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[bookmark: _gjdgxs]ABSTRACT
[bookmark: _Hlk8243593]This note documents key observations of slope instability and rockfall activity made by the UNAM-GEER reconnaissance team after the Mw 7.1 Puebla-Mexico City earthquake of September 19, 2017. The investigated sites were located in Mexico City and the states of Morelos, Puebla and Mexico. Sites were studied using a combination of ground surveys, UAV imagery, and terrestrial LiDAR imaging. The field reconnaissance efforts were supplemented by analysis of pre- and post-event satellite images to define the boundary of the region affected by earthquake-induced landslides. Most slope failures occurred in remote areas or areas that had a prior history of instability. Overall, the consequences of slope instabilities caused by the 2017 Puebla-Mexico City earthquake were relatively minor compared with the reported structural damage. More than 360 deaths were attributed to this earthquake of which one death was attributed to landslide activities. The size of the area affected by landslides and the intensity of shaking in these areas was consistent with relationships developed in previous studies. The lack of major effects from earthquake-induced landslides is consistent with previous earthquakes in southern Mexico and stands in sharp contrast to many parts of Central America where earthquake-induced landslides pose a significant hazard. 
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1. Introduction
Earthquake-induced landslides are common natural hazards following strong ground motions and have led to significant damage and casualties in recent earthquakes. In some Central American countries, earthquake-induced landslides have been one of the most significant sources of casualties (e.g., more than 1000 victims lost their lives during the 2001 El Salvador earthquake [1]). In Mexico, casualties from earthquake-induced landslides are often significantly smaller. Even though more than 3500 deaths in Mexico have been attributed to landslide-related disasters between 1935 and 2006 [2], most of these slides have been associated with intense precipitation events such as tropical storms or hurricanes. Bommer and Rodrı́guez [1] suggest that based on the geological and meteorological conditions in Central America and southern Mexico, earthquake-induced landslides are highly non-uniform across the region, but they are more frequent in countries like Costa Rica, El Salvador, Guatemala, and Panama. Reasons for the increased frequency in these countries relative to southern Mexico includes higher mean annual rainfall and geologic units that are more susceptible to landslides, including lateritic soils and volcanic ash deposits [1]. In addition, the exposure of the population and infrastructure to potentially unstable slopes appears to be greater in Central America, where approximately half of the population is concentrated around volcanoes along the Pacific coast [1].
The September 19, 2017 Puebla-Mexico City was an intraslab subduction zone earthquake with a moment magnitude (Mw) of 7.1. The earthquake occurred at a depth of 57 km and the epicenter was located approximately 60 km southwest of Puebla, Mexico and 120 km southeast of Mexico City, Mexico. Strong ground motions, those that exceeded an intensity level VII according to the Modified Mercalli Intensity (MMI), were felt in both Mexico City and Puebla [3]. This event led to at least 369 confirmed deaths, approximately 60% of them in Mexico City and 20% in the state of Morelos, and severely damaged infrastructure such as buildings, roads, bridges, and lifelines [4]. The affected region is primarily located in the Trans-Mexican volcanic belt, which is characterized, by volcanic mountain ranges and humid mountain valleys [5]. The geology in this region consists primarily of volcanic soils and rocks with alluvial and lacustrine deposits occurring in the valleys [5, 6]. Sedimentary rocks (limestone, sandstone, siltstone and shale) are also found in the states of Morelos and Puebla [6].
The Puebla-Mexico City earthquake led to co-seismic landslides in the states of Mexico, Puebla and Morelos. The GEER-UNAM reconnaissance team visited eight areas where rockfalls and landslides were observed to document deformations and impacts using a combination of visual observations, unmanned aerial vehicle (UAV) photography and LiDAR scans. The impacts of the investigated failures on infrastructure varied significantly and included damage to buildings, roadways and retaining structures. Only one casualty associated with landslide or rockfall activities was reported in post-earthquake news stories [7]. The reconnaissance team also documented damage at seven quarries in the state of Morelos, although there were no reported injuries at these sites. This paper summarizes the observations of rockfalls and landslides documented by the reconnaissance team and includes a brief summary of geologic and antecedent rainfall conditions at the landslide sites. A discussion of the impacts of the landslides along with a comparison of the observations with those from other recent earthquakes is included.	Comment by AM: These states are more in central Mexico than in southern Mexico
2. Previous Earthquake-Induced Landslides in Southern Mexico
Earthquake induced landslides have been reported in past Mexican earthquakes going back to 1912 [1]. In all of these earthquakes, only limited landslide activity has been documented in southern Mexico and only a small number of casualties have been attributed to earthquake-induced landslides [1]. The causalities that have been attributed to landslides have primarily occurred in more remote mountain regions. Areas affected by landslides in several of these earthquakes are shown in Figure 1 (adapted from Bommer and Rodrı́guez [1]). 
[image: ]
Figure 1. Map showing the locations of historical instabilities in southern Mexico [1] along with landslides observed from the September 19 (Mw 7.1) earthquake. 

