments (quartzites and slates), indicating basement
excavation. Xenocrysts of olivine and amphibole are common in the
entire pyroclastic succession, but large crystals of amphibole (N5 cm)
are more common close to the crater rim.

Hard-substrate, lake basin morphology has been inferred by three
electrical tomography profiles made on the Fuentillejo Lake basin
(García-Cortés et al., 2007). The funnel-like morphology of the lake
basin was reconstructed using the ET profile and depth from the

Fig. 2. A. Diagram representative of a hard-substrate maar and related lake type from
the CCVF (modified from Büchel, 1993 and Lorenz, 2000). B. Diagram representative of a
soft-substrate maar and related lake type from the CCVF (modified from Büchel, 1993;
Lorenz, 2000).

Fig. 1. A. Location map of the study area in the Iberian Peninsula. B. Simplified geologic map of the Campo de Calatrava Volcanic Field. C. Situation map of maar crater types of the
Campo de Calatrava Volcanic Field. Valverde study site in Fig. 2 is marked by a rectangle.

Table 1
Measurements made on hard-rock maar craters and their maar lakes from Campo de
Calatrava Volcanic Field.

Dmax Dmin dmax dmin Mean R Mean r R / r S s S /s

1000 700 550 550 425 275 1.55 567,451.5 237,583.5 2.39
1150 1000 700 450 538 288 1.87 907,627.9 259,672.9 3.50
1000 900 550 250 475 200 2.38 708,823.5 125,664 5.64
750 250 – – 250 – – 196,350.0 – –

250 225 – – 119 – – 44,264.2 – –

1250 1200 900 550 563 363 1.55 994,021.9 412,825.9 2.41
400 250 – – 163 – – 82,957.9 – –

450 400 – – 213 – – 141,862.9 – –

1050 950 450 250 500 175 2.86 785,400.0 96,211.5 8.16
550 475 – – 256 – – 206,290.2 – –

350 300 – – 163 – – 82,957.9 – –

450 450 – – 225 – – 159,043.5 – –

750 700 – – 363 – – 412,825.9 – –

1700 1500 1150 700 800 463 1.73 2,010,624.0 672,007.9 2.99
1000 550 600 300 388 225 1.72 471,730.9 159,043.5 2.97
950 400 550 400 363 238 1.53 412,825.9 177,205.9 2.33
1050 900 850 550 488 350 1.39 746,620.9 384,846 1.94
650 300 500 150 238 163 1.46 177,205.9 82957.9 2.14
400 200 – – 150 – – 70,686.0 – –

1150 500 700 350 413 263 1.57 534,562.9 216,475.9 2.47
275 250 – – 107 – – 35,632.8 – –

200 150 – – 88 – – 24,052.9 – –

1400 1350 500 400 438 225 1.94 601,321.9 159,043.5 3.78
1650 1575 1100 900 375 250 1.50 441,787.5 196,350 2.25
500 450 – – 238 – – 177,205.9 – –

400 400 – – 200 – – 125,664.0 – –

1650 700 – – 588 – – 1,084,342.9 – –

1350 1000 800 600 588 350 1.68 1,084,342.9 384,846 2.82
1250 800 750 500 725 313 2.32 1,651,303.5 306,796.9 5.38
650 450 400 200 275 150 1.83 237,583.5 70,686 3.36
650 450 400 200 275 150 1.83 237,583.5 70,686 3.36
350 325 250 200 169 113 1.50 89,409.0 39,760.9 2.25
800 600 450 400 350 213 1.65 384,846.0 141,862.9 2.71
650 400 300 250 263 138 1.91 216,475.9 59,395.9 3.64
1400 1250 950 750 663 425 1.56 1,378,867.9 567,451.5 2.43
1250 1150 1000 850 600 463 1.30 1,130,976.0 672,007.9 1.68
600 500 350 200 275 138 2.00 237,583.5 59,395.9 4.00
650 550 500 250 300 188 1.60 282,744.0 110,446.9 2.56
1050 950 600 500 500 275 1.82 785,400.0 237,583.5 3.31
400 300 – – 175 – – 96,211.5 – –

