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Volcanic settings and their reservoir potential: an outcrop analogue study on the 

Miocene Tepoztlán Formation, Central Mexico 

 

 

Abstract 

The reservoir potential of volcanic and associated sedimentary rocks is less documented 

in regard to groundwater resources, and oil and gas storage compared to siliciclastic and 

carbonate systems. Outcrop analogue studies within a volcanic setting enable to identify 

spatio-temporal architectural elements and geometric features of different rock units and 

their petrophysical properties such as porosity and permeability, which are important 

information for reservoir characterization. Despite the wide distribution of volcanic rocks 

in Mexico, their reservoir potential has been little studied in the past. In the Valley of 

Mexico, situated 4000 m above the Neogene volcanic rocks, groundwater is a matter of 

major importance as more than 20 million people and 42% of the industrial capacity of 

the Mexican nation depend on it for most of their water supply. Here, we present porosity 

and permeability data of 108 rock samples representing five different lithofacies types of 

the Miocene Tepoztlán Formation.. This 800 m thick formation mainly consists of 

pyroclastic rocks, mass flow and fluvial deposits and is part of the southern 

Transmexican Volcanic Belt, cropping out south of the Valley of Mexico and within the 

two states of Morelos and Mexico State. Porosities range from 1.4% to 56.7%; average 

porosity is 24.8%. Generally, permeabilities are low to median (0.2-933.3 mD) with an 

average permeability of 88.5 mD. The lavas are characterized by the highest porosity 

values followed by tuffs, conglomerates, sandstones and tuffaceous breccias. On the 

contrary, the highest permeabilities can be found in the conglomerates, followed by tuffs, 

tuffaceous breccias, sandstones and lavas. The knowledge of these petrophysical rock 

properties provides important information on the reservoir potential of volcanic settings 

to be integrated to 3D subsurface models.  
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1. Introduction 

 

The knowledge of the petrophysical properties (e.g. porosity and permeability) of a rock 

unit is important for assessing its reservoir potential, not only for the oil- and gas industry 

but also for a variety of industrial applications,. In volcanic or volcanic-derived rocks 

these data are used to determine (1) groundwater resources (Foster et al., 1985; Anderson, 

1994; Flint and Selker, 2003), (2) oil or gas storage (Mitsuhata et al., 1999; Levin, 1995; 

Hinterwimmer, 2002), (3) geothermal reservoirs (Stimac et al., 2004; Arellano et al., 

2005, Carranza et al., 2008), and (4) potential environmental impacts associated with 

waste disposal (Neretnieks, 1980; Neeper and Gilkeson, 1996). Volcaniclastic deposits 

are widespread in many convergent margin and rift basin settings that have hydrocarbon 

production or potential, but have traditionally been regarded as poor targets for 

exploration (Manville et al., 2009). The high heterogeneity of volcanic reservoirs 

compared to clastic or carbonate reservoirs (Tang 2006) marks them as secondary 

reservoir targets for oil and gas exploration (Sruoga et al., 2004). However, 

improvements in our understanding of volcaniclastic deposits' composition, geometry, 

facies and distribution (Mathisen and McPherson, 1991) are now rendering them more 

valuable. Volcanic rock reservoirs have been reported in many locations around the 

world, e.g. California (Nakata, 1980), Argentina (Sruoga et al., 2004), Russia (Levin, 

1995), Japan (Shimazu, 1985; Sakata et al., 1989; Mitsuhata et al., 1999), Indonesia 

(Sembodo, 1973) and especially China (Wang et al., 1997; Chen et al., 1999; Jinglan et 

al., 1999; Luo et al., 1999, 2005; Guo, 2001; Wang et al., 2003a–c; Wang et al., 2008; 

Feng, 2008), demonstrating the high potential for hydrocarbon exploration in volcanic 

and associated sedimentary rocks (Feng, 2006). A statistical analysis of the known 

volcanic gas reservoirs around the world was done by Zhang and Wu (1994; Tab. 1) and 

Wang et al. (1997) but so far is only available in Chinese. These studies indicate that the 

volcanic gas reservoirs are generally small and mainly of Tertiary and Late Cretaceous 

age, with burial depth in the range of 400–2000 m (Feng, 2008).  

The volcanic-volcaniclastic-epiclastic terminology used in this paper largely follows that 

of Fisher (1961), Cas and Wright (1987), McPhie et al. (1993), and White and Houghton 



(2006). Primary volcaniclastic rocks comprise the entire range of fragmental products 

deposited directly by explosive or effusive eruption, regardless of whether their transport 

occurs through air, water, granular debris, or a combination thereof (McPhie et al., 1993; 

White and Houghton, 2006). This includes all sediments or rocks of pyroclastic, 

autoclastic, hyaloclastic or peperitic origin (White and Houghton, 2006). All reworked 

units are considered as secondary volcaniclastic sediments. The term epiclastic sediments 

may be restricted to fragments derived by weathering and erosion of pre-existing rocks, 

and excludes reworking of particles from non-welded or unconsolidated materials (e.g. 

Cas and Wright, 1987; Manville et al., 2009). According to Fisher (1961), these deposits 

are formed following weathering of volcanic (including volcaniclastic) rocks to produce 

new particles different in size and shape from the original volcaniclastic particles. 

