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SUMMARY

Quito, the capital city of Ecuador hosting ~2 million inhabitants, lies on the hanging wall of
a ~60-km-long reverse fault offsetting the Inter-Andean Valley in the northern Andes. Such
an active fault poses a significant risk, enhanced by the high density of population and overall
poor building construction quality. Here, we constrain the present-day strain accumulation
associated with the Quito fault with new Global Positioning System (GPS) data and Persistent
Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR) analysis. Far field GPS data
indicate 3—5 mmyr ! of horizontal shortening accommodated across the fault system. In
the central segment of the fault, both GPS and PS-InSAR results highlight a sharp velocity
gradient, which attests for creep taking place along the shallowest portion of the fault. Smoother
velocity gradients observed along the other segments indicate that the amount of shallow creep
decreases north and south of the central segment. 2-D elastic models using GPS horizontal
velocity indicate very shallow (<1 km) locking depth for the central segment, increasing
to a few kilometres south and north of it. Including InSAR results in the inversion requires
locking to vary both along dip and along strike. 3-D spatially variable locking models show
that shallow creep occurs along the central 20-km-long segment. North and south of the central
segment, the interseismic coupling is less resolved, and data still allows significant slip deficit
to accumulate. Using the interseismic moment deficit buildup resulting from our inversions
and the seismicity rate, we estimate recurrence time for magnitude 6.5 + earthquake to be
between 200 and 1200 yr. Finally, PS-InSAR time-series identify a 2 cm transient deformation
that occurred on a secondary thrust, east of the main Quito fault between 1995 and 1997.

Key words: Creep and deformation; Radar interferometry; Satellite geodesy; South America;
Continental tectonics: compressional; Dynamics and mechanics of faulting.

in central Ecuador (Fig. 1a). In 1949, a My, 6.8 earthquake occurred

1 INRTRODEGTION in the Inter-Andean Valley near Ambato, generating numerous land-

Subduction zones not only produce the largest earthquakes on Earth
through seismic slip at the megathrust, but also induce long-term
strain within the overriding plate, accommodated by earthquakes
occurring on crustal faults. Although of lower magnitude than the
largest subduction earthquakes, crustal earthquakes rupturing at
shallow depths pose a significant hazard often directly threatening
highly populated areas.

Along the Nazca/South America subduction zone, the Ecuadorian
Andes is among the areas where crustal earthquakes have been par-
ticularly damaging. For instance, in 1797, one of the largest crustal
earthquakes ever documented in South America (M 7.6-7.9, Beau-
val et al. 2010) led to a complete destruction of the city of Riobamba

slides and killing more than 5000 people (e.g. https://earthquake.u
sgs.gov/learn/today/index.php?month=8&day=5, Fig. 1a).

Both the 1797 and 1949 earthquakes occurred along the
Chingual-Cosanga—Pallatanga—Puna fault system (hereafter re-
ferred to as the CCPP) delimiting the eastern boundary of the North
Andean Sliver, a continental domain moving northeastward at 8—
10 mmyr! with respect to the stable part of the South America
Plate (Pennington 1981; Nocquet ef al. 2014; Alvarado ef al. 2016;
Yepes et al. 2016; Mora-Paez et al. 2019). Although crustal faults
bounding the North Andean Sliver show the fastest slip rates in
Ecuador (Dumont ef al. 2006; Tibaldi ef al. 2007; Nocquet et al.
2014; Baize et al. 2015; Alvarado et al. 2016), large historical
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Figure 1. (a) Ecuador geodynamic and seismotectonic settings. The continuous red line indicates the CCPP (Chingual-Cosanga-Pallatanga-Puna”) fault system
(after Alvarado et al. 2016), delimiting the eastern boundary of the North Andean Sliver (NAS). LQ is the Latacunga-Quito block proposed in Alvarado et al.
(2014) with its western boundary indicated by the dashed red line. Black squares and stars are historical and instrumental earthquakes, respectively. The black
line with triangles indicates the location of the trench. The black rectangle indicates the area shown in (b). (b) Seismotectonic map of the Quito region. Blue
triangles are campaign GPS stations and white triangles are continuous GPS stations. The simplified surface trace of the Quito reverse Fault System is shown
by the barbed red line. Focal mechanism solutions of earthquakes above magnitude 4, during the 1990-2011 period, are from Alvarado et al. (2014). GPS
PLHA is located on the top of the Pululahua Volcano, GPS GGPA is on top of the Guagua Pichincha and ILAL is on the top of the Ilalo. Square: 1587 /6.3
historical earthquake (location from Beauval et al. 2010), stars: 1990 M,, equivalent 5.3 Pomasqui and 2014 M,, 5.1 earthquakes. (¢) 3-D view of Quito in the
Inter-Andean Depression. Los Chillos Valley is the Inter-Andean Valley represented east of the QFS. In white letters are the volcanoes cited in the text. Vol G.

P: Volcano Guagua Pichincha.

earthquakes (Beauval et al. 2010, 2013), seismologically recorded
moderate size earthquakes (Vaca et al. 2019) and geomorphic mark-
ers of neotectonics faulting (Alvarado et al. 2016) witness active
deformation distributed within the North Andean Sliver. In cen-
tral Ecuador, Alvarado et al. (2016) proposed the existence of an
additional Latacunga-Quito block encompassing the Inter-Andean
valley and the eastern cordillera from latitude 1.5°S to the strike-
slip Guayllabamba fault (lat. 0°), connecting the Quito fault system
north of Quito to the CCPP (Fig. 1a).

Here, we focus on the 60-km-long north—south striking Quito
fault, that delimits the western boundary of the Latacunga-Quito
block, where ~2 million people are living in the capital city of
Ecuador and its surroundings. In that area, the 20-km-wide Inter-
Andean depression separating the western and eastern Andean
cordillera is offset by a series of en echelon thrusts separating
the lower Los Chillos Valley from the higher Quito Basin, with
an average cumulated uplift of 400 m (Fig. 1c). Fault related folds
in quaternary volcanoclastic deposits, hanging palaco-valleys and
records of disrupted drainage patterns confirm the recent activity of
the Quito thrust fault (Alvarado ef al. 2014).

Since the development of the Ecuadorian seismic network in the
early 1990s, seven earthquakes of magnitude (m,,) above 4.0 have
been recorded in the Quito area. Among them, the Pomasqui earth-
quake (M,, 5.3, 10 August 1990) killed three people, damaged about

900 buildings and houses and triggered many landslides along the
panamerican road (https://www.igepn.edu.ec/servicios/noticias/46
6-sismo-de-pomasqu%C3%AD- 10-de-agosto-de-1990). More re-
cently, the 12 August 2014 (M,, 5.1) earthquake killed four peo-
ple, and triggered landslides north of Quito. The historical records
spanning almost five centuries, show that the city experienced MSK
(Medvedev-Sponheuer-Karnik) intensities in the ranges VII-VIII at
least five times (Pino & Yepes 1990; Egred 2009). Using the his-
torical intensity records, Beauval et al. (2010) estimated a 6.3-6.5
magnitude for an event in 1587 at a location near Guayllabamba
in the northern part of the Quito fault system (Fig. 1b). The most
damaging earthquake recorded for Quito occurred in 1859 (Inten-
sity VII-VIII), but whether it occurred on a crustal fault remains
unclear (Beauval ef al. 2010). Focal mechanisms show predomi-
nantly reverse mechanisms (Guillier ez al. 2001; Alvarado et al.
2014; Vaca et al. 2019) in agreement with a dominant east-west
shortening across the Quito fault. Secondary thrusts and strike slip
faults are documented east of the main fault in the Los Chillos
Valley and regularly host small earthquakes (Alvarado er al. 2014).

