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Abstract 22 

The Sierra Nevada Volcanic Range (SNVR), which includes Popocatépetl, Iztaccíhuatl and 23 

Tláloc-Telapón volcanoes, has been the source of multiple large explosive eruptions that have 24 

dispersed tephra across central México. Several eruptions since 40 ka have previously been 25 

described, particularly from Popocatépetl, the southernmost volcano of the range. However, 26 

the longer-term eruption history of the SNVR is poorly understood, due to challenges with 27 

correlating limited exposures of older pyroclastic sequences, and in discriminating between 28 

tephras derived from different sources. Here we describe two extensive exposures located 29 

between Popocatépetl and Iztaccíhuatl volcanoes, which provide a more complete and longer-30 

term explosive eruption record of the SNVR: the Nepopualco and Xalitzintla tephra sequences. 31 

A detailed tephrostratigraphic survey, together with new 40Ar/39Ar geochronological analyses 32 

and glass geochemistry, has permitted the characterization of identified eruption units further 33 

leading to the determination of geochemical fields for each volcano and the subsequent 34 

discernment of volcanic sources. Our results show that, since the collapse of Los Pies Cone, 35 

which destroyed the Paleo-Iztaccíhuatl edifice at 631 ± 44 ka (2 ), Iztaccíhuatl has produced 36 



at least 6 explosive rhyolitic eruptions. After coeval activity with Popocatépetl, between ~600 37 

and ~38 

present day. Popocatépetl has produced at least 27 medium to large explosive eruptions 39 

(inferred VEI 4-6), commonly of andesitic to dacitic compositions. Some of these eruptions 40 

deposited pumice fallout of >1 m thick in both the Nepopualco and Xalitzintla sequences (e.g. 41 

the 339 ± 16 ka [2 ] NT-23/WRT-7 eruption), suggesting that Popocatépetl has produced 42 

several eruptions similar in magnitude to well-known the ~14 ka Tutti Frutti Pumice (a VEI 6 43 

eruption with a ~5 km3 tephra volume). The Popocatépetl and Iztaccíhuatl tephras are 44 

interbedded with deposits from more distal volcanoes, including some mafic to intermediate 45 

products of unknown sources (possibly from nearby monogenetic cones) and tephras related to 46 

the late Pleistocene eruptions of Tláloc-Telapón (including the tephra layer produced by the 47 

San Valentin Ignimbrite, recently 40Ar/39Ar dated in this study at ~102 ka; 2 ). Our new 48 

chemical, stratigraphic and geochronologic investigations of these pyroclastic deposits, 49 

predominantly from Popocatépetl and Iztaccíhuatl, provide information on the scale and 50 

frequency of medium to large magnitude explosive eruptions over a longer-time period than 51 

currently known and that have had potential to disperse tephra across central México since the 52 

middle to late Pleistocene. This new data can be used to determine the source of further 53 

unknown tephras in the region as well as to better assess the volcanic hazard to the densely 54 

populated megalopolis of México City. 55 

Keywords: Chronostratigraphy, glass chemistry, México, Popocatépetl, tephra, volcanic 56 

history  57 

1. Introduction 58 

The metropolitan area of México City and its ~25 million inhabitants sit within the México 59 

Basin, which is surrounded by several Pleistocene-Holocene volcanoes of the Trans-Mexican 60 

volcanic belt (TMVB; Fig. 1). These volcanoes include Popocatépetl, Iztaccíhuatl, and Tláloc-61 

Telapón, which constitute the Sierra Nevada Volcanic Range (SNVR) to the east of the city. 62 

Their explosive activity, as well as those of volcanoes west of the México Basin, is fairly well-63 

constrained for the last 30 ka, as the associated deposits are clearly visible in some accessible 64 

exposures (e.g.  Ortega-Guerrero et al., 2018; Arce et al., 2003; Sosa-Ceballos et al., 2012; 65 

Rueda et al., 2013; Siebe et al., 2017). However, their longer-term eruption history is poorly 66 

understood, due to burial and erosion of older deposits, and challenges with correlating the 67 

available isolated exposures based on the deposit physical characteristics alone. These isolated 68 



exposures have not been studied in detail but contain valuable information that permits 69 

reconstruction of a longer and more complete record of explosive volcanism from the SNVR. 70 

This is important for evaluating the frequency of large-magnitude explosive eruptions in the 71 

region, and for improving our knowledge of the temporal and spatial development of the major 72 

volcanic centres in the area. 73 

Here we present detailed chronostratigraphic logs and the glass chemical composition of 74 

tephras recorded in two extensive exposures (Nepopualco and Xalitzintla sites), supplemented 75 

by a small number of shorter sequences, along the SNVR (Fig. 1b and c). We use these to 76 

characterize the proximal pyroclastic products of Iztaccíhuatl, Popocatépetl and Tláloc-77 

Telapón volcanoes (the three main edifices of the SNVR), and to extend and develop our 78 

understanding of their explosive eruption histories. These SNVR volcanoes have been the most 79 

active stratovolcanoes near the México basin during the middle to late Pleistocene (Cadoux et 80 

al., 2011; Macías et al., 2012). Our geochemical and geochronological data from Nepopualco 81 

and Xalitzintla constrain the range of magma compositions erupted from Popocatépetl and 82 

Iztaccíhuatl, and the timing of their eruptions over the last ~600 thousand years (ka), and 83 

constitute the first step to establishing a long-term record of the medium to large explosive 84 

eruptions from the volcanoes surrounding México City. 85 

2. Geological framework and volcanic evolution of the Sierra Nevada Volcanic Range 86 

The México Basin (Fig. 1b) is an endorheic basin closed by the Sierra de Las Cruces Volcanic 87 

Range (SLCVR, Mora-Alvarez et al., 1991; Arce et al., 2017) to the west, the SNVR to the 88 

east (Nixon, 1989; Cadoux et al., 2011; Macías et al., 2012), and the Sierra Chichinautzin 89 

Volcanic Field (SCVF, Siebe et al., 2004; Jaimes-Viera et al., 2018) to the south. The basin 90 

closed ~1 Ma ago, when monogenetic cones and lavas of the SCVF blocked drainage to the 91 

south resulting in the lower México Basin gradually filling with water (Mooser, 1963; Arce et 92 

al., 2013), and facilitating the rapid accumulation of lake sediments (e.g., Martínez-Abarca et 93 

al., 2021). The magmatism around the México Basin is related to the 3rd phase of the TMVB 94 

(Fig. 1a), a 1000 km-long Neogene continental arc related to the subduction of the Cocos and 95 

Rivera plates beneath the North American plate (Ferrari et al., 2012), active since 20 Ma. The 96 

locus of the TMVB migrated towards the trench at ~7 Ma, coinciding with an increase in silicic 97 

volcanism along the arc (Gómez-Tuena et al., 2007).  98 



2.1. Sierra Nevada Volcanic Range (SNVR)99

The SNVR forms a N-S oriented range (Fig. 1c) that divides drainage between the México 100 

Basin to the west and the Puebla basin to the east (Fig. 1b). There are four large volcanic 101 

edifices in the range (Fig. 1b and c102 

- 103 

s paper 104 

we group Tláloc and Telapón volcanoes following the criteria of Macías et al. (2012), as they 105 

are perceived to be a single volcanic complex (i.e., compound volcano; Fig. 1c). Minor 106 

monogenetic vents are also present along the SNVR, such as El Papayo that emitted lava flows 107 

~118 ka ago (Macías et al., 2012). The volcanic activity of the SNVR is thought to have 108 

commenced at its northern tip at Tláloc-Telapón volcano at ~1.82 Ma (García-Palomo et al. 109 

2002; Cadoux et al. 2011; Macías et al., 2012). This age is based on dated lavas, which occur 110 

as blocks within pyroclastic density current (PDC) deposits, inferred to have originated from a 111 

Paleo-Tláloc edifice (Cadoux et al., 2011). Subsequent activity migrated to the south and 112 

emplaced the Paleo-Iztaccíhuatl volcano (Llano Grande, ~1.09 Ma; Cadoux et al., 2011) and 113 

then further south again, at the Paleo-Popocatépetl volcano (Tlamacas/Nexpayantla, ~538 ka; 114 

Robin and Boudal, 1987; Conte et al., 2004; Sosa-Ceballos et al., 2015; Delgado-Granados et 115 

al., 2017). Although Tláloc-Telapón is the site of the oldest activity of the SNVR, its eruptive 116 

history has continued until the very late Pleistocene, evidenced by deposits of ignimbrite-117 

forming eruptions that are < 50 ka (e.g., Macías et al., 2012), indicating possible coeval activity 118 

with Iztaccíhuatl and Popocatépetl volcanoes (Rueda et al., 2013). 119 

2.1.1. Tláloc-Telapón 120 

This volcanic complex comprises the lowest elevation edifices of the SNVR, at 4,120 (Tláloc 121 

crater) and 4,080 (Telapón crater) meters above sea level (m.a.s.l.). Located ~40 km east from 122 

the centre of México City, Tláloc-Telapón is primarily composed of dacitic domes and lava 123 

flows, and surrounded by ignimbrites and lahar deposits (Cadoux et al., 2011). Radiometric 124 

dates of Paleo-Tláloc lavas yield ages that extend to 1.82 Ma (González and Huddart, 2004; 125 

Rueda et al., 2007; García-Tovar and Martínez-Serrano, 2011; Cadoux et al., 2011 Macías et 126 

al., 2012). The modern Tláloc-Telapón volcano began its construction at ~0.94 Ma by the 127 

effusion of dacitic lavas. This constructional phase ended with the extrusion of the summit lava 128 

flows and domes between 0.64  0.27 Ma (Cadoux et al., 2011; Macías et al., 2012). Activity 129 

at the Tláloc crater appears to have resumed at 129 ka with the emission of rhyolitic lava flows 130 



and domes, that are distributed to the east of the present summit dome and within a 2.5-km-131 

wide horseshoe-shaped collapse structure (Macías et al., 2012; Rueda et al., 2013). 132 

Several authors have identified and characterized numerous pyroclastic deposits exposed 133 

proximally to Tláloc-Telapón, which have been ascribed to that volcano (e.g., Cornwall, 1971; 134 

Huddart and González, 2004; Rueda et al., 2006; Meier et al. 2007; Macías et al., 2012). The 135 

youngest deposits include at least five Plinian eruptions that produced PDCs ranging in age 136 

from 44,000 to 21,000 14C yr BP (Macías et al., 2012). They are, from oldest to youngest: San 137 

Valentín (45,990-46,895 cal. yr BP, 95% probability [2 ]; 44,195 + 2020/-1615 yr BP), La 138 

Joya (40,668-42,807 cal. yr BP, 2 ; 37,220 ± 890 yr BP), P-Mex (36,498-39,375 cal. yr BP, 139 

2 ; 33,180 ± 550 yr BP), Multilayered White Pumice (MWP, 35,578-36,137 cal. yr BP, 2 ; 140 

