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El calculo probabilista
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Locations and magnitudes of historical earthquakes in the Sierra
of Ecuador (1587-1996)

An Earthquake Catalog for Seismic Hazard Assessment in Ecuador

by Céline Beauval, Hugo Yepes, Pablo Palacios, Monica Segovia, Alexandra Alvarado,
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Abstract Building a unified and homogeneous earthquake catalog is a preliminary
step for estimating probabilistic seismic hazard in a country. Ecuador, a territory of

~600 km x 500 km, is characterized by an active seismicity, both in the shallow crust N ki aamci alimts hamef -
and in the subduction zone. Several international and local earthquake catalogs are the subduction zon (c.g. Esmeraldas, 1906, 4. §.8), whereas lower magnitudc but sh
available, covering different time and spatial windows, characterized by different e e ponebe et et sk vy s i
magnitude types and uncertainties. After a careful analysis of each catalog, in particu-

Acceped 2010 February 16 Received 2010 February 16; in original form 2009 September 4

in the Interandean Valley, among them Quito, the capital (~2.5 millions inhabitants). A total
population of ~6 millions inhabitants currently live in the highlands, raising the seismic risk. At

. Pt . present, ata for the Ecusdonas territory is not avaslable for periods carlier
lar for completeness and uncertainty levels, we propose a priority scheme for merging TP R Yo st somrsr eyt oty
historical data arc of utmost imp for ic hazard. In this study, the Bakun

the instrumental catalogs. Moreover, several historical earthquakes are analyzed to
estimate epicentral location and magnitude, completing the solutions obtained in a

awwuwumwmwmmm
uncertaintics for historical carthquakes of the Sicrra over the period ISS'I—IWG.M intensity-

. 5 % . ¥ magnitude equation is derived from the four most '“m 1 kes (M,
previous publication. Once the historical earthquakes are appended to the instrumental between 5.3.and 7.1). Intensity data available per historical vary 10(Quito,
1587, Intensity >VI) and 117 (Riobamba, 1797, Intensity >Ill) The bootstrap resampling

catalog, the resulting catalog covers five centuries in the Cordillera region. Next,
homogenization of magnitudes and removal of aftershocks is performed; different
options are studied and the impact on the recurrence curve is evaluated. For the Cor-
dillera region within —2.5° and 1° latitude, the average occurrence of an earthquake
with M, 2 6.0 is 10-20 years based on the historical catalog.

technique is coupled to the B&W method for deriving geographical confidence contours for
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America to the cast, while moderate carthquakes (M, < 6) scem to be associated with to

thrust faults located on the western internal slopes of the Interandean Valley.
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Motion of continental slivers and creeping
subduction in the northern Andes

J-M. Nocquet™, J. C. Villegas-Lanza"?, M. Chlieh', P. A. Mothes?, F. Rolandone®, P. Jarrin?,
D. Cisneros®, A, Alvarado®, L. Audin’, F. Bondoux®, X. Martin', Y. Font#, M. Régnier’, M. Vallée'",
T. Tran', C. Beauval’, J. M. Maguifia Mendoza®, W. Martinez'®, H. Tavera? and H. Yepes*’

Along the western margin of South America, plate convergence
is accommodated by slip on the subduction interface and
deformation of the overriding continent™, In Chile™, Bolivia®,
Ecuador and Colombia®’, continental deformation occurs
mostly through the motion of discrete domains, hundreds to
thousands of kilometres in scale. These continental slivers
are wedged between the Nazca and stable South American
plates. Here we use geodetic data to identify another large
continental sliver in Peru that is about 300-400 km wide and
1,500 km long, which we call the Inca Sliver, We show that
movement of the slivers parallel to the subduction trench is
controlled by the obliquity of plate convergence and is linked
to prominent features of the Andes Mountains. For example,
the Altiplano is located at the boundary of converging slivers
at the concave bend of the central Andes, and the extending
Gulf of Guayaquil is located at the boundary of diverging slivers
at the convex bend of the northern Andes, Motion of a few

displayed abnormally long source duration, slow rupture velocity,
enhanced long: period source spectrum and both induced relatively
large tsunamis'"", Both events have been categorized as tsunami
earthquakes, rupturing the shallow, weaker material of the
accretionary prism. In the absence of direct measurements, several
behaviours are plausible to explain the observed seismic gap: a first
endmember view is that the subduction interface is freely slipping,
with no potential to generate great earthquakes. In contrast, a
second possible model is that this interface is significantly locked
and great earthquakes may have recurrence time greater than
500yr. If the latter hypothesis is true, a total length of 1,200 km and
a convergence rate of ~60mmyr~" would imply an overall seismic
moment deficit equivalent to a M, > 9 earthquake, if released in
a single event. Of course, intermediate scenarios are also possible,
but even a single 300-km-long segment being significantly coupled
would still leave the potential for a M, >8 earthquake to occur
in the future. Quantitatively assessing the seismic potential of this

aceleraciones

producidas por esos
futuros sismos

Comparison of Observed Ground-Motion
Attenuation for the 16 April 2016 M,, 7.8 Ecuador
Megathrust Earthquake and lts Two Largest
Aftershocks with Existing Ground-Motion

