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S U M M A R Y 

In the nor ther n Andes, par titioning of oblique subduction of the Nazca plate beneath the 
South American continent induces a northeastward motion of the North Andean Sliver. The 
strain resulting from this motion is absorbed by crustal faults, which have produced magnitude 
7 + earthquakes historically in the Andean Cordillera of Ecuador and southern Colombia. In 

order to quantify the strain in that area, we derive a high-resolution surface velocity map using 

InSAR time-series processing. We analyzed 6–8 yr of Sentinel-1 data and combined different 
satellite line-of-sight directions to produce a reliable velocity map in the east direction. We use 
interpolated GNSS data to express the velocity map with respect to Stable South America and 

remov e the long-wav elength patter n due to the postseismic defor mation following the 2016 

M w 

7.8 Pedernales earthquake. The InSAR velocity map finds high east–west shortening strain 

rates along north–south trending structures within the Western Cordillera and the Interandean 

valley, with little deformation taking place east of them. This result strengthens the previous 
proposition of a ∼350 km long Quito-Latacunga tectonic block, forming a restraining bend 

in the overall right-lateral strike-slip fault system accommodating the northeastward escape 
motion of the North Andean Sli ver. Howe ver, the high spatial resolution provided by InSAR 

indicates that pre viousl y proposed boundaries for this block need to be revised. In particular, 
InSAR results highlight high strain rates ( > 300 nstrain yr −1 ) along undescribed active struc- 
tures, south and west of the proposed limits for the Quito-Latacunga block, respecti vel y, in 

Peltetec and Ibarra regions. Interestingly, the two areas with the largest strain rates spatially 

correlate with the proposed areas of large historical earthquakes. Modeling of the InSAR and 

GNSS velocities in these areas suggests shallow coupling and high slip rates on structures 
which, pre viousl y, were not identified as active. We also demonstrate a slo w-do wn of the 
shallow aseismic slip on the Quito fault after the Peder nales ear thquake, suggesting that stress 
changes following large megathrust events might trigger transient slip behaviors on crustal 
faults. The high-resolution strain map provided by this work provides a new basis for future 
tectonic models in the Ecuadorian and southern Colombian Andes, and will contribute to the 
seismic hazard assessment in this highly populated area of the Andes. 

Key words: Radar interferometry; Satellite Geodesy; South America; Time-series analysis; 
Earthquake hazards; Continental neotectonics. 
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1 .  I N T RO D U C T I O N  

Continental deformation in the northern Andes arises from the sub- 
duction of the Nazca plate along the western margin of Ecuador and 
Colombia, the subduction of the Caribbean plate beneath the north- 
ern margin of Colombia, and the collision of the Panama-Choco 
block with nor thwester n Colombia (Pennington 1981 ; K ello gg & 

Bonini 1982 ). Both widespread shallow seismicity spanning from 

the trench to the east of the Andean Cordillera (e.g. Guillier et al. 
2001 ) and geomorphic markers (e.g. Winter et al. 1993 ; Lavenu 
et al. 1995 ; Audemard et al., 2003) indicate that active crustal de- 
formation affects a broad area, including the Andean Cordillera, the 
sub-Andean thrust-and-fold belts, and parts of the coastal region. 

Early work by Pennington ( 1981 ), later confirmed by direct GPS 

measurements (Trenkamp et al. 2002 ; Nocquet et al. 2014 ; Mora- 
Pa éz et al. 2016 ), shows that most patterns of the present-day de- 
formation can be explained by the northeastward escape motion of 
a continental domain known as the North Andean Sliver (NAS), 
squeezed between the Nazca and South America plates (Fig. 1 ). 
While the western boundary of the NAS frequently experiences 
large megathrust earthquakes (e.g. Kanamori & McNally 1982 ; 
Nocquet et al. 2017 ), crustal faults along its eastern boundary have 
also produced M7 + earthquakes over the past centuries, including 
some of the largest known in the Andes (e.g. Beauval et al. 2010 ; 
Audemard et al. 2021 ). Regional-scale GPS measurements have 
quantified the kinematics of the NAS, showing a northeastward 
movement at a rate of 8 −10 mm yr −1 relative to South America, 
consistent with a partial ( ∼25 percent) partitioning of the oblique 
conv ergence v ector of the Nazca plate towards South America (Noc- 
quet et al. 2014 ; Alvarado et al. 2016 ; Mora-P áez et al. 2019 ). 
Besides its translational motion, the NAS also experiences consid- 
erable internal deformation, especially in northern Colombia, where 
the collision with the Panama Arc adds an eastward component to 
its overall motion, resulting in rapid contractional strain (Mora-Pa éz 
et al. 2019 ; Jarrin et al. 2023 ). Another area of internal deformation 
is the Andean Cordillera in Ecuador and southern Colombia, which 
is the focus of this study. 

In Ecuador, previous active tectonic studies and GPS data have 
proposed a boundary separating the NAS from the Inca or Peru 
sliv er, which mov es southeastward relativ e to South America at ap- 
proximately 4–5 mm yr −1 (Nocquet et al. 2014 ; Villegas-Lanza 
et al. 2016 ; Fig. 1 ). This boundary extends from the Gulf of 
Guayaquil, runs along the Puna and Pallatanga faults striking north- 
east, crosses the Andes, and then joins the Cosanga and Chingual 
faults along the eastern flank of the Eastern Cordillera in a north–
south (N–S) direction (Alvarado et al. 2016 ; Fig. 1 ). This boundary 
is supported by evidence of rapid slip rates from morphological 
feature offsets along the Puna (Dumont et al. 2005 ) and Pallatanga 
faults (Winter et al. 1993 ; Baize et al. 2020 ), paleoseismological 
studies (Baize et al. 2015 ), sharp gradients across the Pallatanga 
fault observed in GPS data (Nocquet et al. 2014 ; Alvarado et al. 
2016 ), the occurrence of large historical earthquakes such as the 
1797 Riobamba earthquake (Giesecke et al. 2009 ; Beauval et al. 
2010 ), and current seismicity (Beauval et al. 2013 ; Champenois 
et al. 2017 ; Vaca et al. 2019 ). 

Concurrentl y, other observ ations indicate significant internal de- 
formation within the Andean Cordillera, west of the proposed 
NAS easter n boundar y. Lavenu et al. ( 1995 ) showed evidence of 
east–west (E–W) shortening since the early Pleistocene across 
the Interandean depression separating the Western and Eastern 
Cordilleras north of the Pallatanga fault. Farther north, geomor- 
phological studies (Alvarado et al. 2014 ), GPS, and InSAR data 
re veal acti ve E–W shortening across the Quito fault at a rate of 
4 mm yr −1 (Marini ère et al. 2020 ), about half the rate of the NAS 

translational motion. Historical records further show that signifi- 
cant earthquakes occurred within the NAS, like the Ibarra 1868 M 

∼ 7 earthquake (Beauval et al. 2010 ). This internal deformation 
of the NAS has been interpreted within the framework of a large 
restraining bend (Ego et al. 1996 ; Alvarado et al. 2016 ). Indeed, 
the northeastward motion of the NAS results in almost pure right- 
lateral strike-slip motion along the Puna-Pallatanga faults and the 
Afiladores-Sibundoy fault in southern Colombia (Fig. 1 ). Along the 
N–S trending Cosanga and Chingual faults, the change of strike 
results in a transpressiv e re gime along a ∼350 km long restrain- 
ing bend. Alvarado et al. ( 2016 ) proposed that the restraining bend 
narrowed throughout time since 15 Myr leading to the current de- 
formation, idealized by an individual Quito-Latacunga block (QLB; 
Fig. 1 ). The QLB is delimited to the west by a series of active faults 
along the western slope of the Interandean Valley. Using denser 
GPS data, Jarrin et al. ( 2023 ) further developed this proposition in 
an elastic block model at the scale of the nor ther n Andes show- 
ing fragmentation of the NAS in several regions. For Ecuador and 
southernmost Colombia, their model suggests that 3–3.5 mm yr −1 

of E–W shortening is required west of the Interandean depression 
and 3 mm yr −1 of right-lateral motion north of Quito. The strength 
of the elastic block modeling approach is that it ensures consistency 
of slip rates along major faults with the larger-scale kinematics. 
Ho wever , GPS block modelling has some limitations: (1) restrain- 
ing bends are caused by inelastic deformation within the crust, 
potentially causing diffuse and spatially variable strain within ar- 
eas; spatiall y v ariable strain is dif ficult to account for in the elastic 
block modelling approach and may result in biased fault slip rate 
estimates; (2) block boundaries are subjecti ve, especiall y when GPS 

data are sparse and no active tectonics data are available; (3) GPS 

data are too sparse to estimate the locking depth along major faults, 
which was chosen fixed in their model, except for the Quito fault. In 
addition, many data used in the Cordillera were from surv e y mode 
observations, making it impossible to evaluate any time-dependent 
change of fault behavior through time. 

