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Abstract
Rapid post-earthquake loss assessments require as input the ground motion footprint of the 
event. These footprints account for the geographical distribution of the seismic intensities, 
which, at the same time, depend on characteristics of the event such as magnitude, loca-
tion, depth, focal mechanism, and orientation of the fault plane. For most earthquakes with 
MW ≥ 5, moment tensor solution and, hence, the characteristics of the two nodal-planes are 
available. This paper proposes a simple set of rules for choosing the likely fault plane from 
the two nodal planes, based on a previous characterization of the seismic sources in the 
area under study that are commonly used in probabilistic seismic hazard analyses. With 
the selection of the fault plane, a critically required information for generating the paramet-
ric ground motion footprint is at hand in a matter of minutes, to be later used in the loss 
assessment phase. These almost real-time loss assessments are useful for different disaster 
risk management activities ranging from emergency planning and management to triggers 
of parametric insurance instruments. The application of this methodology is illustrated for 
three events, two in Mexico and another in Guatemala, where loss results and their geo-
graphical distributions at country level in some cases are highly sensitive to the selection of 
the correct nodal plane as the fault plane, showing that the proposed rules yield congruent 
results with the observed and recorded ground motions.

Keywords Selecting fault plane from nodal planes · Earthquake risk · Real-time loss 
assessment · Hazard footprints · R-CRISIS

1 Introduction

In the aftermath of an earthquake, there is an increasing need of having estimations of 
the ground motion intensities in the affected areas, to be used in rapid post-earthquake 
loss assessments. These risk assessments can provide, in a matter of minutes, valua-
ble information for: (a) emergency planning and management, such as a preliminary 
estimation of injuries and fatalities, and (b) identification of areas with more collapsed 
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buildings, so that personnel and machinery can be timely deployed to them, as well 
as blocked roads because of debris, so that ambulances can find optimal paths to and 
from hospitals (Bernal et al. 2017). In addition, and more recently, parametric insurance 
instruments have been designed so that based on an almost real-time assessment of the 
earthquake losses, the decision can be made of whether a payout occurs. Furthermore, 
transparency is needed in the estimation of all components of the risk assessment pro-
cess (i.e. hazard, exposure, and vulnerability). Hence, a pre-established set of rules for 
the selection of the appropriate fault plane is not only useful but desirable.

Parametric ground motion footprints can be generated in a matter of seconds in 
probabilistic seismic hazard analysis (PSHA) programs such as R-CRISIS (Ordaz et al. 
2019a), using as input data some basic source information such as the magnitude, loca-
tion, and depth, along with parameters that characterize the type of faulting and orienta-
tion of the fault plane (strike, dip and rake) and one or more ground motion prediction 
equations (GMPE). International agencies such as the National Earthquake Information 
Center (NEIC) of the U.S. Geological Survey (USGS) provide magnitude, location and 
depth of earthquakes. The NEIC solutions are available within a very short time. Also, 
for most MW ≥ 5 earthquakes, NEIC reports, within an hour, the centroid moment tensor 
(CMT) solution and the two nodal planes, assuming a double-couple source. The CMT 
solution is also published by the Global Centroid Moment Tensor Project of Columbia 
University. As this solution is based on larger data set, it is available later than the NEIC 
solution. Since both solutions are similar, as reported by Hayes et al. (2009) and Dupu-
tel et al. (2012), NEIC CMT solution can be used for this purpose.

A nodal plane (NP) is characterized by its azimuth (φ), dip (δ), and rake (λ) (see 
Aki and Richards 1981 for the convention). One of the two NPs reported in the CMT 
solution is the fault plane. The correct selection of the fault plane is critical for the reli-
able estimation of the geographical distribution of the ground motion intensities and the 
subsequent earthquake loss assessment. For large events, the failure to select the correct 
fault plane may result in an under- or over-estimation of the consequences of the event 
that, for the previously mentioned disaster risk management purposes, may be highly 
misleading. This paper proposes a simple set of rules for choosing the most likely fault 
plane, in near real time, based only on the CMT solution. We recognize that a more 
accurate fault-plane selection can be achieved with extra information, such as slip distri-
bution models or the locations of the aftershocks. However, these might take hours, and 
in the case of aftershocks, well-located events may be too few to be helpful.

