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Symptomatic lithospheric drips triggering fast
topographic rise and crustal deformation in the
Central Andes
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The basin and plateau regions of the Central Andes have undergone phases of rapid sub-
sidence and uplift during the last ~20 Myr in addition to internal tectonic deformation.
Paleoelevation data and the presence of high seismic wave speed anomalies beneath the
Puna Plateau suggest that these tectonic events may be related to lithospheric foundering.
Here, we study the geodynamic processes in the region using three dimensional, scaled,
analogue models and high-resolution optical image correlation techniques. The analogue
experiments show how a gravitational instability of the mantle lithosphere developing into a
lithospheric drip may form a circular sedimentary basin in the crust that undergoes sub-
sidence and subsequently reverses to uplift, while simultaneously undergoing internal crustal
shortening. The model results reveal that drips may be “symptomatic” where the crust is well
coupled to the sinking mantle lithosphere and manifests tectonic deformation at the surface,
or poorly coupled “asymptomatic” drips with weak crustal surface manifestations. Overall,
the physical models suggest that the formation of the Arizaro Basin and nearby Central
Andean basins are caused by symptomatic lithospheric dripping events and highlight the
significant role of non-subduction geodynamic mechanisms in driving surface tectonics.
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extension, topographic perturbations, and exhumation

processes are interpreted as the geological manifestations of
lithospheric foundering in which gravitationally unstable (thick-
ened) lithosphere sinks/drips into the underlying sub-lithospheric
(asthenospheric) mantle!~4. In addition to conceptual tectonic
models, seismic tomography provides robust examples of drip-
like high wave speed anomalies beneath the Colorado Plateau®,
Great basin’, Sierra Nevada region of California®-10, Altiplano
Plateau!!, Tibetan Plateau!2, Carpathians!3, and Anatolia'4. This
type of “drip tectonics” has been associated with magmatism
beneath continental interiors, such as the Mongolian plateau!?,
and the Siberian!®, North China!’~1%, and Wyoming Cratons?’.
Among these many examples, however, the surface tectonic
response of the lithospheric foundering process is not well
resolved since, apart from a few studies?!-24, geodynamic model
predictions have not been tested in the context of direct regional
geological or geophysical observations. Here, using analogue
(laboratory) models with geological and geophysical constraints,
we test a hypothesis that the topographic and tectonic evolution
of hinterland basins of the Central Andes are caused by litho-
spheric drip processes.

The Central Andean Plateau is defined by the Puna and Alti-
plano high plateaus (>3 km elevation; Fig. 1) and was formed by
subduction of the Nazca plate beneath the South American
plate?>-28, Paleoaltimetric studies suggest that the rise of Central
Andean topography has not been uniform in time but rather was
built during the Cenozoic through pulses of uplift?*-31. Further,
geological and paleoelevation estimates indicate that the relative
timing and mechanism of topographic uplift and the styles of
tectonic deformation are different between the Puna and

Rapid and short-lived phases of crustal shortening and
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Altiplano plateaus’?33. The Puna Plateau is characterised by
higher average elevation including local isolated hinterland basins
(e.g., Salar de Arizaro, Salar de Atacama) and distinct volcanic
centres (Fig. 1). Various studies invoke lithospheric removal--and
the associated mantle dynamics--to account conceptually for the
widespread (non subduction related) magmatism, surface defor-
mation, and time-dependent topographic evolution of the
plateaus>34-37,

Figure 1 shows a P-wave seismic tomography model beneath
the Puna Plateau surface. The locations of basins within the
plateau have been marked on the map (viz., Atacama (AT),
Arizaro (AZ) and Salinas Grandes (SG)). Higher wave speed,
colder anomalies (A, B, C and D) at ~200 km depth have been
interpreted as foundered lithosphere, formed following plate
shortening during Andean orogenesis3. Based on stratigraphic
and structural work, DeCelles et al. (2015) suggests that the
Miocene Arizaro Basin (Fig. 1), an internally drained, 3.5km
deep oval shaped hinterland basin, represents a geological man-
ifestation of dripping lithosphere33. Their study determines that
an event of rapid subsidence changing to uplift is documented in
the basin’s sedimentary record, and these motions are not con-
sistent with characteristics of tectonic flexural response and local
stretching. Further, crustal shortening in the Arizaro Basin
interior is well documented by folding and local thrust faults, but
the basin is not bounded by known plate boundary scale fault
systems®3. Overall, this suggests that more regional geodynamic
processes are required to account for the geological evolution of
the Arizaro Basin since the Miocene. Geological studies have also
inferred lithospheric dripping beneath other parts of the Puna
Plateau, for instance the southern part of the Arizaro and Salar de
Atacama basins?®3°. Such studies advance evidence for