Epiclastic sediments such as normal streamflow deposits thus receive a sedimentary 

name, e.g. sandstone. Lithofacies names are assigned on the basis of rock type, 

sedimentary and volcanic structures or textures, and grain size, and inferred volcanic and 

sedimentary eruptive and depositional processes. 

Volcaniclastic sediments typically undergo rapid early diagenesis at shallow depths and 

low temperatures because of the abundance of unstable glass and mineral grains. 

Although this can destroy primary porosity through compaction and cementation, later 

diagenesis can create secondary porosity through dissolution (Mathisen and McPherson, 

1991). Thus, the ability of volcaniclastic deposits to serve as hydrocarbon traps depends 

on the coincidence of porosity preservation and generation processes with the time of 

hydrocarbon migration (Mathisen and McPherson, 1991). Furthermore, the geometry of a 

volcaniclastic unit is a significant control on the reservoir potential. Burial of conical 

volcanic edifices and their flanking volcaniclastic aprons by fine-grained sediments such 

as lacustrine (Breitkreuz, 1991) or marine sediments (Yagi et al., 2009) can produce an 

efficient stratigraphic trap. 

Especially in areas with scarce water resources such as the southwestern United States, 

groundwater hydrologists have considered the widespread fractured volcanic rocks as 

potential aquifers (Smyth and Sharp, 2006). For instance, the Tertiary felsic volcanic 

rocks of Nevada have been identified as important groundwater-bearing units (Winograd 

and Thordarson, 1975; Peterman et al., 1992; Fridrich et al., 1994; Stetzenbach et al., 



2001). In France, the water-catchments of the valley of Vourzac (Haute-Loire) are of 

prime importance for the supply of drinking water to the town of Le Puy-en-Velay. These 

are situated mainly in phreatomagmatic tuff rings and are remarkable by the total rate of 

groundwater flow of 80-100 l/s (Boivin and Livet, 2001). Furthermore, the volcanic rocks 

of central Italy often serve as efficient aquifers (Carapezza, 2003; Vinciguerra et al., 

2009).  

Despite the wide distribution of volcanic rocks in Mexico, their reservoir potential for oil 

and gas, and groundwater resources, respectively, have been little studied in the past. In 

the Valley of Mexico, Neogene volcanic rocks reach up to 4000 m thickness on top of the 

basement (Marsal and Graue, 1969). Here, groundwater is a matter of major importance 

because some 20 million people and 42% of the industrial capacity of the Mexican nation 

depend on it for most of their water supply (Durazo and Farvolden, 1989). Mexico City is 

one of the largest conurbations in the world and growing at around 2% per year. About 

70% of its total water supply, amounting to an estimated 60 m3/s, is obtained from 

groundwater (Ortega and Farvolden, 1989; Edmunds et al., 2002) mainly produced from 

volcaniclastic and fractured volcanic units. A reasonable amount of data is available only 

on the hydraulic properties of the Pliocene-Quaternary and Quaternary-Recent deposits. 

The properties of the deeper aquifer units, however, are not known (Edmunds et al., 

2002). However, several hundreds of litres of water per second that are continuously 

extracted from the Mid Tertiary volcanics for the dewatering of a mine (Carrillo-Rivera et 

al., 1999) in a mine district in the northern part of the Basin of Mexico, in Pachuca, 

Hidalgo State, are evidence for an effective reservoir and aquifer.  

Due to the lack of detailed well logs of this area, a pilot study was initiated on the Lower 

Miocene Tepoztlán Formation, which is supposed to be linked to the processes forming 

the Valley of Mexico (Ferrari et al., 2003). Furthermore, the Tepoztlán Formation shows 

excellent exposures of its volcanic rocks, enabling an outcrop analogue study of a 

potential reservoir. Recently, the Tepoztlán Formation rocks have been studied in detail, 

with a fairly complete geologic and chemical history already established (Lenhardt, 2009; 

Lenhardt et al., 2010; Lenhardt et al., in press).  

The aim of this study is to highlight the reservoir potential of volcanic settings and their 

different rock types in general and to describe the processes modifying the porosity and 



permeability of volcanic rocks after emplacement by means of petrographical and 

petrophysical methods. Furthermore, the results of the outcrop analogue study on the 

Tepoztlán Formation provide important information on the reservoir potential of the 

corresponding subsurface volcanic rocks of the Valley of Mexico and thus build a 

database to be integrated in 3D models. 

    

Table 1. Distribution and main characteristics of volcanic oil-gas pools worldwide 

(translated and modified from Zhang and Wu, 1994)  

Countries Age Rock type Depth 

[m] 

Reservoir 

thickness 

[m] 

Porosity 

[%] 

Permeability 

[mD] 

Neogene Plagiorhyiolite 
breccia 

1515-
1695 

100 20-25 10-42 

Neogene Dacite lava 1570-
2020 

100 20-25 10-42 

Neogene Andesite-
agglomerate 

2180-
2370 

57 15-18 - 

Neogene Plagiorhyolite 
lava, tuff breccia 

2310-
2720 

111 9-32 150 

Neogene Andesite 
agglomerate 

750-1200 139 17-25 1 

 
 
 
 
 
 
