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Abstract  33 

The formation of phreatomagmatic volcanoes (PVs) usually involves small volumes of magma but 34 

also very violent eruptive activity. Along the Trans-Mexican Volcanic Belt (TMVB) the basic 35 

conditions that favor water-magma interaction are provided by the presence of frequent small-36 

volume monogenetic volcanism and several inter-montane lacustrine basins. The TMVB is a Plio-37 

Quaternary continental volcanic arc dominated by >3000 monogenetic volcanic structures with only 38 

~3% being the result of phreatomagmatic eruptions. Around 70% of these are clustered in three 39 

specific areas within volcanic fields in Valle de Santiago, Serdán-Oriental, and Los Tuxtlas. Here we 40 

investigate the low frequency of PVs and their selective locations and whether local environmental 41 

conditions play an important role in their formation. An inventory of 103 PVs within the TMVB has 42 

been compiled, including tuff cones, tuff rings, and maar-diatremes. The inventory contains 43 

morphometric parameters for each structure along with data regarding geological (internal) and 44 

environmental (external) parameters of the areas where the PVs are built. The magmatic flux is the 45 

first-degree influence in the formation of PVs. Different combinations of environmental parameters 46 

have a secondary-degree influence which varies spatially and temporally related to paleoclimate, 47 

hydrology, and hydrogeology. A couple of environmental parameter sets are met more often, 48 

reflected in the areas with clustered PVs, but less frequent sets of parameters are also detected, 49 

reflected in the scattered PVs. Morphometric correlations allow for a clear differentiation between 50 

the group of tuff cones and the group of maar-diatremes and tuff rings. In both groups elongated 51 

and compound shapes are more frequent. 52 

Very often, human settlements are built around or inside PVs. However, their shapes and relatively 53 

small size can be misguiding regarding the hazard that this type of volcanism represents, especially 54 

in the absence of knowledge about the conditions that result in these type of eruptions. This 55 

inventory allows for the study of the many different conditions and places in which a 56 

phreatomagmatic eruption could occur, providing a better base of information to prepare for future 57 

eruptions. 58 

Keywords: phreatomagmatic, Trans-Mexican Volcanic Belt, monogenetic, distributed volcanic fields 59 

 60 

1. Introduction 61 

Phreatomagmatic eruptions are a type of hydrovolcanism that occurs when a small batch of magma 62 

and groundwater, or water-saturated sediments, interact generating a highly explosive eruption 63 

(Smith and Németh, 2017; Németh and Kósik, 2020). Phreatomagmatic deposits have been 64 

identified in eruptions of complex volcanic systems like stratovolcanoes (Barberi et al., 1989; Cole 65 

et al., 1995) and calderas (De Rita et al., 2002; Palladino et al., 2015; Pedrazzi et al., 2019), as well 66 

as in the base of scoria cones (Lorenz, 1986; Houghton and Schmincke, 1989). However, volcanoes 67 

built predominantly by phreatomagmatic deposits, such as maar-diatremes, tuff rings, and tuff 68 

cones (Morrisey et al., 2000), are usually linked to small-volume distributed volcanism, where water 69 

has a stronger influence on the eruption dynamic (McGee et al., 2015; Németh and Kósik, 2020). 70 

Phreatomagmatic volcanoes (PVs) present a wide range of compositions, shapes, architectures, and 71 

occur in a variety of environmental and tectonic settings (Németh and Kereszturi, 2015; Graettinger, 72 

2018). These structures are after scoria cones the most common volcanic landforms (Fisher and 73 
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Schmincke, 1984; Lorenz, 2007) and can be also found associated with any type of volcanic system, 74 

clustered as part of distributed volcanic fields and, in a few cases, completely isolated (Ross et al., 75 

2017; Graettinger, 2018). However, the observed population of PVs in volcanic fields tends to be 76 

very small compared to other magmatic structures; only in few cases do PVs reach a couple of tens 77 

of structures, regardless of the size of a volcanic field or the number of volcanoes contained 78 

(Graettinger, 2018). In volcanic fields related to subduction the observed PV population is variable, 79 

representing <2% (17) of ~900 monogenetic volcanoes in the Central Andes, Northern Chile (Ureta 80 

et al., 2020), but up to ~32% (29) of 91 monogenetic volcanoes in the Lamongan volcanic field, 81 

Indonesia (Carn, 2000), and ~27% (8) of 30 monogenetic structures in the Nejapa-Miraflores volcanic 82 

field, Nicaragua (Avellán et al., 2012). 83 

The Trans-Mexican Volcanic Belt (TMVB) is an east-to-west, >1000-km-long, Plio-Quaternary 84 

continental volcanic arc developed as a result of the subduction of the Rivera and Cocos plates 85 

beneath the southern edge of the North America plate (Ferrari et al., 2012). Along the TMVB (¡Error! 86 

No se encuentra el origen de la referencia.) there are several volcanic fields and important calderas 87 

and stratovolcanoes, but this volcanic arc is peculiarly dominated by small-volume monogenetic 88 

volcanoes, with >3000 scoria cones (Guilbaud et al., 2012; Siebe and Salinas, 2014). Intra-montane 89 

tectonic basins occupied by shallow lakes are common along the volcanic arc. PVs also occur in the 90 

TMVB, however, their frequency is lower than what could be expected, representing <3% of all 91 

monogenetic structures (Siebe and Salinas, 2014). They are also not evenly distributed along the arc 92 

and their occurrence is limited to a few areas that seem to provide the proper conditions required 93 

for their formation. 94 

Fig 1. Location of the Trans-Mexican Volcanic Belt and the phreatomagmatic volcanoes listed in the inventory (Table 1). 
Monogenetic volcanic fields: MGVF= Michoacán-Guanajuato, ChVF= Chichinautzin, XVF= Xalapa. Stratovolcanoes: SJ= 
San Juan, CB= Ceboruco, TQ=Tequila, CL=Colima, P=Popocatépetl, LM=La Malinche, PO=Pico de Orizaba; SM=San Martín 
Tuxtla. 
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Environmental factors can influence a monogenetic eruption due to the small magma volume 95 

involved and short eruption duration (Kereszturi et al., 2011; McGee et al., 2015; Németh and 96 

Kereszturi, 2015). Therefore, the understanding of these eruptions also requires the consideration 97 

of external factors (pre-existing topography, substrate, hydrogeological conditions, and climate), 98 

alongside the internal factors (magma composition, magmatic flux, etc.). The occurrence of this 99 

violent type of volcanism in such a variety of conditions represents a need to understand the 100 

parameters that favor phreatomagmatism. In that sense, the fields with clustered phreatomagmatic 101 

structures represent opportunities to study the poorly understood conditions and interaction 102 

between the internal and external factors involved in phreatomagmatic eruptions. 103 

Human settlements are frequently built around or quite close to active volcanic areas, and small-104 

volume monogenetic volcanoes are no exception (Siebe and Macías, 2004; Avellán et al., 2012; Le 105 

Corvec et al., 2013). Moreover, small-volume monogenetic deposits are usually a valuable resource 106 

for economic activities such as tourism and quarrying (Avellán et al., 2012; Delcamp et al., 2014; 107 

Albert et al., 2016; Jácome-Paz et al., 2022). In Mexico there are precedents where pre-Hispanic 108 

settlements were affected by monogenetic volcanism causing population reduction, abandonment 109 

of cities and migration, and sometimes reoccupation and recovery after the eruptions (Santley, 110 

2007; Reyes-Guzmán et al., 2018; 2023; Chédeville et al., 2020; Dorison and Siebe, 2023; Siebe et 111 

al., 2023). With the increasing population and economic activities around this type of structures 112 

there is higher exposure to volcanic hazards which, in the case of phreatomagmatic eruptions, are 113 

amplified by their highly explosive nature (Németh et al., 2012). Hence, understanding the magma-114 

water interaction that causes these eruptions is vital for volcanic hazard and risk assessments, and 115 

requires detailed research of PVs (Lorenz, 2007; Kereszturi and Németh, 2012). 116 

In this work, we present an inventory of small-scale monogenetic phreatomagmatic volcanoes along 117 

the TMVB (Supplementary file A) in which available information for each structure has been 118 

compiled. The aim of this inventory is to assess and summarize the data regarding environment, 119 

distribution, and current state of knowledge about the phreatomagmatic volcanoes of the TMVB 120 

and to establish future avenues of research. 121 

In regard to the scale of observation and the purposes of this research, some terms have been used 122 

to describe the dataset of the PV-inventory and the environment where these structures are 123 

located. For clarification, the term “volcanic field” used herein refers to an area where several, 124 

frequently tens or even hundreds of volcanic edifices are present, regardless of the type of volcanic 125 

system. Also, the volcanic fields mentioned in this text have been referred to as such in previous 126 

research, and the same names were kept in this document. The term “cluster” is used herein to 127 

refer to a group of PVs that formed within a relatively short time span (hundreds to a few thousands 128 

of years) and are located very close to each other within a specific area or volcanic field (e.g., 129 

Mahgoub et al., 2017), while the term “isolated” refers to the opposite situation. Our use of these 130 

terms has no specific implications in regard to the nature of the magmatic system. 131 

1.1. Phreatomagmatic eruption dynamics 132 

Magma-water interaction has been associated with eruptions of different magnitudes in 133 

monogenetic as well as polygenetic volcanic systems (Morrisey et al., 2000). This research is focused 134 

on the volcanic structures generated by the explosive magma-water interaction in small-scale 135 

volcanoes associated with monogenetic volcanism within the TMVB. 136 
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An eruption is considered phreatomagmatic when the main process of magma fragmentation is 137 

driven by molten-fuel coolant interaction (MFCI) in which magma and groundwater, or surface 138 

water, have a direct interaction resulting in violent explosive eruption dynamics (Sheridan and 139 

Wohletz, 1983; Németh and Kósik, 2020). This process implies a cascade of events in which a 140 

molten-fuel (magma) makes contact with a coolant (water) with a significantly higher temperature 141 

than the homogeneous nucleation temperature of the coolant (Sonder et al., 2018). Upon contact, 142 

the superheating of water generates an incredibly fast transfer from thermic to mechanical energy 143 

and therefore a fast formation of a vapor film that expands fragmenting the magma and creating 144 

potent shock waves that also fragment the surrounding country rock (Wohletz, 1983; Büttner et al., 145 

2002; Sonder et al., 2018). There are several physical processes involved in MFCI which have been 146 

investigated using experimental research with diverse instrumental setups (Wohletz, 1986; Austin-147 