The proposed set of rules is intended to be used in areas where PSHA has been con-
ducted previously, so that a subdivision of the region in seismic provinces is available. 
Based on the reported location and depth, the event is assigned to a unique seismic 
province from where the shape characteristics of the rupture area are designated (e.g. 
rectangular or elliptical area and the aspect ratio), assuming a uniform slip distribution; 
its orientation is governed by the chosen fault plane resulting from the application of the 
proposed rules. Finally, making use of the previously assigned GMPE of the source, the 
ground motion intensities are obtained.

To highlight the relevance of the proposed set of rules, the comparison of direct 
losses at country level is made considering both NPs of the 1976 Guatemala, the 2017 
Tehuantepec and the June 2020 Crucecita earthquakes, which are earthquakes of crus-
tal, intraplate, and interplate types, respectively. The earthquake risk assessment is per-
formed in R-CAPRA (ERN 2019) using openly available exposure and vulnerability 
data sets.
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2  Characterization of seismic provinces and sources

To develop a set of rules that permits the selection of the more likely fault plane auto-
matically, we first require knowledge of the characteristics of the fault plane at each seismic 
province.

We note that the division of a region in seismic provinces for PSHA relies heavily on 
seismicity and seismotectonics, with plate tectonics providing the basic framework. This 
division is facilitated by plotting the seismicity and available focal mechanisms of the 
region. As an example, let us consider a region that includes Mexico, Central America, 
and the Caribbean. The seismicity, taken from the GEM catalog (Storchak et al. 2013) and 
colour-coded according to the source depth, is illustrated in Fig. 1a. Figure 1b shows a sim-
ilarly colour-coded plot of the focal mechanisms extracted from the Global CMT catalog. 
The Middle America Trench (MAT) where Cocos Plate begins subduction below the North 
American Plate is marked. These two figures, and the vast literature on subduction pro-
cess, seismicity, and seismotectonics of the region, along with geologically mapped faults, 

Fig. 1  a Seismicity of Mexico, central America, and the Caribbean from ISC-GEM catalog, 1900–2011. b 
Focal mechanisms reported in Global Centroid Moment Tensor Catalog, 1976–2015. Orange polygons in a 
and b show division of the region in seismic provinces (see Salgado-Gálvez et al. 2018). The depths of the 
events are colour-coded
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provide the necessary information for the division. A seismic province is constructed such 
that it encloses earthquakes of similar focal mechanisms and level of seismicity. We note 
that in some provinces, the seismicity is very low and no focal mechanism solution is avail-
able. The region shown in Fig. 1 has been divided into 152 seismic provinces (Salgado-
Gálvez et al. 2018) using existing zonations for the domain under study (e.g. Pérez-Rocha 
and Ordaz 2008; Bozzoni et al. 2011; Salazar et al. 2013; Alvarado et al. 2017). The prov-
inces are shown in orange polygons in Fig. 1. The main provinces and the associated char-
acteristics of the expected faulting in them are:

1. Coupled plate interface along the subduction zone (shallow-dipping thrust faulting at 
the interface with strike, φ, roughly parallel to the trench).

2. Subducted slab (normal faulting with strike, generally, parallel to the trench).
3. Outer rise, offshore from the trench (normal faulting with strike, generally, parallel to 

the trench).
4. Forearc crust (often normal faulting, with strike parallel to trench).
5. Volcanic arc crust (normal faulting with strike, generally, parallel to the trench).
6. Pacific—North America and Pacific—Rivera plate boundaries (strike-slip and normal 

faulting earthquakes, azimuth of the fault plane parallel to the plate boundary.
7. Caribbean—North America plate boundary (strike-slip faulting with azimuth parallel 

to the plate boundary).