Preliminary GPS results along a profile in central Quito showed
4 mmyr ' of shortening across the fault. Using simple 2-D elastic
screw dislocation models, Alvarado ef al. (2014) suggest a shal-
low locking depth of 3 km. In this study, we use an augmented
GPS velocity field and spatially dense InSAR data to precisely
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quantify the kinematics in the Quito area and to evaluate the cur-
rent rate of slip deficit accumulation along the different segments
of the fault. We first derived optimal values for the fault geom-
etry and its slip deficit using a 2-D Bayesian inversion. Finally,
the results of the 2-D modelling are used as input parameters to
constrain a spatially variable interseismic coupling model of the
fault.

2 DATA SET

2.1 GPS data

We use a combination of 18 campaign mode GPS sites with 11
continuous GPS in the area of Quito (Fig. 1b, Table 1). Campaign
sites have a minimum observation span of 8 yr (except LACH, 3.5
years) and of 3.2 yr for continuous GPS. All data used in this study
were collected before the 2016 M, 7.8 Pedernales earthquake that
induced coseismic offsets of a few centimetres (Nocquet ef al. 2016;
Mothes et al. 2018) and centimetres level post-seismic deformation
(Rolandone ef al. 2018) in the Quito area. The GPS dataset spatially
samples the whole Quito area with a higher density in its central
part.

We process the 24-hr-long session data using the
GAMIT/GLOBK 10.70 software (Herring et al. 2018) to obtain
daily loosely constrained solutions. We derive the time-series by
expressing the loosely constrained solutions in the ITRF2014
(Altamimi ef al. 2016) with a 7-parameter transformation using
regional IGS sites (http://www.igs.org). For the continuous GPS
data, we first evaluate the time correlated noise for a model
including white and flicker noise using the Maximum Likelihood
Estimation algorithm embedded in the CATS software (Williams
2005). We then convert the flicker noise parameters obtained from
the CATS analysis to equivalent random noise parameters that can
then be used in the GLOBK Kalman filter (Floyd et al. 2010). For
the campaign data, we apply noise parameters corresponding to
the median value obtained from the continuous GPS analysis. The
final velocity solution is obtained running the GLOBK Kalman
filter. Such an approach provides conservative estimates of velocity
uncertainties. Campaign mode sites with ~15 yr of measurements
and 3 campaign show velocity uncertainties between 0.15 and
0.35 mmyr! at the 1o confidence level and continuous GPS sites
with 3-8 yr of data have uncertainties between 0.2 and 0.6 mm yr!
depending on the length and noise properties of the time-series.
For subsequent modelling, we express our velocity field in a
reference frame corresponding to the non-deforming part of the
fault footwall (Fig. 2). This is achieved by estimating a rigid body
motion using the velocities from a subset of GPS sites (ANTN,
ANTS, OYAM, PAMI1, PAPA and PINT) showing negligible
internal deformation (weighted root-mean-square of 0.26 mm yr).
We also estimated the vertical rates for three continuous GPS
stations close to the Quito fault: QUEM (2007.9-2016.3), QUI1
(2000.0-2010.3) and EPEC (2013.0-2016.3). In the ITRF2014,
their vertical velocity estimates are QUEM: —1.4 + 0.8, QUIIL:
—0.8 & 0.8, EBPEC —0.6 & 1.0, all values in mm yr~! and positive
upwards with their associated uncertainty provided at the 95 per
cent confidence level. These values indicate a relative vertical
subsidence of GPS sites located on the hanging wall with respect to
the footwall, but uncertainties leave also the possibility of opposite
motion. Alternatively, we estimate the relative velocity of QUEM
with respect to EPEC using the baseline time-series (QUIL and
EPEC do not have a common observation period, see Fig. S5).
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We now find an uplift rate of QUEM with respect to EPEC of
0.4 £ 1.0 mmyr!. Because of these contradictory results, we
chose not to use the vertical rates in the subsequent modelling.

2.2 InSAR data

Additionally, we use InSAR results from 19 European Remote Sens-
ing (ERS) acquisitions collected in descending mode between May
1993 and September 2000 to determine mean line-of-sight (LOS)
velocity in the Quito area (Champenois ef al. 2013, 2015). Quito and
its surroundings include vegetated, cultivated and rapidly changing
urban areas, involving a rapid loss of coherence of the radar phase
with time. We therefore use the Persistent Scatterer technique (PS-
InSAR) implemented in the Stantford Method for Persistent Scat-
terer version 4.0 (StaMPS) software package (Hooper 2008). The
StaMPS PS-InSAR approach identifies individual radar-bright and
phase-stable points and allows to follow their change of phase over
long periods without the assumption of linear displacement. The
radar images are coregistered to the same master image, here 06
May 1998, selected in the middle of the observation period. As a
result, the analysis provides 18 values of LOS change for every PS
pixel during the 1993-2000 period. Interferograms are corrected
for changes in atmospheric delay during the PS processing using
space and time filters described in Hooper ef al. (2007). The re-
sulting mean L.OS rate map is shown in Fig. 3(a). Aside the mean
LOS rate, the StaMPS approach provides formal errors of the mean
velocity and the LOS displacement time-series at each acquisition
date (Fig. 3¢). We carefully check the time-series and find that for
pixels located southwest of the Ilalo Volcano, LOS displacements
during the 1995-1996 period exhibit significant departure from a
constant velocity (Figs 3d-h). Additional information about this
transient motion is provided in the discussion paragraph. In order
to correct for this localized transient signal, we use the following
approach: for every pixel, we extract the full time-series and solve
for a trend plus an offset at 1995.5 using weighted least-squares. If
the estimated offset is larger than two times its formal uncertainty,
the retained LOS velocity is the one obtained by simultaneously
estimating a slope and an offset using least-squares. If the offset is
less than twice its formal uncertainty, the retained LOS velocity is
the one using all dates of the time-series without an offset correc-
tion (Fig. 3f). Finally, we keep only pixels with a formal error lower
than 0.9 mm yr! for subsequent modelling. Such a value is found
to ensure kilometres’ scale consistency of LOS rates. Indeed, us-
ing a larger threshold value provides highly spatially scattered LOS
rates, especially in the high relief of the western Cordillera (Figs 1c
and 3b). With a total of more than 68 000 PS, the final LOS rate map
is almost continuous over a length of 30 km along the Quito Fault
system. Although the inconsistency of GPS vertical rates prevents a
full comparison of InSAR and GPS results to be made, we compare
the relative 3-D vector of GPS site QUEM with respect to EPEC
projected along the LOS and PS-InSAR results. We find a differen-
tial GPS LOS rate of 1.63 mm yr! to be compared to 1.49 mm yr!
for the PS-InSAR results, suggesting a good consistency between
the GPS and PS-InSAR results.

