EPSL

" NSRS
ELSEVIER Earth and Planetary Science Letters 193 (2001) 437-446

www.elsevier.com/locate/epsl

Earthquake cycle dominates contemporary crustal
deformation in Central and Southern Andes

Jirgen Klotz®*, Giorgi Khazaradze?, Detlef Angermann®!,
Christoph Reigber?, Raul Perdomo®, Oscar Cifuentes®

& GeoForschungsZentrum Potsdam, PB 1.1, Telegrafenberg, 14473 Potsdam, Germany
b Obs. Astronomico de La Plata, La Plata, Argentina
¢ Instituto Geografico Militar, Santiago de Chile, Chile

Received 28 May 2001; received in revised form 20 September 2001; accepted 24 September 2001

Abstract

With the advent of global positioning system (GPS) technology and its applications to high precision geodesy, earth
scientists have gained an unprecedented opportunity to study the kinematics and dynamics of present-day deformation
processes along plate boundary zones. However, until now our knowledge of the deformation processes associated with
the Andean subduction along the western coast of South America has been limited. Here we present first estimates of
present-day crustal deformation rates in the central and southern sections of the Andes, between latitudes 22°S and
42°S. We find that the deformation in the central section of our study area is dominated by the interseismic phase of an
earthquake deformation cycle, caused by 100% coupling of the thrust interface between the subducting Nazca and the
overriding South America plates. The estimated depth of coupling is not uniform along strike: north of 30°S it is ~ 33
km deep, while south of 35°S it reaches 50 km depth. In addition, we observed postseismic relaxation effects in the
northern part of our network in the area of the 1995 M,,8.0 Antofagasta earthquake. South of 38°S, we detected a
similar deformation pattern as in the Antofagasta area which we attribute to postseismic relaxation effects of the 1960
M,9.5 Valdivia earthquake. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Global Positioning System; subduction zones; plate coupling/decoupling; postseismic relaxation; Southern Andes;
crustal thickening

1. Introduction as a result of oblique subduction of the oceanic
Nazca plate beneath the continental South Amer-
ica plate. This tectonically active convergent mar-
gin stretches along the western coast of South

America from Columbia to southern Chile for

The Andean subduction zone (ASZ) is formed
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more than 7500 km and is the longest subduction
zone in the world. The Andean tectonics is char-
acterized by prominent along-strike variations
[1,2]. From Wadati-Benioff seismicity studies it
is known that below 100 km depth the subducting
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error

Correl. coeff.