Japan 

Neogene Rhyolite breccia  several 
hundred 

10-20 1-20 

 
Indonesia 

Lower 
Tertiary 

Andesite tuff 
breccia 

2000 15-60 6-10 controlled by 
fissures 

Cretaceous Tuff 330-390 - - - 
Cretaceous Tuff 800-1100 100 - - 

 
Cuba 

Cretaceous Volcanic breccia 800-950 150 - - 
 
Mexico 

Lower 
Tertiary 

Gabbro - - - - 

Cretaceous-
Tertiary 

Andesite – 
andesite breccia 

120-600 75 - - 

Cretaceous-
Tertiary 

Tuff 2100 - 20 - 

 
 
Argentina 

Tertiary Rhyolite, 
andesite 

- - - - 

Cretaceous Serpentinite 330-420 average 
4.5 

- - 

Cretaceous Serpentinite 400-500 average 
4.5 

- - 

Cretaceous Olivine basalt - - - - 
Tertiary Trachyte 850-1350 18-49 5-17 0.01-25 

 
 
 
USA 

Tertiary Tuff 2000 - - - 
Tertiary Tuff 2500-

2700 
- 0.1-14 0.1-0.01 

Cretaceous-
Tertiary 

Tuff breccia, 
andesite 

2950-
4900 

100 average 
20.2 

0-2.3 

 
 
Russia 

Upper Andesite-dacite 1580 300-500 6-13 0.01-3 



Tertiary tuff 
Ghana Quaternary Breccia 500 125 15-21 - 

-, no data available 

 

2. Geological setting 

 

The Valley of Mexico refers to the lower part of the Basin of Mexico (Fig. 1). The Basin 

of Mexico is one of the largest of a series of closed catchments located in the 

Transmexican Volcanic Belt (Vázquez-Sánchez and Jaimes-Palomera, 1989; Mooser and 

Molina, 1993). It is a closed basin located on a graben structure, which developed during 

the Oligocene, characterized by a thick sequence of volcanic and lacustrine deposits 

(Edmunds et al., 2002). In those times the basin drained to the south. The runoff outlet 

was closed during the Pleistocene as the result of a series of volcanic activities (De 

Cserna et al., 1987) that formed the Sierra de Chichinautzin to the south of the basin 

(Edmunds et al., 2002). The floor of the Valley of Mexico has an elevation of about 2236 

m above sea level (asl) and the lowest part is still occupied by what remains of Lake 

Texcoco. The drainage divides in the mountains that surround the Valley are frequently 

more than 3000 m asl, and the lowest pass across the divide is about 2260 m asl (Durazo 

and Farvolden, 1989). Groundwater recharge occurs in the volcanic rocks of the 

mountains that surround the Valley to form the Basin of Mexico (Durazo and Farvolden, 

1989). Seismic studies and deep wells (drilled by PEMEX, Petróleos Mexicanos) in the 

Basin of Mexico reaching 4000 m, give evidence that the volcaniclastic succession in the 

lower unit of the basin is correlative with the Miocene Tepoztlán Formation (Ferrari et 

al., 2003) (Fig. 2). The time of the deposition of the Tepoztlán Formation is likely 

concurrent with the main phase of formation of the basin.   

The Tepoztlán Formation crops out in an area of approximately 180 km2 and has an 

overall maximum thickness of ca. 800 m. The volume of the deposited material, still 

remaining after erosion, was calculated with the help of a Geographic Information 

System (GIS) as 130 km3 (Lenhardt et al., 2010). The formation is widespread around the 

villages of Malinalco and Chalma in Mexico State and Tepoztlán and Tlayacapan in 

Morelos State; sparse outcrops are located east of Tlayacapan and southeast of the 

Nevado de Toluca (Capra and Macías, 2000; García-Palomo et al., 2002). 



A variety of Eocene-Oligocene (Balsas Group) and older rocks, mostly Cretaceous 

limestones, underlie the formation. They are covered by lava flows of Pliocene to 

Holocene age. Close to Malinalco, the Tepoztlán Formation crops out between the San 

Nicolás Basaltic Andesite and the overlying Basal Mafic Sequence (García-Palomo et al., 

2000). In Tepoztlán and the eastern vicinities it unconformably overlies the Balsas Group 

and is covered by the Chichinautzin Formation.  

The formation is composed of calc-alkaline volcanic and volcaniclastic rocks. The 

volcanic rocks have predominantly andesitic to dacitic compositions; however, rhyolites 

are also present (Lenhardt, 2009). The entire succession comprises pyroclastic deposits 

(fall, surge and flow deposits), deposits from lahars (debris-flow and hyperconcentrated-

flow deposits) and coarse- to fine-grained fluvial and lacustrine deposits (conglomerates, 

sandstones and mudstones). Few lava flows and dykes are present.  

Bedding within the Tepoztlán Formation is generally flat-lying or gently dipping with up 

to 10° to N/ NNE. The succession is disrupted by normal faults and dykes. Displacements 

at faults are frequently about half a meter and rarely exceed a few meters.  

Magnetostratigraphy combined with K/Ar and Ar/Ar geochronology revealed an Early 

Miocene age (22.75-18.78 Ma; Lenhardt et al., 2010).  