2.3 Correction of the elastic contribution from the
subduction interseismic loading

Locking along the subduction interface induces shortening in the
east-west direction, a signal that adds up to the signature of east—
west shortening induced by the Quito fault. We use the interseismic
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Figure 2. Horizontal GPS velocity field (1994-2016) and PS-InSAR LOS velocity map derived from 19 ERS acquisitions collected in descending mode
between May 1993 and September 2000. Positive displacement corresponds to motion towards the satellite. The values are in mmyr~ and colour-coded
according to the scale shown on the top right. Arrows are the GPS horizontal velocity field with respect to a reference frame defined by minimizing the velocities
of GPS sites ANTN, ANTS, OYAM, PAM1, PAPA and PINT. Error ellipses are 95 per cent confidence level. The barbed black line shows the simplified surface
trace of the Quito thrust fault. Dashed lines indicate the location of the four profiles used for the 2-D modelling.

model from Nocquet et al. (2016) to predict the contribution of
elastic deformation induced by the subduction and remove it from
our geodetic data in the Quito area. Expressed in an overriding plate
reference frame (here, the North Andean Sliver), the elastic contri-
bution due to locking along the megathrust is 2.5 mmyr! for the
westernmost site of our networks and 1.3 mm yr~' for the eastern-
most one, for the horizontal components. With respect to our stable
hanging wall fault reference frame (see Section 2.2), this translates
into an almost linear east—west shortening rate of 0.013 mm yr ! per
km. Although small compared to the gradient observed across the
Quito fault, applying this correction reduces by 0.8 mm yr! the rel-
ative horizontal shortening over our GPS network. For the vertical
component, the maximum prediction reaches at most 0.2 mm yr'
and is therefore negligible. Both the GPS horizontal velocity and
the InNSAR LOS rates were corrected prior modelling.

3 RESULTS

The horizontal GPS velocity field shows a general pattern of 3—
4.5 mmyr! of EW shortening between sites located west of the
Quito fault system and sites located in the eastern part of the Inter-
Andean valley (Fig. 2). Unlike most across fault profiles which
show a gentle monotonic decrease of velocity magnitude, here we

note that velocities on the hanging wall, in the Quito city area,
show a velocity equal to or larger than the far-field velocity (QUEM
43 mmyr ' and 18AQ 4.3 mmyr ' compared to PALO and UNGU
3.5 mmyr!). Such a pattern is a potential indication of slip on
the fault at shallow depth. Furthermore, the gradient across the
Quito fault appears to be sharp: the velocity magnitude decreases
by 50 per cent over a distance of 2 km (e.g. QUI1-LUMQ) and
becomes negligible 10 km away from the fault (OYAM 0.4 mm yr !,
Fig. 2). This pattern is an additional direct evidence of a very shallow
locking depth.

PS-InSAR results also show a general LOS rate gradient of
~2 mmyr~! between the hanging wall and the footwall of the Quito
fault. Maximum LOS rates are found in the central Quito area, with
a sharp LOS rate decrease from 2 to 0 mmyr ! over a distance of
2 km (Fig. 2). Such a gradient indicates either a decrease of east ve-
locity, a decreasing uplift rate, or a combination of both. The sharp
LOS gradient spatially correlates with the high-shortening rate seen
in the GPS (e.g. 01AQ/18AQ to NAYO and QUI1 to LUMQ, Fig. 2)
and therefore also constitutes an observation independently con-
firming the existence of shallow creep and an overall very shallow
locking depth. In the central western part of the Quito Basin, close
to the eastern flank of Guagua Pichincha volcano, the InSAR data
show an opposite gradient with LOS rates decreasing westward. We
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Figure 3. (a) Mean LOS rate map from 19 ERS acquisitions collected in descending mode between 1993/05/23 and 2000/09/27. (b) Topography elevation.
(c) LOS rate uncertainty map. d) LOS displacement map between 1995/04/11and 1996/10/23. (¢) LOS rate map between 1996/10/23 and 2000/09/27. (f) LOS
rate map from 1993/05/23 and 2000/09/27 with the 1995-1996 transient signal removed (see text) (g—h) LOS time-series for SAR pixels located at the areas 1
and 2 indicated in (a). Dark (blue and green) lines are the slope estimated for the time-series for every pixel and the thick light (blue and green) line indicates
the median slope of all pixels time-series. For (g) the thick light blue slope is estimated using all the data, while for h) the thick light green slope has been
estimated for three different periods: 1993/05/23-1995/04/11; 1995/04/11-1996/10/23 and 1996/10/23-2000/09/27.

further note that the maximum LOS rate is offset by 3 km to the
west of the fault trace, possibly indicating creep rates changing with
depth.

As secondary features, GPS velocities show some changes of
shortening direction, being N70° in the northern part of the fault,
N90° in the central part and N110° in its southern part. Roughly,
this rotation of shortening direction corresponds to the average
rotation of the fault strike, thus implying purely reverse motion
across each individual segment. Both north and south of central
Quito, the InSAR results show smoother gradient of LOS rates pos-
sibly reflecting along strike variations of the amount the shallow
creep. Finally, we also note that despite the removal of the transient

deformation seen in the PS-InSAR analysis for the 1995-1996 pe-
riod south west of the Ilalo Volcano, a small (1 mmyr ') signal
persists in that area (location of point 2 in Fig. 3a or Fig. 9¢c)

4 MODELLING APPROACH

4.1 Potential pichincha volcano contribution to the
deformation field

The change of shortening direction observed in the horizontal GPS
velocity field raises the question of whether the velocity field or
a fraction of it could be related to a volcanic deformation of the
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nearby Guagua Pichincha Volcano, located about 15 km west of
the Quito fault. A magmatic eruption phase occurred between 1998
and 2001 overlapping the acquisition period for the SAR data used
in our study. Garcia-Aristizabal er al. (2007) estimated a magma
storage between 4 and 11-12 km beneath the Guagua Pichincha
caldera. Increase or decrease in pressure at such a depth would
certainly not be able to explain the sharp gradient observed near
the Quito Fault trace, but could impact our InSAR results with
an additional gradient in the Quito area. We therefore carefully
check any non-linear behaviour in the PS time-series corresponding
to the eruptive period and did not find any significant departure
from a constant velocity aside the one already mentioned near the
[alo Volcano (Fig. 3). More recently, Morales Rivera et al. (2016)
identified 6.5 cm of localized subsidence from mid-2007 to August
2009 from InSAR data. They modelled the InSAR signal by a single
shallow (3 km) pressure source inducing negligible deformation a
few kilometres away from the Guagua Pichincha caldera. The time-
series of CGPS QUEM starting in December 2007 do not show
any departure from the average linear trend for this period (Fig.
S5d). Therefore, we believe that the Pichincha volcanic activity has
a minor impact on our velocity field and certainly does not impact
the main pattern of the velocity field such as the sharp gradient
observed across the Quito fault.