Table 1
GPS station locations and calculated horizontal velocities
Station ID Longitude Latitude W-E vel. lo error S—-N vel. lo
(mm/yr) (mm/yr)
1994-1996 campaigns
ANTU 288.3745 —37.3358 16.4 2.1 1.3 2.0
AUMA 291.4048 —37.6065 —-19 1.9 —4.0 2.0
BARI 288.5865 —41.1321 —11.7 2.0 —3.2 2.2
BING 289.1413 —27.1341 20.1 2.1 6.0 1.9
BOAL 295.4522 —31.5955 —5.7 1.9 —0.1 1.9
BSAR 288.5891 —28.8162 17.4 2.1 8.9 1.9
BSJL 288.6620 —30.6870 20.0 2.1 9.0 1.9
BULN 287.6753 —36.7978 29.5 2.0 2.7 2.0
CALF 286.6116 —39.7539 16.3 2.0 7.4 2.1
CANT 294.9295 —35.1193 2.2 1.9 33 2.0
CART 288.3719 —33.5538 17.9 2.0 7.6 1.9
CAVI 292.9957 —27.5538 -2.9 1.9 0.6 1.9
CCAL 289.1783 —33.6772 19.8 2.0 5.6 1.9
CCHA 289.3052 —32.9544 19.2 2.0 2.0 1.9
CCRE 289.9262 —32.8237 11.7 1.9 —-52 1.9
CECR 293.0510 —29.4242 3.2 2.1 2.5 1.9
CEGU 291.5176 —29.5058 4.0 2.0 5.5 1.9
CELI 291.1259 —34.4728 3.1 1.9 39 1.9
CEPI 289.3679 —40.2494 —6.7 2.0 —-1.2 2.1
CERC 290.9353 —30.5882 3.7 1.9 5.0 1.9
CEVA 291.4599 —31.8614 3.2 1.9 -0.7 1.9
CHAP 289.5001 —29.8529 15.8 2.0 9.6 1.9
CHIM 288.9056 —34.7242 21.3 2.1 5.8 2.0
CHOL 287.5584 —42.0279 —5.8 2.0 0.6 2.2
CHOS 289.6855 —37.3608 5.9 1.9 —6.7 2.0
CMOR 289.2037 —30.2054 17.5 1.9 5.9 1.9
COMA 289.7824 —41.0363 -9.5 2.0 1.0 2.2
CONC 289.3740 —31.8929 18.1 2.0 6.8 1.9
CONS 287.5851 —35.3180 34.2 2.1 6.4 2.0
CURA 287.3754 —35.8363 31.5 2.2 8.7 2.0
ELAL 290.1891 —35.1805 4.1 1.9 3.7 2.0
ELCH 291.1123 —39.2906 —34 1.9 2.5 2.1
ELSA 290.3688 —26.2450 9.4 2.1 7.3 1.9
EPUY 288.5956 —42.1405 —7.6 2.0 0.5 2.2
ETRA 289.7135 —28.8653 13.5 2.0 8.5 1.9
FRIA 294.7195 —28.6265 1.2 1.9 2.8 1.9
FTRN? 287.6233 —40.1304 —0.3 2.0 8.6 2.1
GARR 294.8506 —33.6955 —1.0 1.9 2.4 1.9
GUAB 285.9728 —41.8063 16.2 2.0 9.2 2.2
GUAS 295.1758 —28.1365 =52 1.9 1.0 1.9
LAAM 289.9449 —38.8360 —1.1 1.9 —6.0 2.1
LACA 293.1487 —32.8807 —1.3 1.9 —-1.5 1.9
LEON 290.7029 —31.7989 8.9 1.9 4.8 1.9
LICA 294.3146 —38.0802 —2.3 1.9 =3.0 2.1
LINC 287.5962 —40.6233 —8.2 2.2 —2.2 2.2
LISL 288.9890 —31.0609 15.7 1.9 5.5 1.9
LMOL 289.5423 —30.7420 11.6 2.1 5.3 1.9
LOCE 292.7466 —36.3588 —2.1 1.9 —0.3 2.0
LOCO 295.6518 —32.3718 —-0.9 1.9 0.6 1.9
MARA 292.6712 —31.4553 —-2.5 1.9 —0.6 1.9

MATA 288.1174 —33.9640 21.9 2.0 8.5 1.9
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Table 1 (continued)

Station ID Longitude Latitude W-E vel. lo error S-N vel. lo error Correl. coeff.
(mm/yr) (mm/yr)

