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Abstract In this study, we compiled reports from dif-
ferent catalogs and newspapers about the greatest
earthquake documented in Northeastern Mexico. From
these descriptions, we located the 28 April 1841
earthquake using the Bakun and Wentworth (1997)
attenuation model for the Basin and Range region. From
13 observations with an intensity range of III-VII, we
calculated a M,, 6.2 and the central intensity SW from
Punta Santa Elena, Coahuila (24.65° N, 101.60° W).
This earthquake could represent the fourth biggest event
in the Mexican Basin and Range province after the
events of Bavispe, Sonora, of 1887 (M,, 7.5), Parral,
Chihuahua, of 1928 (M,, 6.5), and Valentine, Texas in
the Texas-Chihuahua border, of 1931 (M, 6.4). Finally,
this study provides new insights on earthquake potential
in the region to be considered for enhanced hazard
quantification and shows that the region is seismically
active and prone to events up to M > 6.
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1 Introduction

Northeastern Mexico (NE) is located in the continental
part of the country and is generally considered a tecton-
ically stable region, characterized by low seismicity and
a lack of strong ground motion records (Galvan-
Ramirez and Montalvo-Arrieta 2008). The states of
Coahuila, Nuevo Ledn, and Tamaulipas are located in
this area and have always been considered the north-
eastern part of the country. In this region, the permanent
seismological observatories are scarce, scattered, and
with a relatively short period of recording. This means
that the region’s earthquake catalog is complete for
approximately the last 20 years which implies that the
seismic hazard could be underestimated considering this
short period of earthquake monitoring. Commonly, the
seismic activity of a region can be studied from two
perspectives: instrumental recordings and historical doc-
umentation. The instrumental perspective has the advan-
tage of being a recording of the ground motion, which
leads to event duration and size. However, instrumental
recordings in Mexico have been available only for ap-
proximately the last 110 years (Suarez and Pérez-Cam-
pos 2020). In many cases like NE Mexico, the earth-
quake cycle has a long periodicity: repetition of an
earthquake of a certain size can occur in a time-lapse
from decades to centuries (Scholz et al. 1986) beyond
the period of the instrumental seismic record. The per-
manent seismological stations installed in NE Mexico
(LNIG, MNIG, GTIG, and MCIG) by Servicio
Sismologico Nacional (SSN) have reported more than
500 earthquakes in the region since 2006, with a
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magnitude range of 1.9 < M,y < 4.5. This short instru-
mental history excludes earthquake record of consider-
able magnitude that have occurred in the past. Especial-
ly in regions with a lack of knowledge of historical
seismicity as NE Mexico, there is still a long way to
go to an adequate seismic risk assessment.

Garcia-Acosta and Suarez (1996) formed a descrip-
tive catalog of documented earthquakes in the country
from 1 Pedernal (Aztec calendar that corresponds to
1116 years in standard calendar) until December 27,
1912. The catalog consists of descriptions of the earth-
quakes, listed by location and date, extracted from pub-
lications or stories. However, in the 1838-1911 period,
only 20 events were identified in different cities and/or
villages in NE Mexico. Additionally, Galvan-Ramirez
and Montalvo-Arrieta (2008) compiled historical seis-
micity in the same region (they considered the 24-31°
N, 97-106° W area) for the 1787-2006 period, using
epicentral locations from different national and interna-
tional earthquake catalogs. Moreover, some other au-
thors have also reported damage in NE Mexico (Leal-
Rios 2001; Casasus 2003).

The distribution of these historical earthquakes is
shown in Fig. 1. Most of the events reported by
Galvan-Ramirez and Montalvo-Arrieta (2008) have
small magnitudes (3.5 < M < 4.6, green circles). How-
ever, from the 20 events identified in the Garcia-Acosta
and Sudrez (1996) catalog, the description of one of
them stands out because of the losses and great damages
in the state of Coahuila (April 28, 1841, hereafter Punta
Santa Elena earthquake (PSE)), and a felt radius of a 350
km. Most of the locations where this event was felt and
that count with macroseismic descriptions are located in
the Mexican Basin and Range province (BR hereafter).

The BR province has always been considered a
physiographic entity that is actively deformed, extend-
ing from southern Oregon to western Texas, west USA.
It consists of a N-S oriented system of elongated ranges
and parallel narrow valleys, which are the product of
distending tectonics in the Mid-Late Cenozoic (dePolo
1994; Pancha et al. 2006). Several authors suggest that
most of the northern part of Mexico represents the
southern end of the Basin and Range province, based
on tectonics and morphology. It continues until the
Mesa Central-Trans-Mexican volcanic belt limit, and
previous to the formation of this volcanic arc, it would
have extended to the south of Mexico (Jansma and Lang
1997; Henry and Aranda-Gomez 2000; Suter and
Contreras 2002).
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In this work we search, recover, and analyze
available information about earthquake effects
occurring in the past, from stories written in
newspapers and books. We also used the Bakun and
Wentworth (1997) methodology to estimate the central
intensity and magnitude of the 1841 earthquake that has
been registered in historical documents for NE Mexico.
This method can be used to analyze historical earth-
quakes with few assigned intensities. Knowledge of
earthquakes from the past represents a great step in the
study of tectonic activity in the long term.

