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Orogen-scale transpression accounts for GPS
velocities and kinematic partitioning in the
Southern Andes

Jan Oliver Eisermann® !, Paul Leon Géliner® ' & Ulrich Riller@® '™

The Southern Andes are regarded as a typical subduction orogen formed by oblique plate
convergence. However, there is considerable uncertainty as to how deformation is kinema-
tically partitioned in the upper plate. Here we use analogue experiments conducted in the
MultiBox (Multifunctional analogue Box) apparatus to investigate dextral transpression in the
Southern Andes between 34 °S and 42 °S. We find that transpression in our models is caused
mainly by two prominent fault sets; transpression zone-parallel dextral oblique-slip thrust
faults and sinistral oblique-slip reverse faults. The latter of these sets may be equivalent to
northwest-striking faults which were believed to be pre-Andean in origin. We also model
variable crustal strength in our experiments and find that stronger crust north of 37 °S and
weaker crust to the south best reproduces the observed GPS velocity field. We propose that
transpression in the Southern Andes is accommodated by distributed deformation rather than
localized displacements on few margin-parallel faults.
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bliquely convergent plate margins are often associated

with prominent margin-parallel deformation zones in the

upper plate taking up significant components of hor-
izontal shear!~3. With a length of 1200 km, the Liquifie-Ofqui
Fault Zone (LOFZ) in the Southern Andean Volcanic Zone (SVZ:
Fig. 1a) is such a deformation zone and one of the most pro-
minent intra-arc deformation zones on Earth. Dextral trans-
pression and respective strike-slip on the LOFZ is generally
attributed to kinematic partitioning caused by oblique subduction
of the oceanic Nazca Plate below the continental South American
Plate*-11. However, structural studies of the northern LOFZ
identified a rather wide zone of faults with diverse orientations
and kinematically associated with the LOFZ10-12 (Fig. 1b). These
observations call into question the popular hypothesis of kine-
matic partitioning, by which northward displacement of the crust
is accomplished on a few margin-parallel faults, notably those of
the LOFZ.

The GPS velocity field of the Southern Andes!3-1> portrays the
current map-view displacement field of the upper crust, including
the kinematics of prominent faults (Fig. 1b). GPS velocity vectors
from the forearc indicate uniform and fast NE-directed dis-
placements at a rate of 3 cm/year. South of 38 °S, vectors change
from east- to southeast-directed velocities diminishing abruptly to
as low as a few millimetres per year across the LOFZ. East of the
magmatic arc at these latitudes, velocities continue to be low and
change to westward directions. North of 38 °S, GPS velocities are
directed toward the NE and diminish to less than a centimetre per
year in the back-arc. The abrupt change in GPS velocity across
the LOFZ at 38 °S, the northern terminus of the LOFZ,
may indicate a genetic link between the velocity field and the
kinematics of the LOFZ.

Co-linearity of GPS velocities in the forearc and the plate
convergence vector (Fig. 1b) points to the locking of the
plate interfacel%. These velocities have been attributed to inter-
seismic elastic deformation!4-17. However, the westward-directed

displacement rates in the back-arc are often ascribed to post-
seismic mantle relaxation after the M,, 9.5 1960 Valdivia
earthquake!3-1>. Similarly, the directional change of GPS velo-
cities at the LOFZ has been attributed to such relaxation at the
northern portion of the Valdivia rupture zone!®1¢ (Fig. la).
As mentioned before, the directional change in velocity may also
be a consequence of the kinematics of the LOFZ and associated
faults. Alternatively, the GPS velocity pattern may be caused by
the southward decrease in upper plate crustal strength!® imparted
by lithological variation or the southward decrease in crustal
thickness from about 60 km at 33 °S to 40 km at 39 °S18-20, This
crustal strength gradient may well have been enhanced by the
stronger coupling of the upper plate and the shallow dipping
slab!8 north, in contrast to a steeper slab dip south, of the WNW-
ESE striking slab tear?0-22 (Fig. 1b).