31,490 +1995/ 1595 yr BP) and Cuauhtémoc (29,909-30,065 cal. yr BP, 2 ; 25,640 +275/141 

265 yr BP) ignimbrites. A relatively recent lava covers the crater at the summit of Tláloc 142 

(Rueda et al. 2013), and this is overlain by the ~5.4 cal. ka BP Ochre Pumice eruption deposit 143 

from Popocatépetl volcano (Siebe et al., 1996; Arana-Salinas et al., 2010). This indicates that 144 

the last known activity at the volcano was pre-5 ka but given the occurrence of multiple late-145 

Pleistocene explosive eruptions and limited exposure in the region, Tláloc-Telapón should still 146 

be considered an active volcano. 147 

2.1.2. Iztaccíhuatl 148 

The morphology of Iztaccíhuatl volcano has been likened to a woman lying on her back along 149 

a NNW SSE direction with her head to the north (Figs. 1c and 2a; Macías et al., 2012). This 150 

volcano is located ~47 km ESE from the international airport of México City (Fig. 1b), and 151 

consists of four peaks (Macías et al., 2012): La Cabeza (the head), El Pecho (the breast), Las 152 

Rodillas (the knees) and Los Pies (the feet). El Pecho is the highest peak and reaches 5286 153 

m.a.s.l. The evolution of Iztaccíhuatl is divided into two main phases of cone growth: first, the 154 

Older Volcanic Series, including the activity of Paleo-Iztaccíhuatl and the construction of 155 

Llano Grande, a shield volcano ~1.09 Ma (Nixon, 1989; Cadoux et al., 2011); and second, the 156 

Younger Volcanic Series, represented by lavas and domes emplaced between 600 and 80 ka 157 

(e.g., the El Solitario or Téyotl dacite flow; Nixon et al. 1988; Nixon, 1989; Macías et al., 158 

2012).  159 

A major event in the evolution of modern Iztaccíhuatl involved a sector collapse of the Los 160 

Pies cone (Siebe et al., 1995; García-Tenorio, 2008). The volume of the debris avalanche 161 

deposit is estimated to be ~1.5 km3, and the deposits cover an area of 550 km2 on the SE flank 162 



of the volcano (Fig 1c). Los Pies Debris Avalanche Deposit (LPDAD) is overlain by a sequence 163 

of PDCs  block & ash-flow type deposits associated with an eruption that followed the sector 164 

collapse (Macías et al., 2012; García-Tenorio et al., 2012). An 40Ar/39Ar date on plagioclase 165 

from juvenile pumices of these PDCs yielded an age of 440 ± 190 ka for the LPDAD (Macías 166 

et al., 2012). All of these deposits are towards the base of Nepopualco gully, a key outcrop in 167 

this study and site of preliminary description by García-Tenorio et al. (2015).  168 

2.1.3. Popocatépetl 169 

170 

dangerous volcanoes (e.g., Macías et al, 2020), posing significant risk to the densely populated 171 

region as more than 25 million people who live within 100 km of its vent. Located ~45 km SE 172 

from México City, Popocatépetl volcano is 5452 m.a.s.l, forming the highest peak of the 173 

SNVR, and the second highest in México. After ~70 years of inactivity, Popocatépetl erupted 174 

again in 1994. This new activity typically comprises pulsating emissions of tephra and 175 

fumarolic gases (Love et al., 1998; Goff et al., 1998; Stremme et al., 2011), associated with 176 

subsequent episodes of rapid lava dome growth at the summit crater (Macías and Siebe, 2005; 177 

Gómez-Vázquez et al., 2016), as well as some Vulcanian-style explosions that emplace PDCs 178 

and lahar deposits (e.g., the 2001 explosion; Macías et al., 2020).  179 

The modern edifice of Popocatépetl (Fig. 2a), which is mostly comprised of andesitic to dacitic 180 

lava flows (Robin, 1984), is constructed over the remnants of previous edifices (~538 ka; Conte 181 

et al., 2004; Sosa-Ceballos et al., 2015; Delgado-Granados et al., 2017). A sector collapse 182 

produced an extensive debris avalanche deposit to the south at ~27.8 cal. ka BP (~23.5 ka BP; 183 

Siebe et al., 2017). This was accompanied by the Plinian White Pumice fallout, also dispersed 184 

to the south (Robin and Boudal, 1987; Siebe et al., 1993, 1995, 2017). Since then, Popocatépetl 185 

has produced at least six Plinian eruptions, including the 16,796-18,201 cal yr BP Tutti Frutti 186 

caldera-forming eruption (2 ; recalibrating dates of Siebe et al., 2017 and references therein 187 

using the northern hemisphere calibration curve IntCal20 (Reimer et al. 2020) and OxCal 188 

(Bronk Ramsey, 2009), which is assumed to be the largest eruption from Popocatépetl based 189 

on its widespread distribution and distal thickness (e.g., 10 cm in modern México City, Siebe 190 

et al., 1999; Sosa-Ceballos et al., 2012). Three Plinian eruptions have been identified during 191 

the Holocene: the 5,333-5,509 cal. yr BP Ochre Pumice (2 ; recalibrating dates of Robin and 192 

Boudal 1987; Siebe et al., 1997; Arana-Salinas et al., 2010), 2,150 yr Lorenzo Pumice (Siebe 193 

and Macias, 2006), and 1,100 yr BP Pink Pumice (Siebe et al., 1996). These eruptions had 194 

dispersal axes to the NE (Panfil et al., 1999; Siebe and Macías, 2006). Siebe et al. (1996) noted 195 



that these three Holocene eruptions began with the emplacement of dilute PDCs, followed by 196 

extensive pumice fallouts, and ended with the emplacement of dense PDCs.  197 

2.1.4. Summary of the SNVR state-of-the-art 198 

The eruptive history of the SNVR, and particularly the record of the middle to late Pleistocene 199 

explosive activity of the stratovolcanoes, is still poorly constrained. For Tláloc-Telapón, five 200 

late Pleistocene ignimbrites have been identified and dated (Cornwall, 1971; Huddart and 201 

González, 2004; Rueda et al., 2006; Meier et al., 2007; Macías et al., 2012), but the only 202 

radiometric ages available are radiocarbon ages, and the glass chemistry of the units have not 203 

yet been characterized. For Iztaccíhuatl, only the collapse of Los Pies Cone and its associated 204 

avalanche and ignimbrites are dated by 40Ar/39Ar (Macías et al., 2012). Other pyroclastic 205 

deposits attributed to Iztaccíhuatl have been recognised in the Nepopualco gully (Section 4.1.2; 206 

García-Tenorio et al., 2012), but no chemical, stratigraphic or chronological results have been 207 

previously published. Popocatépetl has been the subject of several geological studies in the last 208 

three decades (e.g. Siebe et al., 1995; 1996; 2017; De la Cruz-Reyna et al., 1995; Espinasa-209 

Pereña and Martín-Del Pozzo, 2006; Arana-Salinas et al., 2010; Sosa-Ceballos et al., 2012), 210 

resulting in the stratigraphy of explosive eruptions for the last ~30 ka being fairly well-211 

constrained. However, there is a lack of detailed tephrostratigraphic studies, including glass 212 

chemistry, for older sequences, which are likely to date back to around 540 ka when the 213 

construction of the Paleo-Popocatépetl is estimated to have commenced (e.g., Delgado-214 

Granados et al., 2017). 215 

3. Methods 216 

3.1. Field work  217 

Logging and sampling of the middle to late Pleistocene tephras from the SNVR volcanoes was 218 

carried out in March 2019. Published volcanological data was reviewed (e.g., Macías et al., 219 

2012; Rueda et al., 2013; Sosa-Ceballos et al., 2015; Siebe et al., 2017) and the fieldwork was 220 

supported by researchers from the National Autonomous University of México (UNAM). 221 

Fieldwork was undertaken in accessible, well-exposed outcrops, near the villages of 222 

Nepopualco and Xalitzintla (Fig. 1). Roadcuts, deep gullies and quarries, that display multiple 223 

tephra units, bound by palaeosols often developed on top of reworked volcanoclastic materials 224 

(remobilized products of preceding eruptions that we have interpreted to have been redeposited 225 

by dilute lahars, or by other non-volcanic processes) were the focus for this study. Thickness 226 

and grain size were measured for each tephra layer, and the textures, colour and concentration 227 



of lithics were described. Samples of all units were taken for glass chemical analysis and thick 228 

and coarse tephras were sampled for 40Ar/39Ar dating. Localities are mapped on Figure 1c 229 

(DEM of 15 x 20 m precision downloaded from INEGI-México: https://www.inegi.org.mx), 230 

and described in Tables 1  3, including locality names and GPS coordinates. All tephra 231 

-  in the field, while 232 

individual eruption units (comprising a single event) were given a name that related to the 233 

specific site once determined, counting upwards from the base of the exposure (e.g., NT-1, for 234 

the oldest exposed tephra in the Nepopualco sequence). 235 

3.2. Glass chemistry  236 

Representative samples of multiple pumice clasts or of bulk ash were collected, depending on 237 

the grain-size of the tephra layers, for glass chemical analysis. Tephras were sampled vertically 238 

across the deposit to provide a compositionally representative sample and include possible 239 

internal compositional variations. Samples were cleaned, crushed, sieved, dried, and mounted 240 

in epoxy resin. Mounts were polished and photographed with a petrographic microscope to 241 

assess shard morphology and mineralogy (Tables 1, 2, and 3). These mounts were then carbon-242 

coated prior to measuring the major element concentrations of glass shards using a JEOL JXA-243 

8200 electron microprobe (EMP) equipped with five wavelength-dispersive spectrometers, 244 

Research Laboratory for Archaeology and the History of the Art (RLAHA), University of 245 

Oxford (UK). A beam accelerating voltage of 15 kV was used with a 6 nA current and a beam 246 

247 

The EMP was calibrated using a suite of mineral standards. This calibration was verified using 248 

a range of secondary glass standards (ATHO-G, StHs6/80-G and GOR128-G; see 249 

Supplementary Material 1; Jochum et al., 2006). Approximately 25 glass analyses, from 250 

separate glassy fragments derived from the crushed and sieved samples, were obtained for each 251 

of the 71 samples. This includes 25 previously undescribed tephra deposits from Nepopualco, 252 

27 from Xalitzintla, and new characterisation of 13 previously identified and named tephra 253 

deposits known to originate from Tláloc-Telapón, Popocatépetl and Iztaccíhuatl (e.g. Macías 254 

et al., 2012; Siebe et al., 2017), sampled from other sites around the SNVR (Fig. 1c; and listed 255 

as the 13 non-Nepopualco tephras in Table 1). All glass compositions were normalized to 256 

