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Abstract: The Acambay Graben, within the central part of the Trans-Mexican Volcanic 

Belt, is one of the major sources of continental earthquakes in Mexico. Paleo-earthquake 

activity is well documented for boundary faults, also source of historic earthquakes. 

However, the activity and paleoseismological history of the axial faults of the graben are 

not well constrained so far. We provide morphological, structural and sedimentological 

evidence for the seismogenic nature of two of the axial structures, the Temascalcingo and 

the Tepuxtepec fault systems. Faults consist of multiple, parallel, 3- to 25-km-long scarps 

with en echelon and horse-splay patterns. Fault systems extend for 60 km and displace 

Quaternary to Upper Miocene volcanic materials, fluvial-lacustrine sediments and slope 

deposits. Observed minimum throws of Upper Miocene and Pliocene markers reach 120-

225 m along individual traces. The long-term (0.06 ± 0.02 mm yr
-1

, minimum) and short-

term (0.12 ± 0.02 mm yr
-1

) slip rate of the Temascalcingo fault system present similar 

values. Only the long-term slip rate (0.01-0.02 mm yr
-1

, minimum) of the Tepuxtepec 

system could be constrained. The Holocene fault rupture history at two sites provided 

evidence for six ruptures since 12,500-11,195 BC. Three of those ruptures occurred 

between 11,847 ± 652 BC and 11,425 ± 465 BC. Variable single event displacements 

(SEDs, between 12 to 87 cm) are interpreted as the result of fault complexity leading to 

inter-fault dependences and/or the interaction with the latest volcanic activity. Also, small 

displacements triggered by activity on other faults probably contributed to slip variability, 

i.e., faults display primary and secondary behavior.  

Key words: Temascalcingo fault system; Tepuxtepec fault system; paleoseismology; fault 

complexity, Trans-Mexican volcanic belt. 
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 26 

The highest seismic hazard in Mexico results from large (M > 7.5) earthquakes 27 

produced by the subduction of the Cocos and Riveras plates under North America 28 

along the Pacific margin (e.g., Zúñiga et al., 2017), such as the Michoacán earthquake 29 

on September 19
th

, 1985 (Mw 8.0), which was one of the most destructive events 30 

worldwide in the 20
th

 century. Maximum earthquake magnitudes expected from the 31 

crustal faults of the Trans-Mexican Volcanic Belt (TMVB) of Mexico are lower (M ≤ 32 

7.5) (e.g., Langridge et al., 2000, 2013; Ortuño et al., 2015; Suter, 2016) (Fig. 1). 33 

Despite their lower magnitude, these crustal faults are near megacities that have had an 34 

exponential increase in their population and urban development during the last decades 35 

(e.g., Mexico City and Guadalajara). Therefore, the consequences of fault rupture 36 

within the TMVB should not be underestimated, as damage and losses from these 37 

events could be quite substantial (e.g., Suter, 2014). 38 

Near 100 active fault traces longer than 2 km have been mapped in the central 39 

part of the TMVB (Suter et al., 2001) (Fig. 1). According to their surface expression 40 

and age of faulted deposits, many of these have been described as active during the 41 

Late Quaternary (Johnson and Harrison, 1989, 1990; Martínez-Reyes and Nieto-42 

Samaniego, 1990; Suter et al., 1992, 1995, 2001; Ramírez-Herrera et al., 1994; 43 

Garduño-Monroy et al., 2009). Only nine faults have paleoseismological studies that 44 

confirm their seismogenic nature. These are: the Tenango fault, at the eastern section 45 

of the TMVB; the Acambay, Pastores, Venta de Bravo, San Mateo and Temascalcingo 46 

faults in the central-eastern section (Figs. 1, 2, 3); and the Morelia, Tarímbaro-Álvaro 47 

Obregón and La Paloma faults in the central-western section (Langridge et al., 2000, 48 

2013; Norini et al., 2006; Garduño-Monroy et al., 2009; Ortuño et al., 2012, 2015; 49 

Velázquez-Bucio et al., 2012; Lacan et al., 2013, 2018, this issue; Sunyé-Puchol et al., 50 
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2015; Suter, 2016). Two of these nine faults have been identified as sources of 51 

historical earthquakes: the Acambay-Tixmadejé fault, source of the Acambay 52 

November 19
th

, 1912 (Ms = 6.7; Suter et al., 1996; Langridge et al., 2000); and the 53 

Venta de Bravo fault, source of the Maravatio February 22
nd

, 1979 (mb = 5.3; Astiz-54 

Delgado, 1980; Martínez-Reyes and Nieto-Samaniego, 1990). The fact that the seismic 55 

potential of other 80 faults with active geomorphic expression is unknown suggests 56 

that the seismic hazard of the central TMVB is currently substantially underestimated 57 

(Rodríguez-Pérez et al., 2017).  58 

 59 

The study of paleo-seismic events from the sedimentary record and the 60 

landscape, is one of the most valuable tools to constrain the seismogenic potential of 61 

faults. However, within complex systems like the TMVB these studies need to: 62 

integrate the characterization of many structures; clarify if they move as primary or 63 

secondary faults; and quantify past fault rupture parameters (ie., proxies for future 64 

earthquake parameters). In this paper, we focus on the geological and seismogenic 65 

characterization of the Temascalcingo-Tepuxtepec-Acambaro (TTA) fault system, a 66 

group of faults located along the axis of the Acambay Graben (Fig. 1). To date, the 67 

only evidence for Holocene fault rupture within this system was found in a 68 

paleoseismological trench across the San Mateo fault (Sunyé-Puchol et al., 2015), 69 

antithetic to the Temascalcingo fault (Fig.3A). On the main Temascalcingo fault, 70 

Velázquez-Bucio et al. (2012) reported past-fault ruptures observed in trenches, but 71 

the work was non-conclusive about the timing of events and their primary/secondary 72 

rupture nature.   73 

We present here new data on the TTA fault system from several natural 74 

exposures of structural features and five trenches across two of the faults. We used 75 
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radiocarbon analysis to date displaced sediments. We aim to: elucidate whether these 76 

two faults are seismogenic or not; determine a preliminary surface rupture history for 77 

each fault; and compare their rupture histories with paleoearthquake chronologies 78 

within the region. This latter exercise will help determine the temporal relationship 79 

between the axial (TTA) and the larger fault systems bounding the Acambay Graben, 80 

i.e., the Acambay and Pastores-Venta de Bravo master faults. Our results will 81 

contribute to improving our understanding of the fault activity in the axial part of the 82 

graben, and to generating fault sources that can be incorporated into seismic hazard 83 

maps and earthquake scenarios of the region. Well constrained hazard estimates are 84 

essential for societal earthquake preparedness and response, as well as long term land 85 

use planning.  86 

 87 

2. Methods 88 

The geology and geomorphology of the central Acambay Graben was studied to 89 

mapped fault scarps and assess potential recent fault activity. The method combined the 90 

analysis of previously published geological maps (geological maps 1:50000 from the 91 

National Institute of Statistics and Geography, INEGI; Aguirre-Díaz et al., 2000, Ferrari 92 

et al., 2012; Ortuño et al., 2015) with the study of landforms. We undertook aerial 93 

photograph interpretation (1:37000 scale flight from 1983 available form INEGI), 94 

analysis of digital elevation models (obtained from 1:25000 digital topography available 95 

from INEGI) and field reconnaissance. We compiled structural data (including 96 

kinematic indicators) at eight natural outcrops associated with fault scarps to determine 97 

fault geometry and kinematics. We also documented the characteristics and potential 98 

age of faulted volcanic and fluvial deposits at the natural exposures.  99 
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Based on presence of potential surface deformation from geomorphic analysis, and 100 

observations from nearby artificial and natural outcrops, sites were selected for 101 

detailed studies along the Temascalcingo and Tepuxtepec fault systems (Fig. 1). The 102 

selected trench sites were located on Holocene to Late Pleistocene sediments and had 103 

potential for containing datable material. During April 2011, paleoseismological 104 

trenches were excavated with a backhoe excavator and were perpendicular to inferred 105 

fault traces on both fault systems. The excavation was between 10 and 18 m long and 106 

2 m wide with vertical walls of approximately 2.5 m depth. Trench walls were gridded 107 

(1 m x 0.5 m) and logged at a 1:20 scale. Photomosaics of the trench walls are 108 

available as supplementary material (A.1 and A.2). 109 

 110 

The analysis of the structure and stratigraphy exposed in the trench walls, aided 111 

with retro-deformation of the logs, allowed for the determination of the number and 112 

characteristics of the rupturing events. We provide estimates for vertical slip-per-113 

event, and then calculated the dip-slip per event using the dip of the major fault. These 114 

measurements have associated uncertainties derived from two main sources. The first 115 

and larger uncertainty is related to the use of alternative markers to calculate the fault 116 

throw. For instance, the basal surface of some units is irregular but can be simplified 117 

with a straight line (envelope) that can be subjectively delineated in different ways. In 118 

those cases, two envelopes, representing maximum and minimum displacements, have 119 

been considered and used to calculate an average value and its associated error (Supp. 120 

Mat A.3). The second uncertainty is based on the repeated measure of the associated 121 

displacements, which led us to detect an extra systematic error of: near ± 2 cm for 122 

trench data, i.e., derived from transferring the lines from the trench wall to the log and 123 

from log digitalization; and of ± 10 m for geomorphic surface throw, derived from 124 
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digital elevation model resolution. The uncertainty in the offset calculations combines 125 

both errors considering a uniform distribution.  126 

 127 

To constrain the timing of deformation, 10 samples of charcoal and soil were 128 

collected and dated. A chronological model of the rupturing events in Juanacatlan site 129 

was obtained considering the probability distribution of 
14

C dating results. This was 130 

done following the procedure proposed by Lienkaemper and Bronk Ramsey (2009) for 131 

the Bayesian treatment of the dating results with the OxCal program (version 4.2; 132 

Bronk Ramsey, 1995, 2001, 2008).  133 

 134 

3. Geological and seismotectonic setting  135 

The central part of continental Mexico is traversed by the TMVB, an active 136 

volcanic arc that extends from the Pacific to the Gulf of Mexico for nearly 1000 km 137 

(Fig. 1). The emplacement of this arc during the Neogene is associated to the 138 

subduction of the Cocos and Rivera plates under the North America plate (e.g., 139 

Mooser, 1972; De la Fuente and Verma, 1993; Ferrari et al., 2012). The study area is 140 

located within the central part of the TMVB, also known as the Chapala-Tula fracture 141 

zone (Johnson and Harrison, 1990). Since the middle Quaternary, the minor horizontal 142 

stress vector (σ3) for central TMVB is oriented northwest-southeast (Suter et al., 1995, 143 

2001; Ego and Ansan, 2002), with an accumulated bulk extension rate across the 144 

volcanic belt of 0.2 ± 0.05 mm yr
-1

 (Langridge et al., 2000; Suter et al., 2001). 145 

The Acambay Graben is one of the east-west oriented grabens within the central 146 

TMVB (Aguirre-Díaz, 1996; Fig. 1). This graben is bounded by four major faults, the 147 

Acambay-Tixmadejé and Epitacio-Huerta faults to the north and the Pastores and 148 

Venta de Bravo faults to the south. The graben widens towards the west in a scissors-149 
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like pattern (Fig. 1). The first active faulting studies focused on the faults bounding the 150 