Fig. 1 Seismic tomography model of the Altiplano-Puna Plateau. a 3-D view of the lithospheric and upper mantle structure of the region, and b Map view
of the same area showing tomography slices at 55 km depth. The locations of the Atacama (AT), Arizaro (AZ), and Salinas Grandes (SG) basins are
marked. A, B, C and D represent major high speed P-wave anomalies. Diagram modified from ref. 64,
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lithospheric drips in the region, but the dynamical process(es) of
lithospheric dripping and their role in driving local tectonics in
these purported geological cases are uncertain.

Here we use three-dimensional (3D), scaled, analogue experi-
ments to investigate the complex deformational response of the
brittle (upper crust) to descending mantle lithosphere. The
experiments build on a suite of analogue models from Pysklywec
and Cruden (2004) that explored lithospheric instabilities and
surface tectonics?). We use techniques that permit a detailed
investigation of the evolution of topography and strain in the
models so that the model findings can be interpreted in the
context of active foundering in the Central Andes region (Fig. 1).
As such, our work aims to clarify the link between mantle pro-
cesses and crustal tectonics, and how such geodynamic processes
may be interpreted with observed or inferred episodes of litho-
spheric removal.

Results

We conducted a series of ten scaled experiments in a plexiglass
box, and three of these are representative of tectonic evolution of
the Central Andes. These models contained sub-lithospheric
mantle made of Polydimethylsiloxane (PDMS), a mantle litho-
sphere made of a modelling clay and PDMS mixture with varied
density and viscosity, two different brittle upper crust materials
(e-spheres & silica spheres or sand), and one case with a viscous
lower crust made of modelling clay and PDMS. We investigated
two different methods (Method 1 and Method 2) of initiating the
lithospheric perturbation that evolved into distinct styles of
removal. The main objective of this study was to understand the
different styles of instability of the mantle lithosphere, and the
resulting deformation in the brittle upper crust. This builds upon
previous analyses in which variable rheological properties of the
upper and lower crust were investigated??,

Using Particle Image Velocimetry (PIV), Stereo Digital Image
Correlation (SDIC), and digital photogrammetry techniques, we
have tracked crustal strain and evolution of topography and drip
descent throughout the experiments. Details regarding materials,
scaling, and experimental setup are given in the Methods
section below.

EXP-1. The experiment begins when the initial density pertur-
bation (12.5 mm radius) in the centre of the model box develops
as a Rayleigh-Taylor (gravitational) instability, attached using
Method 1 of drip initiation. In Method 1 (EXP-1 and EXP-3),
the mantle lithosphere was placed onto the sub-lithospheric
mantle (PDMS) and then a 2.5cm diameter hemisphere of
clay+PDMS was pushed into the mantle lithosphere from the top
of the layer and left to settle until a flat surface was reformed (see
Methods section).

Figure 2a, b shows the plan view evolution of surface
topography overlain with cumulative surface strain (E,,)
components and the sideview (photograph) evolution of the
experiment from 0-40 h, which scales to 25.2 Myr total time in
nature. By 10h, a cylindrical shape drip has developed and is
actively descending (green vectors). In response to the down-
welling, upward return flow (red vectors) have evolved around
the drip as a small-scale mantle circulation process (Fig. 2b).
By 20 h, the drip undergoes necking (thinning) while its rate of
descent has decelerated (Fig. 2c). Note that the downward
pointing green vectors have greater magnitude around the base of
the drip where the drip volume and the viscous tractions are
larger than the sides and the neck. This suggests rapid descent at
the base (drip head) compared to the neck. The red vectors in the
mantle (PDMS) surrounding the drip demonstrate upward
motion as the drip displaces adjacent material. After 30h, the

descent has terminated, and the drip head reaches the bottom of
the tank. Figure 2c demonstrates that the descent rate is steady
from 0-18h, with a hiatus for a few hours, and then a slower
descent from approximately 23 h to the end of the experiment.

