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Abstract 40 

  41 

Usual methods are unfortunately unsuitable to accurately date many Holocene deposits and 42 

landforms from active Mexican volcanoes. This is notably the case for the Tacaná Volcanic 43 

Complex (TVC), located in the State of Chiapas in southern Mexico, and the San Marcos 44 

Department in Guatemala. The complex consists of the Chichuj, Tacaná, and San Antonio 45 

volcanoes and the Ardillas dome. Tacaná volcano, the main summit of the TVC, collapsed 15 ± 5 46 

ka ago (
40

Ar/
39

Ar), producing the Agua Caliente Debris Avalanche. The result was the formation of 47 

a horseshoe-shaped crater 600 m wide open to the northwest. Afterward, several undated effusive 48 

and explosive eruptions occurred. All these eruptions are likely Late Pleistocene to Holocene in age 49 

because the landforms derived of that activity overlap the horseshoe-shaped crater. To corroborate 50 

this hypothesis, we used surface exposure dating with in situ-produced cosmogenic 
36

Cl combined 51 

with lichenometry and dendrochronology in the summit domes, the Ardillas dome, the horseshoe-52 

shaped crater's cliff, and a lava. The 
36

Cl exposure ages (9.3 ± 1.9 ka; 8.9 ± 0.9 ka; 8.6 ± 1.7 ka) of 53 

the summit domes are statistically indistinguishable within the associated uncertainties and suggest 54 

that the domes formed during Early Holocene. Instead, the southern part of the Late Pleistocene 55 

collapsed crater yielded significantly younger ages ranging from 5.3 ± 0.6 to 7.0 ± 0.8 ka. These 56 

ages are assumed to be minimum and might indicate later rockfall activity and instability, affecting 57 

the horseshoe-shaped crater. The 
36

Cl exposure age of an andesitic lava (0.4 ± 0.1 ka), emplaced to 58 

the SW of Tacaná, is in good agreement with lichenometry (> 347 yr). These ages could represent a 59 

gravitational collapse event associated with phreatic explosions vented close to a scar collapse. The 60 

36
Cl exposure ages derived from the Ardillas lava dome (0.3 ± 0.1 ka) do not correspond to its 61 

emplacement age. The dome must be older than pyroclastic deposits dated at 760 ± 30 yr BP (
14

C) 62 

that cover its surface. Strikingly, the 
36

Cl, lichenometrical and dendrochronological data of the 63 

“Andesitic” lava and the Ardillas dome are associated with NE-SW landslide scars, explosion 64 

craters, phreatic vents, fumarolic activity, and tensional fractures. All these features are 65 

perpendicular to the NW-SE minimum stress regime (σ3), affecting the TVC and generating 66 

gravitational activity. Nowadays, gravitational collapses represent a real threat to the surrounding 67 

populations that can be triggered not only by volcanic activity but also by seismicity and 68 

extraordinary rains. 69 

 70 

Key words: Tacaná, México, in situ-produced cosmogenic 
36

Cl dating, lichenometry, 71 

dendrochronology, Holocene.  72 
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 73 

1. Introduction 74 

 75 

Mexican volcanoes have experienced intensive activity during the Holocene, especially in 76 

the Trans-Mexican Volcanic Belt, the Chiapanecan Volcanic Arc, the northwestern edge of 77 

the Central American Volcanic Arc, Baja California (San Quintin volcanic fields), el 78 

Pinacate Volcanic Field (NW Mexico) and the Revillagigedo Archipelago (700 km west of 79 

Manzanillo city). Roughly 153 well-constrained Holocene eruptions have been reported of 80 

which 63% were produced on active stratovolcanoes and calderas and 37% in monogenetic 81 

volcanic fields (Macías and Arce, 2019). To constrain the chronology of these eruptions, 82 

several dating methods such as radiocarbon, 
40

Ar/
39

Ar, 
230

U-Th in zircons, paleomagnetism 83 

and in situ-produced cosmogenic 
36

Cl and 
10

Be have been used (Macías and Arce, 2019). 84 

However, many deposits and landforms remain undated, resulting in limitations in the 85 

chronological records that prevent establishing highly-resolved histories of volcanic 86 

activity to anticipate future eruptions and assess the potential risks for neighboring 87 

populations. Such limitations are encountered for Tacaná Volcanic Complex (TVC), 88 

located in the State of Chiapas in southern Mexico and the San Marcos Department in 89 

Guatemala. Today, more than 300,000 inhabitants live within a 35 km radius of the summit, 90 

placing the TVC as the second most hazardous volcano in Mexico, just after Popocatépetl.  91 

 92 

A phreatic explosion occurred at the TVC in 1986 after which it has been considered an 93 

active volcano in a quiescent state. The main crater of Tacaná volcano has a horseshoe-94 

shaped crater associated with a collapse event that occurred 15 ± 5 ka (
40

Ar/
39

Ar) that 95 

dispersed the Agua Caliente debris avalanche deposit (Macías et al., 2010). One of the 96 

andesitic lavas (Agua Zarca) erupted 12 ± 5 ka (
40

Ar/
39

Ar) from the collapsed crater and 97 

covered the debris avalanche (Macías et al. 2010). These ages are associated with large 98 

uncertainties and therefore only provide an approximate chronology of the respective 99 

events and tentatively bracket the volcano´s subsequent activity. Besides, little is known 100 

about its activity over the Holocene, especially the effusive activity, with several summit 101 
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landforms (i.e. domes, lavas) of unknown age. Here, we date four lava domes (three from 102 

 h  T    á          f      y   bb   “E   ”  “N   hw   ”     “    hw   ”       h  103 

Ardillas dome), the cliff of the horseshoe-shaped crater and a lava (informally named 104 

“              ”)          f     h          f T    á. W  hyp thesized that all these 105 

landforms have a Late Pleistocene- Holocene age because they overlap the horseshoe-106 

shaped crater dated at 15 ± 5 ka (
40

Ar/
39

Ar). To confirm this hypothesis, we collected 107 

eighteen samples from 5 cm flat-topped solid andesitic surface rocks for exposure dating 108 

with in situ-produced cosmogenic 
36

Cl (cosmic ray exposure; 
36

Cl CRE hereafter) combined 109 

w  h    h       y            h       y (                   h  “              ”). The 110 

latter two methods provided minimum ages of the sampled rocks. To understand the 111 

volcanic evolution of the TVC, we generated a geologic map and stratigraphy of the 112 

summit area aided by new structural data. Finally, we performed whole-rock chemistry of 113 

all samples to define their chemical composition and evolution of the summit structures. 114 

 115 

2. Study area and previous work at Tacaná Volcanic Complex (TVC) 116 

 117 

The TVC is part of the northwestern end of the Central American Volcanic Arc (Fig. 1A). 118 

The complex is constituted by four NE-SW aligned volcanic structures called Chichuj, 119 

Tacaná, Ardillas Dome, and San Antonio (Fig. 1B) (García-Palomo et al., 2006). It was 120 

built on Mesozoic metamorphic and Tertiary intrusive rocks (150 Ma and 35-13 Ma 121 

respectively), and deposits from mid-Pleistocene calderas (1-2 Ma) (Garduño-Monroy et 122 

al., 2015). The complex is affected by three fault systems, which are from older to younger: 123 

NW-SE striking fractures and faults that cut the methamorphic and intrusive basement, NE-124 

striking faults parallel to the TVC, and the N-S striking youngest faults that are 125 

superimposed on the others (García-Palomo et al., 2006). The NE-SW fault system delimits 126 

the Tacaná graben that has controlled the emplacement and evolution of the Chichuj, 127 

Tacaná, and San Antonio volcanoes and the Las Ardillas dome structures, as well as the 128 

emplacement of Sibinal and San Rafel calderas (Fig. 1B). A linear regression of the 129 

alignment of these structures showed an adjustment with a correlation coefficient (r) of 130 
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 5 

0.91, indicating that their location is controlled by N65°E orientation fissures defined by a 131 

minimum stress (σ3) with a N53°W orientation (García-Palomo et al., 2006; Macías et al., 132 

2010).  133 

 134 

 135 
 136 
Figure 1. (A)  Map showing the tectonic context of southern Mexico and the location of the Tacaná 137 
volcanic complex (TVC) (yellow rectangle). Abbreviations: CAVA, Central American Volcanic 138 
Arc; TVF, Tuxtlas Volcanic Field; CHVA, Chiapanecan Volcanic Arc. (B) Detailed Digital 139 
Elevation Model of the TVC. Abbreviations: Chi (Chichuj), Ta (Tacaná), A (Ardillas dome) and SA 140 
(San Antonio) volcanoes; ACdad (Debris Avalanche Deposits of Agua Caliente) and Tdad (Debris 141 
Avalanche Deposits of Tuimanj). Main fault systems are displayed in red. 142 

