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Sand deposits reveal great 
earthquakes and tsunamis 
at Mexican Pacific Coast
María‑teresa Ramírez‑Herrera1*, néstor corona2,3, Jan cerny1, Rocío castillo‑Aja4, 
Diego Melgar5, Marcelo Lagos6, Avto Goguitchaichvili7, María Luisa Machain8, 
Miriam L. Vazquez‑caamal9, María ortuño10, Margarita caballero7, 
ericka Alinne Solano‑Hernandez9 & Ana‑carolina Ruiz‑fernández8

Globally, instrumentally based assessments of tsunamigenic potential of subduction zones have 
underestimated the magnitude and frequency of great events because of their short time record. 
Historical and sediment records of large earthquakes and tsunamis have expanded the temporal 
data and estimated size of these events. instrumental records suggests that the Mexican Subduction 
earthquakes produce relatively small tsunamis, however historical records and now geologic evidence 
suggest that great earthquakes and tsunamis have whipped the Pacific coast of Mexico in the past. 
the sediment marks of centuries old‑tsunamis validate historical records and indicate that large 
tsunamigenic earthquakes have shaken the Guerrero‑oaxaca region in southern Mexico and had 
an impact on a bigger stretch of the coast than previously suspected. We present the first geologic 
evidence of great tsunamis near the trench of a subduction zone previously underestimated as 
potential source for great earthquakes and tsunamis. Two sandy tsunami deposits extend over 1.5 km 
inland of the coast. The youngest tsunami deposit is associated with the 1787 great earthquake, M 
8.6, producing a giant tsunami that poured over the coast flooding 500 km alongshore the Mexican 
Pacific coast and up to 6 km inland. The oldest event from a less historically documented event 
occurred in 1537. The 1787 earthquake, and tsunami and a probable predecessor in 1537, suggest a 
plausible recurrence interval of 250 years. We prove that the common believe that great tsunamis do 
not occur on the Mexican Pacific coast cannot be sustained.

Worldwide, instrumentally based assessments of tsunamigenic potential of subduction zones have underesti-
mated the magnitude and frequency of great  events1–3, to some extent because great earthquakes and tsunamis are 
 infrequent1–5 and instrumental seismic data are relatively short. Historical and sediment records of large earth-
quakes and tsunamis have expanded the temporal data and estimated size of these events but mainly where direct 
observations of great tsunamis have been  possible1,3,4,6. This means that little is still known of great earthquakes 
and tsunami generation potential of other subduction  zones7–11. Additionally, at the centre of the problem is still 
the question as to whether subduction zones, despite their relatively short instrumentally seismic history, could 
generate great earthquakes and tsunamis. We reveal the first geologic evidence, and validate historical records, 
of great tsunamis and earthquakes near the trench of the Mexican subduction zone previously underestimated 
as potential source for great earthquakes and tsunamis.

Here, we focus on the Corralero coastal plain, in southwestern Mexico, where a great earthquake, M 8.6, 
triggered a giant tsunami that poured over the coast of Oaxaca, Guerrero, and Chiapas, flooding 500 km along 
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the Mexican Pacific coast and more than 6 km inland, reportedly in  17878,12. Corralero sits on the Oaxaca coast, 
a segment of the Mexican subduction with frequent earthquakes (every ± 40 years.) and magnitudes ranging 
from 7.3 to 7.713–15 (Fig. 1a,b). The Corralero coastal plain is a wavy extensive alluvial plain reaching up to 10 km 
from the coast inland, formed by a series of beach ridges and swales, and a coastal lagoon (Fig. 2a), if indeed a 
M 8.6 earthquake occurred, a catastrophic tsunami with modelled wave heights of up to 20 m12 could overpass 
a series of 4 to 6 m-height beach ridges (Fig. 2a,b) and flood 6 km  inland8,12,15 .

We concentrate on the western part of the Corralero plain, west of the Corralero lagoon, where the topog-
raphy is relatively low (< 6 m high a.m.s.l.) and could have experienced the effects of the 1787 great tsunami, 
being located approximately half way of the estimated near-trench earthquake  rupture8 (Fig. 1b). Moreover, 
the western sector of the Corralero plain has not been affected by local agriculture and other human activities, 
minimizing the effects of anthropogenic disturbance and uncertainties in the search of tsunami deposits and 
signs of seismic activity.

Results
Historical records of the 1537 and 1787 earthquakes and tsunamis.  11 November 1537 earthquake 
and tsunami. The sixteenth century in Mexico set the fall of the Aztec Empire and of the process of conquest 
and evangelization by the Spaniards. In this context, the existing documents of the time are of two types: codices 
with iconographic, and chronic representations, mainly written by friars. The fall of Tenochtitlan occurred in 
the year 1521, in 1524 the first Franciscan friars arrived in the New Spain (Mexico), followed by the Dominicans 
in 1526 and the first Augustinians in  153316. Although García Acosta and Suárez  Reynoso17 list a series of pre-
Hispanic earthquakes, the first ones that occurred in colonial times, prior to the earthquake in question (1537), 
are the 1523, 1530, 1532, and 1533 events.

Tsunami reports by the beginning of the sixteenth century in Mexico are even scarcer due to the fact that 
Spanish settlements in the coastal zone did not become consolidated due, among others, to communication 
problems and weather conditions. The earthquake of 11 November 1537 can be considered the first for which 
there is a historic record, although doubtful, and of a tsunami. It is also the first recorded, since the arrival of 
the Spanish, which mentions damage on the coast of the Mexican Pacific, so it could also be considered the first 
subduction earthquake reported of the colonial era.

The earthquake of 1537 is mentioned both in codices and in some chronicles.  Kingsborough18 published both 
the codices’ images (Supplementary Information 1) and the paleography of his notes: "This year Six Houses and 
from 1537, the africans in Mexico City wanted to rise up […] The star was smoking and there was an earthquake, 

Figure 1.  Maps of study area. Middle America trench and seaward edges of Mexican subduction zone are 
shown with barbed lines. (a) Mexican subduction zone showing historical rupture (aftershock) areas of the 
twentieth and twenty-first century earthquakes (modified after https ://usuar ios.geofi sica.unam.mx/vladi 
mir/image s/EQ_map_2013_es_clear .jpg). (b) Guerrero and Oaxaca coast showing rupture areas of the most 
important earthquakes (1937, 1965, 1978, 1982, 1995, 1996 and 2012) and the estimated location of the 1787 
 event8, used in tsunami simulations (Fig. 4), slip modelling and coseismic deformation models (Supplementary 
Information and Figs. S9, S10, S11).