The map of surface elevation shows that an approximately
circular surface basin develops as a response to the pull of the
dripping lithosphere on the overlying crust (Fig. 2a). The centre
of the basin shows ~ —1.5 mm of subsidence (approximately 6 km
in nature). We interpret that the downward force exerted by the
drip on the overlying crust is maximum at the start and decreases
as the experiment continues owing to progressive down-dip
extension and necking. As the experiment progresses, the radius
of the circular basin is ~6 cm at its widest points and decreases to
~1.5cm (~75%) with progressive shortening of the surface crust
and loss of dynamic support. Topographic uplift (>1 mm) occurs
around the periphery of the circular basin and more significantly
the right side of the box as lower density mantle material replaces
higher density mantle lithosphere. These results show a more
distinct circular basin formation than the point instability (P)
experiments of Pysklywec and Cruden (2004).

Crustal strain on the top surface is 0% at 0 h (Fig. 2a). By 10h
the strain is increasing as the surface is pulled downward and
inwards by the drip as indicated by the cumulative strain
magnitude and directions. By 30h, we observe the highest
accumulation of strain (approaching 15%) immediately above the
drip with minor change in magnitude and direction of strain
between 30h and 40h despite further increase in surface
elevation. The high crustal strain manifests as wrinkle-like linear
features that developed in the central section of the model during
shortening and folding of the upper crust (see Fig. 2, 40 h frame).
This deformation is akin to the results of other 3-D analogue drip
experimentsi0-41,

EXP-2. In EXP-2 an alternative method (Method 2) was used to
initiate a drip with a perturbation less well coupled to the over-
lying mantle lithosphere (while all other model parameters
remain the same as EXP-1). In Method 2, the same size hemi-
sphere as EXP-1 was inserted into the PDMS rather than the
mantle lithosphere and then the mantle lithosphere was placed on
top akin to the method described in Pysklywec and Cruden
(2004)40.

The lack of horizontal crustal convergence and accumulation
of strain in the crust indicates that the mantle lithospheric drip
was not well coupled to the upper mantle lithosphere compared
to EXP-1 (Fig. 3a). Figure 3b shows overall evolution of the drip
in EXP-2 that is similar to EXP-1, although the volume of mantle
lithosphere involved in the drip is significantly reduced. By 20 h
the drip has travelled approximately two thirds the depth of the
box and we see strong downward motion (green vectors) with the
greatest velocity occurring at the bottom of the drip. The red
vectors show outward and upward motion of the PDMS away
from the drip as it displaces surrounding mantle material. Like
the previous experiment, the drip descends rapidly at the
beginning (until ~15h) (Fig. 3c). It reaches the bottom of the
tank by approximately 25h (Fig. 3c) but the downwelling of
mantle lithosphere persists down the neck of the drip until the
end of the experiment. The width of the neck (stretched portion)
of the drip is approximately one third of the neck in EXP-1. There
is less lithospheric removal from beneath the crust in comparison
to EXP-1, which further supports the interpretation that the drip
is not well coupled to the mantle lithosphere.

Figure 3a shows that a circular depression initially develops in the
central part of the box as a topographic expression above the
incipient downwelling. This depression forms very rapidly—over a
few minutes in the time between model construction and before the
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Fig. 2 Evolution of EXP-1. a Plan view showing the evolution of topography from O to 40 h for EXP-1 with arrows depicting cumulative surface strain.

Convergence towards the centre occurs between O h to 40 h. Convergence stuctures are shown in the photograph at 40 h with a possible extensional
feature in the bottom right corner. Note the presence of an air bubble in the top right corner of the images. b Below surface (sideview) evolution of the drip
from O to 40 h. Green vectors track downward motion of the drip and red vectors the upward motion of the PDMS. ¢ Progression of the drip through the

mantle starting at the base of the mantle lithosphere (Position = 0) with corresponding scaled Earth time values. The drip touched the bottom of the box at
~35h. Drip descent appears to cease at ~18 h before sinking again at ~23 h.
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Fig. 3 Evolution of EXP-2. a Plan view evolution of topography and cumulative strain over 40 h. Red strain arrows indicate some accumulation of strain at
0 h. Photograph of the surface at 40 h depicts no convergence in the crust. A basin ~0.5 mm deep is illustrated at 40 h. b Evolution of drip (sideview)
beneath the surface with downward green displacement vectors. Red vectors indicate upward displacement of the PDMS. ¢ Progression of drip beneath the
base of the mantle lithosphere. The drip sank in a continuous path and touched the bottom of the box at ~25 h.

imaging system could be started. The horizontal strain vectors at 0 h
indicate low (<2%) strain inward, and this does not change over the
span of the 40 h experiment. There is no appreciable surface strain
measured in the crust (40h frame) despite the active mantle
dynamics below, showing that this perturbation and resulting drip
does not induce crustal deformation?2. These results with essentially
no surface deformation are consistent with findings from Pysklywec
and Cruden (2004) describing a non-published experiment (P4). As
the drip moves downward and the neck thins, there is relative uplift
as the surface rebounds back from its initial rapid subsidence, and
the planform of the basin narrows (Fig. 3a) The topography

measurements show that a small depression remains in the centre of
the experiment throughout (~0.5 mm deep).

