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Since caldera collapse deformation is extremely difficult to study in real time - due to the high deformation rates that characterize this process and the difficult access to the caldera structures-analogue modeling has been widely used during past decades to integrate field data and, more recently, remote-sensing data (e.g., InSAR). However, the relationships between caldera collapse and inherited discontinuities, such as inherited crustal faults, remain poorly investigated. We therefore provide a new dataset of analogue models that aims to specifically address this issue and that can be potentially compared with literature and natural case studies worldwide. We present a dataset of 13 analogue models of caldera collapse investigating the interactions between caldera collapse processes and inherited crustal discontinuities. The dataset is composed of raw data and elaborations that can be used to qualitatively visualize and/or quantitatively analyze model deformation through the use of top-view photos, digital elevation models (DEM) and digital particle image velocimetry (DPIV).
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1 INTRODUCTION
Caldera collapse is a geological process that is elusive to investigate, as its rapid occurrence makes it difficult to study, especially in case of explosive caldera eruptions. Addressing this issue has recently taken advantage of the improvement of remote-sensing techniques (e.g., InSAR), particularly for non-explosive caldera collapses (e.g., Sigmundsson, 2019). Nonetheless, intra-caldera structures are often masked by erosion, draping of post-caldera related volcanic deposits, and infilling of lacustrine sediments, whereby these features may be difficult to analyze (e.g., WoldeGabriel et al., 1990; WoldeGabriel et al., 1992; Le Turdu et al., 1999). For this reason, laboratory analogue experiments represent a powerful tool, and a variety of studies reproducing the collapse of calderas is available in literature (Acocella, 2007; Geyer and Martí, 2014 and reference therein). Many studies reproduced the collapse by applying overpressure mechanisms, which imply a pressure increase in the experimental magma chamber, with consequent superficial doming inducing subsequent collapse (e.g., Komuro.et al., 1984; Martì et al., 1994; Acocella et al., 2001a; Walter and Troll, 2001; Troll et al., 2002). Other models have applied the underpressure principle, supporting the idea of a pressure drop in the magma chamber and consequent collapse (e.g., Acocella et al., 2000; Roche et al., 2000; Acocella et al., 2001b; Kennedy et al., 2004; Lavallée et al., 2004; Geyer et al., 2006; Holohan et al., 2008a; Burchardt and Walter, 2010; Ruch et al., 2012; Coumans and Stix, 2016). Despite it is acknowledged that existing structures may play a significant role during caldera collapse, this process has been limitedly investigated with analogue models (e.g., Cailleau et al., 2003; Acocella et al., 2004; Holohan et al., 2005; Holohan et al., 2008b; Holohan et al., 2013; Bonini et al., 2021). In this Data Report, we present a database of analogue models of collapsed calderas, with specific setups testing the effect of inherited discontinuities.
Our models were carried out in the frame of the Horizon 2020 European GEMex project, which aimed to investigate for geothermal purposes two caldera collapse sites (Los Humeros and Acoculco caldera complexes in Mexico). The models aimed to provide new insights into the structural evolution of the two sites, highlighting the relationships between caldera collapse and inherited structures. The dataset presented in this Data Report contributes to the study of caldera collapse and its relationship with regional tectonics.
In addition, our models can be compared with previous analogue models as well as with natural examples worldwide. All the data available for this dataset (Maestrelli et al., 2020a) can be freely downloaded from the Open-Access Zenodo platform at the link http://doi.org/10.5281/zenodo.4084639.
2 MATERIALS AND METHODS
The dataset includes 13 analogue models performed during the GEMex project from February 2018 to June 2019 at the Tectonic Modeling Laboratory of the Institute of Geosciences and Earth Resources (IGG-CNR) and the University of Florence.