3  Selection of fault plane

As mentioned above, the seismic provinces defined for PSHA enclose earthquakes of simi-
lar focal mechanisms. The rules for automatic selection of the correct nodal plane as the 
fault plane are facilitated by statistical analysis of the parameters of the reported mecha-
nisms. This, of course, is possible only for seismic provinces in which several focal mecha-
nism solutions are available. For these provinces, we performed a statistical analysis on φ, 
δ, and λ of both NPs. We first obtain the mode of φ (mφ) δ (mδ), and λ (mλ) to determine the 
most frequent value. We fit a normal distribution centred at the mode to establish its 90% 
confidence interval. Such an analysis shows the most probable couple of planes and the 
most frequent fault mechanism in each seismic province. We then select the preferred plane 
based on the tectonic setting. As examples, we present analysis of three selected seismic 
provinces:

a. Coupled Plate Interface along the Mexican Subduction Zone

Earthquakes in this seismic province are a result of reverse faulting on a shallow-dipping 
plane. The azimuth of the fault is parallel to the trench. To illustrate a typical focal mecha-
nism of this type of event, let us consider the two NPs, NP1, and NP2, for the 19 Septem-
ber 1985, Michoacán earthquake (MW 8.0) listed in GCMT catalog: 

NP1:  φ = 301°, δ = 18°, λ = 108°

NP2: φ = 106°, δ = 73°, λ = 85°
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The azimuths of both planes are parallel to the Middle America trench and the rakes, λ, are 
similar and indicate thrust faulting. The shallow dip, δ, of NP1, however, identifies it as the 
fault plane.

Figure 2a shows focal mechanisms in these seismic provinces enclosed in boxes 1 and 2. 
We notice that the boxes also include some focal mechanisms that are not consistent with 

Fig. 2  a GCMT focal mechanisms in the coupled plate interface seismic province along the Mexico and 
central America subduction zone. Based on its characteristics, the seismicity has been subdivided in two 
boxes. Distribution of b strike, φ, c dip, δ, and d rake, λ, in Box 1 and e strike, φ, f dip, δ, and g rake, λ, in 
Box 2. The solid lines indicate the mode for each NP and the dashed lines the fifth and 95th percentiles of a 
normal distribution centred at the mode of the parameter
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shallow-dipping thrust faulting. Distributions of φ, δ, and λ in boxes 1 and 2, for each nodal 
plane, are also provided in the figure. The rake distribution is peaked at 80°, indicating that 
most of them correspond to thrust-faulting events. For these two seismic provinces, the 
preferred NP is the one with the strike aligned to the trench and with the shallowest dip; 
i.e. for both boxes, NP1 is preferred, with φ = 280° ± 41°, δ = 20° ± 26°, and λ = 80° ± 58° 
for Box 1; and φ = 290° ± 56°, δ = 25° ± 21°, and λ = 80° ± 58° for Box 2. The interval is 
chosen based on the fifth and the 95th percentiles of the normal distribution centred at the 
mode of each parameter. However, requiring only that the azimuth of the NP fall in the 
range given above yields the correct choice of the fault plane.

b. Subducted Slab

Most earthquakes within the subducted slab are normal-faulting events, although some 
steeply dipping thrust events have also been reported in the subducted Cocos plate near 
the Pacific Coast of Mexico (e.g. Pacheco and Singh 2010). The azimuths of the NPs of 
these intraslab earthquakes are roughly parallel to the trench. The preferred fault plane is 
the one that dips in the direction of plate subduction. As an example, let us consider the 
Puebla–Morelos, Mexico earthquake of 19 September 2017 (MW 7.1) located at a depth of 
57 km. The two NPs reported in GCMT catalog are:

NP1: φ = 300°, δ = 44°, λ = − 83°

NP2: φ = 109°, δ = 46°, λ = − 97°

Similar to the 1985 Michoacán earthquake, the azimuths of both planes are parallel to the 
trench. In this case, the dip and the rake of the two planes are similar. However, the require-
ment that the dip of the fault be in the direction of the subducted slab favours NP1 as the 
fault plane as the other plane dips towards the trench.