EXP-3 (addition of a lower crust). In this experiment, we kept all
model parameters the same as EXP-1 but included a viscous lower
crust (see Methods section) between the brittle upper crust and
mantle lithosphere. A drip was initiated using Method 1 with the
same 12.5 mm radius instability as EXP-1 and EXP-2. The overall
dynamic evolution of the drip in EXP-3 is like EXP-1, which is
evident in Fig. 4c where the drip is shown to descend in two stages.
However, it evolves at a slower rate than EXP-1 (Fig. 4c). For
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Fig. 4 Evolution of EXP-3. a Plan view evolution of topography over 40 h with cumulative surface strain. Full extension of the lithosphere was visible in the
crust at 45 h (top left of photograph). b Below surface (sideview) evolution of the drip. The cloud surrounding the drip is visible discoloration of the
(polydimethylsiloxane) PDMS from the clay in the mantle lithosphere. Green vectors show downwward motion of drip while red vectors illustrate out and
upward movement of the PDMS (mantle). € Progression of the drip beneath the base of the mantle lithosphere. Drip progression temporarily ceases
at ~25 h before sinking again at ~32 h. The drip touched the bottom of the box at ~37 h.
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Fig. 5 Comparison of experimental results with the Arizaro Basin. a Relative surface elevation of EXP-1, EXP-2, and EXP-3, with elevation of Arizaro Basin
from ref. 33. The dotted red line in EXP-2 depicts rapid subsidence before the recording began. This occurred in a short span of time between setting up the
experiment and starting the camera recording (minutes). b Geological map of the Arizaro Basin, demonstrating folding and thrust faults within the basin,
modified from ref. 33. Sierra de Macon ridge (SdM). ¢ Surface view of EXP-1 above the drip, demonstrating folding and direction of shortening depicted with

red arrows.

instance, by 20 h the drip has only travelled ~85 mm compared to
EXP-1 where the drip had descended ~125 mm. At 30 h (Fig. 4b) the
drip starts to grow slowly, and the rate of descent increases rapidly at
~32 h (Fig. 4c). The neck of the drip is wider in the side view than
that of EXP-1 and EXP-2, being approximately two times the width
of that in EXP-1. The weak and buoyant lower crust that is included
in EXP-3 is entrained downward by the descending drip. This is not
visible in the sideview images but was discovered during the post-
experiment dissection of the model. Compared to the results of
Pysklywec and Cruden (2004; Fig. 5) a smaller amount of crustal
material is entrained with the sinking mantle lithosphere.

Figure 4a shows that a large, well-defined depression develops in
response to the lithospheric instability. Strain arrows indicate inward
convergence of surface crust throughout the experiment. The buildup
of strain in the crust as it converges yields similar wrinkle-like linear
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features to EXP-1 (Fig. 4; 45h frame), with the highest cumulative
strain reaching 20%. Zones of the crust are extended (beginning at
~10h) on the margins of the basin as material is pulled inwards in
the finite volume model box.

Symptomatic vs. asymptomatic drips. In all the experiments, the
lithospheric drips are associated with vertical surface displace-
ments (e.g., some subsidence and/or uplift), however, not all drips
caused appreciable shortening and accumulation of strain in the
upper crust. This behaviour stems from differing initial condi-
tions and allows for classification of a drip as either symptomatic
or asymptomatic. A symptomatic drip is well coupled to the
entire mantle lithosphere (and partially the crust): It sinks
through the mantle and pulls the upper part of the mantle
lithosphere inward and horizontally, producing an accumulation
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of strain (shortening) and the formation of structures like fold-
and-thrust ridges in the upper crust. These drips tend to generally
remove more material from the lithosphere. EXP-1 and EXP-3
can be classified as symptomatic drips (Figs. 2a and 4a). There
may be other factors controlling these symptoms in the crust
(such as thermal and compositional), but we did not explore these
variables in this study.