600 550 – – 288 – – 259,672.9 – –

1600 800 650 600 600 288 2.09 1,130,976.0 259,672.9 4.36
1050 900 700 654 488 350 1.39 746,620.9 384,846 1.94
650 600 350 250 313 150 2.08 306,796.9 70,686 4.34
500 450 – – 238 – – 177,205.9 – –

1050 650 – – 425 – – 567,451.5 – –

1250 1250 750 750 625 375 1.67 1,227,187.5 441,787.5 2.78
1150 1100 500 500 563 250 2.25 994,021.9 196,350 5.06
1100 950 700 700 513 350 1.46 825,160.9 384,846 2.14
900 950 – – 463 – – 672,007.9 – –

1750 1250 – – 750 – – 1,767,150.0 – –

650 650 – – 325 – – 331,831.5 – –

500 450 – – 238 – – 177,205.9 – –

1150 750 650 500 475 288 1.65 708,823.5 259,672.9 2.73
300 250 – – 138 – – 59,395.9 – –

500 450 – – 238 – – 177,205.9 – –

700 575 – – 319 – – 319,191.5 – –

1350 1250 850 750 650 400 1.63 1,327,326.0 502,656 2.64
1000 800 – – 450 – – 636,174.0 – –

1600 1300 1150 750 725 475 1.53 1,651,303.5 708,823.5 2.33

For each hard-rock maar identified in the CCVF, values of maximum and minimum
diameters have been measured (Dmax and Dmin, measured from the crest of the tephra
ring). Mean radius (R) is calculated as the half of the diameters. dmax, dmin and r are
values corresponding to their hard-rockmaar lakes. The average surface area (S) for craters
and their associated lakes (s) was estimated. Allmeasurementswere expressed onmeters.
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FUENT-1 core (Fig. 5). Resistivity measurements provided the most
detailed information about the internal structure of the maar lake
sediments in this site (Fig. 5). An ET-FUENT-1 resistivity profile showed
this lacustrine basin to be 90 m deep, and has also permitted the
deduction of interesting aspects of its sedimentary architecture
(Fig. 5). Zones of very low resistivity represented distal fine-grained
facies of the post-eruptive period.

Pirrung et al. (2003) generalized the lithofacies of maar structures
and described five lithozones of typical stages of maar formation
within a diatreme structure (A: diatreme breccia, B: syn-eruptive
collapse breccia and the maar crater lake sediments, C: debris flow
deposits, D: lacustrine laminated sediments with interbedded
turbidites, E: peat and deltaic sediments). The 142.4 m deep research
borehole (FUENT-1 core) from the center of Fuentillejo Lake contained
a complete lacustrine record corresponding to lithofacies C, D and E of
the post-eruptive phases.

Major lithostratigraphic units (total of 23) have been identified in
the core, showing variations in clastic input, water chemistry and
organic fractions throughout the history of the lake during the upper
Pleistocene and Holocene (Vegas et al., 2006). The early lake period is
characterized by coarse-grained debris flow and turbidites of higher
resistivity values (Fig. 6). Distal lake sediments consist of siliciclastic
and organic-carbonate mm-thick rhythmites deposited during high
lake level stages. Ephemeral sedimentation periods are indicated by
evaporites (mainly consisting in gypsum and carbonate minerals,
including dolomite), units of bioturbated massive blue dolomicrites
and silts with desiccation horizons. Thick, massive to laminated black
oil shale units also occur in units 17 and 20 where the principal source
of organic matter is the microalgae Botriococcus braunii.