InSAR from Sentinel-1 satellites, with a high spatial resolution 
( ∼100 m) and acquisition intervals of every 6–12 d, offers the abil- 
ity to provide a continuous image of deformation, overcoming some 
limitations of GNSS data for crustal deformation studies. Sentinel-1 
satellites launched in 2014 and 2016 now provide a wealth of data, 
allowing the computation of time-series in areas pre viousl y con- 
sidered unsuitable for InSAR due to low coherence, steep slopes, 
or atmospheric noise (e.g. Mathey et al. 2022 ; Daout et al. 2023 ; 
Maubant et al. 2023 ). So far, an InSAR velocity map has not been 
produced in the equatorial Andes, possibly because of multiple 
challenges: v e getation growing up to 4000 m ele v ation results in 
poor phase coherence, strong topographic gradients complicate un- 
wrapping, and a very turbulent troposphere increases noise in both 
space and time. Special care is therefore required during InSAR 

processing in this area to produce robust velocity maps, particularly 
regarding the optimization of coherence and mitigation of fading 
signals. 

In this study, we produce the first high-resolution velocity maps 
of the Ecuador and southern Colombia Cordilleras, based on time- 
series of ∼8 yr of Sentinel-1 data. The analysis period encompasses 
the Peder nales megathr ust ear thquake (2016, M w 7.8), which caused 
postseismic deformation that is superimposed on the secular inter- 
seismic strain of crustal faults in the Ecuadorian Cordillera. We 
describe our strategy for correcting the postseismic transient defor- 
mation to extract signals associated with crustal faults. We compare 
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Figure 1. Simplified tectonic map of the study area and data coverage. The block boundaries from the model of Jarrin et al. ( 2023 ) are shown in dashed black 
lines, with block names in capital italic: NAS: North Andean Sliver, QLB : Quito-Latacunga micro-block (named UIOL in Jarrin et al. 2023 ); SUB : Subandean, 
PS : Peruvian (or Inca) Sliver; SSA : Stable South America. Arro ws sho w the average direction and velocity of motion of each block with respect to SSA from 

Jarrin et al. ( 2023 ). Slip model of the Pedernales earthquake from Nocquet et al. ( 2017 ). The coverage of Sentinel-1 tracks used in this study is shown by 
white polygons, and the area covered by both ascending and descending geometries is highlighted by a thick white line. Topographic data are from Copernicus 
GLO-30 DEM, and bathymetric data are from SRTM15 + . 
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ur results with the elastic block model from Jarrin et al. ( 2023 )
nd identify several areas of previously unknown high-strain rate.
n these high-strain areas, we compute simple fault models to e v al-
ate slip rate and locking depth. Finally, we discuss the localization
f deformation around the Quito-Latacunga micro-block and the
otential temporal variations in the interseismic behavior of crustal
aults. 

.  P RO C E S S I N G  O F  S E N T I N E L - 1  I n S A R  

I M E - S E R I E S  

he region of interest is covered by Sentinel-1 Interferometric Wide
wath ascending tracks A018 and A120 and descending track D142.
he processing of the D142 track is divided into two azimuth subsets
 D142 and D142 North ), overlapping by one burst (Fig. 1 ). All avail-
ble acquisitions since 2014 (2017 for track A120) to early-2022
r early-2023, depending on tracks are included (see Table 1 for
etails). We focus on the Andean Cordilleras and discard data from
owlands, which are covered by dense tropical v e getation where the
nterferometric coherence is extremely low. For the same reason, we
lso discard one sub-swath from track D142, located in the Ama-
onian Forest. The resulting area covered by both ascending and
escending data is about 100 km wide and 400 km long (Fig. 1 ).
t encompasses the Andean Cordillera from south of the Pallatanga
ault, the whole area proposed for the Quito-Latacunga block and
xtends north of it in southern Colombia. 

InSAR time-series are processed using the NSBAS chain (Doin
t al. 2011 ), and following a SBAS approach (Ho Tong Minh et al.
022 ). For each track, interferogram networks are first built by

art/ggae338_f1.eps
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Table 1. Sentinel-1 data used in this study. 

Track name Geometry Sub-swaths processed First acquisition Last acquisition Number of acquisitions Final number of interferograms 

A018 Ascending iw1 + iw2 + iw3 October 6, 2014 April 15, 2022 252 1420 
A120 Ascending iw1 + iw2 + iw3 April 18, 2017 Febr uar y 4, 2023 136 678 
D142 Descending iw2 + iw3 October 15, 2014 November 14, 2022 267 1506 
D142 North Descending iw2 + iw3 October 27, 2014 March 26, 2023 287 1456 
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creating pairs with the next three acquisitions, and then by adding 
3 months, 6 months, and 1-year pairs with minimal perpendicular 
baseline (Figs 2 and S1 ). This strategy aims at maximizing the global 
coherence of interferograms while limiting the influence of phase 
signals associated with soil moisture or v e getation changes and 
af fecting coherentl y onl y the shor t-ter m interferog rams (referred 
to in the following as fading signals; e.g. Ansari et al. 2021 ; Esp ́ın 
Bed ón et al. 2022 ). Interferograms are computed from co-registered 
Single Look Complex images at a resolution of two looks in azimuth 
and eight looks in range. Geometric and topographic phases are 
removed using ESA precise orbits and the Copernicus 30 m DEM 

(European Spatial Agency 2022 ). Phase jumps between acquisition 
bursts are corrected using the spectral diversity approach (Grandin 
2015 ) and finally inverted into time-series (Lemrabet et al. 2023 ). A 

tropospheric correction from the ECMWF ERA5 global reanalysis 
is applied (Doin et al. 2009 ; Jolivet et al. 2011 ). 

The area of interest is primary located at high ele v ation. Yet, 
because of its equatorial location, v e getation is present almost ev- 
erywhere in the Cordillera. Thus, interferometric coherence is gen- 
erally medium, but remains good in the urbanized areas. Coherence 
is also rapidly decreasing along the Cordillera slopes, where the 
v e getation becomes denser and thicker. 

Spatial filtering operations such as multilooking or filtering, re- 
quired to reduce the phase noise due to decorrelation, respecti vel y, 
average or smooth the phase information of neighboring pixels, 
whose quality can vary over short distances. In order to optimize 
the coherence of interferograms, we implement a strategy to give 
higher weight to the most robust pixels within a multilooking cell, 
similar to the one described by Cheaib & Doin ( 2023 ). For this 
approach to be efficient, we must quantify adequately the reliability 
of each pixel and associate it with a weight. 

To do so, prior to the multilooking step allowing to reach 8 looks 
in azimuth and 32 looks in range, we combine two measurements 
of the quality of each pixel. First, the colinearity C 

i , computed for 
each interferogram i at a 2-looks resolution, reflects the local self- 
consistency of a phase value with respect to its neighbors (Pinel- 
Puyssegur et al. 2012 ). Like the classical interferometric coherence, 
this indicator is lying between 0 (worst quality) and 1 (best quality), 
but it does not take the amplitude into account and represents how a 
single wrapped phase value is close the ones of neighboring pixels. 
Second, in order to account for the temporal stability of the phase 
in each pixel independently of its neighbors, we include a proxy for 
the temporal coherence ω, computed from all subsequent triplets of 
2-looks interferograms in the network (Thollard et al. 2021 ; Doin 
et al. 2023 ) and also lying between 0 (worst quality) and 1 (best 
quality). From these two metrics, we compute a weight used during 
complex multilooking: 

W 

i 
2 look = 

{
C 

i if ω < 0 . 6 
[ 80 . ( ω − 0 . 6 ) + 1 ] . C 

i if ω ≥ 0 . 6 
(1) 

The coefficients of eq. ( 1 ) have been chosen empirically such 
that ∼10 per cent of most stable pixels through time ( ω > 0.6) 
are weighted more heavil y, b y a factor proportional to ω ( Fig. S2 ), 
and such that a pixel with ω close to 1 has a weight sufficient to 
dominate the average within the multilooking cell containing 4 × 4 
pixels. We thus set the weight of very stable pixels to be about 30 
( ∼2 × 16) times larger than the one of unstable pixels ( ω < 0.6). 
This procedure allows to preserve the reliable phase information of 
isolated stable pixels. 

The phase is then filtered b y appl ying a moving average using a 
6 by 6 pixels window weighted by W 8 look 

i , itself filtered to produce 
W 8 look −filt 

i , a measure of the quality of the filtered phase. Interfero- 
grams are then unwrapped, using a region-growing algorithm that 
expands the unwrapping from high to low values of W 8 look −filt 

i (Doin 
et al. 2023 ). Esp ́ın Bed ón et al. ( 2022 ) showed that using a large 
proportion of long-temporal baseline ( > 3 months) interferograms 
removes a large part of the fading signals in this area. Thus, we 
ensure that the long-temporal baseline interferograms, which repre- 
sent about the half of all the interferograms included in the analysis 
(Fig. 2 b), are unwrapped correctly in the Cordillera area. We define 
an unwrapping threshold as the optimal balance that enables the 
unwrapping of all interferograms in the Cordillera w hile av oiding 
phase unwrapping errors elsewhere. As a result, only high-elevation 
areas ( > 2500–3000 m) are unwrapped on all interferograms, al- 
though very short baseline interferograms (6 or 12 d) are unwrapped 
totally in most cases ( Fig. S3 ). 