MAUL 288.2949 —35.5295 27.6 2.0 7.0 2.0 0.04
NEUQ 287.0934 —36.5811 30.8 2.1 8.1 2.0 0.06
NISU 288.0998 —36.2919 21.8 2.0 —-1.7 2.0 0.05
OROC 289.2650 —34.2166 13.1 1.9 5.1 1.9 0.01
PANE 290.1747 —30.1928 10.9 1.9 —0.8 1.9 —0.04
PAST 288.5272 —39.5835 —34 2.0 —04 2.1 0.08
PEHO 288.9261 —38.5967 —=3.0 1.9 —=5.0 2.1 0.06
PNAZ*? 289.3463 —26.1482 22.6 1.9 5.7 1.9 —0.07
PPUY 288.0646 —40.7007 0.3 2.0 2.2 2.2 0.10
PSAA 286.5942 —38.7788 19.5 2.0 8.1 2.1 0.10
PTMT 287.0523 —41.4628 —0.6 1.9 4.8 2.2 0.14
PTOM 288.4277 —31.5321 22.6 2.0 6.0 1.9 —0.01
PUAW 287.6075 —38.3383 2.9 2.1 2.3 2.1 0.05
PUCA 286.2800 —40.5468 27.6 2.0 8.5 2.2 0.13
RALU 287.6879 —41.3785 0.6 2.0 33 2.2 0.12
RECO 294.9481 —29.2746 —14 1.9 4.2 1.9 —0.04
RIPU 292.3534 —28.4312 1.9 1.9 0.0 1.9 —0.04
SANJ 294.6438 —26.7638 —-2.1 1.9 1.3 1.9 —0.03
SIAR 293.3291 —31.1641 —14 1.9 —0.3 1.9 —0.04
SITI 300.8726 —37.3786 0.4 2.0 0.8 2.0 —0.15
SIVE 298.1999 —38.1375 3.7 1.9 —0.6 2.0 —0.12
SMAR 290.7481 —27.0702 7.2 2.0 5.0 1.9 —0.06
TAFI* 294.2190 —26.7444 —3.2 1.9 0.3 1.9 —0.03
TONG 288.4977 —30.2495 13.4 1.9 3.6 1.9 —0.03
TREL 294.6217 —43.2643 —2.3 1.8 1.7 2.3 —0.05
USPA 290.7033 —32.5312 6.2 1.9 3.7 1.9 —0.01
VIMA 296.2764 —29.9136 —=5.0 1.9 —=2.0 1.9 —0.04
ZAPA 288.5302 —32.5523 19.1 2.0 10.3 1.9 —0.00
1995-1996 campaigns

BAQU 290.2194 —23.3418 —8.7 4.7 1.5 4.1 0.10
CALC 289.4676 —24.2642 21.0 4.2 6.4 4.1 0.13
CARI 289.5011 —24.9472 18.3 4.3 12.8 4.1 0.15
COBA 290.4112 —24.8242 —9.0 4.3 17.1 4.2 0.14
ESIM 291.1020 —24.2260 —54 2.0 154 1.9 0.14
JULO 289.4538 —23.5263 24.6 4.8 7.2 4.1 0.11
LHER 290.9397 —25.2232 32 42 14.0 4.2 0.14
LIVE 289.7471 —23.9642 —1.2 4.2 6.2 4.1 0.12
MINF 290.3942 —24.1048 0.3 4.2 12.7 4.1 0.12
PAEL 290.9586 —23.5383 —24.1 4.1 10.3 4.1 0.11
PASO 291.7093 —24.4492 —1.6 39 5.7 4.1 0.13
PCUA 289.7236 —22.6022 1.9 42 6.9 4.1 0.09
PENI 291.6541 —23.6400 —10.8 2.1 1.3 2.0 0.08
TALT 289.4905 —25.3998 6.0 4.2 19.3 4.2 0.15
TOPI 289.8064 —22.0338 4.3 4.3 1.5 4.1 0.08
URIB 289.7202 —23.5046 4.1 4.2 11.7 4.1 0.11

4 These sites were established as part of the Central Andes GPS Project (CAP) [8].

Nazca plate consists of four steep and flat alter-
nating segments, with three transition zones in
between [3,4]. Two of these transition zones fall
within our study area. Several other tectonic fea-
tures of the ASZ also exhibit significant along-

strike variations that can be related to the geom-
etry of the subducting slab: for example, late Cen-
ozoic magmatic centers are found mostly above
steep portions of the subducting slab [1,3]. Con-
trary to volcanism, earthquakes within the over-
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riding South America plate are clustered above
flat segments of the slab [5]. Also, the seismicity
is considerably low in the fore-arc as compared to
the magmatic arc and the back-arc. It is notewor-
thy to mention that south of 33.5°S latitude,
where the dip of the subducting slab steepens,
the back-arc seismicity terminates abruptly [6].
Several projects study the present-day deforma-
tion of the Central Andes using space geodetic
techniques. Norabuena et al. [7] presented for
the first time the crustal velocity field in Peru
and Bolivia based on GPS measurements. Bevis
et al. [8] observed 12 geodetic sites mainly in the
Chilean fore-arc north of 22°S. The study filled
the existing gap north and south of the Arica
deflection. Bevis et al. [8] pointed out the difficul-
ties in combining different GPS solutions. Klotz
et al. [9] presented the velocity field between 22°S
and 26°S which was strongly affected by the 1995
Antofagasta earthquake. Here we present the con-
temporary crustal deformation field south of this
area which has been until now unknown. In addi-
tion we will show the results of a re-survey in the
Antofagasta area after the earthquake.

