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Abstract A new GPS-derived surface velocity field for the central Andean backarc permits an assessment

of orogenic wedge deformation across the southern Subandes of Bolivia, where recent studies suggest that

great earthquakes (>Mw 8) are possible. We find that the backarc is not isolated from the main plate

boundary seismic cycle. Rather, signals from subduction zone earthquakes contaminate the velocity field at

distances greater than 800 km from the Chile trench. Two newwedge-crossing velocity profiles, corrected for

seasonal and earthquake affects, reveal distinct regions that reflect (1) locking of the main plate boundary

across the high Andes, (2) the location of and loading rate at the back of orogenic wedge, and (3) an east flank

velocity gradient indicative of décollement locking beneath the Subandes. Modeling of the Subandean

portions of the profiles indicates along-strike variations in the décollement locked width (WL) and wedge

loading rate; the northern wedge décollement has a WL of ~100 km while accumulating slip at a rate of

~14mm/yr, whereas the southern wedge has aWL of ~61 km and a slip rate of ~7mm/yr. When compared to

Quaternary estimates of geologic shortening and evidence for Holocene internal wedge deformation, the

new GPS-derived wedge loading rates may indicate that the southern wedge is experiencing a phase of

thickening via reactivation of preexisting internal structures. In contrast, we suspect that the northern wedge

is undergoing an accretion or widening phase primarily via slip on relatively young thrust-front faults.

1. Introduction

The gently dipping fault planes (“décollements”) beneath active orogenic wedges host some of the largest

earthquakes on Earth [Kanamori, 1977; Lay and Bilek, 2007]. The 2004 Sumatra-Andaman (Mw 9.2), 2010

Maule (Mw 8.8), and 2011 (Mw 9.0) Tohoku earthquakes are three recent examples where rupture of the shal-

low megathrust beneath the submarine accretionary wedge resulted in a destructive tsunami [Fujiwara et al.,

2011; Lay et al., 2005; Vigny et al., 2011]. In addition to oceanic subduction zones, décollements underlying

subaerial orogenic wedges at plate boundaries and within continental interiors are also capable of generat-

ing large thrust earthquakes [England and Jackson, 2011; Hubbard et al., 2015]. Examples include the 1999

Chi-Chi, Taiwan (Mw 7.6), 2008 Wenchuan, China (Mw 7.9), historical great earthquakes along the Himalayan

thrust front [Bollinger et al., 2014; Hubbard and Shaw, 2009; Kao and Chen, 2000; Sapkota et al., 2013], and

the recent 2015 Ghorka, Nepal (Mw 7.8) event, which ruptured a previously locked portion of the main basal

décollement but did not propagate to the Himalayan thrust front [Avouac et al., 2015; Elliott et al., 2016;

Lindsey et al., 2015].

Although indispensable for investigating the basic mechanics and forcing mechanisms of orogenic wedge

deformation, the critical wedge theory [e.g., Dahlen et al., 1984; Davis et al., 1983; Whipple, 2009; Whipple

and Meade, 2004] is limited in its ability to address incremental fault slip processes acting over short to inter-

mediate seismotectonic timescales, including the wedge earthquakes described above. Investigating the

seismotectonics of wedges and in particular how slip on the décollement reaches the wedge front is a rela-

tively young field of study. Work from a limited number of locations suggests that focused wedge-front defor-

mation characterizes many active subaerial fold-and-thrust belts [Lavé and Avouac, 2000; Simoes et al., 2007;
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Weiss et al., 2015]. In contrast, the Ghorka earthquake demonstrates that slip during large thrust events may

be confined to deeper portions of the décollement [Avouac et al., 2015]. A recent combination of critical

wedge theory with dynamic rupture models has shown that fault frictional strength, stress state, and branch

fault intersection angle with the décollement will control whether or not a wedge earthquake will be con-

fined to the décollement or will propagate towards the surface [DeDontney et al., 2012]. Additional studies

focused on the non-steady state conditions of wedges have revealed episodic wedge growth in the form

of alternating cycles of wedge thickening via internal deformation on preexisting (internal) structures and

wedge widening via the initiation of new frontal thrusts [Del Castello and Cooke, 2007; Yagupsky et al., 2014].

Despite these advances, first-order questions remain regarding the forces that drive active wedge deforma-

tion. For example, what provides the push at the back of an active wedge and what are the slip rates on the

basal décollements? Do these attributes vary in space and time and can they be quantified to better under-

stand wedge boundary conditions? One approach researchers have adopted to gain insights in to the large-

scale forces that drive continental deformation uses surface velocity gradients and a thin sheet model of

viscous fluid flow to describe the bulk behavior of the lithosphere [England and McKenzie, 1982; England

andMolnar, 1997; Houseman and England, 1986; Lamb, 2000]. An important outcome of the thin viscous sheet

approximation is the hypothesis that variations in crustal thickness or related surface topography generate

buoyancy forces that can drive the kinematics of large-scale deformation [England and Jackson, 1989].

Maximum gradients in surface velocity-derived buoyancy forces that parallel the regional topographic gradi-

ents provide strong evidence for the fluid-like behavior of deforming regions [England and Molnar, 1997;

Lamb, 2000].

Over the past few decades, as high precision Global Positioning System (GPS) time series lengthen [e.g., Lin

et al., 2013; Reilinger et al., 2006; Segall and Davis, 1997; Tregoning et al., 2013; Vigny et al., 2005; Wang et al.,

2012] and satellite radar interferometry emerges as a well-established technique for measuring surface

displacements [e.g., Bürgmann et al., 2000; Simons, 2007;Wright, 2002], it has become possible to investigate

the kinematics of crustal deformation at unprecedented temporal and spatial resolutions. A natural outcome

of these advances in space-based techniques is to ask if we can use the resultant surface displacement fields

to investigate crustal deformation at levels similar to detailed geologic interpretations (i.e., structural cross

sections), which reveal complicated subsurface geometries including duplexes, multiple detachment levels,

fault propagation folds, etc. [e.g., McQuarrie, 2002; Poblet and Lisle, 2011; Suppe and Medwedeff, 1990; Yue

et al., 2005]. For example, how do the large-scale forces driving continental deformation interact with the

individual structures?

The Andes have served as a particularly attractive target for crustal deformation studies primarily because the

highly seismogenic plate boundary along the western margin of the mountains provides the opportunity to

investigate all aspects of the earthquake deformation cycle [Wang et al., 2012]. The steadily accumulating

deformation that produces mountain ranges can also be investigated in the Andes. The southern

Subandes (SSA) of Bolivia, comprising the east flank of the central Andean plateau, are a classic fold-and-

thrust belt [Davis et al., 1983] with well-known structures and deformational timing, making them an excel-

lent target for active orogenic wedge investigations [Brooks et al., 2003, 2011; Echavarria et al., 2003;

Kendrick et al., 2006; McQuarrie, 2002; Mugnier et al., 2006; Uba et al., 2009; Weiss et al., 2015].

Norabuena et al. [1998] and Bevis et al. [2001] presented some of the first GPS-derived velocity fields for the

central Andean backarc. Both described a localized velocity gradient across the Subandes and Bevis et al.

[2001] suggested the gradient represents a shallow décollement underlying the Subandean range that is

freely slipping toward the mountain interior and locked near the thrust front. However, due to the limited

GPS data available at the time, the authors did not attempt to model details of the locking. Subsequently,

Brooks et al. [2011] presented and modeled a denser backarc GPS network, which reveals a strong east flank

velocity gradient, and suggested that the up-dip portion of the décollement underlying the wedge is locked

downdip for ~85–100 km, while the downdip portion of the décollement beneath the high Andes is accumu-

lating slip at a rate of ~10mm/yr. Despite the low levels of modern and historical seismicity, the authors

propose that a single strain-releasing event, rupturing the entire décollement locked width, could generate

an earthquake of>Mw 8.5 on average every thousand years.

To further advance our understanding of the seismotectonics of orogenic wedge deformation in general

and the SSA in particular, we need to derive accurate surface displacement fields. Across the central
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Andean backarc a significant challenge relates to isolating the strain associated with orogenic

processes from the much larger elastic signals associated with the forearc and subduction zone plate

boundary [Bevis et al., 2001]. The SSA lie over 500 km to the east of the Nazca-South America plate

boundary (Figure 1); previously, this was thought to be far enough away that locking of the main plate

interface does not dominate the crustal deformation signal [e.g., Bevis et al., 2001; Brooks et al., 2011;

Lamb, 2000].

Almost two decades have passed since publication of the first geodetic results from the central Andes [e.g.,

Bevis et al., 2001; Brooks et al., 2003; Kendrick et al., 2006; Norabuena et al., 1998]. Now that more GPS data are

available for the region and in the aftermath of numerous large submarine subduction zone earthquakes

including the 2007 Mw 7.7 Tocopilla, 2010 Mw 8.8 Maule, 2014 Mw 8.2 Pisagua, and 2015 Mw 8.3 Illapel,

Chile, earthquakes [Delouis et al., 2009; Hayes et al., 2014; Moreno et al., 2010; Schurr et al., 2014, 2012; Ye

et al., 2015] we are better equipped to reexamine the effect of forearc earthquakes on the backarc velocity

field and to assess locking and strain accumulation rates on the décollement beneath the active backarc

orogenic wedge.