100% for comparative purposes.  257 

3.3 Argon-Argon geochronology 258 



Samples for 40Ar/39Ar dating were taken from the thickest and coarsest tephras with large 259 

phenocrysts (including hornblende, plagioclase and sanidine). These samples were collected 260 

from units in the Nepopualco Sequence and the various Xalitzintla outcrops. The 261 

stratigraphically oldest Tláloc ignimbrite was also sampled for dating. Clean pumice clasts 262 

were separated from bulk samples and crushed to obtain juvenile-hosted mineral 263 

concentrations. Crushed samples were sieved to 250-500 using an 264 

ultrasonic bath to remove adhering dust particles. Bulk feldspar was magnetically separated 265 

from amphiboles and pyroxenes and subsequently separated into sanidine and plagioclase 266 

fractions using lithium metatungstate (LMT) heavy liquid (density ~3.7 mg/l). Feldspars and 267 

amphibole were acid-leached following methods of Siegburg et al. (2018) prior to being hand-268 

picked under binocular microscope to avoid inclusion-rich or altered crystals. Samples were 269 

irradiated at the Oregon State University (OSU) Irradiation Center using the CLICIT facilities 270 

and analysis was carried out in the NEIF Argon Isotope Laboratory at SUERC. Single crystals 271 

of sanidine were fused at ~7 W in a single step. Plagioclase and hornblendes were analysed in 272 

multigrain aliquots of ~30 crystals that were heated in two-steps: a low power (0.6W) degassing 273 

step followed by a fusion step at ~7 W. Sample aliquots with high-age uncertainties (>100%) 274 

or negative ages were rejected; this resulted in < 5% of the analyses being removed from the 275 

data set. The remaining data were then filtered principally against MSWD criteria (see 276 

Supplementary material 2). Approximately 25 analyses of aliquots were plotted together (see 277 

Supplementary material 3) in order to achieve a precision of ~10% (2 ) for each sample. 278 

4. Field tephrostratigraphy 279 

4.1 Characterisation of previously identified proximal deposits of the SNVR volcanoes 280 

Several sites around the SNVR (Fig. 1) were visited in order to sample deposits of large 281 

explosive eruptions from previously identified exposures. These samples were analysed to 282 

provide insights into the glass compositional range of each SNVR volcano, which could be 283 

used to interpret the origin of other previously undescribed tephras from our study sites (Table 284 

1).  285 

4.1.1. Tláloc-Telapón 286 

The fieldwork around Tláloc-Telapón was focused on sampling the deposits of previously 287 

identified late Pleistocene ignimbrites (Rueda et al., 2007; 2013; García-Tovar and Martínez-288 

Serrano, 2011; Macías et al., 2012) to chemically characterize their glass chemistry (outcrops 289 

1 to 4 in Fig. 1c). Three separate ignimbrites (MWP, San Valentín, and Cuauhtémoc) were 290 



sampled from several sites. The oldest of these, the San Valentín Ignimbrite, was sampled for 291 

both radiocarbon and 40Ar/39Ar dating to corroborate the previously published radiocarbon age 292 

of ~ 46 cal. ka BP (Macías et al., 2012), particularly because the age is close to the upper limit 293 

of the radiocarbon method and may thus be less reliable.  Details of the Tláloc PDCs and the 294 

physical parameters of the associated eruptions (e.g., distribution, column height, and magma 295 

volume) are documented in Macías et al. (2012) and Rueda et al. (2013). 296 

4.1.2. Popocatépetl and Iztaccíhuatl 297 

Four previously described pumice fall deposits (Pink, Lorenzo, White and Tutti Frutti) from < 298 

30 ka Plinian explosive eruptions of Popocatépetl (e.g. Sosa-Ceballos et al., 2012; Siebe et al., 299 

2017), were sampled from four separate sites around the volcano (Fig. 1). Two subunits from 300 

the Tutti Frutti and Pink Pumice deposits were analysed (Pink 1 and 3 from the Pink Pumice; 301 

and the Milky and Grey Pumice units from the Tutti Frutti eruption; Table 1). Due to limited 302 

exposures, challenging access, and the close spacing between volcanic sources, only one 303 

pyroclastic deposit has been previously described and categorically ascribed to Iztaccíhuatl, 304 

the Los Pies B&A Flow (Table 1; Macías et al., 2012; García-Tenorio et al., 2012; 2015). As 305 

multiple eruptions help to better classify the compositional range of the deposits of a volcano, 306 

we have included an additional, previously undescribed deposit towards the base of the 307 

Nepopualco sequence: the Nepopualco Ignimbrite (Table 1, Fig. 3). This deposit is comprised 308 

of dilute PDC deposits and a pumice fall (Nepopualco Fall, Table 1, Fig. 3), interpreted to 309 

have been produced in a single eruptive event (i.e. in conformable contact and not separated 310 

by a paleosol and/or reworked deposits). The following observations suggest Iztaccíhuatl was 311 

the source: (1) The geomorphology of the gully lies within a deep fan to the East of Iztaccíhuatl 312 

(see section 4.2 and Fig. 1c). Topographically, due to PDCs being gravity-driven currents, the 313 

location of this primary ignimbrite deposit implies emplacement from the west, and the local 314 

terrain of the Puebla basin does not feasibly support a transport direction from any other 315 

volcano in the SNVR (Fig. 1c); (2) Glass data from these deposits are similar to the underlying 316 

Los Pies B&A Flows (documented below; Fig. 10, Table 4); (3) 40Ar/39Ar Ages from the 317 

Nepopualco Ignimbrite, 631 ± 44 ka [2 , 318 

and older than any dated deposits of Paleo-Popocatépetl (~538 ka; Robin and Boudal, 1987; 319 

Conte et al., 2004; Sosa-Ceballos et al., 2015; Delgado-Granados et al., 2017). 320 



4.2 Nepopualco and Xalitzintla sites  321 

The remainder of our fieldwork concentrated on the numerous additional well-preserved tephra 322 

units in the Nepopualco exposure, and at the additional site of Xalitzintla (outcrops 6-9 in Fig. 323 

1c), ~10 km to the SSW. These two sites lie roughly at the same distance from Iztaccíhuatl and 324 

Popocatépetl (~20 km), so the tephra at Nepopualco and Xalitzintla outcrops could be from 325 

either volcano. 326 

4.2.1 Nepopualco tephra sequence 327 

The Nepopualco site is located ~14 km east of Iztaccíhuatl and 19 km NE of Popocatépetl 328 

(outcrop 5 in Fig. 1c) and preserves pyroclastic deposits of at least 25 different eruptive events 329 

within a 150-m-deep gully (Table 2; Fig. 2b). The Nepopualco tephra sequence overlies the 330 

LPDAD (MXC-01, Fig. 2b), which forms an extensive, low-gradient and elevated debris fan, 331 

onto which the thick pyroclastic deposits have accumulated. The fan is deeply incised by 332 

numerous gullies, and a recent landslide in the northern wall of the Nepopualco gully (triggered 333 

by the 2017 M 7.1 earthquake with an epicentre ~40 km south of Popocatépetl volcano; 334 

Mirwald et al., 2019; Fig. 2b) exposes a horizontally stratified sequence of the pyroclastic 335 

deposits. The sequence was described from several exposures observable along a footpath that 336 

goes from Nepopualco town to the river that drains at the bottom of the gully. All tephra 337 

deposits are separated by palaeosols that have developed at the top of each tephra unit, or by 338 

layers of reworked volcanoclastic material that often overlie erosive surfaces at the top of the 339 

underlying tephra. These volcanoclastic layers commonly also display palaeosols developed at 340 

their tops (see stratigraphic logs in Fig. 3b, 4b and 5c). Apart from the stratigraphic and 341 

textural characteristics of the tephra units, the glass compositions, mineralogy and 342 

chronological information (Section 5 and 6) have been used to distinguish the tephra units. As 343 

this section is mainly focused on the hitherto undescribed Nepopualco pyroclastic deposits, we 344 

direct the reader to Figures 3, 4 and 5 for further details regarding the reworked volcanoclastic 345 

deposits and palaeosols between tephras. Additionally, for simplicity, primary pyroclastic 346 

deposits with angular pumice, which are well-sorted and clast-supported, are interpreted as 347 

tephra fallouts deposits, while primary pyroclastic deposits with sub-angular to sub-rounded 348 

pumice, poorly sorted in a matrix of volcanic ash, are interpreted as PDC deposits (ignimbrites). 349 

Given the large number of tephra units in the Nepopualco sequence, the stratigraphy has been 350 

divided in three subgroups: Lower, Middle and Upper Nepopualco tephras. The limit between 351 

subgroups was defined by the presence of particularly thick (up to 3 m) reworked units with 352 



palaeosols developed at the top (see logs in Figs. 3, 4, and 5), possibly indicating long hiatuses 353 

of volcanic activity.  354 

4.2.1.1. Lower Nepopualco tephras 355 

The lowermost pyroclastic unit in the Nepopualco sequence is the Los Pies B&A Flows deposit 356 

(ignimbrite related to the LPDAD; Macías et al., 2012; García-Tenorio et al., 2012; 2015). This 357 

thick unit (up to 30 m), is labelled as NT-1 (all tephras are numerically named with increase in 358 

stratigraphic order from base to top, Fig. 3b and c; Table 2). The next unit (NT-2, which we 359 

have named here Nepopualco Ignimbrite as described in section 4.1.2 and attributed to 360 

Iztaccíhuatl volcano) is a 6-cm-thick unit comprised of multiple brown laminated PDCs of 361 

coarse to medium ash (MXC-03; the Nepopualco dry PDCs), followed by 15 cm of cross-362 

stratified white PDCs (MXC-04; Nepopualco wet PDCs), and a 85-cm-thick reversely graded 363 

pumice fallout of fine to medium lapilli (MXC-05; Nepopualco Fall; Fig. 3b and c). NT-3 is a 364 

35-cm-thick pumice fallout of medium lapilli that is yellowish in colour (MXC-06, Fig. 3b) 365 

and rich in lithics. NT-4 is a fallout unit that is 52-cm-thick and comprised of white fine to 366 

medium pumice lapilli (MXC-07, Fig. 3b and d), which is diffusely laminated and crystal-367 

rich. NT-5 is a 30-cm-thick fallout unit of dark grey coarse ash, and comprised of clasts that 368 

are poorly vesicular with large phenocrysts (MXC-08). NT-6 is an 18-cm-thick fallout deposit 369 

of medium to coarse grey pumice lapilli (MXC-09). NT-7 is a 70-cm-thick bedded fallout 370 

deposit (MXC-10, Fig. 3a, b, and e) of grey coarse lapilli pumice and rich in lithics (especially 371 

in the upper 20 cm). NT-8 is a lens of ignimbrite up to 80 cm in thickness, with large white 372 

pumice clasts (up to 10 cm) in a brown ash matrix (MXC-11, Fig. 3b and e). NT-9 is a 35-cm-373 

thick, lithic-rich fallout deposit of scoria and orange crystal-rich pumice (MXC-12, Fig. 3 b 374 

and f). The uppermost tephra of this Lower Nepopualco sequence (NT-10) is a bedded 90-cm-375 

thick fallout of lithic-rich, coarse pumice lapilli with darker ash layers in the uppermost part 376 