2 Historical seismicity in Northeast Mexico

Galvan-Ramirez and Montalvo-Arrieta (2008) present-
ed a catalog of the historical seismicity for the 1847—
2006 period in NE Mexico. In that compilation, they
found 24 earthquakes. Additionally, they considered
reports about human perception that were documented
for these historical earthquakes in a 17871911 period
(the chronicles are described in Table 2 of the Galvan-
Ramirez and Montalvo-Arrieta 2008 work). Figure 1
shows the location of the cities where these events were
reported (red stars).

From this historical catalog, the PSE earthquake of
April 28, 1841, is the one with the most information on
its effects, which will be presented in Section 4. Also,
the compilation made by Garcia-Acosta and Sudrez
(1996) finds that after the occurrence of the PSE event,
reported aftershocks were felt by the population in Sal-
tillo city. The chronicle says: “...May 13, 1841. It was
felt an earthquake with underground noise, more earth-
quakes were felt during the night. Some houses were
damaged and suffered several cracks from the earth-
quake of the night of April 28, 1841. Finally, the chron-
icle says that since the earthquake of April 28, small
earthquakes have been felt until this date...”.

The occurrence of the PSE earthquake on April 28,
1841, is not a singular observation, considering that big
historical earthquakes have occurred in BR and caused
great damage (Fig. 2): M,, 7.5 Bavispe, Sonora, 1887
(Castro et al. 2010; Suter 2015); M,, 6.5 Parral, Chihua-
hua, 1928 (Doser and Rodriguez 1993); and M,, 6.4,
Valentine, Texas, 1931 (Doser 1987). Although the
Mexican portion of BR can be divided into various
structural domains, which have different geological his-
tory and style/state of deformation, these changes rep-
resent a continuous series (Aranda-Gomez et al. 2000).
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Fig. 1 Historical records for
Northeastern Mexico. Red stars
represent cities that perceived one

or several earthquakes (Garcia- o
Acosta and Suarez 1996; Leal- 27.5°N (@)
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3 Methodology

The Bakun and Wentworth (1997) method determines
the best fitting magnitude and central intensity (CI) from
modified Mercalli intensity (MMI) values depending on
distance, using preset calibrations for the California
region from a group of earthquakes with known magni-
tude and location. This method produces an estimated
magnitude (M;), which is expected to correspond with
M,, if M,, values are used as calibration events to deter-
mine local attenuation. It requires an attenuation model
that represents the study area. These relations are gen-
erated from a group of known earthquakes with
assigned intensities. Using a preset model with the same
geological features is the best option since there is no
such database in NE Mexico.

From a group of earthquakes that occurred in the
center of Nevada, Bakun (2006) determined an MMI
attenuation relationship for earthquakes in the BR

103.5°W 102.5°W 101

5°W 100.5°W  99.5°W  98.5°W  97.5°W

province to estimate magnitudes of historical earth-
quakes. He obtained the following equation from the
resulting magnitudes:

MMI g = (0.44 £ 2.34) + (1.70 = 0.33)M—(0.0048 + 0.0014)

Ap=(2.73 £ 0.49)logA, (1)
where M is moment magnitude and A, is hypocentral
distance in kilometers.

As seen in Fig. 2, most of the places with intensities
are located in BR. It will be assumed then that the
seismic source for the PSE earthquake is located
in this province and that the intensity attenuation
depending on distance has a similar trend as the
model previously proposed.

A mesh is defined on the felt region including all the
intensities that describe the event. Each node is a poten-
tial location for the source, and M; and its root-mean-
square function rms [M;] value are calculated at each
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Fig.2 Numbers are the places where there are reports of the Punta
Santa Elena earthquake of 28 April 1841 (see Table 1 for
references). 1: Parras, Coahuila (Coah); 2: Matehuala, San Luis
Potosi (SLP); 3: Dr. Arroyo, Nuevo Leon (NL); 4: Ciudad Victo-
ria, Tamaulipas; 5: San Luis Potosi, SLP; 6: Linares, NL; 7:
Monterrey, NL; 8: Los Muertos, Coah; 9: Patos, Coah; 10:
Galeana, NL; 11: Saltillo, Coah; 12: La Vaquera, Coah; 13: Punta

one. M; is simply the mean of all inferred magnitude
values from the individual intensities.