2. Data

Starting in 1993 the GeoForschungsZentrum
Potsdam (GFZ), within the framework of South
American Geodynamic Activities (SAGA) project
and in cooperation with numerous host organiza-
tions, has established a large-scale GPS network
(more than 200 sites) in Chile and western Argen-
tina. The results presented in this study are based
on three GPS campaigns conducted in 1995 and
1996 in the northern section and in 1994 and 1996
in the central and southern sections (Table 1).
Each site was observed for at least three consec-
utive days with daily observation periods of more
than 20 h. We used the GFZ processing software
EPOS [10] to estimate site coordinates and veloc-
ities. The processing was done in three steps. In
the first step, in order to obtain fiducial-free sta-
tion coordinates, the campaign data together with
the data from IGS global sites and the GFZ
South American permanent stations were pro-
cessed using the IGS combined satellite orbits

and Earth orientation parameters. In the second
step, this solution was transformed to global In-
ternational ~ Terrestrial ~ Reference  Frame
(ITRF97). Since the absolute velocities derived
within a global reference frame are less precise
than those derived for a regional frame, in the
third step we transformed the ITRF97 solution
to a fixed South America reference frame. This
transformation was done by estimating a best fit-
ting Euler vector for the South America plate us-
ing a least squares adjustment approach and the
ITRF97 velocities for five IGS stations located on
a stable part of the South America plate. The
achieved network precision was derived using
the mean value of the position residuals of the
IGS stations which were included in the calcula-
tion. It ranges between 2 and 4 mm and 5 and 7
mm for horizontal and vertical components, re-
spectively. Since the expected rates of vertical up-
lift in the ASZ do not exceed 2 mm/yr [11], 2 yr of
observations with the above stated vertical preci-
sion is not sufficient to resolve these motions with
an adequate confidence. For this reason we con-
centrate further discussion solely on the horizon-
tal deformation rates.

3. Results and discussion

The main finding of our study is shown in Fig.
1 where the contemporary crustal deformation
field along the Andean subduction zone between
latitudes 22°S and 42°S is depicted in form of
velocity vectors. The two most prominent features
are: (1) The velocity vectors in the central part of
the study area (26-37°S), between the coastal
towns of Taltal and Concepcion, are high (up to
3.5 cm/yr) and roughly parallel to the relative
convergence direction of Nazca and South Amer-
ica plates. Their rate decreases gradually away
from the trench. (2) The velocity vectors in the
northern (22-26°S) and southern (37-42°S) sec-
tions of the study area are oriented in a very
non-uniform fashion. We explain both of the
above features by the presence of different phases
of the earthquake deformation cycle [12]. The ob-
served velocities in the central section represent
interseismic strain accumulation due to the 100%
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Fig. 1. Map of SAGA GPS network velocities relative to stable South America from 1994-1996 campaigns. Ellipses represent
95% confidence limits. The epicenters and the coseismic rupture areas (dashed lines) of 1995 M8.0 Antofagasta [27] and 1960
My9.5 Valdivia [28] earthquakes (stars) are shown. Relative convergence vector between the Nazca and South America plates

equals 65 mm/yr [17].

locking of the thrust interface between the sub-
ducting Nazca and the overriding South America
plates.