Sedimentological studies on the Tepoztlán Formation at different scales show a very 

complex interaction of fluvial, eruptive and gravitational processes in time and space 

(Lenhardt, 2009; Lenhardt et al., 2010), and thus provide evidence of the complex facies 

architecture, reflecting alternating periods of high-volume deposition in response to 

eruptive activity, and low-volume deposition in inter-eruption intervals (Lenhardt et al., 

in press). The spatio-temporal architectural elements of the Tepoztlán Formation reveal a 

dominant apron facies association, which is characterized by debris-flow and 

hyperconcentrated-flow deposits, up to 40 m-thick pyroclastic flow deposits, coarse-

grained pyroclastic fall deposits, and coarse-grained fluvial conglomerates. A secondary 

distal facies association is characterized by the dominating deposition of sandstones and 

conglomerates, resulting from sheet floods and fluvial sediments in a braided river 

system. Especially the wedge-shaped aprons of volcaniclastic material near former 

volcanic vents and major fault zones where several units of permeable material are 



connected with each other are seen to feature a high reservoir potential (Breitkreuz, 

1991). 

 

 

Figure 1. Location map of the Basin of Mexico and areas south of the basin exposing the 

Tepoztlán Formation (shaded in grey) (after Edmunds et al., 2002). 

 



 

Figure 2. Cross-section through the Valley of Mexico (after Mooser et al., 1996) with the 

outcrops of the Tepoztlán Formation and the locations of two sampled lithostratigraphic 

sections in the far south.  

 

3. Materials and methods 

 

This study is based on porosity and permeability measurements of 108 representative 

samples from five different lithofacies types (5 lavas, 67 tuffs, 5 tuffaceous breccias, 11 

conglomerates, 20 sandstones) identified in the Tepoztlán Formation and sampled from 

several lithostratigraphic sections (Lenhardt, 2009). Core samples with diameters of 5 cm 

were obtained by using a gasoline-driven drilling machine with diamond-studded drill 

heads. Core descriptions were prepared, detailing lithology and alteration. Furthermore, 

the degree of welding was described for tuff samples. The nature and intensity of pore 

space and fractures was assessed through thin-section studies of resin-impregnated 

samples from selected core-plugs. Measurements of skeletal density (helium pycnometer 

AccuPyc 1330) and envelope density (DryFlo pycnometer GeoPyc 1360) allowed the 

calculation of porosity. A gas mini-permeameter was used for permeability measurements 

utilizing pressured differential air flow through a plug sample. Permeability was 

calculated by incorporating the injection pressure pi, the mass flow rate Mi and the 

ambient atmospheric pressure pa (Fig. 3). All measurements were conducted on oven 

dried samples. 

 



 

Figure 3. Scheme of the gas pressure permeability measurement. The permeameter 

utilizes pressured differential air flow through a plug sample. Permeability is calculated 

by incorporating the injection pressure pi, the mass flow rate Mi and the ambient 

atmospheric pressure pa (cf. Goggin et al., 1988). 

 

 

4. Results 

 

Lithology and petrography 

 

The studied samples of the Tepoztlán Formation comprise of 5 volcanic and sedimentary 

lithofacies types distinguished on the basis of rock type, sedimentary and volcanic 

structures or textures, and grain size and consist of lava, tuff, tuffaceous breccia, 

sandstone and conglomerate (c.f., Lenhardt et al., in press). 

 

Lava  

The 15-25 m-thick flows within the Tepoztlán Formation commonly have a blocky 

carapace and a dense core, and exhibit an irregular, unconformable contact to the 

underlying deposits. Angular fragments of the carapace range from 3-50 cm in size at the 

base or the top of massive flows. All flows have a porphyritic to glomeroporphyritic 



texture. Plagioclase is the most abundant phase with subordinate K-feldspar, 

clinopyroxene and amphibole. Accessory phases consist of mica, abundant 

titanomagnetite and other accessories (Lenhardt et al., 2010). The groundmass shows a 

hyalophylitic, sometimes trachytic texture, comprised of plagioclase microlites and an ore 

phase (titanomagnetite). The whole rock SiO2 content of the lavas ranges from 55.9 to 

60.6 wt.%, identifying them as andesites or dacites (Lenhardt, 2009).  

The volcanic facies, represented by andesites and dacites are interpreted as viscous, slow 

moving blocky lava flows (MacDonald, 1972; Mueller, 1991) as they are associated with 

lava domes and coulées (Williams and McBirney, 1979; Orton, 1996). The massive to 

brecciated units display the attributes of a coherent flow in which autobrecciation 

processes were prevalent and produced breccia during flow advance (Bonnichsen and 

Kauffmann, 1987). 

 

Tuff 

The massive pumice-rich tuffs exhibit of accessory and minor accidental lithic fragments 

(up to 10 cm in diameter) in a matrix of bubble wall shards and phenocrysts (feldspars, 

augite, rare quartz). Accessory lithic clasts are comprised of gray to red porphyritic rocks 

of dacitic to andesitic composition (58.5 - 66.5 vol.% SiO2; Lenhardt, 2009). Pumice 

clasts range from creamy white to pale yellow in color. They are relatively dense to finely 

vesicular and usually porphyritic, containing predominantly augite and plagioclase as 

phenocrysts. Within the matrix, pumice clasts usually do not exceed diameters of 6 mm. 

However, in pumice concentration zones on top of single units, clasts can reach up to 10 

cm in diameter. Due to transportation and abrasion they appear subrounded to rounded. 