https://usuarios.geofisica.unam.mx/vladimir/images/EQ_map_2013_es_clear.jpg
https://usuarios.geofisica.unam.mx/vladimir/images/EQ_map_2013_es_clear.jpg
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the greatest of which I (Pedro de los Ríos, Dominican monk) have seen, although I have seen many from these parts.” 
From the Augustinian chronicle, we now know the exact date on which the earthquake occurred and we have 
the description of its effects, at least in the region corresponding to the province served by the Chilapa-Tlapa 
monasteries. Grijalva’s  work16, written approximately in the year 1628, very much takes the description of the 
effects of the earthquake from a manuscript written by Fray Agustín de Coruña “History of the spiritual conquest 
of those regions”, and of which he records their existence (p. 509). From Grijalva’s  description16, we know that: the 
church and the fence of the garden totally collapsed; the tremors were continuous, and there were mudslides and 
mudflows in the Sierra Madre del Sur, and landslides that were flown by streams and rivers. The report of the tsu-
nami on the coasts of Mexico appears in the Table of Tsunamis Caused by Earthquakes in the Pacific Region Except 
near Japan19, pointing that it was produced by an earthquake in Mexico, and it is conclusive when mentioning 
the damage in the coastal region of Mexico. However, Iida et al.20 mistakenly recorded a source in the Chilean 

Figure 2.  Summary of tsunami deposits and geomorphic evidence of great tsunami flooding in Corralero, 
Oaxaca. Supporting data in Supplementary Table S1 Supplementary information: Table S2 and Fig. S7. (a) 
Location map of study area and 3-D Lidar-based model (5 m resolution) of the bare surface at Corralero 
coastal plain, showing sand dunes, beach ridges and swales. (b) Cross section of pits, sand units correlated by 
stratigraphic and sediment characteristics, TSI shows inland extent of 1787 tsunami sand sheet. Microfossil, 
sediment elemental composition and 210Pb dates of pit 013 are shown in detail in Fig. 3. (c) Upper picture 
shows beach ridge and swale (people and a large tree standing for scale); lower pictures show pits at swales with 
evidence on sand units with abrupt basal contacts and soils beneath and above them. (d) Beach ridge breaches 
shown on satellite images (left and upper pictures) and on field-based photograph (lower picture), indicating 
tsunami breaching.



4

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:11452  | https://doi.org/10.1038/s41598-020-68237-2

www.nature.com/scientificreports/

tsunamigenic zone (Q). Thus, this is the reason why the tsunami is not Trans-Pacific, but it was generated in the 
Guerrero-Oaxaca area of Mexico. Finally, Soloviev and  Go21 located the earthquake epicentre in Mexico, and 
the tsunami on the coast of Mexico, although they rate it as questionable, that does not exclude that it did occur. 
Therefore, the mistake made on wrongly locating the tsunami source in Chile made some authors doubt on the 
reliability of the information. In neither case, the original source of information is recorded.

28 March 1787 earthquake and tsunami. On Wednesday, 28 March 1787, between 11 am and 12 pm local time, 
the first of a series of earthquakes was felt on the southeast coast of the Mexican Pacific, in central Mexico and 
even in the state of Veracruz next to the Gulf of Mexico. According to the chronicles of the  time22,23, the most 
intense of the earthquakes occurred on the 28th March (M = 8.6)8 and on 3rd April (M = 7.3)24 during the morn-
ing. In both cases, tsunamis were reported and included in  national25,26 and international  catalogs21,24,27.

Below, we describe the 1787 event and in Supplementary Information 1 present the exact quotations obtained 
from original documents, which in many cases have been cited incompletely and subsequently cited by other 
authors.

The series of earthquakes that occurred between March 28 and April 3, 1787, are called the San Sixto 
 Earthquakes28 Earthquakes. However, Núñez-Cornú15, Núñez-Cornú et al.12 and Suarez and  Albini8 assign this 
name to the first earthquake, which occurred on March 28 at 11:30 a.m.

28 March 1787 tsunami. Acapulco behaviour of the sea on 28 March was described by the Rafael  Vasco29: 
by ~ 12: 00 h the sea began to withdraw and grow, without waves or particular disturbance, at 14:00 h the phenom-
enon increased, in 4 min it dropped ~ 3 m and the same rose in 6 min. The beach was uncovered ~ 90 m repeatedly, 
and it was increasing; at 4:00 p.m. the sea rose ~ 4 m, overflowing the pier and flooding houses near the beach; 
17:00 h the sea flow decreased, each movement took 15 min. The phenomenon lasted 24 h, until the sea settled back. 
From the description of the tsunami flood 29,30 and using a 1712 map of Acapulco (Supplementary Information 
1), it is possible to know the location of the places mentioned in the text. An 1889 old map of Acapulco with a 
topographic profile (Supplementary Information 1), it is possible to estimate that the tsunami flood must have 
been at least 4 m above sea level, and being able to reach the houses and streets closest to the beach and the pier. 
While, du Petit-Thouars31 and  Belcher32 indicate that the sea retreated to the rocks located in the middle of the 
bay, Punta Manzanilla, leaving them dry, and that the Philippine Nao, which was anchored ~ 17 m deep, showed 
it reduced to just 6.68 m (i.e. the sea dropped 10 m). In the report sent from Igualapa (Ometepec jurisdiction) 
the following events are described, narrated by survivors 23: the sea withdrew more than 4 km, returned again, 
left thousands of fish in the place that was left without water, and that the sea threw eleven people and left them 
hanging and stuck in the poles of a mountain, at a distance of ~ 6 km and at "excessive height". According to  Gay28, 
“… the sea withdrew more than 4 km and returned with the speed with which it had moved away and covered with 
its waves the forests of the beach, reaching a distance of more than 8 km, some fishermen perished and others were 
saved badly damaged”.

3 April 1787 Tsunami. The 3 April 1787 earthquake produced greater damage in Tehuantepec, and although it 
is not completely clear in the report published by the Gazette of Mexico 23, “…it produced an alteration in the sea 
near Tehuantepec, accompanied by bellows and which throws fish and shells onto the beach”; Orozco and Berra 25 
added that this phenomenon also occurred on the coast between Pochutla and Juquila.