4.2 Possible anelastic contribution to surface deformation

Physical models of thrust and fold evolution show that the long-
term displacement at the surface results from the combination of
slip along the fault at depth and of distributed folding above the
fault tip (e.g. Johnson 2018). However, the contribution of anelastic
deformation over a few years during the interseismic period is less
clear. Although observed high strain near the fault trace has been
proposed to include anelastic contribution for the Anza segment
of the strike-slip San Jacinto Fault in Southern California (Lindsey
et al. 2014), we are not aware of similar conclusions for thrust faults.
For instance, the narrow strip of high strain rate observed along the
Longitudinal Valley Fault in Taiwan, a pattern very like our results
for the Quito Fault, is successfully explained using elastic models
(Thomas er al. 2014). Nonetheless, in the Quito area, the upper
stratigraphic layers (several hundreds of metres and even possibly
more) are made of intercalated poorly consolidated volcanic ashes
and lahar deposits, that certainly reduce the elastic strength and
possibly undergo anelastic deformation. Furthermore, very steep
slopes along the eastern flanks of the Quito basin (Fig. 1b) are
unstable and experience regular landslides, adding to the crustal
motion in the PS-InSAR data (GPS sites were chosen away from
unstable areas). In the subsequent modelling, we do not account for
these processes, but acknowledge that they add some uncertainties,
for instance on the amount and location of shallow creep estimates
close to the surface.

4.3 Elastic models

Despite the limitations described above, we attempt to quantify the
rate of slip deficit accumulation along the Quito fault, assuming
that the observed surface displacement can be explained by a set of
dislocations at depth in a homogeneous elastic half-space. Although
some studies have shown that viscoelastic relaxation plays a critical
role for dip-slip faults when modelling the surface velocity during
the earthquake cycle (e.g. Segall 2010), purely elastic models are
therefore correct to the first order when the observation is made at

a date being several times the relaxation time since the last large
earthquake, as it is the case for the Quito fault. For instance, Fuka-
hata & Matsu’ura (2006) show that the elastic solution is equivalent
to the fully relaxed deformation of a stratified viscoelastic mod-
els with a null rigidity of the underlying medium. Elastic models
are further useful approximation to estimate the rate of slip deficit
accumulation along faults.

Under the elastic assumption, different approaches can be used. A
first type of model is to use a semi-infinite edge dislocation ending at
a given depth from the surface. Above this depth, the fault is locked.
A second approach is to consider the back-slip model (Savage 1983;
McCaftrey 2005), where the surface deformation is the sum of the
long-term deformation modelled by rigid block motion and a virtual
back-slip component aiming at reproducing the effect of a locked
fault on the surface velocity field. The back-slip approach (here-
after noted BS) is strictly equivalent to the semi-infinite dislocation
model, but offers the advantage of an easier modelling of far-field
data by including block rotation for large areas (McCaffrey 2005;
Meade & Hager 2005). A third approach is to model the relative
motion of tectonic blocks by a flat décollement (hereafter noted FD).
Such a flat décollement predicts block-like motion in the far-field
of'the fault, a progressive decrease of the horizontal velocity spread
over distance, centred at the tip of the décollement. In a fourth ap-
proach, the décollement merges a ramp slipping from the depth of
the décollement to a given depth (hereafter referred as FDR, e.g.
Thompson ef al. 2015; Daout ef al. 2016a; Daout ef al. 2016b). In
some cases, the flat décollement and ramp corresponds to a real
discontinuity imaged from geophysics as it is for the sub-andean
domain, east of the Andean cordillera (e.g. Baby et al. 2013). But,
regardless its actual existence, the slip along a flat décollement
offers a convenient way to mimic the block like behaviour in the
far field of the fault and the elastic strain perturbation close to the
fault. As Daout ef al. (2016a) write, the FDR has to be considered
as a conceptual model simultaneously describing ‘both elastic and
permanent parts of the surface displacement field at the present
time’.

For the BS models, under the assumption that the observed sur-
face velocities do notreflect transient slip, the kinematic consistency
and the assumption of constant horizontal slip vector require the
long-term slip rate on the ramp to be equal to ¥} /cos(dip), where V,
is the horizontal shortening velocity between the two blocks sepa-
rated by the fault. For the FDR model, one view is that the long-term
slip rate on the ramp should also be equal to V/cos(dip) to ensure
that the fault accommodates all the far field shortening rate. The
alternative view is that the slip rate along the flat décollement is
transferred to the ramp. In that latter case, the long-term slip rate
on the ramp is equal to the shortening rate V3. In the supplemen-
tary material, we show that using one or the other assumption has
a marginal impact on our results and all models presented hereafter
are for a long-term slip rate equal to Vy/cos(dip).

In the following, we present a step-by-step modelling approach
and progressively introduce more complexity as it is required by the
data. We start with synthetic 2-D models for the BS, FD and FDR
models to discuss the main patterns of the predicted surface velocity
and the ability of each of these models to explain our GPS and PS-
InSAR observations. Then, we perform a Bayesian exploration of
the BS and FD model parameters using only the GPS observation.
We discuss the resolution of the searched parameters and show that
fitting PS-InSAR data requires introducing a ramp that connect to
the flat décollement (FDR model). We then consider a 2-D FDR
model including both GPS and PS-InSAR data, that indicates that
variable slip along the ramp can simultaneously fit both GPS and



PS-InSAR data. Building upon this result, we present a spatially
variable slip 3-D interseismic model that allows us (1) to discuss
the along strike and along dip variations of aseismic slip and (2) to
quantify the rate of slip deficit accumulation along the whole fault
system.

4.4 2-D synthetic elastic models

As apreliminary step before data inversion, we make simple forward
models to assess the ability of the different approaches to explain
the main patterns present in our GPS and InSAR observations.
Figs 4(a)—(d) show the horizontal and vertical velocity prediction
for the BS, FD 2-D models for a horizontal shortening rate of
4 mmyr?! for a 30° and 60° dipping fault locked down to 10 km
depth.

Figs 4(e)-(h) compare the prediction of the BS and FDR models
for a fault locked to a depth of 5 km. Although both models predict
a bell-like shape for the horizontal velocity profile close to the fault,
the predicted magnitude for the maximum velocity is ditferent and
this difference is larger for steeper fault.

Finally, Figs 4(i)—(1) show the eftect of adding a slipping patch at
the otherwise locked fault. The slipping patch introduces a bell-like
shape perturbation to the surface velocity profile, now shifted from
the fault trace at the surface. The width of the velocity perturbation
depends on the length and depth of the slipping patches. Narrow
bell-like shapes found in our PS-InSAR observation are likely to
be fitted by variable slip along the fault. We also see that allowing
variable slip at the ramp will result in little sensitivity of surface
displacement on the dip of the fault. Indeed, the same bell-like shape
can be reproduced either by smaller or deeper slip on a steep fault
or by larger and shallower slip on a shallow fault.