The deposits usually show a normal coarse-tail grading of the lithic clasts while the 

pumice clasts show a reverse grading. Thicknesses of single units can vary from 0.1 to 

9.0 m with an average of 1.5 m. The deposits partly drape the pre-eruption topography, 

thickening in valleys and depressions. Their lower bounding surfaces are flat or reflect 

the paleosurface, their tops are mostly eroded. The deposits occur as single units or as a 

series of stacked beds. 

The colour of the tuff samples, varying from creamy beige to reddish purple, reflects the 

changes in the degree of welding and alteration. Welding of pyroclastic deposits involves 



flattening of glass shards under compactional load at temperatures above the glass 

transition temperature. Progressive welding is recorded by changes in the petrographic 

(e.g. fabric) and physical (e.g. density, porosity) properties of the deposits (Quane and 

Russel, 2005). So as welding intensifies, the primary porosity is reduced whereas the 

density increases (Ragan and Sheridan, 1972; Streck and Grunder, 1995; Rust and Russel, 

2000). The welding range is subdivided into four facies of welding (Tab. 2): 1) 

incipiently welded (e.g., Peterson, 1979; Streck and Grunder, 1995) or rank II of welding 

according the scheme of Quane and Russel (2005), 2) partially welded (Smith, 1960) or 

rank III after Quane and Russel (2005), 3) moderately welded (Wilson and Hildreth, 

2003) or rank IV after Quane and Russel (2005), and 4) densely welded (Smith, 1960; 

Sheridan and Ragan 1976; Peterson 1979; Wilson and Hildreth, 2003) or rank V after 

Quane and Russel (2005). The principal hydrothermal minerals in the samples include 

silica polymorphs, montmorillonite, and hematite. Most of the hydrothermal alteration in 

the welded tuff occurs as fracture and cavity fillings. 

This lithofacies is interpreted as ash-flow deposit and is described by many authors as the 

most common ignimbrite lithofacies (e.g. Ross and Smith, 1961; Sparks, 1976; Wilson 

and Walker, 1982; Branney and Kokelaar, 2002).  

 

Tuffaceous breccia 

This lithofacies is composed of angular to subangular clasts in a pinkish red matrix of 

fine to medium sand. They occur in laterally extensive (up to several 100 meters) sheets 

with planar bases and eroded tops. Average thicknesses of single units are about 4 m; 

however, vertical amalgamation surfaces between stacked units are rarely visible, 

resulting in deposits up to 14 m thick without any visible bounding surfaces. The deposits 

show no signs of grading or sorting. The clast size usually is in the range of pebbles and 

cobbles, not exceeding diameters of 20 cm; however, single outsized clasts of 2 m in 

diameter have been observed. The matrix of the deposits is commonly composed of lithic 

and pumice fragments, crystals and glass shards, showing significant alteration to clay 

minerals. The fragments do not show any alignment within the matrix.  



The poor sorting and massive appearance are evidence for transport and deposition of this 

lithofacies by and from debris flows (Hampton, 1975; Johnson and Rodine, 1984; Smith 

and Lowe, 1991; Coussot and Meunier, 1996; Pierson et al., 1996).  

 

Conglomerate 

This lithofacies is poorly sorted with a grain-size distribution from fine sand to cobbles. 

Gravel particles, representing the main grain-size are subangular to subrounded. The 

coarsest cobbles and boulders are usually up to 20 cm across. Locally, lenses of cross-

stratified sandstone occur. The matrix dominantly consists of sand grains, resembling 

small clasts of lava, pumice or ash particles. The conglomerates form single beds or sets 

of stacked beds. Individual beds can be separated by thin sandy layers. Thicknesses vary 

from 0.2 to 6 m with an average of 1 m. The conglomerates show flat or concave lower 

bounding surfaces, pinching out laterally. Lenticular strata are bounded by scour surfaces. 

Laterally, extensions range from few meters up to several tens of meters. Preferred clast 

orientation occurs parallel to bedding in cross-stratified units.  

This lithofacies is very common in gravel-bedload stream deposits (e.g. Steel and 

Thompson, 1983; Smith, 1990; Siegenthaler and Huggenberger, 1993) as they appear in 

sheets and lenses as manifested in gravel bars in braided river systems (e.g. Miall, 1977).  

 

Sandstone 

This lithofacies consists of gray tuffaceous sandstones, comprising glassy material, small 

lava and pumice particles and minor rounded phenocrysts, dominated by feldspars and 

pyroxenes. Trough cross-bedding is the dominant sedimentary structure. However, planar 

cross-bedding or scour-fill bedding is also common. Individual units are stacked, often 

forming multilateral and single- or multistorey packages. The thicknesses of the units 

range from 0.1 to 6 m with an average of 0.8 m. The lateral extent cannot be determined 

clearly in all cases; however, some outcrops show extents of up to 150 m. They are 

characterized by erosive, concave-up to flat bases. Laterally, individual elements pinch 

out or are completely eroded away. Subangular to subrounded, pebble- to cobble-sized 

clasts (up to 20 cm) are concentrated on erosional contacts. Fining-upward successions 

are common, often with clayey ripple cross-laminated layers on top. 



Based on the composition, the presence of crystals and the absence of basement material, 

the original fragmentation process and components support an initial pyroclastic origin. 

However, the sedimentary structures indicate significant reworking of either primary 

pyroclastic material or material that had already previously been reworked by lahars. 