1
M;=->" M; 2
1 n i=1 ()

where

M; = [MMI~0.44 + 0.0048A,,; 4 2.73 log (M) | /1.7
(3)

MMI; and A, ; represent the assigned MMI and hy-
pocentral distance, respectively, at the observation site i
in a mesh of assumed points; 7 is the number of assigned
intensities. In this case, the attenuation model that was
used is the one in Eq. 1. rms quantifies the residual
between the observed and calculated values:

rms[M;] = [rms(M;—=M;)—rmso(M;—M;)] (4)
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Santa Elena, Coah.; F1: Nieves, Zacatecas; F2: Durango, Durango
(Dgo); F3: Cuencame, Dgo. Colors correspond with the MMI
obtained in this study. Triangles are the epicentral locations of
the Bavispe, Sonora, 1887 (My 7.5); Parral, Chihuahua, 1928
(Myy; 6.5); and Valentine, Texas, 1931(Myy 6.4) earthquakes. The
brown color in the map is the Basin and Range province

where rms(M/~M;) = {Z [Wi(M;—M;) 2]

1

/ZW?}]/Z, rmsq is the minimum rmsy(M;— M,) on
f

the test epicenter mesh, and W; is the distance weighting
function:

Ai ™
S —l—cos[(lso) (5)},@» < 150 km
0.1, A:>150 km

,(5)

The rms[M;] contours delimit the epicentral region
for earthquakes with enough assigned intensities (Bakun
2006). The correspondent node to the minimum rms is
the CI, the point in which the residual between observed
and calculated intensities is the lowest. CI corresponds
to the location of major energy release on the fault plane
(centroid); therefore, CI does not always match the
epicenter (Bakun 2006; Beauval et al. 2010).
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4 Punta Santa Elena earthquake (28 April 1841)

In this section, we described the chronicles from histor-
ical newspapers collected in the National Digital News-
paper Library of Mexico (Hemeroteca Nacional Digital
de México) and books written by local historians. In
Table 1 we indicate the sources consulted.

On the night of 28 April 1841, a strong earthquake
was felt in the surroundings of Saltillo city (#11 in Fig.
2), causing great damages. Since 1827, Saltillo city is
the capital of the Coahuila state. A house collapsed at
the Los Muertos hacienda (~50 km NW, intensity VI; #8
in Fig. 2); in La Vaquera community (~55 SW, intensity
VI; #12 in Fig. 2), part of the hacienda fell on two
children. The greatest damage was reported in Punta
Santa Elena (#13 in Fig. 2), located at ~65 km from
Saltillo city. A water well sank, and the hacienda was
ruined, taking the lives of six persons (Garcia-Acosta
and Suarez 1996; intensity VII). This earthquake was
also felt in the states of Nuevo Ledn, San Luis Potosi,
Tamaulipas, Durango, and Zacatecas, with in a ~350 km
radius. According to the documentation compiled by
Garcia-Acosta and Suarez (1996), several aftershocks
were felt the rest of the night and at least during the
following 15 days. Figure 2 shows all the locations
where the earthquake was felt.

The MMI values were assigned according to the
modified Mercalli intensity scale (Wood and Neumann
1931) to the 13 communities (Table 1) with sufficient
information available. These macroseismic intensities
were used for the size characterization and location of
the PSE earthquake (Table 1). According to methodol-
ogy, a grid was generated with trial epicenters distribut-
ed every 5 km limits on the maximum and minimum
coordinates from the data. In Fig. 3, M; values were
interpolated with the rms [M;] for each assumed epicen-
ter, with an intensity range of III-VII. The locations in
the states of Zacatecas (F1) and Durango (F2 and F3;
Fig. 2) were not used in the calculation of CI since as
there is not enough information to assign an M; value.
The equivalent My, obtained at the C/ is 6.2 and the
location resulted SW from PSE (24.65° N, 101.60° W).
This location corresponds with the intensity distribution,
since the C/ is close to the higher MMI values. The 95%
and 67% Bakun and Wentworth (1999) confidence
parameters were used for the rms [M;] contours; the
67% probability interval goes from 6 to 6.4 MI and the
95% from 6.2 to 6.7. Figure 3 also shows 2 normal faults
located in the 67% interval, and the epicenter appears to

be near to the segment of one of them. Figure 3 includes
the normal faults identified in the BR province by
Stewart (1978) and Henry and Aranda-Gomez (1992,
2000) and described as Plio-Quaternary faults by Padilla
y Sanchez et al. (2013). Using the moment magnitude
equation from Wells and Coppersmith (1994), we cal-
culated a My, = 6.2 with the surface rupture length (~11
km) of the closer segment that corresponds to the C/
(Fig. 3) which leads us to confirm that this is the pre-
ferred location for the event. Nevertheless, more studies
will be needed to confirm or reject this proposal.