All carbonate phases are composed of euhedral crystals (2–10 μm),
suggesting precipitation within the lake (Fig. 7). Dolomite (dolomi-
crite) formation of primary origin indicates evaporative processes, low
lake level, and higher salinity, and is probably linked to a more arid
climate. Dolomite, calcite, and zeolites (mainly analcime and minor
chabazite–merlinoite; Fig. 7) of primary or early diagenetic origin
were identified in the FUENT-1 sequence. The presence of analcime
and other zeolites in lacustrine sediments has been interpreted to
reflect changes in the salinity and alkalinity of the lake water, induced
by climatic shifts (Stoffers and Holdship, 1975).

LasHigueruelas is anexampleof anancient, hard-substratemaar lake in
the CCVF (Figs. 2 and 8). Outcrops representative of shoreline talus and
lacustrine debris flow sediments can be observed in the western area
(Fig. 8). The Higueruelas palaeontologic site contains mammalian fossils
(mainlyAnancus arvernensis,Hipparion rocinantis,Cervus cf. cusanus,Cervus
cf. perrieri and Equus df. stenonis) in the uppermost 3 m of the lacustrine
sediments, corresponding to a palustrine mudflat environment (Alberdi,
1984; Arribas and Antón, 1997). Dolomite and zeolites (phillipsite) are the
main minerals identified at this site. This maar lake record is 3.5 Ma old,
estimated by the application of K–Ar methods made on volcanic bombs
associated with the fossil bones (Bonadonna and Villa, 1984).

5. Maar lakes on CCVF soft-rock substrate

5.1. Basic features

Soft-substrate maars of the CCVF exploded within a thick Neogene
succession of fluvio-lacustrine sediment, characterized by unconsoli-
dated and water-saturated materials. There is clear evidence of 66

Fig. 3. Plots of frequency of maars with respect to mean radius of craters (R) and mean radius of lake basins (r). Mean radius is calculated as the half main value of maximum and
minimum diameters. Dmax and Dminweremeasured from the crest of the tephra ring; dmax and dminweremeasured over modern lake surface. Black bars correspond tomaar lake
basins, and white bars correspond to maar craters.
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soft-substrate maars in this region (Fig. 1). Their craters usually have a
circular shape, but some are elliptical, due to early post-eruptive
subsidence and inner wall erosion. Moreover, some of the soft-
substrate craters are coalescent (Fig. 1), probably a consequence of
surficial unconsolidated material that may provide connected sites for
steam release (White and McClintock, 2001; Sohn and Park, 2004). A
thin tephra ring usually surrounds the maar craters. They can host a
lake basin that resembles a bowl-like shape, providing a good site for
water accumulation (Fig. 9).

Surfacemorphologicmeasurements (Table 2 and Fig. 3) indicate that
soft-substrate craters are larger than hard-substrate craters. Soft-

substrate craters have an average radius (R) of 565.59m, and an average
surface area (S) of 1.86 km2, while their average maar lake radius (r) is
288.37 m with a mean surface area of 0.56 km2. The largest soft-
substrate craters are significantly larger than hard-substrate craters and
have a radius (R) of 3079–2950 m, and S from 1.88 to 5.94 km2 (e.g.
Torralba and Granátula maars). Seventy-two percent of craters have a
radius ranging from 300 to 700 m (Fig. 3), and 39.4% of lakes have a
radius of between 200 and 300 m. The radius (r) of the biggest lake is
1485m,whereas the smallest lake is only 75m. Craters formwalls with
shallower angles than the hard-substrate types, and they commonly
have collapse structures and sand flows towards the crater center.

Fig. 4. Simplified geologic map of the pre-volcanic substrate in the Valverde area (selected study site). Fuentillejo and Valdurillo are examples of hard-substrate maars. Alcolea is a
preserved, soft-substrate maar. Cantarranas, Peñalgatos, Galiana, and Las Parras paleolakes are examples of ancient, soft-substrate maar lakes. Las Higueruelas is an example of an
ancient, hard-substrate maar lake. Electrical tomography profiles were constructed across Fuentillejo (ET-F-3) and Galiana (ET-G-1) lake basins, and they are shown in Figs. 5 and 9,
respectively.
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5.2. Soft-substrate lacustrine deposits