 143 

Volcanic activity in the TVC started ca. 300 ka ago with the emplacement of Chichuj 144 

volcano, followed by the emplacement of Tacaná structure around 40 ka (Limón-145 

Hernández, 2011), and San Antonio volcano some ca. 20 ka. Finally, a lava dome defined 146 

as Ardillas (>800 yr) was emitted between San Antonio and Tacaná edifices. Since its 147 

formation, the TVC has produced several types of eruptions such as sector collapse (Macías 148 

et al., 2010), Peléean (Macías et al., 2000), Plinian and subplinian events (Arce et al., 149 
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2012), and intense effusive activity (Limón-Hernández, 2011). As mentioned before, the 150 

Tacaná summit has a 600 m wide horseshoe-shaped crater open to the northwest. This 151 

crater was produced by a collapse 15 ± 5 ka ago (
40

Ar/
39

Ar) followed by the emplacement 152 

of the Agua Caliente debris avalanche (Macías et al., 2010).  153 

 154 

After the collapse, intense effusive activity took place inside the horseshoe-shaped crater 155 

through the emission of several lava flows to the NW. One of these lavas called Agua Zarca 156 

was dated at 12 ± 5 ka (
40

Ar/
39

Ar) (Macías et al. 2010). Subsequent lava emissions infilled 157 

the horseshoe-shaped crater and extruded the three bulb-  k        (“E   ”  “N   hw   ”  158 

    “    hw   ”)     h          f T    á (F  s. 2 and 3). Prior or during the first stages of 159 

the extrusion of these domes, an olivine-bearing lava flow was emitted to the southwest of 160 

Tacaná (green dashed line in Fig. 2). Another lava of andesitic composition was emitted to 161 

the southwest between the ca. 15 ka horseshoe-shaped crater and the Ardillas Dome (red 162 

dashed line in Fig. 2). These lavas and associated domes have not been dated yet and 163 

therefore their relationship with the TVC Holocene eruptive stratigraphy has not been 164 

determined. As revealed by stratigraphy and radiocarbon dating, at the beginning of the 165 

Holocene an explosive eruption called Once de Abril disrupted the summit of Tacaná, 166 

dispersing dense and dilute Pyroclastic Density Currents (PDCs) that swept the volcano 167 

flanks beyond the break in slope (Macías et al., 2015). Around the same time, the northern 168 

part of Tacaná collapsed producing the Tuimanj debris avalanche towards Guatemala 169 

(Limón-Hernández, 2011). Since then, the TVC has generated at least nine radiocarbon 170 

dated smaller eruptions that have dispersed pyroclastic deposits on the middle and upper 171 

flanks of the complex dated at ca. 7.6, ca. 6.1-5.6, ca. 2.6, ca. 1.9, ca. 0.9, ca. 0.8, ca. 0.37, 172 

ca. 0.28, and ca. 0.15 ka (Macías et al., 2015).   173 

 174 

 175 

 176 
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 177 

 178 
Figure 2. Aerial view from the southwest of the TVC, showing the summit of Tacaná volcano. 179 
Notice the Agua Caliente collapse scar (ca. 15 ka), two explosion craters, and two landslide scars 180 
(yellow dashed lines). The stars point out the locations of the 1949 (red) and 1986 (yellow) phreatic 181 
explosions. The white arrows indicate the flow direction of the andesitic lava analyzed in this study. 182 

 183 

 184 

Figure 3. Detailed photograph of East, Northwestern and Southwestern lava domes from the summit 185 
of Tacaná volcano. 186 

 187 
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The precise source of these eruptions is not known yet because the summit has been 188 

modified by neotectonics and mass wasting processes. In fact, two NE-SW landslide scars 189 

can be recognized at Tacaná (Figs. 2 and 4), one of them is 350 m wide and affects the 190 

summit domes; and the second one is 60 m wide and affects the “ ndesitic lava” located 191 

between the Ardillas dome and the horseshoe-shaped crater, southwest of the summit. 192 

Another two NW-SE collapses affect the northwestern part of the Tacaná cone. At least two 193 

of the Late Holocene eruptions have occurred along the NE-SW fractures between Tacaná 194 

and Las Ardillas dome (Fig. 4). A phreatomagmatic eruption at 760 ± 30 yr cal BP 195 

dispersed dilute PDCs and ash fallouts generating a 80 x 60 m wide crater that today 196 

contains a greenish lake (Macías et al., 2018). Northeast of this crater lake, at the base of 197 

the largest NE-SW scar, another explosion crater             p  f  h  “ ndesitic lava”. 198 

This 60 x 25 m wide crater is made of around 5 m thick breccia interbedded with 199 

discontinuous pyroclastic deposits (Fig. 2). The 1949 phreatic explosion of Tacaná 200 

(Mülleried, 1951) was vented between these two explosion craters and along the NE-SW 201 

fractures.  202 

 203 

In 1986, Tacaná resumed activity with another phreatic explosion at the base of a lava cliff, 204 

which had formed during the ca.15 ka collapse of Tacaná (Fig. 2). This explosion attracted 205 

the attention of scientists (Martini et al., 1987; De la Cruz-Reyna et al., 1989) leading to the 206 

discovery of past eruptions (Espíndola et al., 1989) and rise up the awareness of the danger 207 

that the volcano represented to the surrounding communities. As a consequence, Mercado 208 

and Rose (1992) presented the first general hazards map and mentioned historic reports of  209 

another eruption that had occurred around 1855-1856. This eruption has recently been 210 

related with the suppression of tree-ring growth between 1857 and 1868 (Carlón et al., 211 

2020).  212 

 213 

Today, the TVC shows signs of volcanic activity with fumaroles on the northwestern flank 214 

of San Antonio volcano and thermal springs and fumaroles output on the northwestern 215 

flank of Tacaná, which reach as far as the village of Agua Caliente (Rouwet et al., 2004; 216 
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2009). On top of the Tacaná summit domes (“E   ”  “N   hw   ”     “    hw   ”), a 217 

paleosol is covered by the 1902 ash fall deposits of Santa Maria volcano, Guatemala 218 

(Williams and Self, 1983).  219 

 220 

 221 

Figure 4. a) Structural map of the TVC summit, b) Rose diagram obtained from the SPOT 7 image 222 
and the DEM; c) Rose fracture of the data collected along the NE-SW fracture on top of the San 223 
Antonio dome. Dome abbreviations are: E = Eastern, NW = Northwestern, and SW = Southwestern. 224 
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 225 

3. Methods 226 

 227 

3.1. Stratigraphical and structural analyses 228 

 229 

The stratigraphic and structural analyses of the area were carried out with a SPOT 7 230 

satellite image, a high resolution Digital Elevation Model (5 m resolution), two Digital 231 

Elevation Model (12.5 m resolution, Alospolar, NASA; and 100 m resolution, 232 

GeoMapApp.org), and the collection of field data gathered during 2018 and 2019 (Fig. 4a). 233 

In specific locations, stratigraphic sections were reconstructed and samples were collected 234 

for different analysis.  235 

 236 

3.2. Whole-rock chemistry 237 

 238 

In this paper, six new chemical analyses for Tacaná summit domes and lavas are reported. 239 

Samples were cleaned and washed, then pulverized with a stainless steel mortar. Powder 240 

samples were analyzed by the X-ray Fluorescence (XRF) method at          ’    y       241 

Roches et des Minéraux (SARM, CRPG, Nancy, France), major elements by ICP-OES, and trace 242 

elements by ICP-MS except Cl (spectrophotometry), B (colorimetry) and Li (atomic absorption). 243 

Loss on ignition (LOI) was determined for all analyzed samples, for which 1 gram of 244 

powder was heated at 1000°C for one hour and then reweighed. 245 

 246 

3.3. Lichenometry 247 

  248 

Lichenometry used in this study provides a minimum age of the “Andesitic lava”      h  249 

Ardillas dome. The largest diameter of the biggest circular thalli of Rhizocarpon 250 

geographicum located on well preserved protruding features with smooth surfaces were 251 

measured using a Bernier calibrator. Digital photographs of the lichen were taken, using a 252 

scale (one peso coin of 21 mm of diameter). The age of the largest lichen was determined 253 

applying the growth rate of 0.23 mm a
-1 

for Rhizocarpon geographicum constrained on 254 

Iztaccíhuatl volcano, situated ca. 900 km to the northwest of the TVC (Palacios et al., 255 