tsunami deposits. We searched for tsunamigenic deposits on the Corralero coastal plain, bounded to the 
east by a lagoon with a 300 m wide sand bar barrier. These coastal plain features a beach, beach dunes up to 
5.5 m high, a series of beach ridges and swales, and marshes around the lagoon (Fig. 2a). The beach ridges on 
this side of the lagoon extend up to 2 km inland. We studied sediment characteristics from 13 locations on 
swales between ridges reaching up to 5 m height a.m.s.l. along a transect 1.5 km inland looking for tsunami 
deposits and signs of seismic activity. The first sign of tsunami deposit is a 5-cm thick lens of medium to coarse 
sand with an abrupt basal contact with an organic sandy soil below (Fig. 2b,c). From here on this sand layer is 
continuous up to 1.5 km inland where the 10 cm-thick deposit contains rip-up clasts. We focused on the sedi-
ment results (site 013 and 013A, the latest located ~ 200 NNW from 013) furthest inland located 1.5 km away 
from the shoreline because it provides evidence of the tsunami extent of flooding and we correlate these results 
with the tsunami deposits found towards the shore (Fig. 2, Supplementary Table S1). Site 013 is located in a swale 
3 m a.m.s.l. (Fig. 2b,c) and shows 7 sediment units (Figs. 2b, 3), of which a remarkable light brown (brownish 
yellow) layer composed of medium to coarse sand containing rip up-clasts (TS1) shows an abrupt basal contact 
at about 20 cm depth with the unit below it—a dark brown medium sandy to silty incipient soil; and second 
noteworthy layer (TS2) consisting of medium brown sand at 30 to 41 cm depth with an apparent sharp basal 
contact with the unit below. Grain size statistics (Supplementary Figure S6) also show two beds where the pro-
portion of sands increases. Site 013-A show two units characterized by a higher sand content (more than 50%). 
The first, between ~ 10 and 20 cm deep, is characterized by an average size of coarse-medium sands, very poorly 
classified with a very platykurtic curve. The second unit, between ~ 30 and 40 cm deep, formed by medium sands 
and with a leptokurtic distribution. The first unit (TS1), at site 013 between ~ 8 and 16 cm, is more evident given 
that it shows an increase in the average grain size (medium sands), is very poorly classified, and with a very lep-
tokurtic curve; at the base of 013, only the upper part of unit two (TS2), between ~ 26 and 30 cm, is marked by 
an increase in the average grain size (medium sands), very poorly classified and with an extremely leptokurtic 
curve. Although kurtosis values tend to be extreme, in both cases they could be related to a highly energetic 
environment as the one responsible for this  condition33,34. A line of characteristics suggests tsunamigenic origin 
of these sandy layers (Fig. 2b). First, both sand units have sharp basal contacts with the units below and unit 
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TS1 contains rip-up clasts implying a sudden and energetic event. Second, both units contain higher abundance 
of marine diatoms and dinoflagellate which are absent in the adjacent units below and above them (Fig. 3, Sup-
plementary Table S2, Supplementary Fig. S7). Third, the elemental composition of these units shows relatively 
higher content of Na/Rb, Na/K, Ca/Ti, Ca/Fe, Sr/Fe, Sr/Ti, Ba/Ti, Ba/Rb ratios indicative of marine influence (vs. 
terrestrial source) (Fig. 3, Supplementary Fig. S8). These characteristics support the allochthonous origin of sand 
units TS1, more remarkably, and TS2. Besides, the LIDAR-based model, satellite image, and field observations 
suggest some of the beach ridges show evidence of breaches and scour (Fig. 2d). Hence, considering the above-
mentioned characteristics, we deduce that in particular sand unit TS1, and possibly TS2, correspond to marine 
sediments that were transported from the nearshore and into the coastal plain. Only an extremely powerful tsu-
nami would be capable of scour and breaching sand-dunes and beach ridges > 5 m high, transporting sediments 
from the nearshore and depositing them in the swales as far as 1.5 km inland. These makes the first geologic 
evidence of great earthquakes and tsunamis of a subduction zone previously underestimated as potential source 
for great earthquakes and tsunamis.

Dating. We applied radionuclide 210Pb dating, suitable for century-scale dating, on a 50 cm-long sediment 
core from site 013 to calculate the sedimentation rates and estimate the timing when units TS1 and TS2 were 
deposited. Assuming a constant sedimentation rate, the 210Pb measurements indicate that sediments at 19.59 cm 
depth have a depositional age of 224 years, i.e. between the 1804 and 1771 C.E., with a more probable deposition 
in C.E. 1787 year (see Methods section, Fig. 3). This timing agrees with the reported date of the great earthquake 
and tsunami on 28 March  17878,12,15 (see Supplementary Information 1), consequently suggesting the tempo-
ral link between the tsunami event described in historical records (see Supplementary Information 1) and the 
abovementioned TS1 tsunami deposits.

Potential TS2 tsunami deposits at ~ 36 cm depth, and the layers above and below it, lack organic material for 
radiocarbon dating, and is beyond the scope of 210Pb dating method, upper limit between 110 and 155 years35, 
even though, we calculated the uncertainties of the time range and the age of this sediment unit and estimated 
411.7 ± 31 y suggesting deposition between years 1,630 and 1569, i.e. 1,600 ± 31 years, assuming a constant sedi-
mentation rate. Several earthquakes fall in this temporal range (1591, 1604, 1608), though we found no mention 
of a tsunami in local historical records. However, a strong earthquake is reported in 1537 on the Guerrero coasts 
and a Japanese catalogue mentions that the Mexican coast was affected by a tsunami on this  date19–21.

The impact of the 1787 tsunami on the Corralero coastal plain is further supported by the presence of beach 
ridge breaches near 730 and 1,500 m from the shoreline (Fig. 2d). These two ridges made of sand dunes with 
loose sediments and heights of 5 and 3 m respectively, have in common the occurrence of scour on the seaward 
and landward sides (Fig. 2d). Currently the presence of ponds on both sides suggest the landward directed 
outflow from the  tsunami36–38. This observation suggests that the 1787 tsunami approached the coast from SSE 
to NNW (Fig. 2d).

Thus, a set of key observations point out to an SSE-approaching tsunami and caused a catastrophic inunda-
tion of the beach ridges coastal plain oriented WNW-ESE, almost perpendicular to the tsunami flow direction. 
The position of beach ridges breaches and respective  scour38 reflect a preferential energetic flow from the SSE 
from the tsunami that spilled over the coastal plain. This is also compatible with a tsunami model, developed to 

Figure 3.  Evidence of great tsunamis at Corralero. Cross-section of pit 013. Yellow sand units indicate 
tsunami deposits TS1 and TS2 related to the great 1787 earthquake (M8.6)8 and tsunami (Supporting data 
in Supplementary Table S2 and Supplementary Fig. S7) and the probable 1537 earthquake and tsunami, 
respectively. Elemental composition of sediments shows increase of element ratios indicative of marine flooding 
(Supplementary Fig. S8). Diatom assemblages and dinoflagellate indicative of marine origin suggest tsunami 
deposits related to the great 1787 and the 1537 earthquakes (Supporting details in Supplementary Fig. S7, 
Supplementary Information 1).
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test tsunami inundation depths, showing tsunami directivity to the NNW and higher tsunami waves than 18 m 
at Corralero  plain12 (Fig. 4).

Based on the maximum distance from the current shoreline inland (1.5 km) at which we traced the 1787 
tsunami deposits, and the current elevation of sand dunes and beach ridges (up to 5 m above sea level), plus 
tsunami inundation depth based on modelling (Fig. 4), we estimate a wave runup of more than 5 m at the 013 
site, assuming negligible relative sea-level uncertainties in the last 200 years because these are likely less than 
0.1% of the elevation of current sand dunes and beach ridges overpassed by the tsunami inundation (Fig. 4).