Then, we fit linear phase ramps in the unwrapped interferograms 
and invert the parameters of these ramps according to the SBAS net- 
work. We correct interferograms for the phase ramps computed from 

in verted parameters, follo wing Biggs et al. ( 2007 ). The flattened in- 
terferograms are then inverted into time-series (L ópez-Quiroz et al. 
2009 ; Doin et al. 2011 ; Ho Tong Minh et al. 2022 ) , after having 
referenced the phase to an area common to all interferograms. We 
perform a decomposition of the time-series in order to separate 
a linear trend from seasonal signals, using a double-iteration ap- 
proach to reduce the weight of outliers and mitigate the influence 
of acquisitions with large atmospheric phase screen, as described 
in Lemrabet et al. ( 2023 ). The ground displacement in line of sight 
(LOS) d LOS at each pixel ( x, y ) and each time-step t k is modeled by 

d LOS ( x , y , t k ) = A 0 ( x, y ) + v LOS ( x, y ) . t k + A c ( x, y ) · cos ( 2 πt k )

+ A s ( x, y ) · sin ( 2 πt k ) (2)

where A 0 is a constant, v LOS the linear velocity, A c the cosine ampli- 
tude, and A s the sine amplitude. For tracks A120 and D142 North, 
a coseismic step term is added in order to model the offset due to the 
July 25, 2022 M w 5.7 earthquake near El Angel. The fit is restricted 
to a specific time-span that will be discussed in the next section. The 
resulting velocity map v LOS ( x, y ) is masked for pixels with RMS 

misclosure > 0.6 rad, a criterion measuring the pixel-wise misclo- 
sure within the interferogram network after time-series inversion 
(L ópez-Quiroz et al. 2009 ). 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
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Figure 2. Example of interferogram network (a) and proportions of temporal baselines (b) for the track A018. 
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.  P O S T S E I S M I C  D E F O R M AT I O N  I N  

N S S  DATA  

he period of Sentinel-1 data analyzed in this study encompasses
he April 16, 2016, M w 7.8 Pedernales megathrust earthquake, re-
ulting from a ∼100 km rupture of the subduction between 0.5 ◦

 and 0.5 ◦ N (Nocquet et al. 2017 ). Though the rupture area is
ocated more than 150 km west of our study area, the Pedernales
arthquake produced significative surface deformation within the
ndean Cordillera, with a westward coseismic offset of ∼6 cm in
uito for instance (e.g. QUEM station at 180 km from the coast;
ig. 3 b). GNSS data also show that significant deformation occurred
ithin the Cordillera during the weeks, months, and years follow-

ng the earthquake, due to both afterslip and visco-elastic relaxation
Rolandone et al. 2018 ; Tian et al. 2023 ). More precisely, the first
rder pattern of postseismic deformation consists of westward dis-
lacements, with a magnitude increasing towards the rupture area.
n our study area, this results in an average 5 mm yr −1 mostly E–W
 xtensional v elocity gradient (Fig. 3 a). This e xtensional deforma-
ion tends to hide the long-term interseismic deformation, which is
xpected to have a significant E–W shortening component because
f the transpressive regime within the NAS and along its boundaries.

We thus develop a strategy aiming at reducing the impact of
he post-Peder nales ear thquake defor mation on the InSAR velocity
eld ( Fig. S4 ). For that purpose, we rely on the continuous GNSS
etworks deployed in Ecuador by the Instituto Geof ́ısico (IG-EPN),
n collaboration the French National Research Institute for Sustain-
ble Development (IRD; Mothes et al. 2013 ; Alvarado et al. 2018 ),
nd the Militar y Geog raphical Institute (IGM), and in Colombia by
he Colombian Geological Surv e y (SGC; Mora-P áez et al. 2018 ).

e used displacement time-series derived from a processing using
he GAMIT-GLOBK software, according to the strategy described
n Jarrin et al. ( 2023 ), updated to early 2023. GNSS time-series are
orrected for coseismic offsets associated with two deep instraslab
arthquakes: M w 7.3 on 2019/02/22 in Ecuador and M w 8 in May
019/05/26 in Peru (Vall ée et al. 2023 ). 

GNSS time-series are divided into three periods (Fig. 3 b): (1) the
re-Pedernales secular or interseismic velocity, (2) the early post-
eismic phase where rapid displacement decelerates through time,
nd (3) the current long-term postseismic phase that can be approx-
mated by a steady velocity, dominated by visco-elastic relaxation
Tian et al. 2023 ). We empirically determine the limit between the
hases 2 and 3 as the earliest date from which the time-series can be
ell approximated with a constant velocity for the East component.
o do so, we iterati vel y fit a linear trend in the time-series, varying

he date at which we start the linear regression, and we compute the
 n  
verage misfit provided by the weighted root mean square (wrms)
or a selection of stations. 57 stations are selected in a box (from
79 ◦ to −76 ◦ in longitude and from −2 ◦ to 1 ◦ in latitude) sur-

ounding the study area, but excluding the coast. We find that after
uly 2017 and for a period of 6 yr, a single velocity fit provides a
isfit of wrms = 3.3 mm, similar to the one found for a linear trend
tted before the earthquake (wrms = 3.5 mm, Fig. S5 ). Our empir-

cal approach is consistent with the results from Tian et al. ( 2023 ) ,
ho show that after 1 year following the Pedernales earthquake,
iscoelastic relaxation becomes the main contribution to postseis-
ic deformation. Using the viscosity inferred from their best-fitting
odel, i.e. 3 × 10 19 Pa s Maxwell viscosity, and assuming a 50 GPa

hear modulus, the characteristic time for the viscoelastic effect of
his earthquake equal to about 20 yr, using equations for a classical

axwell rheology (B ürgmann & Dresen 2008 ). Such characteris-
ic time predicts a negligible velocity change during our period 3
2017.6–2023). 

We then aim to compute a differential velocity field of period 3
ith respect to period 1. For that purpose, we select stations within
 box spanning −81 ◦ to −76 ◦ in longitude and −4 ◦ to 3 ◦ in latitude.
s a robustness criterion, for each station, a velocity is extracted
n the condition that the time-series contains at least 1000 daily
easurements (equi v alent to a ∼3 yr duration) during the period

f interest. For period 1, we use the horizontal velocity field from
arrin et al. ( 2023 ), and complement it with the vertical velocities
stimated during the 2007–2016.3 period (82 stations with enough
ata). For period 3, we extract both horizontal and vertical veloci-
ies between 2017.6 and 2023 (116 stations with enough data). All
elocity fields are then rotated from ITRF2020 (Altamimi et al.
023 ) to a Stable South America reference frame using the Euler
ole from Jarrin et al. ( 2023 ). We e ventuall y compute the differ-
nce between the v elocities e xtracted from period 3 and the ones
xtracted from period 1 at stations where they are both available,
.e. 78 stations for the horizontal components and 72 stations for
he vertical component. This differential velocity field (Fig. 3 a),
epresenting the ‘anomaly’ due to the postseismic transient during
he period 3 with respect to period 1, will be used in the next section
o correct InSAR velocity maps. 

.  P O S T P RO C E S S I N G  O F  I n S A R  

E L O C I T Y  M A P S  

e estimate velocities from InSAR time-series for period 3 only
from July 2017 to December 2022), because Sentinel-1 acquisitions
re very sparse during period 1, while period 2 is highly impacted by
onlinear postseismic deformation. We then tie the flattened LOS

art/ggae338_f2.eps
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Figure 3. (a) InSAR velocity map for the east component, computed on period 3. The LOS velocities have been tied to GNSS data and decomposed into east 
and up directions. This map is not corrected for the postseismic deformation due to the Pedernales earthquake. Arrows show the velocity field corresponding 
to the postseismic deformation (i.e. the difference between periods 1 and 3, see the text for details). Slip model of the Peder nales ear thquake from Nocquet 
et al. ( 2017 ). (b) GNSS time-series of eastward displacement at the QUEM station, located in Quito. This allows to distinguish three time periods with distinct 
deformation behavior (see the text for details). 
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velocity maps to the GNSS velocity field also computed over period 
3 and expressed in the Stable South America reference frame using 
the pole from Jarrin et al. ( 2023 ). The density of GNSS stations 
is globally good but spatially heterogeneous, and some areas in 
southern Ecuador and southern Colombia have notabl y fe wer sta- 
tions than in nor ther n Ecuador (Fig. 3 a). To derive a homogeneous 
velocity field for referencing InSAR velocity maps, we thus inter- 
polate the GNSS velocity field (using parameters in Table S1 ), once 
projected to LOS using the 3-D components ( Fig. S6 ). We then fit a 
surface to the difference between the InSAR velocity maps and the 
interpolated GNSS LOS map. The surface d ramp is parameterized as 
a 2-D plane linear in longitude x and latitude y, plus, for the longer 

art/ggae338_f3.eps
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racks A018 and D142, a cross term leading to a twisted plane: 

 ramp = 

{
A + Bx + Cy + Dxy for A018 and D142 

A + Bx + Cy for A120 and D142 North 

(3) 

After referencing the LOS velocity maps by removing this ramp,
e compute the RMS of the difference between InSAR and GNSS
elocities at the stations ( Fig. S7 ). The agreement is of the order of
 mm yr −1 , consistent with the RMS of residuals found in overlap-
ing regions between adjacent InSAR tracks. 