(MXC-13, Fig. 3 b and f).  377 

4.2.1.2. Middle Nepopualco Tephras  378 

The first tephra unit of this subgroup (NT-11) is a 70-cm-thick fallout unit of a bedded white 379 

pumice that is normally graded, with clasts ranging from coarse to medium lapilli and rich in 380 

fine lithics (<0.5 mm), larger near the top, that grades into a 25-cm-thick ignimbrite (MXC-14, 381 

Fig. 4a, b, and c). NT-12 is a 55-cm-thick fallout deposit of coarse orange pumice lapilli 382 

(MXC-15, Fig. 4a, b, and d), rich in coarse lithics (0.5  2 cm, especially in the upper 20 cm). 383 

NT-13 is a 25-cm-thick orange pumice fallout consisting of a 10-cm-thick sub-unit of medium 384 

lapilli with fine lithics at the base (MXC-35) and a 15-cm-thick sub-unit of fine lapilli in a dark 385 



matrix at the top. NT-14 is an 8-cm-thick medium lapilli pumice fallout (MXC-36, Fig. 4e). 386 

NT-15 is a 15-cm-thick lithic-rich fallout comprised of fine to medium lapilli pumice (MXC-387 

37, Fig. 4g). The NT-16 tephra layer is a 27-cm-thick reverse graded fallout unit of white coarse 388 

ash to fine lapilli pumice (MXC-38). NT-17 is a 51-cm-thick fallout sequence that starts with 389 

4 cm of dark ash followed by 20 cm of medium to fine pumice lapilli (normally graded) rich 390 

in lithics (MXC-39), with another 3-cm-thick layer of dark ash, followed by 24 cm of coarse 391 

orange pumice with few coarse lithics (0.5  2 cm) at the top (MXC-40; Fig. 4 b). NT-18 is a 392 

90-cm-thick pumice fallout with a couple of fine ash layers in the middle (Fig. 4f): the first 30 393 

cm are a coarse orange fallout deposit (rich in lithics towards the top), followed by a thin layer 394 

(3 cm) of fine and hardened white ash, 39 cm of bedded pumice (MXC-41), another fine ash 395 

layer (2 cm), and a 16-cm-thick unit of medium to fine pumice lapilli.  396 

4.2.1.3. Upper Nepopualco tephras  397 

The first tephra of this subgroup (NT-19) is a 30-cm-thick white pumice fallout with medium 398 

lapilli and small lithics (MXC-42, Fig. 5a and c). NT-20 is an 8-cm-thick dark fallout unit 399 

comprised of lithics (> 70%) and a few fine lapilli pumices and coarse ash (MXC-43, Fig. 5a 400 

and c). NT-21 is a 35-cm-thick fallout of weathered orange pumice, comprised of coarse lapilli 401 

rich in lithics (MXC-44, Fig. 5a and c). NT-22 is a 77-cm-thick fallout unit of coarse orange 402 

lapilli rich in lithics (MXC-45, Fig. 5b and c). NT-23 is a 160-cm-thick, medium to coarse 403 

white lapilli fallout unit (MXC-46, Fig. 5b and c). At the top of the Nepopualco outcrop are 404 

two zones of white ash pods within 2 m of soil developed in reworked deposits: the first pod 405 

(NT-24) is a fallout unit up to 10 cm thick and comprised of very fine ash (MXC-47, Fig. 5d 406 

and e), and the second fallout (NT-25) is comprised of medium ash that is rich in biotite (MXC-407 

48, Fig. 5d and f). Overlying NT-25 is the present-day soil.  408 

4.2.2. Xalitzintla  409 

Tephra layers deposited in the Xalitzintla region are exposed in roadcuts and quarries along the 410 

Paso de Cortés road (outcrops 6-9, Fig. 1c and 6a) and within Xalitzintla town. The town is 411 

located in a wide valley between the southern margin of the LPDAD and the NE limits of 412 

 (Fig. 1c and 6a). The Xalitzintla exposures are located on the northern 413 

side of this valley. The sequences described here are from four separate exposures (Table 3): 414 

1) East of the Restaurant, 2) West of the Restaurant, 3) Fork in the road, and 4) Xalitzintla 415 

Quarry. The chronostratigraphic order of these sites will be discussed later in section 7, and 416 

cannot be determined from field characteristics or topographic relationships, due to 417 

discontinuous exposures and an absence of visually correlatable horizons. The Xalitzintla 418 



tephras are all fallouts and commonly bound by reworked volcanoclastic materials with 419 

palaeosols at the top (see stratigraphic logs in Figs. 6c, 7c, 8c, and 9b).  420 

4.2.2.1 East of the Restaurant  421 

At least seven different pyroclastic deposits are preserved in this outcrop (ERT-1 to 7, 422 

numerically named in stratigraphic order from base to top, as in Nepopualco; Fig. 6b and c), 423 

which is located east of the Montaña Fresca Burger restaurant (point 6 in Fig. 6a). The 424 

lowermost tephra (ERT-1) is a 43-cm-thick, normal graded, orange weathered pumice fallout 425 

(sample MXC-16; Fig. 6c and d) displaying coarse to medium lapilli. Two types of pumice 426 

comprise this deposit: one is grey exhibiting felsic phenocrystals and the other is pink with 427 

occasional mm-sized mafic crystals. ERT-2 is a 37-cm-thick, lithic-rich fallout unit, which 428 

consists of two normally graded subunits of coarse pinkish pumice lapilli to coarse ash at the 429 

top (MXC-17 and 18, Fig. 6e), that are separated by a thin layer of lithics. ERT-3 is a distinctive 430 

78-cm-thick fallout sequence made up of several horizontally bedded sub-units separated by 431 

lithic-rich horizons (MXC-19 and 20, Fig. 6c and f). The base of this sequence is a 7-cm-thick 432 

coarse ash fall with a 0.5-cm-thick lithic-rich layer at the top, followed by eight ~10-cm-thick 433 

(each) layers of white medium lapilli pumice. ERT-4 is a grey 5-cm-thick ash fallout layer 434 

(MXC-21) and ERT-5 a 20-cm-thick medium to coarse pumice lapilli fallout layer (MXC-22). 435 

ERT-6 is a 35-cm-thick fallout unit of medium pumice lapilli (MXC-23). The uppermost tephra 436 

of this outcrop (ERT-7) is a 30-cm-thick pumice fallout of coarse lapilli (MXC-24). Lying 437 

above ERT-7 are 2 m of reworked volcanoclastic material with the present-day soil developed 438 

above.   439 

4.2.2.2. West of the Restaurant  440 

On the western side of the restaurant (point 7 in Fig. 6a) is a small quarry where at least eight 441 

pyroclastic units are preserved (WRT-1 to 8; Fig. 7). This sequence sits on a topographic high 442 

and dips ~20º towards the road, from where there is a panoramic view of Popocatépetl volcano 443 

(Fig. 7a). The lowermost tephra layer of this sequence (WRT-1) is a 3-cm-thick fallout unit of 444 

dark pumice (sample MXC-25, Fig. 7b and c). WRT-2 is a 25-cm-thick pinkish fallout of 445 

reversely graded medium to coarse pumice lapilli (MXC-26), which is rich in mafic crystals 446 

(orthopyroxene and hornblende) and interbedded in its upper portion with a layer of 447 

hydrothermally altered lithics. Above is a 5 cm more of pumice lapilli fall at the top (MXC-448 

27), which is laterally discontinuous and eroded in some parts of the outcrop. It is discordantly 449 

overlain by WRT-3, a 40-cm-thick dark fallout unit composed of grey fine-to-medium lapilli 450 

pumice with abundant lithics (MXC-28), which grades into a 10-cm-thick fallout unit of 451 



reddish coarse ash (MXC-29). WRT-4 is a 35-cm-thick lithic-rich fallout of coarse grey pumice 452 

(MXC-30, Fig. 7 d). WRT-5 is a 35-cm-thick white medium to coarse lapilli pumice fallout 453 

(MXC-31), which is slightly finer at the top. WRT-6 is a light-grey, laminated pumice fallout 454 

that is 120 cm thick (MXC-32). The basal sub-unit of this deposit is a bedded, 30-cm-thick, 455 

coarse ash to fine lapilli fall that is topped brown, lithic-rich horizons. The next sub-unit 456 

structureless 40-cm-thick, comprising fine to medium pumice lapilli fall, with a higher 457 

concentration of lithics towards the top. The top sub-unit comprises 40 cm of pumice fall 458 

interbedded with brown lithic-rich horizons. WRT-7 is a 110-cm-thick fallout unit, which is 459 

massive with white to yellowish medium lapilli and pink coarse pumice clasts that are up to 4 460 

cm in diameter (MXC-33). The uppermost tephra of this sequence (WRT-8) starts with 10 cm 461 

of medium dark grey ash followed by 45 cm of a medium to coarse lapilli pumice fallout, which 462 

is rich in lithics (MXC-34, Fig. 7e) and grades into ~2 m of reworked volcanoclastic material 463 

with the present-day soil at the top.  464 

4.2.2.3. Fork in the road: 465 

Six more tephra layers are exposed in another small quarry along the Paso de Cortés road (FRT-466 

1 to 6; Fig. 8; point 8 in Fig. 6a). The lowermost unit (FRT-1) is a 100-cm-thick, normal 467 

graded, white pumice fallout, with clasts ranging from coarse to medium lapilli, and a lithic-468 

rich layer at the top comprising up to 70% lithics (MXC-102, Fig. 8a, b, and c). FRT-2 is a 469 

15-cm-thick pumice fallout of medium to coarse sub-angular lapilli (MXC-103, Fig. 8c). FRT-470 

3 is a distinctive 120-cm-thick, dark grey, normal graded and thinly bedded pumice fallout, 471 

with clasts ranging from medium to fine lapilli to coarse ash, that transitions into a lithic-rich 472 

(>45%) layer with medium lapilli pumice at the top (MXC-104, Fig. 8d and e). FRT-4 is a 10-473 

cm-thick lithic-rich fallout of brown pumice comprised of coarse lapilli (MXC-105; Fig. 8d 474 

and e). FRT-5 is a 23-cm-thick yellowish pumice fallout inversely graded with clasts ranging 475 

from medium to coarse lapilli, with a lithic-rich layer in the middle (MXC-106, Fig. 8f). FRT-476 

6 is a 12-cm-thick coarse grey ash fallout layer with sub-rounded and embedded orange coarse 477 

pumice clasts (mostly at the base of the unit; MXC-107, Fig. 8f). At the top of the sequence 478 

there are 100 cm of reworked volcanoclastic material that grades into the present-day soil.  479 