Acambay Graben (e.g., Martínez Reyes and Nieto-Samaniego, 1990; Ramírez-Herrera 151 

et al., 1994; Suter et al., 1995, 2001). During the last two decades, the research has 152 

focused on characterizing the seismogenic potential and the paleoseismic history of the 153 

Acambay, Pastores, San Mateo and Venta de Bravo faults (Langridge 2000; 2013; 154 

Ortuño et al., 2012; 2015; Velázquez-Bucio et al., 2012; Lacan et al., 2013; 2018, this 155 

issue; Sunyé-Puchol et al., 2015). According to those studies, these faults could 156 

generate earthquakes of maximum magnitude (Mw) between 6 and 7, with recurrence 157 

intervals between 3.6 and 14 kyr (Langridge et al., 2000, 2013; Sunyé-Puchol et al., 158 

2015). Ortuño et al. (2015) inferred shorter recurrence intervals (1.1–2.6 ka) for the 159 

western tip of the Pastores fault, and suggested that the fault segment, located in a 160 

transfer zone, could have recorded secondary ruptures associated with large 161 

earthquakes on nearby faults. 162 

 163 

3.1 The Acambay central faults 164 

The ESE-WNW to E-W trending Temascalcingo-Tepuxtepec-Acámbaro (TTA) 165 

fault system (Martínez-Reyes and Nieto-Samaniego, 1990) consists of a set of faults 166 

that extends for approximately 100 km between Temascalcingo and Acámbaro (Fig. 1). 167 

It can be divided along strike into three fault subsystems, the Temascalcingo (eastern 168 

part), the Tepuxtepec (central part) and the Acámbaro (western part) fault subsystems. 169 

While the Temascalcingo and Tepuxtepec subsystems are located within the Acambay 170 

Graben, the Acámbaro subsystem is located outside the graben. Most of the faults in the 171 

Temascalcingo and Tepuxtepec subsystems dip to the north, whilst in the Acámbaro 172 

faults dip mainly to the south. Minor faults within these subsystems define several 173 

tectonic basins, such as the San Antonio-San Rafael basin, or the one located at the top 174 
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of the Temascalcingo volcano (Figs. 1, 2, 3). The Altamirano volcano appears to be the 175 

boundary between the Temascalcingo and Tepuxtepec faults systems. 176 

Although not described thoroughly, the recent activity of the TTA system has been 177 

highlighted in previous regional studies. Fault activity was inferred from 178 

geomorphological expression and from analysis of outcrops, where fault planes and 179 

slicken-lines were found on rocks older than middle Quaternary (Martínez-Reyes and 180 

Nieto-Samaniego, 1990; Ramírez-Herrera et al., 1994; Ramírez-Herrera, 1996; Suter et 181 

al., 2001). Preliminary paleoseismological data on these faults were presented by 182 

Ortuño et al. (2011). 183 

 184 

4.  Late Pleistocene and Holocene activity of the Temascalcingo-185 

Tepuxtepec system 186 

More than 20 faults traces have been mapped within the Temascalcingo and the 187 

Tepuxtepec fault subsystems (Fig. 1) Many of the faults displace three major volcanic 188 

complexes. These are, from east to west, the Temascalcingo volcano, the Altamirano 189 

volcano, and the Puruagua volcanic range (Aguirre-Díaz, 1996). The two former ones 190 

are Quaternary andesitic-dacitic strato-volcanoes and the latter is a Miocene volcanic 191 

complex (Aguirre-Díaz et al., 2015; Fig. 1). 192 

 193 

4.1 The Temascalcingo fault system  194 

The N100-110ºE trending Temascalcingo fault system (TemasFS) extends for 32 195 

km from the Acambay valley (east of the Temascalcingo volcano) to the eastern foot of 196 

the Altamirano volcano. The fault system comprises 10 distinctive faults and displays 197 

two contiguous horse-tail geometries that open to the east (Fig. 3A). The separation 198 

perpendicular to fault strike between the fault traces has a maximum value of 6 km near 199 



 

 9 

the centre of the Temascalcingo volcano. Splaying fault terminations have been 200 

observed in other parts of the Acambay Graben, such as with the Venta de Bravo fault 201 

and the western end of the Pastores fault (e.g., Suter et al., 1992; Ramírez-Herrera, 202 

1998; Ortuño et al., 2015; Lacan et al., 2018, this issue; Fig. 1).  203 

The main geologic and geomorphic units displaced by the Temascalcingo fault 204 

subsystem (Fig. 3A, Supp. Mat. A.4) are, from east to west (Sánchez-Rubio, 1984; 205 

Aguirre-Díaz, 1996; Aguirre-Díaz et al., 2000; Roldan-Quintana et al., 2011; Ortuño et 206 

al., 2015; Pedrazzi et al., 2016): 1) the Plio-Quaternary Santa Lucia dacitic dome 207 

(TQsld in Supp. Mat. A.4); 2) the Temascalcingo dacitic-strato volcano of Quaternary 208 

age (Aguirre-Díaz et al., 2015); and 3) the Pliocene Bañí dacitic domes. In the eastern 209 

sector of the TemasFS, the Temascalcingo volcano is vertically offset by north dipping 210 

and by south dipping faults along its southern and northern flanks, respectively. This 211 

faulting has resulted in the formation of counter-slope scarps, associated basins and 212 

drainage blockage, and the modification of the volcanic summit caldera (Figs. 2aA, 3A). 213 

In the western sector, the Bañí-Solís domes (with mesa-type reliefs) are offset by north 214 

dipping faults, which have led to a stair-case like landscape (Figs. 2aB, 2aC, 3A, 4).  215 

 216 

4.1.1 The Temascalcingo fault surface expression 217 

The Temascalcingo fault is the main fault within the TemasFS. It dips near 80º 218 

to the north, has a length of 19 km, and comprises three segments according to its 219 

surface expression (TF1 to TF3 in Fig. 3A). The 10.6-km-long eastern segment (TF1) 220 

bounds the San Pedro caldera to the south. TF1 connects and overlaps by 2 km with the 221 

central segment of the fault (TF2) near the Lerma River. The straightness and continuity 222 

of both segments suggest that they are linked at depth. The 7.3-km-long TF2 segment 223 

cuts across the mesa reliefs formed by the Bañí-Solís domes. These tabular reliefs dip 224 
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gently to the south as a result of tectonic tilting (Figs. 2C, 3A). The western tip of TF2 225 

cuts a well-preserved cinder cone. The 6.1-km-long western segment (TF3) extends 226 

from the Bañí-Solís domes to the eastern flank of the Altamirano volcano (Fig. 3A). To 227 

the north, TF3 connects with two ENE-WSW trending fault branches that form the 228 

western horse-tail of the TemasFS. Four fault outcrops (Table 1, Figs. 1, 5) along the 229 

Temascalcingo fault segments showed predominantly normal faulting of late 230 

Quaternary volcanic materials. 231 

 232 

4.1.2 Paleoseismological exposures of Temascalcingo fault (Juanacatlan site) 233 

At the western end of the TF2, the Juanacatlan trench site (Figs. 3A, 6) was 234 

selected for paleoseismological investigations. The site is located at a hydrological 235 

divide defined by the Altamirano and Temaslcancingo volcanoes, that separates the 236 

the Lerma River valley to the north from a local Quaternary fluvio-lacustrine basin to 237 

the south. The site is local at topographic low along the divide where he local 238 

morphology appears that of a smooth valley between two volcanic reliefs (the lava 239 

domes to the East and a cinder cone to the west). At this location, talus deposits 240 

accumulate. This site, along the trace of the major TF2, was suitable for 241 

paleoseismology studies because of: 1) its proximity to structural station 1 (Fig.1, 242 

Table 1), which provides structural data for the TF2 indicating active normal faulting 243 

affecting a Quaternary cinder cone (El Ruedo, Figs. 3A, 5A); and 2) the presence of 244 

relatively low (<2 m high), easy-to-trench scarp, considered favorable for the 245 

preservation of the same sedimentary units on both sides of the fault. We assumed that 246 

a balanced relationship between deposition and erosion has allowed for a better 247 

recording of the faulting history here, compared to surrounding areas. The drainage to 248 
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the south has limited erosive capacity, as the topography (now occupied by the 249 

Juanacatlan Lake) is relatively flat. 250 

At the Juanacatlan site, two 3-m-deep, 10-m-long trenches (Juana 1 and Juana 2) were 251 

excavated across the fault and were10 m apart (Fig. 6). Seven samples for 
14

C dating 252 

were collected (Table 2, Fig. 6). Juana 1 exposed a volcano-sedimentary sequence 253 

consisting of nine units named a to i from younger to older (Fig. 6). The sedimentary 254 

unit properties are described in Supplementary Material A.4 and have been used to 255 

interpret the origin of the units provided below and included in the figures containing 256 

the trench logs. At the base of the trench, an ignimbrite deposit (unit i) is buried by 257 

two sedimentary units: a reworked regolith (unit h) and a channel infill (unit g). Unit g 258 

is only present next to the main fault and it is a matrix-supported conglomerate with 259 

rounded dacite and ignimbrite clasts up to 14 cm diameter. The roundness of the clasts 260 

leads us to interpret it as a fluvial unit filling, a channel running parallel to the fault 261 

scarp. Units h and g are only present in the hanging-wall. Unit f is a paleosol with 262 

colluvial clasts and pedogenic calcite laminae. It overlays units h and g in the hanging-263 

wall and unit i in the footwall. On the west trench wall, a colluvial deposit is 264 

juxtaposed to the main fault and is interpreted as a colluvial wedge (unit e). A 265 

sequence of weathered air-fall deposits (ash and clay deposits; units d, c and b) formed 266 

the upper most part of the depositional sequence. The topmost layer is the present-day 267 

soil that is disrupted by ploughing. Faulting was distributed across a main fault and 268 

secondary synthetic and antithetic faults (up to 11 faults and fractures). Secondary 269 

faults mainly developed within the down-thrown block. The main fault is oriented 270 

N114E to N124E, dips 65N and displaces all the volcano-sedimentary sequence except 271 

for unit b that is only fractured, and unit a that is undeformed. The accumulated 272 
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vertical displacement of unit h is 1.39 ± 0.14 m (Juana 1E) and 1.85 ± 0.17 m (Juana 273 

1W).  274 

Juana 2 (Fig. 6) exposed the same volcano-sedimentary sequence in the downthrown 275 

block as in Juana 1, whereas in the upthrow block it only exposed a dacitic lava-flow 276 

(unit j) covered by unit a. Unit j belongs to the Bañí-Solís domes (Fig. 3A). We did 277 

not identify units g, f’, f and e in this trench. Faulting is displayed as a main N114-278 

120E trending fault and a series of synthetic and antithetic faults. One of the secondary 279 

fault planes developed in unit j oriented N095-099E/85N exhibited slickenlines 280 

43/105, indicating a main dip-slip fault with a minor right lateral component. It is 281 

notable that the fractured/faulted zone becomes wider to the west (Juana 2-W), and 282 

that there is a preferentially depressed area located in the downthrown wall. This zone 283 

is bounded by faults and it can be identified in all the trench walls. The cumulated 284 

vertical displacement of unit h has been estimated as 1.71 ± 0.26 m (Juana 2E) and 285 