2012). Despite the distance, the measurement sites of the lichen are located at a similar 256 
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 11 

altitude (~4,000-4,500 m a.s.l.), and climate at that altitudinal range is not significantly 257 

different on both volcanoes.   258 

3.4. Dendrochronological sampling and sample processing 259 

Dendrochronological samples were collected from Pinus hartwegii Lindl (9 samples) and 260 

Juniperus monticola (1 sample) on the summits of the Tacaná volcano and Ardillas dome in 261 

the years 2017 and 2019. N     p     f       w                  h  “          lava”, 262 

because continuous landslides limit their colonization. The sampled trees were located at 263 

elevations ranging from 3400 to 4040 m. The sampling consisted in extracting two or three 264 

increment cores from each tree using a Häglof borer (10 mm diameter; Häglof Sweden AB, 265 

Långsele, Västernorrland, Sweden) perpendicular to the stem and at breast height (1.30 m). 266 

Then, 10 trees were drilled for a total sampling set of 22 increment cores. Increment cores 267 

were processed using sandpaper with progressive grain sizes from 80 to 1200 grains·cm
–2

 268 

according to standard dendrochronological techniques (Stokes and Smiley, 1996). Once the 269 

annual rings were visible, growth rings were counted from the pit to the bark under the 270 

microscope.  271 

 272 

3.5. Cosmic ray exposure dating with 
36

Cl 273 

 274 

In Mexico, CRE dating has been previously used to determine the age of lavas (Vázquez-275 

Selem and Heine, 2011; Alcalá-Reygosa et al., 2018 a, b) and domes (Arce et al., 2003) in 276 

stratovolcanoes and monogenetic edifices. CRE dating relies on the interaction of cosmic 277 

ray derived particles with certain target elements of the rocks. 
36

Cl can be extracted from 278 

any mineral phase and rock type that contains one or more of its most important target 279 

elements, i.e. Ca, K and Cl (Dunai, 2010). Moreover, it has been recently demonstrated that 280 

36
Cl dating provides surface exposure ages of volcanic rocks of as young as a few hundred 281 

years (Jomelli et al., 2016).  282 

 283 

3.5.1. Sampling and physical treatment of the samples 284 

 285 

Eighteen samples (Tac 1 - Tac 18) were taken with hammer and chisel from the 5 cm flat-286 

topped solid rock surfaces (Table 1). Twelve of them were collected on the “E   ”  287 

“N   hw   ”     “    hw   ” Tacaná domes (Tac 1 - Tac 9) and the Ardillas dome (Tac 13 288 

- Tac 15). Three samples were taken from the limit of the steep cliff of the horseshoe-289 
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shaped crater (Tac 10 - Tac 12) and another three come from the “Andesitic lava” located 290 

to the southwest of this crater (Tac 16 - Tac 18). All the samples were collected from well-291 

preserved surfaces without evidence of erosion, weathering or boulder toppling to minimize 292 

potential bias in the 
36

Cl surface concentrations, which accumulated during exposure to 293 

cosmic rays since formation of the sampled surfaces (Alcalá-Reygosa et al., 2018a). 294 

Furthermore, samples were collected from protruding geometries to minimize the effects of 295 

surface shielding by pyroclastic layers and soils. The geographic coordinates were obtained 296 

with Garmin GPS, and the topographic shielding was determined with compass and 297 

clinometer. It must be noted that the samples taken from the steep cliff of the horseshoe-298 

shaped crater, Las Ardillas dome and the “Andesitic lava” represented a challenge due to 299 

active gravitational processes, neotectonics and slope instability, which could compromise 300 

our 301 original 

plan to 302 determine  

the ages 303 of the 

landforms.  304 

Sample 
Latitude 

(°N) 

Longitude 

(°W) 

Altitude 

(m.a.s.l) 

Thickness 

(cm) 

Shielding 

factor 

Tac 1 15.13 -92.10 4086 2.0 0.98665 

Tac 2 15.13 -92.10 4097 2.0 0.99343 

Tac 3 15.13 -92.10 4102 2.5 0.97627 

Tac 4 15.13 -92.10 4081 4.0 0.99637 

Tac 5 15.13 -92.10 4088 2.0 0.99718 
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 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

Table 1. Field data and characteristics of rock samples from lava domes, cliff horse-shoe shaped 320 
crater and lava from Tacaná volcano, used for the 

36
Cl CRE dating calculations. The shielding 321 

factor was obtained using the Topographic Shielding Calculator v2.0 provided by CRONUS-Earth 322 
Project (2014).  323 

 324 

At Instituto de Geofísica (Unidad Morelia; Universidad Nacional Autónoma de México), 325 

lichens, mosses and other organic matter were removed from the samples with a brush and 326 

then they were crushed with a roller grinder and sieved to retrieve the grain size fraction 327 

(0.25-0.50 mm). Once the crushed samples shipped to the Centre Européen de Recherche et 328 

 ’E                                ’E             (CERE E; F     )     q      f  h  329 

bulk rock were first taken for the analysis of the major and trace element concentrations at 330 

 h  “         ’    y       R  h                  ” (  R   CR    N   y, France), 331 

which are needed to estimate the samples 
36

Cl production rate from the capture of the low-332 

energy neutrons by Cl in the samples (Table 2). This specific 
36

Cl production reaction is 333 

difficult to constrain and associated with significant uncertainties (Schimmelpfennig et al., 334 

2009). As feldspar phenocrysts often contain significantly less Cl than volcanic whole rock 335 

Tac 6 15.13 -92.10 4081 2.0 0.97541 

Tac 7 15.13 -92.10 4079 2.5 0.99977 

Tac 8 15.13 -92.10 4077 2.0 0.99687 

Tac 9 15.13 -92.10 4089 2.5 0.99858 

Tac 10 15.13 -92.10 3958 1.5 0.99129 

Tac 11 15.13 -92.10 3986 1.5 0.98564 

Tac 12 15.13 -92.10 3995 1.5 0.95418 

Tac 13 15.12 -92.11 3792 1.5 0.95905 

Tac 14 15.12 -92.11 3764 1.5 0.98316 

Tac 15 15.12 -92.11 3755 1.0 0.97223 

Tac 16 15.12 -92.11 3898 1.5 0.92531 

Tac 17 15.13 -92.11 3887 1.5 0.95965 

Tac 18 15.13 -92.11 3929 3.0 0.87414 
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samples (Schimmelpfennig et al., 2009), the proportion of the non-magnetic feldspar in the 336 

fraction of the sample grains used for 
36

Cl extraction was increased by discarding the most 337 

                  w  h              p       “F    z  B-1” at CEREGE. However, 338 

because feldspars were not abundant enough, pure feldspar was not used to avoid the risk of 339 

too small sample masses with 
36

Cl contents below the detection limit.  340 

 341 

3.5.2. Chemical sample treatment and measurement 342 

  343 

Between 20 and 100 g of the feldspar-enriched sample fractions (Tac 1 - Tac 18) were 344 

treated for 
36

Cl extraction following the method described in Schimmelpfennig et al. 345 

(2011). The samples were washed in ultrapure water to remove fine-grained powder and 346 

then leached in a dilute HF/HNO3 mixture to dissolve 15 - 20 % of the initial sample mass. 347 

Thus, the samples were decontaminated from atmospheric 
36

Cl and potentially Cl-rich 348 

groundmass grains were reduced (Schimmelpfennig et al., 2009). Then, the samples were 349 

dried and 2 g aliquots of each sample were put aside for analysis of the major elements at 350 

SARM, because Ca, K, Ti, and Fe are the target elements for spallogenic/muogenic 351 

production of 
36

Cl (Table 3). The following steps consisted in adding a 
35

Cl-enriched spike 352 

(~ 99%) to each sample and dissolving totally them in a HF/ HF/HNO3 mixture. A 353 

chemistry blank was processed following the same protocol as the samples.  354 

 355 

After total dissolution, the samples were centrifuged to discard the undissolved residues 356 

and gel (fluoride complexes, CaF2). Then, chlorine in the liquid solution was precipitated to 357 

silver chloride (AgCl) by adding 2 ml of a silver nitrate (AgNO3) solution at 10%. To allow 358 

the AgCl to settle down on the bottom of the bottles, samples were stored for 2 days in a 359 

dark place. This enabled the extraction of the supernatant solution (excess HF and HNO3) 360 

by a peristaltic pump avoiding the disturbance of the AgCl precipitate. In the next step, 361 

aiming to reduce the isobaric interferences of 
36

S throughout the 
36

Cl measurements by 362 

Accelerator Mass Spectrometry (AMS), sulphur was removed in the form of barium 363 

sulphate (BaSO4) obtained after the re-dissolution of this first AgCl precipitate and the 364 

addition of 1 ml of a saturated solution of barium nitrate (Ba(NO3)2). BaSO4 was discarded 365 

by centrifuging and filtering the supernatant with a syringe and an acrodisc filter. Then, 366 
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AgCl was precipitated again with 3-4 ml of diluted HNO3 (1:1 vol.). The precipitate was 367 

collected after centrifuging, was rinsed and finally dried in the oven at 80 ºC for 2 days, and 368 

later loaded into nickel cathodes for measurements of the 
36

Cl/
35

Cl and 
35

Cl/
37

Cl ratios by 369 

AMS isotope dilution at the French national AMS facility ASTER (CEREGE, France) 370 