The LOS velocities, now referenced with respect to Stable South
merica ( Fig. S8 ), are then decomposed into East and Up com-
onents, taking advantage of the complementary ascending and
escending LOS geometries (Fuhrmann & Garthwaite 2019 ). As
he North component cannot be precisely constrained by the InSAR

easurements, we first remove its effect from the velocity LOS
aps. To do so, we interpolate the North component of GNSS ve-

ocity computed over the period 3, using parameters in Table S1 ,
roject it into LOS, and then subtract it from the InSAR velocity
aps. The obtained 2017–2023 velocity maps for the East compo-

ent with respect to Stable South America and Up components with
espect to the ITRF2020, with a pixel size of 0.001 ◦ ( ∼110 m), are
isplayed in Figs 3 a and S9 . 

As a final step, we correct the obtained InSAR velocity map
or postseismic deformation. The difference of velocity between
eriod 3 (2017–2023) and period 1 (before Pedernales) represents
he postseismic perturbation that is superimposed on the ‘secular’
nterseismic velocity field. Removing this contribution from our ve-
ocity maps should produce a map of the interseismic deformation,
s it would have presumably been observed before the earthquake,
t least for long w avelength. Gi ven that mantle flow is the main
rocess driving the postseismic deformation during the 2017–2023
eriod considered here (Tian et al. 2023 ), the associated pattern
ust be spatially smooth throughout the Cordillera. We first deter-
ine 2017–2023 minus pre-Pedernales GNSS velocities as seen in

revious section and perform a smooth interpolation for the East
nd Up components ( Fig. S10 ), using parameters in Table S1 . We
nally subtract the interpolated differential velocity from the East
nd Up InSAR velocity maps to obtain a velocity field for the
cuador and southern Colombia Cordillera, that is representative of

he interseismic deformation. 

.  R E S U LT S  

he InSAR vertical velocity map ( Fig. S11 ) is noisier than the hor-
zontal one. The noise sources impacting the vertical component
ave the same effect in both the ascending and descending LOS
aps (Figs 4 a,d). Consequently, during the East and Vertical de-

omposition, these common signals preferably go in the vertical
elocity map (Fig. 4 b), while having a negligible impact on the East
elocity map (Fig. 4 e). For instance, areas showing negative sign
n both ascending and descending LOS velocity maps (i.e. appar-
nt motion away from the satellite) appear to be correlated with
he land cover type (Fig. 4 c). They especially have strong magni-
udes in ‘p áramo’, a tundra-like soil and ecosystem typical of the
ropical Andes above 3000 m ele v ation (Fig. 4 f). We thus think
hat Sentinel-1 velocities in these areas are actually dominated by
esidual fading signals (Ansari et al. 2021 ; Maghsoudi et al. 2022 ),
nd should not be interpreted in terms of tectonic deformation. By
ontrast, Fig. 4 e shows that the East velocity map displays smooth
ariations, independent of the type of land cover. 
For such reasons, in the following sections, we focus on the
ast velocity map, which allows quantification of the interseis-
ic deformation. In Fig. 5 (a), we show the East component of

elocity predicted by the elastic block model from Jarrin et al.
 2023 ), together with the GNSS velocity used as input of their
odel. Our East velocity map from InSAR is shown in Fig. 5 (b).
ig. 6 shows the comparison of the East velocities for InSAR re-
ults, GNSS data and predictions from Jarrin et al. ( 2023 ) model
long (40 km wide x 200 km long) profiles crossing the Andean
ordillera. The RMS of the difference between InSAR and block
odel prediction is 1.77 mm yr −1 . The main pattern highlighted

y InSAR is a decrease of eastward velocity towards the east-
outheast, consistent with transpressive deformation in this part
f NAS. InSAR results further show significant variations of E–
 shortening rates from 2 mm yr −1 in the southern part of the

tudy area ( profile 12 ) and up to 8 mm yr −1 in southern Colombia
 profile 1 ). 

The substantial increase in spatial resolution brought by InSAR
ompared to GNSS allows us to identify local velocity gradients
hich were not pre viousl y resolved using GNSS data alone. In
ig. 6 , some profiles show areas of enhanced velocity gradient, wit-
essing localized deformation on active faults. An eastward drop
f East velocity can reflect either shortening across a N −S ori-
nted fault, right-lateral strike-slip along a NE −SW oriented fault,
r in between these two end-members, transpressional deformation.
everal areas of localized velocity gradients are consistent with the
rediction of the block model from Jarrin et al. ( 2023 ). Ho wever ,
nSAR also identify some areas that differ from the elastic block
odel prediction, either regarding the location of strain or the sharp-

ess of the gradient. Hereafter, we re vie w from north to south the
ew insights brought by our results on the main faults of the area,
specially the strands defining the wester n boundar y of the Quito-
atacunga micro-b lock (QLB) w here InSAR provides a continuous

mage of deformation. 

.1 Evidence for activity along the Romeral fault in 

outhern Colombia 

n southernmost Colombia, the motion of the NAS is thought to be
ccommodated mostly by the Afiladores-Sibundoy fault, the main
tructure delimiting the eastern border of the NAS (Velandia et al.
005 ; Tibaldi et al. 2007 ; Audemard et al. 2021 ). Our Sentinel-1
nSAR map shows little reliable data east of the Afiladores fault,
ut still suggests a ∼4 mm yr −1 velocity gradient across it ( profile
 ). In that area, the most significant pattern is a shortening strain
est of the Afiladores fault, around 7–8 mm yr −1 accommodated
ver a distance of 30 km. That area might correspond to the strain
nduced by the Romeral fault in southern Colombia (e.g. Paris et al.
000 ; Audemard et al. 2003 ) or more diffuse strain in that area.
nterestingly, Jarrin et al. ( 2023 ) tested two possible geometries for
hat area: one considering that the Romeral fault merges with the
LB (model C in Jarrin et al. 2023 ) and one discarding the Romeral

ault as a significant active fault in southern Colombia (model D).
odel C was discarded because it would predict 6–7 mm yr −1 

hortening rates to be accommodated by the Romeral fault, a value
uch higher than the ∼1 mm yr −1 pre viousl y proposed rates based

n geology (Paris et al. 2000 ). The InSAR results here strongly
upport an active deformation along the southern segment of the
omeral fault, possibly merging with the western boundary of the
LB in Ecuador. The plausibility of Jarrin’s model C should thus
e reassessed given the new information from InSAR. 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data


1564 L. Marconato et al . 

Figure 4. Comparison of LOS velocity maps (descending and ascending in a and d, respecti vel y) with decomposed velocity maps (vertical and East component 
in b and e, respecti vel y), an optical satellite image (c) and ecosystem classification (f). In both LOS maps, residual fading signals are ne gativ e and located on 
‘p áramo’ ecosystems, they are thus mostly visible in the Vertical velocity map, leading to a less noisy East velocity map. 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/239/3/1557/7759724 by guest on 20 O

ctober 2024
5.2 Northern boundary of the Quito-Latacunga block: the 
El Angel fault 

Directly to the south, the WSW-ENE segment labeled as El Angel 
in Fig. 5 defines the nor ther n boundar y of the QLB. No major active 
structure has been identified in this area, and a recent study pro- 
poses instead that it could be a distributed boundary (Harrichhausen 
et al. 2023b ). That view is consistent with our results, which show 

no localized velocity gradient, but a rather constant velocity slope 
(Fig. 5 b, profile 2 ). Ho wever , this area is close to the Chiles vol- 
cano, which has been undergoing inflation since 2014 (Fig. 3 a) in 
correlation with seismo-tectonic activity (Ebmeier et al. 2016 ). Our 
v elocity map rev eals a maximum uplift rate of 2.9 cm yr −1 during 
period 3, S–E of Chiles volcano ( Fig. S11 ). Volcanic deformation 
most probably overprints part of the tectonic signal in this area. 

5.3 Localiz ed defor mation in the Ibar ra area 

The western boundary of the QLB around latitudes 0 ◦ to 0.5 ◦ N 

( profiles 3 and 4 ), along the segment labelled as Ibarra in Fig. 5 , is 
not very well defined from a tectonic point of view. Very sharp scarps 
have been observed within the Billecocha plateau, with evidence of 
both normal, reverse and strike-slip faulting, potentially related to 
both gravitational and tectonics effects (Jomard et al. 2021 ). East of 
the Billecocha fault system, a large topographic step, associated with 
minor evidence of active faulting, delimits the Western Cordillera 
from the Interandean valley. According to our InSAR results, this 
area shows a strong and localized velocity gradient. The offset 
in East velocity is about 4–5 mm yr −1 , which is larger than the 
prediction of the block model. This step is accommodated over 
a short distance of less than 20 km, suggesting a shallow locking 
depth. By contrast, the elastic block model predicts a much smoother 
velocity gradient, that does not fit well the GNSS East velocities 
either, especially on profile 3 . As such, the obser ved patter n is 
similar to the observations of shallow locking reported by Marini ère 
et al. ( 2020 ) for the Quito fault. The InSAR map also allows here a 
more precise location of the western boundary of the QLB, which 
is for example here offset by about 15 km to the west with respect 
to Jarrin’s block model on profile 3 . 