1.56 ± 0.3 m (Juana 2W).  286 

 287 

4.1.3 Paleoarthquake sequence at Juanacatlan site  288 

Analysis of deformation in the two trenches at the Juanacatlan site suggests a 289 

sequence of at least six surface ruptures with variable single event displacement (SED) 290 

ranging from 6 to 77 cm (averaged in 46 ± 6 cm), with a coefficient of variation of 291 

0.46 (vertical component). The style of deformation varies from one trench to another, 292 

and some events cannot be identified in all of them (Fig. 6). While the styles of 293 

deformation in Juana 1 and Juana 2E are similar, with most of the deformation 294 

localized on a main fault, Juana 2W displayed a very different style. In this latter, 295 

faulting seems to be somewhat more broadly distributed and having larger offsets 296 

along some faults in association with fissuring. We interpret that Juana 2W 297 
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deformation style is highly influenced by voids developed in the near surface along the 298 

fault, which causes collapse of blocks between faults, and thus large fault throws that 299 

may not representative of the tectonic displacement. Consequently, while we have 300 

reported the apparent displacements observed in this trench, we have not considered 301 

them as preferred in any case. 302 

The faulting history was deciphered by step-wise restoration of two trench walls of 303 

Juana 1E (Fig. 7) and by analyzing the geometric relationships between faults and 304 

sedimentary units, as well as progressive displacement, in the four trench walls 305 

(summarized in Table 3, Supp. Mat. A.5, A.6). Fault ruptures are interpreted to have 306 

produced folding and simultaneous displacement on several fault branches. In Table 3, 307 

we provide the throws associated to faults active during each event, but only to show 308 

relative timing the ruptures. Collapse of the fault free face is recorded as a colluvial 309 

wedge (in Juana 1E) and at least in one occasion, the generated scarp may not have 310 

been completely eroded between successive ruptures.  311 

Event 1. The bracketing units for event 1 are a and b. The most recent surface 312 

rupturing event produced displacement along two of the faults observed at Juana 2W, 313 

and tilting and fractures along different zones in both trenches. Main evidence for this 314 

event is movement of F5’, the main fault at Juana and a fissure opening along F10’. 315 

Deformation along F8’seems to have caused the down-drop of unit b. At Juana 2E, 316 

Juana 1E and W, this event is less obvious. It probably displaced the base of unit c by 317 

57 ± 3 cm. At Juana 1W, displacement and tilting of unit b along the main fault is 318 

considered as feasible, but the exact amount of deformation produced by this event 319 

cannot be distinguished from the deformation during event 2. Also, some inherited 320 

throw is suspected. 321 
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Event 2. Rupturing event 2 was inferred from the deformation of unit c, which does 322 

not extend into unit b. It has an associated SED ranging from 78 ± 17 cm to 60 ± 3 cm, 323 

inferred from the displacement of the base of unit c in Juana 1E and Juana 2E. 324 

Evidence for this event in Juana 2E is that unit c seals the main fault but it is displaced 325 

by other faults. The increased thickness of unit c in the area bounded by faults F2 and 326 

F8 (at Juana 2E) and F4’ and F8’ (at Juana 2W) is considered the most striking 327 

evidence of this event. F2 cuts unit c which is bounded by two fractures interpreted as 328 

a tectonic fissure. At Juana 2W, this deformation is expressed by relatively large 329 

offsets of unit c and underlying units across faults F4’ to F12’.  330 

At Juana 1W, the measured throw (75 ± 10 cm) could include some inherited throw 331 

from a previous event, since the presence of a scarp leading to a colluvial wedge (in 332 

next event) suggest that the top of unit d was never completely horizontal. This 333 

inheritance could also be present in the measured values of the other trench walls but 334 

the absence of a colluvial wedge does not allow for its estimation. 335 

Events 3 and 4. Two previous events are identified by the larger deformation of unit d 336 

with respect to younger units (event 3) and by the formation of a colluvial wedge (unit 337 

e) on top of unit f (event 4). We analyzed the deformation of these two events together 338 

(events 3/4) because unit f is not present in Juana 2 and, thus, both events appear as 339 

single event. 340 

Event 3 is bracketed between units c and d. The main pieces of evidence for this event 341 

are: 1) the sealing of some faults and fractures by unit c (F10 in Juana 1E; F5’ to F6’in 342 

Juana1W; F5 in Juana 2E; F9’ in Juana 2W); and 2) the fact that the colluvial wedge 343 

(unit e), generated in previous event (event 4), is faulted. The measurement of its 344 

associated SED (discussed below) was not straightforward; we suspected that unit d 345 

may have not been horizontal prior to faulting by event 3. Therefore, to determine its 346 
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SED we required first to estimate the “inherited throw”, i.e., the displacement 347 

produced by the prior event.  348 

Event 4 is bracketed between units d and f. In Juana 1W, the main evidence for event 4 349 

comes from the presence of a colluvial wedge (unit e) between the two bracketing 350 

units next to the main fault. Unit e consists of irregular and angular clasts derived from 351 

units f and j. It has an associated SED of ~80 ± 6 cm and 80 cm ± 8 cm, measured at 352 

Juana 1E and W, respectively. The first value is inferred by multiplying the thickness 353 

of the colluvial wedge (unit g, 53 ± 4 cm) by 1.5 times, which result in value similar to 354 

the displacement of unit d in Juana2E and is in the range of the estimations made by 355 

McCalpin (2009) from observed relationships between colluvial wedges and source 356 

scarp.  357 

 358 

In Juana 2E and W, we cannot distinguish between events 3 and 4. The cumulative 359 

displacement of unit f of 30 ± 15 cm represented the combined SED. Restoration of 360 

these events is difficult because we suspect that, before event 3, unit d (ash fall 361 

deposit) was not horizontal but had a depositional geometry that mimics a scarp (Fig. 362 

7), indicating that between event 3 and 4, the ground surface was not completely 363 

leveled. Moreover, the thickening of unit d in the fault zone also suggests it was 364 

burying a step in the ground (preexisting scarp). This is consistent with a fall deposit 365 

mantling the surface scarp produced during event 4. This configuration can be 366 

compared with that observed at paleoseismological trenches across fault in volcanic 367 

environments (e.g., the Rangipo fault, in the Taupo volcanic rift, New Zealand; 368 

Villamor et al., 2007), where volcanic tephra deposits mantled pre-existing surface 369 

scarps, inheriting the surface offset.  370 
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Event 5. The event 5 is constrained between units f and g in Juana 1 and between units 371 

d and h in Juana 2. In Juana 1E, several faults and fractures cut unit g but not unit f 372 

(meters 4 to 5 in Fig. 6). For some of these structures (e.g., F6 to F8) it is not possible 373 

to distinguish if the base of unit g is displaced or just fractured because the base of the 374 

unit is not exposed. In Juana 2W, the deformation assigned to this event is distributed 375 

among several fault branches. There, the base of unit h is clearly more displaced than 376 

the base of unit d (for instance, along F2’, F3’, F10’to F12’). The absence of unit h 377 

between faults F7’ and F8’ suggests that some erosion took place right after deposition 378 

of unit h, which is consistent with the formation of the channel infill observed at Juana 379 

1 (unit g). The area between faults F5’ and F10’in Juana 2W is interpreted as a small 380 

graben developed within the downthrown wall (meters 4 to 6 in Fig. 6), with some 381 

large fault displacements enhanced by vertical collapse of the units (subsurface voids). 382 

A similar structure is identified at Juana 2E between F3 and F8. 383 

The cumulative throw (CT) of event 5 in the different trenches is obtained by 384 

assuming that the base of unit h on the downthrow block was at some time leveled 385 

with the top of unit i in Juana 1 (Fig. 7) and of the top of unit j in Juana 2, both on the 386 

upthrown block. This value should be considered a minimum, because some erosion 387 

on the upthrown block might have occurred. The CT ranges between 139 ± 14 cm 388 

(Juana 1E) and 185 ± 17 cm (Juana 1W). After subtracting previous events from these 389 

values, the preferred SEDs of event 5 are 32 ± 5 cm (Juana1E) and 56 ± 3 cm 390 

(Juana2E). 391 

Event 6. This is the oldest identified event and is characterized by deformation on unit 392 

i that is not present in unit h. In Juana 2E, such a deformation is obvious along faults 393 

F2, which are filled with material from unit h, F3 and F7. The differences in 394 

weathering degree between the top of unit i in the hanging wall and in the footwall 395 
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(observed in Juana 1E and 1W trenches) hampers correlating theses markers across the 396 

main fault. Accordingly, the throw obtained by leveling these two surfaces must be 397 

considered as a minimum, because the “weathered” top of unit i in the upthrown block 398 

could have been at a higher elevation and subsequently been eroded. For Juana 2E and 399 

2W, we have assumed that the top of unit i was at some time leveled with the top of 400 

unit j. Therefore, the total cumulative throw calculated at Juana 2E is 228 ± 25 cm (64 401 

cm SED), which should be taken as a minimum offset.  402 

 403 

4.2 The Tepuxtepec fault system  404 

The E-W trending, mainly N dipping Tepuxtepec fault system (TpFS) is located 405 

between the Altamirano volcano and the western slopes of the Puruagua Range. It 406 

displaces the volcano flanks, and the Lerma River fluvial depression at two locations 407 

(Fig. 1). The TpFS comprises a total of 16 faults with lengths ranging between 1 and 18 408 

km and maximum scarp-heights between 15 and 125 m. Three main faults (Figs. 1, 3B) 409 

are defined from fault trace geometry as (1) the Taranda (22 km long) fault, (2) the 410 

Paquisihuato North (PNF in Fig. 1; 8 km long) and South (PSF in Fig. 1; 7 km long) 411 

faults, and (3) the Tepuxtepec (25 km long) fault. The E-W trending Taranda fault is the 412 

northernmost fault of the system and dips to the N (Figs. 1, 2bE), while Paquisihuato 413 

South fault bounds the system to the south. The E-W to ENE-WSW trending 414 

Tepuxtepec fault shows a sinuous trace, a dip to the N (Fig. 2bF), and splits into several 415 

fault traces at the eastern end. Some of those traces displace the Altamirano volcano 416 

(Fig. 3B).  417 

Most of the fault traces separate hard lavas (uplifted blocks) from areas with 418 

accumulation of volcano-sedimentary sequences (downthrown blocks, Fig. 3B). From 419 

older to younger, the principal volcanic sequences are: 1) the Sierra Puruagua complex, 420 
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a Miocene volcano-sedimentary sequence (Aguirre-Díaz et al., 2012; Ortuño et al., 421 

2015) that mainly consists of lavas and pyroclastic flows; 2) pyroclastic fall deposits 422 

and flows of undefined age, mainly preserved in the downthrown block; 3) a 423 

Pleistocene pyroclastic fall (Aguirre-Díaz et al., 2015) covering a wide area and 424 

exposed at the eastern sector in several quarries (station 4 and 5 in Table 1 and Fig. 1, 425 

Supp. Mat.  A.4).  426 

The geomorphological expression of the Tepuxtepec faults analyzed with respect to 427 

the distribution of the lithologies and the drainage pattern (Fig. 1 and 3B, 428 

Supplementary material A.3 and A.8) allows for a preliminary evaluation of the degree 429 

of activity of the system. The activity of faults clearly controls the current drainage 430 

pattern. The drainage delineates a typical right-angle cross pattern with fluvial courses 431 

running parallel and perpendicular to the faults.  Fluvial depressions have elongated 432 

shapes and run parallel to tectonic structures (subsided areas), such as the San 433 