Stochastic heterogenous slip models and vertical coseismic deformation of the 1787 earth‑
quake. Whether the landscape is uplifted or subsides is dependent on the location of slip on the megathrust. 
Broadly speaking, the area overlying a slip patch will move up, whereas subsidence will occur primarily downdip 
of the slipping region. In fact, due to the short continental shelf, in Mexico it is not uncommon for the coastline 
to be above the part of the megathrust that slips coseismically (e.g.39) and thus has uplift, not subsidence. So, 
it’s important to understand whether, given the expected rupture area of the 1787 event, subsidence is likely. 
Based on the diatoms above and below tsunami deposits, we attempted to infer land-level change. (Fig. 3, and 
Supplementary Fig. S7). However, in humid tropical climate diatoms are relatively scarce if compared with envi-
ronments at mid-latitudes, where most of the studies of land-level changes using diatoms come from. Even so, 
we observe slightly more brackish diatoms and no freshwater diatoms above both TS1 and TS2 (Supplementary 
Fig. S7). However, we cannot preclude with absolute certainty the nature of a land level change concomitant 
with the 1787 event, nor for the 1537 event, from microfossils. To address this we generated 600 stochastic slip 
 models40 in a broad magnitude range within the expected rupture region and calculated the expected coseismic 
vertical deformation (Supplementary Figs. S9 and S10). The purpose of the stochastic models is not to constrain 
the size of the earthquake. Rather their purpose is to explore, given that what is known about the event has 
large uncertainties, what is the relative likelihood of uplift or subsidence at the study site given different source 
magnitudes and dimensions. The only thing we assume for these models is (i) the down-dip limit of slip which is 
fairly well known from observations of modern large events and (ii) that the sources be loosely centred around 
the source region proposed by Suarez &  Albini8. Then the 600 stochastic models are by design built to sample 
a range of possible magnitude values (7.8 to 9.1), and lengths (from 150 to more than 500 km). These lengths 
are not arbitrary they are obtained from known source-scaling  relationships41. For a given magnitude there is 
an empirical probability density function that specifies the likely lengths, and we use this sampling approach to 
define the length for any given source. We find that the resulting vertical deformation depends strongly on the 
unknown details of the heterogenous slip distribution, however, in the magnitude range M8.5-M8.7 65% of the 
models lead to co-seismic subsidence (Supplementary Figs. S10 and S11). So, after all this, what the results show 
is that it is not unreasonable to expect subsidence at the site even if the magnitude of the event is not exactly 8.6 
or if the source dimensions are not exactly what was inferred by Suarez and  Albini8.

Figure 4.  Tsunami inundation depth model. Tsunami inundation depth model based on hypothetical 
earthquake estimated rupture  area8 shown in Fig. 1b. (a) Tsunami inundation depth showing ~ 5 m depth at 
site 013. Tsunami inundation in this model can reach up to 5 km distance in flat areas which is accordant with 
historical documents (Supplementary Information 1). (b) Tsunami inundation depth and bare terrain profile.
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Discussion and conclusions
Tsunami deposits from the last 500 years in the Corralero- Oaxaca coast thus imply large (> Mw 8.6) earthquakes 
and tsunamis than previously considered in tsunami hazard assessments for the Mexican Pacific coast parallel 
to the subduction zone. Until now instrumental data report interplate earthquakes that produce relatively small 
tsunamis by medium size earthquake ruptures near the coast, thus tsunami hazard has been  underestimated42. 
However, the short-time span of instrumental and historical records and perhaps the long recurrence of large 
earthquakes has limited the tsunami and  earthquake43,44 hazard assessment in this and other subduction zones of 
the world. Our observations and historical observations, however, require a tsunamigenic earthquake, resulting 
from a long-fault rupture near the trench on the shallow portion of the interface (see Supplementary Information 
and Fig. S9), such as in Sumatran megathrust earthquakes of 1797 and  183345, the 2010 Maule  earthquake46,47, 
and the 2011 Tohoku-Oki  earthquake48.

A long-fault rupture ca. 450 km long in 1787 broke again as small ruptures and medium size earthquakes (Mw 
7.3 to 7.7)13–15 in 1937, 1965, 1968, 1978, 1995 and 1996, and  20128,13–15,49. Our observations based on a combina-
tion of geologic and historic evidence, together with modelling results, imply that this subduction zone is also 
subject to long-fault ruptures near the trench capable of producing large tsunamis (Fig. 4). Because microfossil 
evidence is scarce to infer land-level changes, stochastic modelling of the 1787 spatial slip distribution revealed 
the spatial complexity of the 1787 earthquake slip and the spatial slip distribution, and helped to estimate the 
vertical deformation (See Supplementary Figs. S9, S10, S11). Although the exact details of the 1787 event remain 
unknown, it is still important to explore if, given what is known about it, and about the Mexican subduction zone, 
our interpretation of the geological observations is seismologically consistent. The coseismic modelling shows 
that even if the details of the event are uncertain coseismic subsidence is not unlikely. The tsunami modelling 
further shows that under reasonable conditions it is possible to inundate to the observation site. We do not claim 
that either of these modelling efforts constrain the exact details of the earthquake, but simply that they show 
parsimony with other known seismological characteristics and facts.

We showed here that a massive tsunami, with tsunami waves as high as 18 m, affected the coastline of Oaxaca 
in 1787 that flooded the Corralero portion of this coast at least as far as 5 km inland, most probably causing 
coseismic coastal subsidence, and we have determined its most probable source: a long-fault rupture tsunami-
genic earthquake. Our observations also indicate that indeed subduction zones might have variable rupture 
modes, long- and short-fault ruptures, along the Middle American trench. This new geologic evidence shows that 
this zone is capable of generating great tsunamis with devastating effects. We infer that the recurrence interval of 
such great earthquakes and tsunamis, though historical records of the 1537 event are scarce, the 1537 tsunami 
was likely a predecessor, judging by the location of the tsunami deposit more than 1.5 km inland, and propose a 
ca. 250-year recurrence. Our data validate incomplete historical records of two great tsunamigenic earthquakes 
and suggest that the Oaxaca-Guerrero part of the Mexican subduction zone is capable of producing long-fault 
rupture by great earthquakes, and tsunamis. Geologic evidence aid in a better understanding of the occurrence 
and recurrence of near-trench, long-fault rupture earthquakes and great tsunamis. It allows to realistically assess 
the hazard by great earthquakes and tsunamis, and near- and far-field effects along this and other subduction 
zones less frequently affected by these events.