Prediction Equations

Céline Beau

Virac'ucha.

by
C. M
M. Ruiz, and A. Alvarado

val, J. M
v

ABSTRACT

A megath bducti hquake (M., 7.8) struck the coast
of Ecuador on 16 April 2016 at 23:58 UTC. This carthquake
is one of the best-recorded megathrust events to date. Besides
the mainshock, two large aftershocks have been ded on 18
May 2016 at 7:57 (M., 67) and 16:46 (M., 69). These dara
make a significant contribution for understanding the attenu-

ation of ground motions in Ecuador. Peak ground accel
and spectral accelerations are compared with four ground-mo-
tion prediction equations (GMPEs) developed for interfs

carthquakes, the global Abrahamson ef 2l (2016) model, the
Japanesc equations by Zhao, Zhang, et al. (2006) and Ghofrani
and Atkinson (2014), and one Chilean equation (Montalva
et al,, 2017). The four tested GMPEs are providing rather dlose
predictions for the mainshock at distances up to 200 km. How-
ever, our results show that high-frequency attenuation is
greater for back-arc sites, thus Zhao, Zhang, e al. (2006)
and Montalva er al (2017), who are not taking into account
this difference, are not considered further. Residual analyses
show that Ghofrani and Ackinson (2014) and Abrahamson
et al. (2016) are well predicting the attenuation of ground mo-
tions for the mainshock. Comparisons of aftershock observa-
tions with the predictions from Abrah et al. (2016)
indicate that the GMPE provide reasonable fit to the attenu-

. Vallée, E. Maufroy, D. Mercerat,

Laurendeau, J.-C. Singaucho,
H. Yepes,

equal to 6.0. Important cities are located at short distances
(20-30 km), and magnitudes down to 6.0 must be included
in seismic-hazard studies. The next step will be to constitute a
strong-motion interface database and test the GMPEs with
more quantitative methods.

Electronic Suppiement: Figures of V ¢y, values based on topogra-
phy versus rupture distance and difference between reference
V 530 and ¥ g3 based on topography versus distance, residuals,
event terms, and i dard deviati

INTRODUCTION

The megathrust Pedernales earthquake (M., 7.8) struck the
coast of Ecuador on 16 April 2016 at 23:58 UTC. Sixty-nine
accelerometric stations recorded the carthquake at fault distan-
ces ranging from 26 to 427 km (Fig. 1). One month after the

inshock, two | ftershocks have been recorded on 18
May 2016 at 7:57 and 16:46 (Table 1; M, 6.7 and 69, respec-
tively). The accelerometric network in Ecuador started in 2009
with nine stations installed in the framework of the French-
Ecuadorian rescarch project Andes du Nord (ADN). In 2010,
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Paleoseismology and tectonic geomorphology of the Pallatanga fault (Central Ecuador),
a major structure of the South-American crust

Stéphane Baize **, Laurence Audin ®, Thierry Winter ¢, Alexandra Alvarado ®, Luis Pilatasig Moreno ¢,
Mercedes Taipe ¢, Pedro Reyes ¢, Paul Kauffmann ?, Hugo Yepes ¢
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ARTICLE INFO ABSTRACT
Article history: The Pallatanga fault (PF) is a prominent NNE-SSW strike-slip fault crossing Central Ecuador. This structure is

Received 17 February 2012
Received in revised form 22 November 2013

Accepted 25 February 2014
Available online xxxx

Keywords:
Ecuador
Pallatanga lault
Morphotectonics
Paleocarthquake
Fault slip rate
Seismic hazard

suspected to have hosted large earthquakes, including the 1797 Riobamba event which caused severe destruc-
tions to buildings and a heavy death toll (more than 12,000 people), as well as widespread secondary effects
like landsliding. liquefaction and surface cracking. The scope of this study is to evaluate the seismic history of
the fault through a paleoseismological approach. This work also aims at improving the seismotectonic map of
this part of the Andes through a new mapping campaign and, finally, aims at improving the seismic hazard
assessment.