(Arnold et al., 2013), which took place in 2019. The 
36

Cl/
35

Cl ratio was normalized to in-371 

house standard SM-CL-12 with an assigned 
36

Cl/
35

Cl ratio of (1.428 ± 0.021) x10
-12

 372 

(Merchel et al., 2011), and regarding the 
35

Cl/
37

Cl ratio, a natural ratio of 3.127 was 373 

assumed. The AMS analytical data is given in Table 4. 374 

 375 

3.5.3. In situ-produced 
36

Cl age calculation  376 

 377 

We calculated the 
36

Cl CRE ages using the Excel spreadsheet published by 378 

Schimmelpfennig et al. (2009). We used the following 
36

Cl production rates and parameters 379 

referenced to sea level and high latitude based on the time-          “  ”         (       380 

2000): 42.2 ± 4.8 atoms 
36

Cl (g Ca)
-1

 yr
-1

 for spallation of Ca (Schimmelpfennig et al., 381 

2011); 148.1 ± 7.8 atoms 
36

Cl (g K)
-1

 yr
-1

 for spallation of K (Schimmelpfennig et al., 382 

2014); 13 ± 3 atoms 
36

Cl (g Ti)
-1

 yr
-1

 for spallation of Ti (Fink et al., 2000); 1.9 ± 0.2 atoms 383 

36
Cl (g Fe)

-1
 yr

-1
 for spallation of Fe (Stone et al., 2005), and 696 ±185 neutrons (g air)

-1
 yr

-
384 

1
     h  E   h’     f   /     ph         f    f    h  p                f  p  h               385 

from fast neutrons in the atmosphere (Marrero et al., 2016). Both the nucleogenic and 386 

muonic scaling factors were determined using the time-invariant scaling model of Stone 387 

(2000) based on CosmoCalc (Vermeesch, 2007) and the atmosphere standard model 388 

(N.O.A.A., 1976). High-energy neutron attenuation length of 160 g cm
-2

 was used. A 389 

density of 2.5 g/cm
3
 is assumed for all samples.  390 

 391 

The topographic shielding factor was estimated applying the Topographic Shielding 392 

Calculator v2.0 provided by CRONUS web calculator. The 
36

Cl CRE ages are presented 393 

without erosion and snow cover corrections. Regarding erosion, all the sampled surfaces 394 

are well-preserved whereas potential snow cover effects were not considered because 395 

snowfall is very rare in this tropical climate.  396 

 397 
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4. Results 398 

 399 

4.1. Structural setting and stress regime  400 

 401 

The structural data is presented in figure 4a and plotted in rose diagrams on figures 4b-c. 402 

The performed image analyses and field reconnaissance revealed the occurrence of 403 

elongated rhombic large scale fractures on top of Las Ardillas dome with a preferential 404 

direction between N30°E to N70°E (Figs. 2 and 4b). These fractures have a NE-SW main 405 

axis. Their SW tip ends in a hydrothermal alteration zone with fumaroles on the northern 406 

flank of San Antonio volcano and their NE tip is connected with the two NE-SW landslide 407 

scars. Along these rhombic fractures occurred the 1949 phreatic explosion, signs of 408 

hydrothermal fluid paths, and the two explosion craters described in figures 2 and 4. The 409 

structural analysis of field data in andesitic rocks shows a preferential fracturing system 410 

with a N40°E to N70°E orientation and a secondary one with NNW-SSE direction (Fig. 411 

4c). Analysis of all these data allows defining a stress regime atop the TVC represented by 412 

a minimum main stress (σ3) with a N40°W± 10° orientation.  413 

 414 

 415 

 416 

 417 

4.2.  Cosmogenic 
36

Cl chronology, lichenometry and dendrochronology.  418 

 419 

In Table 4, the 
36

Cl CRE ages are given with their full uncertainties, i.e. including 420 

analytical and production rate errors, as well as with their analytical errors only. In the text 421 

and figures, individual sample ages are shown with their analytical errors only, while 422 

arithmetic mean ages are given with their standard deviations. The age population from 423 

each dated volcanic feature was tested for outliers using the χ2 test of Ward and Wilson 424 

(1978). The individual
 36

Cl ages range between 11.0 ± 1.8 ka and 170 ± 70 years. Most of 425 

the sample fractions that were little enriched in feldspar (see section 3.5.1), have high 426 

natural Cl concentrations (up to ~265 ppm), while Cl concentrations as low as 13 ppm were 427 

obtained in sample fractions with a high feldspar proportion. This led to ~10-65% 428 
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contributions from Cl-derived 
36

Cl to the total 
36

Cl production and associated uncertainties 429 

in resulting ages of up to ~22% (Table 2 and 3). 430 

 431 

4.2.1. Tacaná summit domes  432 

 433 

The summit “East”, “Northwest” and “Southwest” lava domes are hosted within the 600 m 434 

wide horseshoe-shaped crater of Tacaná that is breached to the northwest (Figs. 2 and 3). 435 

They have a bulby shape, with three recognizable lobes. Together these domes occupy an 436 

area of 0.18 km
2
, with a radius of approximate 300 m, and correspond to a volume of 0.017 437 

km
3
. The highest dome (“East dome”) has an elevation of 4060 m a.s.l. It rises 87 m above 438 

the surrounding terrain and holds an older microwave antenna. This dome is separated from 439 

the “Northwest” and “Southwest” domes by a N-S fault scar. The western lava lobes reach 440 

a maximum elevation of 3990 m and they are not easily distinguished from the Eastern 441 

dome.  442 

 443 

The summit of the “Northwest” and “Southwest” domes are separated by a 15 m depression 444 

in north-south direction. The “Southwest” dome emplaced an olivine-bearing lava to the 445 

southwest, and both are affected by the large NE-SW scar open to the southwest. The 446 

“Southwest” and the “Northwest” domes have an andesitic composition of 62.48 wt.% SiO2 447 

and 62.65 wt.% SiO2, respectively. A dacitic composition with 63.6 wt.% SiO2 (on 448 

anhydrous basis) has been evidenced on the “East” dome (Fig. 5a). The olivine-bearing 449 

lava is the most mafic lava analyzed. It is andesitic in composition (Fig. 5a) with 57.5 wt.% 450 

SiO2 that falls close to the basaltic andesitic field.  451 

 452 

Sample 

Samples 

calculated with 
this composition 

Unit SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Li Sm Gd Cl U Th 

*Tac0911 - PreCL 60.27 0.64 17.11 6.48 0.11 2.36 5.98 3.78 2.23 0.17 0.27 99.40 - - - - - 3 

*Tac0808 - AndL 59.51 0.66 18.03 6.54 0.12 2.67 6.23 3.64 2.08 0.19 0.23 99.90 - - - - - 4 

*Tac0829E - ME 53.69 0.95 18.56 8.53 0.12 4.06 8.36 3.58 1.23 0.20 0.21 99.49 - - - - - 3 

*Tac0829L - AndL 61.13 0.57 16.83 5.73 0.10 2.42 5.62 3.71 2.23 0.15 1.38 99.87 - - - - - 4 

*Tac0829a - AndL 62.27 0.59 16.83 5.60 0.10 2.21 5.40 3.80 2.32 0.16 0.35 99.63 - - - - - 4 
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*Tac0827 - PreCL 58.70 0.61 16.67 6.15 0.11 2.52 5.70 3.62 2.13 0.16 3.23 99.60 - - - - - 4 

*Tac0823 - 
And-

Ol 
57.28 0.80 17.74 7.25 0.11 3.88 7.21 3.59 1.68 0.17 0.08 99.79 - - - - - 3 

*Tac0809 - Dome 60.77 0.64 17.38 6.23 0.11 2.63 5.96 3.69 2.15 0.17 0.23 99.96 - - - - - 3 