To conclude, Fig. 4 shows that the BS approach is not suitable
for modelling vertical rates away from the fault since it introduces
a spurious step in the far-field (Segall 2010). Therefore, this type
of modelling is not suitable for modelling InSAR data, because
the LOS might include a significant contribution from the vertical
component. Fig. 4 also shows that the predicted horizontal profile
differs between the BS and FD models. This difference increases
with steeper dip. Especially, the BS approach predicts that the sur-
face displacement in the direction perpendicular to the fault trace
close to the fault can exceed the far-field value, a pattern not pre-
dicted for the FD and FDR models.

4.5 Bayesian exploration of searched parameters

We use a Bayesian approach to rigorously evaluate the resolution of
parameters and sample different models allowed by the data. Our
observations of fault perpendicular velocities denoted d, are related
to the vector of unknown m including slip and fault geometrical pa-
rameters through the functional g by g(m) = d. Because the vector
m includes geometrical parameters, g(m) is a nonlinear function. In
Bayesian approaches, the a priori information about the searched
parameters is combined with the observations to derive posterior
probabilities of the searched parameters. The a posteriori proba-
bility density function (PDF) of the model m given the data d is
p(m|d) o p(d|m) p(m), where p(m) is the a priori PDF on model
parameters m and p(d|m) the likelihood PDF of d given m given
by exp(—=1/2(d-g(m))T Cp~! (d-g(m))) with Cp being the covariance
matrix on the data d. Since the data covariance estimation was con-
servative (underestimation), the confidence intervals of the model
parameters are also underestimated.
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We use the PyMC library (Patil ef a/. 2010) which implements a
Metropolis algorithm to explore the posterior PDFE. For all models,
we used 500 000 initial samples, rejecting the first 100 000 samples
to minimize the effect of the initial model, and decimate the resulting
samples by a factor of 10.

4.6 2-D inversion from GPS data

In a first approach, we test the BS and FD approaches using the
GPS results only. The searched parameters for the BS models are
the horizontal shortening rate ¥, the dip, the locking depth H
and the location of the fault trace at the surface (xf). The applied
back-slip equals to V/cos(dip ) (Fig. 5c¢). For the FD model, the
searched parameters are V), the depth of the décollement H and the
horizontal location of the décollement tip (Fig. 6¢). The input data
are the horizontal velocities projected along 4 profiles perpendicular
to the fault segment (Fig. 2) where GPS data are dense enough. The
fault strike is changing from north to south, hence we choose to
angle the profiles to cut perpendicularly the fault and follow the
GPS pattern. For both BS and FD models, we use a uniform prior in
the interval of 0—10 mmyr™ for the shortening rate, and 0—15 km
for the locking depth and ~10 km of possible offset with respect
to the fault trace. For the BS model, we use an interval of 5°-85°
for the dip. To increase the number of observations to resolve the
searched parameters, profiles are inverted simultaneously sharing
the same value of dip and shortening rate ¥;,. We assumed different
values of locking depth or depth of the decollement H(H, ,H, , H
3, Hy ) for the four profiles as it is obvious that the velocity gradient
across the fault is different among profiles. Similarly, the location of
the fault is solved independently for each profile, by taking different
values of xf (xf}, xf;, xf3, xf3) to reflect the variable location of the
different segment with respect to our reference point.

We find that GPS site PLHA located on the Pululahua Volcano
(Fig. 1b) and used in the northernmost profile (profile 1) appears
as being an outlier in many models. Therefore, PLHA has been
removed from the inversions. Figs 5(b) and 6(b) show some of the
components of the posterior PDF together with the fit achieved
to the data for the mean model (Figs 5a and 6a). Both the BS
and FD approaches provide good fit to the data (wrms = 0.51
and 0.44 mmyr! for the BS and FD model, respectively, Figs 5a
and 6a). The shortening rate ¥, is consistently found to be in the
range of 3.1-3.5 mmyr ! at the 68 per cent confidence level. We
find that the locking depth is less than 1.3 km for profiles 2 and 3
in central Quito. Larger locking depths are found for the northern
and southern segments (profiles 1 and 4). For the BS model, the
preferred (Maximum A Posteriori, MAP) dip is very steep (~65°)
but both the mean and median models provide estimates around 45°
with comparable misfit to the data.

Although both the BS and FD models could achieve a good fit
of GPS observations and demonstrate a very small elastic strain
accumulation at the Quito fault, we suspect that these results are
not physically realistic and could bare to unrealistic slip deficit esti-
mates. Indeed, for such models, the elastic strain would accumulate
only within the very shallowest part of the fault (~1 km), which is
mostly made of unconsolidated material for which inelastic defor-
mation is likely to occur.

4.7 Joint GPS-InSAR based models

In a second step, we include the InSAR data. One of the main
patterns in the InNSAR map is the 5 km narrow bell-like shape of LOS
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Figure 4. Comparison between horizontal and vertical velocity predictions for 2-D synthetic elastic models. All models are for a shortening rate of 4 mmyr~!,
and a locking depth down to 10 km depth. Velocity predictions are shown for a dip of 30° or 60° as indicated in the middle column subplots. The right column
shows the model setting and parameters for the back-slip (BS), flat décollement (FD) and flat décollement-ramp (FDR) models. The fault is in solid line when
slipping and dashed line when locked. xf corresponds to the location of the fault at the surface, or in the case of the FD model, the surface location of the

decollement tip. xf = 0 on the x-axis for model predictions.

rate found for the central Quito basin along profile 2 and 3 (Fig. 7a).
None of the previous models explored can explain this pattern,
but the synthetic tests described in paragraph 4.1 suggest that flat
décollement-ramp models can reproduce this shape of signal. For
the FDR model, two parameters are added with respect to the FD
model: the dip of the ramp and top depth of the ramp. We find that
if we leave all parameters free, that is having a uniform prior, the
FDR model tends to choose values for the décollement depth (H)
of the order of ~2 km, providing similar results to the FD models.
To force a more comprehensive exploration of the models allowed
by the data, we run several inversions fixing the décollement depth
at 3, 5,7 and 10 km. For InSAR data, corrections for an offset and
a tilt along the profile direction are estimated. The InSAR profiles
are decimated using a median filter. We exclude profile 4 from these
inversions because the residual signal in the InNSAR data southwest

ofthe Ilalo Volcano cannot be fitted by a simple geometry with one
single fault (see discussion).

For these models, we find that a décollement depth of 7 or 10 km
with shallow (2—4 km) locking depth on the ramp can simulta-
neously fit the GPS and InSAR data. We find that there is little
sensitivity to the dip because similar good fit is achieved for values
of 10°=50° (with slightly preferred values of 30°-35°) for profiles
1 and 3. For profile 3 in central Quito, the narrow bell-like LOS
pattern is better fitted with a single slipping patch at 2—4 km depth
on a ramp with a dip in the range of 20°-35° (Fig. 7). The FDR
models reveal a wider range of horizontal shortening rate from 3 to
5 mmyr! allowed by the data.

In summary, the results from the 2-D tests show that (1) the hor-
izontal shortening rate accommodated across the Quito fault is in
the range of 3-5 mmyr™'; (2) fitting GPS data with a simple flat
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décollement or with back-slip models provides a very shallow lock-
ing depth but cannot explain the bell-like shape of InNSAR LOS rate
(Figs 4a and c); (3) simultaneously fitting the sharp gradient seen
in both the GPS velocities and InSAR LOS rates requires shallow
creep to occur along a ramp; and (4) the amount of shallow creep
along the ramp appears to be variable along strike with maximum
aseismic slip occurring along the central Quito segment of the fault.