Antonio-San Rafael graben (Fig. 3B). Creeks flow parallel to faults (within the 434 

elongated depressions) and at the base of large fault scarps (drainage parallel to faults, 435 

Fig. 1, 2D-F, Supplementary material A.8). 436 

Ramirez-Herrera (1994; 1998) suggested that the activity of the Tepuxtepec fault 437 

system, inferred from scarp dissection and triangular facets analyses, was relatively 438 

low compared to other systems within the Acambay graben. While this is possible, 439 

there are other factors, such as lithology, size of drainage basins and fault geometry, 440 

that may hinder scarp dissection and/or formation of triangular facets even if the 441 

activity of faults is moderate or high (Wells et al., 1988). The regional relief at the 442 

southern flank of the Puruagua range is relatively low and controlled by successions of 443 

Miocene lava flows. This low relief combined with resistant lithologies might have 444 

hampered the incision of fluvial drainage perpendicular to the fault scarps (Fig. 3B, 445 
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Supp. Mat. A.3 and A.8). Accordingly, the poor faceting of the fault scarps might not 446 

be indicative of relatively lower tectonic rates. Moreover, the faults present relatively 447 

shorter lengths when compared with the other fault systems in the region (Fig. 1). A 448 

low degree of fault linkage might be indicative of the early stage of fault systems 449 

compared to longer and supposedly older fault systems (e.g., Dawers and Anders, 450 

1995; Roberts et al., 2004). In the study area, faults within the axis of the graben 451 

(Tepuxtepec area) could be thus younger but not less active than faults bounding the 452 

graben (as Acambay-Tixmadejé fault), where fault segments are longer (Fig. 1). The 453 

recent linkage between segments can also be suspected from the scarp height 454 

distribution. The topographic profile of the upper and lower part of the scarp along the 455 

main fault trace (TpxF1) shows two sections of increased throw and another section 456 

with smaller throw in the middle. This feature suggests that the fault may have resulted 457 

from the recent linkage of two consecutive segments, showing a lower throw in the 458 

middle part of the trace (Fig. 4B). However, we agree with Ramirez-Herrera (1998) 459 

that the morphometric analysis of faulting in this area is problematic because: of 460 

lithological control on the scarp morphology; the system does not represent a 461 

continuous mountain front; and the geomorphology also reflects volcanic processes.  462 

 463 

4.2.1. The Tepuxtepec fault surface expression  464 

The 24-km-long Tepuxtepec fault (TpxF) is the largest fault within the TpFS. It 465 

extends from the western slopes of the Altamirano volcano to the west of the Puruagua 466 

range. The system consists of multiple fault segments displaying horse-tail like 467 

geometry (Fig. 1). A main fault displays relatively large surface offsets with a 468 

maximum thrown of 125 m (Fig. 4B). Secondary faults tend to concentrate in the 469 

upthrown block and show lower scarp heights (between 15 and 55 m).  470 
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The TpxF can be divided into two segments, the 3.5 km long TpxF1 and the 4.5 km 471 

long TpxF2 (Fig. 3B). In the TpxF1 footwall, two parallel faults, the San Rafael (~ 7 km 472 

long) and San Antonio (6.4 km long) faults, define a tectonic graben filled with fluvio-473 

lacustrine sediments. Within the San Antonio-San Rafael graben, the Cerro Prieto dome 474 

seems to be tectonically displaced by small faults. To the west, the Cerro Pelón, a 475 

cinder cone of probable Quaternary age, is displaced by the San Rafael fault (Fig. 3B). 476 

The geomorphologic expression of the TpxF corresponds mainly to normal faults. 477 

Topographic profiles across the TpxF (Fig. 4B) suggest that most of the faults dip to the 478 

north, except for the San Antonio fault, that dips to the south. The height of the 479 

escarpment, up to 50 m, increases towards the center of the faults.  480 

Five structural outcrops along the Tepuxtepec faults (located in Figs. 1) confirmed the 481 

Late Quaternary fault activity and its predominant normal component of displacement 482 

(Table 1, Fig. 5). Structural data collected at these stations suggest that the regional 483 

extension direction is approximately NW-SE.  484 

 485 

4.2.2. Paleoseismological exposures at San Antonio fault  486 

Three trenches (Tepux 1, Tepux 2 and Tepux 3) were excavated across the E-487 

W trending, south dipping San Antonio fault (Figs. 1, 3B). The trenches are located 488 

near the central part of the fault trace. In this area, the scarp is developed on dacitic 489 

lavas of probable Pliocene age, and the area is now partially urbanized. The site was 490 

chosen because the scarp is smaller here (5-10 m high) than that along the rest of the 491 

trace (15-20 m high). Unfortunately, the presence of a frequently used gravel road 492 

between trenches 1 and 2 didn’t allow us excavating a trench at the location we 493 

predicted the major hypothetical fault branches to be located.  494 
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The trenches were excavated in a direction perpendicular to the fault and were 2.5 - 3 m 495 

deep and 10 to 18 m long. We only provide the logs of the western walls except for the 496 

section with the fault zone, observed in Tepux 2, for which both walls were analyzed. 497 

Sedimentary units s are described in Supplementary Material A.4, and have been used 498 

to interpret the origin of the units provided below (Fig. 8). 499 

In Tepux 1 the three sedimentary units were identified, from bottom to top, a flood 500 

deposit (unit e), a slope deposit (unit w) and the present-day soil (reworked by 501 

ploughing). In Tepux 2 and Tepux 3, there is an alternation of flood plain and volcanic 502 

ash fall deposits (all units in trench 2 and 3, with the exception of unit b1). In Tepux 2 503 

and below unit e, units f and g are interpreted as a flood deposit with reworked ash, 504 

and as a fluvial channel infill of medium-low energy, respectively. At the southern end 505 

of Tepux 3, unit b1 appears as a fluvial channel infill deposit. Many of the exposed 506 

units have an associated paleosol. The fluvial units are interpreted as the record of a 507 

paleo-river draining from east to west, connecting the sub-basins east and west of the 508 

Cerro Prieto hill (Fig. 3B). At present, the river is relatively small (a seasonal creek) 509 

and it is incised in the fluvial sediments from the prior larger river.  510 

The age and characteristics of the sedimentary units (Table 2, Supp. Mat.  A.4) 511 

and their location on the slope allowed for the correlation of units between trenches. 512 

We also relied on a microtopographic profile (Fig. 8 upper inset) and in a Ground 513 

Penetrating Radar profile (included in Corominas, 2011) to correlate the units between 514 

trenches. For instance, it was possible to identify unit e in Tepux 1 and Tepux 2 and, 515 

thus, we interpret that overlying unit w (Tepux 1) changes laterally to units b, c and d 516 

(Tepux 2).  517 

The deformation in these trenches is relatively small, and it is only evident in Tepux 2 518 

(Figs. 2aC, 2bD). Evidence for the tectonic nature of the exposed features (Fig. 8) is 519 
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described next. (1) The 12º dip of units a to e is interpreted as tectonic tilting. These 520 

units are the infill of a fluvial plain of a river running from E to W, perpendicular to 521 

the trench. Their original geometry is expected to be sub-horizontal in the cross 522 

section of the trench. Such a tilt may have been caused by one or two major faults not 523 

exposed in the trenches. (2) In Tepux 2E, units f to c are faulted by a set of six N095E 524 

trending, subparallel fault branches that likely merge into two faults at depth. F1-3 525 

may merge into a main fault and F4-6 into another. Each of these faults have 526 

associated displacements that range between 2 and 14 cm. 3) Additionally, in meters 527 

2-3 of Tepux 2E, we detected two blocks of material involved in the fault zone (fault-528 

bounded), referred to as a “mixed unit” (unit e’). These are made of a mixture of 529 

sediments from unit e and d, suggesting the seismogenic nature of the deformation.  530 

 531 

The fault kinematics could not be clearly inferred from the trench exposures, 532 

where no fault planes or slicken-lines could be measured. Although we do not have 533 

solid evidence, we think that the main fault (MF1, Fig. 7) control the surface 534 

expression of the TpxF and may be situated at some depth below the surface scarp. 535 

The MF1, inferred between trenches 1 and 2, may result in a fold scarp on the surface 536 

(Fig. 8 upper inset). If correct, the surface scarp could be the result of an 537 

accommodation of younger units that mimic the tectonic scarp or the result of a 538 

flexural fold scarp. Alternatively, the main fault may reach the surface along the road, 539 

where excavation was not permitted. The small displacements observed at the exposed 540 

faults are interpreted as antithetic branches of the MF1. Fault geometry of F1 to F6 541 

shows bifurcations and relays that suggest that the faults are strands of a main fault 542 

with some lateral movement. Accordingly, fault vertical displacements reported might 543 

be only apparent. This is also supported by the changes in the thickness of the units 544 
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observed across some faults (F3, F5-6). F4 cannot be clearly traced into unit d, which 545 

could be explained as related to lateral fault termination.  546 

An estimate of the recent vertical slip accommodated by the hypothetical fault causing 547 

the fold scarp was done by considering the offset of unit e as it has been connected in 548 

the log of Fig. 8, which is 1.18 m ± 0.1 m. 549 

 550 

4.2.3. Paleoearthquake sequence of San Antonio site 551 

From the analysis of deformation in the trenches (mainly in Tepux 2), we infer the 552 

occurrence of two surface rupturing events. 553 

Event 1. The youngest event occurred after deposition of unit c and is evidenced by 554 

displacement of units c and underlying units along all faults except for F4. This event 555 

produced mixing of units, observed at the fault-bounded blocks (unit e’).  556 

The vertical displacement of unit c along faults F1, F2 and F3 is less than 12 cm. The 557 

movement along F5 and F6 faults has created an 8 - 9 cm apparent offset at the base of 558 

unit c. The suspected fault between trenches 1 and 2 (Fig. 8), which deforms unit c and 559 

underlying units, might have been active during this event, causing the downthrown 560 

movement of the southern block.  561 

Event 2. Evidence of the penultimate event exposed in the trench 2 is weak. It should 562 

have occurred after unit e and before unit d. Evidence is only based on the faults F1 563 

and F2 displacing unit e and underlying units, as seen in trench 1. This displacement is 564 

also small, between 10 and 15 cm. 565 

 566 

 5. Chronology of surface ruptures  567 

 568 
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Integrating the trenching analysis of the two sites (Juanatlan and Tepuxtepec) 569 

and the ages of the units obtained from radiocarbon dates (Table 2), we propose a 570 

chronology for the surface rupture events. Samples taken for 
14

C analysis yielded 571 

conventional radiocarbon ages between 15,370 +320/-310 kyr BP and 4195 +/-95 kyr 572 

BP in Juanacatlan trenches, and between 11,950 +/-160 kyr BP and 3491 +/-44 kyr BP 573 

in Tepuxtepec trenches (Fig. 6, 8, Table 2). Among the 10 samples dated, four of them 574 

(JUA 2-1, JUA 2-3, JUA 2-6, T2-16F) are not consistent with the stratigraphic order 575 

and have been considered outliers. For Juanacatlan trenches, samples JUA 2-1 and 576 