We show that the PF continues to the north of the previously mapped fault portion in the Western Cordillera
(Rumipamba-Pallatanga portion) into the Inter-Andean Valley (Riobamba basin). Field evidences of faulting
are numerous, ranging from a clear geomorphological signature to fault plane outcrops. Along the western side
of the Riobamba basin, the strike-slip component seems predominant along several fault portions, with a typical
landscape assemblage (dextral offsets of valleys, fluvial terrace risers and generation of linear pressure ridges). In
the core of the inter-Andean valley, the main fault portion exhibits a vertical component along the ¢. 100 m-high
cumulative scarp. The presence of such an active fault bounding the western suburbs of Riobamba drastically in-
creases the seismic risk for this densely inhabited and vulnerable city. To the east ( Peltetec Massif, Cordillera
Real), the continuation of the Pallatanga fault is suspected, but not definitely proved yet.

Based on the analysis of three trenches, we state that the Rumipamba-Pallatanga section of the PF experienced 4
(maybe 5) Holocene to Historical strong events (Mw > 7). The coseismic behavior of the fault is deduced from the
occurrence of several colluvial wedges and layers associated with the fault activity and interbedded within the
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A new view for the geodynamics of Ecuador: Implication
in seismogenic source definition and seismic
hazard assessment

Hugo Yepes'?, Laurence Audin?, Alexandra Alvarado’, Céline Beauval’, Jorge Aguilar',
Yvonne Font’, and Fabrice Cotton*

Instituto Geofisico, Escuela Politecnica Nacional, Quito, Ecuador, “Institut des Sciences de la Terre, ISTerre, Université de

daate-depth
setsmicity show slab bending and
black motion, respectively

Supporting Information:
+ Supporting Information 51
+ Movie S1

Correspondence to:
H. Yepes,
hyepesgigepn.eduec

Citation:

Yepes, H, L Audin, A. Aharado, C Beauval,
J. Aguilar, Y. Font, and F. Cotton (2016),
A new view for the geodynamics of
Ecuador: Implication in seismogenic
source definition and seismic hazard
assessment, Tectonics, 35, dot10.1002/
20157C003941.

Received 18 JUN 2015
Accepted 20 APR 2016
Accepted article online 22 APR 2016

Grenoble Alpes-CNRS-IRD, Grenoble, France, *Observatoire de la Cote d'Azur, Géoazur, Université de Nice Sophia-Antipolis,
Institut de Recherche pour le Développement (UR 082), Valbonne, France, “German Research Institute for Geosciences, GFZ,
Institute for Earth and Environmental Sciences, University of Potsdam, Potsdam, Germany

Abstract A new view of Ecuador’s complex geodynamics has been developed in the course of modeling
seismic source zones for probabilistic seismic hazard analysis. This study focuses on two aspects of the plates’
interaction at a continental scale: (a) age-related differences in rheology between Farallon and Nazca plates
—marked by the Grijalva rifted margin and its inland projection—as they subduct underneath central
Ecuador, and (b) the rapidly changing convergence obliquity resulting from the convex shape of the South
American northwestemn continental margin. Both conditions satisfactorily explain several characteristics of the
observed seismicity and of the interseismic coupling. Intermediate-depth seismicity reveals a severe flexure in
the Farallon slab as it dips and contorts at depth, originating the El Puyo seismic cluster. The two slabs position
and geometry below continental Ecuador also correlate with surface expressions observable in the local and
regional geology and tectonics. The interseismic coupling is weak and shallow south of the Grijalva rifted
margin and increases northward, with a heterogeneous pattern locally associated to the Carnegie ridge
subduction. High convergence obliquity is responsible for the North Andean Block northeastward movement
along localized fault systems. The Cosanga and Pallatanga fault segments of the North Andean Block-South
American boundary concentrate most of the seismic moment release in continental Ecuador. Other inner block
faults located along the western border of the inter-Andean Depression also show a high rate of moderate-size
earthquake production. Finally, a total of 19 seismic source zones were modeled in accordance with the
proposed geodynamic and neotectonic scheme.
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Active tectonics in Quito, Ecuador, assessed
by geomorphological studies, GPS data,
and crustal seismicity

A. Alvarado'™, L. Audin’, J. M. Nocquet’, 5. Lagreulet™®, M. Segovia’, Y. Font’, G. Lamarque®,
H. Yepes', P. Mothes', F. Rolandone’, P. Jarrin', and X. Quidelleur**