Here we present new GPS-derived surface velocities for the central Andean backarc. We find that plate

boundary earthquakes at the Chile trench affect the entire backarc velocity field including sites on the adja-

cent foreland basin. After characterizing and removing the velocity perturbation associated with the

Tocopilla earthquake, we isolate the long-term interseismic velocities and find north to south variations in

the rate of contraction across the wedge and the width of the region over which the décollement becomes

locked near the wedge front. Specifically, both the wedge contraction rate and the décollement locked width

in the north are significantly larger than in the south.

Figure 1. Interseismic GPS velocity field in a South America-fixed reference frame based on GPS sites that existed prior to the 2007 Mw 7.7 Tocopilla, Chile, earth-

quake with 95% confidence ellipses overlain on Shuttle Radar Topographic Mission (SRTM) topography (gray scale) and global predicted bathymetry (blue scale).

Site velocities are a combination of results from this study and Kendrick et al. [2001] Also shown are focal mechanisms for three recent subduction zone earthquakes

that affected the backarc and near-field Tocopilla earthquake horizontal coseismic displacement vectors in red from Bejar-Pizarro et al. [2010]. Bolivia GPS network

sites are color coded by the length of time the site has been in operation. Symbols without an associated velocity vector represent sites that did not exist prior to the

Tocopilla earthquake. The offshore location of the Chile trench is shown with a heavy black barbed line. The heavy white vector indicates the direction and

magnitude of Nazca-South America plate convergence according to NUVEL-1A. The black dashed line indicates the approximate position of the deformation front at

the eastern edge of the Andes. cGPS = continuous GPS site; sGPS = roving/campaign GPS site.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013145

WEISS ET AL. SUBANDEAN OROGENIC WEDGE DEFORMATION 6194



2. Deriving the GPS Velocity Field

2.1. GPS Data Acquisition and Processing

The GPS data used in this study come from sites that are part of large regional geodetic networks, some of

which have been in place since the 1990s, including the Central Andes Project [Bevis et al., 1999; Brooks et al.,

2003; Kendrick et al., 2001] and the South America-Nazca Plate Motion Project [Norabuena et al., 1998]. These

networks include a mix of continuously operating GPS (cGPS) sites and survey-mode GPS (sGPS) sites that

are ideally occupied for a minimum of 36–48h over consecutive days at 1 to 2 year intervals (Figure 1).

Brooks et al. [2011] provide GPS-based velocity estimates for central Andean backarc GPS sites installed from

2000 to 2003 with a total time span of 3 or more years. Here we improve on the Brooks et al. [2011] velocity

field by including ~4 years of additional cGPS data and sGPS data collected during site reoccupations in 2011,

2012, and 2013. We also reoccupied a subset of backarc sGPS sites in mid-2014 in response to the 2014Mw 8.2

Pisagua, Chile, earthquake (Figure 1).

The vast majority of the velocity estimates presented in Brooks et al. [2011] are derived from sGPS sites,

which have larger positional uncertainties than cGPS sites due to their short occupation times and susceptibility

to errors such as those associated with equipment setup [Bevis et al., 1997]. In contrast, cGPS data-derived velo-

cities are more accurate due to the massive averaging of their daily network solutions and because the data are

time continuous permitting the recognition of real and artificial jumps and removal of the latter. Our analysis

includes data from ~10 new cGPS sites established across the backarc since 2009. We also include data from

Altiplano and foreland basin sGPS sites established in 2007 and 2009 and occupied an average of 3 times.

These newer sGPS sites are not included in the Brooks et al. [2011] analysis. We typically consider data from

cGPS sites established for 3 years or more and sGPS sites with three or more occupations and a total time span

greater than 3 years (Table 1). We also include some shorter time span (2–3 years) cGPS sites recognizing that

their position and velocity uncertainties are larger than the longer-lived sites. The greater length of the GPS time

series combinedwith the addition of new sites results in improved backarc coverage compared to previous stu-

dies [Bevis et al., 2001; Brooks et al., 2011; Norabuena et al., 1998]. Due to difficulties associated with traversing

the Subandes by vehicle, our GPS network lies essentially within reach of the northern Route 6, which connects

Sucre to Camiri, and the southern Route 11, which connects Tarija to Villamontes (Figure 1). Both roads cross the

Subandes in an approximately east-west direction resulting in GPS sites that lie along two wedge-crossing pro-

files, whichwe refer to as the Sucre and Tarija profiles. At their narrowest point (~63.5°W) the two sets of sites are

separated by ~100km but they are typically >200 km apart (Figure 1).

Our field, processing, and velocity analysis methods in South America have been described previously [Bevis

et al., 1997, 2001, 1999; Brooks et al., 2003, 2011; Kendrick et al., 2001, 2003, 2006, 1999]. To summarize, for each

daily solution we process all the available data using GAMIT [King and Bock, 2000], which estimates the 3-D rela-

tive position of ground stations and satellite orbits and GLOBK [Herring, 2000], which merges the daily regional

with global solutions for International Global Navigation Satellite Systems Service (IGS) sites. Since we are inter-

ested primarily in regional deformation, we refrain from the global stacking common to large-scale scale plate

motion studies and instead stack only stations on the South American and Nazca plates and a few sites on adja-

cent plates and minimize motions of stations located on the stable core of the South American craton. We

express our velocities in a craton-fixed reference frame with horizontal and vertical velocities of less than

1mm/yr (Table S1 and Figure S1 in the supporting information). Specifically, we use 44 cGPS stations primarily

located in Brazil to create the horizontal reference frame. These sites have a total RMS horizontal velocity of

0.66mm/yr. The total RMS velocity of the 35 sites used to constrain the vertical reference frame is 0.94mm/yr.

We estimate central Andean site velocities in this stable reference frame by performing linear fits through the

daily positions for each station in the network while minimizing the misfit across the entire network. Below

we describe a few additional modifications to our velocity estimation approach.

2.2. Seasonal Signal Estimation

Seasonal perturbations due to climate-driven deformation of the solid earth affect the GPS time series andmust

be taken in to account when calculating site velocities [Bevis and Brown, 2014; Blewitt and Lavallée, 2002]

(Figures 2 and S1), particularly when sGPS site occupations were performed at different times of the year.

These changes in lithospheric loading due primarily to surface water, snow, and ice are of particular concern

in our study area, which lies between the Amazon rainforest to the northeast and glaciated portions of the

Andes to the west. Pronounced rainfall gradients across and along the Andean backarc [Strecker et al., 2007] also
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Table 1. Corrected GPS Site Interseismic Velocities
a

Stnm sc Lon Lat Vn Ve Vu sigNs sigEs sigUs sigNc sigEc sigUc neCor tspan

0B54 s �64.1673 �19.5233 1.02 8.12 0.10 0.17 0.77 1.15 0.34 1.30 1.06 �0.56 5.88

0B85 s �64.4549 �19.1819 1.86 10.14 �0.27 0.71 0.65 2.23 1.40 0.76 2.41 �0.38 5.88

0B87 s �64.2072 �19.4211 1.18 8.46 �0.09 0.26 0.41 1.14 0.48 0.60 1.09 �0.55 5.88

0B89 s �63.6577 �19.7424 0.27 4.08 1.44 0.69 0.33 0.91 0.93 0.66 0.92 �0.16 5.20

ASLO s �64.1673 �19.5232 0.59 7.85 �0.11 0.28 0.17 0.43 1.33 0.85 0.50 �0.48 12.82

BLPZ c �68.1683 �16.5299 0.52 4.26 2.70 0.01 0.01 0.03 0.15 0.20 0.56 �0.21 9.17

BOQN c �63.1947 �19.7907 0.65 1.38 2.13 0.03 0.04 0.15 0.25 0.33 0.77 �0.22 3.36

BPDL c �64.2999 �19.3044 1.37 9.57 0.19 0.11 0.08 0.27 1.64 0.53 1.54 �0.35 2.24

BPLB c �63.7838 �21.4167 0.22 4.44 3.14 0.06 0.08 0.24 0.54 0.72 1.08 �0.25 2.32

BPSC c �62.6297 �21.5620 0.00 �1.06 2.17 0.05 0.07 0.19 0.40 0.42 0.83 �0.21 2.32

BRCH c �62.5611 �19.5053 1.73 0.48 1.70 0.07 0.10 0.33 0.67 1.26 0.97 �0.22 2.32

BTRC c �64.9149 �19.1886 2.34 11.13 0.97 0.05 0.09 0.22 0.54 0.68 0.94 �0.20 2.31

CAGA s �63.2242 �19.7902 0.07 2.34 0.30 0.15 0.17 0.56 0.26 0.36 0.93 �0.30 10.85

CAMR c �63.5334 �20.0102 0.21 1.65 2.42 0.03 0.09 0.12 0.33 2.02 0.60 �0.14 4.33

CBMB c �66.2588 �17.4166 2.46 7.00 1.10 0.02 0.02 0.03 0.77 0.37 3.43 �0.23 8.39

CCDO s �62.3808 �19.4391 1.93 0.93 1.13 0.12 0.17 0.36 0.33 0.56 0.38 �0.09 12.81

CCYA s �65.0479 �21.6304 3.03 8.68 4.66 0.19 0.43 0.79 0.35 0.74 0.76 �0.49 9.99

CHYY s �63.8694 �19.7364 0.32 5.52 �15.97 0.11 0.22 5.82 0.20 0.59 11.14 �0.34 12.83