JUA 2-6 come from unit d, interpreted as an ash deposit. It is likely that the recycling 577 

of old charcoal could provide an older age than that of the sediment. Accordingly, this 578 

samples have not been considered in the chronological model. Also, JUA 2-3 sample 579 

(taken in unit h) has been excluded because it is considered anomalously young (1220-580 

815 BC). We think that this relatively young age might be related to some edaphic 581 

(leaching) process affecting the re-worked ignimbrite and rejuvenating it. For 582 

Tepuxtepec, sample T2-16F is not considered representative of depositional age. It is 583 

as bulk sample collected from a flood deposit, which may have incorporated older 584 

material. 585 

 586 

Thus, only four samples for Juanacatlan and two samples for Tepuxtepec sites have 587 

been incorporated in the chronological model (JUA -7, JUA 2-5, JUA 1-FG-1, JUA 1-588 

1, TEPUX 3.7, TEPUX-2; Fig. 9; Oxcal files provided in the Supp. Mat. A.7). For 589 

both trench sites, the beginning of 20
th

 century has been considered as an upper 590 

boundary for the occurrence of rupturing event 1. The year 1700 in Central Mexico 591 

can be considered as a reference starting time for a sufficiently complete historical and 592 

instrumental catalogue (Gerardo Suárez, per. com.). Because no seismic events with 593 
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intensities > VII-VII are reported in the area since that time, 1700 has been taken as an 594 

upper boundary for the occurrence of event 1 in Juanacatlan. 595 

In the Juanacatlan sequence, the paleo-ruptures of events 3, 4 and 5 are treated 596 

in the OxCal analysis as a multiple event because no valid age result is available to 597 

better constrain the events. Accordingly, Event 1 occurred more probably between 598 

2565 BC and 1900 AD. Event 2 is very roughly constrained and should have happened 599 

at some time between 11,030 and 2871 BC. Considering the large time span non-600 

recorded in the trench and the relatively large SED assigned to event 2 (as high as 75 ± 601 

11 cm in Juana1E), a possible double event is considered as feasible. Events 3, 4 and 5 602 

are clustered between 11,847 ± 652 BC and 11,425 ± 465 BC. This implies a 603 

maximum time span of 1720 yrs for the occurrence of these tree events. Event 6 604 

should have occurred before deposition of unit h, this is, sometime before 12,500-605 

11,195 BC.  606 

The age distribution of the events recorded in Juanacatlan site suggests a non-607 

periodic behavior of the Temascalcingo segment (TF2). The most striking result is the 608 

clustering of 3 surface ruptures (events 3 to 5, Fig. 9) within maximum time span of 609 

1443 years. These results need be considered preliminary for two reasons. The first 610 

reason is that the assumptions made for the analysis of the number of events creates 611 

large uncertainties. The lack of a high-resolution sedimentary record could lead to 612 

interpret multiple surface ruptures as a single one. For instance, there is an almost 10 613 

kyr difference between units b and c which bracket event 2 (Fig. 9). In those cases, the 614 

size of the SED associated with this event has been critical to decide on the number of 615 

events. This is, if a certain event corresponds to the record of a single or a multiple 616 

event. The second reason is there are not enough radiocarbon dates to create a robust 617 

OxCal model. In fact, the consideration of sample Jua-2-1 (unit d) as a “preferred age” 618 
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in front of samples Jua-1-FG-1 and Jua 1-1 (unit g) would produce an alternative valid 619 

model. In such a model, the distribution of earthquakes would change slightly 620 

(maximum boundary for events 3, 4 and 5 would be 13,525 BC and not 11,939 BC). 621 

This would lead to an extension of the clustering time span from 1443 years to 2468 622 

years.  623 

The chronology of paleo-ruptures in Tepuxtepec site can only be roughly 624 

estimated, because only two dating samples are considered consistent. Accordingly, 625 

we only can constrain the two observed events as occurring between unit e and unit 626 

b1. Because of the scarcity in number of samples, we have considered a single 627 

calibration of the two valid samples (Table 2). Event T1 happened at some time 628 

between 3515-3105 BC and 2570 - 2295 BC, and Event T2, shortly after a time in the 629 

range of 3515 – 3105 BC. This constrain implies a cluster of two events in a time 630 

range of 1220 – 535 years.  631 

 632 

6. Faulting style and fault slip rates  633 

Fault exposures confirm that the morphological features mapped are indeed the 634 

expression of active and seismogenic faults displacing Quaternary materials. The main 635 

component of movement is dip slip based on kinematic observations in outcrops and 636 

trenches, and from geomorphic analysis. In other natural and trench exposures in the 637 

Acambay Graben, primary normal faulting is also observed when the main fault trend 638 

is meridional. However, in fault sections with NNE-SSW or NNW-SSE trends 639 

(departing from the most common strike of the systems) (some left and right 640 

components are also reported. For instance, this is the case of the trench exposures 641 

studied at the eastern end of the Acambay fault by Langridge et al. (2000). The 642 

structural data compiled here (Fig. 5) are consistent with a minimum horizontal stress 643 
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(σ3) oriented NW-SE to N-S, which is also reported in more representative studies 644 

analyzing larger datasets (e.g., Suter et al., 1995, 2001; Ego and Ansan, 2002).  645 

The long-term (late Miocene or Pliocene) and the short-term (Late-Pleistocene 646 

and Holocene) slip rates have been calculated for the TFS and TpFS using 647 

geomorphological and paleoseismological information, respectively. In the case of the 648 

TFS, the estimated minimum geomorphological slip rate ranges between 0.06 ± 0.02 649 

mm yr
-1

 using the Pliocene age (5.34–2.58 Myr) of the Bañí-Solís domes (Ortuño et 650 

al., 2015) and a vertical displacement of 217 ± 10 m the topographic envelope of 651 

volcanic mesa reliefs is near profile B (Figs. 3A, 4A). The topographic throw should 652 

be considered a minimum, since the down-thrown block is filled with materials 653 

younger than the lava flows that at an undetermined depth. 654 

A larger average slip rate is derived from the paleoseismological observations; 655 

in the Juanacatlan trenches, the accumulated displacement of unit h ranges between 656 

1.39 ± 0.14 m (Juana 1E) and 1.85 ± 0.17 (Juana 1W). Because we have not an age for 657 

unit h, we have considered the age of unit g (12010-11620 BC modeled age, Table 2) 658 

as a good minimum estimate. With those values, we have obtained a slip rate of 0.12 ± 659 

0.02 mm yr
-1

. Other slip estimates can be obtained by considering younger units. For 660 

instance, unit c, which has a 11,710-10,780 BC modeled age (Table 2), is displaced 661 

vertically with a maximum throw of 0.72 ± 0.12 (Juana 2E) and 1.11 ± 0.25 662 

(Juana1W). This gives a slip rate of 0.07 ± 0.03 mm yr
-1

. The difference in slip rate, 663 

depending on the unit considered, appears to reflect the clustering of events affecting 664 

older units 665 

The long-term minimum value of the maximum geomorphological slip rate for 666 

TpFS is obtained with a maximum observed throw across a single fault branch of 125 667 

± 10 m of lava flow surfaces from the Sierra Puruagua range complex (Fig. 4B, profile 668 
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A). This displacement value is minimum because the lava flow surfaces) in the 669 

downthrown block are covered by younger volcanic fall sequences. The age of these 670 

materials should be between 11.62 – 5.34 Myr and 2 Myr, based on Ar/Ar ages ages of 671 

the volcanic complex on the footwall of the Acambay fault and overlying pumice 672 

deposits (Norini et al., 2010; Pedrazzi et al., 2016). The resulting long-term slip rate 673 

(minimum value of a maximum slip rate) for the TpFS is 0.01 to 0.07 mm yr
-1

. A 674 

short-term slip rate of 0.23 ± 0.03 mm yr
-1

 is estimated for the San Antonio fault, 675 

within the TpFS. This value is based on the 1.18 ± 0.1 m vertical displacement of unit 676 

e caused the fault inferred between trenches Tepux 1 and TEpux 2 and its 677 

corresponding age of 3515 - 3105 BC. The short-term slip rate value should be 678 

regarded as preliminary, because the existence of the buried fault could not be 679 

confirmed (suspected fault, Fig. 8).  680 

To sum up, the long term and short-term slip rates along the western segment 681 

of the TFS might be very similar, and, have values ranging from 0.06 ± 0.02 682 

(minimum long term) to 0.12 ± 0.02 mm yr
-1

 (maximum value of average short-term). 683 

For the TpFS, long-term slip rates are low, between 0.01 and 0.02 mm yr
-1

, whereas 684 

the short-term estimated from the paleoseismological exposure is 0.23 ± 0.03 mm yr
-1

. 685 

This last value is very uncertain, because it is inferred for a fault that could not be 686 

exposed.  687 

The estimated slip rates in this study, both for the long term and short term, are within 688 

the lower range of the slip rate values reported for other faults in the Central TMVB. 689 

Published long-term slip rates for some of the Acambay Graben faults using the 690 

vertical displacement of markers older than 0.3 Myr vary between 0.02 and 0.18 mm 691 

yr
-1

 (Suter et al., 2001). Considering younger markers exposed in trenches, short-term 692 

slip rates obtained by other authors from paleoseismological data show a wide range of 693 
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values, although larger slip values (compared to the long-term slip rates) are detected. 694 

Most slip rates inferred in paeloseismological studies are between 0.01 and 0.4 mm yr
-

695 

1
 (0.15 ± 0.02 mm yr

-1
 for the Acambay fault from Langridge et al., 2000; 0.23 - 0.37 696 

mm yr
-1

 for the Pastores Western end from Ortuño et al., 2015; 0.22 - 0.24 mm yr
-1

 for 697 

the Venta de Bravo fault from Lacan et al., 2018; and 0.5 mm yr
-1

 for La Paloma fault  698 

from Israde, 1995, and  Garduño-Monroy et al., 2009). Minor faults within the graben 699 

axis also show similar values to slip rates estimated in our study (e.g., 0.15 – 0.06 mm 700 

yr
-1

 for the San Mateo Fault from Sunyé-Puchol et al., 2015,). Lower values (0.03 mm 701 

yr
-1

) provided by Langridge et al. (2013) for the Pastores fault could be related, in our 702 

opinion, to the fact that they only represent the slip of one fault branch in a geological 703 

section where the fault probably has more than one active branch.  704 

 705 

 706 

7. Discussion  707 

  708 

7.1 Primary vs secondary rupture and fault behavior within the TMVB 709 

An imporant outcome of our study is that the central faults in the Acambay 710 

Graben can produce primary (seismogenic) ruptures. This is a new perspective as to 711 

date they had only historically behaved as secondary ruptures to major ruptures along 712 

the graben bounding faults. We have analyzed this double behavior by studying five 713 

different faults within the central Acambay Graben, exposed in eight natural outcrops 714 

and in three paleoseismological trenches.  715 

Secondary behavior observed in the present study implies induced (triggered) small 716 

fault ruptures and is based on the variability of SEDs obtained at the Juanacatlan site, 717 

and in comparison, with historic ruptures (see below). Also, the observation of a 718 
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cluster in the paleo-earthquake distribution suggests that the faults in the central 719 