Erickson et al., 2008; Sonder et al., 2018). However, there are still many uncertainties regarding the 148 

geometry of the contact area between magma and water, energy transfer processes, influence of 149 

the viscosity of the magma, and the scale of the experiments. 150 

Experimentally it has been estimated that a water-magma mass ratio between 0.1 and 0.3 is the 151 

optimal interval when the conversion of energy is most efficient and a successful MFCI occurs 152 

(Wohletz, 1983; Wohletz and Sheridan, 1983). However, considering the dynamics during the 153 

eruption, it has also been pointed out that the ratio involves not just the mass but is controlled by 154 

the magmatic flux and water flux (Houghton et al., 1999). 155 

To have a phreatomagmatic eruption, the magma flux, the water availability, and the geometry of 156 

their contact must be in a fine balance (Németh et al., 2012; Valentine et al., 2017). Even with 157 

available water, high rates of magma discharge during the eruption can surpass the environmental 158 

conditions and produce a magmatically controlled eruptive activity (Houghton et al., 1999; 159 

Gutmann, 2002; Valentine et al., 2017). Phreatomagmatic phases can occur at any moment during 160 

the eruption depending on the magma flux variation and water availability and the balance between 161 

these two parameters (Geshi et al., 2019). 162 

The low volume of magma involved in monogenetic eruptions gives external environmental factors 163 

a stronger influence on eruption dynamics, the resulting type of volcanic structures formed and their 164 

types of deposits (Kereszturi et al., 2011; McGee et al., 2015; Németh and Kereszturi, 2015). External 165 

factors are related to the water availability, which can be affected by climate, topography, substrate, 166 

aquifer geometry, and groundwater flow (Kereszturi et al., 2011; Kshirsagar et al., 2015). The 167 

variable interplay between internal and environmental parameters causes different magmatic 168 

system behaviors and the display of diverse magmatic fragmentation mechanisms in MVFs. 169 

Phreatomagmatic fragmentation is more likely to occur in cycles of low magma output rate, when 170 

environmental conditions can have a greater influence, while dominantly gas-driven magmatic 171 

fragmentation is more likely to be expected with higher magma output rates (Kereszturi et al., 2011; 172 

Németh et al., 2012; Geshi et al., 2019; Németh and Kósik, 2020). 173 

Distribution of monogenetic volcanoes frequently shows some control by basement structural 174 

patterns, especially scoria cones and domes (Németh and White, 2003; Gómez-Vasconcelos et al., 175 

2020; Ureta et al., 2020). The analysis of the spatial distribution of volcanoes within MVFs has led 176 

to the conclusion that cone alignments are variably controlled by regional and local stress-fields and 177 

pre-existing fractures (Le Corvec et al., 2013), and that crust thickness and the maturity of a MVF 178 
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also play a role in the clustering of vents, especially in extensional regimes (Mazzarini et al., 2010). 179 

However, for PVs there are other factors that seem to have a stronger influence on their 180 

distribution, including climate, aquifer geometry, water availability, and topography (Nelson and 181 

González-Caver, 1992; Kereszturi et al., 2011). PVs are usually formed in lower topographic ground 182 

while the magmatic equivalents are more often formed on high ground (Fisher and Schmincke, 183 

1984; White, 1991; Kereszturi et al., 2011). 184 

1.2 Types of phreatomagmatic volcanoes and their deposits 185 

PVs are classified based on their morphology as maar-diatremes, tuff rings, and tuff cones (Fisher 186 

and Schmincke, 1984; Morrisey et al., 2000; Kereszturi et al., 2011). Maar-diatremes and tuff rings 187 

show wide craters and a low topographic expression with outer slope angles of <20° (Lorenz, 1986; 188 

White and Ross, 2011), while tuff cones have a positive relief (Wohletz and Sheridan, 1983), with 189 

slopes between 10° and 30° (White and Ross, 2011). The crater dimensions of PVs can vary from a 190 

few tens of meters to a few kilometers. Maar-diatremes can reach up to ~5 km (Graettinger, 2018) 191 

and tuff cones up to 1.7 km in diameter (Wohletz and Sheridan, 1983). 192 

During the formation of a maar sensu stricto, the shock waves cut and fragment the pre-existing 193 

rock and develop an inverse cone-shaped deep diatreme, hence the name maar-diatreme (Lorenz, 194 

1986). If the maar crater floor has not been filled with sediments, it is possible to observe the pre-195 

existing rock exposed in the inner walls. Tuff ring development is considered to have a shallower 196 

explosion locus and therefore involves a shallower excavation (White and Ross, 2011; Kereszturi and 197 

Németh, 2012). 198 

The ejecta ring of PVs is formed by sequences of base-surges (Waters and Fisher, 1971; Fisher, 1977), 199 

today also called dilute pyroclastic density currents (PDCs, Branney and Kokelaar, 2002), and fallout 200 

deposits, with variable thicknesses and clast-sizes ranging from ash to blocks. Base-surge deposits 201 

are formed by thousands of thin layers, each caused by one of the multiple shock waves produced 202 

by MFCI processes. These deposits are typically poorly sorted, well-laminated, with low-angle cross-203 

bedding and dune structures, as well as ballistic impact sags and U-shaped channels (Fisher, 1977). 204 

Their thickness and features are better developed in proximal areas; the thickness of the deposits 205 

decreases logarithmically with distance from the vent, and they display planar bedding features and 206 

better sorting (Fisher and Schmincke, 1984). Also related to base-surge deposits is the occurrence 207 

of vesiculated tuffs and accretionary lapilli that develops during fallout of thin ash in moist 208 

conditions (Lorenz, 1974; Fisher and Schmincke, 1984). The type of clast found in these deposits is 209 

diverse in shape, grain-size, vesicularity, and texture (Auer et al., 2007; Kereszturi et al., 2011; 210 

Avellán et al., 2012). Non-juvenile lithic proportions in tephra rings vary and are at least somewhat 211 

dependent on the type of structure. Maar-diatremes can have lithic proportions of up to 90 wt.% 212 

(White and Ross, 2011), while for tuff rings proportions from <5% (Lorenz, 1986) to 55% (Houghton 213 

and Schmincke, 1989) have been reported. Tuff cones typically have the lowest proportions of non-214 

juvenile content (White and Ross, 2011). 215 

The deposit sequence reflects the style and dynamics, as well as their variation during the eruption 216 

(Kereszturi and Németh, 2012). It is common to find PVs with mixed or hybrid features (Houghton 217 

and Schmincke, 1989; White and Ross, 2011; Németh and Kereszturi, 2015). The magma-water ratio 218 

as well as the depth of interaction are important factors in the resulting structure. Deep level 219 

interaction with groundwater and limited water is expected to form maar-diatremes, while for tuff 220 
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rings and tuff cones the interaction is believed to be shallower (White and Ross, 2011). For the 221 

formation of tuff cones abundant water is expected. Therefore, magma-water ratios vary for each 222 

type of structure, with a ratio of 0.3 associated with the highest values of explosive energy in 223 

experiments (Sheridan and Wohletz, 1981). 224 

1.4. Tectonic setting 225 

The subduction-related TMVB (¡Error! No se encuentra el origen de la referencia.) has an east to 226 

west direction and runs 15° oblique to the WNW-ESE-oriented Middle American Trench (MAT) in 227 

the Pacific (Pardo and Suárez, 1995). It is ~1000 km long and covers an area of ~160,000 km2, 228 

crossing the central area of Mexico from the Gulf of California in the west to the Gulf of Mexico in 229 

the east. The variations in the geometry and subducting angle of the slab beneath the TMVB are 230 

believed to be the cause of the variation in its width (between 90 and 230 km) and its oblique 231 

position with respect to the MAT (Pardo and Suárez, 1995; Ferrari et al., 2012). The crust thickness 232 

under the TMVB is 50 km in the east and gets thinner towards the west (≤40 km) (Ferrari et al., 233 

2012). 234 

The TMVB is located in a complex area covering different tectonostratigraphic terranes, which are 235 

heterogeneous in age and lithology and comprise the basement of this volcanic arc (Pasquaré et al., 236 

1987). Furthermore, in the building process of the TMVB, pre-existing fault systems have been 237 

reactivated and increase the complexity of the dynamic along the arc (Ferrari et al., 2012). One of 238 

the proposed reactivated systems strikes north to south and has been related to the extension of 239 

the Basin and Range province and the formation of grabens and horsts that subsequently turned 240 

into intermontane tectonic basins where shallow lacustrine environments developed and are 241 

common within the TMVB (Pasquaré et al., 1987; Henry and Aranda-Gómez, 1992). Several PVs are 242 

located at the margins of some of these tectonic basins (Siebe and Salinas, 2014). Currently, the 243 

stress-regime and deformation in the TMVB is extensional, and the extension is higher in the W part 244 

of the arc (Suter et al., 2001; Ferrari et al., 2012). 245 

Along the TMVB are several volcanic fields, important calderas, and stratovolcanoes, but the arc is 246 

dominated by small-volume monogenetic volcanoes with >3000 visible structures (Guilbaud et al., 247 

2012; Siebe and Salinas, 2014). The beginning of MVFs along the arc has been linked to the latest 248 

phase of the TMVB in which roll-back of the subducting slab has supposedly influenced the migration 249 

of the volcanic front and the development of extensional faulting since around 5 Ma (Ferrari et al., 250 

2012). 251 

2. Methodology 252 

The identification of PVs within the TMVB for integration into the inventory was made through 253 

literature review and visual recognition using satellite images and maps. Literature review 254 

considered scientific articles, theses, reports, and maps. Some structures without published 255 

information were confirmed on the ground during fieldwork of other research projects. The type 256 

and quality of information varies significantly between structures. Some have not been previously 257 

recognized as PVs, and most of them have not been investigated in detail, hence for many structures 258 

data is not available. 259 

When possible, the information gathered comprises geological data about the structure such as 260 

edifice volume, geochemistry, faulting, radiometric dating, and eruption dynamic. Environmental 261 
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parameters were gathered from various sources: data regarding hydrogeological conditions were 262 

consulted in CONAGUA reports from 2020 (https://sigaims.conagua.gob.mx/dma/acuiferos.html), 263 

and climate information was acquired from a network of climate monitoring stations and records 264 

since 1950 (https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-265 

estadistica-climatologica). 266 

2.1. Morphometric analysis 267 

The initial stage of the morphometric analysis involved evaluating the preservation state of each PV. 268 

To assess the morphological preservation state, we adopted the criteria utilized in the Maar Volcano 269 