*Tac0811 - Dome 62.61 0.56 16.69 5.57 0.10 2.30 5.41 3.69 2.38 0.16 0.24 99.71 - - - - - 3 

**Tac9878 - Dome 62.78 0.55 16.88 5.26 0.10 2.17 5.34 3.70 2.32 0.15 0.80 100.05 - - - - - - 

***Tac9863 - ArD 62.96 0.58 16.76 4.82 0.11 2.42 5.74 3.82 2.06 0.13 0.60 100.00 - 4.2 - - 2.8 4.7 

1TAC-1 Tac 2, 3 Dome 61.25 0.62 16.22 6.05 0.11 2.46 5.22 3.65 2.31 0.15 1.12 99.16 24 3.3 2.8 300 1.4 4.35 

1TAC-4 Tac 5, 6 Dome 61.98 0.62 15.50 6.08 0.11 2.52 4.72 3.52 2.27 0.13 1.96 99.40 24 3.2 2.7 280 1.4 4.28 

1TAC-7 Tac 8, 9 Dome 61.42 0.61 16.16 5.75 0.11 2.59 5.28 3.62 2.34 0.14 1.34 99.36 25 3.1 2.7 370 1.5 4.23 

1TAC-10 Tac 11, 12 PreCL 61.16 0.64 16.19 6.80 0.13 2.41 5.07 3.59 2.38 0.17 0.65 99.19 21 3.1 2.7 72 1.5 4.16 

1TAC-13 Tac 14, 15 ArD 64.53 0.53 15.75 5.07 0.10 2.07 4.52 3.74 2.72 0.14 0.44 99.61 25 2.9 2.5 335 1.7 5.01 

1TAC-16 Tac 17, 18 AndL 64.36 0.51 15.83 4.72 0.09 1.87 4.55 3.73 2.65 0.14 0.72 99.16 24 2.8 2.4 320 1.7 5 

Table 2. Major and trace element concentrations in bulk rock samples from Tacaná Volcanic 453 
Complex, before chemical treatment (see methods). We used the composition of one sample per 454 
landform for the age calculations of all other samples from the same feature, assuming that 455 
variations in compositions are insignificant. LOI, loss on ignition; total Fe as Fe2O3. Compiled 456 
samples from Tacaná summit: *Limón-Hernández (2009). Units are: PreCL, Pre-colapse lava; 457 
AndL, Andesitic lava; ME, Mafic enclave; And-Ol, olivine-bearing andesitic lava; ArD, Ardillas 458 
dome. References: **Mora et al. (2004); ***García-Palomo et al. (2006); 

1
This work. 459 

Sample CaO (%) K2O (%) TiO2 (%) Fe2O3 (%) 
SiO2 

(%) 

Na2O 

(%) 

MgO 

(%) 

Al2O3 

(%) 

MnO 

(%) 
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Table 3. Concentrations of the major elements, including the 36Cl target elements Ca, K, Ti and Fe, 460 
measured in splits taken from the samples after magnetic separation and the chemical pre-treatment. 461 
Analyses carried out at          ’    y       R  h                   (  R   CR    N   y  462 
France) by ICP-OES. 463 

 464 

 465 

 466 

 467 

 468 

Eastern lava 

dome 
    

     

Tac 1 6.08 ± 0.30 1.94 ± 0.10 0.32 ± 0.08 3.07 ± 0.46 62.71 4.04 2.12 18.09 0.08 

Tac 2 5.52 ± 0.28 1.78 ± 0.17 0.26 ± 0.05 2.54 ± 0.38 65.35 3.66 1.68 16.60 0.07 

Tac 3 6.21 ± 0.31 1.90 ± 0.40 0.31 ± 0.07 2.98 ± 0.45 62.49 4.09 2.10 18.38 0.08 

Northwestern 

lava dome 
    

     

Tac 4 8.33 ± 0.42 0.60 ± 0.12 0.06 ± 0.02 0.65 ± 0.09 60.40 4.59 0.21 22.66 0.02 

Tac 5 6.38 ± 0.32 1.43 ± 0.28 0.22 ± 0.05 2.05 ± 0.31 63.36 3.89 1.43 18.31 0.06 

Tac 6 6.75 ± 0.33 1.32 ± 0.13 0.21 ± 0.05 2.18 ± 0.33 61.63 4.11 1.41 19.58 0.06 

Southwestern 

lava dome 
    

     

Tac 7 9.14 ± 0.46 0.60 ± 0.15 0.05 ± 0.01 0.58 ± 0.09 57.21 5.25 0.18 25.29 0.02 

Tac 8 6.41 ± 0.32 1.82 ± 0.36 0.29 ± 0.07 2.53 ± 0.38 62.07 4.18 1.76 18.69 0.07 

Tac 9 6.78 ± 0.34 1.66 ± 0.33 0.25 ± 0.06 2.20 ± 0.33 61.66 4.38 1.62 19.77 0.06 

Cliff horse-shoe 

shaped crater 
    

     

Tac 10 6.76 ± 0.34 1.47 ± 0.29 0.24 ± 0.05 2.73 ± 0.41 61.68 4.21 1.27 19.86 0.07 

Tac 11 9.52 ± 0.48 0.45 ± 0.09 0.04 ± 0.01 0.54 ± 0.08 57.43 5.15 0.08 25.73 0.02 

Tac 12 6.82 ± 0.34 1.33 ± 0.26 0.19 ± 0.05 2.64 ± 0.40 62.23 4.11 1.77 19.63 0.08 

Ardillas lava 

dome 
    

     

Tac 13 7.44 ± 0.37 1.37 ± 0.18 0.23 ± 0.06 2.16 ± 0.22 60.37 4.50 1.54 21.05 0.06 

Tac 15 6.71 ± 0.33 1.69 ± 0.17 0.26 ± 0.06 2.47 ± 0.25 61.95 4.33 1.79 19.79 0.07 

Andesitic 

lava 
    

     

Tac 16 7.43 ± 0.37 1.32 ± 0.13 0.24 ± 0.06 2.14 ± 0.21 60.52 4.51 1.50 21.06 0.06 

Tac 17 7.32 ± 0.37 1.35 ± 0.13 0.34 ± 0.08 3.29 ± 0.33 59.43 4.24 2.47 19.64 0.09 

Tac 18 7.46 ± 0.37 1.28 ± 0.13 0.20 ± 0.05 1.94 ± 0.19 59.97 4.55 1.32 21.21 0.05 
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 469 

Table 4. Analytical 36Cl data and resulting 36Cl CRE ages for samples from Tacaná Volcanic 470 
Complex. Age uncertainties (1σ) include production rate errors as well as analytical errors; numbers 471 
in parenthesis correspond to analytical errors only. 472 

 473 

 474 

 475 

    Sample 

Sample 

weight 

(g) 

Mass Cl (mg) added by 

spike 
35Cl / 37Cl  36Cl / 35Cl (1014) Cl (ppm) 

36Cl conc (103 at g-

1) 
36Cl age (ka) 

Eastern lava 

dome 
       

Tac 1 66.87 2.016 3.595 ± 0.043 26.9 ± 1.4 265 ± 38 1060 ± 150 9.7  ± 2.1 (1.4) 

Tac 2 76.12 2.009 3.712 ± 0.045 21.9 ± 1.3 185 ± 25 621 ± 80 7.3 ± 1.5 (1.0)  

Tac 3 79.13 2.013 3.524 ± 0.042 31.5 ± 1.7 263 ± 40 1210 ± 180 11.0 ± 2.5 (1.8) 

Northwestern 

lava dome 
       

Tac 4 25.77 2.010 8.53 ± 0.10 21.6 ± 1.3 57 ± 7 449 ± 32  9.7 ± 1.4 (1.0) 

Tac 5 59.54 2.012 3.841 ± 0.046 22.4 ± 1.2  194 ± 25 690 ± 82 8.0 ± 1.6 (1.1) 

Tac 6 40.6 2.018 4.574 ± 0.054 23.4 ± 1.3 140 ± 17 622 ± 61 8.9 ± 1.6 (1.0) 

Southwestern 

lava dome 
       

Tac 7 19.7 2.019 8.66 ± 0.53 18.8 ± 2.0 73 ± 11 507 ± 60 9.8 ± 1.7  (1.3) 

Tac 8 82.81 2.003 3.625 ± 0.043 20.6 ± 1.2 200 ± 28 615 ± 84 6.7 ± 1.4 (1.0) 