Cross-stratification with unimodal paleocurrent pattern, fining-upward sequences, and 

channel scours at the base are all consistent with fluvial channel fill (Miall, 1978; Walker 

and Cant, 1984). Trough cross-stratification indicates infilling of a channel by bedload in 

the form of migrating bedforms (Miall, 1977; Harms et al., 1982; Siegenthaler and 

Huggenberger, 1993; Kataoka, 2005). Planar-cross bedded sediments are typically 

interpreted as the deposits of migrating straight-crested dunes, generally formed within 

the deeper portion of the active channel (Miall, 1985), or by avalanching on the slipfaces 

of simple bars (Miall, 1996). Such bars may have either been bank-attached (lateral bars) 

or detached as transverse or medial bars (Todd, 1996). Thus, the deposits of this facies 

are interpreted as channel fill in a braided river. Fining-upward sequences resulted from 

the lateral migration of streams or a deceleration in flow velocity due to a decrease in 

channel activity. Multistoried fining-upward packages with erosional bases suggest 

frequent channel reactivation with development of bars in fluvial systems. Pebble- to 

cobble-sized clasts on erosional surfaces were deposited as a lag deposit on a channel 

floor. Clast abrasion in streams was rather inefficient as shown by the subangular to 

subrounded shapes, which is why it is supposed that all clasts were deposited at a 

proximal to median distance from the source area. The fine, clayey layers on top of this 

lithofacies points to very low flow energies after relocation of the main channel.   

 

Table 2: Petrographic characteristics used to define ranks of welding 

Rank Ash matrix Pumice lapilli 

Incipiently welded1 or  
rank II2 

Coherent, some adhesions 
between shards, no coalescence 
of glassy material 

Randomly oriented, no 
deformation, no eutaxic texture, 
fracture takes place around rather 
than through pumice 

Partially welded3 or rank III2 Highly porous, originally 
spherical bubble shards slightly 
ellipsoidal, some coalescence of 
glassy material  

Slightly flattened; fracture takes 
place through rather than around 
pumice 

Moderately welded4 or  
rank IV2 

Relatively soft, moderately 
foliated but individual shards 
only slightly deformed, clasts are 

Foliated into eutaxic texture with 
both moderately deformed 
pumice and fully collapsed 



moderately adhered to one 
another 

fiamme present 

Densely welded5 or rank V2 Shards strongly foliated, strongly 
adhered to one another and 
moderately deformed 

Foliated into strong eutaxic 
texture, collapsed to fiamme that 
are obsidian-like 

1Peterson (1979), Streck and Grunder (1995); 2Quane and Russel (2005); 3Smith (1960); 
4Wilson and Hildreth (2003); 5Smith (1960), Sheridan and Ragan (1976), Peterson 

(1979), Wilson and Hildreth (2003) 

 

Pore types and origin 

 

Following the description of primary and secondary porosity formation processes given 

in Sruoga and Rubinstein (2007), the processes documented in the rocks of the Tepoztlán 

Formation  can be  classified as follows:  

i) Primary processes that are active between the pre-emplacement stage and the final 

cooling of volcanic rocks under closed-system conditions. Pumice-bearing pyroclastic 

rocks develop a protracted cooling history caused by their high heat-retention capacity. 

Thus, the interaction between the solid and the volatile phases is very efficient during the 

deuteric stage. By contrast, lavas and dense glasses are rapidly quenched, and their 

deuteric stage is short lived.  

ii) Secondary processes that operate later in the evolution of volcanic rocks, after their 

complete cooling, and in open-system conditions, such as alteration, metamorphism, and 

tectonic deformation.  

In the tuffs, the major porosity arises from pumice fragments and loose packing of vitric 

shards. The porosity in the tuff samples (Tab. 3) includes primary porosity (intrashard 

and intrapumice porosity, intracrystalline sieve or moldic porosity, vesicular porosity) 

and secondary porosity (fractures).  

The development of intershard and intrapumice porosity (Fig. 4a) of the rock depends on 

vesicularity, bubble size distribution, time, pressure difference, and viscosity of the pre-

eruptive magma. In non-welded to moderately welded tuffs the pore space corresponds to 

former bubbles, gas pockets, non-flattened pumice fragments and loose packing of vitric 

shards and crystals. 



The feldspar sieve texture (Fig. 4b), commonly observed in tuffs, is produced by 

dissolution of crystal phases by deuteric fluids. During the deuteric process, feldspar 

alteration involves an initial dissolution stage in fluids with a low pH and is frequently 

followed by precipitation of new feldspar phases (Sruoga and Rubinstein, 2007). The best 

time constraint for feldspar dissolution is the presence of vapour-phase crystals in relict 

crystal sections and the precipitation of a newly formed K-feldspar (Sruoga and 

Rubinstein, 2002). This sieve texture results in an intracrystalline porosity where pores 

are rarely connected, leading to a low permeability. 

The vesicular porosity (Fig. 4c) within tuffs corresponds to former bubbles and gas 

pockets. 

The observed microfractures within the Tepoztlán tuffs (Fig. 4d) are associated with 

hydrothermal and tectonic processes following their deposition. Many of the fractures 

originated as joints and formed during cooling of the tuff after emplacement (cf. 