'Instituto Geofisico, Escuela Politécnica Nacional, Quito, Ecuador, ‘Institut des Sciences de la Terre IRD: UR219, CNRS:
UMRS275-IFSTTAR-Université de Savoie-Université Joseph Fourier, Grenoble, France, ‘Géoazur, CNRS UMR 7329,
Université de Nice Sophia-Antipolis, Institut de Recherche pour le Développement (UR 082), Observatoire de la Cote d'Azur,
Valbonne, France, “Université Paris-Sud, Laboratoire IDES, UMRS148, Orsay, France, *CNRS, Orsay, France, Géoazur,
Université de Nice Sophia-Antipolis, Observatoire de la Cdte d'Azur, Nice, France, '\STEP, Université Pierre et Marie Curie
Paris VI, Paris, France

Abstract The Quito Fault System (QFS) extends over 60km along the Interandean Depression in northem
Ecuador. Multidisciplinary studies support an interpretation in which two major contemporaneous fault systems
affect Quaternary volcanoclastic deposits. Hanging paleovalleys and disruption of drainage networks attest to
ongoing crustal deformation and uplift in this region, further confirmed by 15 years of GPS measurements and
setsmicity. The resulting new kinematic model emphasizes the role of the N-S segmented, en echelon eastward
migrating Quito Fault System (QFS). Northeast of this major tectonic feature, the strike-slip Guayllabamba Fault
System (GFS) aids the eastward transfer of the regional strain toward Colombia. These two tectonic fault systems
are active, and the local focal mechanisms are consistent with the direction of relative GPS velocities and the
regional stress tensor. Among active features, inherited N-S direction sutures appear to play a role in confining the
active deformation in the Interandean Depression. The most frontal of the Quito faults formed at the tip of a blind
thrust, dipping 40°W, is most probably connected at depth to inactive suture to the west. A new GPS data set
indicates active shortening rates for Quito blind thrust of up to 4 mm/yr, which decreases northward along the
fold system as it connects to the strike-slip Guayllabamba Fault System. The proximity of these structures to the
densely populated Quito region highlights the need for additional tectonic studies in these regions of Ecuador to
generate further hazard assessments.
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A New Seismic Hazard Model for Ecuador

by C. Beauval, J. Mariniere, H. Yepes, L. Audin, J.-M. Nocquet, A. Alvarado,
S. Baize, J. Aguilar, J.-C. Singaucho, and H. Jomard

Abstract We present a comprehensive probabilistic seismic hazard study for
Ecuador, a country exposed to a high seismic hazard from megathrust subduction
carthquakes and moderate-to-large shallow crustal earthquakes. Building on knowl-
edge gained during the last decade about historical and contemporary seismicity,
active tectonics, geodynamics, and geodesy, several alternative earthquake recurrence
models have been developed. We propose an areal seismic zonation for the seismo-
genic crustal, inslab, and interface sources, modified from Yepes et al. (2016), to
account for the information gained after the 2016 M, 7.8 Pedernales megathrust earth-
quake. Three different earthquake catalogs are used to account for uncertainties in
magnitude—frequency distribution modeling. This first approach results in low hazard
estimates for some areas near active crustal fault systems with low instrumental seis-
micity, but where geology and/or geodesy document rapid slip rates and high seismic
potential. Consequently, we develop an altemative fault and background model that
includes faults with earthquake recurrence models inferred from geologic and/or
geodetic slip-rate estimates. The geodetic slip rates for a set of simplified faults are
estimated from a Global Positioning System (GPS) horizontal velocity field from
Nocquet et al. (2014). Various scenarios are derived by varying the percentage of
motion that takes place aseismically. Combining these alternative earthquake recur-
rence models in a logic tree, and using a set of selected ground-motion models adapted
to Ecuador’s different tectonic settings, mean hazard maps are obtained with their
associated uncertainties. At the sites where uncertainties on hazard estimates are high-
est (difference between 84th and 16th percentiles > 0.4g), the overall uncertainty is
controlled by the epistemic uncertainty on the source model.
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Nuevo PSHA Ecuador 2018

* Innovacion fundamental: Inclusion de las
incertidumbres en todas las etapas de calculo

— Desarrollo de varios modelos alternativos de
recurrencia de terremotos
* Fuentes en base a zonas sismicas
— Tres catalogos diferentes = Incertidumbre de las G-R

* Fuentes mixtas: fallas y zonas sismicas de background

— Escenarios en base a variacion del acoplamiento en las fallas
e Set de GMPEs (6)

* |Incertidumbres en el PSHA en base a la técnica de arbol
l6gico
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Esquema de relaciones de
zonas sismogénicas de
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* Nuevos avances en el calculo del
peligro sismico con arbol légico de