Methods
field survey. This study initiated with a short-5 day-field reconnaissance following historical descriptions 
of the 1787 earthquake and  tsunami17. We explored for suitable sites with potential for tsunami deposits pres-
ervation near the mangrove marshes, at small ponds near the coast, and at salt pans around the eastern side of 
Corralero lagoon (formerly Alotengo lagoon). We found these sites were disturbed by human activities and no 
sand beds interbed with soils. Building on previous reconnaissance, we later searched for 1787 sand sheets along 
2 transects at Corralero coastal plain by digging test pits, using a hang auger and piston corer into ridges and 
swales at 23 sites (Fig. 2a, Supplementary Table S1). We found evidence of tsunami sands at sites along the two 
parallel transects dug into swales between beach ridges as far as 1.5 km inland (Fig. 2a,b).

We state that no humans were involved during field survey, or any questionnaire has been conducted for 
information regarding the study.

Stratigraphic‑sediment analysis. We assembled stratigraphic cross-sections from correlated pits 
and piston corer, estimated visually particle size and described the basal contacts between stratigraphic units 
(Fig. 2b). We subsampled a monolith 70 cm long recovered from pit 013A, located 1.5 km inland (Fig. 2a,b) 
and recovered a parallel piston corer 013a, 65 cm long, additionally, a 30 cm core was collected from a short 
distance, 200 m, from site 013. Monolith 013A was subsampled for detailed microfossil (diatoms, dinoflagel-
lates and foraminifera), geochemical analysis, and 210Pb dating. Core 013a was used for magnetic susceptibility 
measurements.

Grain size. We collected a complete slice, using a square gutter to preserve the whole monolith, from the wall 
of pit (013A) and a core (013) from another pit located 200 m apart (013A is to the NNW from 013). Then at 
the lab we subsampled at 2 cm intervals 37 samples from slice 013A and 16 samples from core 013, with a 2 cm 
interval. Samples were processed in a Mastersizer 2000 particle laser diffractor. Statistics were calculated using 
the GRADISTAT 50 program applying Logarithmic graphical  measures51.

Diatoms, dinoflagellates and foraminifera analysis.  Samples for microfossil (diatoms and dinoflag-
ellates) analyses were collected from 013 core at discretionary depths (Fig. 3, Supplementary Table S2, Supple-
mentary Fig. S7). Dry sediment (1 g) was sampled from each horizon and dispersed in still water. Thin sections 
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were made with 400 μl of liquid dispersion for each slide. Counts of valves were undertaken with a Carl Zeiss 
(series 470,801–9,097) microscope, and species composition is reported as total abundance recognized in the 
slides. Microfossil diagrams were designed using Tilia software.

Samples for foraminifera analysis were collected from core 013 at 1 cm interval. Sediments for benthic 
foraminifera were washed with current water through a 63-micron sieve, to separate them from the matrix 
and eliminate silts and clays. The washed residues were air—dried, weighed and analysed through a binocular 
microscope to obtain the BF. Benthic foraminifera were absent in all analysed samples.

element concentration analysis and 210pb chronology. For element concentration analysis, dry and 
ground sediment samples were placed in low-density polyethylene cells (bottom covered with Prolene® film), 
compressed manually by using a Teflon® rod, and analysed by X-ray fluorescence spectrometry (XRF, Spectrolab 
Xepos-3) under He atmosphere.

In order to estimate the sediment accumulation rates (SAR) and the age model of the core, 210Pb was deter-
mined through its radioactive descendant 210Pb by alpha spectrometry (Ortec Ametek Ensemble)52. The 210Pb-
derived chronologies were calculated using the constant flux (CFCS)  model53–55, and uncertainties were esti-
mated. Analytical quality control included the evaluation of analytical blanks, the assessment of precision by 
replicate analysis (n = 6) and the assessment of accuracy through the analysis of reference material: IAEA-158, 
IAEA-405, and IAEA- 433 for XRF, and IAEA-300 for 210Pb and 137Cs.

Stochastic heterogenous slip models and vertical coseismic deformation. We produced 600 sto-
chastic heterogenous slip models in the magnitude range M8.0 to M8.8 using the method described by Melgar 
et al.40. We used a three-dimensional slab geometry of the  megathrust56 and assumed that the down-dip edge of 
slip occurs at 35 km depth. This assumption is consistent with the down-dip edge of slip imaged in slip inver-
sions of previous large earthquakes in  Mexico39,57,58. For each slip realization we fixed the centre of the fault to 
the area proposed by Suarez and  Albini8 but allowed the length and width to vary according to source dimension 
scaling  laws40. The pattern of slip is from a Von Karman correlation function with correlation lengths following 
scaling laws that depend on the length and width the causative  fault59. For each heterogenous slip distribution 
we assumed an elastic half space with rigidity of 30GPa and calculated the vertical deformation using known 
analytical  solutions60.

tsunami inundation depth model. We use tsunami inundation depth modelling to determine poten-
tial tsunami spatial inundation pattern based on the current topography. Other components that influence the 
complex tsunami inundation process were not included, such as tsunami directivity, flow velocity, pre-tsunami 
topography, surface friction produced by vegetation coverage, among others. We did not aim at the determining 
the earthquake source because of the sparse historical records and details of the earthquake occurrence, which 
are not enough to determine the exact earthquake source from tsunami  models61. Nevertheless, this model 
aimed to confirm potential areas where a tsunami flooded and deposited a sand layer.

The inundation depth model was calculated using Cost-Distance Algorithm (CDA) and an empirical inter-
polation model. The CDA calculates the least accumulative cost distance for each cell to the nearest source over 
a cost surface, in this case the terrain model. The shoreline was assumed as the source, and a parallel line was 
drawn at 10 km (destination) from the shoreline to force the model to run in a perpendicular direction from 
the coast—inland. The CDA shows the cost of travel to any point inland, resulting in a continuous raster model 
with values of Cost Distance (CD).

The topographic input consisted of a LIDAR DTM, 5 × 5 m resolution. To calculate the tsunami inundation 
depth (TID), an empirical linear interpolation was applied to convert the values of CD into a value of inunda-
tion depth (meters above the ground). It was assumed that at the shoreline the maximum tsunami amplitude 
(MTWA) reached 18 m12 and at site 013, i.e. horizontal inundation reference point, the probable inundation 
depth reached ca. 5 m.

The tsunami inundation modelling was conducted only by the assumption of 18 m of tsunami amplitude on 
the shoreline reported by historical documents and cited by Núñez-Cornu et al.12. Therefore, tsunami aspects such 
as directivity, flow direction, and flows speed were not considered. The model represents the required tsunami 
inundation depths to produce a 10 cm tsunami deposit on the site 013, considering that this is the minimum 
deposit thickness since climate factors (e.g. rain, wind) might have eroded it since deposition. Specifically, the 
assumption to assign the inundation depth value of 5 m on site 013 was based following Goto et al.62 observa-
tions in Sendai plain where they found that the sediment concentration in the tsunami inundation flow can be 
approximated at 2% of the inundation depths.