Location and Shape (MaarVLS) database (Graettinger, 2018). According to these criteria, a PV would 270 

be considered preserved if at least 75% of the tephra ring volume remained intact. In determining 271 

the location (coordinates and altitude) and morphometric parameters, we employed Google Earth 272 

tools whenever the preservation state of the structures permitted. Specifically, Google Earth 3D and 273 

elevation profile tools were utilized to measure crater diameter, height, depth, and direction of 274 

maximum elongation, with changes in terrain inclination serving as reference points. 275 

The parameters were determined through the following measurements: maximum height 276 

(MaxHeight), average height (AvHeight = Hco), depth, maximum and minimum crater diameter 277 

(MinCrD and MaxCrD), average crater diameter (AvCrD = Wcr), maximum and minimum cone 278 

diameter (MinCoD and MaxCoD), average cone diameter (ACVoD = Wco), perimeter (P), and crater 279 

area (A). 280 

The dimensional ratios calculated include the aspect ratio (AR), elongation (EL), and isoperimetric 281 

circularity (IC), which were determined using the equations provided in Graettinger (2018). 282 

Additionally, the ratios Hco/Wco, Hco/Wcr, and Wcr/Wco were calculated, where Hco represents 283 

the average cone height, Wco represents the average cone diameter, and Wcr represents the 284 

average crater diameter (Wood, 1980). 285 

2.2. Statistical analysis 286 

The inventory comprises both categorical and continuous types of data. Categorical data provide 287 

information about environmental and magmatic system features. To analyze this type of data, 288 

contingency tables have been employed, enabling the understanding of the distribution of 289 

environmental features in relation to each other. 290 

The continuous data type consists of measured values for morphometric parameters and certain 291 

environmental entries (e.g., precipitation and temperature). Statistical descriptors were computed 292 

for these specific sub-sets of data. It was not feasible to measure certain morphometric parameters 293 

for several PVs (e.g., for some structures average crater diameter or height could not be confidently 294 

determined). As a result, the number of structures included in the calculation of statistical 295 

descriptors varies across different variables and sub-sets. For instance, in certain cases, only the 296 

maximum crater diameter may be measured, resulting in a higher number of structures available 297 

for analysis based on these parameters compared to the average crater diameter, which might have 298 

fewer recorded entries. Groups considered to have insufficient data are not described. 299 

The frequency distribution analysis revealed that the data does not follow a parametric distribution, 300 

non-normal distribution, and a wide range of dispersion for several parameters (¡Error! No se 301 

https://sigaims.conagua.gob.mx/dma/acuiferos.html
https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
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encuentra el origen de la referencia.). Given the statistical behavior observed, the median is 302 

considered a more accurate measure of central tendency than the mean value for describing the 303 

data, so the median is the value used as the reference statistical descriptor. 304 

The parameters of PVs were analyzed separately for tuff cones (TC) and maar-diatremes and tuff 305 

rings (MD-TR). The values of the categorical entries were then used as filters to analyze the data 306 

within sub-sets. This allowed the evaluation of the morphometry in relation to environmental and 307 

magmatic system features. The anomalous morphometric values within the groups were not 308 

removed, as they present an opportunity to analyze the potential processes that impact the ideal 309 

shape of a PV structure. It is worth noting that because the median serves as the reference 310 

morphometric statistical descriptor, the inclusion of anomalous values does not affect the overall 311 

outcome. 312 

Although the mean is not used herein as a reference statistical descriptor, the coefficient of variation 313 

(CV) can provide valuable insights. The CV is the ratio of the standard deviation to the mean and 314 

serves as a measure of data dispersion and uniformity. A lower CV indicates a less dispersed and 315 

more uniform dataset. This becomes particularly useful when comparing the dispersion among 316 

Fig 2. Frequency distribution of morphometric parameters. A) Average crater diameter (Wcr), B) Average cone diameter 
(Wco), C) Average cone height, D) Hco/Wcr ratio, E) Hco/Wco ratio, F) Wcr/Wco ratio, G) Aspect ratio (AR), H) 
Elongation (EL), and I) Isoperimetric Circularity (IC). 

A B C 
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different datasets, especially when analyzing the morphometry of distinct groups within the 317 

inventory. 318 

2.3. Age data 319 

Through literature examination and data gathering, age data were obtained representing various 320 

dating methods, radiocarbon dating on paleosol and pollen samples, Ar-Ar, K-Ar, and 321 

paleomagnetism. Discrepancies in age results emerged for some structures when comparing Ar-Ar 322 

or K-Ar dating with radiocarbon dating. In instances of such divergence, the preferred method for 323 

determining age, especially for younger PVs (< 40,000 years BP), was radiocarbon analysis. However, 324 

for older structures (> 40,000 years BP) exclusively dated through Ar-Ar and K-Ar methods, these 325 

results were considered. 326 

To evaluate the age trend throughout the entire inventory, the different types of dating analyses 327 

were considered. Among these, radiocarbon ages held the predominant position in the gathered 328 

information. Additionally, stratigraphic correlation contributed to inferring approximate ages. An 329 

age map was created to illustrate the primary epochs during which the PVs were formed. 330 

To investigate correlations with environmental parameters, only radiocarbon ages were employed, 331 

aligning them with paleoclimate conditions also derived from radiocarbon analysis. All reported 332 

uncalibrated radiocarbon ages were calibrated using the IntCal20 calibration curve (Reimer et al., 333 

2020) via OxCal 4.4 (Bronk Ramsey, 2009) for this purpose. 334 

2.4. Data treatment 335 

The decision to include PVs in the inventory was based on field observations and published research, 336 

when possible. In some cases, PVs reported in research papers were not included if the information 337 

regarding the structure was inconsistent or if there was no evidence of phreatomagmatic activity 338 

during field visits. Despite this, several reported structures that could not be confirmed in the field 339 

were still included in the inventory, due to lack of sufficient arguments to exclude them. 340 

To achieve consistency in the dataset, the measurement of morphometric parameters followed a 341 

standardized approach throughout the entire inventory. Consequently, even if research publications 342 

reported morphometric values for certain PVs, those values were not incorporated into the 343 

inventory. The aim was to uphold consistency by exclusively relying on the data collected using the 344 

established methodology employed across all entries regarding the measuring tools and criteria. 345 

3. Results 346 

The inventory comprises 103 PVs identified along the TMVB. These structures have been classified 347 

as maar-diatremes, tuff rings, and tuff cones according to morphological features, field 348 

observations, and available published data. Maar-diatremes and tuff rings (MD-TR) display a similar 349 

low-surface morphology (Lorenz, 1986) and represent 81% (83) of the dataset, while tuff cones (TC) 350 

are more prominent topographic features (Wohletz and Sheridan, 1983) and represent 19% (20). 351 

Table 1. Inventory of PVs showing their number and distribution in volcanic fields along the TMVB and their percentages 352 
within each field. Based on data from a Hasenaka (1994), b Suter et al. (2001), c Jaimes-Viera et al. (2018), d Chedeville et 353 
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al. (2020), e Jácome-Paz et al. (2022), f Sieron et al. (2021), g Verma (2006), h Siebe and Salinas (2014), i Ferrari et al. 354 
(2012), and j Andreani et al. (2008). 355 

 356 

3.1. Location and distribution 357 

PVs are unevenly distributed throughout the TMVB. The structures are located between a minimum 358 

altitude of 14 masl and a maximum of 3166 masl, with 75% located below 2144 masl (¡Error! No se 359 

encuentra el origen de la referencia.a) and can be found in different zones of the TMVB. However, 360 

71 PVs (69%) are clustered, with 14 or more closely spaced phreatomagmatic structures located 361 

within volcanic fields in the Los Tuxtlas (LTVF) (41.7%), Serdán-Oriental (SOVF) (13.6%), and Valle de 362 

Santiago (13.6%) areas, while 31.1% of the structures are scattered (Table 1, Fig 1). 363 

The PVs-inventory shows that these structures represent 3.4% of monogenetic volcanos in the 364 

TMVB, estimated to contain a minimum of 3000 volcanic structures (Guilbaud et al., 2012; Siebe 365 

Volcanic field (VF) N°of PVs 
%  

Inventory 
Vents  
in VF 

% PVs 
per VF 

Area  
(km2) 

Tectonic  
setting 

Michoacán- 
Guanajuato 

South of Río Lerma 7 

30 

6.80 

29.13 1400a 2.1 40000a 
Subduction /  

intra-arc riftingb 

Yuriria 4 3.88 

Valle de Santiago 14 13.59 

Irapuato 3 2.91 

Huanímaro 2 1.94 

Sierra de Chichinautzin 3 2.91 227c 1.3 - 
Subduction / 

 intra-arc riftingb 

Valsequillo Basin 1 0.97 - - - 
Subduction / 

 intra-arc riftingb 

Serdán Oriental  14 13.59 30d 46.7 1530 
Subduction /  

intra-arc riftingb 

Xalapa 3 2.91 72e 4.2 - 
Subduction /  

intra-arc riftingb 

Los Tuxtlas 43 41.75 350f 12.3 2200g 
Subduction/ 
lateral slipj 

Strato- 
volcanoes 

San Juan 1 

6 

0.97 

5.83 - - - 
Subduction /  

intra-arc riftingb 
Ceboruco 2 1.94 

Malinche 2 2.91 

Pico de Orizaba 1 0.97 

Calderas 

Huichapan 1 

3 

0.97 

2.91 - - - 
Subduction /  

intra-arc riftingb 
Los Humeros 2 1.94 

TMVB 103 100.00 3000h 3.4 160000i 
Subduction/ 

intra-arc riftingb  
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and Salinas, 2014). The percentage of PVs is highly variable between the different volcanic fields of 366 

the TMVB, and there is no correlation between the size of an area and the number of volcanoes. 367 

The MGVF is the largest of the volcanic fields in this inventory. It covers an area of ~40,000 km2 368 

(Hasenaka and Carmichael, 1985) and contains the largest amount of monogenetic volcanoes in the 369 

TMVB, but PVs only represent 2.2% of the volcanic structures. The LTVF has an area of ~2,200 km2 370 

(Verma, 2006) and contains the highest number of PVs which account for 12.3% of the total of 371 

volcanic vents in this field. In the SOVF there are >30 monogenetic volcanoes (Chédeville et al., 2020) 372 

within an area of ~1530 km2 with PVs representing 46.7% of the total volcanic vents. This is the 373 

highest population of PVs related to the volcanic vent population in a specific area within the TMVB. 374 

The conditions for the formation of PVs in the TMVB have been met in different types of volcanic 375 

systems, however PVs in the inventory are significantly more frequent in MVFs (91%, Table 2). MVFs 376 

in which mostly other monogenetic volcano types are present (e.g., MGVF and SOVF) contain 48% 377 

of the PVs in the inventory, while MVFs where small-volume structures occur in the lowlands along 378 

valleys cutting lava flows from shield volcanoes (e.g., LTVF and XVF) contain ~44%. Only 8.7% of PVs 379 

in the inventory are related to composite volcanic systems, where they usually occur scattered and 380 

often isolated (6% occur on the lower flanks of San Juan, Ceboruco, and La Malinche 381 

stratovolcanoes, while 3% formed near the rims of Huichapan and Los Humeros calderas). 382 

3.2. Preservation state 383 

Almost 20% of the PVs are considered preserved. This means that in these structures the shape and 384 

most (>75%) of the tephra ring still remain (Graettinger, 2018). This condition was better assessed 385 

Fig 3. Satellite imagery taken from Google Earth with examples of modified PVs. A) Lava flow produced at the end of the 
eruption that formed Potrerillo II tuff ring; B) quarrying, urbanization, and agricultural activities modified Joya Estrada 
maar; C) natural erosion modified Isla Tanaspi; D) El Caracol tuff cone affected by pre-existing topography of a NE-SW 
normal fault, and scoria cone on the NW rim of the crater from which lava flows were extruded at the end of the same 
eruption that produced the tuff cone. 