4.8 3-D spatial variable interseismic models

In the models of Section 4.7, the shallow creep is modelled using
a single creeping patch along the ramp, with the model build-in

condition that the slip rate is constant along the patch. This is
certainly a crude approximation since slip is likely to vary both
along dip and along strike at the fault plane. To obtain a more
realistic model of the shallow creep distribution, we design a 3-D
inversion of spatially variable slip at depth. Our model follows the
approach by Daout er al. (2016a). The block-like far-field velocity
is modelled using a 110 x 110 km? horizontal dislocation at depth
H slipping at velocity V. This length embeds the whole Quito
fault system along strike (60 km) and also enables modelling of the
PS-InSAR gradient seen north and south of the Quito fault. The
width ensures a block-like behaviour for the far-field GPS data.
The horizontal dislocation connects to a ramp reaching the surface



10 J. Mariniere et al.

FD models

6 Profile 1

4 velocity:

6 Profile 2

»

N

[=]

]

Profile 3

-y

lol

>j

)]

Profile 4

»
ol

Fault Perpendicular Horizontal Velocity (mm/yr)

N

o
Elevation (km)

(V]
-50 -40 -30 -20 -10 o 10 20 30
Distance from Fault Trace (km)
(b) c
(©) FDmodel xf
Hh = 2.25:388 Vh "
o —
&
v /|
T o
.
5
o2 1L|‘1¥ H, = 0.54+93
u
2 J-"‘LLH
£
o~ »
T ,\'y JI
(J
© HLH\ Hs = 0.59:911
6‘: 3 s LLl
= Qb 4
Q" o < LLL‘\
& g Hy = 139333
~ il
|
g B o N
I ” 9 | ]
ke E —— median
N : —— mean
& o

Figure 6. Same as Fig. 5 but with a Flat Décollement (FD) model.

along the fault trace in the central segment (Figs 8 and S1). We
discretize the ramp into 2 x 2 km? subfaults. The surface fault trace
is simplified by a single plane with a fixed strike of 200° that follows
the foot of the main escarpment in the central part of the fault where
more data are available to constrain the shallow behaviour of the
fault.

Once V;, and the geometry are chosen, solving for spatially vari-
able slip along the ramp is a linear inverse problem. We use the
stochastic inversion approach described in Nocquet (2018) to solve
for slip at each individual subfault under the condition that the slip
must be positive and lower or equal to V,/cos(dip) in the shortening

direction. This condition implicitly enforces that the observed de-
formation is not transient since it does not exceed the slip imposed
by the far-field horizontal shortening rate. We use a regularization
condition in the form of a penalty function (m-—mg)*C,,~ ' (m—my),
where C,, is a covariance matrix of the form of Cm = o #2xexp(—
ry/re) with sigma being the constraint to the a priori model my,
r; the distance between subfault 7 and j and rc a critical distance
controlling the correlation between subfault slips. Because our sim-
ple geometry does not account for slight change in strike between
different segments, we allow the rake to vary around 106° by setting
a sigma value of 1 mmyr! on the conjugate component of slip at
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s, slip on the ramp.

each subfault. Because InSAR data might be subject to systematic
long wavelength errors, we also solve for an overall constant and a
tilt of the LOS rates simultaneously to the two components of slip
at each subfault.

We perform a grid search for V}, in [3.0, 4.5, 6.0, 8.0] mm yr’l,
dip in [20, 30, 40, 50] degrees, and depth in [7., 10., 13.] km.
For each V), dip and depth, we solve for both my, = 0 and m, =
Vy/cos(dip) with a constraint of 1 mm yr! and a critical distance rc
of4 km. Solving with a prior of my = 0 provides a minimum slip rate
solution, that leads to a maximum moment deficit rate model, while
using my = Vj/cos(dip) provides a maximum slip rate solution, that
is a minimum moment deficit rate model.

The 3-D modelling confirms some of the results from the pro-
file analysis. A horizontal shortening ¥}, = 8 mmyr ! overesti-
mates the few far-field GPS data (Fig. S1) while ¥}, = 3 mmyr !

underestimate them. The best agreement for far-field data is found
for ¥, = 4.5 mmyr ! but some models with ¥}, = 6 mmyr ! are
also allowed by the data.

As for the 2-D models, our parameter exploration shows little
sensitivity to the dip of the fault. For all models tested, a dip value
of 50° provides underestimated magnitude for GPS velocities in
the central Quito area. Otherwise, dip values from 20° to 40° are
acceptable, with best fit achieved for dip values of 20° and 30°.
Similarly, the three depths tested [7, 10, 13 km] provide comparable
fit to the data.

In terms of slip distribution, all models find shallow slip along
the fault plane possibly reaching the surface in the central segment,
decreasing north and south, as the gradient of the InSAR LOS rate
and GPS, when available, become smoother (Figs 8 and S1). The
length of the creeping segment is found to be ~20 km. Its downdip
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and colour-coded according to the scale shown at the bottom. The barbed

black line shows the simplified surface trace of the fault. Fit to the data are shown in Fig. S1.

extent is at least 5 km and some models find that the whole ramp is
creeping along the central segment. Minimum slip models highlight
two additional areas of slip at the southern and northern tip of the
fault plane, but their extents are poorly constrained by spatially
scarce data.

Overall, the size of the creeping areas, and notably their extension
at depth, largely depends on the chosen a priori model. In some
models, almost the whole fault is found to be creeping at a rate
close to the one imposed by the far-field shortening. The areas of
our idealized fault that are not creeping correspond to areas where
the fault trace is located a few kilometres west of the modelled
fault trace (Figs 8 and S1). Therefore, those models indicate the
possibility that the Quito fault might be almost entirely creeping.
Alternatively, models with minimum slip prior show the possibility
that shallow creep is restricted to the first shallowest kilometres of
the fault and that significant coupling occurs north and south of the
central segment.

5 DISCUSSION

5.1 Comparison with the seismicity depth distribution

Our preferred models include a flat décollement at a 10 km depth
that connects to a ramp reaching the surface. Rather than a realistic
description of the fault geometry at depth, such a model provides
a first order approximation of the depth transition between ductile
processes and elastic strain build-up. The depth of such a transition
can independently be assessed by looking at the distribution of seis-
micity as a function of depth. Fig. S3 shows the depth distribution
of earthquakes in the Quito area, using the IG-EPN instrumental
earthquake catalogue (https://www.igepn.edu.ec/red-nacional-de-s
ismografos). The IG-EPN earthquake catalogue covers the 2011—
2018 period using the data from the national Ecuadorian permanent
network (Alvarado ef al. 2018). When considering earthquakes with
magnitude M7, above 2, the depth distribution is confined within the
first 10 km (Fig. S3). Although this distribution indicates that small
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earthquakes occur in a volume rather than being located on a single
fault plane, the seismogenic depth derived from our inversion is
consistent with the observed depth distribution of earthquakes.