4.2.2.4. Xalitzintla Quarry 480 

At least eleven tephra layers are preserved in a large quarry located NW of Xalitzintla (point 9 481 

in Fig. 6a). Unfortunately, the upper 4 pyroclastic units were out of reach and could not be 482 

sampled or described in detail (Fig. 9a and b). The lowermost pyroclastic deposit of this 483 

sequence (XQT-1) is a lithic-poor dark-grey scoria fallout that is 22-cm-thick and comprised 484 



of medium lapilli clasts (sample MXC-97, Fig. 9c). XQT-2 is a 26-cm-thick fallout unit 485 

comprised of dark coarse ash (MXC-98, Fig. 9 d). XQT-3 is a 39-cm-thick white pumice 486 

fallout that is lithic-poor (<5%) and slightly inversely graded, with clasts ranging from fine to 487 

medium lapilli and the occasional clast that is up to 3 cm in diameter (MXC-99, Fig. 9e). The 488 

next four tephra layers are within a 78-cm-thick sequence interbedded by thin layers of 489 

reworked material (Fig. 9f). XQT-4 is a normally graded 8-cm-thick dark pumice fallout, with 490 

fine to medium lapilli to coarse ash, and rich in fine-to-medium lava lithics (MXC-100, Fig. 491 

9g). XQT-5 is a 10-cm-thick yellowish fallout unit of medium lapilli pumice with few coarse 492 

clasts up to 2 cm in diameter. XQT-6 is a dark 12-cm-thick normally graded fallout unit, from 493 

coarse to medium pumice lapilli and rich in fine-to-medium lithics. XQT-7 is a dark brown 19-494 

cm-thick coarse pumice fallout rich in medium to coarse lava lithics (MXC-101, Fig. 9h). The 495 

tephra layers of the uppermost part of the outcrop could not be reached and were not sampled 496 

and include: XQT-8, a ~50-cm-thick dark pumice fallout unit with a lithic-rich layer; XQT-9, 497 

a ~80-cm-thick light-grey layered pumice fallout of fine to medium lapilli interbedded with 498 

thin layers of coarse ash (Fig. 9a and b); XQT-10, a ~50-cm-thick brown pumice fallout unit; 499 

and XQT-11, the uppermost tephra recorded in this outcrop, is a ~ 2-m-thick orange coarse 500 

pumice lapilli deposit (Fig. 9a and b) into which the present-day soil has been developed.  501 

5. Glass chemistry and tephra correlation  502 

The glass compositions of all the tephra layers identified in the outcrops described above were 503 

analysed in order to build a tephrostratigraphy that could be used to correlate sites around the 504 

SNVR volcanoes, to identify the source of the tephras exposed at Nepopualco and Xalitzintla, 505 

and to develop the longer-term explosive eruption history of the SNVR. Given that some of the 506 

units have been dated here and in other studies (e.g. Macías et al., 2012), this tephrostratigraphy 507 

can be used to constrain the chronology at other sites and help evaluate the explosive eruptive 508 

history of the volcanoes (e.g., as marker horizons in other regional stratigraphic records; Brown 509 

et al., 2019).   510 

5.1. Glass compositional fields of Tláloc-Telapón, Iztaccíhuatl and Popocatépetl 511 

As explained in Section 4.1, we analysed glass from pyroclastic deposits that had been 512 

previously attributed to Tláloc-Telapón, Iztaccíhuatl, or Popocatépetl (Table 4; secondary 513 

standards in Supplementary Material 1) in order to establish the compositional fields of the 514 

potential source volcanoes of the newly described tephras in the Nepopualco and Xalitzintla 515 

sequences.  516 



Major element abundances displayed in a total alkali vs. silica diagram (TAS, Fig. 10a) and 517 

bivariate plots (Fig. 10b-e) show that the glass compositions of the late Pleistocene ignimbrites 518 

erupted from Tláloc-Telapón are relatively K-rich and rhyolitic. The deposits are 519 

compositionally homogenous and plot within a narrow cluster (green area in Fig. 10). They 520 

have 74.93-77.66 wt% SiO2, 0.27 - 1.60 wt% CaO, 3.68-4.96 wt% K2O, 12.86-14.20 wt% 521 

Al2O3, and up to 0.31 wt% MgO. The products of known eruptions from Iztaccíhuatl and 522 

Popocatépetl are quite variable in composition, and two slightly different evolutionary trends 523 

can be discerned (red and blue areas in Fig. 10). The middle Pleistocene Iztaccíhuatl deposits 524 

have lower K and Mg (red area in Fig. 10) and higher Ca and Al at given SiO2 content than 525 

deposits from Popocatépetl (blue area in Fig. 10). Glass compositions of the Iztaccíhuatl 526 

deposits are rhyolitic with 71.30-78.92 wt% SiO2, up to 0.56 wt% MgO, 0.46-2.65 wt% CaO, 527 

2.15-4.41 wt% K2O, and 11.68-16.61 wt% Al2O3.  In contrast, the late Pleistocene - Holocene 528 

Popocatépetl eruption deposits have glass compositions that extend from andesite to rhyolite, 529 

with ranges of 58.82-71. 84 wt% SiO2, 0.58-2.61 wt% MgO, 1.78-8.13 wt% CaO, 0.85-3.76 530 

wt% K2O, and 14.05-22.73 wt% Al2O3.  531 

, which implies that the 532 

melts have evolved along the same fractionation trend in the past 24 ka, we cannot be certain 533 

that all melts erupted from this volcano followed the same fractionation trend during the earlier 534 

stages of its history. Our studied tephra deposits span an older time interval (Section 6), but it 535 

is notable that many of these deposits overlap compositionally with our defined post-24 ka 536 

Popocatépetl field. This suggests that magmas of a similar composition have been erupted over 537 

a long-time interval from the SNVR, and in the absence of conflicting information, we attribute 538 

all magmas that plot along the higher-K fractionation trend to the Popocatépetl source. 539 

Temporally, our known Iztaccíhuatl samples are much closer in age to the stratigraphic interval 540 

that is being studied, but as discussed in section 4.1.2, the limitation of these is that our 541 

compositional field is only based on two closely spaced eruptions. Nevertheless, these 542 

Iztaccíhuatl samples define a distinct linear compositional trend from the post-24 ka 543 

Popocatépetl field, with lower K2O at given SiO2 contents, and we use this to define an 544 

Iztaccíhuatl compositional field. Although it is possible that the melt compositions erupted by 545 

both Popocatépetl and Iztaccíhuatl varied between these low-K and high-K trends over time, 546 

we do not consider this likely, given that fractionation trends at other closely-spaced volcanoes 547 

are observed to be stable over prolonged periods of time (e.g. Daisen and Sambe volcanoes in 548 

Japan; Albert et al., 2019). In the absence of further source compositional constraints, we adopt 549 



the simplest interpretation and attribute the two low-K and high-K compositional types that 550 

occur within our dataset, to Iztaccíhuatl and Popocatépetl respectively. 551 

5.2 Composition of Nepopualco tephras and correlation to their volcanic source 552 

The tephra layers in the Nepopualco site have a wide range of sub-alkaline glass compositions, 553 

from andesites to rhyolites (Fig. 11 and Table 5; secondary standards in Supplementary 554 

Material 1). These major element glass compositions of the Nepopualco tephras (Fig. 11 b-e) 555 

partially plot within the two defined compositional fields of Iztaccíhuatl and Popocatépetl. For 556 

example, the andesitic to dacitic glass compositions of NT-6, 9, 12, and NT-16 to 23 557 

(concentrations of 61.40-69.61 wt% SiO2, 0.92-2.54 wt% MgO, 2.93-6.07 wt% CaO, 1.62-2.48 558 

wt% K2O, and 18.72-14.91 wt% Al2O3) plot within the high-K Popocatépetl compositional 559 

field (blue area in Fig. 11), and most likely were sourced from Popocatépetl. The rhyolitic 560 

glasses of NT-2 to 4, and NT-8, 11 and 13 (concentrations of 70.52-78.91 wt% SiO2, 0.12-0.75 561 

wt% MgO, 0.46-2.85 wt% CaO, 2.28-4.46 wt% K2O, and 11.67-16.43 wt% Al2O3) plot within 562 

the low-K Iztaccíhuatl compositional field (red area in Fig. 11). NT-24, which is a K-rich 563 

rhyolitic white fine-ash fallout (75.65-77.04 wt% SiO2, 0.36-0.47 wt% CaO, 4.63-5.43 wt% 564 

K2O, 12.39-13.40 wt% Al2O3, and up to 0.09 wt% MgO), plots partially within the 565 

compositional field defined by the known Tláloc-Telapón pyroclastic deposits, and is distinct 566 

from all other tephras in the Nepopualco sequence (orange dots and green area in Fig. 11).  567 

Three tephras in Nepopualco do not plot clearly into any of our defined compositional fields. 568 

The NT-5, 7, and 10 units (grey and blue diamonds, and yellow square in Fig. 11) have a 569 

bimodal glass composition, which overlap with both the Popocatépetl and Iztaccíhuatl fields. 570 

5.3 Composition of Xalitzintla tephras and correlation to their volcanic source 571 

Major element glass compositions of the tephras around Xalitzintla also span a wide range of 572 

sub-alkaline compositions (Table 6; secondary standards in Supplementary Material 1), but 573 

mostly plot within the Popocatépetl compositional field (andesite-dacite units within and close 574 

to the blue area in Fig. 12; 59.61-68.47 wt% SiO2, 0.84-2.83 wt% MgO, 2.86-6.03 wt% CaO, 575 

1.42-3.28 wt% K2O, and 15.42-18.28 wt% Al2O3), with only two units within the Iztaccíhuatl 576 

field (XQT-3 and FRT-1 within the red area of Fig. 12; 71.38-75.34 wt% SiO2, 0.13-0.67 wt% 577 

Mg, 1.23-2.48 wt% CaO, 2.50-3.16 wt% K2O, and 13.92-15.61 wt% Al2O3). None of the 578 

Xalitzintla tephras plot into the Tláloc-Telapón compositional field (no plots within green area, 579 

Fig. 12), but several tephras plot outside our defined Popocatépetl field (yellow diamonds, Fig. 580 

12a). Other tephra layers outside the fields include XQT-4 (blue diamonds in Fig. 12) and 581 



WRT-1 (red square in Fig. 12), which are andesites with slightly lower CaO and Al2O3 glass 582 

compositions relative to the Popocatépetl trend. 583 

6. New Argon-Argon dates 584 

Various deposits from the studied outcrops were 40Ar/39Ar dated in this study. These new 585 

40Ar/39Ar age ranges are reported at 2 . From these, two analyses related to the San Valentín 586 

Ignimbrite (samples MXC-50 and MXC-88 from sites 2 and 3 respectively in Fig. 1c), that 587 

erupted from Tláloc-Telapón volcano, were previously dated by radiocarbon to ~ 46 cal. ka BP 588 

(around the limit of the technique; Rueda et al., 2007; García-Tovar and Martínez-Serrano, 589 

2011; Macías et al., 2012). Analyses on single sanidine crystals yielded ages of 101 ± 2 ka 590 