A B 

D C 
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during the measurement of the morphometric parameters. However, a “preserved” PV could still 386 

be affected by a modifier process, and frequently one or more processes are modifying a single 387 

structure (Fig 3). 388 

The original geometry of a PV could have been modified by processes occurring during or 389 

immediately after the eruption (syn-eruptive) and/or by other processes in post-eruptive times. In 390 

some cases, pre-existing topographic features such as fault scarps or scoria cones can impede the 391 

formation of a PV structure with an ideal geometry (e.g., Atexcac maar, El Caracol tuff cone). Syn-392 

eruptive processes can also shift the internal and/or external conditions during a phreatomagmatic 393 

eruption with sudden switches in eruptive style leading to the subsequent emission of lava flows 394 

(Fig 3a), domes, or scoria cones (Fig 3d), which can modify the previously built PV tephra ring by 395 

breaching or partially burying. Much later volcanic activity can also modify a pre-existing PV. In many 396 

cases information is insufficient to ascertain if a modifying volcanic activity was syn- or post-PV. 397 

These cases were grouped in one single category (modified by syn- or post-volcanic activity), which 398 

represents 21% of the inventory. 399 

Most post-eruptive processes are usually due to either natural erosion (76%) (Fig 3c), anthropic 400 

activity such as quarrying (15%) (Fig 3b), and construction of human settlements and agriculture (23 401 

%). Anthropic activities such as urbanization and agriculture take place either around or inside 402 

craters (e.g., Joya de Álvarez in Valle de Santiago). 403 

3.3. Environment 404 

The area covered by the TMVB is vast and contains a diversity of climate and weather conditions. 405 

PVs are located in sites with a current minimum annual precipitation of ~350 mm/yr and a maximum 406 

of ~4500 mm/yr, with 75% of the PVs occurring in areas with <2490 mm/yr (Fig 4). Half of the PVs 407 

(~50%) occur in sites with a precipitation that ranges between 350 and 875 mm/yr. However, 408 

according to CONAGUA hydrological data (https://sigaims.conagua.gob.mx/dma/acuiferos.html) 409 

>60% of the structures are located above aquifers with a currently negative water balance, where 410 

Fig 4. Annual precipitation levels estimated for the period 1950-2012 from the closest weather monitoring station to each 
PV in the TMVB (CONAGUA, (https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-
estadistica-climatologica). 

https://sigaims.conagua.gob.mx/dma/acuiferos.html
https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
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evaporation is greater than precipitation and there is excessive groundwater exploitation of the 411 

aquifers for human activities. LTVF is one of the few areas within the inventory with a positive water 412 

balance and the highest annual precipitation with an average of 2868 mm/yr. 413 

Diversity is also evident in regard to hydrogeological conditions. Approximately 72% of PVs occur 414 

within exorheic basins, and 68% of PVs are located in fluvial environments (Table 2). Additionally, 415 

64% of the structures are nested in older lava flows within MVFs and calderas. Lacustrine 416 

environments represent 30% of PVs and are also associated with MVFs. Combined host aquifers 417 

(granular and fractured material) account for 82% of the sites where PVs occur. 418 

Table 2. Frequency table of PVs by type of structure vs. environmental and internal parameters 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

Parameter 
Inventory Maar/Tuff Rings Tuff Cones 

N % N % N % 

Inventory 103 100.0 83 80.6 20 19.4 

Preserved 20 19.4 13 12.6 7 6.8 

Hydrological Environment 

Fluvial 70 68.0 60 58.3 10 9.7 

Lacustrine 31 30.1 22 21.4 9 8.7 

Litoral 2 1.9 1 1.0 1 1.0 

Aquifer Host 

Combined 85 82.5 74 71.8 11 10.7 

Hard-Rock 10 9.7 5 4.9 5 4.9 

Soft-rock 3 2.9 2 1.9 1 1.0 

NA 5 4.9 2 1.9 3 2.9 

Basin 

Endorheic 27 26.2 20 19.4 7 6.8 

Exorheic 74 71.8 63 61.2 11 10.7 

NA 2 1.9 - - 2 1.9 

Age 

Holocene 10 9.7 8 7.8 2 1.9 

Late Pleistocene 18 17.5 12 11.7 6 5.8 

Early Pleistocene 1 1.0 0 0.0 1 1.0 

NA 74 71.8 63 61.2 11 10.7 

Volcanic System 

Caldera 3 2.9 1 1.0 2 1.9 

MVF 49 47.6 39 37.9 10 9.7 

Shield and MVF 45 43.7 41 39.8 4 3.9 

Stratovolcano 6 5.8 2 1.9 4 3.9 

Juvenile Composition 

Mafic 12 11.7 10 9.7 2 1.9 

Intermediate 12 11.7 8 7.8 4 3.9 

Felsic 4 3.9 4 3.9 0 0.0 

NA 28 27.2 61 59.2 14 13.6 
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3.4. Composition 442 

Information on the composition of juvenile material is available for 28% of the PVs based on 443 

macroscopic mineral recognition and/or geochemical analyses. PVs with geochemical analysis 444 

account for 23%. The compositions of juveniles in the inventory exhibit a wide range, spanning from 445 

basalt to rhyolite (Fig 4). Mafic (45-52 wt.% SiO2) and intermediate (52-65 wt.% SiO2) compositions 446 

each represent 12% of the structures and are found in various areas and environments within the 447 

TMVB. In contrast, felsic compositions (>65 wt.% SiO2) account only for 4% of the PVs and are 448 

predominantly concentrated in the SOVF. Different juvenile compositions can occur in the same 449 

area or volcanic field, for example, Valle de Santiago contains PVs with mafic, intermediate, and 450 

felsic compositions. A PV, Joya de Estrada maar, with two types of juveniles (felsic and intermediate) 451 

has also been identified there. 452 

Alkali data (K2O and Na2O) is available for 18% of the PVs. Of these, 12% are calc-alkaline and occur 453 

in several areas of the TMVB, as expected in a subduction-related volcanic arc. However, Valle de 454 

Santiago contains alkaline (6%) as well as calc-alkaline PVs.  455 

3.5. Ages 456 

Age data is available for 28% of the inventory based on different dating techniques (e.g., radiocarbon 457 

dating of paleosols and crater lake sediments, Ar-Ar, and K-Ar; Supplementary file B) which have 458 

helped to establish that most of the dated structures formed in the Late Pleistocene (17%) and 459 

Holocene (10%) (Fig 6¡Error! No se encuentra el origen de la referencia.). Around 18% of PVs have 460 

been dated by applying the radiocarbon method to paleosols with maximum ages ranging between 461 

~32,000 and ~1600 yr. BP. 462 

Fig 5. TAS diagram in which 40 analyses of juvenile samples from 16 PVs in 6 areas in the inventory are plotted. 
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 In the LTVF are only two PVs with radiocarbon Holocene age information (e.g. Laguna de 463 

Nixtamalapan and Laguna de Apompal, Nelson and González-Caver, 1992). Most of the PVs in the 464 

LTVF are classified as not preserved due to syn- or post-volcanic activity, erosion or anthropic 465 

activity. However, it has been inferred that the monogenetic volcanoes within this field are Late 466 

Pleistocene (<50,000 yr) to Holocene in age (Nelson and González-Caver, 1992; Sieron et al., 2021; 467 

Rodríguez-Elizarrarás et al., 2023). 468 

3.6. Morphometry 469 

The morphometric parameters related to the size of the structures, including height (Hco), crater 470 

diameter (Wcr), and cone diameter (Wco), exhibit a high CV exceeding 0.3 (Table 3), which indicates 471 

a high variability of the values. The TC structures generally have a lower CV compared to the MD-TR 472 

structures. Moreover, within both types of structures, the CV as well as the range in the preserved 473 

groups tend to show a lower dispersion, with a few exceptions. Detailed statistical descriptors can 474 

be accessed in Supplementary File C. 475 

Table 3. Summary of the statistical descriptors of the morphometric parameters and ratios of the PVs in the inventory (Inv) 476 
with the data of the preserved sub-set (Pre). N = number of PVs analyzed, Min = minimum value, Max = maximum value, 477 
Hco = cone height, Wcr = crater diameter, Wco = cone diameter, A = crater area, AR = aspect ratio, E = elongation, IC = 478 
isoperimetric circularity. 479 

Fig 6. Map showing the location and distribution of dated PVs in the TMVB. 
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 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

3.6.1. Size of maar-diatremes and tuff rings (MD-TR) 501 

The MD-TR main group presents minimum and maximum values between 1 m and 153 m for Hco, 502 

from 221 m to 3405 m for Wcr, and between 957 m and 5145 m for Wco. Their respective median 503 

values are 26 m, 1070 m, and 1772 m. The median values of the preserved structures are slightly 504 

higher for Hco and Wcr, while for Wco the values remained the same as the main group.  505 