While the plane dipping in the direction of the plate subduction is usually thought to 
be the fault plane, this may not necessarily be the case. The source parameters of the 2017 
Puebla–Morelos earthquake have been estimated from waveform modelling (see Melgar 
et al. 2018; Mirawald et al. 2019). Yet these studies were unable to resolve the fault plane. 
A more illustrative example is provided by a large (MW 7.8) intermediate-depth earthquake 
(H = 95 km) that occurred the 13 June 2005 in the Tarapaca region in northern Chile. The 
two NPs reported in GCMT are:

NP1: φ = 353°, δ = 67°, λ= − 94°

NP2: φ = 182°, δ = 23°, λ =  − 81°

Both azimuths are roughly parallel to the coast. From the criterion above, the preferred 
fault plane should be NP1. However, detailed studies by Peyrat et al. (2006) and Delouis 
and Legrand (2007) suggest that the subhorizontal nodal plane, NP2, was the fault plane. If 
true, our criterion would have selected the wrong NP as the fault plane.

Boxes 1 and 2 in Fig.  3 show GCMT focal mechanisms of intraslab normal faulting 
earthquakes in Central Mexico. The distributions of φ, δ, and λ are also shown in the figure. 
The rake distribution is peaked at − 90°, indicating that these are normal-faulting events. 
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Since we assume that the fault plane dips in the direction of plate subduction, the preferred 
NP is NP2 in Box 1, with φ = 270° ± 49°, δ = 60° ± 12°, and λ =  − 90° ± 23°; and NP1 for 
Box 2, with φ = 290° ± 27°, δ = 40° ± 13°, and λ =  − 70° ± 65°. As mentioned earlier, the 
criterion may fail in some cases. Boxes 1 and 2 in Fig. 4 show GCMT focal mechanisms of 
intraslab normal faulting earthquakes in the south of Mexico.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 3  Same as Fig.  2 but for subducted-slab seismic province of Central Mexico. The seismicity of the 
province has been grouped into two boxes
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Along the Caribbean–North America plate boundary, we expect, in general, strike-slip 
faulting. The nodal plane parallel to the plate boundary is the likely fault plane. As an 
example, let us consider the Guatemala earthquake of 4 February 1976, MW 7.5, which 
ruptured the Motagua Fault. The plate boundary in the region has an azimuth of about 
N60°E. For this event, the two NPs listed in the GCMT catalog are: 

NP1: φ = 254°, δ = 73°, λ = − 10°

Fig. 4  Same as Figs. 2 and 3 but for subducted-slab seismic province of south Mexico (Tehuantepec and 
Chiapas). The seismicity of the province has been grouped into two boxes
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NP2:  φ = 347°, δ = 80°, λ = − 162°

  
Since the azimuth of NP1 is consistent with that of the plate boundary in the region, 

it is likely to be the fault plane. This is confirmed by field observations (Plafker 1976).
We note that in the strike-slip domain the fault is often nearly vertical. A slight 

change in the dip may result in a change in strike by 180°. For this reason, a nodal plane 
whose azimuth is ~ 180° from the prescribed azimuth is equally acceptable and the cri-
terion should permit its selection as the fault plane. As an example, consider the nodal 
planes of an event that occurred on 14 June 2009 (MW 5.1) near the 1976 earthquake 
focus. The NPs listed in the GCMT catalog are:

NP1: φ = 5°, δ = 85°, λ = 177°

NP2: φ = 95°, δ = 87°, λ = 8°

  
The azimuth of NP2 is similar to that of the plate boundary. Therefore, it is the likely 

fault plane, even though its azimuth is 159° less than that of the 1976 earthquake.
Focal mechanisms and distributions of the nodal-plane parameters of earthquakes in 

the seismic province that encloses a segment of the Caribbean–North America plate 
boundary are shown in Fig.  5. The plots include the two strike-slip events discussed 
above. Rakes of seven out of eight events correspond to strike-slip faulting. The dip, 
peaked at ~ 80°, is relatively high, as expected for a strike-slip faulting.