In contrast, an asymptomatic drip responds with initial
subsidence, but is less developed throughout the entire mantle
lithosphere and consequently is not as efficiently coupled to the
crust. Accordingly, crustal strain is subdued and there may be little
to no evidence of horizontal deformation in the crust despite the
active mantle dynamics below. EXP-2 is an asymptomatic drip
where lithospheric removal produced transient subsidence and
topographic recovery but no tectonic deformation in the crust.

Discussion

Our findings from the analogue experiments are reconciled with
the unique lithospheric and mantle structure, and key features of
the tectonic evolution of hinterland basins in the Southern Puna
Plateau over the last 20 Myrs36:37 (Fig, 5). Below, we describe how
our primary experimental results may explain several geological
and geophysical features pertaining to the geodynamic evolution
of the region.

Our experiments found that lithospheric downwellings are
characterised by a sinking bulbous drip head attached to a thin
neck, formed by the stretching of a viscous lithospheric
instability. A seismic tomography model (Fig. 1) shows that, there
are four higher seismic wave speed anomalies (~25°S and
65.5°W), labelled A,B,C and D surrounded by a lower seismic
wave speed upper mantle domain below the southern Puna Pla-
teau region. The current positions of the inferred anomalies may
have been offset due to the mantle flow generated by the sub-
duction of the Nazca plate beneath the South American plate®3.
Their surface projections suggest that they are approximately
located beneath the Arizaro Basin, the Salar de Atacama (basin)
and the Salinas Grandes, and as such they may be interpreted as
lithospheric drips that have controlled the tectonic evolution of
these basins. Note that these basins and high seismic wave speed
anomalies are similar in size and geometry (viz., oval shaped).
Gotze and Krause (2002) suggests that the Central Andean
gravity high is associated with dense lithosphere (400 km long
and 100-140 km wide; 10-38 km depth), which stretches across
the Arizaro and Atacama Basins*. Further, our experiments
showed continuous removal of the lithosphere, including portions
of the (lower) crust. This crustal removal is consistent with the
Arizaro region where the Moho depth is much shallower (42 km),
inferred from receiver function and wide-angle seismic studies®°.

Figure 5a compares the subsidence curve of the Arizaro Basin33
against the experiment results (EXP-1, 2 and 3). For the experi-
ments, the plot represents the relative surface elevation change of
a point (approximately the centre of the experiment) above the
dripping lithosphere as a function of time. The results of EXP-1
and EXP-3 agree with the three-stage evolution of the relative
elevation of the Arizaro Basin. The stages are characterised by
deflection of surface topography from negative (subsidence) to
positive (uplift). In EXP-1 and EXP-3, Stage 1 corresponds to
~1 mm (~4 km) of accelerated surface subsidence that develops as
a response to the initial (strong) downwelling effect of the drip (0
h-15 h in EXP-1 and 0 h-32 h in EXP-3) in which a substantial
amount of lithospheric material is removed. This stage also
includes the initial growth of the lithospheric instability. In Stage
2, the surface topography is recovered since there is a release of
drip-pull forces related to the thinning and stretching of the drip
(15 h-27 h in EXP-1 and 32 h-44 h in EXP-3). Stage 3 of

topographic development is associated with additional isostatic
surface uplift likely due to further removal of mantle lithosphere
along the neck of the drip. During these stages, we observe surface
contraction where linear wrinkle fold-and-thrust belt like features
develop (Fig. 5¢). In EXP-3, with the addition of a lower crust, the
rate of surface uplift is greater, and the rate of subsidence is
slower, compared to basin development in the previous experi-
ments. The Arizaro Basin similarly shows the stages of subsidence
and uplift (Fig. 5a). DeCelles et al. (2015) estimates that the basin
underwent an initial, ~2-3 Myr period of subsidence followed by
an accelerated phase with a higher rate of sedimentation inferred
from deposition of deep-water lacustrine facies (6-9 Myr). Eva-
porates and mudflats were subsequently deposited which can be
ascribed to a decrease in basin subsidence and termination of
deepening in the basin centre. Late stages of the model evolution
may correspond to the reactivation of the Sierra de Macon ridge
(Fig. 5b) and basin inversion that occurred ~10 Ma33. In terms of
width of the basin, our results scale to 60-240 km, within the
range of the 75-100 km diameter of the Arizaro Basin33.