Craters have a circular or elongated shape, and always contain a
lake basin with a bowl-like shape (Fig. 2), corresponding to the post-
eruptive period. Circular dolostone rock outcrops outline the ancient
soft-substrate volcanic structures in the study site (Fig. 4) correspond-
ing to soft-substrate maar craters filled with lacustrine sediments.
Ancient soft-substrate maar lakes in the CCVF are almost filled by
post-eruptive sediments and, in some cases, tephra rims are eroded
(Martín-Serrano et al., 2007). The surface morphology of the maar
structures is changed significantly by erosion and compaction or is
hidden by younger sediments (Schulz et al., 2005). Surface measure-
ments on selected dolostone lacustrine outcrops reveal radii (r) that
range from 0.9 to 2.2 km, and surface areas from 2.54 to 15.20 km2.
These ancient parameters are greater in size than those of modern
maars. This could be due to post-eruptive inner wall erosion which
enlarged maar craters. Moreover, in soft-substrate maars, compaction
of the diatreme fill causes differential subsidence and marginal
dragdown of suitable country rock sediments (Francis, 1962; Lorenz,
1971, 2003; Suhr et al., 2006).

We choose Galiana paleolake as an example of an ancient soft-
substrate maar lake (Fig. 4). The geologic cartography and ET profiles of
the Galiana carbonate paleolake area clearly reveal the bowl-like
structureof themaar lakebasin (Fig. 9).Adetailedelectrical tomography
survey was carried out to determine the depocenter of this lake basin,

where high resistivity values correspond to the lithified carbonate lake
sediments. Results from theET profile indicate a lake depocenterof 60m
depth (Fig. 9). Subsidence processes can be identified by centripetal
dipping angles of nearshore carbonate facies on the TE profile (Fig. 9).
Surrounding this bowl-like structure, there are sediments from the
Pliocene age which represent the pre-volcanic setting.

The Galiana paleolake sedimentation model may be representative
of other soft-substrate maars; other circular carbonate lacustrine
outcrops with uncertain stratigraphy positions in the CCVF should be
carefully re-examined in the near future. The lacustrine deposits at
Cantarranas record the development of another maar lake basin which
has been eroded (Figs. 4 and 8). Lithified circular carbonate bodies
exhibit a wide variation in morphology as well as in depositional and
diagenetic fabric (Vegaset al., 2007). The carbonatemineral suite of soft-
substrate maar lake basins consists mainly of dolomite and calcite, with
smaller amounts of hydromagnesite and magnesite (Hoyos et al., 1984;
Vegas et al., 2007). Zeolites are also present in lacustrine distal facies
(analcime and minor chabazite–merlinoite). High Mg content in
carbonate minerals is related to the pyroclastic rocks from the eroded
tephra rim. In addition to the carbonates in the distal deep-water facies,
the lacustrine basins also contain a girdle of nearshore carbonate.
Mottled dolostones from lake girdles reveal subaerial exposure,
organisms, root traces, desiccation, and pedogenic features typical of
palustrine environments (after Alonso-Zarza, 2003). Palustrine carbo-
nates typically occur in lakes with low gradient, relatively flat surfaces,

Fig. 5. A. Resistivity profile using electrical tomography in the Fuentillejo hard-substrate lake basin (after García-Cortés et al., 2007). B. Fuentillejo maar lake morphology
(intermittent line) has been reconstructed from the electrical tomography interpretation of ET-F-3 profile (in Fig. 4) and the F-1 core of 142.2 m deep (from Vegas et al., 2006).

Fig. 6. Stratigraphic section of the Fuentillejomaar lacustrine record that corresponds to core F-1 core (142.40m thick) (Vegas et al., 2006). A simplified description of facies and their
sedimentary environments is included. Relative lake level reconstruction is proposed on the base of facies interpretation (Vegas et al., 2006).
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low energy margins, and a carbonate provenance (Platt and Wright,
1991). The primary micrite mud is composed of relatively euhedral
dolomite crystals 1–3 μm across which were affected by pedogenic
modification as the lake level dropped. Cracks are visible under the
microscope, and theymay remain empty, or befilledwithmicrosparand
sparry calcite. Moreover, there are abundant peloids and fenestral
structures identified in thin section.