Tac 9 60.73 2.013 3.736 ± 0.044 27.0 ± 1.4 224 ± 30 931 ± 115 9.4 ± 2.0 (1.3) 

Cliff horse-shoe 

shaped crater 
       

Tac 10 55.27 2.019 9.62 ± 0.11 22.4 ± 1.3 22 ± 3 205 ± 14 5.29 ± 0.72 (0.64) 

Tac 11 14.68 2.015 34.75 ± 0.43 1.08 ± 0.20 13 ± 2 22.2 ± 6.5 0.66 ± 0.21 (0.20) 

Tac 12 58.8 2.009 7.109 ± 0.084 26.8 ± 1.4 34 ± 4 276 ± 20 6.99 ± 0.95 (0.81) 

Ardillas lava 

dome 
       

Tac 13 69.06 2.056 3.789 ± 0.045 0.88 ± 0.20 185 ± 24 24.2 ± 6.3 
0.339 ± 0.102 

(0.099) 

Tac 14 30.79 2.008 10.60 ± 0.13 0.140 ± 0.063 33 ± 4 - - 

Tac 15 63.5 2.022 3.866 ± 0.046 0.46 ± 0.15 177 ± 23 11.8 ± 4.4 
0.169 ± 0.069 

(0.065) 

Andesitic lava         

Tac 16 50.98 2.043 4.078 ± 0.048 1.18 ± 0.24 172 ± 22 32.9 ± 7.8 0.47 ± 0.13 (0.11) 

Tac 17 53.27 2.040 4.039 ± 0.048  0.79 ± 0.19 172 ± 22 21.2 ± 6.0 
0.294 ± 0.092 

(0.085) 

Tac 18 61.72 2.027 3.931 ± 0.047 1.15 ± 0.23 167 ± 21 30.0 ± 7.1 0.44 ± 0.13 (0.11) 

Blank 01 - 2.002 116.4 ± 1.5 0.23 ± 0.16 - - - 
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Figure 6 and Table 4 (also supplement material) present the nine 
36

Cl CRE ages calculated 476 

from the samples collected at the summit lava domes “East”  “Northwest”     “Southwest” 477 

of Tacaná volcano. On the “East” dome, samples Tac-1, -2 and -3 lead to 
36

Cl CRE ages of 478 

9.7 ± 1.4 ka, 7.3 ± 1.0 ka, 11.0 ± 1.8 ka, respectively. Considering their associated 479 

uncertainties, they are statistically indistinguishable and lead to an arithmetic mean 
36

Cl 480 

CRE age and standard deviation of 9.3 ± 1.9 ka. On the “Northwest” dome, the calculated 481 

36
Cl CRE ages of 9.7 ± 1.0 ka, 8.0 ± 1.1 ka and 8.9 ± 1.0 (samples Tac-4, -5 and -6) lead to 482 

an arithmetic mean 
36

Cl CRE age of 8.9 ± 0.9 ka, whereas on the “Southwest” dome, the 483 

calculated 
36

Cl CRE ages of 9.8 ± 1.3 ka, 6.7 ± 1.0 ka and 9.4 ± 1.3 ka (samples Tac-7, -8, 484 

and -9) lead to an arithmetic mean 
36

Cl CRE age of 8.6 ± 1.7 ka. Dendrochronological data 485 

around the summit area lead to tree ages ranging from 83 to 164 years. The youngest trees 486 

are located on the summit of Tacaná dome (83 years, A1, Juniperus monticola) at 4058 m 487 

a. s. l. A similar age (<100 years) from the thali of Rhizocarpon geographicum is obtained. 488 

4.2.2. Horseshoe-shaped crater of Tacaná volcano 489 

 490 

Remnant lavas from the horseshoe-shaped crater of Tacaná are distributed to the south, east 491 

and southeast of the main Tacaná edifice (Figs. 2 and 6). As mentioned before, the 600 m 492 

wide crater breached to the NW was produced by the 15 ± 5 ka collapse. Samples from 493 

these lavas, which were analyzed in this work, have an andesitic composition (60 wt.% 494 

SiO2) with 6 wt.% alkalies (Fig. 5a). Furthermore, the three samples for 
36

Cl CRE dating 495 

from the southern edge of the horseshoe-shaped crater (samples Tac-10, -11 and -12) lead 496 

to 
36

Cl CRE ages of 5.3 ± 0.6 ka, 0.7 ± 0.2 ka and 7.0 ± 0.8 ka, respectively (Fig. 6, Table 4 497 

and supplement material). 498 

 499 

4.2.3. “Andesitic lava”  500 

 501 

Th  “              ” w              h  b     f  h  “    hw   ”       f T    á         h  502 

large NE-SW horseshoe-shaped crater (Figs. 2 and 6). Three samples from these lavas that 503 

hosted basaltic andesite mafic enclaves were collected. The geochemical analysis of pure 504 

lava samples have an andesitic composition varying from 59 to 62 wt.% SiO2, although one 505 

sample lies at the limit between andesite and dacite compositions (63 wt.% SiO2, on 506 
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anhydrous basis) (Fig. 5a; Table 2). The lava composition is similar to that from the 507 

“    hw   ”          p   ph  y       (F  . 5b-g) and the sampled mafic enclaves are 508 

similar to other enclaves reported in previous works (Mora et al., 2004; 2013). Besides, the 509 

three 
36
C  CRE      f     h    “         ”         p    T   16  17  18     0.5 ± 0.1 k   510 

0.3 ± 0.1 ka and 0.4 ± 0.1 ka, respectively (Fig 6, Table 4 and supplement material). 511 

Considering their associated uncertainties, they are statistically indistinguishable and lead 512 

to a mean 
36

Cl CRE age of 0.4 ± 0.1 ka. Furthermore, lichenometry lead to a minimum age 513 

of 390 years (Fig. 7). 514 

 515 

4.2.4. Las Ardillas dome 516 

The chemical analyses of two samples from the Ardillas dome (Table 2) complemented 517 

with one sample from a previous work (García-Palomo et al., 2006) indicate that the 518 

Ardillas dome is the most silicic structure of the TVC. It is dacitic in composition (Fig. 5a) 519 

with silica contents of 63-65 wt.% and alkalies of 5.8-6.5 wt.%. All the samples have the 520 

lowest values in MgO, CaO, Fe2O3, and Al2O3 (Fig. 5b-g), according to their more evolved 521 

character (more silica rich). Figure 6 and Table 4 (also supplement material) present the 522 

36
Cl CRE ages of the Ardillas lava dome, which are 0.3 ± 0.1 ka and 0.2 ± 0.1 ka (Tac-13 523 

and -15) and lead to a mean 
36

Cl CRE age of 0.3 ± 0.1 ka. Due to the number of 
36

Cl atoms 524 

determined by AMS for sample Tac 14 being similar to that determined for the chemically 525 

processed blank considering their associated analytical uncertainties, it is not possible to 526 

calculate an exposure age for this sample. However, its 
36

Cl concentration close to the 527 

chemical blank value indicates a very short exposure duration. On top of the Ardillas dome, 528 

the tree ages range from 117 to 164 years, whereas trees closer to the eastern vertical wall 529 

of the dome have ages ranging from 117 to 138 years (supplement material). In addition, 530 

lichenometry provides a minimum age of 300 years (Fig. 7). 531 

 532 

 533 
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 534 

Figure 5. Whole-rock chemical composition of Tacaná samples. A) Total alkalies vs silica diagram 535 
(Le Bas et al., 1986) and B-G) binary diagrams. All samples were plotted on anhydrous basis. Gray 536 
and dotted areas were taken from previous works (Mora et al., 2004; Arce et al., 2015). 537 
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 538 

Figure 6. Geological map of Tacaná Volcanic Complex. The red spots indicate the location of the 539 
samples collected for 

36
Cl CRE dating.   540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 
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 549 

Figure 7. Detailed photographs of Rhizocarpon geographicum. A) A colony formed by several 550 
individuals whom oldest specimen is 390 years, growing on the surface of the “Andesitic lava”; B) 551 
The biggest specimen of Rhizocarpon geographicum found at the Ardillas dome yield a minimum 552 
age of 300 years.  553 
 554 