Received: 21 January 2020; Accepted: 22 June 2020

References
 1. Sawai, Y., Namegaya, Y., Okamura, Y., Satake, K. & Shishikura, M. Challenges of anticipating the 2011 Tohoku earthquake and 

tsunami using coastal geology. Geophys. Res. Lett. 39, L14302. https ://doi.org/10.1029/2012G L0536 92 (2012).
 2. Bilham, R., Engdahl, R., Feldl, N. & Satyabala, S. P. Partial and complete rupture of the Indo-Andaman Plate Boundary 1847–2004. 

Seismol. Res. Lett. 76, 299–311. https ://doi.org/10.1785/gssrl .76.3.299 (2005).
 3. Jankaew, K. et al. Medieval forewarning of the 2004 Indian Ocean tsunami in Thailand. Nature 455, 1228–1231. https ://doi.

org/10.1038/natur e0737 3 (2008).
 4. Cisternas, M. et al. Predecessors of the giant 1960 Chile earthquake. Nature 437, 404–407. https ://doi.org/10.1038/natur e0394 3 

(2005).

https://doi.org/10.1029/2012GL053692
https://doi.org/10.1785/gssrl.76.3.299
https://doi.org/10.1038/nature07373
https://doi.org/10.1038/nature07373
https://doi.org/10.1038/nature03943


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:11452  | https://doi.org/10.1038/s41598-020-68237-2

www.nature.com/scientificreports/

 5. Nelson, A. R. et al. Radiocarbon evidence for extensive plate-boundary rupture about 300 years ago at the Cascadia subduction 
zone. Nature 378, 371–374. https ://doi.org/10.1038/37837 1a0 (1995).

 6. Rubin, C. M. et al. Highly variable recurrence of tsunamis in the 7,400 years before the 2004 Indian Ocean tsunami. Nat. Commun. 
8, 16019. https ://doi.org/10.1038/ncomm s1601 9 (2017).

 7. Hsu, Y.-J., Ando, M., Yu, S.-B. & Simons, M. The potential for a great earthquake along the southernmost Ryukyu subduction zone. 
Geophys. Res. Lett. 39, L14302. https ://doi.org/10.1029/2012G L0527 64 (2012).

 8. Suarez, G. & Albini, P. Evidence for Great Tsunamigenic Earthquakes (M 8.6) along the Mexican Subduction Zone. Bull. Seismol. 
Soc. Am. 99, 892–896. https ://doi.org/10.1785/01200 80201  (2009).

 9. Polet, J. & Kanamori, H. Shallow subduction zone earthquakes and their tsunamigenic potential. Geophys. J. Int. 142, 684–702. 
https ://doi.org/10.1046/j.1365-246x.2000.00205 .x (2000).

 10. Cummins, P. R. The potential for giant tsunamigenic earthquakes in the northern Bay of Bengal. Nature 449, 75–78. https ://doi.
org/10.1038/natur e0608 8 (2007).

 11. Shennan, I. et al. Great tsunamigenic earthquakes during the past 1000 yr on the Alaska megathrust. Geology 42, 687–690. https 
://doi.org/10.1130/G3579 7.1 (2014).

 12. Núñez-Cornú, F. J., Ortiz, M. & Sánchez, J. J. The great 1787 Mexican tsunami. Nat Hazards 47, 569–576. https ://doi.org/10.1007/
s1106 9-008-9239-1 (2008).

 13. Singh, S. K., Astiz, L. & Havskov, J. Seismic gaps and recurrence periods of large earthquakes along the Mexican subduction zone: 
A reexamination. Bull. Seismol. Soc. Am. 71, 827–843 (1981).

 14. Núñez-Cornú, F. & Ponce, L. Zonas sísmicas de Oaxaca, México: Sismos máximos y tiempos de recurrencia para el período 
1542–1988. Geofis. Int. 28, 587–641 (1989).

 15. Nunez-Cornu, F. J. A Double Seismic Front and Earthquake Cycles Along the Coast of Oaxaca, Mexico. Seismol. Res. Lett. 67, 
33–39. https ://doi.org/10.1785/gssrl .67.6.33 (1996).

 16. Grijalva, J. de. Crónica de la Orden de N.P.S. Agustín en las provincias de la Nueva España: en cuatro edades desde el año de 1533 
hasta el de 1592. (Editorial Porrúa, 1985).

 17. García Acosta, V. & Suárez Reynoso, G. Los Sismos en la Historia de México. (Universidad Nacional Autónoma de México, Centro 
de Investigaciones y Estudios Superiores en Antropología Social y, Fondo de Cultura Económica, 1996).

 18. Kingsborough, Lord. Antiquities of Mexico : comprising fac-similes of ancient Mexican paintings and hieroglyphics, preserved in the 
Royal Libraries of Paris, Berlin, and Dresden; in the Imperial Library of Vienna; in the Vatican Library; in the Borgian Museum at 
Rome; in the Library of the Institute at Bologna; and in the Bodleian Library at Oxford. Together with the Monuments of New Spain, 
by M. Dupaix: with their respective scales of measurement and accompanying descriptions. The whole illustrated by many valuable 
inedited manuscripts. Vol. V (Published by Robert Havell 77, Oxford Street, 1831).

 19. Japan Meteorological Agency. Chapter VI. Table of Tsunamis Caused by Earthquakes in the Pacific Region Except near Japan. In 
The report of the chilean earthquake, 1960 (Japan Meteorological Agency, 1963).

 20. Iida, K., Cox, D. C. & Pararas-Carayannis, G. Preliminary catalogue of tsunamis occurring in the Pacific Ocean. (Hawaii Inst. Geo-
physics, Univ. Hawaii, 1967).

 21. Soloviev, S. L. & Go, C. N. A catalogue of tsunamis on the eastern shore of the Pacific Ocean (1513–1968). (Nauka Publishing House. 
Can. Transi. Fish. Aquat., 5078, 1984, 1975).