Physical modelling allows one to explore the kinematics of
oblique plate convergence. However, rather than modelling dis-
tributed deformation of transpression2324, experimental work to
date focused on the structural evolution of oblique thrusts in
brittle materials, with the locations of thrusts enforced by the
individual experimental setups?>~28. To adequately model trans-
pression in brittle and viscous materials, we designed the Multi-
Box (Multifunctional analogue Box) (Fig. 2). Here, we test to what
extent the observed GPS velocity field and first-order fault zones
in the SVZ are caused by kinematic partitioning associated with
dextral transpression and the orogen-parallel variation in crustal
strength. The experiments explore the extent to which the GPS
velocity pattern of the SVZ is kinematically related to the LOFZ
and changes in margin-parallel thickness, and thus strength, of
crust in the upper plate. Digital image correlation allows us to
calculate the model displacement vector field and to compare
this field with the GPS velocity field. Our study pertains also to
better understanding the significance of prominent NW-striking
faults in the Southern Andes, which have been considered to be
pre-Andean in origin!1:2°.

—w— Chile-Peru trench
—— Prominent faults
« e+« Rupture zone of 1960
Valdivia earthquake
A Volcanic centers
— = Contour lines of
subducting slab

[ = A
Kilometer

= GPS vectors (5 mm/a) |,

Fig. 1 Simplified morpho-tectonic maps of the Southern Andean Volcanic Zone (SVZ) based on Shuttle Radar Topography Mission data. a Map
showing the Liquifie-Ofqui Fault Zone (LOFZ) and the location of major volcanic centres®8. b Map displaying prominent faults'0-12, notably the Western
Andean Thrust (WAT)37, contour lines of subducting slab22, and the GPS velocity field'3 of the northern SVZ. The length of the plate convergence vector is

not to scale.

2 COMMUNICATIONS EARTH & ENVIRONMENT | (2021)2:167 | https://doi.org/10.1038/543247-021-00241-4 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00241-4

ARTICLE

50cm 50 cm Linear drive
- for piston
— Yl -
= [=
gllle J 9
- 1) »
f a
X X
- ] &

30 cm
X I

YO©

)y

# Control unit

Fig. 2 lllustration of the MultiBox. 3D rendering of the MultiBox and sketches showing box dimensions with displacement components of the pistons
(X7 and X5) and the velocity discontinuity (dotted line) between the box halves (Y).

Results and discussion

Experimental setup. The MultiBox consists of two halves, each of
which contains a piston (Fig. 2). Based on the simple shear box3?,
one half is mobile and moves relative to the fixed one parallel to
the box midline. Computer-controlled stepper motors driving all
mobile parts of the MultiBox ensure precise reproducibility
of experiments. Each piston of the MultiBox is fitted with a
100 x 21 cm wooden base plate amounting to L-shapes of the
pistons (Fig. 3a). The base plates and space between the plates are
covered by a 3 cm thick layer of a mixture of polydimethylsiloxane
(PDMS) and fine-grained corundum?!, simulating the viscous
lower crust. A 0.5cm thick layer of quartz sand with
Mohr—Coulomb rheology models the brittle upper crust. The
variation in crustal strength in the experiments is simulated by
thickness changes of model upper crust?2. An initially 27 cm wide
gap between the frontal edges of both piston base plates is filled
with a 0.5 cm thick layer of low-friction micro glass beads covered
by plastic wrap to avoid mixing of PDMS and micro glass beads
(Fig. 3a). Pilot tests indicated that the plastic wrap has no influ-
ence on the surface deformation.

It is important to note that micro glass beads filling the gap
between the pistons (Fig. 3a) mask the base plate edges and
distribute deformation above, and to both sides of, the velocity
discontinuity. The analogue materials are, thus, detached from the
base of the MultiBox and deform freely above the gap between the
pistons. During shortening, a small portion of the micro glass beads
escapes below the L-shaped pistons. Therefore, the micro glass-bead
layer remains nearly constant in thickness and, thus, has no
influence on the overlying analogue materials in this regard. As the
mobile half of the MultiBox moves left-lateral with respect to the
fixed half, the graphical modelling results are mirrored to be
comparable to the deformation kinematics in the SVZ. Details of
the scaling, analogue materials used and quantitative image
correlation are delineated in the “Methods” below.