2.1 Model Setup and Modeling Procedure
The models were built in a 33 cm × 38 cm × 15 cm Plexiglas box, at the base of which is placed an analogue magma chamber (Figure 1A). The latter is a plaster base specifically made by pouring liquid plaster into a silicon mold. The plaster base was designed with a cylindrical empty space (12 cm in diameter and 2 cm in height) filled with an analogue magma. The analogue magma chamber was overlaid by a 6 cm-thick sand mixture pack (defined as “brittle overburden” and composed of Quartz and K-Feldspar sands), mimicking the shallow upper crust. The sand was gently poured on one side of the box and flattened using a scraper to build a 1 cm-thick layer. Six layers were created to reach the total overburden thickness of 6 cm. Each layer was scraped alternatively from opposite directions to minimize particle iso-orientation. The latter may in fact generate weaknesses or induce residual stresses, which may potentially affect the development of caldera structures. Each layer was separated by sieving a very thin (∼1 mm) colored sand level (composed of pure K-feldspar sand), used during model analysis as passive marker of deformation. The collapse was induced by draining the analogue magma out of the analogue magma chamber (i.e., applying the underpressure mechanism) from a plastic tube (0.9 cm in diameter) connected to the base of the chamber by a circular hole (1 cm in diameter). Analogue magma draining was initiated by opening a valve placed at the end of the tube, and letting it flow by gravity. The same volume of analogue magma (65% of the initial amount) was drained out in all the models to ensure model comparison. This standard setup (Figure 1A, named “simple caldera collapse”, SCC) was then varied by introducing discontinuities at different locations that simulate inherited fabrics within the brittle overburden (“overburden discontinuities caldera collapse” ODCC; Figure 1B). The discontinuities were obtained by cutting the sand pile with a knife, which causes the re-orientation of sand particles. This operation induced a variation in grain compaction, as well as a decrease in the angle of internal friction and cohesion, creating millimetric weak zones that can be reactivated during model deformation (e.g., Bellahsen and Daniel, 2005; Maestrelli et al., 2020b).
[image: Figure 1]FIGURE 1 | Sketch of the analogue model setup. (A) Basic caldera collapse (SCC setup), with a circular analogue magma chamber (AMC) and no inherited discontinuities. (B) Basic setup with an overburden discontinuity (ODCC setup). (C) Setup investigating the effect of a substrate discontinuity (SDCC setup). (D) Combination of ODCC and SDCC setups, investigating the effect of a substrate to overburden discontinuity (SODCC setup). Note that in “b-d” the setups show one sub-vertical discontinuity in the substrate and/or overburden, but models were also designed with two sub-vertical orthogonal discontinuities, or 60° inward/outward dipping discontinuities. The specific setup is shown for each model in the database.
Discontinuities were also introduced in correspondence of the analogue magma chamber, simulating in this way structures in the substratum that delimited the chamber. These discontinuities (“substrate discontinuities caldera collapse”, SDCC; Figure 1C) were simulated by designing the analogue magma chamber with one or two rectilinear sides (vertical or with a 60° inward/outward-dipping attitude). In a third variation of this setup, overburden and substrate discontinuities were combined to test the effect of one or two structures bounding the analogue magma chamber and crosscutting the overburden (“substrate to overburden caldera collapse”, SODCC; Figure 1D). A summary of model parameters is provided in Table 1. In each model, we changed the type/attitude of the inherited discontinuities, with the aim to specifically test its effect. All other parameters were kept constant. Once completed, models were saturated with water and frozen to be cross-sectioned and three-dimensionally analyzed.
TABLE 1 | Summary of adopted model parameters. Each model aimed to test specific characteristics of the inherited discontinuities.
[image: Table 1]2.2 Analogue Materials
The brittle overburden was simulated with Quartz sand (Fontainebleau sand, provided by Sibelco Italia S.p.A.) and Potassic-feldspar sand (K-feldspar superfine sand FS-900-SF produced by the AKW Kaolin) mixed with a 70:30 proportion in weight. Fontainebleau Quartz sand has an average grain diameter of ∼200 μm and is primarily composed of siliceous and sub-rounded grains. Angular grains of K-feldspar sand have diameters mostly (90%) in the range of 20–100 μm (Montanari et al., 2017a). The resulting 70:30 sand mixture has therefore a density of 1,408 kg m−3 and a cohesion of ∼10 Pa (Table 2). Colored sand layers were obtained using pure K-feldspar superfine sand. The analogue magma was simulated with pure vegetable Polyglycerine-3 (PG3, produced by Spiga Nord S.p.A.). Its viscosity (17 Pa s) is temperature dependent, therefore the laboratory temperature was constantly kept at 25°C before and during model deformation. The parameters of these materials correctly reproduce the properties of rocks of the upper crust and some common magma compositions, respectively (see Section 2.3). A detailed description of their characteristics can be found in Montanari et al. (2017a), Montanari et al. (2017b), Montanari et al. (2020), and Del Ventisette et al. (2019).
TABLE 2 | Summary of material and scaling parameters.