CMRI s �63.5425 �20.0712 0.19 2.06 �6.71 0.07 0.10 1.17 0.43 0.51 5.59 �0.33 12.14

COCI s �66.6405 �21.3035 3.33 14.37 2.09 0.63 0.13 1.91 0.74 0.40 1.76 �0.37 3.69

COLO
p

c �67.8040 �22.1674 3.58 17.55 3.05 0.02 0.04 0.10 0.18 0.28 0.72 �0.11 3.96

CULK s �67.1211 �21.3657 3.58 15.82 1.82 0.23 0.63 1.26 0.28 0.82 1.18 �0.69 3.71

DRDO s �64.3498 �19.2968 1.87 10.37 �0.47 0.09 0.11 6.70 0.27 0.32 14.83 �0.34 12.81

ENRI
b

s �64.2280 �21.4678 1.45 3.78 0.06 0.16 0.30 0.24 0.19 0.73 0.13 0.13 2.84

GLPE c �64.1754 �21.5065 1.20 5.01 1.28 0.22 0.35 1.40 2.03 2.11 2.97 �0.29 3.36

IBOB c �62.9945 �21.5427 0.11 �0.66 2.76 0.03 0.04 0.12 0.32 0.31 0.54 �0.24 4.38

LPTS
g

c �65.7538 �19.5820 3.08 12.44 0.84 0.26 0.33 0.83 2.12 2.08 2.81 �0.20 1.36

M007 s �63.9008 �21.3953 0.19 5.60 2.20 0.17 0.18 0.75 0.33 0.40 0.84 �0.16 9.88

M009 s �62.8877 �21.5702 0.35 �0.33 2.68 0.19 0.20 0.30 0.30 1.19 0.21 0.13 9.90

M010 s �62.7584 �21.6409 0.47 �0.52 2.55 0.24 0.14 0.37 0.44 0.74 0.49 0.01 9.90

M011 s �63.1210 �21.4456 0.31 �0.29 3.12 0.06 0.39 0.43 0.12 1.07 0.42 0.18 9.89

M012 s �63.2295 �21.3620 �0.01 �0.10 2.96 0.46 0.20 0.61 0.65 0.75 0.58 �0.03 9.89

MARG c/s �63.7520 �21.1291 �1.13 7.00 �1.02 0.10 0.12 0.15 0.42 0.56 0.52 �0.21 6.23

MGDO c �63.9623 �19.8223 0.35 5.74 1.08 0.03 0.05 0.14 0.29 0.41 0.70 �0.23 3.36

NTRS s �64.2283 �21.4676 1.19 5.43 2.08 0.28 0.81 0.32 0.33 1.30 0.34 �0.13 9.22

PBLA s �65.3820 �21.6149 3.12 9.83 4.26 0.56 1.07 1.84 0.60 1.41 1.73 �0.46 3.67

PBOL s �62.6294 �21.5619 0.05 �0.60 2.48 0.27 1.10 0.35 0.45 1.44 0.34 0.22 9.90

PLLO s �64.5179 �21.4956 2.00 8.56 4.51 0.38 0.29 0.47 0.14 0.36 0.95 �0.30 12.06

SALA s �62.9849 �19.6186 0.94 1.05 �2.13 0.50 0.38 2.27 1.62 0.81 2.35 �0.16 4.23

SANA s �67.6520 �21.2470 3.90 17.54 1.56 0.15 0.37 1.83 0.42 0.63 1.57 �0.54 3.73

SCRZ c �63.1597 �17.7968 �0.01 5.40 �1.68 0.02 0.03 0.04 1.75 1.11 4.81 �0.18 9.38

SUCE c �65.3026 �19.0062 3.19 12.27 �0.08 0.02 0.03 0.04 0.25 0.25 0.93 �0.23 8.35

SUCR
b

s �65.2060 �18.9921 1.99 11.56 0.98 0.25 0.56 1.34 0.42 0.79 1.55 �0.36 12.07

TARI s �65.0479 �21.6307 3.08 8.52 4.02 0.15 0.29 1.01 0.65 0.68 1.10 �0.24 12.82

TPYO c/s �63.9545 �21.3247 0.08 6.63 2.38 0.28 0.15 0.24 1.35 0.66 0.60 �0.17 9.97

TPZA c �65.7299 �21.4482 3.95 10.76 2.97 0.06 0.06 0.11 1.37 2.45 5.78 �0.10 4.05

TRJA c �64.7165 �21.5495 2.54 6.90 3.46 0.02 0.03 0.08 0.59 0.47 0.69 �0.31 6.87

URUS c �67.1144 �17.9528 2.74 9.58 2.13 0.03 0.03 0.07 0.34 0.32 0.74 �0.25 4.57

UTUR
p

c �67.2055 �22.2420 3.77 15.15 2.85 0.02 0.03 0.08 0.37 0.35 0.58 �0.24 3.96

UYNI c �66.8260 �20.4659 3.66 15.30 �0.60 0.02 0.02 0.02 0.84 0.43 2.11 �0.13 8.34

VMON c �63.4836 �21.2589 0.52 3.86 0.65 0.03 0.03 0.04 1.36 0.75 2.81 �0.20 10.65

VMT3
b

s �63.3957 �21.2286 0.21 �0.39 �2.32 0.80 1.17 2.18 1.11 1.69 1.92 0.06 2.91

YCBA c �63.6800 �22.0171 0.79 3.19 2.65 0.03 0.04 0.14 0.28 0.28 0.80 �0.28 3.37

ZDNZ s �64.6980 �19.1234 2.20 10.88 0.11 0.06 0.14 0.21 0.23 0.43 0.43 �0.18 12.09

a
GPS site velocities expressed relative to the stable South American plate. Stnm, station code; s, survey (sGPS) site; c, continuous (cGPS) site; c/s, former cGPS

site current sGPS site; Lon, longitude; Lat, Latitude; Vn, north component of velocity (mm/yr); Ve, east component of velocity (mm/yr); Vu, up component of
velocity (mm/yr); sigNs, standard north error (mm/yr); sigEs, standard east error (mm/yr); sigUs, standard up error (mm/yr); sigNc, corrected north error
(mm/yr); sigEc, corrected east error (mm/yr); sigUc, corrected up error (mm/yr); neCor, northeast correlation; tspan, time span of measurement in years.
p
PLUTONS site.

g
GLISN site.

b
Site with no post-Tocopilla observations.
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Figure 2. Examples of the seasonal perturbations for the north and east components of the GPS time series for central

Andean sites located on the forearc (MCLL), backarc (SUCE), and near the front of the Subandean wedge (SCRZ). The

interseismic, coseismic, and postseismic signals have been removed leaving just the seasonal component. Daily positions

are shown as white circles, and the best fit sinusoidal function to the seasonal is shown in red. The up components of the

time series are shown in Figure S1.
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contribute to the seasonal signals present in our time series. Bevis et al. [2005] show annual displacement cycles

driven by seasonal variations in themass of water residing in the Central Amazon Basin with peak vertical ampli-

tudes of close to 40mm with horizontal cycles an order of magnitude less.

We account for seasonal cycles in our GPS time series data for each of the NEU (north, east, and up) coordi-

nates using a sinusoidal function consisting of one annual and one semiannual term [e.g., Bevis and Brown,

2014; Langbein, 2004]:

Figure 3. North, east, and up annual seasonal cycles for the central Andes. Black vectors and 2σ error ellipses are estimated

directly from the cGPS time series. Gray vectors are the interpolated values. Also shown are the locations of the Bolivian

cGPS and sGPS sites as white squares and circles, respectively.
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seasonalNEU ¼
XnF

k¼1

skNEUsin ωktð Þ þ ckNEUcos ωktð Þ½ �; (1)

where sk and ck are the sine and cosine amplitudes at frequency ωk and nF is the number of frequencies or

harmonics used to model the displacement cycles. For our purposes nF= 2 and

ωk ¼
2π

τk

; τ1 ¼ 1 year and τ2 ¼ 1=2 year:

We estimate the best-fit seasonal cycle amplitudes for cGPS site time series with little to no data gaps. A

number of cGPS sites do not fit these criteria and we cannot directly estimate seasonals for sGPS sites.

Figure 4. North, east, and up semiannual seasonal cycles for the central Andes. All symbols are the same as in Figure 3.
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We therefore interpolate the best fitting annual and semiannual amplitudes and phases for sites that

do fit these criteria onto a regular grid and find that whereas a consistent regional pattern characterizes

the annual component of the seasonals, the semiannual component varies between stations in an

irregular, nonpredictable way (Figures 3 and 4). Based on these results, we extract only the annual

component from the interpolated grid for cGPS sites without seasonal estimates, and for all sGPS sites,

and we include a semiannual component only for cGPS sites where it can be estimated directly from

the data.

2.3. Plate Boundary Earthquake Perturbation and Characterization

Initial analysis of the Subandean cGPS site time series revealed unexpected perturbations most

noticeable in the eastward displacements at times corresponding to recent Chilean earthquakes and

in particular the 14 November 2007 Mw 7.7 Tocopilla event [Delouis et al., 2009; Schurr et al., 2012]

(Figure 5). We initially noticed the perturbation as a change in velocity for the IGS cGPS site UNSA in

northwestern Argentina. A velocity change at UNSA is also apparent in association with the 2010 Mw

8.8 Maule, Chile, earthquakes [Moreno et al., 2010]. Subsequent analysis of the Bolivian cGPS site time

Figure 5. Eastward displacements for affected cGPS sites with the earthquake times indicated by vertical black bars.