The rate and direction of convergence in experiments are achieved
by the combined movements of the L-shaped pistons and the moving
box half (Fig. 3b). Collectively, these movements impart upper-
crustal kinematics as inferred from the direction of plate convergence
(Fig. 1b) and GPS velocities in the forearc between 35 °S and 37
°§13.15 in which material is displaced at a rate of 30.35 mm/yr toward
an azimuth of 75.64° (Supplementary Table 2). Given the overall
trend of the trench of N5 °E between 34 °S and 41 °S, the

convergence vector in the experiments amounts to 70°. GPS data
from the back-arc between 37 °S and 39 °S indicate displacement
rates of about 4.11 mm/yr towards 207.76°13. Thus, the displacements
in the back-arc are 7.4 times slower than in the forearc.

The experiments test different orogen-parallel crustal strength
gradients by varying the thickness of the quartz sand layer of the
“northern” portion of the experiment (Fig. 3¢), pertaining to the
region north of the slab tear (Fig. 1b). The sand thickness in the
“southern” portion, modelling the region south of the slab tear
(Fig. 1Db), is kept constant in all experiments, ie., 0.5 cm, and
corresponds to the average upper-crustal thickness of 10 km in
the SVZ and the northern LOFZ. A 15 cm wide transition zone
between both portions amounts to 300 km in nature (see below).
We tested three different model crustal strength setups (Fig. 3c):
setup 1 is characterized by a uniform thickness of the sand layer
of 0.5 cm. Setup 2 is made up of a 0.2 cm thick sand layer in the
northern portion, amounting to a weaker crust there than in the
southern portion. With a sand layer thickness of 0.9 cm, setup 3
models a mechanically stronger crust in the northern than in the
southern portion. To assess the reproducibility of results, each
experimental setup was run several times, in addition to
conducting eight pilot and verification experiments (Supplemen-
tary Fig. 1 and Supplementary Table 1). The results of repeated
experiments proved to be similar in terms of orientation,
kinematics, and overall zonation of visible faults (Supplementary
Fig. 1). Differences among identical experimental setups are
apparent by slight variations in fault spacing. Thus, only one
experiment of each setup will be described below.

Model limitations. Our experiments do not model subduction or
crustal deformation at the plate interface, i.e., bulging of material. In
this regard, caution needs to be exercised in correlating model
reverse faults forming close to both pistons, as such faults may arise
as a consequence of contact strain. Moreover, the amount of surface
uplift, notably of any bulges, does not scale properly to nature, as
our experiments are not isostatically balanced and do not include
erosion. Further limitations of our experimental setups include the
lack of structures arising from the isostatically controlled motion of
crust, notably with regard to along-strike crustal thickness varia-
tions, and from our choice of length scaling. The latter influences
the spacing of structures in particular. The experiments are not
meant to track the structural and kinematic evolution of specific
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Fig. 3 Experimental setups and parameters of analogue experiments. a Sketch showing the general experimental setup. b Kinematic boundary conditions
derived from the observed GPS velocity field and used in the experiments. The sketch of the MultiBox and the corresponding kinematics have been mirrored
to represent the kinematics of deformation in nature. ¢ Schematic diagrams showing the three experimental set-ups.

faults, such as the LOFZ, let alone the entire duration of upper plate
crustal deformation in the Southern Andes. The experiments do,
however, furnish information on the formation and kinematics of
first-order fault patterns and long-term displacement vector fields
arising from oblique plate convergence. Finally, narrowing of
transpression zones with time is an earmark of this deformation
regime?* and is consistent with narrowing of the equivalent zones
in our experiments (Supplementary Figs. 2-4). As the initial zone
width of transpression in nature is unknown, the effect of model
transpression zone narrowing on the structural evolution of crust in
nature cannot be assessed at present.