TMVB are likely to show non-periodic behavior. However, full confirmation of their 720 

dual primary and secondary and their potential non-periodic behavior requires having 721 

a larger catalogue of paleoseismic observations.  722 

 723 

7.1.1 Fault behavior of intra-graben Temascalcingo and Tepuxtepec faults  724 

In this section, we explore the possible causes of the variation of the inter-725 

seismic cycle (non-period behavior) and of SED (primary versus secondary behavior) 726 

observed in the Juanacatlan trenches. The earthquake chronology in Juanacatlan 727 

trenches suggests a non-uniform distribution of events through time with six events 728 

that occurred since 12,500-11,195 BC, of which three events (3, 4 and 5) occurred 729 

within a maximum of 1720 yrs span. An aperiodic behavior has also been observed in 730 

other faults within the Acambay Graben (Langridge et al., 2000, 2013, Ortuño et al., 731 

2015, Sunyé-Puchol et al., 2015, Lacan et al., 2018).  732 

The slip history shows variable SEDs, with values averaged in 0.46 ± 0.06 cm, 733 

representing a coefficient of variation (CoV) of 0.52 ± 0.03. This notable variability in 734 

SED is also found in other paleoseismic studies in the central TMVB (Table 4).  735 

 736 

 737 

Variable primary rupture related to complex stress loading  738 

The variability of SEDs and inter-seismic periods in the studied fault sections, 739 

could be a consequence of, at least, two processes: 1) the fault complexity and the 740 

close spacing between the faults within the TMVB (up to 10 faults in some profiles 741 

perpendicular to the graben, Fig. 1) can led to fault interactions through stress loading; 742 

and 2) similarly, the nearby volcanic centers can interact with the faults.  743 
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In complex faults systems, faults can be brought to failure, or away from it, through 744 

crustal stress changes caused by rupture of the neighboring faults (e.g., Stein, 1999). 745 

One of the consequences of this interaction is the clustering of earthquakes in time. In 746 

the geological record, clusters of earthquakes have been classically related to fault 747 

interaction and stress transfer in complex systems (e.g., Harris, 1998). Berryman et al., 748 

(2012) proposed that the degree of complexity of fault systems scales with the 749 

variability of the recurrence time. Accordingly, the periodicity of earthquakes varies 750 

between two end members: isolated and large (relatively fast) faults, such as the 751 

Alpine fault in New Zealand, tend to show a quasi-regular recurrence, while slower 752 

and networked systems are more prone to show clustered behavior The latter end 753 

member is exemplified by the normal faults of the Taupo Rift (New Zealand), where 754 

evidence from more than 50 paleoseismic trenches excavated across a complex 755 

network of branching-out and merging-in active faults, with narrow spacing (few 756 

hundreds of meters to 5 km across strike), suggest a high level of fault interaction 757 

(Nicol et al., 2006; 2009; Villamor et al., 2007). This interaction is not only reflected 758 

in highly variable interseismic time, but also in highly variable SEDs (the high level of 759 

fault connectivity produces faults ruptures with different magnitudes for a single 760 

fault). The large variability in SED and recurrence interval in the Taupo Rift causes 761 

also high variability in fault slip rate (Nicol et al., 2009).  762 

We propose that the intra-arc extensional system represented by the TMBV is likely to 763 

be close to the aperiodic end-member, similar to the Taupo Rift. An aperiodic end-764 

member is described as a system where horizontal extension is distributed along a 765 

large number of faults (5 to 10 according to Ego and Ansan, 2002), and where 766 

relatively slow structures show a non-periodic behavior.  767 
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An additional cause of variable recurrence could be the influence of volcanic 768 

crustal stress changes associated with volcanic unrest or eruption. As suggested for 769 

other volcanic areas (e.g., Walter et al., 2007; Villamor et al., 2011), the activity of 770 

faults near volcanic centers can trigger volcanic activity but also is influenced by it. 771 

Magma inflation and deflation, and dike intrusion can produce changes in crustal 772 

stress that can bring faults closer or away from failure (e.g., Villamor et al., 2011, and 773 

references therein). In this case, despite the final triggering mechanism by volcanic 774 

activity, fault ruptures are tectonic. In volcanic areas, where extension is mainly 775 

achieved by magmatism (by dike intrusion rather that tectonic faulting), surface 776 

faulting may be a consequence of shallow dike intrusion associated with small 777 

magnitudes (< Mw 5; e.g., 2005 Dabbahu rifting episode, Afar; Rowland et al., 2007). 778 

In this case surface faulting can be regarded as non-tectonic and thus is not associated 779 

with large magnitudes (M>6) (Villamor et al., 2011). 780 

The comparison of faulting styles and rifting evolutionary stages for various 781 

rifts worldwide by Villamor et al. (2017) suggests that the TMBV has similarities with 782 

the southern sector of the Taupo Rift. There, important characteristics are the small 783 

volumes of volcanisms/magmatism and that extension is accommodated mainly by 784 

tectonic faulting (with a small percentage of dike intrusion; Gomez-Vascocelos et al., 785 

2017). In such environments, surface faulting is mainly tectonic (although it can be 786 

primed by dike intrusion on occasions). Volcanic activity involving large volumes of 787 

material in the magma chamber is not reported for the Acambay Graben during the 788 

Late Pleistocene-Holocene in the study region. The only the occurrence of relative 789 

large volumes of volcanism area localized ignimbrites, possibly triggered by tectonic 790 

events (Aguirre et al., 2015; Ortuño et al., 2015; Lacan et al., 2018, this issue) in the 791 

last few thousands of years. While the comparison mentioned above suggests that the 792 
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active fault displacements measured in our study are likely to be mainly tectonic, the 793 

acquisition of further and completer faulting and volcanism datasets within the 794 

Acambay Graben are needed to better understand if some surface fault displacements 795 

are non-tectonic.  796 

 797 

Alternating primary and secondary faulting 798 

We consider that the larger SEDs observed in the TFS and TpFS (between 60 799 

and 100 cm) represent primary fault behavior. Their location at a distance >15 km to 800 

the major faults bounding the graben (Acambay and Venta de Bravo-Pastores faults, 801 

Fig. 1) leads to the inference that SEDs associated with secondary faulting on the TFS 802 

and TpFS should be similar or smaller to the secondary displacements during the 803 

Acambay earthquake of 1912 (i.e, <30 cm Fig.1). The 1912 earthquake caused 804 

coseismic cracks and minor slip in three faults located inside the graben, the Pastores, 805 

Temascalcingo and possibly San Mateo fault, located between 6 to 14 km from the 806 

main fault rupture. The re-interpretation of the original data reported by Urbina and 807 

Camacho (1913) led to the consideration that the secondary vertical displacements 808 

observed on those faults may have reached 30 cm (Suter et al., 1995; Langridge et al., 809 

2000; Rodríguez-Pascua et al., 2012). SEDs in the Acambay Graben boundary faults 810 

from paleoseismological studies (Table 4) do not exceed 1 m. Thus, the maximum 811 

SEDs observed in this study are likely the result of primary ruptures along the 812 

Temascalcingo and San Antonio faults.  813 

 814 

Together with the 1912 Acambay earthquake, the Edgecumbe earthquake (ML 815 

6.3; March 2
nd

, 1987) in the Taupo Rift (New Zealand) is a good example of extensive 816 

secondary faulting caused by a large earthquake in a volcanic extensional system. 817 
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During this earthquake, secondary faulting occurred along faults as far as 8 km away 818 

from the primary source (Edgecumbe fault) and exhibited a swarm-like distribution of 819 

secondary ruptures (Beanland et al., 1989). These secondary faults presented a wide 820 

variety of surface rupture lengths (from m to km) and vertical slips (from 0.8 to 0.035 821 

m), which locally included subsidence deformation and post-seismic relaxation. 822 

Surface displacement combined with geodetic data allowed those  authors to conclude 823 

that faulting on the primary source accounted for about three quarters of the total 824 

surface slip, whereas the rest of the slip was distributed among the secondary ruptures.  825 

 826 

7.1.2 Maximum expected magnitude of primary ruptures  827 

 828 

The fault scaling relationship proposed by Wesnousky (2008) is considered the 829 

most suitable for volcanic environments with thick (> 10 km) brittle crust (Stirling et 830 

al., 2013), as is the case of the TMVB. This relationship is based on fault surface 831 

length. We prefer not to use SED to calculate Mw because the SEDs are observed at a 832 

single location along the fault and thus they do not fully represent the average value 833 

required to appropriately derive the magnitude. Wesnousky (2008) equation is as 834 

follows: 835 

 836 

Mw = 6.12 + 0.47 log L 837 

σ = 0.27 (in Mw) 838 

 839 

Considering that the total surface trace length of the faults corresponds to the 840 

maximum surface rupture length (L), we obtain a Mw 6.7 for the Temascalcingo fault 841 

(L=19 km) and a Mw 6.5 for the two segments of the San Antonio faults (L= 7.3 and 7 842 
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km). The possible combined rupture along the Temascalcingo and San Rafael faults 843 

(will produce a Mw 6.8 earthquake (L=35 km). This combined rupture is possible as 844 

the faults are aligned and both dip to the north. Also, the paleo-earthquake 845 

chronologies show matching intervals that are compatible with that scenario. The 846 

separation between the Temascalcingo and San Rafael faults (~5 km) might not 847 

represent a strength barrier, allowing the fault propagation. Such a rupture could have 848 

triggered movement at the San Antonio fault, which is antithetic to San Rafael fault.  849 

Any of the primary fault rupture scenarios mentioned above with Mw from 6.5 to 6.8 850 

will produce strong ground shaking in the townships of the area, as Acambaro (near 851 

60,000 inhabitans)  Maravatío (more than 80,000 inhabitants). This proves the 852 

relevance of incorporating the  TFS and TpFS as fault sources in seismic hazard 853 

estimates for the region.  854 

 855 

8. Concluding remarks 856 

The Temascalcingo and Tepuxtepec fault systems show morphological, 857 

structural and sedimentary features confirming their normal fault activity since the 858 

Late Miocene. Based on their geomorphological expression, they could be part of a 859 

single system within the Acambay Graben axis. The system consists of up to 20 860 

normal fault segments arranged in a complex surface pattern with left steps and horse-861 

splay terminations.  862 

Eight natural outcrops and five paleoseismic trenches were analyzed to better 863 

understand fault kinematics and earthquake parameters. A dominant dip slip with 864 

minor left lateral component (only in traces with NW or NE trends) characterizes the 865 

slip motion of most of the faults investigated. The westernmost segment of the 866 
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Temascalcingo fault was studied at the Juanacatlan site, where a sequence of six 867 

surface ruptures was identified. These ruptures occurred after 12,500-11,195 BC and 868 

showed a clustered temporal distribution, with three events dated between 11,057 and 869 

11,939 BC. In the Tepuxtepec system, the San Antonio trenches did not expose the 870 

main fault trace. Secondary faulting indicates that at least two rupturing events 871 

occurred in the area since 3105-3515 BC. 872 

The variability in single event displacement (SEDs) observed at the 873 

Juanacatlan site suggests that the fault does not have a characteristic behavior, and that 874 

it probably ruptures as both primary and secondary in different events. Relatively large 875 