Note that the Tocopilla earthquake perturbed the time series for sites as far away as Santa Cruz, implying that the

entire backarc was affected. The Maule earthquake only affected the IGS site UNSA in NW Argentina, whereas the Pisagua

event affected the Bolivian sites SUCE and SCRZ. The red lines indicate a best fit velocity for the pre-Tocopilla portions

of the time series and an extrapolation of this velocity beyond the time of the earthquake (red dashed) to demonstrate how

the time series deviate from the prequake velocity.
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series revealed a Tocopilla-related velocity field perturbation at all of the Altiplano and Subandean

cGPS sites where data exist prior to the earthquake including SUCE and SCRZ (Figure 5). These two

Bolivian sites were not affected by the Maule earthquake but do show clear coseismic offsets and

postseismic responses associated with the 2014 Mw 8.2 Pisagua, Chile earthquake [Hayes et al., 2014;

Schurr et al., 2014].

We find a regional pattern of postquake eastward velocity decrease when we subtract the post-Tocopilla

from the pre-Tocopilla best fit velocities (Figure 6). Because the central Andean backarc region and the

southern Subandean profile sites in particular were affected by the Tocopilla event, failure to recognize

and account for earthquake-related transients in the GPS time series could result in inaccurate site

velocity estimates (Figure 8). Therefore, one of our initial goals is to characterize the Tocopilla-related

perturbation recorded in the GPS data in order to create a velocity field uncontaminated by plate

boundary earthquakes. We reserve a similar examination of the Pisagua earthquake-related perturbation

for a future effort and exclude post-Pisagua portions of the GPS time series from the analysis

presented here.

In order to correct the backarc velocity field we assume the earthquake-affected sites will not experience

a permanent change in velocity but rather eventually return to their interseismic or prequake

velocity prior to the next major earthquake that is large enough to affect the central Andean backarc

[Wang et al., 2012]. To characterize the velocity perturbation, we adopt an empirical approach similar

to recent studies of major strike-slip earthquakes [e.g., Ergintav et al., 2009; Hearn, 2003]. GPS sites close

to the earthquake epicenter in northern Chile behave in a fashion comparable to observations from

other large earthquakes. This behavior includes a large coseismic offset followed by postseismic

deformation in the form of superimposed rapidly and more slowly decaying transients (Figure 7).

Poroelastic rebound, afterslip on or near the rupture zone, and near- and far-field viscoelastic

relaxation of the upper mantle and/or lower crust are generally thought to control this behavior

Figure 6. Simplified model of the region affect of the Tocopilla earthquake created by subtracting the best fit postquake

velocity from the best fit prequake velocity for sites that existed prior to the event (black symbols) and interpolating the

change in velocity (ΔVE) across the region. Positive ΔVE indicate a faster prequake velocity. The earthquake-induced

perturbation extends across the backarc and affects the GPS network (white symbols). The small black rectangle indicates

the position of the USGS slip distribution, which is shown in the inset.
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[Barbot and Fialko, 2010; Bevis and Brown, 2014; Ergintav et al., 2009; Hearn, 2003; Meade et al., 2013;

Tobita, 2016; Wang et al., 2012].

We model the NEU components of the GPS time series using a linear combination of an interseismic velocity,

a coseismic step, a postseismic term with up to three characteristic time constants and the previously

described seasonal term [e.g., Bevis and Brown, 2014]:

modelNEU ¼ interseismicNEU þ coseismicNEU þ postseismicNEU þ seasonalNEU (2)

where

interseismicNEU ¼ a0NEU þ t � t0ð ÞbNEU; (3)

where t is time, a0NEU are the y intercepts of best-fit lines to the prequake portions of the NEU components of

the GPS time series residuals, bNEU are the slopes of the best-fit lines or the interseismic/prequake velocities,

t0 is the time of the earthquake,

coseismicNEU ¼ coseismic stepNEU�ystep (4)

where coseismic_stepNEU are the coseismic displacements measured from the GPS data, and ystep is the unit

step (Heaviside) function consisting of zeroes before the earthquake and ones after the earthquake. Finally,

postseismicNEU ¼ ystep
X3

i¼1

AiNEU 1� exp �tstep=τið Þð Þð Þ; (5)

Figure 7. (top) The eastward displacement component of a typical subduction zone earthquake-affected cGPS time series

from a site located close to the trench. The site is moving to the east at its interseismic velocity prior to the earthquake,

which is marked by a westward coseismic offset and a postseismic decay. (middle) The same time series with the best fit

interseismic velocity and coseismic step removed to illustrate the postseismic signal. (bottom) The three exponential decay

terms that best fit the postseismic portion of the time series. In this and similar cases the postseismic portion of the

time series can be described by the linear superposition of three exponential terms with time constants on the order of 1 to

a few days (τ1), tens to hundreds of days (τ2), and 5–20 years (τ3). The central Andean backarc sites are typically well

described by a single exponential term with a time constant on the order of 5–10 years.
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where AiNEU are the amplitudes of the ith exponential terms, τi is the time constant of the ith exponential term

and tstep is the time since the earthquake. Our choice of exponentials for postseismic characterization is not

meant to point towards any particular underlying geophysical control on the process (e.g., viscoelastic relaxa-

tion) but rather is a computational convenience; logarithmic or spline functions, for example, can fit the data

equally well [Bevis and Brown, 2014; Ergintav et al., 2009; Hearn, 2003].

We find that for near-field (with respect to the trench) sites in northern Chile 2–3 exponential terms with τ1

on the order of 1 to a few days, τ2 on the order of tens to hundreds of days, and τ3 on the order of

5–20 years are necessary to fully describe the postseismic portion of the GPS time series (Figure 7). For

middle- and far-field sites like UNSA and those across the backarc, the postseismic response is manifest

as a change in velocity (Figure 8), which suggests that the timescale of the underlying deformation process

is slow compared to the time that has elapsed since the Tocopilla earthquake and that our postquake

observation time span of ~7 years appears to be insufficient to fully characterize the long-term regional

transient behavior since the backarc GPS sites do not return to their prequake velocities [Ergintav

et al., 2009].

We find that three exponential terms are not required to adequately describe the backarc transients due to

the general lack of short-term (τ1 and τ2) components in a majority of the Bolivian time series. Rather, a single

term with a time constant (τ3) of ~5–10 years results in a good fit to the Subandean sites (compare Figure 5

and τ3 in Figure 7) with the exception of SUCE (Figure 5) where a single intermediate decay term (τ2=~1 year)

provides the best fit to the data. For the vast majority of our Subandean sites we simplify the postseismic

parameter estimation by fixing a single decay time of 10 years and estimating the best fit long-term exponen-

tial term amplitudes (A3; Table S1).

Our empirical characterization of the GPS time series requires two additional components: coseismic offsets

and prequake/interseismic site velocities. Coseismic offsets associated with the Tocopilla earthquake are not

typically observed or are minimal at the backarc cGPS sites that existed prior to the earthquake (Figure 5). The

midfield Altiplano site UYNI is the only Bolivian cGPS site where we can compute a statistically significant

coseismic displacement (Figure 8 and Table S1). Offsets may be present at other Bolivian sites, but data gaps

around the time of the earthquake or little to no prequake data prevent us from estimating a coseismic step.

Further, we have no way of directly estimating nor do we need an estimate of the Tocopilla-related coseismic

offset at GPS sites established after the earthquake. Only for sites with prequake data do we attempt to esti-

mate coseismic offsets, and only where the estimates are statistically significant (i.e., offset> σoffset) do we

incorporate them in our analysis.

The postseismic portion of the time series can be represented as a linear combination of the interseismic

velocity and the postseismic transient. Our general approach involves subtracting the seasonal signal from

the GPS site time series and performing a nonlinear, least squares regression (Levenberg-Marquardt method)

to find the parameters that best describe the coseismic and postseismic portions of the time series with no a

priori constraints on themodel parameters. For sites with prequake data (e.g., SUCE and SCRZ, Figure 5; UYNI,

Figure 8), we estimate the interseismic portion of the model directly from the NEU time series and search for

the best-fit coseismic steps and long-term exponential decay amplitudes.

For sites that did not exist prior to the earthquake (e.g., COLO and COCI; Figure 8), and with only a limited

postseismic time window, we are unable to robustly isolate these two components. Instead, to characterize

the postseismic transients for sites without prequake data, we use an a priori estimate of the prequake

surface velocity. We estimate an a priori interseismic velocity field using sites with sufficient prequake

data to interpolate on to a regular grid and create a map of interseismic surface velocities (Figure S3).

This is a good approximation of the backarc interseismic velocity field considering the regional distribution

of sites with prequake estimates and because a large megathrust earthquake had not occurred on the

central Andean portion of the Chile trench for ~130 years prior to the Tocopilla and subsequent

Pisagua events [Schurr et al., 2014, 2012]. For sites established after the Tocopilla event we extract the inter-

seismic surface velocities from the interpolated grid and solve for the long-term exponential decay ampli-

tudes only.