Experimental results. Each experiment ran for 2 h and 15 min and
led to 7.87 cm of shortening in convergence direction, corresponding
respectively to 525Ma and 157km in nature (Supplementary
Table 1)33. Experiments of all setups show a central deformation
zone bordered by an eastern and a western zone characterized by N-
S-trending anticlinal surface bulges. Anastomosing reverse and strike-
slip faults striking obliquely to the pistons characterize the central
zone. Notably, prominent NW-striking, sinistral reverse faults are
uniformly spaced in this zone and kinematically linked with higher-
order faults (Fig. 4a—c). Anticlines are gentle and define zones that are
largely devoid of faults and, although the formation of both started
early in, and waned equally during the experiments, the western one
is the more prominent one. N-S-striking reverse faults are typical for
the eastern and western zones, but are more prominent in the wes-
tern zone (Fig. 4a—c).

In setup 1 experiments, faults localize first in the central zone,
where they are uniformly distributed (Supplementary Fig. 2). The
faults display variable components of thrusting, dextral shearing,
and clockwise particle rotation (Fig. 5a—c). Fault evolution tracked
on an E-W profile reveals that each fault is active for approximately
60 min (Supplementary Fig. 2). Moreover, the successive onset of

faults and narrowing of the central zone show that deformation
propagates eastward. N-S-striking reverse and thrust faults develop
uniformly over the entire length of the western zone (Fig. 4a—c). In
setup 2 experiments, the northern central and western zones,
underlain by the weak crust, show a large number of reverse faults.
Thrusting, dextral shear, and clockwise particle rotation are maximal
in the northern central zone (Fig. 5d-f). Moreover, the eastward
propagation of faults is more apparent in this zone than elsewhere
(Supplementary Fig. 3). A prominent NE-striking, sinistral strike-
slip fault affected the southern central zone and propagated far into
the eastern zone (Figs. 4b, 5f). In setup 3 experiments, a most
prominent piston-parallel thrust borders the northern central zone
underlain by a strong crust to the W (Figs. 4c, 5g-i). Similar to setup
1, distributed faulting, clockwise particle rotation, and eastward
propagation of faults are observed in the transition zone and
southern central zone (Fig. 5i and Supplementary Fig. 4).

In all experiments, the velocity vectors in the western zone
correspond to the uniform motion of the respective piston towards
the centre (Fig. 4d-f). The displacement magnitudes decrease
gradually in the central zone toward the E, without change in
displacement directions. However, vectors in the eastern zone
indicate substantially lower displacement magnitudes and large
directional variability. In setup 1 experiments, vectors indicate small
northward displacements in the eastern zone (Fig. 4d). Similar to
setup 1, vectors of setup 2 experiments show northward displacement
of material in the eastern zone at low magnitudes (Fig. 4e). In setup 3
experiments, displacement vectors in the transition zone and in the
southern-eastern zone shift toward the east before changing to
southward directions, whereas vectors in the northern eastern zone
continue to be directed toward the NE (Fig. 4f).

Localization, kinematics, and age of prominent faults. As
mentioned beforehand, the co-linearity of the plate convergence
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experiments. Red stippled lines indicate surface traces of profiles in Supplementary Fig. 5. TZ indicates the transition zone.

direction with uniform GPS velocities throughout the forearc and
far beyond the Valdivia rupture zone (Fig. 1a) indicates elastic strain
build-up due to locking of the plate interface and, thus, interseismic
deformation in the Southern Andes!>-!7. The trench-ward motion
of crust in the back-arc (Fig. 1b), also known from other subduction
zones>4, is often attributed to post-seismic relaxation of crust fol-
lowing the 1960 earthquake but is considered to be rather long3>-3¢.
Comparison of short-term and long-term fault-slip and deformation
rates shows to what extent geodetic rates of deformation relate to
geologic rates. Evidence from the Southern Andes in this regard is
sparse. However, recent slip rate estimates from the San Ramon
Fault, a segment of the Western Andean Thrust (WAT)37 located
near Santiago at 33.5 °S (Fig. 1b), indicate similar long-term and
short-term slip rates3®. Spatially more comprehensive evidence
indicating similar geologic and geodetic slip rates comes from
modelling of the high-precision GPS velocity field, based on mea-
surements at 1981 stations, and comparison with known geological
slip rates from 41 fault segments of the San Andreas Fault System,
California®®. This study is based on an earthquake cycle model of an

upper elastic layer and a lower viscoelastic half-space, which is akin
to our experimental model setup and consistent with a rheological
layering of the crust in the Southern Andes!!. Thus, the GPS
velocity field in the Southern Andes may well portray interseismic
deformation, serves as a proxy for long-term deformation, and
warrants the comparison with model surface displacement patterns
from analogue experiments.