6. Conclusions

Hard-substrate and soft-substrate maar volcanoes have been
identified in the Campo de Calatrava Volcanic Field (CCVF) through
the combination of electrical tomography ground surveys with
geomorphologic and sedimentary facies analysis. Maar formation in
the CCVF occurred over a long time range from the Pliocene to upper
Pleistocene with the resultant basins containing thick sedimentary

lacustrine records. Pre-volcanic setting determines maar morphology
and post-eruptive lacustrine architecture in the maar craters. The
preservational potential of hard-substrate maar showing original
volcanic features is greater than that of soft-substrate maars. Steep-
sided maar lakes with a funnel-like basin form in the hard-substrate
settings of Precambrian slates and graywackes, Carboniferous sand-
stones, and Tremadocian–Arenigian slates and quartzite. In the CCVF,
the crater is generally filled with limnic sediments of low density, and
mainly fine-upward from meter-thick, detrital graded layers to finely
laminated dolomicrite facies.

Unlike hard-substrate maars, soft-substrate maars of the CCVF
exploded within a thick succession of Neogene fluvio-lacustrine
sediment that is not consolidated as well as water saturated. Craters
have a circular or elongated shape and host a lake basin with a bowl-
like shape. Early lacustrine sedimentation phases contain to detrital
graded layers with abundant epiclastic fragments. Later facies

Fig. 7. SEM images: A. Analcime crystals. Blue massive carbonates of Unit 21 (17.42 m deep). B. Analcime crystal on a matrix of detrital kaolinite. Black mud facies of Unit 18 (22.69 m
deep). C. Minute primary dolomite rhombi, alternating with analcime and organic matter. Finely laminated carbonate rich sediments with mm-thick laminae from Unit 19 (23.71 m
deep). D. Minute dolomite rhombi on a matrix of detrital particles. Massive carbonate-rich layers of Unit 23 (8.10 m deep). E. Laminawith abundant analcime andmerlinoite crystals.
Finely laminated carbonate-rich sediments withmm-thick laminae fromUnit 19 (23.71m deep). F. Minute dolomite rhombi interpreted as primary in origin. Bluemassive carbonates
of Unit 21 (15 m deep).
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comprise massive to laminated dolomicrites of a distal origin and
mottled dolostones exhibiting subaerial exposure features typical of a
nearshore palustrine environment. Dolomite is the main carbonate
mineral present in both maar lake types, due to a high influence of
volcanic and carbonate catchments.

The shape of both crater types, primarily determined by substrate
type, controls lake basin geometry and lacustrine sedimentation
patterns. The hard-substrate maars, surrounded by a deep and stable
crater wall, can collect sediments and preserve them more
effectively. The soft-substrate maars, formed in a less cohesive
substrate, contain broad shallow craters with collapse structures and
are more exposed to erosive processes. This makes soft-substrate
maars more difficult to identify in the landscape; circular outcrops of
lacustrine dolostones in the CCVF revealed the location of ancient
maars.

The sedimentary records of the maar lakes are influenced by their
pre-volcanic substrate as well as climate. Fuentillejo Lake in a hard-
substrate maar has thick black, finely laminated mud sediments
corresponding to periods of high lake levels in a high-walled, stable
crater. Paleolakes Galiana and Cantarranas, forming in a soft-substrate
maar crater, contain mostly shallow lacustrine and palustrine
sediments in a shallow broad area with unstable, non-cohesive crater
walls.
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Dmax Dmin dmax dmin Mean R Mean r R / r S s S / s