3. Survey Approach and Methods
	Site visits were performed at eight locations were slope instabilities were observed within the metropolitan area of Mexico City and the states of Mexico and Morelos (Figure 2, Table 1). UAV photography was used at several sites to provide insights into slope failure formations (Figure 3a) and to map ground cracking behind failure scarps that were not easily accessible to the reconnaissance teams on the ground. LiDAR scans were taken at select locations including the failure of a river bank along the Yautepec River in the state of Morelos (Figure 3b). 
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Figure 2. Map showing the locations of landslides documented after the Puebla-Mexico City earthquake along with contours of Modified Mercalli Intensity [3].

Table 1. Observations of slope instabilities and rock falls from the 2017 Puebla-Mexico City earthquake
	Name of City/Region
	Lat. (°)
	Long. (°)
	Type of Instability
	Date Visited (2017)

	Xochimilco 
	19.2467
	-99.0872
	Landslide/Subsidence
	9/25, 9/26, 10/2

	Tlayacapan
	18.9486
	-98.9837
	Rockfall
	9/27, 10/2

	Totolapan
	18.9816
	-98.9246
	Slope failure in old quarry
	9/27, 10/2, 10/3

	Atlatlahucan
	18.9378
	-98.8784
	Series of landslides
	9/27, 10/3

	Rio Yautepec
	18.7307
	-99.1194
	Slope failure near bridge
	10/3, 10/4

	Río Apatlaco
	18.6123
	-99.1817
	Failure of river bank
	9/27

	Lake Tequesquitengo
	18.6313
	-99.2538
	Movement along lake shore
	9/27

	Tejalpa-Zacatepec Highway
	18.7146
	-99.1835
	Embankment failure
	9/27
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Figure 3. (a) (a) Aerial view of a rockfall near Tlayacapan showing the hill crest, the depleted vegetation left by boulders, and houses beneath the slope (18.9486°, -98.9837°); (b) Point cloud data created from a LiDAR scan showing the ground failure next to a bridge across the Río Yautepec (18.7306°, -99.1194°).

	Following the initial reconnaissance effort, the team used satellite imagery available from before and after the event to attempt to delineate the boundaries of the area affected by landslides (Figure 1). This review was done by comparing monthly mosaic images provided by Planet Labs [8] from July and August 2017 (pre-event) and October 2017 (post-event). The images were collected by the PlanetScope satellite and have a resolution of 3-meters. At this resolution it is not likely that landslides with an area smaller than 225 m2 could be observed [e.g., 9, 10]. Possible landslide sites were highlighted using the Planet Explorer tool [8], which detects changes in the relative luminance between the two images (pre- and post-event) and then confirmed using post-event imagery from Planet [8] or Google Earth [11]. This process led to the identification of six additional areas where landslides occurred (Figure 2).

4. Observations
[bookmark: _Hlk23146671]	The reconnaissance team visited eight locations where slope instabilities were observed (Table 1) during September and October of 2017. One landslide was located in the southern part of Mexico City while the other areas were located in the state of Morelos (Figure 2). Similar to previous earthquakes in southern Mexico [1], the reported impacts of earthquake-induced landslides from the 2017 Puebla-Mexico City earthquake were relatively minor. The reconnaissance team documented a total of 14 areas where landslides were observed. Some of these were a single landslide (e.g., Tlayacapan Rockfall, Figure 3a), while others were multiple landslides that occurred over a larger area (e.g., Atlatlahucan was comprised of six landslides occurring along a 2 km ridge). All of the landslides were observed in areas to the northwest of the epicenter, which is also consistent with reports of significant structural damage that were concentrated in the state of Morelos and Mexico and in Mexico City. Details on the observations at each of the landslide sites (e.g., additional photos, maps, eyewitness accounts, and displacement measurements) are described in the GEER report [4]. 

4.1 Comparison with Patterns from Previous Earthquakes
The landslide locations documented by the reconnaissance team were compared with the Modified Mercalli Intensities estimated by the USGS [3] for this event (Figure 2). All of the landslides occurred in areas where the intensity was at least V, which is consistent with the boundaries of observed landslides identified by Keefer [12] and Rodrı́guez et al. [13] based on their global datasets. The maximum epicentral distance was approximately 100 km which is also consistent with the relationships proposed by Keefer [12] and Rodrı́guez et al. [13].
The size of the area affected by landslides from this earthquake was defined by fitting a boundary convex hull to the observed sites and then smoothing that polygon using a Bezier interpolation (Figure 1). The resulting boundary polygon has an area of 6440 km2. This is less than half of the area suggested by the upper bound relationship proposed by Rodrı́guez et al. [13] based on a global database, but is well within the scatter of data observed by Bommer and Rodrı́guez [1] for similar magnitude earthquakes in Central America and southern Mexico.