5. Discussion  555 

 556 

5.1. Interpretation of the 
36

Cl CRE, lichenometry and dendrochronological ages 557 

In this study, 
36

Cl CRE dating was used to determine the age of four lava domes, one 558 

horseshoe-shaped crater and one lava from the summit and the upper part of TVC. Based 559 

on the geomorphology and field observations, the oldest rocks of the TVC summit seem to 560 

be the lavas cut by the collapse scar, followed by lavas that filled the horseshoe-shaped 561 

crater ending with extrusion of the summit domes (Figs. 2 and 6). The 
36

Cl CRE ages 562 

obtained from the three summit lava domes are statistically indistinguishable considering 563 

their associated uncertainties and provide evidence of an important effusive episode at 564 

around 9 ka. These ages are in good agreement with the explosive Once de Abril eruption 565 

that occurred ca.10 ka (
14

C age) and dispersed a succession of dense and dilute PDCs 566 

(Macías et al., 2015). Also at ca. 10 ka (Limón-Hernández, 2011), another debris 567 

avalanche, called Tuimanj, occurred towards the north associated with a smaller collapse on 568 

the northern part of the Tacaná scar crater (at Tuimanj hamlet). Hence, Once de Abril 569 
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eruption and Tuimanj debris avalanche were followed by a voluminous effusive cycle that 570 

emplaced the three summit lava domes.  571 

Based on the morphology and erosion of the Tacaná summit, it can be deduced that the first 572 

dome extruded inside the horseshoe-shaped crater was the “East” dome (radio anthenna) at 573 

9.3 ± 1.9 ka. It is quite likely that during its growing stage, parts of the dome collapse to the 574 

west producing a N-S scar. This is a common feature in growing domes in which unstable 575 

parts fail due to the action of the gravity (e.g. Colima volcano, Saucedo et al., 2004). 576 

Afterwards, a new batch of andesitic magma emplaced to the west of this N-S scar erecting 577 

first the “N   hw   ” (8.9 ± 0.9 ka) and shortly after the “S   hw   ” (8.6 ± 1.7 ka) 578 

andesitic domes. The tree ages around the summit area range from 83 to 164 years, being in 579 

good agreement with that of <100 years inferred from the thali of Rhizocarpon 580 

geographicum. Obviously, these two ages are not related to the emplacement of the summit 581 

      (“E   ”  “N   hw   ”      “    hw   ”), but indicate growth recovery after the 1902 582 

eruption of Santa Maria volcano that covered the summit of Tacaná with at least 15 cm of 583 

ash. This eruption produced a tree-ring growth suppression event in the Pinus hartwegii 584 

recorded from 1903 to 1908 (Carlón et al., 2020). Therefore, the 
36

Cl CRE results document 585 

that intense effusive activity filled the summit of Tacaná during the Early Holocene.  586 

By contrast, the 
36

Cl CRE ages of ca. 5-7 ka for the lava forming the southern edge of the 587 

horseshoe-shaped crater are around 9 ka younger than the associated debris avalanche 588 

deposit according to its 
40

Ar/
39

Ar age of 15 ± 5 ka (Macías et al., 2010). Further, they are 589 

not consistent with the 
36

Cl CRE ages of the summit domes (ca. 9 ka), which are 590 

stratigraphically younger than the horseshoe-shaped crater and chemically 591 

undistinguishable from the samples of the domes (Fig. 5b-g). We therefore infer an 592 

underestimation of the 
36

Cl CRE ages of the horseshoe-shaped crater and hypothesize that 593 

gravitational processes affected the limit of the steep cliff of the horseshoe-shaped crater 594 

from where the samples were collected. This implies that the sampled surfaces were 595 

exposed several thousand years after the collapse event. Therefore, we assume that the 
36

Cl 596 

CRE ages should be considered as minimum ages of the volcanic collapse.   597 
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As the Ardillas lava dome is older than 760 ± 30 yr BP (Macías et al., 2018), we suspect 598 

that the 
36

Cl CRE dates (0.3 ± 0.1 ka) underestimate the age of the emplacement of this 599 

dome. The sampled sites at this structure were to the right of the tensional fractures and 600 

very close to an unstable vertical cliff (Fig. 2 and supplement material) to the east sector of 601 

the dome. There is evidence of landslides associated probably with the stress regime 602 

enhanced by seismicity (Servicio Sismológico Nacional, UNAM; 603 

http://www.ssn.unam.mx) and heavy rainfalls with an annual precipitation between 4,500 604 

and 5,000 mm (http://www.tapachula.gob.mx). Thus, we assume that we dated the 605 

approximate age of a landslide and not the age of the dome extrusion. Dendrochronology 606 

and lichenometry confirm the 
36

Cl CRE dates with trees ranging between 117 and 164 years 607 

and lichen ages of 300 years, respectively. These results show that in situ-produced 608 

cosmogenic nuclide dating is useful to provide chronological constraints on active mass 609 

wasting processes in volcanic environments. Such a scenario further suggests that a 610 

monitoring studio (cameras, seismic stations) of these steep cliffs of the Ardillas dome 611 

might be necessary to alert downstream populations of future landslides.   612 

A young 
36

Cl CRE age (0.4 ± 0.1 ka) has also been obtained from the “Andesitic lava”. 613 

Here, samples were collected from the west margin of the lava, which seems to be affected 614 

by a small landslide that exhibits a crater-like morphology opened to the west (Fig. 6 and 615 

supplement material; samples Tac 16-18). Chronological data from lichenometry (390 616 

years) also support the 
36

Cl CRE age, demonstrating a consistent young exposure of the 617 

sampled area. Given the observations of instability, we suggest that the 
36

Cl CRE and 618 

lichenometry ages represent the age of a historical collapse likely associated with the 619 

phreatic explosion crater present at the base of the large NE-SW landslide that dispersed 620 

breccia and pyroclastic deposits atop the lava flow. In this sense, more research must be 621 

carried out to determine the exact age of the eruption not reported yet. 622 

5.2. Refined Holocene volcanic history of TVC and hazards implications 623 

  624 

After the ca.15 ka collapse of Tacaná that left a horseshoe-shaped crater, renewed activity 625 

ensued andesitic lavas (e.g. ca.12 ka Agua Zarca) that partially filled the collapse 626 

depression and crater. At around 10 ka, the largest explosive Holocene event of Tacaná 627 
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took place with the generation of PDCs that were dispersed radially around the volcano 628 

affecting up to the base of the cone (Macías et al 2010). This eruption was produced during 629 

open vent conditions (no domes involved atop), ejecting a low altitude eruptive column that 630 

was called the Once de Abril ash flow sequence (Macías et al., 2015). At about the same 631 

time, another collapse generated the Tuimanj debris avalanche to the north (Limón-632 

Hernández, 2011) that was smaller than the Agua Caliente debris avalanche. After these 633 

volcanic events, Tacaná experienced effusive activity with the emplacement of the “East” 634 

lava dome at 9.3 ± 1.9 ka, followed by the extrusion of the “Southwest” and “Northwest” 635 

lava domes at 8.6 ± 1.7 ka and 8.9 ± 0.9 ka (Fig. 6) that filled the horseshoe-crater as we 636 

know it today.  637 

 638 

Then, explosive activity took place around the summit of the TVC with at least nine small 639 

eruptions: (i) Papales ash flow deposit 1 (8683-8180 cal yr BP) (Macías et al., 2015); (ii) 640 

the Chocab pumice flow with charcoal embedded at 7933-7595 cal yr BP (García-Palomo 641 

et al., 2006); (iii) a pyroclastic sequence of flows and surges dated at 6998-6400 cal yr BP; 642 

(iv) a pyroclastic surge sequence with an underlying paleosol dated at 2920-2715 cal yr BP, 643 

(v) a scoria block and ash flow with charcoal dated at 924-748 cal yr BP; and (vi), the 644 

phreatomagmatic eruption followed by a sub-Plinian column that dispersed a pumice-rich 645 

fallout some 935-748 cal yr BP (Macías et al., 2018), forming an elongated crater lake of 646 

80 x 60 m in diameter (Fig. 2). We also report a minimum 
36

Cl CRE age of the “Andesitic 647 

lava” of 0.4 ± 0.1 ka that was emitted somewhere close to the Southwest dome. This age is 648 

supported by chronological data from lichenometry (390 years). Th  “          lava” was 649 

disrupted by an elongated explosion crater (60 x 25 m) made of breccia and pyroclastic 650 

deposits dispersed on the lava flow. Based on its different composition, it is likely that the 651 

“          lava” w           b f     h  “N   hw   ”     “    hw   ”      . Th         -652 

bearing lava and the dome samples display negative trends in MgO, Fe2O3, CaO, and Al2O3 653 

(Fig. 5b-g), suggesting their magmatic link and fractional crystallization of mafic phases at 654 

depth (350 MPa; Mora et al., 2013). Besides, magma mixing between mafic melts and 655 

andesitic magmas hosted in the reservoir can produce mafic enclaves (Coombs et al., 2003; 656 