SEDs (up to 77 cm) suggest that the fault can produce primary ruptures. The length of 876 

the traces base on morphological expression the feasibility of simultaneous ruptures 877 

within the Temascalcingo and Tepuxtepec systems suggest that these faults can 878 

produce up to 6.8 Mw earthquakes. Secondary displacements on these faults could be 879 

triggered by distant primary ruptures on other faults within the Acambay Graben, as it 880 

happened during the 1912 Acambay earthquake, as well as by large volcanic 881 

eruptions.  882 

The results presented here are only preliminary as there are still many large 883 

uncertainties. Within the central TMBV, more paleoseismic and Holocene volcanism 884 

studies are needed to clarify key issues such as the temporal and spatial slip-rate 885 

variability, and the distinction between tectonic and volcanic-triggered faulting, which 886 

has important implications in seismic hazard estimates. Nonetheless, the results 887 

presented here suggest scenarios in which strong ground will affect the central Mexico 888 

where the population has grown substantially in the last few decades. Our results can 889 
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be utilized to create fault source models for future seismic hazard assessment in the 890 

region. 891 
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Table 1. Summary of information from structural outcrops along the Temascalcingo 1228 

and Tepuxtepec fault systems. Location of outcrops is included in Fig. 3. Photographs, 1229 

stereoplots and sketches of some of the sites are shown in Fig. 5a and b. 1230 

 1231 

Table 2. Dating results. Laboratories providing results are Arizona University 1232 

Radiocarbon Laboratory and Beta Analytic Inc, Miami headquarters; Most results are 1233 

AMS., except those marked with (1) which refer to conventional dating. The calibrated 1234 
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ages have been obtained using OxCal 4.2 software (Bronk Ramsey, 2008), 2σ 1235 

uncertainty and the IntCal13 curves (Reimer et al., 2013). All ages are rounded to the 1236 

nearest multiple of 5. Calibrated ages obtained through an OxCal stratigraphic sequence 1237 

model are indicated with a (*) symbol. 1238 

 1239 

Table 3. Summary of evidence for surface rupture identified in Juana 1 and 2  trench 1240 

walls . Vertical offset measured for each fault is given. The difference in CT (cumulated 1241 

throw) between consecutive events is used to calculate the single event displacement 1242 

(SED).    1243 

 1244 

Table 4. Surface rupture length (SRL) and single event displacement (SED) observed at 1245 

different faults within the TMVB from paleoseismological studies. 1246 

 1247 

Figure Captions 1248 

 1249 

Figure 1. Main faults within eastern Acambay-Morelia fault system and  instrumental 1250 

seismicity (1956 – 2016). Main active faults have been mapped using 30 m resolution 1251 

digital topography and aerial photographs. The studied fault systems are framed by the 1252 

white rectangles. Structural outcrops (kinematic stations) are indicated with numbered 1253 

yellow triangles. Information on the two largest earthquakes occurred in the area since 1254 

the beginning of the 20
th

 century is included: the red star is the epicenter of the 1912 1255 

Acambay earthquake (Ms = 6.7, according to Suter et al., 1995);  and the light blue star 1256 

shows the location and focal mechanism of the Maravatio earthquake (1979, body wave 1257 

magnitude, mb = 5.3) provided by Astiz-Delgado (1980). PNF, Paquisihuato north fault. 1258 

PSF, Paquisihuato south fault. Inset: Location of the study area within the intra-plate 1259 
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tectonic setting of Mexico. Faults referred in text are: 1, Acambay graben system; 2, 1260 

Tenango fault; 3, faults near Morelia city (Morelia, Tarímbaro and La Paloma faults). 1261 

Main faults have been drawn with thicker lines. Modified from Lacan et al. (2013). 1262 

 1263 

Figure 2a. Field photos showing the geomorphological expression and Quaternary 1264 

activity of the Temascalcingo fault. Location of photo viewpoints in Figures 1 and 3A. 1265 

A: segment TF1; B and C: segment TF2. 1266 

 1267 

Figure 2b. Field photos showing the geomorphological expression of Quaternary 1268 

activity of the Tepuxtepec fault systems. Location of photo viewpoints in Figures 1 and 1269 

3B. D: San Rafael fault; E: Taranda fault; F: Paquishihuato North fault, separating lavas 1270 

(to the south) from pyroclastic fall deposits (to the north). 1271 

 1272 

Figure 3. Geomorphologic map of the studied faults and location of the outcrops 1273 

mentioned in text. A: Temascalcingo fault system. B: Tepuxtepec fault system. Main 1274 

faults have been drawn with thicker lines. Some of the photo viewpoints in Figure 2 are 1275 

indicated with an eye symbol. 1276 

 1277 

Figure 4. Topographic profiles analyzed for the Temascalcingo (A) and Tepuxtepec (B) 1278 

faults: perpendicular profiles with vertical exaggeration x 2.5 (upper part); and parallel 1279 

profiles with vertical exaggeration x 10 (lower part). In the parallel profiles, a solid line 1280 

indicates the top of scarp and a discontinuous line, the base. Location of the cross 1281 

sections in Figure 3. 1282 

 1283 
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Figure 5a. Photographs, sketches and structural data from analysis of exposures along 1284 

the Temascalcingo fault. Location of kinematic stations in Figure 1 and detailed 1285 

descriptions in Table 1. A: Outcrop of the Temascalcingo fault in a quarry in the Cerro 1286 

Pelón (station 1); B: Outcrop of the Temascalcingo fault in quarry near La Huerta 1287 

village (station 2); C: Outcrop of the Temascalcingo fault in quarry at the top of 1288 

Temascalcingo volcano (station 3).  1289 

 1290 

Figure 5b. Photographs, sketches and structural data of exposures along the 1291 

Tepuxtepec, Paquishihauto San Antonio and San Rafael faults. Location of kinematic 1292 

stations in Figure 1 and detailed descriptions in Table 1. D:  exposure of one of the  1293 

strands of the Tepuxtepec fault at a creek (station 4); E: Road cut exhibiting faulting of 1294 

the present-day soil and alluvial and volcanic deposits of unknown age by the 1295 

Paquishihauto fault  (station 5); F: Outcrop of the San Antonio fault in a quarry next to 1296 

San Antonio village (station 6); G: Outcrop of a San Antonio secondary fault at a creek 1297 

(the fault has no geomorphic expression; station 7); H: natural outcrop of San Rafael 1298 

fault (station 8). 1299 

 1300 

Figure 6. Paleoseismological log of Juana 1 and 2 trenches at Juancatlan site, 1301 

Temascalcingo fault. 1302 

 1303 

Figure 7. Sequence restoration of the surface rupturing events inferred in Juana 1W 1304 

trench, Temascalcingo fault. The sequence of events has been depicted in six steps (A-1305 

F) showing the geometry of layers after each event and after deposition of subsequent 1306 

units. 1307 

 1308 
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Figure 8. Paleoseismological log of the Tepux 1, 2, and 3 trenches, Tepuxtepec fault. 1309 

 1310 

Figure 9. Age constraints of paleoseismic events identified at different sites. The dating 1311 

results marked in red are considered outliers and are not incorporated into the 1312 

geochronological model. 1313 

 1314 



Temascalcingo system  

 

 

            

 

                      Outcrop description                                                                                        Location  
 

Station 1 

(Fig 5A) 

 

E-W fault with dominant dip slip with a small right lateral component. 

Site at the step over of fault segments TscF2 and TscF3. The fault trace offset the 

surface. Faulting along a main fault oriented N080-090E/70N separates black 

and red scoria units and several secondary conjugate faults. Faults found in a 

small creep to the East show orientations of N110-115E/60-70ºN for the TscF2 

across the volcanic mesa reliefs of the Bañi-Solís domes. 

 

 

Quarry excavated 

in El Ruedo 

cinder cone:  

N19°55'58.08'' 

W100°04'42.95'' 

Creep outcrop 

N19°54'58.42'' 

W100°02'18.15'' 

Station 2 

(Fig. 5B) 

 

ESE-WNW fault with dominant dip slip with a small left lateral component. 

Site at the middle of a slope formed by the cumulated activity of the TscF2. The 

faults exposed are secondary faults parallel to the morphological trace and 

oriented N096-118E/60N; with pitch 85ºW (F1) and a fault without 

morphological expression oriented N042-074E/85NW (F2), interpreted as an 

inactive conjugate fault of F1. Rocks affected by F1 are highly weathered dacitic 

breccias from the Bañí dome put next to a pyroclastic fall deposit deposit that 

mantles the slope. Fault F2 separates the dome from a fluvio-volcanic sequence 

containing, from top to bottom, coarse fluvial conglomerate, a blocky ignimbrite 

with a paleosoil developed on top and a block-and-ash flow deposit.  

 

Quarry located 

near La Huerta 

village: 

N19°54'52.35'' 

W100°01'52.92'' 

 

Station 3 

(Fig. 5C) 

 

 

ENE-WSW normal fault. 

Fault plane oriented N080-082E/60NW separating black and gray altered scoria 

units but not presenting geomorphic expression in the landscape. The fault 

affects a cinder cone located on the Eastern border of the Temascalcingo 

Caldera. 

 

Quarry 3 km to 

the east of San 

Pedro village: 

N19°53'44.06'' 

W99°56'28.93'' 

Tepuxtepec system 

                       

                      Outcrop description                                                                                        Location  

Station 4 

(Fig. 5D) 

 

 

Secondary fault separating lavas (to the north) from intraplinian pyroclastic surge 

deposits made of alternating pumice-fall out and ash units (to the south). The 

pyroclastic deposits are exposed by near 10 m incision of the river and are 

affected by a set of faults oriented N065E/70N, N70E/70N and N120E/80N 

showing sigmoidal structures.  

 

Creek exposure 

near El Botín 

village: 

N19°59'20.75" 

W100°18'2.77" 

Station 5 

(Fig. 5E) 

 

Secondary normal fault with ENE-SWS trend and north dip. 

It affects volcanic fall deposits, recent alluvial deposits and the present day soil. 

The volcanic sequence is made up of an alternation of lapilli and ash layers. In 

the downthrown, an artificial pond has been built bounding the fault scarp to the 

north. The fault zone is made of three fault branches exposed along the road cut 

of the dirty road heading north. The fault branch along the road cut is defined by 

three main fault branches (A, B and C,) which show fault zones 50-70 cm wide, 

with tectonic foliation and orientations varying from N065E/60N to 85N. 

Slickenlines in the main fault are oriented 57/332 indicating a main dip 

component of movement the main faults. Antithetic faults are oriented 

N70E/60S. With the exception of the main fault branches, that affect the soil top 

layer, other faults within the deposits are synsedimentary, since they not affect 

the upper layers of the volcanic deposit. 

 

Road cut west of 

Estancia de 

Paquishihuato 

village: 

N19°56'55.74" 

W100°24'32.47" 

Station 6 

(Fig. 5F) 

 

 

Compressive structure (positive flower) developed in a fault relief zone (oriented 

NNW-SSE) along the E-W normal San Antonio fault (south dip and minor left 

lateral component). 

It affects volcanic fall deposits with lapilli grain size and yellow-ochre. It is 

composed by angular clasts of felsic, well selected and with small fraction (5%) 

of lithic clasts. The volume and distribution of the deposit indicate a plinian 

eruption, probably coming from the Altamirano volcano (see Pedrazzi et al., 

2016). We observed 9 fault planes. Among them, 5 fault planes (020/65, 060/85, 

210/74, 202/72 and 220/86) separating the volcanic fall material from a gray silt 

containing reworked volcanic material, probably from fluvio-lacustrian origin. 