5 Implications on seismic hazard in NE México

According to the main seismic zones of Mexico, NE
Mexico is located in a low hazard zone, classified as
zone A. This classification implies that major earth-
quakes (M>6.0) have not been reported in the last 80
years and that ground accelerations greater than 10% of
gravity acceleration are not expected (CFE 1993). Con-
sequently, building codes in the main cities of this
portion of Mexico lack seismic considerations. Consid-
ering our new results, NE Mexico has the conditions to
generate M > 6 earthquakes. From an instrumental cat-
alog (2006-2009) Montalvo Arrieta et al. (2019) show
that M = 6 earthquakes have an estimated recurrence
period of approximately 200 years in the region. How-
ever, considering the results of Bayona-Viveros et al.
(2017) for a low seismicity region (Trans-Mexican vol-
canic belt in central Mexico), if only a short instrumental
catalog is taken into account for the estimation of recur-
rence period of great earthquakes, these periods can be
very large. Therefore, if historical earthquakes are in-
cluded in the catalog, the seismic hazard estimates in-
crease up to 30% in the earthquake-rate model, as the
authors found when including historical seismicity in
the Trans-Mexican volcanic belt. Reflecting on the re-
sults of these authors, a similar effect can be expected
for NE Mexico, with the inclusion of the PSE earth-
quake in the estimation of the recurrence period of major
earthquakes in the region.

On the other hand, in Fig. 3, there are several identi-
fied extensional faults for late Cenozoic (Stewart 1978;
Henry and Aranda-Gomez 1992) with 11-57 km surfi-
cial lengths. The values of 6 < My, < 7.2 were obtained
using the relations proposed by Wells and Coppersmith
(1994) to obtain the magnitude from fault surficial
lengths. This range of magnitudes is expected for

@ Springer
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Fig. 3 Magnitude and central
intensity (CI) for the 28 April
1841 earthquake. Circles:
intensities. Red triangle: CI. Red
discontinued lines: M; contours.
Green lines: rms contours. The
fault traces were obtained from
Padilla y Sanchez et al. (2013). 1:
Parras, Coahuila (Coah); 2:
Matehuala, San Luis Potosi
(SLP); 3: Dr. Arroyo, Nuevo
Leén (NL); 4: Ciudad Victoria,
Tamaulipas; 5: San Luis Potosi,
SLP; 6: Linares, NL; 7:
Monterrey, NL; 8: Los Muertos,
Coah; 9: Patos, Coah; 10:
Galeana, NL; 11: Saltillo, Coah;
12: La Vaquera, Coah; 13: Punta
Santa Elena, Coah

earthquakes in the BR province. Future morphotectonic
and paleoseismological studies in this segment will
allow to verify if this fault is active and if it could be
related with the rupture of the PSE earthquake. The
results obtained in this work can be used to improve
the quantification of seismic hazard in NE Mexico, a
region with more than 11.5 million inhabitants, as they
exhibit an earthquake potential that is not fully captured
by the instrumental record.

6 Conclusions

From a compilation of 13 historical descriptions of the
PSE 28 April 1841 earthquake, we estimated an I1I-VII
MMI range for several sites in NE Mexico. Using the
methodology of Bakun and Wentworth (1997), valid for
BR province, we obtained a Myy 6.2 for the Punta Santa
Elena earthquake, with a central intensity located at
24.65° N and 101.60° W near to the border of the
Coahuila and Zacatecas states. The greatest damage

was reported in Punta Santa Elena, located at ~65 km
southwest from Saltillo city where a house collapsed
and a hacienda was ruined and several houses show
cracks, causing eight casualties. This earthquake was
also felt in the states of Nuevo Ledn, San Luis Potosi,
Tamaulipas, Durango, and Zacatecas, in a ~350 km
radius. Additionally, the chronicles mention that at least
in a period of 15 days, aftershocks were felt in the
Saltillo area causing some types of damage to the houses
that were affected during the main earthquake.

The PSE earthquake represents the fourth largest
earthquake known in the Mexican BR province after
the Bavispe, Sonora, 1887 (Myy 7.5); Parral, Chihuahua,
1928 (My, 6.5); and Valentine, Texas, 1931 (My 6.4)
earthquakes, and the first great earthquake reported in
NE Mexico. The obtained central intensity lies
near a normal fault identified in the region, one
segment of this fault with ~11 km length could
have generated a M6.2 earthquake. Field research
is necessary to confirm if an activation of this
fault segment caused the PSE earthquake.
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