Mora et al., 2013); such mixing mechanism is commonly considered as a trigger of 657 

volcanic eruptions (Manrique et al., 2020). Furthermore, the young 
36

Cl CRE dates 658 
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determined for the Ardillas lava dome (0.2 ± 0.1 ka) and the “Andesitic lava” flow (0.4 ± 659 

0.1 ka) testify the occurrence of active gravitational processes. These processes are related 660 

to a NE-SW fissure along which occur tensional fractures, landslide scars, vents of 661 

phreatomagmatic and phreatic explosions (e.g. 1986 explosion), hydrothermal fluids, and 662 

fumaroles.  663 

Three more historical explosive eruptions have been recognized on the slopes of Tacaná 664 

volcano. One of them produced a yellow pyroclastic flow deposit dated at 536-157 cal yr 665 

BP (Limón-Hernández, 2011). Another one produced an ash flow deposit called the Papales 666 

ash flow dated at 496 - To Present cal yr BP (Macías et al., 2015), whereas a white 667 

pyroclastic surge deposit was dated at 285 - To Present cal yr BP (Macias et al., 2015). The 668 

last events at Tacaná were small explosions that took place during the last two centuries in 669 

1855-1856 (Mercado and Rose, 1992; Carlón et al., 2020), 1949 (Müllerried 1951), and 670 

1986 (De la Cruz-Reyna et al., 1989).  671 

The presence of lava domes (ca. 9 ka) at the Tacaná summit (together with the lava 672 

emplaced to the north) infilling the horseshoe-shaped crater suggests that after the ca.15 ka 673 

sector collapse (Agua caliente debris avalanche), the activity shifted from explosive to 674 

effusive eruptions, lasting for centuries or thousands of years. This is a common 675 

phenomenon observed in many volcanoes after a sector collapse (e.g. Popocatépetl, Siebe 676 

et al., 2017) probably related to degassing of magma. Furthermore, lava domes represent 677 

the location of volcanic conduits from which magma was ejected to the surface. Thus, the 678 

summit lava domes of Tacaná volcano emplaced during Early Holocene blocked the 679 

volcanic conduit because no other craters are exposed at the summit today. Therefore, the 680 

question arises where the vent responsible for the Late to Middle Holocene explosive 681 

eruptions is located. A blockage of the conduit in the meantime could prevent the degassing 682 

of the magma reservoir producing overpressure and eventually explosive eruptions when 683 

the internal pressure reaches the rupture pressure of the surface. This could have produced 684 

the nine dated explosive eruptions at the TVC (Macías et al., 2015). The magma 685 

accumulated in the reservoir sought other paths to get to the surface as the set of NE-SW 686 

fractures observed nowadays (Fig. 4) from which the phreatomagmatic explosion formed a 687 

crater-lake around 0.76 ka (Macías et al., 2015), that was drained during the historic 688 
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phreatic explosion of 1949. The study of lava domes has important implications to specify 689 

the behavior of eruption style (explosive-effusive) and the generation of block-and-ash 690 

flows (i.e.: Colima volcano; Saucedo et al., 2002) that are one of the most dangerous 691 

phenomena in explosive events (Vázquez et al., 2019). Explosive eruptions like those dated 692 

at 5 and 2 ka (Macías et al., 2015) could be related to the gravitational collapse of the 693 

external parts of summit domes and/or lava fronts (Saucedo et al., 2019). 694 

We have recognized two NE-SW and two NW-SE scar collapses around the TVC summit. 695 

These scar collapses have orientations in agreement with the present stress regime in the 696 

area. Geometrically, this suggests that the location and evolution of the TVC could be 697 

related to fractures with a N65° E to N75° E direction, which are in good agreement with 698 

the results of García-Palomo et al. (2006), and could be associated with a large-scale 699 

fracture with the same orientation (Fig. 4). Such stress regime and fault system is typical of 700 

an active transtensive tectonic environment. Because no primary volcanic deposits are 701 

associated with these events (i.e. debris avalanche deposits, or fallout and pyroclastic flow 702 

deposits), they likely were produced by gravitational collapses only. The Tacaná summit 703 

domes are highly viscous based on their acidic andesitic to dacitic compositions with 704 

pronounced steep edges representing unstable parts prone to collapse. In addition, current 705 

Google Earth images show active landslides taking place in the eastern portion of Ardillas 706 

dome and the northeastern part of San Antonio volcano. This area is affected by the NE-707 

SW tension fractures displayed in figure 4, which past landslides dated in this study 708 

(“ ndesitic lava” and Ardillas dome) area associated with it. Therefore, this persistent 709 

volcanic activity and mass waste processes highlight the need for a permanent monitoring 710 

system of the complex, which would be essential to predict future geologic hazards and 711 

mitigate the associated risks for the nearby populations.  712 

A better constraint of the eruptive chronology of the Holocene activity of the TVC has been 713 

complemented with our results highlighting an intense effusive volcanic and landslide 714 

activity during the Holocene. This Holocene volcanic activity of the TVC is similar to other 715 

volcanes in Mexico as Colima and Popocatépetl. Colima volcano (the most active volcano 716 

in Mexico) has experienced at least nine explosive eruptions intercalated with dome-717 

forming events (Macías and Arce, 2019), and several small-magnitude eruptions (1991, 718 
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2000, 2002, 2006, 2015) (Rodríguez-Elizarrarás et al., 1991; Saucedo et al., 2005, 2010; 719 

Mora et al., 2004; Capra et al., 2016). Popocatépelt volcano has recorded 12 explosive 720 

eruptions during the Holocene (Macías and Arce, 2019), involving three large magnitude 721 

Plinian eruptions (Siebe et al., 1995; Siebe and Macías, 2006). Therefore, the TVC stands 722 

among the most active (hazardous) volcanoes in Mexico during the Holocene. In terms of 723 

risk, however, the TVC is the second most dangerous volcano just after Popocatépetl, 724 

because a future eruption would threaten more than around 300,000 people, including the 725 

city of Tapachula. A Plinian eruption would disrupt life in Central America affecting main 726 

cities of Belize, Guatemala, El Salvador, Honduras, and Mexico (Vázquez et al., 2019).  727 

6. Conclusions 728 

36
Cl CRE dating, dendrochronology and lichenometry were combined to determine the 729 

unknown ages of lava domes, a steep cliff of the late Pleistocene horseshoe-shaped crater, 730 

and one lava from Tacaná volcano. The                   (“E   ”  “N   hw   ”     731 

“    hw   ”) are dated consistently at 9.3 ± 1.9 ka; 8.9 ± 0.9 ka; 8.6 ± 1.7 ka, providing 732 

evidence of a voluminous effusive activity around 9 ka that followed a major explosive 733 

eruption of Tacaná (Once de Abril ash flow sequence).  734 

 
735 

Furthermore, 
36

Cl CRE ages of the cliff of the horseshoe-shaped crater of ca. 5-7 ka most 736 

likely correspond to gravitiational rock fall events rather than to the collapse event of the 737 

crater, which is expected to predate the summit domes according to the volcanic 738 

stratigraphy. Strikingly, the combination of 
36

Cl CRE ages, lichenometry and 739 

       h       y     h  “              ” and Ardillas dome resulted also useful to detect 740 

active processes associated with NE-SW landslide scars, explosion craters, phreatic vents, 741 

fumarole activity, and tensional fractures all of which are perpendicular to the NW-SE 742 

minimum stress regime (σ3) in the area. Therefore, we conclude that Tacaná is one of the 743 

most active volcanoes in Mexico, probably the third just after the Colima and Popocatépetl 744 

volcanoes. This scenario implies the need for a significant effort to mitigate volcanic 745 

hazards and associated risks (i. e. volcanic collapses) that can affect the nearby populations. 746 
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 989 

Detailed photographs of the samples collected for 
36

Cl CRE dating from the summit lava domes of 990 
Tacaná volcano. 991 
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 995 

Detailed photographs of the samples collected for 
36

Cl CRE dating from the cliff collapse scar, the 996 
                   h  “              ” f    T    á          C  p   . 997 
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 999 

Detailed photographs of the samples collected for dendrochronology. A) Sampling a specimen of 1000 
Pinus hartwegii Lindl using a Häglof borer perpendicular to the stem and at breast height; B) Forest 1001 
of Pinus hartwegii Lindl that grows on Ardillas dome; C) Detailed of the sample from a specimen 1002 
of Pinus hartwegii Lindl. The ages range between 117 to 164 years.  1003 
 1004 
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