5.4 The Quito fault system 

This reverse fault system lies under the city of Quito (Alvarado 
et al. 2014 ). Marini ère et al. ( 2020 ) found that it w as mostl y creeping
aseismically using GNSS data acquired between 1994 and 2016, and 
PS-InSAR observations from ERS scenes acquired between 1993 
and 2000. They find a horizontal shortening rate of 3–5 mm yr −1 

accommodated over a width of about ∼10 km. This feature was 
taken into account in the block model of Jarrin et al. ( 2023 ), whose 
prediction shows a sharp gradient in the East velocity ( profile 5 ). 

art/ggae338_f4.eps
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Figure 5. Velocity comparison between InSAR, GNSS data, and block model prediction. (a) Prediction of the block model by Jarrin et al. ( 2023 ) for the East 
component. The GNSS velocity field (computed before 2016) used to constrain the model is shown by the arrows. The color of the dots represents the East 
component. Boundaries and names of the blocks are shown by dashed black lines and black labels (see the caption of Fig. 1 for abbreviations). Fault names are 
written in white. (b) Interseismic InSAR velocity map from our study, for the East component, with the same colorscale as in (a). The color dots are the same 
as in (a). We mask the area of the Chiles volcano because the east component there is not well constrained. The footprints of Figs 4 , 7 , and 8 are shown by 
white rectangles. 
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o wever , the Sentinel-1 InSAR velocity map only displays a very
mooth eastward decrease of the East velocity, with no clear gra-
ient along the Quito fault. This result appears thus at odds with
he studies using pre-2016 GNSS velocities. We comment on the
ossible origin of this discrepancy in the discussion section. 

.5 Latacunga area 

outh of the Quito fault system, the main tectonic structure proposed
o act as the western boundary of the QLB is the Latacunga fold-
nd-thrust belt (Lavenu et al. 1995 ; Baize et al. 2020 ; Fig. 5 ). There,
ur results show a very good agreement with the GNSS data and the
lastic block model predictions. One can observe along profiles 6
nd 7 that the deformation is distributed, with about 4–5 mm yr −1 of
–W shortening accommodated by the fold-and-thrust belt across
 ∼80 km width within the QLB. This is consistent with morpho-
o gical anal ysis, showing a series of parallel folds oriented ∼N–S
Lavenu et al. 1995 ; Fiorini & Tibaldi 2012 ). A slight increase in
he velocity gradient can be noted at the western boundary of the
LB block (at ∼−60 km on profiles 6 and 7 ). This suggests strain

ocalization on a major structure at the block boundary, but it cannot
e thoroughly resolved due to the lack of InSAR data west of this
oundary. 

art/ggae338_f5.eps
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Figure 6. Swath-profiles numbered from 1 to 12, whose footprints are shown by black rectangles in Fig. 5 . The point clouds and the large dots represent the 
East velocities from InSAR (whose median is shown by black dashed curve) and GNSS data respecti vel y, both coded with same colorscale as in Fig. 5 . The 
white envelopes show the East velocities predicted by the block model. Vertical dashed black lines show the boundaries of blocks, with the corresponding fault 
names in white. 
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5.6 Pallatanga and Peltetec faults segments 

Profiles 8 and 9 cross the proposed boundaries for the QLB to 
the north, for the NAS to the west, and for the Inca/Peru sliver 
(Nocquet et al. 2014 ; Villegas-Lanza et al. 2016 ) to the southeast. 
The main active structure in that area is the Pallatanga fault, which 
hosted the 1797 M w 7.6 Riobamba earthquake (Giesecke et al. 2009 ; 
Beauval et al. 2010 ; Baize et al. 2015 ; Alvarado et al. 2016 ; Baize 
et al. 2020 ). This fault has a clear geomorphological expression 
(e.g. Winter et al. 1993 ; Baize et al. 2015 , 2020 ), running from the 
Guayaquil basin to the Eastern Cordillera with a SW-NE orientation 
and was chosen as a block boundary in the model of Jarrin et al. 
( 2023 ). In agreement with this previous finding, profile 8 shows a 
clear velocity gradient following closely the GNSS data, centered 
on the surface trace of the Pallatanga fault. Ho wever , on profile 9 , 
the gradient appears to be stronger than the one observed in GNSS 

data and the prediction from the elastic block model. Moreover, the 
maximum gradient is geo graphicall y of fset, as it is located 20 km 

east of the Pallatanga fault and follows instead another active fault 
colocated with the Peltetec melange and suture zone (Alvarado et al. 
2016 ; Fig. 6 ). 

South of this area, on Fig. 6 ’s profile 10 , the velocity map does 
not show any significant localized gradient neither on the Palla- 
tanga fault, nor on the Peltetec suture zone, but shows instead a 
rather smooth velocity variation. On profiles 11 and 12 , the imaged 
area does not cross any boundary of the block model, and only 
encompasses the Inca/Peru sliv er. There also, the InSAR v elocity 
shows no significant gradients. The velocity trend decreases towards 
the South, with no evidence of inter nal defor mation in the Peruvian 
sli ver aw a y from its limit with the N AW block, in agreement with 
the block model prediction. 

6 .  M O D E L I N G  

Our analysis of InSAR results highlights two areas where pre viousl y 
unknown high velocity gradients take place, namely the Ibarra and 
Pallatanga-Peltetec areas, north and south of the proposed Quito- 
Latacunga block, respecti vel y. While a full model is beyond the 
scope of this study, we aim to constrain the main fault character- 
istics (location, geometry, slip rate, and locking depth) using 2-D 

models using InSAR and GNSS velocities projected along profiles 
perpendicular to the main structures. Since the shallow locking 
depth expected from the observed localized strain might be tran- 
sient, we perform the modeling using the InSAR and GNSS data 
without the correction of the long wavelength postseismic deforma- 
tion. Consequently, the results presented here represent the strain 
around crustal faults during the 2017–2023 period, potentially im- 
pacted by stress changes due to faraway megathrust processes. We 
model local and relative motions within the studied profiles, and 
thus we believe that this smooth postseismic deformation pattern 
included in the data does not impact the modeling results. 

art/ggae338_f6.eps
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.1 Modeling approach 

e model the surface deformation observed along a two-
imensional profile using a Bayesian inversion approach fully de-
cribed in Daout et al. ( 2016a , b ). This approach explores a fault
eometry in a convergent setting, composed of a flat decollement
FD) and a dipping ramp (e.g. Marini ère et al. 2020 ). The explored
arameters are the depth of the decollement ( H ), the horizontal posi-
ion of the decollement’s junction with the ramp ( D ), the shortening
ate ( short ) and the strike-slip rate ( FDss ) on the FD, the strike-slip
ate on the ramp ( Rss ), the depth of the ramp tip ( h ) and the length
f the ramp ( L ) (e.g. Fig. 7 d). To be sure of consistent kinemat-
cs, the slip rate along the ramp is forced to short / cos( θ ) where
= sin −1 [ ( H − h ) /L ] is the dip of the ramp. The fault strike is

et perpendicular to the profile. We constrain the model using both
he InSAR East velocity map, without correction of the postseis-

ic deformation associated with the Pedernales earthquake, and
he horizontal GNSS velocities extracted from the post-2017.6 pe-
iod. We choose uniform prior distributions for all parameters, and
ample the parameter space with 10 5 samples, rejecting the first
alf of them. Although the Bayesian approach results in numerous
odels sampling the posterior covariance, we choose the means of
arginal posterior probability density functions as a set of preferred

arameters ( Figs S12 and S13 ) to compute synthetic displacement
ates along the profile for plots (Figs 7 and 8 ). Uncertainties on
arameters are given for a 95 per cent confidence level (two times
he standard deviation). 

.2 Pallatanga-P eltetec pr ofile 

he profile is perpendicular to the main orientation of the veloc-
ty gradient, around N15 ◦ (Fig. 7 ). GNSS stations located close to
ungurahua volcano were avoided, since they show velocities incon-
istent with the regional pattern, probably because of deformation
nduced by volcanic processes. The best fit fault geometry has a
ecollement depth around 7.3 ± 2.9 km depth, a shallow dipping
amp (13 ◦) slipping up to 4.8 ± 3.7 km below the surface. The
ecollement accommodates 7.0 ± 1.2 mm yr −1 of shortening, and
.1 ± 0.9 mm yr −1 of right-lateral slip, while the right-lateral rate
n the ramp is 2.0 ± 2.1 mm yr −1 . 