The western, central, and eastern zones in our experimental
setups scale respectively to the forearc, the volcanic arc, and the
back-arc between 34 °S to 42 °S (Fig. 1b). Although the western
anticlinal bulge developed largely as a consequence of the
experimental boundary conditions, its position, and width
approximate the deformation gap between the model forearc and
the volcanic arc (Fig. 4). As mentioned above, the amount of surface
uplift of the bulge does not scale properly to nature. Nonetheless, a
thrust belt developed to the west of this bulge and corresponds to
the Coastal Cordillera of the forearc in nature.

Similar to structural and kinematic field evidence from the
SVZ10-12 and the central Andes, all of our experiments show
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Fig. 5 Images showing cumulative divergence, shear strain, and vertical-axis rotation of model upper-crust in individual experiments. Negative
divergence indicates shortening. a Divergence, b shear strain, and ¢ vertical-axis rotation in setup 1 experiments. d Divergence, e shear strain, and f vertical-
axis rotation in setup 2 experiments. g Divergence, h shear strain, and i vertical-axis rotation in setup 3 experiments.

the formation of two prominent fault sets in the central zones:
margin-parallel dextral oblique-slip thrust faults and NW-striking
sinistral oblique-slip reverse faults (Figs. 4a—c, 6). In places, the
model reverse faults converge downward and form pop-up
structures (Supplementary Fig. 5), similar to those observed by
Schreurs and Colletta (1998)*' in transpression experiments.

Dextral shear components on thrust and reverse faults as well as
clockwise particle rotation in the central zones (Figs. 4a-c, 5)
point to dextral transpression affecting the entire width of the
central zone, i.e., the model volcanic arc. The model fault sets
enclose rhomb-shaped domains of diminished internal deforma-
tion, akin to those recognized in the SVZ!0-12 and the central
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Andes*®, Thus, field evidencel®1240 and our experiments call
into question the popular view that margin-parallel dextral shear
in the SVZ has been exclusively resolved on the LOFZ, which
emerged rather late in the orogenic history®#2.

In terms of fault localization, the presence of prominent, NW-
striking faults apparent in the central zones of all experiments is
of particular importance (Fig. 4). The faults are uniformly spaced
and characterized by oblique sinistral reverse sense-of-shear
(Figs. 4a-c, 5¢, f, 1). The orientation, kinematics, and spacing of
the faults are comparable to prominent NW-trending disconti-
nuities in the SVZ (Figs. 1b, 6), some of them are lined by large
volcanic centres, such as the Villarrica, Quetrupillan, and Lanin,
forming transverse volcanic chains. The discontinuities are often
considered pre-Andean in origin!1?®. In the experiments,
however, these faults localized rather early and spontaneously,
i.e, unrelated to any inherited mechanical heterogeneity, are
long-lived and form antithetic Riedel faults with respect to overall
dextral transpression. Therefore, NW-striking faults may not be
pre-Andean in origin, but may have formed early during Andean
deformation.

Another noteworthy structural characteristic of our experi-
ments is the development of a first-order reverse fault bounding
the central zone to the W in setups 1 and 3 (Fig. 4a, c). The fault
is visible well in normal and, more prominently, in the strong
model crust. Notably in the latter, the fault takes up all
displacement of the central zone, leaving this zone largely
unstrained (Figs. 4c, 5g-i). The position, polarity, and kinematics
of the reverse fault matches remarkably well those of the WAT,
one of the most important structural, mechanical and morpho-
logical discontinuities in the entire Andes37-3343 (Figs. 1b, 6). The
WAT initiated in early Miocene times, is synthetic to the plate
interface megathrust and displaces rocks of the magmatic arc
(Principal Cordillera) over less deformed rocks of the forearc. It
can be traced from the Peruvian Andes at 17 °S to the Southern
Andes*>#4, where it includes the San Ramoén fault’”>38. Interest-
ingly, the WAT appears to terminate at the latitude of 38 °S%>, i.e.,
the location of the slab tear projected to the surface (Fig. 1b). As
mentioned before, our experiments do not fully model the
dynamics of subduction of the Southern Andes. However, the
development of the model WAT, notably in experiments
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modelling the deformation of the strong crust, points to the
importance of crustal strength in controlling crustal kinematics in
the Southern Andes.