Other 4 fault planes (018/42, 132/89, 224/74, 228/85) are developed within the 

fall deposit and form part of the internal faults of the positive flower structure. 

The fault zone is characterized by a fault gouge and a fault mirror with slicken-

Quarry: 

N19º59'13.26'' 

W100º13'51.73'' 

Table 1



 

 

 

Table 1. Summary of the structural outcrops studied along the Temascalcingo and Tepuxtepec 

fault systems. Location of the outcrops is included in Fig. 3; Photographs, stereoplots and 

sketches of some of the sites are shown in Fig. 5a and b. 

 

lines oriented 51/135 and 70/172 in the plane 220/86. 

 

Station 7 

(Fig. 5G) 

 

 

Reverse  fault with left lateral component. Fault with no surface expression, 

probably secondary faulted related to a transpression bend along San Antonio 

fault. 

The affected rocks are a sequence of ca 12 m thick of volcanic fall material 

(mainly felsic, of variable size felsic pumice to lapilli) and a colluvial deposit of 

dacitic centimetric blocks (cm in diameter). An upper alluvial deposit lies 

unconformably and seals the fault. It is interpreted as part of the alluvial infill of 

the San Antonio creek, parallel to the fault, preceding present-day incision. 

In this station we observe several families of fractures (047/75, 059/76, 066/89, 

088/77, 230/88, 233/86, 240/85) developed within the lapilli layers. The main 

fracture zone contains a reddish clay material, probably corresponding to a fault 

gouge. In the fault plane oriented 047/75, slickenlines are oriented 49/337.  

 

Creek exposure 

N 19º58’58.88’’, 

W100º13’20.34’’ 

Station 8 

(Fig. 5H) 

 

 

San Rafael normal fault with a north dip. 

Only the southern half of the Cerro Pelón cineritic cone is preserved, being the 

northern side downthrown and covered by most recent deposits. The erosion has 

exposed fault planes showing a sigmoidal structure and oriented N065E/54NW, 

N080E/68N and N088E/70N, affecting reworked volcanic and alluvial material. 

Northern slope of 

the Cerro Pelón 

cone: 

N19º57’59.89’’ 

W100º14’17.25’’ 



Sample name 

(unit) 

Radiocarbon Age 

(years BP) 

Calibrated Age 

(AD/BC) 

Type of 

sample 

 

Laboratory 

Juanacatlan trenches 

 

JUA 2-7 (b) 

 

  4195   ±   95 

 

3020 – 2495 BC* 

 

Soil (bulk) 

 

Arizona  Univ . 

JUA 2-5 (c’) 11710  + 395/-375 11710-10780 BC* Soil (bulk) Arizona  Univ . 

JUA 2-1 (d) 12721   ±  92 13525-12790 BC Charcoal Arizona  Univ .(1) 

JUA 2-6 (d) 15370   +320/-310 17445-15980 BC Soil (bulk) Arizona  Univ . 

JUA 1-1 (g) 11905   ±  65 12010-11620 BC* Charcoal Arizona  Univ .(1) 

JUA 1-FG-1 (g) 11845   +240/-230 12500-11195 BC Soil (bulk) Arizona  Univ . 

JUA 2-3 (h)   2830    ±  85 1220-815 BC Soil (bulk) Arizona  Univ . 

     

Tepuxtepec trenches 

 

TEPUX 3.7 (b1) 

  

 3941    ±  44 

 

2570-2295 BC 

 

Charcoal 

 

Arizona  Univ .(1) 

TEPUX-2 (e)   4590    ±  40 3515 - 3105 BC Charcoal Beta Analytics.  

T-2 16F (d) 11950   ±  160 12255-11495 BC Soil (bulk) Arizona  Univ . 

 

 

Table 2. Dating results. Laboratories providing results are Arizona University Radiocarbon 

Laboratory and Beta Analytic Inc, Miami headquarters; Most results are AMS., except those 

marked with (1) which refer to conventional dating. The calibrated ages have been obtained 

using OxCal 4.2 software (Bronk Ramsey, 2008), 2σ uncertainty and the IntCal13 curves 

(Reimer et al., 2013). All ages are rounded to the nearest multiple of 5. Calibrated ages obtained 

through an OxCal stratigraphic sequence model are indicated with a (*) symbol. 

Table 2



Event 

(Bracket. 

units) 

 

Juana 1E trench 

 

Juana 1W trench 

 

Juana 2E trench 

 

Juana 2W  trench 

 

Comments 

Ev. 1 

a/b 

 

Fracture on F2 sealed by 

unit a 

-Displacement (possible) on 

M 

CT 20 ± 4 cm (=SED) 

 

CT 36 ± 7 cm probably 

inherited throw (=SED) 

Fractures on F2 sealed by unit a 

- CT   15 ± 14 cm (= preferred SED) 

-Fractures on F4’ sealed by unit a 

-Displacement of the base of b on 

F5’ (24 cm) MF (min. 18 – 38 cm);  

-Fissures infilled on F10’  

-CT  15 ± 0 cm (=SED) 

Clearest evidence of surface 

rupture in J 2W. 

 

 

 

Ev.2  

b/c 

 

-Tilting (~25º N) 

-Displacement on F4N  

(-3.5 cm)  

on MF (37 cm) 

CT 80 ± 6 cm (60 ± 3 cm 

SED) 

- Tilting (~23º N) 

-Displacement on MF (39 

cm) on F8’ (-7.5 cm).  

CT 110 ± 25 cm (75 ± 10 

cm SED) 

- Fracture on F9 

 

-Fissured with faulted material on F2, 

F6 and F8 

CT 72 ± 12 cm (57 ± 3 cm SED) 

- Fractures on F 12’ and F8’ 

-Displacement on MF (19 cm); F3’’ 

F5’ (25 cm); F8’ (-22 cm), F11’ (-

17 cm).  -Tilting (possible) along 

faults F4’ to MF 

-Fissures with faulted material on 

F5’  

CT 93 ± 31 cm (78 ± 17 cm SED) 

Clear fault generated scarp; 

Unit c not deposited or not 

preserved on up-thrown wall 

 

 

 

Ev. 3 

c/d 

 

-Fracture on F10 sealed by 

unit c  

- Displacement on MF 

 (> 13 cm, ~20 cm) 

 

CT 93 ± 10 cm (12 ± 4 cm 

SED) 

-Displacement on MF (31 

cm, considering surface 

not leveled); F5’ (20 cm); 

F6’ (17 cm); F7’’ (8 cm).  

-Faulted colluvial wedge 

(by F6’ , F7’ and MF) 

CT 136 ± 16 cm (25 ± 2 

cm SED) 

-Fractures F2 (open fracture)  

-Displacement on F5 (35 cm)  

- SED calculated in next event 

 

-Displacement on MF (15 cm) 

 F4’N; F9’ (-13 cm);   

- SED calculated in next event 

 

 

 

Fault generated scarp suspected 

from geometry of unit c, which 

overlaps the scarp. 

Slip analyzed together with 

event 4 for J 1E, J 2E and J 2W 

Ev.4 

d/f 

 

-Fractures sealed by unit d  

-Displacement on MF (38 

cm); F4S (4 cm); F4S (3 

cm).  

- CT  107± 8 cm (72 ± 9 cm 

SED)  

--Displacement on MF, 

min.  

CT 137 ± 25 cm (79 ± 8 

cm SED) 

No distinctive evidence-as unit F is 

not recorded in this trench 

Possibly, previous scarp mantled by 

unit d 

CT 102 ± 38 cm (SED =30 ± 15 cm) 

 

No distinctive evidence 

Possibly, previous scarp mantled by 

unit d 

 

CT 122 ± 21 cm (SED =29 ± 7 cm) 

 

 

Colluvial wedge on top of unit f 

(under unit d). 

Ev. 5 

F (d) /h 

(g) 

 

-Fractures sealed by f’(f’’) 

(F1 and F5-8, F11) 

-Displacement on F4 (4 cm) 

F5 (7 cm); on MF (min. 42 

cm; min. thickness of h ) 

- CT  139 ± 14 cm (32 ± 5 

cm SED) 

-Fractures sealed by f’(on 

both blocks). 

-Displacement on MF 

(min. 46 cm; min. 

thickness of h) 

- CT   185 ± 17 cm (48 ± 

6 cm SED) 

 

-Fractures sealed by d (F10, F4) 

-Counter-slope tilting of unit h 

-Displacement on MF (40 cm) 

apparently not affecting unit d 

- CT  172 ± 26 cm (70 ± 7 cm SED) 

 

 

-Displacement on F2’ (-11 cm) 

  F3’ 

CT 56 ± 30 cm (34 ± 7 cm SED) 

 

Generation of space for 

deposition of re-worked 

ignimbrite (unit h) and channel 

infill (unit g) on the 

downthrown block. 

 

Table 3



CT= cumulated throw; SED = single event displacement. 

 

Table 3. Summary of the evidence of surface rupture identified in each of the trench walls of Juana 1 and 2. The vertical offset inferred from each 

fault is given. Offsets in some individual faults are locally exaggerated by opening and near surface vertical collapse.  The difference in CT 

(cumulated throw) between consecutive events is used to calculate the single event displacement (SED).    

 
 

 

 

Ev. 6 

h/i 

 

  -Fractures sealed by unit h on F3, 

between F2 and MF 

CT 228 ± 25 cm  (57 ± 3 cm SED) 

-Fractures sealed by unit h. Not 

clear but perhaps some fractures 

between F2’-F3’ and between F10’ 

and F11’ 

-Displacement of unit i, on MF (14 

cm)  

CT 226 ± 35 cm  (70 ± 4 cm SED) 

 

Poorly constrained, possible 

multievent. 

 



Fault name Max. (min) SED  SRL (km) Type of faulting Reference 

Acambay bounding faults 

 

Acambay 

 

 62/74 (46/58) 

 

42 

 

Primary, complex 

faulting during 1912 

EQ 

 

Langridge et al., 

2000 

Pastores 50 (<24) 50 Primary and co-

seismic opening of 

fractures (debated) 

Rodríguez-Pascua 

et al., 2012; 

Langridge et al. 

2013 

Pastores western 

end 

37 (<29) 20.4 Transfer zone, 

perhaps only 

secondary 

Ortuño et al., 2015 

Venta de Bravo 100 (18) 47.7  Lacan et al, (2018) 

Central Acambay graben faults (axis faults) 

San Mateo 150 (52)  Primary + secondary Sunyé-Puchol et 

al., 2015 

Temascalcingo 75 (22/39) 19 

(three 

segments of 

10.6, 7.3 

and 6.1) 

Primary + secondary This study 

San Antonio 80/100 (25) Tepuxtepec: 

8 (3.5 and 

4.5) 

San 

Antonio: 7 

Perhaps only 

secondary fault 

This study 

Morelia fault system 

La Paloma (West-

Morelia fault 

segment) 

 40/50 12  Garduño-Monroy 

et al., 2009 

Morelia fault 185 (46) 14  Suter, 2016 

 

 

Table 5. Surface rupture length (SRL) and single event displacement (SED) observed at 

different faults within the TMVB through paleoseismological studies. 

Table 4
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