This interpretation comes from our three-di-
mensional forward dislocation modeling results.
The geometry of our preferred model, called the
Andean clastic dislocation model (AEDM) is
shown in Fig. 2. To calculate deformation rates
predicted by the AEDM at a given set of GPS
stations we used a modified version of the pro-
gram DISL3D, by Kelin Wang of the Pacific Geo-
science Centre, Canada. The initial development

of this program is attributed to Fliick [13,14]. The
main principle of the model (and the code) is
based on Okada’s [15,16] formulation for disloca-
tions in an elastic half-space due to a point source
force applied to an infinitesimal surface area. The
final goal of estimating deformation rates on the
surface of the earth is achieved by dividing the
fault surface along the thrust interface (shown
as quadrilateral elements in Fig. 2) into 257 600
small triangular elements (each with an area of
~1 km?) and performing summation for all of
the triangles. This approach enables us to intro-



442 J. Klotz et al. | Earth and Planetary Science Letters 193 (2001) 437446

20°S r:——_— —
|
1l

Latitude (degrees)

-44

50 km

0 -20 -40 -60
Depth (km)

—
68°'W

Fig. 2. Seismogenic zone along the Nazca/South America thrust interface deduced from elastic dislocation modeling. (a) Map of
residual velocities obtained by subtracting the interseismic signal predicted by the model from the observed velocities. The grid
with nodal points depicts the outline of the locked (dark shaded region) and the transition (light shaded region) zones. Dashed
contour lines represent the depth to the subducting Nazca slab estimated from Wadati-Benioff zone seismicity [3,4]. Zones 1-6
were used to analyze lateral and longitudinal variability in the residual field. (b) North-south cross-section of the seismogenic
zone. The dashed line in the middle of the transition zone shows the average depth extent of geodetically estimated coupling.
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duce a curved down-dip profile as is the case with-
in our study area. The two main input parameters
that were held fixed throughout the modeling pro-
cedure were: (1) the geometry of the thrust inter-
face derived from the location of the trench and
the Wadati-—Benioff seismicity [3.4]; (2) the as-
signed slip on the fault was equal to the full plate
convergence rate derived from the analysis of
GPS data from the stations located on the Nazca
and the South American plates [17]. The elastic
half-space was described with a Poisson’s ratio of
0.25. The unknown parameter that we attempt to
estimate through our modeling is the depth of the
seismic coupling, represented by the locked and
transition zones (shown as dark and light shaded
regions in Fig. 2a). The latter is defined as a zone
where the fault slip increases linearly from zero at
the up-dip end to the plate convergence rate of
the steady state subduction at the down-dip end.
The inclusion of the transition zone eliminates the
possibility of an abrupt discontinuity at the down-
dip end of the locked zone which is physically
unrealistic [18].

The geodetically estimated depth of coupling
(that equals the width of the locked zone plus
half of the width of the transition zone) increases
from ~33 km depth in the north to ~50 km
depth in the south (Fig. 2b). This depth range
agrees well with the maximum depth of seismic
coupling deduced from the distribution of inter-
plate earthquakes along the ASZ [19], and with
the depth of seismogenic zone estimated from
thermal modeling [20]. The fact that the transition
from the shallow to the deep coupling depth in
our model predictions (between latitudes 30°S and
35°S) coincides with the area where the slab be-
comes steeper, suggests that the deeper portions
of the slab might affect the depth of coupling.
Earlier studies have uncovered the intriguing co-
incidence between the changing dip of the slab at
33°S and the place where the Juan Fernandez
ridge intersects with the Chile trench [5]. In addi-
tion, approximately at the same latitude, two in-
teresting features are observed: (1) an abrupt ter-
mination of the back-arc seismicity [6]; (2) a
drastic increase in the thickness of the incoming
sediment, caused by the change in the climate
environment [21].

We attribute the seemingly random orientation
of the observed velocity vectors in the northern
and southern parts of our study area (Fig. 1) to
the continued effects of the past earthquakes. In-
deed, when we eliminate the dominant interseis-
mic loading signal from the observed velocities by
subtracting the elastic dislocation model predic-
tions, the remaining residual velocity field shows
considerably more coherent motion than the ini-
tial velocities.

Here we have to note that due to superposition
of interseismic and postseismic signals in these
areas, we had to assume that the depth of the
seismogenic zone was similar to the one estimated
for the respective sides of the central section,
where the observations are not contaminated by
the postseismic effects. Thus, the depth of cou-
pling in the northern and southern sections repre-
sents an extrapolation of the AEDM geometry
obtained for the central section that results in
constant depth of coupling (Fig. 2).