 22. Gaceta de México. Tomo II, Num. 32, martes 17 de abril de 1787. (1787).
 23. Gaceta de México. Tomo II, Num. 34, martes 1 de mayo de 1787. (1787).
 24. National Geophysical Data Center/World Data Service. NCEI/WDS Global Historical Tsunami. Database. https ://doi.org/10.7289/

v5pn9 3h7 (2019).
 25. Orozco y Berra, J. Efemérides Sísmicas Mexicanas. Memorias de la Sociedad Científica ‘Antonio Alzate’ I, 303–541 (1888).
 26. Sánchez Devora, A. J. & Farreras Sanz, S. Catalog of tsunamis on the western coast of Mexico. Report SE-50. (World Data Center A 

for Solid Earth Geophysics, NOAA, National Geophysical Data Center, Boulder, Colorado, 1993).
 27. Heck, N. H. List of seismic sea waves. Bull. Seismol. Soc. Am. 37, 269–286 (1947).
 28. Gay, J. A. Historia de Oaxaca. vol. Tomo II (Imprenta del Comercio de Dublan y Cia., 1881).
 29. Vasco, R. El castellano de Acapulco participa al virrey la extraña novedad de la marea ocurrida el 28 de Marzo de 1787. (1787).
 30. Vasco, R. & de Torres, J. J. Documentos sobre la prolongación del término de una Feria en el Puerto de Acapulco a petición de los 

comisarios del comercio de Filipinas por haberse visto entorpecido debido a anomalías en la marea. (1787).
 31. du Petit-Thouars, A. Voyage autour du monde sur la frégate ‘la Vénus’ pendant les années 1836–1839. vol. III (Gide, 1841).
 32. Belcher, E. Narrative of a voyage round the world: performed in Her Majesty’s ship Sulphur, during the years 1836–1842, including 

details of the naval operations in China, from Dec. 1840 to Nov. 1841. (H. Colburn, 1843).
 33. Friedman, G. M. On sorting, sorting coefficients and the log normality of the grain-size distribution of sandstones. J. Geol. 70, 

737–753 (1962).
 34. Dora, G. U. et al. Textural characteristics of foreshore sediments along Karnataka shoreline, west coast of India. Int. J. Sedim. Res. 

26, 364–377. https ://doi.org/10.1016/S1001 -6279(11)60100 -5 (2011).
 35. Jia, J. et al. On the sediment age estimated by 210Pb dating: probably misleading “prolonging” and multiple-factor-caused “loss”. 

Acta Oceanol. Sin. 37, 30–39. https ://doi.org/10.1007/s1313 1-018-1214-4 (2018).
 36. Kon’no, E. et al. Geological Observations of the Sanriku Coastal Region Damaged by Tsunami Due to the Chile Earthquake in 1960. 

vol. 52 (1961).
 37. Minoura, K. & Nakaya, S. Traces of tsunami preserved in inter-tidal lacustrine and marsh deposits: some examples from northeast 

Japan. J. Geol. 99, 265–287 (1991).
 38. Atwater, B. F. et al. The 1960 tsunami on beach-ridge plains near Maullín, Chile: Landward descent, renewed breaches, aggraded 

fans, multiple predecessors. Andean Geol. 40, 393–418. https ://doi.org/10.5027/andge oV40n 3-a01 (2013).
 39. Graham, S. E. et al. GPS constraints on the Mw = 7.5 Ometepec earthquake sequence, southern Mexico: coseismic and post-seismic 

deformation. Geophys. J. Int. 199, 200–218. https ://doi.org/10.1093/gji/ggu16 7 (2014).
 40. Melgar, D., LeVeque, R. J., Dreger, D. S. & Allen, R. M. Kinematic rupture scenarios and synthetic displacement data: An example 

application to the Cascadia subduction zone: Rupture Scenarios and Synthetic Data. J. Geophys. Res. 121, 6658–6674. https ://doi.
org/10.1002/2016J B0133 14 (2016).

 41. Blaser, L., Kruger, F., Ohrnberger, M. & Scherbaum, F. Scaling relations of earthquake source parameter estimates with special 
focus on subduction environment. Bull. Seismol. Soc. Am. 100, 2914–2926. https ://doi.org/10.1785/01201 00111  (2010).

 42. Singh, S. K. et al. Fast identification of near-trench earthquakes along the Mexican Subduction Zone based on characteristics of 
ground motion in Mexico City. Bull. Seismol. Soc. Am. 106, 2071–2080. https ://doi.org/10.1785/01201 60003  (2016).

 43. Kanamori, H. Mechanism of tsunami earthquakes. Phys. Earth Planet. Inter. 6, 346–359. https ://doi.org/10.1016/0031-
9201(72)90058 -1 (1972).

 44. Lay, T. et al. Depth-varying rupture properties of subduction zone megathrust faults. J. Geophys. Res. 117, B04311. https ://doi.
org/10.1029/2011J B0091 33 (2012).

 45. Natawidjaja, D. H. et al. Source parameters of the great Sumatran megathrust earthquakes of 1797 and 1833 inferred from coral 
microatolls. J. Geophys. Res. 111, B06403. https ://doi.org/10.1029/2005J B0040 25 (2006).

 46. Lin, Y. N. et al. Coseismic and postseismic slip associated with the 2010 Maule Earthquake, Chile: Characterizing the Arauco 
Peninsula barrier effect. J. Geophys. Res. -Sol. Ea. 118, 3142–3159. https ://doi.org/10.1002/jgrb.50207  (2013).

https://doi.org/10.1038/378371a0
https://doi.org/10.1038/ncomms16019
https://doi.org/10.1029/2012GL052764
https://doi.org/10.1785/0120080201
https://doi.org/10.1046/j.1365-246x.2000.00205.x
https://doi.org/10.1038/nature06088
https://doi.org/10.1038/nature06088
https://doi.org/10.1130/G35797.1
https://doi.org/10.1130/G35797.1
https://doi.org/10.1007/s11069-008-9239-1
https://doi.org/10.1007/s11069-008-9239-1
https://doi.org/10.1785/gssrl.67.6.33
https://doi.org/10.7289/v5pn93h7
https://doi.org/10.7289/v5pn93h7
https://doi.org/10.1016/S1001-6279(11)60100-5
https://doi.org/10.1007/s13131-018-1214-4
https://doi.org/10.5027/andgeoV40n3-a01
https://doi.org/10.1093/gji/ggu167
https://doi.org/10.1002/2016JB013314
https://doi.org/10.1002/2016JB013314
https://doi.org/10.1785/0120100111
https://doi.org/10.1785/0120160003
https://doi.org/10.1016/0031-9201(72)90058-1
https://doi.org/10.1016/0031-9201(72)90058-1
https://doi.org/10.1029/2011JB009133
https://doi.org/10.1029/2011JB009133
https://doi.org/10.1029/2005JB004025
https://doi.org/10.1002/jgrb.50207


10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:11452  | https://doi.org/10.1038/s41598-020-68237-2

www.nature.com/scientificreports/

 47. Vigny, C. et al. The 2010 Mw 8.8 Maule Megathrust Earthquake of Central Chile, monitored by GPS. Science 332, 1417–1421. https 
://doi.org/10.1126/scien ce.12041 32 (2011).

 48. Mosaicking the Megathrust from Seconds to Centuries. Simons, M. et al. The 2011 Magnitude 9.0 Tohoku-Oki Earthquake. Science 
332, 1421–1425. https ://doi.org/10.1126/scien ce.12067 31 (2011).