Once we have estimates for all the parameters, we subtract the coseismic and postseismic portions of

the model from the GPS site time series and compute new best-fit velocities for each site (Table 1). For sites
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with prequake data the new velocities are similar to the prequake values. For sites without prequake

data, the new velocity estimates mimic the interseismic values from the interpolated grid. Crucially, by

adopting a conservative approach to estimating the errors, which we describe in the following section,

the incorporation of a priori interseismic velocities for some sites should not unduly constrain our model

towards these specific values.

Figure 8. Examples of the eastward displacement of time series for select central Andean backarc sites and the best fit

empirical models for the Tocopilla postseismic characterization. (firs panel) The daily positions for the Altiplano/Eastern

Cordillera site in Uyuni, Bolivia (UYNI), and the model in red, which consists of interseismic, coseismic, postseismic, and

seasonal terms. (second panel) The UYNI time series with the interseismic, coseismic, and seasonal portions removed.

Remaining is the postseismic signal, which is best fit by a single exponential term with an amplitude of �15.38mm and a

decay time of 5.80 years. The correction results in an ~2mm/yr increase in the eastward velocity. (third and fourth panels)

The examples of the postseismic signal for a cGPS site (COLO) established in early 2010 and a sGPS site (COCI) first occupied

in late 2009. For both cases the time constant is fixed at 10 years. For all cases we report the best fit amplitudes and

velocities with the corrected errors. The uncorrected values and associated standard errors are in parentheses. The affect of

the 2014 Pisagua earthquake can also be seen at each of the stations.
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Figure 8 shows examples of the eastward displacements for select backarc sites where the best fit postseis-

mic amplitudes are negative and the corrected eastward velocities are greater than the uncorrected values.

We expect this behavior due to the geometry of the megathrust with respect to the backarc (Figures 1 and 6).

Slip during a subduction zone earthquake like the Tocopilla and Pisagua events results in predominantly sea-

ward coseismic displacement of the upper plate, and affected GPS sites typically record westward coseismic

and postseismic motions (Figures 1, 7, and 8) [e.g., Lin et al., 2013]. However, the Tocopilla earthquake-related

results for the central Andean backarc exhibit substantial and often unexpected variability with respect to

both the sign and magnitude of the best-fit exponential decay amplitudes (Figure 9). We cannot rule out that

this variability is the result of overfitting the relatively sparse sGPS data and cGPS time series that begin after

the earthquake since the few cGPS sites established prior to the earthquake generally behave as expected

(Figure 6). However, the confidence intervals on the postseismic parameters suggest this is not the case

(Table S2), and our conservative velocity errors (see section 2.4 and Table 1) account for the possibility that

our approach is inadequate. Further, the distinct characteristics of the Sucre and Tarija profiles, described

in detail in section 3.2, are present in the uncorrected data and merely accentuated in the corrected data

(Figure 10) lending further support to our approach and results.

We can think of a few physical factors that possibly contribute to the variability in postseismic amplitudes.

First, numerical studies of postseismic relaxation using quasi-realistic rheologies (e.g., layered viscoelastic,

and power law) often show variable behavior similar to our observations particularly in the far-field regions

Figure 9. The best fit amplitudes for the eastern component of the exponential terms used in the Tocopilla earthquake

characterization. Squares and circles correspond to cGPS and sGPS sites, respectively. Red and blue symbols indicate

sites with positive and negative postseismic amplitudes, respectively. Also shown for comparison are seismological results

from Beck and Zandt [2002] including the western edge of the underthrusting Brazilian craton (black bar) and its

along-strike extent (dashed line) and high and low upper mantle P wave velocity zones. Also shown are the approximate

boundaries of the central Andean physiographic provinces (heavy black lines). HVZ = high velocity zone; LVZ = low velocity

zone; AP = Altiplano; EC = Eastern Cordillera; IAZ = Interandean Zone; SSA = southern Subandes.
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with respect to the rupture zone [e.g., Barbot and Fialko, 2010; Hearn, 2003]. The Subandean GPS network is

located hundreds of kilometers northeast of the Tocopilla earthquake epicenter and coseismic slip maxima

(Figure 6). Second, the crust and lithospheric mantle structure beneath the central Andes is complex with

along- and across-strike variations in crustal thickness, the presence of the strong edge of the Brazilian craton

underthrusting the backarc as far west as ~65.5°W, and evidence for lower crust delamination with pockets

of high- and low-P wave velocity material in the upper mantle [Beck and Zandt, 2002] (Figure 9). This

complexity lies beneath the GPS network and so likely affects details of the far-field postseismic response.

Third, small-scale variations in the poroelastic properties of the Subandean lithosphere could also be a

factor. Different crustal rock types exhibit a large range in poroelastic moduli [Barbot and Fialko, 2010], and

we suspect that variable rheologies are often juxtaposed across large-offset thrusts in the heavily deformed

backarc [e.g., McQuarrie, 2002].

Figure 10. The new central Andean backarc velocity field with 95% confidence ellipses based on the corrected errors

overlain on SRTM topography. The wedge-front Mandeyapecua thrust fault system (MTFS) from Weiss et al. [2015] is

shown as thick and thin black lines for surface and buried faults, respectively, all of which dip to the west. Thin dashed lines

indicated the location of the two wedge-crossing profiles from Figures 10 and 11 and thick black lines indicate the

approximate boundaries of the major physiographic provinces. Select GPS sites are labeled with their corresponding

four-letter code. Green hues in the topography color palette emphasize the elongate, linear structures forming the

Subandean fold-and-thrust belt. Focal mechanisms are for crustal events (<50 km) from the Global Centroid Moment

Tensor database with magnitudes that range from Mw 5.2 to 6.6. Yellow circles are epicenters for crustal events from

the National Earthquake Information Center. Green circles are a swarm of relocated shallow events (<40 km) including

two Mw 4.5–5 earthquakes and associated aftershocks that occurred in October 2013 near the northern MTFS. Also shown

for reference is the direction and magnitude of Nazca-South America plate convergence according to NUVEL-1A.

AP = Altiplano; EC = Eastern Cordillera; IAZ = Interandean Zone; SSA = southern Subandes; A = The 1998 Aiquile, Bolivia

(Mw 6.6), earthquake; cGPS = continuous GPS site; sGPS = roving/campaign GPS site; SCRZ = Santa Cruz; SUCE = Sucre;

PTSI = Potosi; CAMR = Camiri; CCDO = Cerro Colorado; COCI = Cocani; COLO = Laguna Colorada; UTUR = Uturuncu;

TPZA = Tupiza; TRJA = Tarija; YCBA = Yacuiba; BPSC = Puesto Sucre; Arg. = Argentina; Par. = Paraguay.
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2.4. Velocity Error Estimation

The presence of time-correlated, colored noise (e.g., flicker, randomwalk, and power law) in the GPS time ser-

ies [Hackl et al., 2011; Langbein and Johnson, 1997; Mao et al., 1999; Williams et al., 2004; Zhang et al., 1997]

must be accounted for to create an accurate representation of the regional deformation field. Here we use

the est_noise software [Langbein, 2004] to compute Gaussian and power law noise statistics (Table S3) and

associated velocity uncertainties (Table 1) for the cGPS site time series corrected for Tocopilla earthquake-

related deformation and seasonal periodicities. The power law noise model describes many geophysical

phenomena [Agnew, 1992] and represents an average of the flicker and random-walk noise present in GPS

data [Langbein, 2012;Mao et al., 1999; Zhang et al., 1997]. Further, in their comprehensive study of cGPS time

series error, Williams et al. [2004] report that a power law noise model best describes the data.

For the central Andean backarc cGPS sites we find that when assuming “standard,” uncorrelated Gaussian

error model, the N, E, and U velocity errors are on average underestimated by factors of 9.0, 8.5, and 5.8,

respectively, compared to the white and power law noise model. These factors are on the high end but com-

parable to previous studies, which show that velocity errors are underestimated by factors ranging from 2 to

11 if a purely white noise model is assumed [Hackl et al., 2011; Mao et al., 1999; Williams et al., 2004; Zhang

et al., 1997]. For direct comparison, in their analysis of cGPS data from the central Andes, Kendrick et al.

[1999] find that velocity errors increase by a factor of ~2.5 when they account for temporally correlated noise

in their position time series. We suspect that their low scaling factor compared to our analysis is due to the

generally poorer quality solutions available at the time resulting in higher daily position scatter (i.e., white

noise), which dominated their error budget.

We use a modified version of the method outlined in Williams [2003] to compute velocities and associated

uncertainties (white and power law noise) for the sGPS sites. We assume that the colored noise present in

the GPS data does not vary regionally and form the data covariance matrix using the mean NEU white and

power law noise amplitudes. We adopt the maximum NEU power law exponents/indices estimated from

the cGPS time series (Table S2) as a conservative measure to account for any residual long-period “noise”

introduced during our previous correction steps. We perform a standard least squares inversion using this

covariance matrix. Finally, we assume that the a priori noise model is imperfect and scale the formal model

covariance by the mean square error of the sGPS time series residuals to obtain a conservative measure of

the total velocity uncertainties that reflects the combined white and power law noise. The Gaussian model

underestimates the sGPS errors by factors of 6.2, 4.7, and 8.7 for the NEU coordinates, respectively, compared

to the white and power law noise model. This reduction in the north and east scale factors when compared to

the cGPS scale factors is in agreement with our expectation that standard errors for sGPS sites with long time

spans will be closer to the total errors compared to the shorter time span cGPS sites [e.g., Zhang et al., 1997].