MD-TRs formed in MVS, not related to composite volcanoes, present bigger dimensions, with a 506 

significantly bigger median Wcr of 1245 m, compared to the MVFs associated with composite 507 

volcanoes (e.g., Los Tuxtlas) whose median Wcr is 784 m. Valle de Santiago shows larger median 508 

values compared with the other clusters and the scattered group, with a Hco of 38 m, Wcr of 1545 509 

m, and Wco of 2681 m. The median Hco is higher for structures formed in a fluvial environment with 510 

Parameters 

Type of Structures 

MD-TR TF 

Inv Pre Inv Pre 

Hco (m) 

N 78 13 19 7 

Median 25.69 30.50 67.00 63.63 

CV 0.86 0.82 0.54 0.38 

Wcr (m) 

N 63 13 15 7 

Median 1069.50 1095.00 790 737.50 

CV 0.50 0.45 0.34 0.33 

Wco (m) 

N 41 11 15 7 

Median 1771.50 1771.50 1407.50 1325.00 

CV 0.47 0.43 0.30 0.34 

Hco/Wcr 

N 60 13 15 7 

Median 0.03 0.04 0.09 0.09 

CV 0.61 0.47 0.97 0.49 

Hco/Wco 

N 37 11 15 7 

Median 0.02 0.02 0.05 0.05 

CV 0.55 0.45 0.47 0.28 

Wcr/Wco 

N 39 11 13 7 

Median 0.64 0.63 0.54 0.61 

CV 0.15 0.14 0.28 0.24 

AR 

N 63 13 15 7 

Median 0.85 0.85 0.74 0.70 

CV 0.14 0.05 0.17 0.09 

EL 

N 38 13 11 7 

Median 0.82 0.82 0.64 0.62 

CV 0.14 0.08 0.18 0.18 

IC 

N 38 13 11 7 

Median 0.96 0.97 0.93 0.93 

CV 0.04 0.03 0.05 0.03 
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27 m, but MD-TRs in lacustrine environment are much wider with median Wcr of 1228 m and Wco 511 

of 1806 m.  512 

The sub sets analyzed for composition and age are small groups of 7 to 11 structures. Mafic MD-TRs 513 

tend to be higher (median Hco=40 m) and with wider craters (median Wcr = 1408 m) compared to 514 

the structures of intermediate composition. Regarding the age, Late Pleistocene MD-TRs are higher 515 

(median Hco = 35 m) but Holocene structures have wider craters (median Wcr = 1245 m). 516 

3.6.2. Size of tuff cones (TCs) 517 

The TC main group presents minimum and maximum values between 20 m and 212 m for Hco, from 518 

342 m to 1140 m for Wcr, and from 555 m to 2098 m for Wco. The median values of these 519 

parameters are 67 m, 790 m and 1408 m, respectively. The sub-set of the preserved TCs has lower 520 

median values compared to the main group. The majority of the TCs are scattered or isolated, with 521 

a few exceptions that occur with clustered MD-TRs, and more often in MVFs (Fig 7), with 522 

morphometric parameters median values similar to the main group trend. TCs in fluvial 523 

environments and within exorheic basins display higher values for Hco, Wcr and Wco compared to 524 

other hydrological environments. 525 

3.6.3. Morphometric ratios 526 

Fig 7. Spatial distribution of PVs within the TMVB showing the variation of their Wcr. Inset maps A, B, C show areas with 
high concentration of PVs (≥14). A) Valle de Santiago, B) Serdán-Oriental, and C) Los Tuxtlas. 

A B C 
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Morphometric ratios for the main group of MD-TRs range from 0.01 to 0.1 for Hco/Wcr and for TCs 527 

varies between 0.05 and 0.57. Hco/Wco range from 0.01 to 0.04 for MD-TRs and from 0.03 to 0.013 528 

for TCs. The values of Wcr/Wco range from 0.43 to 0.89 for MD-TRs and from 0.23 to 0.77 for TCs. 529 

Corresponding median values are 0.03, 0.02, and 0.64 for MD-TRs, while for TCs they are 0.09, 0.05, 530 

and 0.54. 531 

The ranges covered for the preserved sub-sets of structures are less dispersed (Fig 8), and median 532 

values, reported in Table 4, are similar to the main group trends, except for Hco/Wco and Wcr/Wco 533 

of the preserved TCs which are notably lower compared to the main group. In general, 534 

morphometric values of the PVs in this inventory are consistent with reports of structures from 535 

other parts of the world (Table 4). This research provides one of the few reports of Hco/Wcr ratio 536 

for TCs.  537 

538 

Fig 8. Ranges of the different morphometric ratios of the main groups of MD-TR and TCs 
in the TMVB and their preserved sub sets. Inv: Full inventory, Pre: Preserved structures. 
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Table 4. Morphometric parameters ratios of phreatomagmatic volcanoes reported in previous studies from other regions in the world. Values reported from this research correspond to the group of preserved PVs in the TMVB. *Median 539 
values (this research). 540 

Volcano Type Hco (m) Wco (m) Wcr (m) Hco/Wco Hco/Wcr Wcr/Wco AR EL IC Reference 

Tuff cones 

La Caldera de Montana tuff cone 109 1555 1106 0.07 0.1 0.71       Kervyn et al (2012);  

MVs at Deception Island, 
Antarctica 

tuff cones 20.5 - 84.5 310 - 1634 230 - 894 0.04 - 0.16   0.42 -0.74 0.71 - 0.95 0.65 - 0.96 0.83 - 0.99 Pedrazzi et al. (2020) 

Trans-Mexican Volcanic 
Belt (TMVB) 

tuff cones 
35 - 110 

(64)* 
555 – 1990 

(1325)* 
342 - 1140 

(738)* 
0.03 - 0.08 

(0.05)* 
0.05 - 0.21 

(0.09)* 
 0.26 - 0.69 

(0.61) 
0.63 - 0.81 

(0.70)* 
0.42 - 0.77 

(0.62)* 
0.89 - 0.98 

(0.93) 
This research 

Maar-diatremes and Tuff rings 

74 maars in different 
parts of the world 

maar-diatremes 4 - 167 91 - 8750 31 - 4000 0.004 - 0.1 0.01-0.17 0.34 - 0.82       Pike (1978) 

Crater Elegante, Mexico  tuff ring 50 3350 1600 0.01 0.03 0.48       
Wohletz and Sheridan 
(1983) 

Kilbourne Hole, New 
Mexico 

tuff ring 50 5600 2500 0.01 0.02 0.45       
Wohletz and Sheridan 
(1983)  

MaarVLS maar-diatremes     69-5000       0.8 - 0.95 0.84 - 0.88 0.9 - 1 
Graettinger et al. 
(2018) 

MVs at Deception Island, 
Antarctica 

tuff ring 5.5 - 95 543 -2323 342 - 1379 0.01 - 0.04   0.52 - 0.67 0.59 - 0.97 0.54 - 1 0.97 - 0.98 Pedrazzi et al. (2020) 

Trans-Mexican Volcanic 
Belt (TMVB) 

maar-diatremes and 
tuff rings 

8 - 124 
(31)* 

1286- 4559 
(1772)* 

336 - 2265 
(1095)* 

0.01 - 0.04 
(0.02)* 

0.01 - 0.06 
(0.04)* 

0.5 - 0.85 
(0.63)* 

0.74 - 91 
(0.85)* 

0.68 - 0.94 
(0.82)* 

0.87 – 0.99 
(0.97)* 

This research 

541 
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3.6.4. Shape 542 

The shapes of the craters of the PVs within the inventory have been classified into 3 categories: 543 

circular, compound, and elongated (Fig 9). Compound refers to irregular shapes formed by the 544 

overlapping of explosion sites during the phreatomagmatic eruption. Elongated refers to elliptical 545 

geometries of a crater. Additionally, quantitative shape ratios AR, EL, and IC were calculated for 546 

those structures with enough information regarding the measurements of crater diameters, areas, 547 

and perimeters. 548 

Structures with elongated craters represent 35% of the inventory, displayed in 30% of the MD-TR 549 

and 55% of the TC groups. The predominance of the elongated crater shape is also reflected in the 550 

AR and EL median values of 0.85 and 0.82 for MD-TRs and 0.74 and 0.64, respectively, for TCs. 551 

Circular crater shapes represent 25% of the inventory, 25% of MD-TRs, and 20% of TCs. Elongated 552 

crater shapes display the largest median values for Hco, Wcr, and Wco, while circular PVs display 553 

the smallest values. Compound crater shapes represent 15% of the inventory with a similar 554 

percentage in each group of structures. The curvature variation in the crater shapes is not 555 

significant, indicated by IC median values of 0.96 and 0.93 for MD-TR and TC main groups, 556 

respectively. 557 

4. Discussion 558 

The inventory of PVs within the extensive area of the TMVB enables closer observations of diverse 559 

environments. These areas showcase successful formations of phreatomagmatic structures 560 

resulting from the combination of internal and external factors. 561 

4.1. Morphometric correlations 562 

Ratios derived from morphometric parameters have served the purpose of characterizing and 563 
distinguishing various types of volcanic structures. Among the commonly employed ratios are 564 

Circular Elongate Compound 

A B C 

D E F 

Fig 9. Examples for circular, elongate and compound shapes of tuff cones (TC group). A) Las Vívoras, B) Alberca de Los Espinos, 
and C) La Caldera; and for maar-diatremes and tuff rings (MD-TR group); D) Tepexitl, E) Laguna Aljojuca, and F) Laguna La 
Preciosa. 
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Hco/Wco, Hco/Wcr, and Wcr/Wco (Porter, 1972; Wood, 1980). These ratios were initially proposed 565 
to describe deviations from an ideal scoria cone, but as morphological research progressed, ranges 566 
of these values were also determined for phreatomagmatic structures (Table 4). Moreover, 567 
correlations between morphometric parameters have proven instrumental in distinguishing tuff 568 

rings from tuff cones (Pedrazzi et al., 2020). 569 

In correlation scatterplots, morphometric parameters such as Hco, Wcr, Wco, and their maximum 570 

values exhibit two overlapping areas within the TC and MD-TR sub-sets (Fig 10). Notably, MD-TRs 571 

Fig 10. Correlation plots between morphometric parameters Hco, MaxHco, Wc, MaxWc, Wco, and MaxWco. 
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tend to encompass wider ranges of values, while TCs demonstrate a more restricted range. This 572 

overlap could stem from various causes. One could be the variability in eruptive styles, 573 

distinguishing between magmatic and phreatomagmatic phases. This variability influences the 574 

construction process of volcanic structures, resulting in a diverse array of shapes, reflected in the 575 

diffuse trends observed between these types of PVs. Structures with morphometric ratio values 576 

inconsistent within the group (TC or MD-TR) are more common in cases of poorly preserved PVs 577 

where the tephra ring was affected by syn- and post-eruption processes (e.g., lava flow or scoria 578 

cone formation) as well as by the influence of the pre-existing topography (e.g., El Caracol tuff cone, 579 