The majority of residual vectors are oriented
towards the trench, opposite to the plate conver-
gence direction (Fig. 2a). We interpret the mo-
tions detected in the north as the postseismic ef-
fects following the 1995 M8.0 Antofagasta
earthquake. To attribute the deformations ob-
served in the south to the postseismic effects of
1960 M9.5 Valdivia earthquake, 35 yr after its
occurrence is more astounding. However, if we
take into account the fact that this event is the
largest earthquake ever recorded in the world, the
likelihood of continuing effect of the earthquake
becomes more plausible. Our supposition is fur-
ther re-enforced by recent findings in the western
Kenai Peninsula along the Aleutian subduction
zone, where GPS observations reveal similar post-
seismic effects associated with 1964 M,,9.2 Alaska
earthquake [22]. Interestingly, recently published
3D viscoelastic deformation modeling results for
the Cascadia subduction zone show similar defor-
mation pattern as observed in our study area [23].

Postseismic displacements can be explained ei-
ther by continuing slip along the deeper (or shal-
lower) sections of the coseismic rupture surface
(i.e. afterslip) and/or by viscoelastic relaxation
processes occurring within the lower crust and
the upper mantle [24]. The former mechanism is
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Fig. 3. Long-term deformation signal based on the residual velocities obtained by subtracting the elastic dislocation model predic-
tions from the observed velocities. East components for the sites of zones 2 and 5 (Fig. 2) located within the fore-arc and within

the back-arc. Uncertainties are given at 1o level.

believed to have a more short-term effect, while
the latter is generally characterized by more long-
term effects. Thus, the deformation in the north-
ern section is most likely due to a continuing
afterslip a year after the earthquake, while the
viscoelastic relaxation effect is most likely respon-
sible for the movements observed in the south.
However, it is difficult to uniquely resolve the rel-
ative contribution of the two processes [25].

In addition to isolating the postseismic signal,
the subtraction of interseismic signal from raw
GPS observations provides means for detecting
possible long-term tectonic deformations occur-
ring within the subduction zone. In order to ex-
amine a possible north—south variation, we divid-
ed the area that is not affected by postseismic
relaxation processes into three segments. Each of
these segments is again divided by the magmatic
arc into fore-arc and back-arc zones (Fig. 2a).
Then we examined the north-south and the
east-west components of the residual velocities
of each zone. A significant signal was only found
in the east-west components of zones 2 and 5
(Fig. 3). The presence of a long-term deformation
signal within the back-arc is significant: the neg-
ative slope of —0.011+0.003 pstrain/yr corre-
sponds to ~6 mm/yr east-west shortening over
the distance of 550 km. This result falls within the
range of 2-7 mm/yr shortening rate estimated
from geological observations spanning the last
25 Ma [26] and gives preference to the higher
rate. The positive slope in the east-west compo-
nents of residual velocities in the fore-arc shown

in Fig. 3 indicates a long-term extension within
the Chilean fore-arc. However, this finding
has to be interpreted with caution since possible
modeling uncertainties of large interseismic vec-
tors in the fore-arc are included in the residual
velocities.

Finally, the results of our study suggest that all
of the plate convergence along the Chilean trench
is currently accommodated by the build-up of
elastic strain which leads to a high probability
of future earthquakes in this region. In order to
estimate crudely the possible size of such events,
we divided our study area into two ~ 1000 km
long sections, separated by the 32°S parallel
where the transition from shallow to deep cou-
pling takes place. Assuming that all of the stored
interseismic elastic strain is released during a sin-
gle thrust earthquake with a repeat time of ~ 100
yr, the calculated maximum possible magnitude of
the hypothetical earthquakes in the northern and
southern sections equals M9.0 and M9.1, re-
spectively. The insignificant difference between
the two estimates shows that the variable depth
of locking does not have a direct effect on the size
of the possible earthquakes, due to the logarith-
mic relationship between magnitude and fault
rupture area. However, the increased depth of
coupling results in an overlap of the locked zone
with coastal areas south of 35°S (Fig. 2a), that
can cause higher levels of ground shaking during
the earthquake. This implies an increased seismic
hazard to the populated coastal areas, including
Concepcion, the second largest city in Chile.
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