[image: Table 2]2.3 Model Scaling
Scaling of analogue models to nature is necessary for obtaining reliable and quantitative results (Ramberg, 1981). Our models were scaled according to the procedure described in Montanari et al. (2017a). Specifically, we set a length scaling ratio l* = lm/ln = of 10−5, where lm is the length in the model and ln in nature. This scaling ratio implies that 1 cm in the model equals 1 km in nature. The sand mixture density (ρm) of ∼1,550 kg m−3 implies a scaling ratio for density ρ* of ∼0.5, considering a natural rock density (ρn) of ∼2,800 kg m−3. Models were run in natural gravity, so that the g* = 1. From length and density scaling ratios we obtain a stress scaling ratio (σ* = ρ* g* l*) of ∼5 × 10–6. Following Weijermars et al. (1993), a prototype cohesion of zero is suggested for rocks shallower than 10 km, while a cohesion of 60 MPa is assumed for prototype depths higher than 11 km. Our models simulate depths shallower than 10 km, and therefore overburden cohesion of models is low enough (∼10 Pa) to ensure that models are dynamically scaled. The density scaling ratio for the brittle material/natural rock is similar to the scaling ratio calculated for the analogue/natural magma, PG3 density being ρm ∼ 1,280 kg m−3, and the density ρn of an andesitic to rhyolitic magma at ∼1000°C is ∼2,500–2,200 kg m−3 (Murase and McBirney, 1973). Despite the presence of a viscous material to simulate the natural magma, we analyze the brittle deformation of our models, which is strain-rate independent. Therefore, the velocity of magma extrusion does not require scaling. However, the used Polyglycerine-3 (PG3) may reproduce a wide range of values for both the time of deformation and magma viscosity (Montanari et al., 2020). A summary of the scaling and material parameters is reported in Table 2.
3 Description of the Dataset
We describe below the database files, particularly:
1.sketch of each model setup;
2.movies of model deformation;
3.grey-scale input top-view photos for the digital particle image velocimetry (DPIV) analysis;
4.3D fully navigable pdf files showing virtual rendering of analogue models;
5.Digital Elevation Models (DEM) of final model surface to be used for quantitative analysis.
3.1 Sketch of Model Setup
These figures (.jpg) illustrate the setup, as well as the geometry and the specific position of the inherited discontinuities for each model and may serve as a reference for model understanding and their interpretation.
3.2 Movies of Model Deformation
During model deformation, high-resolution (10 MP) top-view photos were acquired (with 120 s time intervals) using a Canon EOS 1100D reflex camera mounted vertically above the model surface. The top-view photos (Figure 2A) were then mounted (with no filters, optical rectification or post editing) as “movies” of deformation, which are provided as. mp4 files that visualize the complete evolution of model deformation throughout time. We also provide original high-resolution top view photos (see section 3).
[image: Figure 2]FIGURE 2 | Example of data provided and possible outputs derived from the dataset (Model ODCC-1). (A) Top view image acquired during model deformation. These images are provided as separate. jpg files as input for DPIV analysis or mounted in a movie to show the complete model deformation. (B) 3D perspective view of a virtual model, fully navigable to investigate model deformation. (C) Digital Elevation Model. (D,E) Examples of DPIV analysis obtained with the PIVlab tool, particularly (D) velocity vectors and (E) velocity magnitude. These outputs can be obtained from the analysis of the provided input files.
3.3 3D Virtual Models and Digital Elevation Models of Final Deformation
We obtained virtual three-dimensional rendering of caldera collapse using the photogrammetric technique (e.g., Donnadieu et al., 2003; Schonberger and Frahm, 2016) implemented in Agisoft Photoscan® software. Each 3D virtual model (Figure 2B) was obtained by interpolating a minimum of 13 and a maximum of 58 high-resolution (18 MP) perspective photos, acquired with a Canon EOS 1300D reflex camera.
The procedure adopted for 3D virtual model elaboration is summarized below:
1.Perspective photos acquisition
2.Photos upload, alignment and genesis of the sparse cloud (tie points)
3.Genesis of the interpolated dense cloud
4.Interpolation of the model mesh from the dense cloud
5.Genesis and projection of the model texture on the model mesh
Software parameters for this procedure were kept as set by default, with the exception of step 2), for which we increased the Key point limit to 250,000 and the Tie point limit to 40,000.
3D virtual models can be used to three-dimensionally visualize the final stage of the caldera collapse models, and are provided as fully navigable 3D pdf files.