(MXC-50; 2 ) and 103 ± 3 ka (MXC-88; 2 ), indicating that this ignimbrite is substantially 591 

older than previously inferred from radiocarbon dating (Table 7). Moreover, new radiocarbon 592 

dates obtained from large charcoal pieces found within this deposit were beyond the upper limit 593 

of this method (>50 ka; Supplementary material 2). 594 

Three 40Ar/39Ar ages were obtained from the Nepopualco sequence. Unfortunately, no 595 

sanidines were found in the tephras so the resulting ages were determined from plagioclase and 596 

hornblende concentrates, producing ages with larger errors. Analyses on hornblendes (sample 597 

MXC-05) from NT-2 (the Nepopualco Ignimbrite), which is the lowermost tephra of this 598 

sequence, yielded an eruption age of 631 ± 44 ka (2 ). This new date is consistent with the 599 

underlying LPDAD age range but suggests that the DAD is older than the median age 600 

previously reported (440 ± 190 ka; Macías et al., 2012; Fig. 3). Analyses on plagioclase from 601 

the NT-12 fallout unit (sample MXC-15), located in the Middle Nepopualco Tephras (Fig. 4), 602 

yielded an eruption age of 620 ± 52 ka (2 ). This age is very similar to that of NT-2, but based 603 

on their error averages, a time interval of up to ~100 ka could have elapsed between the NT-2 604 

and NT-12 eruptions. At least nine additional explosive eruptions occurred during this period 605 

based on the Nepopualco stratigraphy (Table 2). Analyses on plagioclase from the NT-23 606 

(sample MXC-46), located in the Upper Nepopualco Tephras (Fig. 5), yielded an eruption age 607 

of 369 ± 22 ka (2 ). Several eruption deposits occur between the two dated horizons (NT-12 608 

and NT-23). 609 

Three additional reliable ages were obtained from the Xalitzintla Restaurant sites: one from a 610 

tephra exposed in the easternmost outcrop (ERT-3 unit) and two from tephras in the 611 

westernmost outcrop (WRT-6 and 7). Unfortunately, tephras from the other two Xalitzintla 612 

sites (Quarry and Fork in the road) did not yield suitable results due to the absence of 613 



appropriate minerals (e.g., sanidines or hornblendes, and inclusion-free plagioclases). All 614 
40Ar/39Ar dates for these Xalitzintla tephras were from aliquots of plagioclase crystals. ERT-2 615 

yielded a 2  eruption age of 236 ± 24 ka (Fig. 6), WRT-6 an age of 431 ± 40 ka (Fig. 7) and 616 

WRT-7 an age of 354 ± 58 ka (Table 7). A summary of the 40Ar/39Ar dates is reported in Table 617 

7 (raw data and age plots in Supplementary materials 3 and 4). 618 

7. Tephra correlations 619 

7.1 Tephra correlations between the Xalitzintla and Nepopualco sequences 620 

In order to complement the chemical characterization and the correlation of the studied tephras, 621 

we plotted the abundance of TiO2 vs SiO2 for the Xalitzintla and Nepopualco tephras (Fig. 13). 622 

The data are distributed into two well-defined fields, which largely coincide with the defined 623 

compositional fields of Popocatépetl and Iztaccíhuatl volcanoes (blue and red areas in Fig. 624 

13a). Because these plots do not follow a narrow trend (as generally is the case in the other 625 

bivariate plots of MgO, CaO, K2O, and Al2O3; Figs. 11 and 12), but are more spatially 626 

separated, it is possible to infer some tephra correlations between these two sites. For example, 627 

the rhyolitic FRT-1 tephra (yellow triangles in Fig. 13e) recorded in Xalitzintla is very similar 628 

to the NT-11 (solid green diamonds in Fig. 13e) in its glass composition (rhyolitic), both 629 

forming tight clusters with limited overlap with any other units. Both deposits share a similar 630 

mineralogy (e.g. both contain hornblende; Tables 2 and 3) and physical characteristics, being 631 

~1 m-thick, normal graded, white pumice fallout deposits that are lithic-rich at the top (see 632 

section 4 for more details and Fig. 14). We infer that these pyroclastic deposits (FRT-1 and 633 

NT-11) are associated to the same explosive eruption and were most likely produced by 634 

Iztaccíhuatl volcano. Another rhyolitic tephra recorded in Xalitzintla, XQT-3 (empty red 635 

diamonds in Fig. 13e), partially overlaps the compositional field of NT-3, NT-4, and NT-8 636 

(empty green triangles and diamonds, and green dashes in Fig. 13e), but based on its overall 637 

physical and sedimentological characteristics, it could only be potentially correlative with NT-638 

4. Both XQT-3 and NT-4 are white pumice fallouts that are 39 and 52-cm-thick respectively 639 

(see section 4 and Fig. 14), while NT-8 is an ignimbrite without any associated fallout, and 640 

NT-3 is a 35-cm-thick, lithic-rich, coarse lapilli fallout. NT-04 is compositionally diverse and 641 

although most of the glass chemical analyses are scattered, there are some analyses that plot 642 

within the XQT-3 field, which suggests they could correlate. 643 

Some andesite-dacite tephras at Xalitzintla, which plot within the Popocatépetl compositional 644 

field (blue area in Fig. 13), are chemically similar to some Nepopualco units. WRT-7 (yellow 645 



plus sign in Fig. 13b) appears to correlate with NT-23 (solid blue diamonds in Fig. 13c), as the 646 

glass chemistry is similar. They are both thick white pumice fallout units (1.6 and 1.1 m 647 

respectively, Fig. 14) comprising medium to coarse lapilli, and the same mineralogy 648 

(plagioclase, orthopyroxene, and oxides; Tables 2 and 3). Moreover, their 40Ar/39Ar ages also 649 

support this correlation - NT-23 is dated to 369 ± 11 ka and WRT-7 is 354 ± 29 ka. These data 650 

suggest that WRT-7 correlates to NT-23 and both stem from the same Popocatépetl eruption. 651 

Although less clear, there is some compositional overlap between WRT-6 (solid orange dots, 652 

Fig. 13b) and NT-19 (solid sky-blue squares, Fig. 13b) as well as NT-22 (solid marine-blue 653 

triangles, Fig. 13b). Differences in the deposit characteristics and stratigraphy of the deposits 654 

do not support a correlation between WRT-6 and NT-19, but a correlation with NT-22 is 655 

supported: NT-22 is a 78-cm-thick pumice fallout of medium to coarse lapilli, rich in lithics 656 

and similar to the medial part of the WRT-6 deposit (Fig. 14). The mineralogy (hornblende, 657 

plagioclase, orthopyroxene, and oxides; Tables 2 and 3) and stratigraphy order further support 658 

that WRT-6 and NT-22 could have been produced by the same explosive eruption. The similar 659 

glass compositions, deposit characteristics, mineralogy, and stratigraphic positions of NT-21 660 

(blue crosses in Fig. 13c) and WRT-4 (yellow crosses in Fig. 13c) also suggest that they 661 

correlate. Both are 35-cm-thick lithic-rich, coarse lapilli pumice fallout units (see section 3 and 662 

Fig. 14). Finally, NT-20 (blue dashes in Fig. 13c) shows similarities to WRT-3 (solid orange 663 

triangles in Fig. 13c) based on the glass chemistry (Figs. 11 and 12), mineralogy (plagioclase, 664 

orthopyroxene, and oxides; Tables 2 and 3) and chronostratigraphy (Fig. 14). However, the 665 

WRT-3 deposit is a 50-cm-thick dark unit composed of grey fine-to-medium lapilli pumice 666 

with abundant lithics, and is lithologically different from NT-20, which is an 8-cm-thick dark 667 

unit of lithics (> 70%) with a few fine lapilli pumices and coarse ash. This correlation is thus 668 

less certain, although both deposits could stem from the same eruption if the Nepopualco site 669 

was located at the fallout margin with respect to the dispersal axis of the deposit. There are 670 

other units with similar glass geochemistry (Fig. 13d) but their mineralogy (see Tables 2 and 671 

3) and chronostratigraphy (Fig. 14) do not feasible correlations.  672 

Despite both sequences spanning comparable age ranges, several other tephra units recorded 673 

in Xalitzintla cannot be correlated to any of the Nepopualco tephras based on glass 674 

compositions (Fig. 13a).  These include: XQT-2 (solid yellow squares), XQT-4 (solid yellow 675 

diamonds), WRT-2 (solid orange diamonds), FRT-4 (brown plus signs), ERT-5 (red dashes), 676 

FRT-6 (brown dashes), and ERT-7 (red plus sign). Thus, these deposits appear to represent 677 

additional explosive eruptions to the 25 units already recorded at Nepopualco. Their absence 678 



in Nepopualco may either be related to the dispersal axis not overlapping with Nepopualco, 679 

due to the primary deposits being too thin to be preserved as discrete, visible horizons. 680 

Nevertheless, the matching characteristics of multiple tephras within a continuous stratigraphic 681 

section at both Nepopualco and Xalitzintla (particularly WRT), supported by 40Ar/39Ar ages, 682 

allow for a robust correlation between these two sites. 683 

7.2 Chronological order of the Xalitzintla outcrops  684 

The Xalitzintla outcrops had not been previously studied and given the limited lateral 685 

continuity of the field exposures, it was not possible to correlate any single tephra unit across 686 

all of the four sites. However, the new 40Ar/39Ar dates and glass chemical analyses provide 687 

preliminary chronostratigraphic constraints. ERT-3 preserved in the sequence exposed at the 688 

East of the Restaurant site (Fig. 6) has been dated to 236 ± 12 ka, and the WRT-7 tephra 689 

exposed at the West of the Restaurant (Fig. 7) has an age of 339 ± 16 ka, suggesting that the 690 

western outcrop comprises an older segment of the stratigraphy. In addition, we infer that 691 

tephras exposed at the Xalitzintla Quarry and Fork in the Road (Figs. 8 and 9) are older than 692 

those at the restaurant sites (Fig. 14) because the lowermost units include rhyolitic tephras 693 

(FRT-1 and XQT-3, Fig. 12 and 13) that correlate to the Nepopualco Lower Tephras erupted 694 

from Iztaccíhuatl volcano (NT-4 and NT-11, Fig. 14). Iztaccíhuatl is thought to have been 695 

largely active before activity commenced at Popocatépetl ~540 ka (e.g. Cadoux et al., 2011; 696 

Delgado-Granados et al., 2017; see also section 2.1). These observations suggest the Xalitzintla 697 

exposures are separate stratigraphic sections and do not overlap (Fig 14). 698 

8. Chemical variations through the Nepopualco tephra sequence and its implications for the 699 

volcanic histories of Popocatépetl and Iztaccíhuatl  700 

Considering the geochemical compositions of the tephra layers in the Nepopualco sequence, 701 

and the possible correlation of tephras to their volcanic sources using glass chemistry (see Fig. 702 