The discussion above briefly summarizes the reasoning that we have used in develop-
ing a set of rules to select the likely fault plane given the two NPs in any seismic prov-
ince of Mexico, Central America, and the Caribbean. These rules are given below:

1. For an earthquake, whose location and depth correspond to the seismic province of 
coupled plate interface along the subduction zone, the NP whose azimuth is parallel to 
the strike of the trench with low dip (~ 15°) is taken as the fault plane. In the subduction 
zones of Mexico and Central America, the strike of the trench is between 270° and 320° 
(or, equivalently, between 90° and 140°).

2. For events located in the subducted-slab seismic province, the NP whose azimuth is 
parallel to the trench and dips in the direction of the subducted slab is taken as the fault 
plane.

3. At strike-slip plate boundaries, where strike-slip earthquakes dominate, the NP whose 
strike is parallel to the plate boundary is taken as the fault plane. In the strike-slip 
domain, the fault is often nearly vertical. A slight change in the dip may result in a 
change in strike of 180°. For this reason, a plane whose azimuth is ~ 180° from the 
prescribed azimuth is equally acceptable as the fault plane.

4. A tolerance of ± 45° in the strike of the chosen fault plane is allowed from the one pre-
scribed in the rule.

5. If the strike is outside this range, then the rake of the event is checked. If the rake cor-
responds to a reverse fault (i.e. 45° ≤ λ ≤ 135°), then the plane that corresponds to the 
smaller dip is chosen. If it is a normal fault (i.e. − 135° ≤ λ ≤  − 45°), then the NP cor-
responding to the larger dip is taken as the fault plane.
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6. If neither the strike nor the rake criteria are met by the two planes and the earthquake 
is not in strike-slip dominated source region, then either one of the NPs is taken as the 
fault plane.

7. For seismic provinces of low seismicity, with no focal mechanisms listed in the GCMT 
catalog, the selection of fault plane is based on the rake of the NPs. If the rake corre-
sponds to a reverse fault (i.e. 45° ≤ λ ≤ 135°), then the plane with smaller dip is chosen; 
if it is a normal fault (i.e. − 135° ≤ λ ≤  − 45°), then the plane corresponding to the larger 
dip is taken as the fault plane.

Note that rules (5) to (7) are based on the assumption that thrust and normal fault-
ing, generally, occurs on shallower and steeper fault planes, respectively. This may 
not always be case, an example being the 2005 Tarapaca, Chile earthquake mentioned 
before.

Fig. 5  a GCMT focal mechanisms in the Caribbean–North America plate boundary seismic province 
defined by the red polygon. b–d distribution of strike, φ, dip, δ, and rake, λ 
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4  Application and usefulness of the methodology

As examples of the application and usefulness of the methodology, we consider the highly 
destructive earthquakes of 4 February 1976 Guatemala (MW7.5) and 8 September 2017 
Tehuantepec (MW8.2) and discuss the importance of the correct selection of the fault plane 
on the estimation of seismic intensities and the almost real-time post-event loss estimation. 
Although the selection of the fault plane using this methodology can be used for any earth-
quake for which the moment tensor solution is available, the variations in ground shaking 
intensities, their geographical distribution and therefore the modelled losses become larger 
as the magnitude of the event increases. For moderate- and high-magnitude events, such as 
the ones for which the methodology is applied, the ratio between the rupture’s length and 
width (i.e. aspect ratio) is different than 1.0 and then the orientation parameters become 
more relevant in a real-time loss assessment.

The aim of these case studies is to quantify the differences in loss estimations after 
choosing the right and wrong fault planes. However, it should be noted that the robustness 
of any loss assessment relies not only on the quality of the hazard information but on the 
quality for the exposure and vulnerability components. The methodology presented herein 
aims to improve the quality of the hazard data for real-time earthquake loss assessments.

4.1  The 1976, Mw 7.5, Guatemala earthquake

This earthquake killed about 23,000, injured 74,000, and left more than 1 million persons 
homeless (Plafker 1976). The tectonic and seismological aspects of the earthquake were 
studied in great detail by Plafker (1976) and Kanamori and Stewart (1978), respectively. 
The epicentre of the earthquake given by Kanamori and Stewart is 15.27° N, 89.25° W, and 
waveform analysis reveals an asymmetric bilateral rupture.