A further step to this procedure allows for DEM reconstruction (Figure 2C). DEMs of final model surface were interpolated from the sparse cloud. The use of markers placed at fixed, and locally geo-referenced positions on the model setup allowed an equal scaling of DEMs. DEM resolution ranges from a minimum of 0.358 mm/pix (Model SDCC-1) to a maximum of 0.246 mm/pix (Model SODCC-3), with an average resolution of 0.309 mm/pix. DEMs are provided as .tiff (geotiff) files and can be used for quantification of the 3D deformation in any GIS software. When opened in a GIS software, DEMs are shown with meters (m) as unit of measurement.
3.4 Digital Particle Image Velocimetry Data
Digital Particle Image Velocimetry (DPIV) analysis was performed on models to evaluate the horizontal displacement by correlating couples of top view images (Figures 2D,E). The analysis was performed using the PIVlab software (Thielicke and Stamhuis, 2014), which can be freely downloaded at https://www.mathworks.com/matlabcentral/fileexchange/27659-pivlab-particle-image-velocimetry-piv-tool. The analysis made use of the high-resolution top-view photos acquired during model deformation, converted into grey-scale (8 bit). For our purposes, we used a 360 s frame time step, applying the FFT window deformation algorithm with a linear window deformation interpolator and “Gauss 2 × 3 point” sub-pixel estimator. The search window was set with three passes: Pass 1 was set with a 64 pixel interrogation area and 32 pixel step; Pass 2 had an interrogation area of 32 pixels and 16 pixels step, while Pass 3 was set with 16 pixels interrogation area and 8 pixels steps. The resulting field of displacement vectors was then calibrated extracting the reference distance from the scale visible in each photo and applying the adopted time step (i.e., 360 s). Obtained vectors where then validated during post-processing to filter out invalid values by defining velocity limits. The resulting post-processed interpolated vectors are shown in orange color by the software, to differentiate them from valid vectors. These settings are not unique, and the dataset user may run the analysis also with different parameters. We therefore provide all the original 8-bit input photos (time step between each photo is 60 s).
4 BRIEF DESCRIPTION OF ANALOGUE MODELS AND DERIVED DATA
Our models show the evolution of the caldera collapse process in the presence of inherited discontinuities. Depending on the model setup, the interaction between structures classically obtained during caldera collapse (see Acocella, 2007) and the inherited discontinuities can be different, highlighting the role exerted by the latter on the process. The presence of an inherited discontinuity placed at a specific location (e.g., internally or externally to the analogue magma chamber), and/or into the overlying overburden may affect the caldera collapse evolution. These aspects are better investigated using DPIV analysis, which provides 2D horizontal vector displacements, which can be used to quantify model deformation. DEMs can be also used for a three-dimensional characterization of the strain resulting from the interaction between inherited discontinuities and the caldera collapse process.
5 MODEL LIMITATIONS
The main limitations of our laboratory experiments are related to the simplifications necessarily introduced in the model setup, which simplifies a portion of the upper crust affected by inherited discontinuities interacting with a magma chamber. Analogue models of caldera collapse cannot simulate temperature/chemical effects, or the role of volatiles during the natural eruptions. It is worth noting that in our setup we did not simulate magma chamber pre-inflation, which is often associated with -and predates-the collapse of silicic calderas. Therefore, the effects of structures associated with pre-caldera bulging is not considered. Furthermore, due to the extremely rapid collapse, especially in natural silicic calderas, analogue models are difficult to be scaled in terms of velocities, something that may affect the quantification of extrusion and collapse rates. Nonetheless, bearing in mind these simplifications, analogue models of caldera collapse have been proven to be highly effective in studying this process (e.g., Acocella, 2007, and reference therein).
6 POSSIBLE APPLICATIONS AND FINAL REMARKS
Our models were designed to investigate the caldera collapse process and its interactions with inherited structures. They can therefore provide information on this general issue, prompting the investigation of such a complex geological process. In particular, they can help to build the structural model of specific caldera systems. Furthermore, due to their scaling properties, our models can be compared with the parameters of many caldera systems worldwide, eventually providing some new hints in the evolution of such systems.
Finally, the database here presented may be of large interest for both the volcanological and analogue modeling research communities. Last but not least, the results derived from the analysis of the database may be of large interest for geothermal researches, caldera structures being often the target of geothermal exploration and exploitation.
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