In our preferred model, the decollement-ramp junction is located
oughly on the trace of the Pallatanga fault, and the upper tip of
he ramp is very close to the Peltetec suture (Fig. 7 a). While the
allatanga fault is considered as the main and most studied active
tructure in this area (Baize et al. 2015 , 2020 ; Harrichhausen et al.
023a ), the Peltetec segment corresponds to a major suture zone and
phiolite belt delimiting the Interandean Valley from the Eastern
ordillera from a geological and tectonic point of view (Litherland
 Aspden 1992 ). Although the reacti v ation of sutures in Ecuador
as suggested based on the seismicity (Guillier et al. 2001 ), there

xists no study showing the seismotectonic activity of the Peltetec
egment. Our InSAR data suggests that the current strain accumu-
ation south of the Quito-Latancunga block occurs not only along
he Pallatanga fault, but also at shallow depth close to the Peltetec
uture. The amount of right-lateral slip predicted by our model on
he ramp, close to the Peltetec suture, is not precisely constrained
ut it appears to be significantly lower than the slip rate accommo-
ated on the decollement. This difference suggests that right-lateral
lip occurs on the Pallatanga fault, and thus a possible partitioning
f deformation between the two structures. The Pallatanga fault ac-
ommodating most of strike-slip motion would be locked at a depth
f about 7 km, while the Peltetec tectonic belt, would accommodate
hortening, with a shallower locking depth (5 km). However, the
atio between shortening and strike-slip rates is hard to constrain,
ecause it strongly depends on the fault strike. Since the Pallatanga
nd Peltetec faults are not parallel, it would require more complex
-D multifaults models to constrain the exact rates accounting for
lip-partitioning. 

In that area, the very different geometries used for analyzing this
rea in this work and in the block model by Jarrin et al. ( 2023 ) do not
llow a direct comparison of the proposed slip rates. Nevertheless,
he net amount of slip predicted by our best model ( ∼9 mm yr −1 ) is
igher than the relative motion of the NAS with respect to the PFW
lock estimated in their in their study (7–8 mm yr −1 ). The pre-
edernales GNSS-derived slip rates were already higher than the
eological slip rates on the nor ther n segment of the Pallatanga fault
ompiled by Harrichhausen et al. ( 2023a ), accounting for strike-
lip motion only (2.4–6.6 mm yr −1 according to geomorphology and
.3–4 mm yr −1 according to paleoseismology). Our joint InSAR and
NSS modeling confirms that geodetic slip rates are at odds with

he geological ones, and attests to even higher slip rates during the
bservation period of our study (2017–2023) than the ones inferred
rom pre-2016 GNSS data. 

The discrepancy between our results and the block model may be
ssociated with the difference of scale between both models, since
he one from Jarrin et al. ( 2023 ) is a large-scale model, fitting the
NSS velocities of entire b locks, w hereas we are here focusing on
 small portion of fault. In this case, our dataset better constrains
he slip rates locally than the block model. Indeed, the modeled
rofile includes InSAR data at least 30 km away from the max-
mum gradient on each side, and quite e venl y distributed GNSS
alues (Fig. 7 ). An alternativ e e xplanation for such discrepanc y
ould be a transient deformation occurring in the observation pe-
iod of our study, and more specifically an increase of slip rate in
he aftermath of the Pedernales earthquake. One way to discrimi-
ate between these two options, would be to build a model using
igh-resolution InSAR data from before the Pedernales earthquake
2016), and compare the results with the block model, which uses
eodetic data from the same time span. Such datasets exist, de-
ived from Envisat data (Champenois et al. 2014 ) or ALOS-1 data
Marconato et al. 2024 ), but the velocities in this area are domi-
ated by a large-scale radial inflation induced by the Tungurahua
olcano acti vity, pre venting a reliable interpretation of the observed
radients. 

In conclusion, InSAR data emphasizes the major role played by
he Peltetec suture zone in the accommodation of the shortening
outh of the QLB. This suggests the possibility of a QLB boundary
ctually located south of the Pallatanga fault, or distributed between
wo sub-parallel structures. Also, since InSAR data covers only a
hort time span, possibly impacted by transient stress changes due
o the Pedernales earthquake, it is possible that our results witness
 transient regime of strain, whose localization may be varying
hrough time within this complex system. 

.3 Ibarra profile 

or this area, the lack of data in the far field west of the location of
he maximum velocity gradient prevents us from constraining the
epth and slip rate of the flat decollement. Therefore, we fixed the H
arameter to 5 km, and explored the other parameters. The best ge-
metry is a shallow dipping ramp (17 ◦), slipping up to 2.8 ± 1.1 km
elow the surface (Fig. 8 c). The junction between the flat decolle-
ent and the ramp is located below the Billecocha plateau (Fig. 8 a),

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
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Figure 7. Fault modeling results for a profile crossing the Pallatanga-Peltetec high-strain area. (a) InSAR East velocity map and GNSS velocity field used 
to constrain the model, both computed on the post-2017.6 period. The location of the decollement-ramp intersection and up-dip limit of the ramp are shown 
by the thick and thin red lines, respectively. Black dashed lines show the block limits from Jarrin et al. ( 2023 ). White dashed lines show the sutures from 

Jaillard et al. (2022). Thin black lineaments show the active structures (Alvarado et al. 2014 , 2016 ; Baize et al. 2020 ). (b) Swath-profile showing the East 
velocity for InSAR (dots), GNSS (crosses) and the best-fitting model (dashed red line). (c) Modeled displacement rates for fault parallel (blue) and fault 
perpendicular (green) components, with horizontal GNSS velocities projected in the corresponding components (circles). (d) Topographic profile showing the 
model parameterization. The best fit dip-slip ( ds ) and strike-slip ( ss ) slip rates are given for each fault segment. 
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in which strong evidence of active faulting was observed, but the 
mechanisms explaining the mixed kinematics in this area are not 
clear yet (Jomard et al. 2021 ). The fault tip is located below the 
topographic front limiting the Interandean Valley at west, where 
again, Jaillard ( 2022 ) draw a main suture zone. Yet, no major ac- 
tive structure has been mapped in that area, although small reverse 
faults were observed affecting the Quaternary volcano sedimentary 
landscape (Alvarado et al. 2014 , 2016 ). 

The best fit model predicts 8.0 ± 1.6 mm yr −1 of shortening, 
and 6.6 ± 1.9 mm yr −1 of right-lateral slip, but they are poorly 
constrained due to the lack of data NW of the decollement tip. In 
contrast, for comparison, the equi v alent fault segment ( El Angel 

art/ggae338_f7.eps
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Figure 8. Same as Fig. 7 for a profile crossing the Ibarra high-strain area. 
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ault) included in the block model of Jarrin et al. ( 2023 ) shows
.4 mm yr −1 of shortening and 2.9 mm yr −1 of right-lateral slip,
ith a locking depth of 12 km and 50 per cent of coupling. Our
odel thus predicts slip rates more than three time larger than

he one inferred from the elastic block model based on pre-2016
NSS. First, the absence of data further west than −25 km probably
ields overestimated slip rates by about 30 per cent. Ho wever , the
nSAR and GNSS data both points towards slip rates larger than
5 mm yr −1 (Fig. 8 c), which is still higher than the block model

rediction. The remaining discrepancy may be associated with the
ifference of scale between models, as mentioned for the Pallatanga-
eltetec profile. A last explanation could be the occurrence of a
ransient increase of slip rates of this section of the fault system
ver the observation period (2017–2023), potentially linked with
he Pedernales earthquake. 

Overall, the Ibarra area exhibits a strong deformation gradient
long poorly mapped structures striking ∼N30 ◦ and following the
ain topographic front between the Western Cordillera and the

nterandean Valley. The accommodation of ∼6 mm yr −1 of East
isplacement over a 15 km distance requires a very shallow locking

art/ggae338_f8.eps
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depth (2.5–3 km). Due to lack of data in the far-field west of the 
main gradient, it is not possible to constrain accurately the slip rates 
for this specific area. The ranges of fault slip rates predicted by 
our fault models and block modeling (Jarrin et al. 2023 ) are 2.4–
8.0 mm yr −1 for shortening and 2.9–6.6 mm yr −1 for right-lateral 
strike-slip. 

7 .  D I S C U S S I O N  

7.1 Deformation mode within a restraining bend 

Deformation within the Ecuadorian Cordillera has been interpreted 
as a large restraining bend, marking the transition between strike- 
slip segments: the Pallatanga fault in the south, which delimits the 
boundary with the Inca/Peru sliver, and the Afiladores-Sibundoy 
fault in the north, which accommodates the sliver motion with re- 
spect to South America. In a restraining bend, part of the strike slip 
component converts into a shortening component accommodated at 
reverse faults oblique to the sense of the strike-slip motion (e.g. Ego 
et al. 1996 ). In the case of Ecuador, previous models have proposed 
that the restraining bend is actually made of a rigid block localiz- 
ing deformation along its boundaries (Ego et al. 1996 ; Alvarado 
et al. 2016 ). Jarrin et al. ( 2023 ) followed this proposition in the 
elastic block modeling. Their model predicts that 2–3 mm yr −1 of 
shortening should be accommodated across the western boundary 
of the QLB along the Latacunga-Quito-Ibarra faults and 2 mm yr −1 

along the eastern boundary along the Cosanga fault, the latter also 
accommodating in addition 6 mm yr −1 of right-lateral strike-slip 
motion. 