Importance of margin-parallel crustal strength gradient. The
northern terminus of the LOFZ, the southern terminus of the
WAT, and the GPS velocity field relate spatially to the change in
slab dip at 37 °S (Fig. 1), which translates to differences in
strength of upper plate crust!8. The analogue experiments high-
light the influence of crustal strength on the upper-crustal fault
pattern and surface displacement fields. Setup 1 experiments do
not entail an orogen-parallel strength difference and, thus, gen-
erate displacement vectors that are uniform along-strike, but
change directions and magnitudes towards the central portion
(Fig. 4d). Setup 2 experiments are characterized by a weak upper
crust in the north displaying pronounced northward surface
displacements in the model back-arc (Fig. 4e). Clearly, the dis-
placement fields of these setups do not match the observed GPS
velocity vectors (Fig. 1b).

Displacements in setup 3 experiments, modelling strong crust
in the north, are characterized by (1) an abrupt change in
magnitudes across the model WAT, serving as a distinct velocity
discontinuity, (2) eastward directed displacements in the transi-
tion zone of the central zone and (3) a change from NE-directed
vectors north of the transition zone to SW-directed small-
magnitude vectors south of the zone in the eastern zone (Fig. 4f).
Thus, the modelled displacement vector field of setup 3 portrays
the GPS velocity field (Figs. 1b, 4f).

Likewise, the pattern and kinematics of setup 3 model faults
agree well with that of first-order faults compiled for the SVZ
(Figs. 1b, 6). Specifically, south of the transition zone, which
spatially corresponds to the slab tear in nature, N-striking dextral
oblique, and NW-striking sinistral oblique thrusts are well apparent
in setup 3 experiments and nature (Fig. 6). North of the transition
zone (i.e., slab tear), N-striking thrust faults, notably the prominent
one spatially matching the WAT, characterize setup 3 experiments
and are, thus, consistent with the natural fault pattern as well.
E-striking faults, sporadically evident south of the slab tear, are not
developed in any of the experiments. As these faults are less
prominent than the N- and NW-striking faults, we attribute the
lack of E-striking faults in the experiments to the length scaling,
which does not allow the development of respective higher-order
faults. Similarly, the length scale can explain the differences in the
spacing of model faults with regard to their natural equivalents. In
summary, the model crustal strength gradient of setup 3
experiments can account for the GPS velocity field, pattern, and
kinematics of first-order fault zones, and change from dextral
transpression in the south to thrust-dominated deformation in the
north (Fig. 6).

Conclusions

Scaled analogue experiments simulating crustal transpression
using the MultiBox prompt us to reconsider the simple concept of
kinematic partitioning at the obliquely convergent Southern
Andean plate margin between 34 °S to 42 °S. Comparison of the
model velocity field inferred from 3D digital image correlation
with GPS velocities supports the hypothesis that crust north of
the tear in the subducted slab is stronger than south of the tear.
We conclude that the entire GPS velocity field in the Southern
Andes portrays long-term (interseismic) deformation. Contrary
to the popular hypothesis, by which the LOFZ takes up most of
the margin-parallel dextral oblique displacement, we find that
transpression is accomplished chiefly by oblique-slip reverse and
thrust faults, which are widely distributed across the entire width
of the model orogen, in agreement with compiled first-order

faults in the SVZ (Fig. 6). Specifically, two major, kinematically
linked fault sets caused tectonic segmentation of model upper
crust into rhomb-shaped domains. Finally, prominent, regularly
spaced NW-striking faults localized spontaneously as Riedel
shears early in all of our experiments. Thus, these faults are
inherently related to dextral transpression and challenge the
general belief that their natural equivalents generally formed from
pre-Andean discontinuities. The evolution of volcanic centres
decorating these faults is, therefore, unlikely related to ancient
crustal discontinuities.