 49. Nacional, O.-P. Mexico Earthquake of 20 March 2012 (Mw 7.5): a preliminary report. Geofis. Int. 52, 173–196. https ://doi.
org/10.1016/S0016 -7169(13)71471 -5 (2013).

 50. Blott, S. J. & Pye, K. GRADISTAT: a grain size distribution and statistics package for the analysis of unconsolidated sediments. 
Earth Surf. Proc. Land. 26, 1237–1248. https ://doi.org/10.1002/esp.261 (2001).

 51. Folk, R. L. & Ward, W. C. Brazos River Bar: a study in the significance of grain size parameters. J. Sediment. Petrol. 27, 3–26 (1957).
 52. Ruiz-Fernández, A. C. & Hillaire-Marcel, C. 210Pb-derived ages for the reconstruction of terrestrial contaminant history into the 

Mexican Pacific coast: Potential and limitations. Mar. Pollut. Bull. 59, 134–145. https ://doi.org/10.1016/j.marpo lbul.2009.05.006 
(2009).

 53. Robbins, J. A. Geochemical and geophysical applications of radioactive lead isotopes. In The Biogeochemistry of Lead in the Envi-
ronment (ed. Nriagu, J. O.) 85–393 (Elsevier/North-Holland Biomedical Press, Amsterdam, 1978).

 54. Sanchez-Cabeza, J. A. & Ruiz-Fernández, A. C. 210Pb sediment radiochronology: An integrated formulation and classification of 
dating models. Geochim. Cosmochim. Ac. 82, 183–200. https ://doi.org/10.1016/j.gca.2010.12.024 (2012).

 55. Sanchez-Cabeza, J.-A., Ruiz-Fernández, A. C., Ontiveros-Cuadras, J. F., Pérez Bernal, L. H. & Olid, C. Monte Carlo uncertainty 
calculation of 210Pb chronologies and accumulation rates of sediments and peat bogs. Quat. Geochronol. 23, 80–93. https ://doi.
org/10.1016/j.quage o.2014.06.002 (2014).

 56. Hayes, G. P. et al. Slab2, a comprehensive subduction zone geometry model. Science 362, 58–61. https ://doi.org/10.1126/scien 
ce.aat47 23 (2018).

 57. Mendoza, C. & Hartzell, S. H. Fault-slip distribution of the 1995 Colima-Jalisco, Mexico, earthquake. Bull. Seismol. Soc. Am. 89, 
1338–1344 (1999).

 58. Mendoza, C. & Hartzell, S. H. Inversion for slip distribution using teleseismic P waveforms: North Palm Springs, Borah Peak, and 
Michoacan earthquakes. Bull. Seismol. Soc. Am. 78, 1092–1111 (1988).

 59. Melgar, D. & Hayes, G. P. The correlation lengths and hypocentral positions of great earthquakes. Bull. Seismol. Soc. Am. 109, 
2582–2593. https ://doi.org/10.1785/01201 90164  (2019).

 60. Okada, Y. Surface deformation due to shear and tensile faults in a half-space. Bull. Seismol. Soc. Am. 75, 1135–1154 (1985).
 61. Geist, E. L. Complex earthquake rupture and local tsunamis. J. Geophys. Res. 107, 2086. https ://doi.org/10.1029/2000J B0001 39 

(2002).
 62. Goto, K., Hashimoto, K., Sugawara, D., Yanagisawa, H. & Abe, T. Spatial thickness variability of the 2011 Tohoku-oki tsunami 

deposits along the coastline of Sendai Bay. Mar. Geol. 358, 38–48. https ://doi.org/10.1016/j.marge o.2013.12.015 (2014).

Acknowledgements
M.T.R. acknowledges research support by grant numbers UNAM-PAPIIT-IN109117, CONACYT-SEP 284365, 
and CTIC-Intercambio Académico. J.C. was supported as a postdoctoral research assistant on UNAM-DGAPA-
CTIC grant. MLV, DM, and EAS thank partial support by the David Simpson Fund for Innovation and the IRIS 
Undergraduate Internship Program via NSF award EAR-1852339. N.C. thanks tsunami modelling feedback by 
D. Sugawara. We are grateful for the feedback from the handling editor and anonymous reviewers

Author contributions
M.T.R-H. designed the research, analysed and interpreted data, prepared most of the manuscript. N.C. carried 
tsunami modelling and figure drafting. R.C. collected historical data, prepared several of the figures, and helped 
with grain size analysis. J.C.—analysed diatom and prepared related figures. D.M. carried out stochastic slip 
and vertical coseismic deformation modelling and wrote related sections. M.L. worked in the field in all trips. 
M.L.V. and E.A.S. carried out stochastic slip and vertical coseismic deformation modelling. M.L.M. searched 
for foraminifera/they were absent. A.G. analysed magnetic data / not relevant results. M.O.—helped in 1 field 
season. M.C. analysed initial diatom samples—not used in this study. A.C.R. provided commercial Lab services 
(210Pb and geochemical analysis) and a technical report.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-68237 -2.

Correspondence and requests for materials should be addressed to M.-T.R.-H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1126/science.1204132
https://doi.org/10.1126/science.1204132
https://doi.org/10.1126/science.1206731
https://doi.org/10.1016/S0016-7169(13)71471-5
https://doi.org/10.1016/S0016-7169(13)71471-5
https://doi.org/10.1002/esp.261
https://doi.org/10.1016/j.marpolbul.2009.05.006
https://doi.org/10.1016/j.gca.2010.12.024
https://doi.org/10.1016/j.quageo.2014.06.002
https://doi.org/10.1016/j.quageo.2014.06.002
https://doi.org/10.1126/science.aat4723
https://doi.org/10.1126/science.aat4723
https://doi.org/10.1785/0120190164
https://doi.org/10.1029/2000JB000139
https://doi.org/10.1016/j.margeo.2013.12.015
https://doi.org/10.1038/s41598-020-68237-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sand deposits reveal great earthquakes and tsunamis at Mexican Pacific Coast
	Anchor 2
	Anchor 3
	Results
	Historical records of the 1537 and 1787 earthquakes and tsunamis. 
	11 November 1537 earthquake and tsunami. 
	28 March 1787 earthquake and tsunami. 
	28 March 1787 tsunami. 
	3 April 1787 Tsunami. 

	Tsunami deposits. 
	Dating. 
	Stochastic heterogenous slip models and vertical coseismic deformation of the 1787 earthquake. 

	Discussion and conclusions
	Methods
	Field survey. 
	Stratigraphic-sediment analysis. 
	Grain size. 
	Diatoms, dinoflagellates and foraminifera analysis. 
	Element concentration analysis and 210Pb chronology. 
	Stochastic heterogenous slip models and vertical coseismic deformation. 
	Tsunami inundation depth model. 

	References
	Acknowledgements