Hco/Wcr = 0.12). 580 

Another factor contributing to the overlap may relate to the accuracy of elevation data, which given 581 

the characteristics of Google Earth Pro, proves sometimes challenging to assess. Nevertheless, 582 

despite limitations in vertical scale accuracy, the morphometric data still enables clear distinctions 583 

within both primary groups of PVs. While it might be possible to reclassify some PVs, especially those 584 

within the overlapping area, further in-depth research into specific characteristics of these 585 

structures would be necessary to warrant such changes in classification. 586 

The morphometric values Hco and Wcr observed in Valle de Santiago stand out notably, consistently 587 

ranking among the highest in their respective categories (Hco = 38 m, Wcr = 1545 m, Wco = 2681). 588 

In contrast, Serdán-Oriental, which boasts a higher number of preserved and younger structures 589 

(from a similar total analyzed), often showcases lower values in morphometric parameters (Hco = 590 

16m, Wcr = 1234 m, Wco = 1947 m). This discrepancy prompts an exploration into the specific 591 

conditions in Valle de Santiago that favor such robust formation of PVs. Both Valle de Santiago and 592 

Serdán-Oriental are MVFs, but differences in their hydrogeological environment could be causing 593 

the contrasting morphology, as proposed by Lorenz (2003) especially with regard to the Hco of PVs. 594 

Valle de Santiago occurs in a fluvial hydrological context within an exorheic basin. It is surrounded 595 

by several small-to-medium sized shield volcanoes and small scoria cones, along with lava flows, all 596 

set within an aquifer environment dominated by fractured hard-rock in its altitudinal lower area. 597 

Conversely, Serdán-Oriental is a lacustrine setting within an endorheic basin surrounded by 598 

important stratovolcanoes, including La Malinche and Pico de Orizaba. The PVs in this volcanic field 599 

predominantly reside on a soft-rock aquifer host. Despite these differences, there is no discernable 600 

pattern between environmental parameters and morphometric values. 601 

The clustered occurrence of PVs in the TMVB suggests that local conditions in specific areas facilitate 602 

successful PV formation with sustained water-magma interaction. However, while the types of 603 

structures show distinct groupings when morphometric parameters are correlated, environmental 604 

parameters (e.g., hydrological environment, type of aquifer host) do not show any correlation with 605 

these features (Supplementary files D and E). An interesting observation emerges from the 606 

scattered group of MD-TRs (14), revealing consistently moderate to low coefficient of variation (CV) 607 

values (ranging from 0.34 to 0.55) in parameters such as Wcr, Hco, and MaxHeight. This trend 608 

suggests a relatively uniform nature within this sub-set, contrasting with clustered sub-sets like Valle 609 

de Santiago (14), which exhibit higher to moderate CV values (ranging from 0.49 to 0.83). These 610 

finding appears counterintuitive since one might expect the scattered sub-set to reflect a broader 611 

range of environmental conditions, thereby indicating higher variability. Taking these various 612 

observations into account we conclude that environmental parameters and their various 613 

combinations could facilitate the conditions for a successful water-magma interaction, however 614 
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their influence during the building processes of PVs is possibly limited in comparison to the internal 615 

eruptive parameters. 616 

4.2. Influence of internal parameters 617 

Changes in eruptive style and a shift of the vent location are common and both influence directly 618 

the shape of PVs and the type of monogenetic volcanoes formed (Ort and Carrasco-Núñez, 2009; 619 

Kshirsagar et al., 2016; Agustín-Flores et al., 2021). For example, near Catemaco Lake in the LTVF, 620 

scoria cones and phreatomagmatic structures formed during the same eruption, accompanied by a 621 

shifting of the vent location (e.g., Lagunas de Nixtamalapan and Amolapan in LTVF, Nelson and 622 

González-Caver, 1992). Within our inventory at least 20 PVs presumably formed with an initial, late, 623 

or intermittent magmatic phase. Elongated and compound shapes (~50% of the inventory) could 624 

indicate that a shift of the explosion location occurred, as suggested by Graettinger and Bearden 625 

(2021). 626 

Several cases have been reported in which, despite the presence of an aquifer, water-magma 627 

interaction during an eruption occurred only until the magmatic flux conditions allowed it (e.g., 628 

Miyakejima Volcano, Gutmann, 2002; Geshi et al., 2019). This suggests that the internal parameters 629 

exert an important control in the formation of PVs, especially the magma flux and its stability during 630 

the eruption. 631 

4.3. Influence of faulting and stress regimes 632 

Stress regime and pre-existing faulting is considered an influencing factor in the crater shape of the 633 

structures, the distribution of monogenetic structures (Nakamura et al., 1977; Cebriá et al., 2011; 634 

Le Corvec et al., 2013), and also in the hydrogeological dynamic of fracture-controlled aquifers 635 

(Lorenz, 2003). However, literature review and observations of the inventory data lead us to 636 

conclude that for PVs in the TMVB this influence is not usually significant in the mentioned aspects. 637 

Along the TMVB, monogenetic volcanic alignments have been associated with regional extensional 638 

stress regimes and their related fault systems (Demant, 1978; Suter et al., 2001; Urrutia-Fucugauchi 639 

and González-Morán, 2006; Sieron et al., 2021). In the Valle de Santiago area, the distribution of PVs 640 

does not follow the regional E-W to ENE-WSW trend as do the other neighboring volcanic structures. 641 

Instead, PVs show a NNW-SSE oriented, narrowly-aligned distribution, which along with 642 

geochemical analyses has been interpreted as evidence for a tear in the subducting Cocos plate 643 

(Losantos et al., 2017). According to Uribe-Cifuentes and Urrutia-Fucugauchi (1999) this is a fault 644 

zone that has facilitated the rise of magma and also controlled the groundwater flow, providing the 645 

conditions for water-magma interaction. However, other important younger regional active fault 646 

systems exist, with clear morphological expressions in the terrain, and seem to have influenced the 647 

ENE-WSW distribution of scoria cones and shields in the northern part of the MGVF (Hasenaka and 648 

Carmichael, 1985; Gómez-Vasconcelos et al., 2020). Moreover, current hydrogeological models 649 

based on hydraulic measurements in local wells have determined that the groundwater flows 650 

toward the central area of the basin (Lesser y Asociados, 2000; CONAGUA, 2020a) and away from 651 

the aligned cluster of PVs, an observation that does not support the notion of a fracture-controlled 652 

aquifer. 653 

In Serdán-Oriental the PVs are distributed in an NNE-SSW oriented stripe. Within this stripe, 654 

alignments of scoria cones, domes, and PVs occur either in an E-W (Ort and Carrasco-Núñez, 2009; 655 
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De León-Barragán et al., 2020) or a NW-SE direction (Guilbaud et al., 2022). These alignments have 656 

been interpreted to originate from a structural control on the final ascent of magmas, although 657 

morphological evidence of faulting in this area is not obvious. 658 

In the LTVF, the tectonic regime is dominated by lateral slip causing trans-pression and trans-tension 659 

in a NW-SE direction (Andreani et al., 2008). Volcanic structures, especially scoria cones, are aligned 660 

and cluster along a NW-SE axis that traverses the summit area of the broad San Martín composite 661 

volcano (Sieron et al., 2021). However, PVs display a different distribution, occurring mainly on the 662 

W and SW lower flanks of San Martín, with fewer on the SE flank. 663 

The shape of PV craters in the inventory (direction of maximum elongation) does not show any 664 

preferential direction in either of the mentioned volcanic fields, which leads to the conclusion that 665 

the regional stress field does not have a significant influence on the near-surface migration of 666 

explosion locations during a phreatomagmatic eruption. This has been also reported for maars in 667 

other volcanic fields (Nichols and Graettinger, 2021) and could be explained by local stress variations 668 

caused by the explosive eruption itself inducing magma diversion and influencing crater shape (Le 669 

Corvec et al., 2018). Another possibility is that in soft-rock hosted aquifers, such as in the Serdán-670 

Oriental, magma can form sills. This would explain a lateral migration of explosion locations that is 671 

not controlled by faults during a phreatomagmatic eruption (Nichols and Graettinger, 2021). 672 

4.4. Hydrogeological environments for PVs in the TMVB 673 

4.4.1. Aquifers in lava flows 674 

More than 1400 volcanoes occur within the MGVF. Most of them are shields and scoria cones, as 675 

well as cone-less isolated lava flows (Hasenaka, 1994). Shield volcanoes started forming since at 676 

least ~2.3 Ma ago (Ban et al., 1992), and scoria cones are usually younger (<1 Ma) than most shields 677 

(Hasenaka and Carmichael, 1985; Guilbaud et al., 2012; Avellán et al., 2020). Strombolian eruptions, 678 

largely basaltic-andesitic to andesitic in composition, formed these scoria cones and generated 679 

significant volumes of lava flows. These flows are often interbedded with fallout and other 680 

pyroclastic deposits and display dominantly A’a- and blocky-type morphologies (Hasenaka, 1994; 681 

Guilbaud et al., 2011; Avellán et al., 2020).  682 

The anisotropic lithological and hydraulic properties within lava flows or lava flow successions imply 683 

that aquifers in this environment display heterogeneous behaviors. Related to this, A’a type lava 684 

flow properties locally enhance vertical rainfall recharge, helping to form perched aquifers and 685 

providing larger water discharge (Bertrand et al., 2010). Also, lava flows related to scoria cones 686 

receive the precipitation captured by the permeable materials that built the cones and that form a 687 

thin water table at the base of the structure. It is proposed in this study that highly anisotropic lava 688 

flow aquifers may define the hydrogeological conditions, promoting the occurrence of perched 689 

aquifers in vast parts of the MGVF. This would explain the scattered distribution of few PVs within 690 

large parts of this field, especially in the middle and south. 691 

While in the northern part of the MGVF there are also shield volcanoes, lava flows, and scoria cones, 692 

the hydrogeological conditions seem to be different. This area includes the Valle de Santiago field, 693 

which holds an important PV cluster (14 structures) within the TMVB. This high frequency of 694 

structures within a small area does not match the notion of anisotropic perched lava aquifers that 695 

seemingly predominate in most parts of the MGVF. Hydrologically, Valle de Santiago is in an exorheic 696 
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basin drained by the Río Lerma. The groundwater is hosted in two types of sequences. The upper 697 

part consists of granular fluvial and lacustrine deposits interbedded with lava flows, while the lower 698 

part is dominated by fractured hard-rock with intercalations of volcaniclastic deposits (Lesser y 699 