11), we propose that Iztaccíhuatl is the source of the rhyolitic tephras recorded near the base of 703 

the gully since at least 631 ± 44 ka (40Ar/39Ar age of Nepopualco Ignimbrite or NT-2; Fig. 3 704 

and Table 1), while Popocatépetl started its eruptive activity later, erupting generally andesite-705 

dacite tephras (Table 2). It appears that there was a period of coeval activity between 706 

Iztaccíhuatl and Popocatépetl volcanoes, when rhyolitic and andesite-dacite tephras were 707 

deposited contemporaneously. The oldest Popocatépetl unit that we recognise is NT-6. 708 

Although this is not directly dated, it lies well below NT-12 (also attributed to Popocatépetl; 709 

dated at 620 ± 52 ka). This suggests that Popocatépetl was active prior to 600 ka. Between the 710 



NT-6 and NT-14 eruptions (both attributed to Popocatépetl, and representing ~100 ka 711 

considering the new 40Ar/39Ar ages of NT-2 and NT-12; Table 2), we identify several explosive 712 

eruptions from Iztaccíhuatl, but no more after this point. This is inferred from the absence of 713 

younger pumice fallouts with glass compositions that plot along the Iztaccíhuatl fractionation 714 

trend in the younger stratigraphy. Meanwhile, most of the deposits recorded in the Middle and 715 

Upper Nepopualco Tephras plot along the Popocatépetl fractionation trend, indicating that it 716 

has continued to periodically erupt and distribute tephras over the region up until the present 717 

day (Figs. 4, 5, and 11; Table 2). 718 

The fine ash layer (NT-24) deposited at the top of the sequence (Fig. 5) may have been 719 

produced by Tláloc-Telapón (for example, from a co-ignimbritic ash plume of one of the late-720 

Pleistocene Tláloc-Telapón ignimbrites; Fig. 11).  721 

The Nepopualco tephra sequence contains evidence for at least 25 explosive eruptions 722 

produced during the last ~650 ka: at least 13 are from Popocatépetl and 6 are from Iztaccíhuatl. 723 

But explosive eruptions from other sources are also recorded in Nepopualco, including one 724 

from the Tláloc-Telapón and one from an unknown mafic source (possibly a nearby 725 

monogenetic cone). There are two units near the base of the Nepopualco sequence with an 726 

uncertain source, and at least three in the older Xalitzintla sequences (XQT and FRT) that we 727 

are unable to attribute. It is possible that these events, which would overlap with both the 728 

earliest stages of 729 

explosive eruption history (based on the inferences we make above), represent more 730 

compositionally diverse magmatism during this transitional phase of SNVR development. 731 

9. Insight into the general volcanic history, magnitudes, and tephra distribution in the México 732 

basin 733 

The chronological, chemical, and stratigraphic correlation between Xalitzintla and Nepopualco 734 

tephras (including NT-23 to WRT-7 and WRT-8 to ERT-1, Fig. 14) allows us to establish that 735 

at least 7 explosive eruptions from Popocatépetl are recorded at Xalitzintla in addition to the 736 

13 eruptions registered in Nepopualco. These are associated with the 7 tephras recorded in the 737 

East of the Restaurant site (ERT-1 to ERT-7, including the 236 ± 12 ka ERT-3), which is the 738 

youngest unit from Popocatépetl that we document. The late Pleistocene  Holocene Plinian 739 

deposits studied previously by other authors (e.g. the Grey, White or Tutti Frutti pumices) have 740 

not been observed in these Xalitzintla tephra sequences we have studied, and fall within a 741 

younger stratigraphic interval than is exposed in our study area.  742 



During the middle to late Pleistocene, our new observations imply that the SNVR produced 743 

widespread tephra deposits from at least 20 medium-to-large explosive eruptions from 744 

Popocatépetl volcano, 6 from Iztaccíhuatl, 1 from Tláloc-Telapón, and 2 eruptions from nearby 745 

unknown mafic sources. At least 5 further eruptions, based on their location, physico-chemical 746 

characteristics and stratigraphic position, are also likely to have been erupted from either by 747 

Popocatépetl or Iztaccíhuatl. The results of this tephrostratigraphic work considerably extend 748 

the longer-term understanding of the explosive volcanic history of the Popocatépetl, 749 

Iztaccíhuatl and Tláloc-Telapón volcanoes (Fig. 15). 750 

Comparing the recorded thicknesses in these tephra sequences with those of the most recent 751 

Popocatépetl eruptions (e.g. the ~27.8 cal. ka BP White Pumice, Siebe et al., 2017; or the 752 

16,796-18,201 cal. yr Tutti Frutti Pumice, Sosa-Ceballos et al., 2012) and considering the 753 

prevailing winds of the region (Bonasia et al., 2014), most of the middle to late Pleistocene 754 

explosive eruptions identified in the Nepopualco and Xalitzintla outcrops are likely to have 755 

distributed tephra over the México and/or Puebla basins. For example, previous studies on the 756 

Tutti Frutti eruption estimated that the México City area was covered with at least 10 cm of 757 

tephra (Siebe et al., 1999; Sosa-Ceballos et al., 2012), with thicknesses of ~150 cm in the 758 

Xalitzintla region (Siebe et al., 2017). If we assume at least some of the eruptions, especially 759 

those with thicknesses of ~1m, documented above had a similar NW dispersal axis, these 760 

eruptions could have also deposited tephra across the México Basin and the area occupied 761 

today by México City. The eruption related to the WRT-7/NT-23 tephra (354 ± 29 ka old), 762 

deposited 1.1 m of pyroclastic material in Xalitzintla and 1.6 m in Nepopualco (Fig. 14). It 763 

could have deposited several cm of tephra across the México Basin and the area occupied today 764 

by México City. If the dispersal axis for the WRT-7/NT-23 eruption was the same as that for 765 

the Tutti Frutti event, its thickness at out study sites suggests an eruption of similar magnitude 766 

(VEI ~ 6; involving 5 km3 of tephra and an estimated 44 km high eruption column; Sosa-767 

Ceballos et al., 2012).  768 

Recent studies on lacustrine sediments in Lake Chalco, which lies in the southern part of 769 

México Basin, east of SNVR (e.g., Ortega-Guerrero et al., 2018) have correlated several tephra 770 

layers to eruptions of nearby stratovolcanoes, including the Tutti Frutti Pumice from 771 

Popocatépetl (Siebe et al., 1999; Sosa-Ceballos et al., 2012), the MWP tephra from Tláloc 772 

(Rueda et al., 2013) and the Upper and Lower Toluca Pumice deposits from Nevado de Toluca 773 

volcano (Arce et al., 2003, 2013). However, these studies have only considered sediments from 774 

the uppermost 122 m of the Chalco sequence that spans ~140 ka (Lozano-García et al., 1994, 775 



2015; Caballero and Ortega-Guerrero, 1998; Ortega-Guerrero et al., 2017). Older tephras 776 

recorded in deeper sections of Lake Chalco sediments cores (520 m) drilled in 2016 by the 777 

International Continental Scientific Drilling Program (ICDP) MexiDrill project (Brown et al., 778 

2019; Valero-Garcés et al., 2021). These will provide a more complete and long-term record 779 

of the explosive volcanism around the México Basin, from which eruption frequencies, styles, 780 

and magnitudes can be ascertained. The tephrostratigraphy, ages, and glass compositions 781 

presented here will be of significance in reliably correlating newly identified tephras to their 782 

volcanic sources. 783 

10. Conclusions 784 

This chronostratigraphic and geochemical study of the Xalitzintla and Nepopualco tephra 785 

sequences in the Sierra Nevada Volcanic Range (SNVR) provides new insights into the middle 786 

to late Pleistocene explosive history of volcanoes surrounding the México basin.  787 

Major element glass compositions determined by electron microprobe analysis have defined 788 

glass compositional fields for Popocatépetl, Iztaccíhuatl, and Tláloc-Telapón volcanoes, and 789 

permitted the correlations of tephra layers exposed in the Nepopualco and Xalitzintla sequences 790 

to their volcanic source. The Neopopualco and Xalizintla sequences contain deposits 791 

representing 20 Popocatépetl and 6 Iztaccíhuatl explosive eruptions, 5 deposits of uncertain 792 

source but likely originating from these two volcanoes, and five deposits from more distal 793 

vents. These include at least 2 mafic deposits from unidentified sources (possibly from nearby 794 

monogenetic cones) and 1 tephra from Tláloc-Telapón volcano related to one of their 5 late 795 

Pleistocene ignimbrite eruptions (including the San Vicente Ignimbrite, recently 40Ar/39Ar 796 

dated in this study at ~102 ka).   797 

 (LPDAD event), dated in this 798 

study to ~ 631 ± 44 ka (2 ), Iztaccíhuatl has produced at least 6 explosive eruptions that have 799 

deposited ~1-m-thick pyroclastic deposits, pumice fallout units and/or ignimbrites that are 800 

rhyolitic in composition (e.g., Nepopualco ignimbrite or FRT-1/NT-11 fall). After a period of 801 

coeval activity with Popocatépetl volcano, explosive activity at Iztaccíhuatl ceased (probably 802 

between 500 and 400 ka ago) while Popocatépetl continued its explosive activity until today. 803 

In addition to the 7 known Plinian eruptions in the last ~24 ka, Popocatépetl has produced at 804 

least 20 additional explosive eruptions during the Late Pleistocene. The Popocatépetl eruption 805 

deposits identified in Nepopualco and Xalitzintla sites are consistent with Plinian to sub-Plinian 806 

eruptive columns, which deposited pumice fallout units with thicknesses of up to 1.6 m. These 807 



Popocatépetl deposits are predominantly andesitic to dacitic in composition with a few 808 

extending to more evolved rhyolitic compositions, and plot along a fractionation trend that is 809 

displaced to higher K2O relative to the deposits of Iztaccíhuatl. Some of these eruptions (e.g. 810 

NT-23/WRT-7) are likely to have deposited centimetres of ash on the area that is now México 811 

City. This work provides a deeper insight into the explosive volcanic histories of Popocatépetl 812 

and Iztaccíhuatl volcanoes and characterizes many previously unidentified Late Pleistocene 813 

pyroclastic deposits in the SNVR.  814 

The glass compositions of the well-known Popocatépetl, Iztaccíhuatl and Tláloc-Telapón 815 

deposits, together with the classification of Nepopualco and Xalitzintla tephras, provides a 816 

chemical database for future correlations between the Chalco tephras and their volcanic 817 

sources, and other eruption deposits.  818 

In summary, the chemical, stratigraphic and geochronologic investigations made on the 819 

Xalitzintla and Nepopualco tephras, provide valuable information on the long-term volcanic 820 

history of the volcanoes of the SNVR, including Popocatépetl, one of the most active volcanoes 821 

in the country. These data are crucial in densely populated regions located in very active 822 

tectonic and volcanic settings, such as México City, and provide a basis to assess potential risk 823 

and design strategies to adequately address the hazard to urban infrastructure and human lives.   824 
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Figure captions 1071 