1200 800 750 300 500 262 1.91 785,400 216,476 3.63
1500 1250 950 550 688 375 1.83 1,487,058 441,787 3.37
1350 850 750 400 580 288 2.01 950,334 260,577 3.65
1250 1000 600 500 566 275 2.06 1,006,430 237,584 4.24
1250 1000 400 400 566 200 2.83 1,006,430 125,664 8.01
1400 1250 800 300 663 275 2.41 1,380,950 237,584 5.81
700 650 300 250 338 138 2.45 358,909 59,829 6.00
1500 1300 650 600 700 313 2.24 1,539,384 307,779 5.00
1350 1050 400 350 600 188 3.19 1,130,976 111,037 10.19
750 700 400 300 363 175 2.07 413,965 96,212 4.30
750 550 300 250 325 138 2.36 331,831 59,829 5.55
1100 950 600 500 513 275 1.87 826,772 237,584 3.48
1100 900 600 450 500 263 1.90 785,400 217,301 3.61
2000 1500 1000 750 888 425 2.09 2,477,290 567,451 4.37
1800 1500 700 600 825 325 2.54 2,138,251 331,831 6.44
1250 950 550 400 550 238 2.31 950,334 177,953 5.34
1000 650 650 450 413 150 2.75 535,850 70,686 7.58
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900 800 600 550 425 288 1.48 567,451 260,577 2.18
1300 1100 950 750 600 425 1.41 1,130,976 567,451 1.99
1200 1000 700 650 550 338 1.63 950,334 472,949 2.01
650 550 500 450 300 175 1.71 282,744 96,211 2.94
800 700 500 450 375 238 1.58 441,787 177,953 2.48
1000 650 350 250 413 200 2.07 535,860 125,664 4.26
1000 850 500 400 463 223 2.08 673,462 156,229 4.31
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2250 1750 1400 500 1000 480 2.08 3,141,600 723,825 4.34
1000 600 400 300 400 175 2.29 502,656 96,212 5.22
1550 1350 700 500 730 300 2.43 1,674,159 282,744 5.92
900 600 600 300 375 225 1.67 441,787 159,043 2.78
750 750 400 250 375 163 2.30 441,787 83,469 5.29
2500 1400 1550 800 975 588 1.66 2,986,483 1,086,189 2.75
950 600 600 200 388 200 1.94 472,949 125,664 3.76
1100 750 650 400 463 263 1.76 673,462 217,301 3.10
1600 1350 650 500 737 363 2.03 1,706,420 413,965 4.12
1350 1100 800 650 625 288 2.17 1,227,187 260,577 4.71
1300 1100 800 650 550 363 1.52 950,334 413,965 2.30
1050 1000 650 600 513 313 1.64 826,772 307,779 2.69
650 600 600 350 313 238 1.32 307,779 177,953 1.73
1250 1150 1000 450 600 363 1.65 1,130,976 413,965 2.73
1400 900 1000 650 575 413 1.39 1,038,691 535,860 1.94
900 450 600 300 338 225 1.50 177,953 159,043 1.12
1600 1550 650 650 788 325 2.42 1,950,758 331,831 5.88
2000 1550 800 650 888 368 2.41 2,477,290 411,688 6.02
2750 1600 1600 1150 1088 688 1.58 3,718,850 1,487,057 2.50
1150 850 550 500 500 263 1.90 785,400 217,301 3.61
2932 1000 1000 900 1966 950 2.07 8,809,258 2,835,294 3.11
4433 1725 1724 1250 3079 1487 2.07 21,883,112 6,946,608 3.15
4300 1600 1600 1250 2950 1425 2.07 19,820,831 6,379,411 3.11
1890 800 800 500 1345 650 2.07 4,124,002 1,327,326 3.11
2358 850 850 700 1604 775 2.07 5,862,671 1,886,923 3.11

For each soft-rock maar identified in the CCVF, values of maximum and minimum
diameters have beenmeasured (Dmax and Dmin, measured from the crest of the tephra
ring). Mean radius (R) is calculated as the half of the diameters. dmax, dmin and r are
values corresponding to soft-rock maar lakes. The average surface area (S) for craters
and their associated lakes (s) was estimated. All measurements were expressed on
meters.
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