Methods
Scaling. Accurate scaling of experiments is a prerequisite to ensure physical com-
parability between models (m) and nature (n) and for extrapolating experimental
results to nature. The principal constraining parameter for the scaling of laboratory
experiments is the length scale. In our experiments, a model upper crustal thickness of
e.g. I =0.5cm corresponds to an upper crustal thickness in nature of I, =10 km.
This amounts to a length scale ratio of (Supplementary Table 3):
polm 0005 sii0
1.~ 10000

In order to achieve physical similarity between the models and nature, we
need to derive dimensionless parameters representing the physical system of
our experiment®47. The controlling parameters in our experiments are the
strength ratios between brittle and ductile materials. The dimensionless
parameters have to be independent of length /= [L], mass m = [M], and time
t =[T]. The major parameters influencing our experiments are length: =1L,
density: p =M L3, gravity: g= L T2, velocity: u=L T~!, and dimensionless
friction angle: ¢. The brittle—ductile coupling is characterized by the
empirically constrained strength ratio R*® of differential stresses between a
brittle and a ductile material:

Brittel strength [, ;,(0; — 03)dz
Ductilestrength ~ [, (0, — 03)dz

In this study, we will use this ratio to approximate the brittle-ductile coupling in
the experiments with regard to the SVZ. The dimensionless differential stress for
the brittle layer can be expressed as:

sin

(0, —03)dz=/ sin ¢ * px g *l;dz = ¢*p*g*l§m.
brit brit

This equation includes the brittle material properties, such as friction angle ¢,
density p, and the layer thickness l;.
The dimensionless differential stress for the ductile layer can be expressed as:

U U
[ —o)dz:/ *—dz =% —* .
/dm(‘ VET ST

This depends on the ductile material properties, such as viscosity #, applied rate
of shortening U as well as the length of the piston L and the layer thickness lj,c.
Division of both parameters of differential stress forms the dimensionless

brittle—ductile strength ratio R:
Ro TorpEgERy
1 * [Q * lduc

Based on the choice of materials, cohesion, density, friction angle, and gravity
can be taken as constants. Besides the thickness of the brittle crust, the outcome of
the experiments will depend on the applied piston velocity. This gives us the option
to control the strength ratio either by varying the thickness of the brittle layer or
the applied strain rate on the ductile layer. A straightforward way to generate a
specific along-strike crustal strength gradient is by varying the brittle layer
thickness. Our experiments are based on the calculated strength ratio of R, = 2.148
for the average SVZ crust (Supplementary Table 4). According to this value, the
weak model crust with R, = 0.35 turned out to be 84% weaker than the normal
model crust. By contrast, the strong crust with R,, = 7.083 is characterized by a
224% strength increase with regard to the normal model crust. The difference in
the brittle layer thickness depends also on the technical feasibility of generating
respective layers.

Based on calculations of R, the layers were shortened at a constant rate of
Uy =3.5cm/h (U, =9.72 x 1076 m/s) for the forearc vector. As the back-arc
vector is 7.38 times slower than the forearc vector, its rate amounts to 1.19 cm/h in
the experiments. The rate of shortening in the model corresponds to a natural
shortening rate of U, =30 mm/a (U, = 9.512 x 10~ m/s), constrained by GPS
data (Supplementary Table 2). The applied strain rate needs to match R,, = R, and
sets the time scaling described as the relation Uy, = U,,. The velocity scaling ratio is
then given by:

m

U~ 9512x10° 1

n

U =

9.72x107% m 4
[—] = 1.02x 104,
N
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The time scale ratio for the experiments is therefore given by:

tn 1.1415x107*
== "
t,  2.3333x 10°

Thus, 1h in the experiment corresponds to approximately 2.333 Ma in nature.