4.2 Geology
[bookmark: _Hlk23146902]The geologic units in which landslides occurred were identified by comparing the landslide locations (Figure 2) with a geologic map of central and southern Mexico [6]. The majority of the landslides documented in this study occurred in units containing primarily volcanic soils and rock (tuff, basalt, andesite, and dacite) and lahar deposits (deposits from volcanic debris flows). Earthquake-induced landslides in volcanic soils are also common in Guatemala, El Salvador, Nicaragua and Costa Rica [1] and weak lenses in volcanic deposits have been cited as a possible factor in the large number of landslides observed in the 2018 Hokkaido Earthquake [14]. The only failures observed outside of these volcanic deposits occurred along river banks in recent alluvial deposits (e.g., Río Yautepec, Figure 3b).

4.3 Rainfall Conditions
[bookmark: _Hlk22226314][bookmark: _Hlk22226562][bookmark: _tyjcwt]The effects of antecedent rainfall on earthquake-induced landslides are well-documented, where both the medium-term (6 - 12 months) and short-term (1 month) antecedent rainfalls can have important influence in determining the susceptibility to instability and the extent of the affected area [1]. A review of rainfall in the twelve months leading up to the earthquake was performed for each of the landslide areas (Figure 2) using data collected at the closest weather station [15]. The highest rainfall totals were observed in the state of Morelos where the majority of landslides were observed. The rainfall in Morelos during the three months prior to the earthquake (July, August, and September of 2017) was between 238 and 289 mm, which is from 120% to 140% of the monthly historic average for those months [16]. The rainfall between January and May of 2017 was between 2 and 52 mm, which is approximately 50% of the historic average. The lowest rainfalls in the months prior to the earthquake were recorded at sites located in the states of Puebla and Mexico where the fewest landslides were observed, despite similar shaking intensities to Morelos (Figure 2). The uptick in rainfall in Morelos in the months prior to the earthquake may be part of the reason why the majority of landslides were observed in this state.

4.4 Landslide Impacts
	The impact of the observed landslides on the affected communities varied significantly. The slide in the hills of Xochimilco (Figure 4) ruptured water lines and blocked local roads leading to traffic jams and increased travel times. This landslide also caused damage to roadways (Figure 5a), retaining walls (Figures 5b and 5c), sidewalks and buildings. This area has a history of subsidence and slope instability, including during the 1985 Michoacan Earthquake [17]. Landslides in more rural areas affected smaller populations, but also damaged buildings and roadways. The damage to the Yautepec bridge in Morelos led to a 5 km detour for the residents of the town of Estacas. The landslides in Totolapan and Tlayacapan did not cause major damage to homes, but left behind unstable slopes (Figure 6). Slope failures were observed in several quarries, including one fatal incident in the State of Mexico where one worker was killed when the earthquake triggered a rockfall [7]. Other quarry instabilities with only limited damage were observed in the cities of Totolapan (Figure 6) and Atlatlahucan in Morelos.
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Figure 4. Aerial view of Xochimilco slopes, showing the trace of surface cracks, the locations of pumping station and previously repaired void. Letters indicate sites shown in Figure 5. (19.2471°, -99.0882°).
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Figure 5. (a) Large residual displacements in asphalt pavement (site A, 19.2467°, -99.0870°); (b) Retaining wall supported with wooden cross braces in Vieja Xochimilco-Tulyehualco (site B, 19.2470°, -99.0897°); (c) failed section of retaining wall in Vieja Xochimilco-Tulyehualco (site C, 19.2470°, -99.0895°).
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Figure 6. (a) Landslide in former Tezontle quarry and current landfill (18.9816°, -98.9246°); (b) cracks near homes above the former Tezontle quarry after the earthquake (18.9816°, -98.9246°).

6. Summary
The UNAM-GEER reconnaissance team investigated eight instances of slope instability following the 2017 Puebla-Mexico City earthquake. The investigated failures occurred in Mexico City and the states of Morelos and Mexico. Many failures occurred in areas that had a prior history of instability. The impacts of the failures on the local communities varied significantly between the sites with some failures causing little to no damage or disruption (e.g., the Atlatlahucan quarries) and others leading to damaged buildings and transportation infrastructure (e.g., Xochimilco and Río Yautepec). The reconnaissance team documented the case histories using a combination of ground surveys, UAV imagery and terrestrial LiDAR imaging. Additional landslide areas were identified using pre- and post-event satellites images. 
The documented locations of slope instability were identified through field observations by the reconnaissance team, discussions with local residents, and post-reconnaissance mapping using satellite images. It is likely that more instances of earthquake-induced instabilities occurred which were not documented by the team. While a review of pre- and post-event satellite images was performed for this study, the resolution of the imagery only allowed for detection of landslides with areas greater than approximately 225 m2 as discussed in Section 3. A more detailed remote sensing based study [e.g., 14] would allow for a detailed statistical analysis of the patterns of co-seismic landslides triggered by this event.  
Overall, the slope stability issues caused by the 2017 Puebla-Mexico City earthquake were relatively minor compared with the reported structural damage [4]. The size of the area affected by earthquake-induced landslides and the threshold MMI for landslide observations from this event was consistent with observations from previous earthquakes [1, 12, 13]. The lack of major impacts is consistent with observations from previous earthquakes in southern Mexico [1]. This stands in contrast to other regions, such as Central America, where earthquake-induced landslides are a significant source of both damage and casualties [1].
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