5.2 Comparison with fault morphology

Morphology of fault related anticlines is also an indicator of the
fault geometry at depth. Despite some variability among modelling
approaches, models of fold evolution usually predict that the width
of'the fold roughly scales with the depth of the root of the underlying
causative fault (e.g. Savage & Cooke 2003; Bernard et al. 2007;
Johnson 2018). If true, for the Quito fault, the characteristic width
of the different segments is about 7 km, a value also consistent with
our modelling results and the seismicity distribution with depth.
Such a relatively thin seismogenic layer might be due to the thick
(50-60 km, Reguzzoni et al. 2013; Araujo 2016) crust documented
beneath the Andes, therefore inducing a larger radiogenic thickness,
relatively high heat flow and hence thin elastic thickness. The Inter-
Andean valley in Ecuador is the locus of significant quaternary
volcanic activity, and small volcanoes (Fig. 1b) attest for magmatic
intrusion reaching the surface. Therefore, the crust in the Quito area
might be locally hot, therefore reducing the thickness of its elastic
part.

5.3 Overall slip deficit moment rate and implication for
seismic hazard

The existence of an active fault poses a serious hazard to the grow-
ing city of Quito and its surroundings, especially considering that
even moderate-size earthquakes have generated significant damages
in the past. Within our present-day understanding of the earthquake
cycle, significant creep reduces the accumulation of slip deficit at
faults, then reducing the amount of elastic energy available for
earthquakes. Although creeping faults recorded earthquakes up to
magnitude 6.6 and possibly even larger events (Harris 2017), earth-
quakes should, however, be less frequent at creeping segments than
at their locked counterparts for the same slip rate and size. Under
the assumption that the observed creep is steady through time and
that the slip deficit is a first order indicator of the moment available
for earthquakes, we can perform simple calculations. For all 3-D
models explored, we can estimate the slip deficit at each subfault
as the difference of the maximum slip rate provided by V,/cos(dip)
and the inverted slip rate. We integrate it over the fault area and
we calculate a rate of moment deficit accumulation over the whole
fault. For this calculation, we remove subfaults found with no slip
that are located east of the known surface fault trace that would
otherwise contribute to the slip deficit estimates. Such procedure
roughly reduces by 30 per cent the maximum moment rate deficit.
Given the fact that we have inverted both for the maximum and
minimum slips, the range of moment deficit rate is considered to
reflect the amount of moment deficit accumulation rate allowed by
the data. Taking the results from the most extreme models, our
spatially variable slip inversions are equivalent to 20-80 per cent
of the average interseismic coupling along the fault. Under these
assumptions, we find a moment deficit accumulation rate along the
Quito fault to have a lower bound value of 0.3 x 107 N.m.yr™!
and an upper bound value of 1.9 x 10'7 N.m.yr~!. These values
are equivalent to a single M, 6.7-7.3 earthquake every 500 yr, a
magnitude possible given the length of the fault (~60 km).

In order to provide a more realistic description of earthquake re-
currence, we use the geodetic moment accumulation rates to derive
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a cumulative exponential-truncated Gutenberg—Richter distribution
(G-R, form 2 in Anderson & Luco 1983). Both a b-value and an es-
timate of the maximum magnitude that the fault can generate must
be assumed. Beauval ef al. (2014) derived a magnitude—frequency
distribution for the Quito fault system (Fig. S4a), which is not well
constrained due to the low number of events above My 4.5 in the
area. Nonetheless, we compare our results to this catalog-based re-
currence model. Applying Leonard (2010) scaling relationship for
reverse events, a 90-100 km long and 20 km width fault corre-
sponds to a magnitude of M, 7.3. Assuming the same b-value and
an M. value of 7.3, we find that the geodetic-based G-R from the
lower moment deficit accumulation requires an a-value lower than
the one from seismicity rates, while the geodetic-based G-R from
the larger moment deficit accumulation requires an a-value higher
than observed from seismicity rates (Fig. S4a). For earthquakes of
magnitude larger or equal to 6.5, the geodetic-based models predict
a mean interevent time between 200 and 1100 yr, depending on
the model chosen. We also determine the lowest maximum mag-
nitude required so that the yearly seismic moment calculated from
the integration of the G—R curve equates the yearly moment deficit
accumulation. To make the lower geodesy-based and seismicity-
based rates consistent, a smaller M., of 6.8 is required (Fig. S4b),
predicting a mean interevent time between 150 and 900 yr for an
event M. > 6.5.

Our results further highlight a segmentation of the slip deficit
accumulation along the Quito fault, made of two segments accu-
mulating strain separated by the 20-km-long creeping segment in
central Quito. While our model exploration shows that creep or
locked behaviours are both possible at depth, our results highlight
that the central segment is creeping along its shallow part, at least
down to 5 km. An open question, as documented for subduction
megathrusts, is to know whether this creeping segment could act
as a barrier to the seismic rupture propagation. In this perspective,
future earthquake scenarios for Quito could include the possibility
of more frequent 30-km-long ruptures occurring at the northern and
southern segments than in the central part.

5.4 The 1995-1996 transient motion—a fold growth pulse?

Our PS-InSAR time-series highlight a transient deformation,
clearly seen for the interferograms spanning the 11 April 1995~
24 October 1996, period (Figs 3d and h). It occurred southeast of
the Ilalo Volcano, a few kilometres east of the main surface trace
of the Quito fault in a semi-urban area. This transient signal has a
LOS magnitude of ~20 mm with a radial pattern over ~4 km. The
LOS rate map for the 1996-2000 period further shows a similar
pattern at a smaller amplitude (1 mmyr ) and smaller length-scale
(1 km, Fig. 31), indicating that deformation in this area persisted
with a lower intensity during the 7 yr of InSAR observation. The
location of this signal correlates with a previously identified active
Conocoto fold located east of the main Quito Escarpment at long.
—78.47°, 1at. —0.29° (Fig. 9). The Conocoto fold is a 1.5-km-long,
800-m-wide and 100-m-high structure. Its recent activity is attested
by the deflection of the river course and it has been interpreted as
a young growing fold induced by a secondary propagating west
dipping thrust fault (Fig. 9¢c and Alvarado et al. 2014). Because of
the observed radial pattern of deformation and the absence of neg-
ative LOS displacement, such a signal is unlikely to be modelled
using reverse slip along an elastic dislocation. We speculate that this
transient deformation signal arises from the ductile deformation of
the top layers induced by local aseismic slip along the underlying
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Figure 9. (a) Drainage map on the Inter-Andean valley, east of the Quito Basin and neoctectonic interpretation (modified from Alvarado 2012). (a) Blue
curves are rivers; thick black lines are the top fold locations and the dashed black line with triangles is the surface location of the main thrust fault. Note the
deflection of the drainage system to the north around the Conocoto fold. Black rectangle is the location of the inset (b) and (d). (b) Topographic profile across
the Conocoto fold. (c) Same area as in a) with the LOS surface velocity from Fig. 3(a) compared with the location of the Conocoto fold. (d) Propagation model

of thrust (inspired from Jackson et al. 1996).

fault. If we interpret the LOS displacement as being mainly verti-
cal, this implies a steady uplift rate of ~1 mm yr' calculated for
the 1993-1995 and 19962000 periods. The LOS displacement is
~20 mm during the 1.5 yr separating the two SAR acquisitions
(from 1995/4/11 to 1996/10/23), but we do not know when the up-
lift took place during this period. Nonetheless, the InSAR results
indicate that the uplift rate accelerated by a factor of at least 20
with respect to the uplift rate before April 1995 and after October
1996. This fold growth pulse accounts for 70 per cent of the finite
displacement over the 1993-2000 period. Although longer mea-
surements are required to know how frequent are these events, it
suggests that fold growth pulses can contribute significantly to the
building of fold topography.