The relevant source parameters of the earthquake, reported in the GCMT catalog, are: 

Centroid location: 15.14°N, 89.78°W.

Depth: 16.3 km.

MW = 7.5

NP1: φ = 254°, δ = 73°, λ = − 10°

NP2: φ = 347°, δ = 80°, λ = − 162°  

   
We note that the GCMT centroid location is 59 km from the reported epicentre (Kan-

amori and Stewart 1978) at an azimuth of 256°. While the epicentre falls on the Motagua 
Fault where ground breakage was reported, the centroid location is about 15  km to the 
North of the Fault.

For a crustal strike-slip earthquake, the expected rupture area is of approximately 3200 
 km2, in fairly close agreement with that reported by Plafker (1976) and Kanamori and 
Stewart (1978). Estimated length based on the relationship between L and MW for strike-
slip fault by Wells and Copperfield (1994) is 120 km.
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4.1.1  Rapid estimation of seismic intensities and the losses

Immediately after an earthquake, no information on source directivity, rupture dimension, 
or slip distribution is available. Therefore, the seismic intensities and losses are estimated 
assuming a bilateral rupture initiating at centroid location and values of L = 120 km. The 
estimations with NP1 and NP2 as fault planes are shown in Fig.  6 where the local site 
effects have been considered following the parametric approach proposed by Chiou and 
Youngs (2014) based on the  Vs30 values. The rules proposed herein to select the most 
likely fault plane are totally independent from the methodology used to consider (or not) 
site effects in an earthquake risk assessment, and the amplification factors by Chiou and 
Youngs (2014) have been used herein because of the regional scale of the case studies.

Using the exposure and vulnerability data sets for Guatemala of the UNISDR’s Global 
Risk Model, with their advantages and shortcomings, (UNISDR 2015, De Bono and 
Chatenoux 2015; Marulanda and Salgado-Gálvez 2017), and following the methodological 
proposal by Ordaz (2000), implemented in R-CAPRA using a single event approach (see 
details in Salgado-Gálvez et al. 2016), a seismic risk assessment was performed to estimate 
the direct losses at country level considering the two fault planes. This exposure database 
accounts only for buildings of different types (i.e. residential, commercial, industrial, and 
public), and therefore, damages inflicted to other kinds of assets such as road networks, 
airports, electric systems, and other facilities are not considered.

As shown in Table 1, with NP1, the estimated direct losses correspond to almost 2.5% 
of the total exposed value of the country, whereas for NP2, those same loses are equal to 
2.0% of the overall exposed value with an absolute difference of almost 0.8 billion USD. 
Table 1 shows too the standard deviation of the loss estimations using the two fault planes.

Besides the difference in the overall modelled losses, it is worth highlighting that the 
geographical distribution of the damages differs significantly between the two NPs, an 

Fig. 6  Ground motion intensity distributions (in g) with NP1 (left) and NP2 (right) for the 1976 Guatemala 
MW 7.5 earthquake

Table 1  Comparison of direct 
economic losses using the two 
nodal plane solutions for the 
Guatemala 1976 earthquake

Fault plane Direct losses 
(M USD)

Relative loss Standard deviation

NP1 $ 4,244 2.52% $ 6,865
NP2 $ 3,431 2.03% $ 4,672
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issue that has relevance in rapid post-event loss assessments focused on emergency man-
agement. Figure 7 shows the comparison of the geographical distribution for the modelled 
losses after having chosen the two reported NPs. The wrong selection of the fault plane for 
this earthquake (NP2) would have resulted in a considerable underestimation, by an aver-
age factor of 4, of the losses in Guatemala City, the area of the country with the largest 
impact after the 1976 earthquake.

4.2  The 2017, MW 8.2, tehuantepec earthquake

This is the largest instrumentally recorded earthquake in Mexico, causing severe dam-
age to the states of Chiapas and Oaxaca. It came as a surprise that the event was not a 
shallow-dipping thrust earthquake, offshore Tehuantepec, but a normal-faulting intraslab 
earthquake. Numerous studies dealing with the rupture process during the earthquake are 
available (e.g. Yeh et al. 2017; Melgar et al. 2018; Suárez et al. 2019). There is agreement 
among the studies that the earthquake propagated, unilaterally, to the NW, subparallel to 
the trench, for about 160–170 km, rupturing the entire thickness (~ 40 km) of the subduct-
ing oceanic lithosphere (see Fig. 8, taken from Suárez et al. 2019).