In other words, standard errors dominate the error budget for sGPS sites. We report the total (white and

power law noise) and standard errors (Table 1) and use the total estimates as weighting factors in our velocity

field modeling. We also report the uncorrected velocities and associated standard errors in the supporting

information (Table S4).

3. New Crustal Velocity Field for the Central Andean Backarc

3.1. Map View Pattern

The corrected backarc velocity field reveals first-order characteristics similar to previous results for the central

Andes [e.g., Bevis et al., 1999; Brooks et al., 2011; Kendrick et al., 2001; Norabuena et al., 1998]. Vectors are gen-

erally oriented subparallel to the ~N78°E Nazca-South America convergence direction [Angermann et al.,

1999; Kendrick et al., 2003] (Figures 1 and 10). In detail, however, the new data reveal a clockwise rotation

in the orientation of the vectors fromwest to east. Themean azimuth of vectors located west of a line of long-

itude that passes through Tarija (TRJA in Figure 10) is ~N74°E. In contrast, the mean azimuth of Subandean

site vectors located between TRJA and the thrust front is ~N89°E. The rotation is most pronounced across the

southern, Tarija profile where the mean Subandean velocity vector azimuth is ~N96°E compared to ~N82°E

for the northern profile. The rather abrupt change in Tarija profile vector azimuths roughly coincides with the

boundary between the Interandean Zone and the SSA (Figure 10).

The velocity vector rotation we observe is consistent with elastic models of oblique plate convergence, which

show a decrease in surface velocity obliquity (with respect to the orientation of the trench axis) moving away
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from the subduction zone toward the plate interior [Bevis and Martel, 2001]. However, despite the notion that

the interseismic velocity field reflects elastic, nonpermanent deformation, the observed rotations are also

consistent with longer-term, geologic results. Allmendinger et al. [2005] show that GPS data from south of

the Andean axis of topographic symmetry [Gephart, 1994; Isacks, 1988] generally exhibit clockwise rotations,

which are consistent with those recorded by paleomagnetic and geologic indicators, and suggest that the

interseismic velocity field partially reflects long-term, inelastic crustal deformation patterns. Based on late

Miocene-Quaternary fold and fault information, early GPS results, and paleomagnetic data, Lamb [2000] com-

pute a central Andean horizontal velocity field representative of regional deformation over the last few hun-

dred thousand years. Like we do, they show that vectors in the high Andes are subparallel to the relative plate

convergence direction but change to be nearly perpendicular to the range front across the Subandes. Our

new velocity field suggests that Subandean structures, which have generally formed from west to east in a

foreland-breaking sequence over the past ~10Myr [e.g., Echavarria et al., 2003; Uba et al., 2009], may exert

a strong control on the modern surface deformation pattern across the SSA. The strike of the Subandean anti-

clines and synclines changes from north to south and the vectors are by and large oriented orthogonal to these

features (Figure 10). This observation is broadly consistent with a model of ductile deformation of the Bolivian

lithosphere driven by crustal thickness and topography-induced gravitational stresses [Lamb, 2000]. An alterna-

tive explanation for the observed Subandean velocity vector rotation specifically may relate to locking on the

décollement beneath the fold-and-thrust belt as opposed to far-field affects associated with oblique plate con-

vergence and the subduction zone megathrust [e.g., Bevis et al., 2001].

3.2. Velocity Profiles

Horizontal surface velocities gradually decrease away from the Chile trench, and GPS sites located east of the

thrust front are essentially not moving with respect to the stable core of the South American craton. Again,

this is not dissimilar to previous GPS results for the region, and authors have invoked elastic models of plate

boundary locking and the seismic cycle combined with a component of backarc convergence to explain this

pattern [e.g., Bevis et al., 2001, 1999; Norabuena et al., 1998]. Our choice of profile azimuths, perpendicular to

the strike of the Subandean ranges, has a modest effect on the projected velocity magnitudes in only the

southern profile. The Tarija profile orientation (N100°E) is oblique to the vectors west of TRJA but subparallel

to the mean azimuth of the southern profile Subandean site vectors (96°E) resulting in an apparent reduction

of the projected velocities for high Andes sites but only a slight change in the profile-parallel SSA velocities.

An example of the projection-related reduction in velocities can be seen at the cGPS site UYNI, which has pro-

jected northern and southern profile velocities of 15.67 and 13.84mm/yr, respectively.

The GPS velocity profiles (Figure 11) exhibit features that reflect orogenic wedge processes. These features

are not simply a product of our profile azimuth choice and persist if we project the velocities perpendicular

to the Chile trench or on to a latitudinal profile. Despite the general eastward decrease in velocities asso-

ciated with locking of the main plate boundary at the trench, both profiles exhibit a 100–150 km wide zone

of roughly constant velocity (that we term a velocity “plateau”) with western edges at distances of ~300 km

and ~200 km from the thrust front for the northern and southern profiles, respectively. The northern velo-

city plateau is at ~12mm/yr, whereas the southern velocity plateau is at ~6mm/yr and is less well defined

due to a group of sites near Entre Rios, Bolivia (ENRI; Figure 11), with projected velocities ≤5mm/yr. For

each plateau, the western edge of the constant velocity region roughly coincides with the Eastern

Cordillera (EC)/Interandean Zone (IAZ) boundary (Figure 11). This coincidence is significant because the

EC is generally viewed as the backstop or bulldozer [e.g., Davis et al., 1983] driving SSA deformation since

~10Ma [Allmendinger et al., 1983; Gubbels et al., 1993; Kley, 1996]. Thus, the ~100–150 km wide, constant

velocity plateaus apparent in the new GPS-derived velocity field delineate both the back of the wedge,

including the inactive (IAZ) and active (SSA) portions, and the approximate slip rate or wedge loading rate

on the basal décollement.

East of the velocity plateaus, both profiles both exhibit sharp velocity decreases before reaching ~0mm/yr

adjacent to the thrust front. The distances over which the reductions in velocity occur are ~100 km and

~50 km for the northern and southern profiles, respectively. We refer to these decreases as the northern

and southern east flank velocity gradients and note that the velocities decrease to ~0mm/yr ~30–40 kmwest

of the thrust front (Figure 11). Again, as with the velocity plateaus, the northern east flank velocity gradient is

prominent and clearly defined by approximately nine sites west of CAMR, whereas the southern east flank
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velocity gradient is far less distinct due to its narrow width and the lack of GPS sites immediately adjacent to

VMON and YCBA (Figure 11).

The location of the east flank velocity gradients with respect to the Subandean structures also varies along

strike. The western limit of the wide, northern east flank velocity gradient corresponds to the IAZ/SSA bound-

ary and its eastern edge is located near the range front (as opposed to thrust front) Charagua anticline

(Figures 10 and 11). In contrast, the narrow southern east flank velocity gradient lies exclusively within the

front of the active wedge encompassing only the first couple of range-front thrusts.

3.3. Backarc Velocity Field Modeling

To investigate strain accumulation across the Subandean orogenic wedge, we model the eastern portion of

the corrected GPS velocity field, including the constant velocity plateaus described above, using rectangular

dislocations in an elastic half-space [Okada, 1985]. This approach is commonly used to investigate interseis-

mic stress and strain accumulation at subduction zones and is also valid for modeling surface displacements

associated with large intracontinental thrust faults including the décollements of active orogenic wedges

Figure 11. Profile views of the new surface velocity field projected perpendicular to the (first and second panels) strike of

the Subandean structures with corrected 2 sigma error bars and the (third and fourth panels) corresponding topography.

See Figure 1 for profile locations. White symbols are uncorrected velocities and errors (Table S4), and red symbols are

earthquake transient corrected velocities and errors. Light dashed lines are hand-drawn fits to the data intended to

emphasize the features referred to in the text. The approximate locations of the physiographic boundaries are indicated

with vertical dashed lines beneath the topography. The gray shaded region under the topography corresponds to the east

flank velocity gradients. Labeled GPS sites are the same as in Figure 9. WC =Western Cordillera; AP = Altiplano; EC = Eastern

Cordillera; IAZ = Interandean Zone; SSA = southern Subandes; nEFVG/sEFVG = northern/southern east flank velocity

gradient; VMON= Villamontes; ENRI = Entre Rios.
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[Bilham et al., 1997; Brooks et al., 2011; Hsu et al., 2003; Vergne et al., 2001]. We exclude velocities for sites

located west of the velocity plateaus as locking of the main plate boundary at the Chile trench has been

examined in detail by others [e.g., Bevis et al., 2001; Chlieh et al., 2011; Kendrick et al., 2006; Norabuena

et al., 1998].

Brooks et al. [2011] stacked central Andean backarc surface velocities onto a single Chile trench-perpendicular

profile. Here we model the northern and southern sites separately as our denser, more precise data set pro-

vides an opportunity to investigate along-strike variations in the décollement properties. The strike of the

Subandean structures changes from north to south, so we project the northern and southern data on to

ENE and ESE oriented profiles, respectively, to view and model the sites in a structure-perpendicular refer-

ence frames (Figure 10). For example, although separated in map view by ~85 km, the cGPS sites VMON

and YCBA are located on the eastern flank of the Aguarague anticline (Figure 11). Only if we project the

Tarija profile sites on to an azimuth oriented approximately perpendicular to the strike of this structure do

they plot adjacent to one another.