InSAR, by providing a continuous image of the velocity field al- 
lows a test of whether deformation is localized on major structures 
or is diffuse within the restraining bend. In order to specifically 
ans wer this question, F igs 9 (b)–(d) show the norm of the gradi- 
ent vector for the InSAR East component velocity map. For that 
purpose, the velocity map is pre viousl y smoothed using a Gaussian 
filter with a critical distance of 5.5 km to smooth out short-scale cor- 
related noise. For comparison, the same quantity is calculated from 

the prediction of Jarrin et al. ( 2023 ) elastic block model (Fig. 9 a). 
The elastic block model predicts strain rate of the order of 150–300 
nstrain yr −1 at the block boundaries and < 100 nstrain yr −1 inside the 
QLB. Fig. 9 (b) shows that the InSAR strain rate map reveals several 
areas of high strain rate, with N −S elongated shape, almost contin- 
uous over a length of 450 km from latitude 2.5 ◦ S to 1.3 ◦ N. Aside 
the two areas of Peltetec and Ibarra studied in the previous section 
where strain rates reach 300 nstrain yr −1 , elongated areas are found 
south of the Peltetec fault, west of the Interandean depression near 
Latacunga, Quito, and then parallel to the Chingual and Afiladores- 
Sibundoy faults in southern Colombia. Such elongated shapes of 
the strain rate field suggest en-echelon fault segments. East of those 
linear segments, strain rate inside the QLB only occurs at specific 
areas. High strain along the Pisayambo segment (Fig. 9 b) delin- 
eates the extent of the Pallatanga fault in the Eastern Cordillera, 
where a shallow strik e-slip earthquak e was studied using InSAR 

(Champenois et al. 2017 ). Significant strain rate is found near the 
Cotopaxi and Cayambe volcanoes, both known to have seismic ac- 
tivity during the period analyzed here ( https://www.igepn.edu.ec/ 
red- de- observatorios- vulcanologicos- rovig ). Otherwise, low strain 
rates ( < 100 nstrain yr −1 ) are observed within the QLB block, sim- 
ilarly to the prediction from the elastic block model. Hence, linear 
high strain rate areas surrounding lower strained areas favor the 
view of localized deformation along the boundaries of relati vel y 
rigid QLB. 
7.2 New constraints on the Quito-Latacunga block 

boundaries 

Jarrin at al. ( 2023 ) defined block boundaries based on a re vie w of 
available knowledge of geodesy, active tectonics, geomorphology, 
paleoseismology and seismicity. Our results indicates that some of 
the proposed boundary locations need to be revised in the light of 
the InSAR strain map. For instance, in the Ibarra region, the bound- 
ary proposed in Jarrin et al. ( 2023 ) is located slightly east of the 
maximum gradient that we demonstrate. This higher strain rate is 
located in an area with fe w reco gnized acti ve faults and showing a 
low level of instrumental seismicity (Figs 9 b,d). Nevertheless, this 
area is located along a major tectonic suture zone (Figs 8 and 9 ; Jail- 
lard 2022 ) and coincides with the epicentral area of the 1868 M ∼7 
earthquake (Fig. 9 c; Beauval et al. 2013 ). This example illustrates 
the benefit of incorporating data from multiple sources, including 
InSAR, to define accurately limits of tectonic blocks. 

Similarly, the second high-strain area, close to the southern 
boundary of the QLB, aligns more with the Peltetec suture zone 
than with the Pallatanga fault system (Figs 7 and 9 ). This strain 
pattern suggests a more complex tectonic setting than pre viousl y 
thought at this triple junction area, implying a potential partitioning 
of the deformation between the Pallatanga and the Peltetec faults. 
The Pallatanga fault was considered until now as the main struc- 
ture of the region (Baize et al. 2015 , 2020 ), notably in the seismic 
hazard models (Beauval et al. 2018 ). Our results suggests that the 
Peltetec fault also accommodates a significant part of the strain 
(at least during the 2017–2023 period), possibly joining another 
strike-slip fault near Guamote, south of Pallatanga (Fig. 9 b). To- 
gether with shortening across the ne wl y identify thr ust, par titioning 
of the strik e-strik e slip motion between the Guamote-Peltetec and 
Pallatanga fault would reconcile the lower slip rates found from ge- 
omorphic markers compared to geodesy estimates, as suggested by 
Audemard et al. ( 2021 ). Such result has important implications on 
the slip budget in this area, and thus on seismic hazard assessment. 

Although scarce focal mechanisms from global (Ekstr öm et al. 
2012 ) and local (Vaca et al. 2019 ) catalogs do not allow to draw 

the continuous limit of the QLB, they still provide some useful 
indications on the orientation of strain. In particular, several almost 
purel y re verse mechanisms can be observed close to the Peltetec 
suture area (Fig. 9 d), supporting a view of partitioning between 
E-W shortening and NE-SW right-lateral motion in this area. 

7.3 Transient behaviors on crustal faults 

The Quito fault system benefits from a dense geodetic dataset, 
both before and after the 2016 Pedernales earthquake. Using 1994–
2015 GPS data and ERS 1993–2000 InSAR data, Marini ère et al. 
( 2020 ) documented shallow aseismic slip along the Quito fault. A 

surprising result of our analysis is that only a moderate velocity 
gradient is observed in our 2017–2023 Sentinel-1 results (Fig. 6 , 
profile 5 ). We further checked that our results are consistent with 
GNSS time-series for our analyzed time period. GNSS time series 
indeed show a similar change in behavior: relative velocity in the 
East component between stations QUEM and SALF, located 38 km 

apart on each side of the Quito Fault System, dropped by about 
3.2 mm yr −1 after the Pedernales earthquake ( Fig. S14 ). 

In Fig. 10 , we compiled the pre-2016 GNSS velocities from 

Marini ère et al. ( 2020 ) and Jarrin et al. ( 2023 ), and compare them 

with our GNSS and InSAR data for the 2017–2023 period. The 
GNSS velocities around the Quito fault tend to diverge towards 
east, showing a clear radial pattern (Fig. 10 a). While it cannot be 

https://www.igepn.edu.ec/red-de-observatorios-vulcanologicos-rovig
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae338#supplementary-data
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Figure 9. Norm of the East velocity gradient of (a) the block model prediction and (b-d) the InSAR results of this study. Strain maps are compared with (a) 
boundaries of the block model from Jarrin et al. ( 2023 ), (b) active faults (Alvarado et al. 2014 , 2016 ; Baize et al. 2020 ), (c) sutures mapped by Jaillard ( 2022 ) 
and 95 per cent confidence contour (in blue) for the intensity centers of the two largest historical earthquakes from Beauval et al. ( 2010 ) and (d) historical 
seismicity from Beauval et al. ( 2013 ) (in blue) and shallow ( < 35 km) focal mechanisms from gCMT catalog (Ekstr öm et al. 2012 ) (in grey) and from Vaca 
et al. ( 2019 ) (in black). 

Figure 10. Velocities across the Quito Fault System before and after the Pedernales earthquake. (a) Velocity map from our study, for the East component, 
without correction of the postseismic effect. Arro ws sho w GNSS velocities from Marini ère et al. ( 2020 ) ( in blue ), from Jarrin et al. ( 2023 ) ( in red ), both 
computed before 2016, and from this study ( in black ), computed on the period 3 (2017.6–2023). (b) Swath-profile across the QFS. InSAR data are shown by 
the colored point cloud, and the dashed black line is a sliding median. East components of GNSS velocity are shown with the same colors as in (a). GNSS 
v elocities are e xpressed in a local reference-frame defined by stations ANTN and SALF (in dashed circles in panel a). The InSAR profile was re-referenced to 
the post-Pedernales GNSS East velocities by adjusting a linear trend along the profile. 
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uled out that this deformation is due to a far-away and deep vol-
anic source, w e fa vor, just like Marini ère et al. ( 2020 ), that these
adial v elocities hav e a tectonic origin, possibly linked with the
urved shape of the Quito fault. We extract a profile perpendicular
o the Quito fault in order to reduce the potential influence of this
iverging pattern (Fig. 10 b). This profile shows that the gradient
bserved before 2016 is not seen by the GNSS velocity field com-
uted after 2017.6 (Fig. 10 ). This change cannot be explained by
he postseismic deformation of the Pedernales earthquake itself, as
t is spatially smooth and could not account for a velocity change of
everal mm yr −1 over a distance as short as 40 km. More precisely,
sing our interpolated differential East velocity field ( Fig. S10a ),

art/ggae338_f9.eps
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we estimate as 1.7 mm yr −1 the contribution of the large-scale post- 
seismic effect to the decrease of relative velocity between QUEM 

and SALF, which stands for only half of the observed variation. 
A tentativ e e xplanation for this change through time could be 

the stress perturbation induced by the Pedernales earthquake and its 
postseismic deformation: both induced extensional strain, resulting 
in a decrease of the shear stress to normal stress ratio along the 
Quito thrust. That change could explain a decrease of the creep rate 
or relocking of the fault plan. This hypothesis would be consistent 
with slow-slip modulations following an earthquake documented in 
different tectonic contexts (e.g. Lienkaemper et al. 1997 ; Schmidt 
& B ürgmann 2008 ; Copley & Jolivet 2016 ). 