Winograd, 1971). The fractures range from microscopic to cavernous in size and are 

especially important for both aquifers and petroleum reservoirs. The abundance and 

nature of fractures varies throughout the studied samples. They are planar to irregular in 

form. Their angles range from subhorizontal to vertical. Fractures are most abundant and 

the widest in densely welded tuff. However, these fractures are mostly filled with 

hydrothermal minerals and are sealed. Less abundant and smaller fractures are found in 

incipiently and partially welded tuff in which no filling or sealing was observed (cf. 

Winograd, 1971; Dobson et al., 2003).   

In contrast to the tuffs, the pore types of the lava samples and the sandstones and 

conglomerates are more uniform. While in the lava samples, the entire porosity is a 

vesicular porosity and due to former bubbles and gas pockets (Fig. 4e), in sandstones and 

conglomerates, the dominating pore type is an inter-particle porosity (Fig. 4f). 

 

Table 3. Primary and secondary processes and porosity types. 

 Processes Porosity Types 

Welding Intershard/Interparticle and 

Intrapumice 

Deuteric Crystal Dissolution Intracrystalline sieve or moldic 

 

Primary 

Gas Release Vesicular 



Secondary Fracture Tectonic Tectonic Fracture 

 

 

Figure 4. Photomicrographs of Tepoztlán tuffs showing the different types of porosity. a) 

intershard and intrapumice porosity, b) intracrystalline sieve or moldic porosity, c) 

vesicular porosity, d) fractures, e) vesicular porosity in lava, f) inter-particle porosity in 

sandstone. 

 



Porosity and Permeability 

 

Here, we present porosity and permeability data of five different lithofacies types, 

identified in the Tepoztlán Formation (Lenhardt, 2009). Porosity is the percentage of void 

space in a porous medium. Variations in porosity can be correlated with lithology, degree 

of welding, and alteration. The lavas are characterized by the highest porosity values 

(mean of 30%) followed by tuffs, (mean 25.6%), conglomerates (mean 32.3%), 

sandstones (mean 18.9%) and the tuffaceous breccias showing the lowest porosities with 

mean values of 15.2% (see Tab. 4). The relatively high porosities of the lava samples can 

be explained by numerous vesicles and gas pockets in the lava. The tuff samples have a 

large range in measured porosity that corresponds to differences in welding and 

compaction after emplacement (Tab. 5). The welding range can be subdivided into four 

distinct welding facies (Fig. 5): 1) incipiently welded (> 36%), 2) partially welded (36-

30%), 3) moderately welded (30-2%), and 4) densely welded (< 2%). Generally, a steady 

decrease in porosity can be noticed from incipiently (mean of 37.7%) to densely welded 

tuffs with strongly reduced porosities (mean of 1.6%). 

Variations in permeability are also correlated with lithology, alteration, and, in case of the 

tuff samples, with degree of welding. The highest permeabilities within the Tepoztlán 

Formation rocks can be found in the conglomerates (mean 594.6 mD), followed by the 

tuffs (mean of 37 mD), tuffaceous breccias (mean 22.1 mD), sandstones (mean 21.1 mD) 

and lavas exhibiting the lowest mean values of 1.2 mD (Tab. 4).  

Comparable with the porosity values and corresponding to differences in welding and 

compaction, a general decrease in mean permeability values can be seen in tuffs from 5.2 

mD in incipiently welded samples to 0.3 mD in densely welded samples. Nevertheless, an 

increase in permeability values can be observed in partially (75.5 mD) and moderately 

welded samples (19 mD). This large difference in matrix permeability between 

incipiently and densely welded tuffs is similar to that reported by several authors 

(Winograd, 1971; Smyth-Boulton, 1995; Dobson et al., 2003; Smyth and Sharp, 2006), 

reflecting the strong compaction and pore closure during the welding process. In general, 

rocks with permeabilities lower than 1 mD are considered tight; higher values indicate 

reservoir rocks (cf., Lucia, 2007). Fig. 6 shows that most incipiently and partially welded 



tuff samples group together in the reservoir field and thus, have a relatively high reservoir 

potential compared to the values taken from international siliciclastic and carbonate 

reservoirs (Ehrenberg and Nadeau, 2005). Considering the volumetric estimate of 

volcaniclastics of 27% of the total volume of sedimentary rocks within the geologic 

record (Vincent, 2000) it seems reasonable to confer these rocks a similar importance like 

conventional reservoir rocks. Within the Tepoztlán Formation, the same high values can 

be applied to the tuffaceous breccias and sandstone samples of which the majority of the 

samples fit into the field of international reservoirs. The conglomerates are characterized 

by the best reservoir potential, which is indicated by the highest porosity and 

permeability values.  

 

Table 4. Porosity and permeability data of the Tepoztlán Formation.  

 

Facies 

 

Number of 
measurements 

 

Range of 
porosity (%) 

 

Porosity mean 
(%) 

Range of 

permeability 
(mD) 

 

Permeability 
mean (mD) 

Lava 5 3.5 - 56.7 30 0.4 - 1.8 1.2 
Tuff 67 1.4-39.6 25.6 0.2-211 37 
Tuff breccia 
(mass flow 
deposits) 

5 14.2 - 16.4 15.2 20.0 - 23.7 22.1 

Conglomerates 11 28.0 - 35.3 32.3 269.2 - 933.3 594.6 
Sandstones 20 15.2 - 27.4 18.9 3.3 - 121.3 21.1 

 

Table 5. Porosity and permeability data of the Tepoztlán Formation tuffs.  