We simulate continuous, uniform slip on the gently dipping décollement at the base of the wedge using the

seismic cycle or back-slip model of strain accumulation and release at a subduction zone [Savage, 1983]. In

this model strain accumulation is attributed to steady aseismic slip at depth on the basal fault towards the

mountain interior, while the shallow, updip portion of the fault remains locked. By superposing elastic

dislocation solutions for a steady state, reverse fault with stable sliding along its entire length and a shallow

back-slip fault with equal yet opposite motion (normal slip), we impose a no-slip condition on the up-dip

portion of the dislocation that represents the locked portion. As a result, the maximum gradient in the hor-

izontal velocity field overlies the slipping-to-locked transition [Bilham et al., 1998; Okada, 1985; Savage, 1983].

We assume a standard Poisson’s ratio of 0.25 [Brooks et al., 2011; Vergne et al., 2001] and compare the

dislocation model and GPS surface velocities and explore the multidimensional parameter space using a grid

search inversion approach [e.g., Weiss et al., 2015]. We compare all three components of the velocity field

(NEU) to the model noting that inclusion of the vertical velocities helps constrain the depth to the

slipping-to-locked transition in particular. We reduce the typical nine parameter (dislocation upper left corner

x,y, and z position; dislocation length, width, depth, strike, and dip; magnitude of strike-slip and dip-slip) pro-

blem to five by making the following simplifying assumptions: the dislocation is very long (across-strike) and

wide (along-strike), resulting in modeled deformation that is essentially plane strain, each profile is oriented

perpendicular to the strike of the underlying dislocation, the updip limit of the dislocation is located directly

beneath the easternmost emergent thrust front structures, and there is no opening mode component of

displacement across the dislocation. These assumptions leave us with five dislocation parameters for our grid

search including (1) dip, (2) strike slip, (3) dip slip, (4) downdip width of the locked zone (WL), and (5) depth to

slipping-to-locked transition. We define unique dislocation geometries by varying each of these parameters

and computing the weighted sum of squares misfit between the model and data where the data are the

corrected NEU velocities and the weighting factors are the corresponding standard deviations (Table 1).

We present our results in the form of probability distributions of the dislocation parameters by following

the approach ofWeiss et al. [2015] and converting themisfit to probabilities using the joint probability density

function [Menke, 1989] (Figure 12). Although we refrain from placing any a priori constraints on the model

parameters for our grid search, we note that balanced cross sections from the region indicate that the

Subandean décollement is subhorizontal with a dip of ~2° at a depth of 10 ± 5 km beneath the surface

[Baby et al., 1997; Dunn et al., 1995; Giraudo and Limachi, 2001; McQuarrie, 2002].

The dislocation parameter distributions for the profiles reveal different behavior for portions of the wedge

located ~200 km apart. In the north, the model indicates that the décollement is subhorizontal, dipping

gently to the west (<5°) and slipping at rates of ~14mm/yr (U2; dip-slip) and ~1mm/yr (U1 sinistral; left-

lateral strike-slip). The width of the locked zone (WL) is ~100 km, and the depth to the slipping-to-locked tran-

sition is ~13 km. The reported peak parameter distribution values all fall within the 95% confidence regions of

the Brooks et al. [2011] results and are consistent with some structural and geophysical observations

(Figure 12). For example, the model dislocation dip and depth are within the values suggested by regional

cross sections. The slipping-to-locked transition from the best model, which we define as the peaks (modes)

of the corresponding probability distributions, intersects both the basal décollement from published cross

sections [Dunn et al., 1995; Giraudo and Limachi, 2001] and the 300°C isotherm calculated from the backarc
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Figure 12. Subandean orogenic wedge elastic dislocation modeling results. (top) The projected velocities and corrected

2 sigma error bars for the active wedge portion of the velocity field only. The black dashed line is the best model from

the grid search inversion. Select GPS sites are labeledwith their four-letter station codes. (bottom) The topography extracted

from theprofileswith faults frompublished cross sections. Profile locations are shown in Figure 1. Thenorthern, Sucre profile,

and southern, Tarija profile, geologic cross sections are profiles D and B from Giraudo and Limachi [2001]. The approximate

boundaries between the major physiographic provinces are labeled. The star in the subsurface indicates the slipping-to-

locked transition from the best model and the white dashed line is the 300°C isotherm calculated from the central Andean

backarc geothermal gradient [Currie and Hyndman, 2006]. Also shown are the probability distributions for each of the

model parameters with the peaks correspond to the aforementioned best model values. Spring-loaded bulldozers are

labeled with the wedge loading rate from the peak of the dip-slip probability distributions. ENRI = Entre Rios; BOQN= Los

Boquerones (Charagua); S = Suaruro structure; C = Charagua structure; A = Aguarague structure; V = Villamontes structure;

L = La Vertiente structure; M =Mandeyapecua fault; D = detachment surface in Devonian Los Monos shale; S =main

detachment in the Silurian Kirusillas Formation; ss = strike-slip; ds = dip-slip; WL = locked width; d = depth.
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geothermal gradient [Currie and Hyndman, 2006]. The latter intersection is particularly significant as 300°C

indicates the approximate transition from velocity-strengthening (continuous creep) to velocity weakening

(stick-slip) behavior in quartzo-feldspathic rocks, which is where earthquakes will tend to nucleate [Scholz,

1988, 1998]. The probability distribution peak for the dip-slip parameter of 14mm/yr, which we equate to

the loading rate at the back of the orogenic wedge, also compares favorably with the SSA Plio-Quaternary

shortening rate estimates of 7–13mm/yr [Mugnier et al., 2006, and references therein] and is slightly faster

than the Brooks et al. [2011] best model value of 11.1mm/yr.

The southern profile model results indicate that the décollement is also subhorizontal, dipping gently to the

west (<5°), while slipping at rates of ~7mm/yr (U2; dip slip), which is within the range of Plio-Quaternary

shortening estimates but one half of the northern rate, and ~4mm/yr (U1 sinistral; left-lateral strike-slip).

The southern WL of ~61 km is significantly less than the northern WL, and the slipping-to-locked transition

depth of ~7 km falls within the 10 ± 5 km range constrained by balanced cross sections from the region

[e.g., Allmendinger and Zapata, 2000].

4. Discussion of Modeling Results

Although we have already drawn comparisons between geologic observations and our new GPS velocity

field and modeling results, a few additional points are worth mentioning. Apart from some minor differences

inWL and the dip-slip rate, our northern profile results are nearly identical to Brooks et al. [2011] and suggest

that rupture nucleates somewhere between the slipping-to-locked transition and the thrust front and may

propagate updip toward the thrust front resulting in shallow fault-related folding and/or surface rupture

[Brooks et al., 2011;Weiss et al., 2015]. The well-defined, smooth northern east flank velocity gradient pattern

is indicative of locking on the basal décollement and not motion of individual surface faults or fault blocks

[e.g., Lamb and Smith, 2013].

The Tarija profile results are less straightforward suggesting that a more detailed modeling approach may be

required to match some of the geologic information. We suspect that the southern subsurface complexity,

which is readily apparent when comparing the two geologic cross sections (Figure 12), may be influencing

the GPS results. In the vicinity of the Tarija profile, in addition to the primary detachment surface located

at the base of the Silurian Kirusillas Formation, a shallower, secondary décollement exists within the

Devonian Los Monos shale (Figure 11). The faults that generated both the Villamontes and La Vertiente struc-

tures cut up from the shallow detachment, which also links the large Aguarague surface fold and additional

wedge-interior faults, including the Suaruro structure, to the deeper, primary detachment [Dunn et al., 1995;

Giraudo and Limachi, 2001; Uba et al., 2009]. The location of the southern slipping-to-locked transition, to the

east of the presumed active Aguarague and Suaruro thrusts [Lamb, 2000; Mugnier et al., 2006], and closer to

the shallower décollement, combined with the fact that simultaneous activity of both detachments is actually

required to restore the geologic cross section in the vicinity of the southern profile [Dunn et al., 1995], prob-

ably indicates that both are active. This suggestion, however, contrasts the recent findings of Rocha and

Cristallini [2015] who infer significant involvement of the shallower Los Monos detachment in the north only.

We suggest that the complex southern velocity plateau may be amanifestation of a number of factors includ-

ing the presence of active thrust ramps, the relative motions of individual fault blocks above the creeping

portion of the system, and evidence for multiple active décollements. We find it interesting that the mean

shortening rate estimate for the Aguarague structure from the fluvial incision study of Mugnier et al.

[2006], which lies above our estimated slipping-to-locked transition, is identical to the southern wedge load-

ing rate of 7mm/yr. It may be that the stream incision-based rate is a reflection of the continuously slipping

portion of the system located to the west of the Aguarague structure.

Figure 13 compares our new, GPS-based wedge loading rates with whole-wedge, wedge-front fault system,

and fluvial incision-based shortening rate estimates. Published geologic cross sections for the SSA indicate

the long-term (Myr) shortening rate is ~7–13mm/yr [Baby et al., 1997; Dunn et al., 1995; Gubbels et al.,

1993; Leturmy et al., 2000; McQuarrie, 2002; McQuarrie et al., 2005; Uba et al., 2006]. In general, this range of

rates closely matches our GPS-based results of 14 and 7mm/yr for the northern and southern profiles, respec-

tively; the Sucre and Tarija profile wedge loading rates overlap the upper and lower limits of the range in

estimated geologic shortening (Figure 13). The suggested north-to-south reduction in the amount of total

Subandean shortening moving away from the axis of the prominent bend in the Andean mountain belt
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(~150 km near Santa Cruz to ~70 km

near the Argentinean border over the

~10 Myr duration of Subandean short-

ening) [Lamb, 2000] is also consistent

with our new GPS-based results.