The change of behavior of the Quito fault after the Pedernales 
earthquake also questions the surprisingly shallow locking observed 
from InSAR for the other fault segments in the area. We showed in 
Section 6 that our GNSS and InSAR dataset implies that slip rates 
in Ibarra and Peltetec areas are higher on the 2017–2023 period than 
the ones inferred from block modeling based on GNSS observations 
on the pre-Peder nales ear thquake period (Jarrin et al. 2023 ). This 
suggests that part of the current (2017–2023) strain might actually 
be transient. Monitoring those fault system over long periods might 
provide answer to this question in future. 

8 .  C O N C LU S I O N S  

This study demonstrates that an optimized processing strategy of 
Sentinel-1 SAR data can produce a robust regional scale surface ve- 
locity map in a slowly deforming equatorial region, despite turbulent 
troposphere, large topog raphic g radients and abundant v e getation. 
Comparison with available GNSS data indicate a 2 mm yr −1 consis- 
tency in LOS, similar to the consistency among InSAR overlapping 
tracks. Taking advantage of the GNSS data available in the Ecuado- 
rian and southern Colombian Andes, we could derive a velocity 
field for the East component, expressed in a Stable South-America 
reference-frame suitable for tectonic analysis. The obtained con- 
tinuous velocity field confirms the known overall northeastward 
translational motion of the NAS. In Ecuador, north of 2 ◦ S, ac- 
tive N–S trending faults documented along the eastern front of the 
Andean Cordillera and along the Western Cordillera, have been in- 
terpreted as deformation of a restraining bend. Although the loss 
of coherence along the eastern flank of the Andean Cordillera pre- 
vents constraining the deformation pattern there, the high spatial 
resolution provided by InSAR shed light on the active internal de- 
for mation patter n within the sli ver and especiall y along the western 
Cordillera. Higher strain rates appear to be primarily localized along 
active faults in the Western Cordillera and within the Interandean 
Valle y. The v elocity g radient varies from nor th to south, reflecting 
along strike variation of the locking depth. Two areas show large 
strain rates reaching 300 nstrain yr −1 equi v alent to 6 mm yr −1 of 
shortening accommodated over a distance of 20 km, consistent with 
shallow ( < 5 km) locking depth. Interestingly, the two areas of high 
strain rate correlate with the location proposed for two large his- 
torical earthquakes. In contrast, the Quito fault, which showed evi- 
dence of shallow creep during the 1993–2015 period, now exhibits 
a lower velocity gradient during the 2017–2023 period analyzed 
here. This result suggests that stress changes induced by the 2016 
M w 7.8 megathr ust ear thquake and its postseismic defor mation have 
change the behavior of crustal faults. InSAR data thus reveals both 
spatial and temporal complexity of the tectonics of this transpres- 
sive continental boundary, providing new information for seismic 
hazard assessment in this highly populated area of the Andes. 
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peps.cnes.fr. Copernicus DEMs have been downloaded from space- 
data.copernicus.eu. ERA5 climate reanalysis has been downloaded 
from the ECMWF website: ecmwf.int. Ecosystems classification 
map for Colombia has been access from https://www.icde.gov. 
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Supplementary data are available at GJIRAS online. 

Figure S1. Interferogram networks used to compute the time-series. 
(a) Track A018. (b) Track A120. (c) Track D142 (South segment). 
(c) Track D142 (North segment). The dashed red line shows the 
date of the 2016 M w 7.8 Pedernales earthquake. 
Figure S2. Histogram of the 2-looks temporal coherence for track 
A018 (red curve) and weights attributed to each pixel as a function 
of ω. C 

i is the colinearity. 
Figure S3. Number of interferogram used in the time- 
series inversion for each pixel for the track A018. In the 
cordilleras, all interferograms are unwrapped, while in low- 
lands only short temporal baseline interferograms are unwrapped 
( < 1 month). 
Figure S4. Diagram showing the w orkflo w used to postprocess 
InSAR time-series, using two GNSS velocity fields, one extracted 
from the period 1 (pre-2016) and one extracted from the period 3 
(post-2017.6). 
Figure S5. RMS residual of a linear fit of the East component of 
GNSS time-series, during the postseismic period of the Pedernales 
ear thquake (g rey lines). We var y the star t date tmin of the time- 
span on which we compute the fit, for 57 stations in the area of our 
InSAR dataset. The average and median for all stations are shown in 
red and blue, respecti vel y. The dashed line shows the average RMS 

for a linear fit on the period 2012-2016, i.e. before the earthquake, 
and represents the amount of noise in the time-series. The arrow 

shows the date (July 2017) after which the postseismic deformation 
is found linear, i.e. the beginning of period 3 (see the main text for 
details). 
Figure S6. GNSS velocities projected into line of sight using the 
ENU local LOS vectors. (a) T rack A018. (b) T rack A120. (c) T rack 

https://www.icde.gov.co/geoservicio/iavh-proyecto-pacbao-ecopetrol
https://www.igepn.edu.ec/catalogos-sismicos/formulario-catalogos-sismicos
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142 (South segment). (c) Track D142 (North segment). Filled
ircles: GNSS data points. Maps: smoothed and interpolated GNSS
elocity maps. Velocities are computed over period 3 (starting in
uly 2017). 
igure S7. Comparison between GNSS and InSAR velocity after

eferencing. (a) Track A018. (b) Track A120. (c) Track D142 (South
egment). (c) Track D142 (North segment). Both velocities are
omputed on period 3. GNSS velocities are projected into the line of
ight of each track using the 3 ENU components. InSAR velocity is
aken by averaging velocity values in a radius of 12 pixels ( ∼1200 m)
round each GNSS station. RMS of the difference between GNSS
nd InSAR velocities is shown for each track in the lower-right
orner. 
igure S8. LOS velocity maps tied to GNSS data for (a) track
018, (b) track A120, (c) track D142 (south segment), (c) track
142 (north segment). The dots show the GNSS velocity, projected

nto the line of sight, with the same colorscale as the InSAR velocity
eld, shown in background. Both InSAR and GNSS velocities are
omputed over period 3. 
igure S9. East (a) and vertical (b) InSAR velocity maps before
orrection of the interpolated large-scale GNSS velocities reflecting
he postseismic effect. The dots show the GNSS velocity fields
xtracted on the same period as the InSAR velocity (period 3), with
he same colorscale. Dashed lines are the block boundaries from
arrin et al. ( 2023 ). 
igure S10. Smoothed and interpolated postseismic GNSS velocity
eld for the east (a) and up (b) components. The arrows show the
orizontal velocity field associated with the postseismic effect of
he Pedernales earthquake (period 3–period 1, see the main text for
etails). The circles show the interpolated component: east (a) or up
b) velocity components, with the same colorscale as the smoothed
nd interpolated velocity, in background. Dashed lines are the block
oundaries from Jarrin et al. ( 2023 ). The GNSS velocity field is
ighly smoothed to retain only the large-scale postseismic effect
riginating from distant sources (postseismic relaxation at depth
nd/or after slip on the subduction interface). 
igure S11. Vertical velocity map and swath profiles. (a) Vertical

nSAR velocity map corrected from the interpolated large-scale
NSS velocities reflecting the postseismic effect. The circles show

he Up component of the GNSS velocity field computed over period
 (pre-Pedernales). Boundaries and names of the blocks are shown
y dashed black lines and black labels (see Fig. 1 for abbreviations).
aults names are written in white. (b) Swath-profiles numbered from
 to 12, whose footprint is shown by black rectangles in panel a
same profiles as in Figs 5 and 6 ). The point clouds and the large
ots represent InSAR and GNSS data respecti vel y, both coded with
ame colorscale as in panel (a). 
igure S12. Posterior probability density functions (PDFs) for the
eltetec-Billecocha high-strain area (see Fig. 7 ). PDFs using GPS
ata only or InSAR data only are shown by blue and orange un-
lled histograms. PDF using GPS + InSAR data are shown by
re y filling. A v ertical dashed line indicates the retained value for
ach parameters. See the main text and Fig. 7 for the definition of
arameters. 
igure S13. Same as Fig. S12 for a profile crossing the Ibarra
igh-strain area (see Fig. 8 ). 
igure S14. East component of relative time-series between stations
ALF and QUEM. Relative velocities are computed on period 1 (in
lue) and period 3 (in yellow). The dashed red line shows the date
f the 2016 M w 7.8 Pedernales earthquake. 
able S1. Parameters used for the different GNSS data interpolation
teps. See Fig. S4 for the context of each interpolation. 
lease note: Oxford University Press is not responsible for the con-
ent or functionality of any supporting materials supplied by the
uthors. Any queries (other than missing material) should be di-
ected to the corresponding author for the paper. 
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all ée , M. et al. 2023. Self-reacti v ated rupture during the 2019 M = 8
nor ther n Per u intraslab ear thquake, Earth Planet. Sci. Lett., 601, 117886.
https://doi.org/10.1016/j.epsl.2022.117886 

elandia , F. , Acosta, J., Terraza, R. & Villegas, H., 2005. The current tectonic
motion of the Nor ther n Andes along the Algeciras Fault System in SW
Colombia, Tectonophysics, 399, 313–329. https://doi.org/10.1016/j.tecto.
2004.12.028 

illegas-Lanza , J.C. , Chlieh, M., Cavali é, O., Tavera, H., Baby, P., Chire-
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