The location reported by National Seismological Service of Mexico (SSN, Mexico) is: 

Epicentre: 14.761°N, 94.103°W.

Depth: 44.9 km.

Global CMT catalog reports: 

Centroid location: 15.38°N, 94.66°W.

Depth: 44.8 km.

MW = 8.2

NP1: φ = 150°, δ = 12°, λ =  − 78°

NP2: φ = 318°, δ = 78°, λ =  − 93°

Fig. 7  Comparison of the geographical distribution of the modelled direct losses with NP1 (left) and NP2 
(right) for the 1976 Guatemala MW 7.5 earthquake
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The GCMT centroid location is 91 km at an azimuth of 319° from the SSN epicentre.
The rule correctly selects NP2 as the fault plane.

4.2.1  Rapid estimation of seismic intensities and the losses

Estimated seismic intensities with NP2 and NP1 taken as fault planes, assuming a bilateral 
rupture initiating at the GCMT centroid location, are compared in Fig. 9. As in the previ-
ous case, neither slip distribution nor directivity was considered since this information was 
only available long time after the event. The local site effects were accounted for by means 
of the parametric approach developed by Chiou and Youngs (2014).

As with the Guatemala 1976 earthquake, the relevance of the selection of the fault 
plane was examined by estimating the direct losses in a probabilistic manner. The expo-
sure and vulnerability data for Mexico were gathered from the openly available data sets of 
UNISDR, and losses were estimated at country level using R-CAPRA.

Table  2 shows the modelled direct losses at country level in Mexico. With NP1, the 
estimated direct losses correspond to 0.11% of the total exposed value, whereas for NP2, 
modelled loses are almost half, equalling 0.07% of the overall exposed value. In absolute 

Fig. 8  Rupture process of the 2017 Tehuantepec earthquake. Red star: epicentre. The rupture propagated 
unilaterally to the NW for 160–180 km. The rectangle enclosing the epicentre shows the fault extent in plan 
view. The inset in the lower left shows the slip distribution on the fault. The moment rate function is shown 
in the upper right corner. Black dots are the relocated hypocenters in the first 48 h after the main event (see 
Suárez et al. 2019)
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terms, the selection of the wrong fault plane would have resulted in an overestimation of 
the losses by approximately a factor of 1.5.

Also, in this case, the selection of the NP has influence on the geographical distribu-
tion of the modelled losses. Figure 10 shows the geographical distribution of the modelled 
losses associated with the two reported NPs. Important variations in the loss estimates 
were found for the municipalities of Tabasco and Veracruz, and in addition to these, the 
selection of the wrong fault plane would have resulted in overestimation and underestima-
tion of the losses in Juchitan and Tehuantepec, respectively.

4.3  The 2020, MW 7.4, Crucecita (Oaxaca) earthquake

On 23 June 2020, during the revision of the original version of this manuscript, a MW 7.4 
earthquake struck the State of Oaxaca, approximately 500 km South East of Mexico City. 
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Fig. 9  Ground motion intensity distributions (in g) with NP1 (left) and NP2 (right) for the 2017 
Tehuantepec earthquake

Table 2  Comparison of direct 
economic losses using the two 
nodal-plane solutions for the 
Tehuantepec 2017 earthquake

Fault plane Direct losses 
(M USD)

Relative loss Standard deviation

NP1 $ 4,577 0.11% $ 9,190
NP2 $ 2,999 0.07% $ 5,120

Fig. 10  Comparison of the geographical distribution of the modelled direct losses with NP1 (left) and NP2 
(right) for the 2017 Tehuantepec earthquake
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This event allowed the possibility of testing the rules with an event that had not been used 
in the estimation of the distributions presented in Sect. 3.