Calculo probabilistico del probabilidades:
movimiento del suelo

— Modelo de areas fuente con la
sismicidad distribuida

— Contribucion de todas las fuentes a
nivel nacional

— Modelo de falla fuente con la
sismicidad M,,, 2 6 concentrada en la
Falla de Quito

— Modelamiento de la recurrencia G-R en
base a:

» Tasa de deslizamiento geoldgica
» Tasa de movimiento geodético

» tasa de acoplamiento de la Falla
de UIO

» Diferentes catalogos sismicos

— Tres ecuaciones de prediccion de
movimiento fuerte GMPEs, una con
factor de hanging wall



Arbol légico para el
calculo del movimiento
del suelo

Ground-motion model logic tree

Interface and inslab sources
0.33 Abrahamson et al. (2016)
033 Montalva et al. (2017)
0.34 Zhao et al. (2006)

Crustal sources
0.33 Akkar et al.(2014)
033 __ Chiou and Youngs (2014)

0.3a~~ Zhao et al. (2006)

Figure 6. Ground-motion logic tree.



Arbol légico para el
calculo del movimiento
del suelo

Source model logic tree
All sources

0.5 BSSA2013
AREA 0.4

MODEL ISC-based
0.1 ™ NEIC-based
0.7
Interface and inslab sources Fault + background model (if no fault in
0.3 the source zone, area model is used
FAULT 0.5 BSSA2013 0.25 _~ Geodetic slip rate (0% aseismic)
MODEL 04 1SC-based 0.25

Geodetic slip rate (50% aseismic)

0.1 NEIC-based 0.5 Geologic slip rate

Earthquake catalogs
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Comparacion
entre el Valor
medio de la
amenazay la
zonificacion de
2011
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PGA, 475 yrs
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SOULAS ET AL.: TECTONICA ACTIVA Y RIESGO SISMICO EN LOS ANDES

L

Definicion Neotectodnica
de la falla activa de Quito

* Sistema Inverso
* ~60 km de largo bl
* Segmentos diferenciados -
* Velocidad mayor que 1Imm/yr " BB
e Historia sismica definida

Bol. Geol. Ecuat., Vol. 2, N° I, 1991, pp. 3-11 ’
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Activity of the Quito thrust fault system

Simplified geometry of the
blind fault

Bl‘ll Thrust Fault

Microseismicity GPS measurements
(10 to 15yrs)
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0




PSHA in Quito —including the fault

Bindi et al. 2014 (R;)
Boore et al. 2014 (R;g)
Cauzzi et al. 2014 (Rgyp)

AREA MODEL
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= e == =

-7855 -78.5

-78.65 -78.6

-78.3

Longitude

PSHA calculations with OpenQuake




PSHA in Quito — including the fault

» Effect of restricting moderate-to-large EQs on the simplified fault plane

AREA+FAULT MODEL

Bindi etal. 2014 (Rg)
Boore et al. 2014 (R;)
Cauzzi et al. 2014 (Rgyp)
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Chiou & Yolngs 2014
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PSHA calculations with OpenQuake
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PSHA in Quito — recurrence based on the slip rate

The fault is locked (no aseismic slip)
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Acceleration (PGA) at 475 yrs
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6 L 787 -7865 -786 -7855 -785 -7845 -784 -7835 -783
magnitude Longitude

G-R based on the slip rate 3 GMPEs: Bindi et al 2014, Boore et

slip rate 5.3 mm/yr al. 2014, Cauzzi et al. 2014
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Annual rate of exceedance

Curvas peligro en en roca para diferentes
periodos estructurales en Quito

Hazard Curves
PGA + 7 spectral periods (s)
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AcceleraEon (g)

Curvas de amenaza uniforme en roca para
periodos especificos en Quito

UHS
3 return periods: 2475a, 475a, 43a
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PSHA in Quito

Uncertainty on the hazard in Quito is large, ex for the PGA at 475 yrs
— Area model simple logic tree : 0.35-0.6g
— Area+Fault model, recurrence based on past EQs: 0.5-0.7g
— Area+Fault model, recurrence based on geodetic slip rate
* 0% creep: 0.55-1.0g
* 50% creep (more probable) : 0.4-0.75g

Full exploration of uncertainties leads to a large range of possible values

How to improve the estimation of hazard:

* Improve the earthquake catalog

* Use more GPS measurements

* Perform trenches ?

* improve the selection of the GMPEs using more local data

* Single-station sigma + integration of site effects ?

* 3D ground-motion simulations: not yet possible (Quito basin not well-known)
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