6 CONCLUSIONS

We have derived a high spatial resolution interseismic surface ve-
locity field from GPS data and PS-InSAR analysis around the Quito
reverse fault system, directly threatening a highly populated area
of the northern Andes. We find that the Quito fault accommodates
3-5mmyr ' of horizontal shortening. As a whole, relatively sharp
gradients across the Quito fault highlight a weak rate of elastic strain
accumulation and a shallow (<3 km) locking depth. The central seg-
ment shows the sharpest velocity gradient, providing evidence of

aseismic slip taking place at shallow depth along the fault plane
and possibly reaching the surface, while segments north and south
of it possibly hosts larger slip deficit accumulation rates. Aside
these trends, the details of interseismic coupling distribution appear
to be model dependent. In particular, some models including a flat
décollement and a ramp allow for slip deficit to accumulate at depth.
Opverall, our results demonstrate that strain accumulation is spatially
heterogeneous along the Quito fault. The observed shallow aseis-
mic slip concurs to confirm that a significant percentage of crustal
faults on Earth may be creeping at shallow depth (Harris 2017).
In terms of seismic hazards for the Quito area, our results help to
refine previous estimates of earthquake time recurrence (Beauval
et al. 2014, 2018). Our estimates for the rate of moment deficit
accumulation derived from a 3-D spatially variable interseismic
coupling translate into recurrence time for magnitude 6.5 + earth-
quake to be between 200 and 1100 yr, a value consistent or slightly
lower than proposed in previous studies (Beauval ez al. 2014, 2018;
Parra et al. 2016).

Finally, we identify a transient deformation signal related to the
development of a secondary fold, a few kilometres east of the main
fault trace. This observation suggests that fold growth might result
from pulses of accelerated deformation, possibly driven by slow slip
events occurring along the fault plane underlying the soft top lay-
ers experiencing anelastic deformation. On the overall, our results
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Table 1. GPS velocities with respect to our stable fault foot wall block reference frame (see
Section 2.1). Longitude, latitude in decimal degrees; Ve, Vn: east and north components of
velocity in mmyr~'; SVe, SVn: formal error (1o confidence level) of Ve, V.

Sites Long. Lat. Ve Vn SVe SVn

01AQ —78.498 —0.147 3.49 1.16 0.35 0.43
ANTN —78.162 —0.463 0.27 0.57 0.23 0.25
ANTS —78.170 —0.497 —0.04 0.28 0.29 0.23
CASI —78.480 —0.037 2.50 0.24 0.52 0.66
CATE —78.428 0.000 1.72 —0.55 0.40 0.53
CORE —78.524 —0.328 2.06 —0.63 0.34 0.44
CULA —78.696 0.144 3.31 1.77 0.29 0.35
EPEC —78.446 —0.315 1.12 —0.95 0.25 0.49
GGPA —78.593 —0.180 4.74 0.38 0.32 0.19
HSPR —78.850 —0.352 257 0.68 0.24 0.21
IGNA —78.752 —0.451 2.60 —0.37 0.18 0.23
ILAL —78.419 —0.263 1.60 0.18 0.13 0.16
JERU —78.358 —0.006 0.70 0.56 0.24 0.31
LACH —78.420 0.161 1.19 0.38 1.33 1.64
MIRA —78.509 —0.270 3.24 —1.66 0.13 0.16
NAYO —78.436 —0.157 2.02 —0.05 0.15 0.21
NONO —78.599 —0.042 3.57 0.86 0.26 0.32
OYAM —78.329 —0.203 0.38 0.07 0.28 0.34
PAM1 —78.209 —0.080 0.62 0.66 0.23 0.38
PAPA —78.141 —0.381 0.03 0.78 0.10 0.52
PINT —78.356 —0.420 0.69 —0.74 0.18 0.17
PLHA —78.502 0.022 4.15 1.27 0.15 0.21
QUEM —78.497 —0.237 4.27 —0.50 0.21 0.11
QuIl —78.494 —0.215 3.30 0.15 0.09 0.49
UNGU —78.557 —0.237 3.26 —1.24 0.18 0.23
LUMQ —78.471 —0.216 1.95 —-0.16 0.16 0.21
PALO —78.649 —0.219 3.33 —-0.97 0.28 0.36
18AQ —78.489 —0.185 4.22 0.91 0.23 0.41
SALF —78.155 —0.233 1.13 —0.23 0.23 0.18

emphasize a dominant contribution of aseismic processes for the
Quito fault system.
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Figure S1: Results for a selection of models and fit to GPS and In-
SAR data. Column 1: Slip distribution. Slip values are indicated by
the colour scale on the right-hand side of the subplots on mm yr'.
Horizontal shortening rate (mmyr '), depth (km) and dip (°) and
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indicated above each subplot. Column 2: Arrows indicate observa-
tions (blue), models (red) and residuals (black), respectively. The
wrms of residuals is labelled on top of each subplot. Column 3: LOS
rate model predictions (mm yr ). Column 4: LOS rate observations
(mmyr ). Column 5: LOS rate residuals (mm yr ). All LOS rate
maps use the same colour code indicated on the right-hand side of
the figure. The selected best models from Fig. 8 are the last four,
with a fault dipping at 20° west and with a shortening rate between
4.6 and 4.9 mmyr'.

Figure S2: Same as Fig. S1 with slip = V. The long-term slip rate
on the ramp is equal to the shortening rate V7.

Figure S3: Distribution of the seismicity in the Quito area issued
from the IG-EPN Catalogue (2011-2016). Earthquakes are selected
starting from MLv 2 4+ and until 40 km deep, with an error in
the depth location of less than 5 km. Top left is the histogram
representing the number of earthquakes versus depth, with more
than 80 per cent of the seismicity located above 10 km depth.
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Figure S4: Quito Fault recurrence models based either on seismic-
ity (red line) or on total geodetic moment rates (black dashed lines),
with a b-value = 0.81 (Beauval ef al. 2014). (a) Maximum mag-
nitude based on scaling laws (Leonard 2010) with My, = 7.3; (b)
M. = 6.8 to obtain the same annual exceedance rate for the G-R
based on the minimal moment rate (0.3x10'7 Nmyr!) and the G-R
based on the seismicity.

Figure S5: East component times-series of GPS sites used in this
study. The raw time-series are expressed in the stable foot wall
reference frame as described in Section 4.2. The dotted line shows
the estimated velocity.
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