The location reported by the National Seismological Service of Mexico (SSN, Mexico) 
is: 

Epicentre: 15.784°N, 96.120°W.

Depth: 22.6 km.

USGS-NEIC catalog reports: 

Centroid location: 15.9932°N, 95.937°W.

Depth: 20.0 km.

MW = 7.4

NP1: φ = 271°, δ = 17°, λ = 70°

NP2:  φ = 112°, δ = 74°, λ = 96°

The rules correctly select NP1 as the fault plane.

4.3.1  Rapid estimation of seismic intensities and the losses

The estimations with NP1 and NP2 as fault planes are shown in Fig. 11 where again the 
site effects have been considered through the amplification factors of the Chiou and Youngs 
(2014) methodology based on inferred  Vs30 values. The differences in the ground motion 
intensities are evident in the figure, having considerably larger PGA values in the epicen-
tral area when the fault plane with the largest dip value (NP2) is used.

Table 3 shows the comparison of the modelled direct losses at country level in Mex-
ico. In this case, the differences between absolute and relative losses are very low and the 
implications of having chosen the wrong fault plane would have been negligible.
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Fig. 11  Ground motion intensity distributions (in g) with NP1 (left) and NP2 (right) for the 2020 Crucecita 
earthquake
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Figure 12 shows the geographical distribution of the modelled losses associated with 
the two reported NPs. Although in absolute and relative terms at national level the dif-
ference between the losses obtained after choosing any of the two fault planes is mini-
mum, at subnational level, the selection of the wrong fault plane would be reflected, using 
these exposure and vulnerability data sets, in an underestimation of losses in the district of 
Tehuantepec, located in the State of Oaxaca.

5  Discussion and conclusions

We have developed a set of rules to choose in an almost real-time manner the fault plane, 
knowing the two nodal planes from the centroid moment tensor solution. These rules have 
been developed based on physical considerations and the observed data. Generally, the 
rules work and return the desired fault plane as shown with the three case studies, con-
sidering too that the fault plane for the 2020 earthquake was chosen after having defined 
the rules and that event was not used for estimating the distribution of interpolate fault 
planes in the region. However, as illustrated by the 2005 intraslab earthquake (MW 7.8) 
of Tarapaca in northern Chile, in some cases the true fault plane may not be the expected 
one, which could result in the wrong choice of a nodal plane as the fault plane. Perhaps this 
happens more often for earthquakes in subducted-slab seismic provinces because of local 
stresses caused by flexure and distortion of the subducted plate.

Apart from possible wrong choice of the fault plane, mislocation of the event is another 
source of error in the rapid estimation of seismic intensity and the resulting losses. For 
example, Singh and Lermo (1985) and Hjörleifsdóttir et al. (2016) reported that the loca-
tions of Mexican earthquakes reported by international agencies are systematically mislo-
cated by about 35 km to the NE. Similar, systematic mislocations are likely for most of the 
regions. This would cause a spatial shift in the seismic-intensity contours.

In a rapid estimation scenario, the only available source parameters are the loca-
tion, the two nodal planes, and the magnitude. Thus, we are obliged to ignore possible 
source directivity and to estimate the fault dimension from the magnitude with some 

Table 3  Comparison of direct 
economic losses using the two 
nodal plane solutions for the 
Crucecita 2020 earthquake

Fault plane Direct losses 
(M USD)

Relative loss Standard deviation

NP1 $ 1,031 0.024% $ 2,279
NP2 $ 935 0.022% $ 2,072

Fig. 12  Comparison of the geographical distribution of the modelled direct losses with NP1 (left) and NP2 
(right) for the 2020 Crucecita earthquake
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constraints from prior knowledge of source characteristics in the seismic province. In 
spite of the errors caused by these approximations, we find that the correct choice of the 
fault plane provides a significant improvement in the estimations of seismic intensities 
and losses.

The outcomes of this methodology can also be integrated with other earthquake-related 
perils such as tsunamis where, for interface sources, the selection of the strike and dip val-
ues has to do with the characteristics of the triggered event and allow the development of 
almost real-time hazard and loss estimations (Ordaz et al. 2019b).
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