[a] = 4.8923x 107"

Analogue materials. The brittle upper crust was modelled using quartz sand,
which is a Mohr—Coulomb material*®->3, We used fire-dried, well-sorted G23T
quartz sand, which has an average grain size of 290 um (100-600 pm), a cohesion
of-20 Pa and a stable friction angle of 28.45°°4%, which we measured at the GFZ
Potsdam, Germany (Supplementary Table 5). Friction and cohesion of G23T
quartz sand are similar to commonly used sand in analogue modelling>*°°. The
densities of sand py, = 1562 kg/m> and upper crust in nature p, = 2500 kg/m3 set
the density scale ratio at:

. pem 1562 [k
PBZPL_ {g

= 2| = 0.6248.
Ppa 2500

m?

A mixture of 0.965 kg polydimethylsiloxane (PDMS) type KORASILON Ol
G 30 M and 1kg fine-grained corundum sand was used to model the lower
crust’l. This mixture was chosen for its density of p,,, = 1600 kg/m?, to prevent
buoyancy effects in combination with the sand (Supplementary Table 5). With
regard to the average density of lower crust p,, = 2800 kg/m3, the density scale
ratio is:

¢ —FPbm _
P = Ppn 2800
The stress exponent of the PDMS/corundum mixture is # = 1.05
(Supplementary Table 5). Therefore, the mixture is a Newtonian fluid with an
effective viscosity of 7 = 1.5 x 10° Pa's. Considering a viscosity = 1 x 1022 Pas for
the lower crustal of the Southern Andes!319, the viscosity scale ratio is:

1600 [kg
——|=2] = 05714,
m

5
0= T _ %[Pas] =15x107Y.
Mo 1x 10
The micro glass beads are perfectly spherical, have very low friction and
cohesion, are well sorted, range in size from 40 to 80 pum, and have a density of
pm = 1500 kg/m3. The beads serve as a low-friction material that remains at the
bottom during experiments.

3D digital image correlation. The experiments were recorded with a 3D Stereo
Digital Image Correlation StrainMaster system manufactured by LaVision GmbH
(Germany). Two monochrome Imager M-lite 12M CMOS cameras with a 12-bit
sensor (12-megapixel, 4112 x 3008 pixels, 4096 values of grey) were mounted above
the model surface. The images were recorded and synchronized with a Device
Control Unit X (DCU X) running DaVis 10.0.4 by LaVision GmbH. A set of high-
quality Nikon lenses with 24 and 35 mm focal lengths were used. The focal length
of 24 mm allowed us to capture a large area within the MultiBox, whereas using a
focal length of 35 mm resulted in cropped images of the experiment surface

(Fig. 3b). The experiments shown here have been recorded with a focal length of
35 mm (Fig. 3b, Supplementary Table 1).

Stereo DIC permits the computation of 3D surface displacements by cross-
correlation of sequentially recorded stereo image pairs®’. Simultaneous
application of stereo image reconstruction generates a high-resolution 3D
model of the surface topography. This allows us to quantify the evolution of the
monitored surface. The quartz sand used for the brittle layer includes black
grains serving as markers for DIC cross-correlation. The mixing ratio of 1:12
with regard to bright sand is tailored to the cameras, their distances to the
surface, and the experiment size. The black marker grains have the same
physical properties as bright sand. Sieving the sand creates random patterns,
which improves image correlation. Calibration of the cameras prior to each
experiment identified and corrected lens distortions, calculated the camera
position relative to each other for stereo reconstruction, and set the correct
length scale to ensure high-precision vector field calculation.

The software DaVis 10.0.4 was used to calculate the displacement vector field
evolution at a resolution of a few grain size diameters by calculating the
incremental and cumulative vector fields for each experiment. Based on the
computed vector fields, the software furnished also important kinematic derivatives
of surface deformation including: surface displacements in X-, Y- and Z-directions;
vertical-axis rotation; shear strain defined as:

1 /du dv
72 (@ " a)

and divergence, with convergent particle motion, denoted as negative values, and
divergent particle motion indicated as positive values:
du dv

Careful removal of the sand layer immediately after completion of each
experiment revealed the deformed PDMS surface and allowed us to record this
surface in 3D. Digital cross-sections at selected locations were generated by
combining the shapes of the final sand surface and the excavated PDMS surface.

div =

Data availability
The experimental data that support the findings of this study are available in GFZ data
services with the identifier https://doi.org/10.5880/fidgeo.2021.023.
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