Fig.1: a) Map of the Trans-Mexican Volcanic Belt (TMVB, area within white dashed line) 1072 

showing main Quaternary stratovolcanoes (yellow triangles) and calderas (yellow dots), as well 1073 

as México City (white dot); b) map of the metropolitan region of México City (yellow area) in 1074 

the central TMVB, with the principal volcanic centres marked, including Popocatépetl, 1075 

Iztaccíhuatl, and Tláloc-Telapón volcanoes along the Sierra Nevada Volcanic Range (SNVR).  1076 

SCVF = Sierra Chichinautzin Volcanic Field, SLCVR = Sierra Las Cruces Volcanic Range, 1077 



ATVF = Apan-Tezontepec Volcanic Field; and c) Digital elevation model (DEM) of the 1078 

SNVR, showing the location of the studied outcrops (yellow stars; see Table 1 for outcrop 1079 

locality details), including Nepopualco (n.5) and Xalitzintla sites (n.6-9). The white dashed line 1080 

shows the limit of Los Pies Debris Avalanche Deposit (LPDAD; Macías et al., 2012).  1081 

Fig. 2: a) Panoramic view of Popocatépetl and Iztaccíhuatl volcanoes (1 = Los Pies; 2 = Las 1082 

Rodillas; 3 = El Pecho; and 4 = La Cabeza craters),  located in the southern portion of the Sierra 1083 

Nevada Volcanic Range (SNVR); b) tephra layers exposed by a landslide in the Nepopualco 1084 

gully (outcrop 5 in Fig. 1c). This tephra sequence is interbedded by several remobilized 1085 

volcanoclastic units and overlies the Los Pies Debris Avalanche Deposit (LPDAD) from 1086 

Iztaccíhuatl volcano.  1087 

Fig. 3: a) Outcrop displaying several units of the lowermost part of the Nepopualco gully 1088 

sequence. b) Stratigraphic log of the Lower Nepopualco Tephras (Legend: mLT = massive 1089 

Lapilli Tuff, llsT = parallel-stratified tuff, xsT = cross-stratified tuff, mpL = massive pumice 1090 

Lapilli, V.clast = volcanoclastic, mpLlr = mpL lithic-rich, llpL = parallel stratified pumice 1091 

lapilli, mA = massive Ash and llpLlr = llpL lithic-rich; nomenclature based on Branney and 1092 

Kokelaar, 2002). V.clast in the photographs/logs indicates a reworked (non-primary) 1093 

volcanoclastic unit, bounding the units that are interpreted as primary eruption deposits. Details 1094 

of: c) the first pyroclastic layers (MXC-3 to 5 of NT-2) above the Los Pies PDCs (NT-1), d) 1095 

the NT-4 white fallout, e) the NT-8 above reworked volcaniclastic materials deposited on top 1096 

of NT-7, and f) the layered NT-10 fallout above the mafic NT-9 fall with reworked materials 1097 

in-between.  1098 

Fig. 4: a) Outcrop and b) stratigraphic log of the Middle Nepopualco Tephras (see caption of 1099 

Fig. 3 for the legend). Details of: c) the thick pumice fallout at the base of NT-11 and the 1100 

overlaying PDCs, d) the coarse pumice from NT-12, e) the thin NT-14 fallout interbedded 1101 

within reworked volcanoclastic materials, f) the stratified NT-18 fallout with two interbedded 1102 

dilute PDCs deposits, and g) the lithic-rich NT-15.  1103 

Fig. 5: Detail of: a) the mafic NT-20 and the coarse orange pumice from NT-21 above the 1104 

palaeosol on top of the white NT-19 pumice fallout, and b) the 1.6-m-thick NT-23 white fallout 1105 

above the orange NT-22. c) Stratigraphic log of the Upper Nepopualco Tephras (see caption of 1106 

Fig. 4 for the legend). d) Uppermost part of the Nepopualco sequence with two zones of fine 1107 

ash pods: e) the NT-24 and f) the NT-25.  1108 



Fig. 6: a) Map of the Xalitzintla region with the location of the four study sites (yellow stars). 1109 

b) East of Restaurant (ER) outcrop exposed along the Paso de Cortés road (site number 6 in a); 1110 

c) stratigraphic log dislaying the seven pyroclastic units interbedded with reworked material 1111 

and palaeosols (see caption of Fig. 4 for the legend); d), e) and f) field photos showing textural 1112 

characteristics of tephra layers described in the text (ERT-1 to 5).    1113 

Fig. 7: a) Panoramic view of Popocatépetl volcano from the West of the Restaurant (WR) site 1114 

near Xalitzintla (outcrop 7 in Fig. 6a) during a small explosive eruption (~2-km-high plume on 1115 

the 5th of April, 2019) with an ash cloud moving towards the SE. Note the geologist in the 1116 

bottom-right of the photo (within yellow ellipsoid) for scale of the outcrop; b) tephra sequence 1117 

exposed in a quarry of this WR-site; c) stratigraphic log showing the eight pyroclastic units 1118 

interbedded with reworked material and palaeosols (see caption of Fig. 4 for the legend); d) 1119 

and e) field photos showing textural characteristics of the tephra layers described in the text.  1120 

Fig. 8: a) Small quarry at the Fork in the Road (FR) site near Xalitzintla (outcrop 8 in Fig. 6a), 1121 

b) stratigraphic log dislaying six identified fall layers recorded in this site, c  f) field photos 1122 

showing textural characteristics of the tephra layers described in the text. 1123 

Fig. 9: b) Xalitzintla Quarry, b) stratigraphic log displaying eleven pyroclastic units recorded 1124 

in this site and interbedded with thick reworked volcanoclastic material units and palaeosols, c 1125 

 h) field photos showing textural characteristics of the tephra layers described in the text. 1126 

Fig. 10: Glass chemistry of previously described pyroclastic deposits erupted by Popocatépetl, 1127 

Iztaccíhuatl, and Tláloc-Telapón volcanoes, with the addition of an ascribed Iztaccíhuatl 1128 

deposit (see Section 4.1.2) plotted in: a) Total alkalis vs silica (TAS diagram) of the tephra 1129 

units; and bi-variate plots of b) SiO2 vs MgO, c) SiO2 vs CaO, d) SiO2 vs K2O and e) SiO2 vs 1130 

Al2O3 (selected bivariate plots). Compositional fields of Popocatépetl (blue area) Iztaccíhuatl 1131 

(red area), and Tláloc (green area) volcanoes estimated with OxCal/RESET software (Bronk 1132 

Ramsey et al., 2015).  1133 

Fig. 11: a) Total alkalis vs silica (TAS) of 24 analysed pyroclastic deposits through the 1134 

Nepopualco gully;  and bivariate plots of b) SiO2 vs MgO, c) SiO2 vs CaO, d) SiO2 vs K2O and 1135 

e) SiO2 vs Al2O3, displayed together with the compositional field of Popocatépetl (blue area), 1136 

Iztaccíhuatl (red area), and Tláloc-Telapón (green area) volcanoes. 1137 

Fig. 12: a) Total alkalis vs silica (TAS) of 26 tephras identified in the Xalitzintla region (shown 1138 

in Fig. 6a); and bivariate plots of b) SiO2 vs MgO, c) SiO2 vs CaO, d) SiO2 vs K2O and e) SiO2 1139 



vs Al2O3, displayed together with the compositional field of Popocatépetl (blue area), 1140 

Iztaccíhuatl (red area), and Tláloc-Telapón (green area) volcanoes. 1141 

Fig. 13:  TiO2 vs SiO2 plots of: a) tephras from East of the Restaurant (ERT, blue colours) in 1142 

front of the West of the Restaurant tephras (WRT, red colours) of Xalitzintla; b) tephras from 1143 

WR in front of tephras from Xalitzintla Quarry (XQ, yellow colours) and Fork in the Road 1144 

tephras (green colours); c) tephras recorded in Nepopualco region (NT, green and blue colours) 1145 

in front of Xalitzintla tephras (ERT, WRT, XQT and FRT, red and yellow colours), displayed 1146 

together with the compositional fields of Popocatépetl (blue area), Iztaccíhuatl (red area), and 1147 

Tláloc (green area) volcanoes; d) and e) details of two extended areas of the graph in c). 1148 

Fig. 14: Stratigraphic correlation of a) Nepopualco and b)  c) Xalitzintla tephra layers (East 1149 

and West of the Restaurant, Fork in the road and Xalitzintla Quarry). The blue stars indicate 1150 

the SiO2 (wt%) composition and the orange stars the K2O (wt%). V.S = volcanic source, P = 1151 

Popocatépetl (in blue), I = Iztaccíhuatl (in red), T-T = Tláloc-Telapón (in green), MU = mafic 1152 

unknown (in yellow), UC = uncertain (in grey), and US = unsampled pyroclastic deposits 1153 

(white).  1154 

Fig. 15: Topographic profile of the Sierra Nevada Volcanic Range (SNVR), which illustrates 1155 

chronologically the new identified explosive eruptions from Popocatépetl and Iztaccíhuatl, as 1156 

well as the new 40Ar/39Ar age for the San Valentín Ignimbrite from Tláloc-Telapón together 1157 

with other relevant eruptive episodes during the formation of the range (after García-Tovar and 1158 

Martínez-Serrano, 2011). The dashed lines indicate the inferred time of activity for each 1159 

volcano. The black rectangles are lavas with published 40Ar/39Ar or 40K/40Ar ages, the black 1160 

hexagon is the debris avalanche deposit related to Los Pies collapse (LPDAD), the red and 1161 

yellow hexagons are relative and absolute ages of the pyroclastic deposits characterized for the 1162 

first time in this study, and the empty symbols are published C14 ages (rectangles for lavas and 1163 

hexagons for tephras). 1 = Cadoux et al., (2011; 2 ); 2 = This study (40Ar/39Ar; 2 ); 3 = Macías 1164 

et al. (2012; 1 ); 4 = García-Tovar and Martínez-Serrano (2011; 2 ); 5 = Nixon (1989; 1165 

assuming 2 ); 6 = Conte et al. (2004; assuming 2 ); 7 = Sosa-Ceballos et al. (2015; 1 ); 8 = 1166 

Siebe et al. (1996; assuming 2 ).  1167 

Table 1: Proximal deposits of Tláloc-Telapón, Popocatépetl, and Iztaccíhuatl volcanoes.  1168 

Table 2: Tephra layers of the Nepopualco sequence. 1169 

Table 3: Tephra layers of Xalitzintla sites. 1170 



Table 4: Major element composition from the proximal deposits of Tláloc, Popocatépetl, and 1171 

Iztaccíhuatl volcanoes. 1172 

Table 5: Major element compositions of tephras recorded in Nepopualco.  1173 

Table 6: Major element compositions of tephras recorded in Xalitzintla. 1174 

Table 7: Summary of 40Ar/39Ar dates reported in this study. 1175 
















