However, a marked north-to-south

shortening rate discrepancy is apparent

when we consider the wedge-front

Mandeyapecua thrust fault system

(MTFS) [Weiss et al., 2015]. In the south,

the various shortening rate estimates,

which encompass geologic, neotec-

tonic, and geodetic timescales, show a

close agreement (Figure 13). More

specifically, the MTFS shortening rate

for the Tarija profile overlaps both the

GPS and whole-wedge rates suggesting

that the slip rate at the back of the

wedge is accommodated solely by the

wedge-front fault system and that

this has been the case for the last

~2–3Myr. On the other hand, evidence

for active faulting associated with

structures other than those at the

wedge front in the vicinity of the Tarija

profile, and specifically the Aguarague

and Suaruro thrusts (Figure 12) [Lamb,

2000; Mugnier et al., 2006], seems to be

at odds with this result. The apparent

discrepancy may reflect the stochastic

or chaotic nature of rupture propaga-

tion seen in some recent numerical

models of wedge deformation [Mary

et al., 2013a; Yagupsky et al., 2014],

which indicate that faulting can poten-

tially occur spontaneously at any loca-

tion in the wedge. Our results show

that the bulk of the slip reaches the

wedge-front fault system in the south

but do not rule out the possibility of

some component of internal wedge

deformation as well.

Alternatively, the evidence for internal

wedge deformation may indicate

that the southern SSA has recently

transitioned to a different phase

of the underthrusting-accretion (i.e.,

thickening-widening) wedge growth

cycle [Del Castello and Cooke, 2007].

Analogue and numerical models have

shown that wedges evolve via distinct

phases of widening, when new thrusts

nucleate at the front of the wedge, and

Figure 13. A comparison of shortening rate estimates over multiple time-

scales for the Sucre and Tarija profiles. The gray bars indicate the range in

whole-wedge Quaternary shortening rates of 7–13mm/yr estimated from

geologic cross sections. The black histograms are the dislocation-based

modeling results of the new backarc surface velocity field (Figure 11). The

red curves are Quaternary shortening rate probability density functions

(pdf) for the wedge-front Mandeyapecua thrust fault system (Figure 9)

based on the analysis presented in Weiss et al. [2015]. The pdfs were

computed by summing the dip-slip rate pdfs from the profiles shown in

Figure 8 of Weiss et al. [2015] Profiles 1–5 were summed to create the

Sucre profile pdf and profiles 7–8 were summed to create the Tarija profile

pdf. The minimum Mandeyapecua fault slip rate pdfs were used in

both [see Weiss et al., 2015, Figures 7 and 8], and dip-slip rate pdfs from

Weiss et al. [2015] were converted to shortening rate pdfs using the

corresponding fault dip angle distributions [Weiss et al., 2015]. The

hatched region in the Tarija profile comparison indicates the estimated 1

± 1mm/yr Holocene shortening rate for the Mandeyapecua (Iguitini) fault

from the stream incision analysis of Mugnier et al. [2006].
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thickening via internal (out-of-sequence) deformation on existing structures [Adam et al., 2005; Del Castello

and Cooke, 2007; Hoth et al., 2007; Yagupsky et al., 2014].

The geodetic signal associated with this cycle has yet to be documented, but a few lines of evidence

point towards a possible correspondence in the SSA. Mugnier et al. [2006] calculate shortening rates

of 1 ± 1, 7 ± 3.5, and 2.5 ± 1.5mm/yr for the Mandeyapecua, Aguarague, and Suaruro faults, respectively

(Figures 12 and 13). These rates, which are based on a geomorphic analysis of the southern Subandean-

crossing Rio Pilcomayo and presumably represent an average over the Holocene period, suggest that most

of the recent deformation is absorbed by internal structures and not by the MTFS, which has accommodated

most of the Quaternary shortening [Weiss et al., 2015] (Figure 13). This cyclicity may be the rule rather than the

exception across the southern SSA; Uba et al. [2009] present evidence for an older cycle of wedge

widening/thickening in the vicinity of the Tarija profile when the deformation front propagated from the

western Subandes to the La Vertiente structure (V in Figure 12) between 12 and 6Ma (widening),

subsequently retreated to internal locations (thickening) and advanced to the modern thrust front from 4

to 2Ma (widening). Taken in the context of these observations, our results point towards the possibility of

a rejuvenated phase of underthrusting in the vicinity of the Tarija profile.

The peak of the northern MTFS shortening rate estimate that probability distribution lies well beneath the

7–13mm/yr whole-wedge and the geodetically determined ~14mm/yr shortening rates, indicating that a

slip deficit of at least ~50% may characterize the wedge front near the Sucre profile (Figure 13). This also

happens to be the youngest part of the MTFS [Weiss et al., 2015]. We are unaware of any neotectonic studies

across the northern SSA, so we cannot directly attribute the deficit to internal wedge deformation or draw

such direct comparisons over multiple timescales like we can in the south. Despite few modern and historical

earthquakes, there is some distributed crustal seismicity including strike-slip events north of Sucre, a few

scattered shallow thrust-related events across the northern SSA and IAZ, and a notable recent cluster of

Mw 4.5–5 earthquakes and associated aftershocks across the northern MTFS (Figure 10). Based on the afore-

mentioned combination of observations, including modeling results that reveal a simpler picture of strain

accumulation and release in slip events that bypass internal structures and rupture faults at the wedge tip,

we suggest that the wedge in the vicinity of the Sucre profile is either in or transitioning to a frontal accretion

and widening phase. This suggestion is in line with a recent wedge stress state analysis, which posits that in

general megathrust décollement rupture will preferentially propagate to the wedge toe rather than break

upward along preexisting, internal structures [Hubbard et al., 2015].

An alternative explanation for the Sucre profile deficit relates to the correspondence between narrower

wedge width, steeper wedge taper angle, and elevated rates of precipitation-induced erosion that character-

ize the northern SSA [Barnes et al., 2012; Horton, 1999;Masek et al., 1994;McQuarrie et al., 2008;Whipple, 2009].

Numerical, analytical, and analogue models all tend to predict a decrease in mountain width and distributed

internal wedge deformation in response to a climate-driven increase in erosion rates [e.g., Cruz et al., 2010;

Hilley and Strecker, 2004; Mary et al., 2013b; Whipple and Meade, 2004]. If the observed MTFS shortening rate

deficit is a persistent feature, it could point towards long-lived, albeit currently undetected, internal wedge

deformation in response to external, climatic forcing. A stream incision analysis of the central range-crossing

Rio Parapeti and/or the northern Rio Grande similar to the Rio Pilcomayo investigation in the south [Mugnier

et al., 2006] would be one way to address this possibility by quantifying recent internal wedge deformation.

5. Conclusions

We present a new surface velocity field for the central Andean backarc based on data from survey and

continuous GPS sites across the Altiplano, Eastern Cordillera, Interandean Zone, southern Subandes, and

adjacent foreland. Despite the notion that the backarc is isolated from the subduction zone earthquake cycle,

we find that earthquakes at the Chile trench, and specifically both the 2007Mw 7.7 Tocopilla and 2014Mw 8.2

Pisagua events, perturb the GPS time series. The backarc velocity field, corrected for seasonal and earthquake

affects, reveals that surface velocities gradually decrease away from the Chile trench and sites are essentially

stable east of the thrust front. Vectors rotate and are perpendicular to the strike of the topography across the

fold-and-thrust belt, lending support to the [Lamb, 2000] hypothesis that topography-induced stresses

may be a driver of surface deformation. Profile views of the new velocity field reveal distinct regions that

reflect (1) locking of the main plate boundary across the high Andes, (2) the location of and loading rate at
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the back of the orogenic wedge, and (3) an east flank velocity gradient indicative of décollement locking

beneath the Subandes. We document a substantial north to south decrease in the wedge loading rate

(14 versus 7mm/yr), décollement locked width (100 versus 61 km), and the décollement slipping-to-locked

transition depth (13 versus 7 km) but neither the data or correspondence between the model and the geol-

ogy is as clear in the south, and we suggest this may reflect simultaneous activity of multiple detachments

and/or motion of internal wedge fault blocks. A comparison of the new GPS modeling results with short-

ening rates estimated over a range of timescales suggests the northern and southern SSA may be in differ-

ent phases of the underthrusting-accretion cycle [e.g., Del Castello and Cooke, 2007]; the southern wedge

appears to have recently transitioned to a thickening phase via internal deformation along preexisting

faults (underthrusting), whereas the northern wedge is in a widening phase characterized by faulting at

the wedge toe (accretion). With respect to regional seismic hazard, although earthquakes may nucleate

anywhere between the slipping-to-locked transition, our results suggest that coseismic surface rupture

and/or subsurface folding is most likely to occur in association with the thrust front fault system in the

north, whereas rupture of internal wedge thrust faults may occur in the south and the wedge front.
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