Asociados, 2000; Mejía-Gómez and Sandoval-Minero, 2004; CONAGUA, 2020a). The combination of 700 

porous and fractured media in the lower aquifer could result in an enhanced permeability, with 701 

higher vertical hydraulic conductivity, manifested in the high productivity of water wells that reach 702 

into deeper parts of the aquifer (Lesser y Asociados, 2000). Currently, information is not sufficient 703 

to clearly define the dynamic of the Valle de Santiago aquifer. However, it has been pointed out that 704 

the aquifer is broad and highly productive, which we believe is the main reason behind the high 705 

frequency of PVs in this area. 706 

On the other hand, large lava flows have the potential to form regional aquifers in the contact zone 707 

with an underlying impermeable sedimentary or crystalline substratum (Hunt, 1996; Bertrand et al., 708 

2010). We propose that these are the hydrogeological conditions that influence the formation of 709 

the largest PV cluster within the entire TMVB in LTVF (43 structures). The aquifer in the LTVF is 710 

characterized by a continuous water table hosted above the contact zone between permeable 711 

Upper Miocene lava flows and the underlying Paleogene-Neogene marine clayey sedimentary 712 

basement (Nelson and González-Caver, 1992; CONAGUA, 2020b; Rodríguez-Elizarrarás et al., 2023). 713 

To the SW of the broad San Martín volcano the water table is shallow (Nelson and González-Caver, 714 

1992) and is where most of LTVF PVs are located. 715 

4.4.2. Lacustrine environments in eastern central Mexico 716 

Serdán-Oriental is an endorheic basin with a combined host aquifer formed by lava flows and 717 

volcaniclastic sandy fluvial deposits named Toba Café (Ort and Carrasco-Núñez, 2009; CONAGUA, 718 

2020c). It is likely that the underlying Cretaceous limestone basement overlain by andesites may be 719 

hosting a deeper intensely fractured aquifer (Carrasco-Núñez et al., 2007; Guilbaud et al., 2022). 720 

Small saline lakes used to form in the central parts of the basin when the water table raised in years  721 

of higher precipitation (Ort and Carrasco-Núñez, 2009). In past decades, however, this has no longer 722 

happened because of aquifer deterioration due to unfavorable climate effects (e.g., negative 723 

balance between annual precipitation and evaporation of -1318 mm/yr) and excessive water 724 

extraction for irrigation. Before, all parameters combined (including precipitation) would favor 725 

saturation of a regional aquifer in the Serdán-Oriental, which provided the conditions for 726 

phreatomagmatic eruptions. 727 

The Sierra Chichinautzin volcanic field forms a topographic high to the south of the endorheic 728 

Mexico Basin. The northeastern part of the field extends into the lacustrine basin, where several 729 

small-volume monogenetic volcanoes, together with three PVs (La Caldera tuff cone, Xico and Cerro 730 

del Marqués tuff rings) occur in the Chalco sub-basin. Conditions do not seem to be sufficient to 731 

produce phreatomagmatic eruptions more frequently. Several aligned scoria cones (Sierra de Santa 732 

Catarina) show phreatomagmatic deposits at their base (Jaimes-Viera et al., 2018), suggesting that 733 

conditions for phreatomagmatism prevailed only briefly during their initial eruptive phases. 734 

Both basins, Serdán-Oriental and the Chalco sub-basin (in the NE part of the Sierra Chichinautzin 735 

volcanic field), are apparently similar, however, the frequency of PV formation does not reflect these 736 

similarities. It seems that the aquifer in the Mexico basin and its sub-basins (e.g., Chalco) is 737 
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heterogeneous (CONAGUA, 2020d), suggesting that the ideal regional or continuous character of 738 

the aquifer to favor water-magma interaction is not achieved. 739 

Valsequillo is another lacustrine basin in the inventory. It is exorheic and the stratigraphy is formed 740 

by a succession of sediments produced by fluvial and lacustrine dynamics interbedded with 741 

pyroclastic deposits as well as lava flows. Climate conditions in this basin used to be more humid 742 

than at present, and there is evidence that there were lacustrine conditions before the formation 743 

of the Toluquilla tuff cone in the Early Pleistocene, 1.30 ± 0.03 Ma (Feinberg et al., 2009; Metcalfe 744 

et al., 2016). This is the only PV reported in this basin, among several other monogenetic volcanos 745 

like scoria cones. This information suggests that in this case climate may have played an important 746 

temporal influence favoring the conditions that resulted in a predominantly phreatomagmatic 747 

eruption, and that those conditions are not met frequently in the area. 748 

4.4.3. Hydraulic and topographic gradients 749 

It has been proposed that the hydraulic gradient, represented by the topographic gradient (Heath, 750 

1983), has a strong influence in creating suitable conditions for a phreatomagmatic eruption 751 

(Kshirsagar et al., 2015, 2016). The formation of Alberca de Guadalupe maar was attributed to a 752 

higher hydraulic gradient (~0.03) compared to a lower value for El Caracol tuff cone, both located 753 

at the margins of the lacustrine Zacapu basin in the northern central part of the MGVF. However, a 754 

high hydraulic gradient of ~0.06 was estimated for the area where the San Juanito tuff cone and 755 

Potrerillo II tuff ring formed, northwest of Ceboruco volcano in western Mexico. Despite the higher 756 

gradient (compared to those of Alberca de Guadalupe and El Caracol) and the inferred high-water 757 

table, the eruption of these two PVs turned from an early phreatomagmatic to a magmatic eruptive 758 

phase. This change in style was interpreted to reflect a rapid exhaustion of the water supply 759 

(Agustín-Flores et al., 2021). 760 

Most PVs in the TMVB are located in valleys draining large shield volcanoes (e.g., San Martín shield 761 

volcano in the LTVF), and small-to-medium shields (scutulum) in the MGVF, with a wide range of 762 

topographic gradients (Hasenaka, 1994). In some lava aquifers the gradient may play an important 763 

role, considering that the water flow is favored longitudinal to the lava flow. However, regional 764 

aquifers can develop in lavas with low inclination (Hunt, 1996). All considered, although topographic 765 

gradient could have a strong influence in some environments, it does not seem to be a parameter 766 

which alone could have a strong control during a phreatomagmatic eruption and is likely surpassed 767 

in influence by other factors such as precipitation and hydraulic transmissivity. 768 

4.5. Tuff cones (TCs) environments 769 

The formation of tuff cones generally requires great amounts of shallow standing water (Wohletz 770 

and Sheridan, 1983; Lorenz, 2003). Considering this, it is not surprising that around half of the TCs 771 

in the inventory are located in close proximity or within inter-montane shallow lake environments 772 

like Alberca de Los Espinos and El Caracol in the Zacapu basin, and La Caldera in the Chalco basin. 773 

Another example is the La Malinche alluvial fan directed towards the lacustrine Serdán-Oriental 774 

basin, where Xalapaxco de Huamantla is located (Abrams and Siebe, 1994). 775 

Unusual environments where TCs have formed are the topographically higher middle slopes of 776 

stratovolcanoes. This is the case of La Noria at San Juan and Atitlán at La Malinche stratovolcanos, 777 

respectively. Since PVs generally form in low topographic areas, the existence of PVs in this unique 778 
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environment raises questions regarding the conditions that favored their formation, especially given 779 

that they are TCs. Given that the La Noria and Atitlán TCs seem to be formed on top of older 780 

permeable pumice deposits (Luhr, 2000; Castro-Govea and Siebe, 2007), the conditions for their 781 

formation are comparable to the small volcanic field formed at the Miyakejima volcano summit. 782 

Here, a local aquifer formed in upper younger permeable volcano deposits, sealed by older 783 

weathered deposits, which facilitated the water-magma interaction when magma flux conditions 784 

allowed (Geshi et al., 2019). 785 

Resurgent caldera crater rims represent another environment in which few TCs are formed. Las 786 

Vívoras and Sotoltepec are two TCs formed inside the calderas of Huichapan and Los Humeros, 787 

respectively. Both caldera structures are topographic highs and are located in a fluvial-lacustrine 788 

environment. However, inside Huichapan crater there is an exorheic basin, while Los Humeros holds 789 

an endorheic crater basin. 790 

4.6. Intra-caldera phreatomagmatic structures 791 

Over twenty small-diameter structures were identified near the arcuate fault zones of Los Humeros 792 

caldera, inside and outside of its structural rim. The round morphology with low rims of these small 793 

structures suggests that they were formed by explosive eruptions. Some of these craters are 794 

clustered, particularly those located in the southeastern area within the caldera, while others are 795 

scattered around its margin. Their diameters vary from 80 to 485 m, with a median of 157 m. 796 

Intra-caldera structures have been reportedly formed by phreatomagmatic as well as phreatic 797 

eruptions, usually during a post-caldera collapse phase, in 1931 at Aniackchak caldera (Nicholson et 798 

al., 2011) and in 2012  at Okmok caldera (Larsen et al., 2015; Unema et al., 2016), both in Alaska. In 799 

both cases a magmatic control by a drop in the magmatic flux has been suggested. At Pitón de la 800 

Fournaise (La Reunión island) two clusters of small-sized structures similar to those at Los Humeros 801 

formed during periods of phreatic and phreatomagmatic eruptions (Michon et al., 2013). One 802 

proposed explanation is that magma withdrawal in the main conduit due to lateral effusive 803 

eruptions allowed the intrusion of groundwater creating conditions necessary for water-magma 804 

interaction. Alternatively, another scenario suggests that shallow aquifers formed temporarily after 805 

significant precipitation, increasing the likelihood of explosive water-magma interactions (Michon 806 

et al., 2013). 807 

The described processes could explain the small-diameter craters at Los Humeros, considering a 808 

scenario where interaction took place between low magma flux activity in the caldera system and a 809 

shallow aquifer. This set of conditions could be enhanced by climate conditions and precipitation 810 

within the endorheic basin dynamic and fractured aquifer (Cedillo-Rodríguez, 2000) of Los Humeros 811 

area and may also explain the high frequency of these small craters. A more detailed description of 812 

the small craters in Los Humeros and their deposits, including componentry, glass shape, 813 

vesicularity, as well as chemical and dating analyses could significantly contribute to a better 814 

understanding of the type of process that originated the possibly phreatomagmatic craters in Los 815 