 

Facies 

 

Degree of 

welding 

 

Number of 

measurements 

Range of 

porosity 

(%) 

 

Porosity 

mean (%) 

Range of 

permeability 

(mD) 

 

Permeability 

mean (mD) 

Tuff incipiently 
welded 

7 36.2 – 39.6 37.7 3.0 - 7.5 5.2 

Tuff partially 
welded 

25 30.4 – 35.9 33.0 0.7 - 211 75.5 

Tuff moderately 
welded 

29 5.5 - 29.6 21.3 0.2 - 80.7  19.0 

Tuff 
 

densely 
welded 

6 1.4-1.8 1.6 0.2-0.7 0.3 

 



 

Figure 5. Correlation of porosity and permeability with the degree of welding of tuffs of 

the Tepoztlán Formation. 

 

 

Figure 6. Correlation of porosity and permeability of the different rock types of the 

Tepoztlán Formation with international sandstone and carbonate reservoirs. P10: 10% of 



international sandstone/carbonate reservoirs, P50: 50% of international 

sandstone/carbonate reservoirs, P90: 90% of international sandstone/carbonate reservoirs. 

 

5. Discussion 

 

The outcrops exposing the Tepoztlán Formation provide a representative data set for 

studying processes governing porosity and permeability in a volcanic setting, which have 

to be considered for reservoir characterization. Although texturally variable, the rocks are 

chemically similar, being uniformly generated by dacitic-andesitic volcanism and related 

sedimentation, and comprise only three major lithologies: lava, tuffs and epiclastic 

sediments. The tuffs can be subdivided into four categories: 1) incipiently welded, 2) 

partially welded, 3) moderately welded, and 4) densely welded. The welding is dependant 

upon compaction of the tuff components upon or soon after deposition and the 

temperature of particles and gases upon deposition (cf. Ross and Smith, 1961).  

The results of the core description and thin section analysis show that the highest 

porosities and permeabilities occur in conglomerates followed by incipiently and partially 

welded tuffs (Fig. 6), corresponding with the hydrologic properties of known 

international reservoirs in clastic and carbonate reservoirs (e.g. Ehrenberg and Nadeau, 

2005). Compared to other facies, the porosity in incipiently welded tuffs is highest 

whereas the permeability remains relatively low. In tuffs with lower porosities, higher 

primary porosities were occluded due to compaction, welding or secondary replacement 

or precipitation of new mineral phases (Dobson et al., 2003). However, an increase in 

permeability relative to porosity can be seen in partially and moderately welded tuffs. 

This increase in matrix permeability might be enhanced by fracture permeability during 

burial and tectonic activity (c.f. Feng, 2008). Densely welded tuffs and lavas have the 

lowest permeabilities. The partially very high porosity of up to 60% in lavas is ineffective 

porosity because possible reservoir spaces are isolated and not connected with each other, 

resulting in the low permeability values. Nevertheless, especially young lava fields can 

exhibit extremely high permeabilities and act as very efficient reservoirs or aquifers. The 

Snake River Plain aquifer in the United States occupies a Cenozoic stack of basaltic lavas 

up to 3 km thick (Greeley, 1982) and is one of the most permeable aquifer systems of the 



world (Hackett et al., 1986), with transmissivities in excess of 50,000 m2/ day (Welhan 

and Reed, 1997), i.e. permeabilities of up to 19,000 mD. In case of the densely welded 

tuffs the low permeability is explained as a result of a closing of the microfractures due to 

further compaction. 

It is still to be tested in which way porosity and permeability of the rocks will be affected 

by increasing depth within the Valley of Mexico.  It can be assumed that the 

volcaniclastic rocks within the Valley of Mexico were deposited in a comparable setting 

like the Tepoztlán Formation. Thus, lithofacies types, their stratigraphical stacking and 

lateral interfingering of architectural elements documented in outcrops (Lenhardt et al., in 

press) might be transferred to the subsurface, and the petrophysical rock properties of the 

Tepoztlán Formation presented here can be used to estimate the reservoir potential of the 

corresponding subsurface rocks of the Valley of Mexico in general. However, one also 

has to consider the burial history, diagenetic overprinting, distinct stress fields, and 

fracture permeabilities for a reliable reservoir prognosis. 

 

 

6. Conclusions 

 

Despite the wide distribution of volcanic rocks in Mexico, their reservoir potential has 

been overlooked in the past. Excellent outcrops of the Miocene Tepoztlán Formation 

enabled us to identify the petrophysical rock properties of characteristic deposits within a 

volcanic setting:  

The lavas are characterized by the highest porosity values followed by tuffs, 

conglomerates, sandstones and tuffaceous breccias. On the contrary, the highest 

permeabilities within the Tepoztlán Formation rocks can be found in the conglomerates, 

followed by tuffs, tuffaceous breccias, sandstones and lavas. Furthermore, the knowledge 

of the spatio-temporal distribution of these deposits studied in outcrops provides 

important information on the reservoir potential ofcorresponding rocks in the subsurface 

and thus significantly advances our understanding of the reservoir characteristics of the 

Valley of Mexico and of volcanic settings in general.  



Future studies should focus on integrating petrophysical rock properties gained from 

outcrop analogue studies to 3D structural models of the subsurface, contributing to a 

more precise and descriptive reservoir prognosis of the Valley of Mexico. 
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