Humeros, including the magma flux control of these types of eruptions. 816 

4.7. Age and paleoclimate 817 

Climatic conditions (e.g., precipitation, mean annual temperature) determine the water availability 818 

in a region. However, these environmental conditions can vary through time, and hence exert a 819 
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temporal control on the conditions favoring phreatomagmatism. Considering the climate variability 820 

and periods that may have promoted favorable conditions for phreatomagmatic eruptions, one 821 

should look at a local scale and only consider detailed paleoclimate records, which are not always 822 

available. Applying adequate techniques for PV dating is crucial. The revision of the ages obtained 823 

for several PVs showed that Ar-Ar or K-Ar dating is not suitable for young structures, resulting in the 824 

need to date them again by the radiocarbon method (e.g., Sieron and Siebe, 2008; Chédeville et al., 825 

2020). 826 

A possible correlation between important global climate events, such as the Last Glacial Maximum 827 

(LGM; 19,000–26,500 Cal BP, Clark et al., 2009), and the prevalence of phreatomagmatic versus 828 

magmatic eruptions has been proposed previously (Siebe, 1986; Kshirsagar et al., 2015). However, 829 

the LGM is diachronous rather than synchronous in the terrestrial paleoclimate record (Hughes and 830 

Gibbard, 2015). The LGM in Mexico has been shown to shift to a period from 20,000 to 14,000 yr BP 831 

(Vázquez-Selem and Heine, 2011; Caballero et al., 2022), while other authors claim that a full glacier 832 

settled from 27,000 to 14,000 BP (Lozano-García et al., 2015; Holmes et al., 2016). Moreover, short-833 

term climatic oscillations of abrupt warming and cooling within millennial to centennial long periods, 834 

as well as seasonal precipitation changes promote high climate variability. This is evident in Late 835 

Quaternary local paleoclimate records from studies of sediments in intermontane lake basins and 836 

crater lakes (maars) along the TMVB (Correa-Metrio et al., 2012; Lozano-García et al., 2015; Holmes 837 

et al., 2016; Alcocer, 2022). Also, orogenic effects observable in different areas within the TMVB 838 

(e,g., Serdán-Oriental, MGVF, Mexico Valley) need to be taken into account when trying to correlate 839 

climate conditions with phreatomagmatic eruptions frequency (Correa-Metrio et al., 2012; Alcocer, 840 

2022). 841 

Paleosol samples located directly below the deposits of 19 PVs provided 42 radiocarbon analyses, 842 

which represent maximum ages of their respective phreatomagmatic eruptions (Supplementary file 843 

B). Calibrated BP ages span from the Late Pleistocene (~40,000 yr Cal BP) until recent (1350 yr Cal 844 

BP). Formation of PVs took place in humid as well as dry climate condition periods over the past 845 

~50,000 yr Cal BP (Fig 11). In the MGVF, PV formation spans between 40,000 and 11,000 yr BP, 846 

including the LGM. In Serdán-Oriental a couple of the structures formed at the beginning of the 847 

LGM, but most of the PVs are of Holocene age. The youngest dated PVs are located in Nayarit (e.g., 848 

Potrerillo II in Ceboruco Valley) and LTVF (e.g, Laguna Nixtamalapan and Amolapan). More than 40 849 

PVs in the LTVF are Late Pleistocene and Holocene in age, <50,000 yr BP (Nelson and González-850 

Caver, 1992; Sieron et al., 2021; Rodríguez-Elizarrarás et al., 2023). Most of them are quite eroded, 851 

which could be attributed to humid climate conditions, since this area has one of the highest current 852 

annual precipitation rates in the TMVB (~2900 mm/yr, CONAGUA). 853 

Despite periods of stable climate conditions, millennial and seasonal variations introduce a 854 

significant uncertainty in the assignment of past environment conditions during PV formation. 855 

Therefore, although climate may have a temporal control over the conditions for 856 

phreatomagmatism, PV formation is likely more related to local variability than global climate 857 

events. 858 
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4.8. Degree of influence of the different parameters 860 

The analysis of the inventory of PVs within the TMVB does not show a simple direct relationship 861 

between frequency or type of phreatomagmatic structure and the identified internal and 862 

environmental parameters. However, this analysis, together with the information provided by 863 

Fig 11. Comparison of calibrated radiocarbon ages (yr Cal BP) of PVs vs. reported climate conditions. Ages calibrated with 
Oxcal, IntCal20 (Reimer et al., 2020). Dominantly dry and humid periods reported in Correa-Metrio et al. (2012); Lozano-
García et al. (2015); Holmes et al. (2016); Caballero et al. (2022). 
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research of phreatomagmatism elsewhere, provided interesting observations regarding the degree 864 

of influence of the several parameters involved in a phreatomagmatic eruption.   865 

We propose that the magmatic flux during an eruption as a first-degree influencing parameter, 866 

which can control eruption style and type of resulting monogenetic volcano. Water availability is 867 

controlled by the interplay between local hydrogeological conditions and climate. The degree of 868 

influence of both varies depending on the location (altitude) of the area. We propose that climate 869 

has a second-degree while hydrogeological conditions have a third-degree influence. High-870 

conductivity host aquifers, such as anisotropic lava flows or granular sequences, with humid 871 

climates favor productive aquifers. These conditions are enhanced when an aquifer of regional 872 

distribution is developed in an active volcanic zone, like the contact zone between lava flows and 873 

underlying less permeable material (e.g., LTVF) or the intercalation of granular and fractured aquifer 874 

hosts (e.g., Serdán-Oriental and Valle de Santiago fields), resulting in more frequent 875 

phreatomagmatic eruptions. 876 

4.9. Research limitations 877 

In this study more than 100 PVs within the TMVB were analyzed. Geological, environmental, and 878 

morphometric information was compiled to determine the local conditions where 879 

phreatomagmatic structures have successfully formed. The majority of data in this study was 880 

acquired from available published documents and government institution public databases. 881 

Therefore, data was generated by diverse methodologies and interpreted according to different 882 

criteria. Morphometric data precision is determined by the accuracy of the Google Earth Pro 883 

geospatial data, especially in terms of the vertical scale. 884 

CONAGUA 2020 reports were the main source of hydrogeological information for this study. 885 

However, for the majority of the sites within this inventory there is a lack of information regarding 886 

Fig 12. Flow diagram of the influence and interaction between the main parameters involved in water-magma interaction. 
A first-degree influence is the magmatic flux, followed by the parameters that control water availability with climate as 
second-degree and hydrogeological conditions as a third-degree influence. 
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hydrological conditions, and available information typically consists of estimated average or range 887 

values for entire aquifers. Considering that most of the PVs tend to be clustered in very specific sites, 888 

the conditions of these sites are very localized, hence, regional or average information does not 889 

have the ideal resolution for analyzing the conditions that facilitated the formation of 890 

phreatomagmatic structures. 891 

In the LTVF it was not possible to measure the morphometric parameters of most of the structures 892 

due to their poor preservation. This explains the high variability observed in the different sub-sets 893 

where morphometric parameters were analyzed. It would be desirable to obtain more field 894 

information and measurements from high-resolution images to remedy this lack of data in one of 895 

the main PV clusters in the TMVB. 896 

4.10. PVs possibly not included in the inventory 897 

It is likely that several PVs remain unidentified, especially in large volcanic fields like the MGVF, 898 

SOVF, and LTVF. Also, some structures reported before as being phreatomagmatic in origin (e.g., Tío 899 

Cheve Maar in XVF, Jácome-Paz et al., 2022) were not included in this inventory due to the lack of 900 

convincing evidence observed during field visits. In other cases, both types of fragmentation 901 

(magmatic and phreatomagmatic) are present making it unclear which types of activity dominated 902 

during their formation (e.g., Acatlán, XVF). 903 

Small-diameter explosion craters in Los Humeros caldera were not included within the main 904 

inventory. Instead, their morphometry was analyzed separately since it is unclear if these craters 905 

were formed by phreatic or phreatomagmatic eruptions. This distinction is important because there 906 

is not direct water-magma interaction during phreatic activity. Also, most of the structures have a 907 

much smaller diameter than the median size of the PVs in the inventory and this could skew the 908 

results if analyzed along with the rest of the inventory. Further research is required to clarify the 909 

type of eruption that originated these structures and whether they should be classified as 910 

phreatomagmatic. 911 

5. Conclusions 912 

In this study we compiled an inventory of PVs in the TMVB, a subduction-related volcanic arc under 913 

an extensional tectonic regime. The analysis of the inventory revealed a variety of important insights 914 

about the different parameters that promote the occurrence of these structures: 915 

 Not surprisingly, most PVs occur in MVFs (91%) where the small-volume magmatic flux is 916 

more likely to meet appropriate environmental conditions to generate a phreatomagmatic 917 

eruption. 918 

 Maars and tuff rings (MD-TRs) are the most common phreatomagmatic volcano type in the 919 

TMVB (81%) and are typically clustered. In contrast, tuff cones (TCs) are less frequent (19%) 920 

and tend to be scattered. 921 

 There is a clear morphometric differentiation between MD-TRs and TCs. 922 

 There is no clear correlation between individual environmental parameters and the 923 

frequency and size of PVs. 924 

 PVs occur in a wide variety of combinations of external parameters. The most frequent 925 

environmental conditions where PVs occur and often cluster have a fluvial dynamic and 926 
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combined aquifer host. However, less frequent combinations of parameters also facilitate 927 

phreatomagmatism, as reflected in environments where scattered PVs occur. PVs occur 928 

very rarely in topographically higher areas (e.g., La Noria and Atitlan tuff cones, located on 929 

the slopes of composite volcanoes). 930 

 Areas where an aquifer presents a regional distribution are more likely to form PV clusters. 931 

 PVs (with available dating information) primarily formed during the Late Pleistocene to 932 

Holocene, with the exception of Toluquilla (Early Pleistocene). 933 

 We consider magmatic flux at the moment of the eruption to be the first-degree influence 934 

to achieve a successful MFCI followed by climate (precipitation) and local hydrogeological 935 

configuration. 936 

Further detailed research (e.g., radiometric dating and hydrogeological studies) of individual PVs is 937 

required to better understand the eruptive and local hydrogeological dynamics and to expand the 938 

understanding of this type of volcanism. Expanding the inventories of phreatomagmatic volcanoes 939 

in different environments around the world allows for the study of the diverse conditions in which 940 

this type of volcanism occur, and also provides a base of knowledge to prepare for future eruptions. 941 
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