Compared to EXP-1, EXP-3 exhibits a longer period of sub-
sidence followed by a rapid rate of uplift. The conditions that
control the growth rate of the instability clearly influence the
related history of basin subsidence and uplift. The surface topo-
graphy in EXP-2 behaves quite differently from EXP-1, EXP-3,
and the Arizaro Basin. EXP-2 shows gradually increasing surface
elevation (0-10 h) from initial depression (induced by the per-
turbation). Notably, in EXP-2 the instability related subsidence is
limited and rapid; only present during the very early phase of the
experiment, before any downwelling was recorded at 0 h. Further,
the topography progressively increases although there is no
shortening or accumulation of strain in the upper crust. EXP-2
suggests that lithospheric drips can create a basin without internal
shortening and that topography may fully recover over the life-
time of the drip.

The results of EXP-1 and EXP-3, in which surface deformation
is localised both by shortening above the drip and extension on
the periphery, are consistent with the observed crustal tectonics in
the Puna Plateau region. This is especially true for the Arizaro
Basin, and the internal shortening inferred from thrust faulting
that develops in conjunction with basin subsidence (see Fig. 5b
and c for comparison). Based on our classification, the tectonic
manifestation of the underlying mantle lithospheric dynamics
suggests the drip beneath the Arizaro Basin is symptomatic. In
both EXP-1 and EXP-3, saucer shaped basins and ridge-type
structures were formed like the Sierra de Macon in the central
Arizaro Basin (Figs. 2a 40 h and 4a 45 h, 5b). Previous studies
also show geological evidence for normal faulting in the Pasto
Ventura region (in the southern part of the Arizaro basin) that
occurred by lithospheric removal®3. Further, the tectonic effect of
a drip may extend over the fore-arc of the Andean subduction
system in which normal faulting has been documented by the
computed earthquake focal mechanism (e.g., Salar de Atacama)®.

These analogue models support geological and geophysical
findings in the Puna Plateau region of South America, indicating
that the formation and tectonic evolution of hinterland basins are
driven by lithospheric dripping®®. The results also suggest that
asymptomatic lithospheric dripping may occur in some cases (not
in the Central Andes) without inducing crustal shortening, in
which the resulting basin may be shallower or fully recover its
topography leaving little to no trace in the crust that this mantle
lithosphere removal process occurred.

Methods

Experimental setup. A plexiglass box with dimensions 25 cm x 25 cm x 21.5 cm
was filled with polydimethylsiloxane (PDMS), an analogue for the mantle, and was
left to rest until it was free of air bubbles (approximately 14 days). A homogenous
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Table 1 Experimental setup Rheologic properties of materials used in the analogue models with a comparison to nature.
The dimensionless scaling factor (SF) is included.
EXP-1 Thickness Density (kg m—3) Effective Dynamic Viscosity (Pa s) @ (©)

Model (mm) Nature (km) SF (x10-7) Model Nature SF  Model (x10%)  Nature (x102')  SF (x10-17)
Upper crust 2 8 2.50 820 2485 0.33 40
Mantle lithosphere 20 80 2.50 128 3418 0.33 292 1.95 1.50
Mantle 173 692 2.50 1010 3060 0.33 150 1.00 1.50
EXP-2 Thickness Density (kg m—3) Dynamic Viscosity (Pa s) @ (®)

Model (mm) Nature (km) SF (x10-7) Model Nature @ SF  Model (x10%)  Nature (x102")  SF (x10-17)
Upper crust 2 8 2.50 100 3333 0.33 35
Mantle lithosphere 20 80 2.50 128 3418 0.33 292 1.95 1.50
Mantle 173 692 2.50 1010 3060 0.33 150 1.00 1.50
EXP-3 Thickness Density (kg m—3) Dynamic Viscosity (Pa s) @ (©)

Model (mm) Nature (km) SF (x10-7) Model Nature SF  Model (x10%)  Nature (x10%')  SF (x10-17)
Upper crust 2 8 2.50 820 2485 0.33 40
Lower crust 5 20 2.50 120 3394 033 212 1.41 1.50
Mantle lithosphere 20 80 2.50 128 3418 0.33 292 1.95 1.50
Mantle 173 692 2.50 1010 3060 0.33 150 1.00 1.50

a b
Crust (e-spheres/silica spheres) Overhead Lighting Camera 1
| 0.2cm c 5 l
amera
; a— B N J ) &
g Side Lighting
Q
Analogue Model
Camera 3 \
Mantle (PDMS)
T
\

< >
< >

25cm

Fig. 6 Schematic illustration of experimental setup. a Analogue model dimensions and materials. Modified from ref. 40, b Experimental setup and camera

positioning.

mixture of Plasticine™ modelling clay and PDMS represented a 2 cm thick layer of
mantle lithosphere. Plasticine™ was used to increase the density of the PDMS to
create a higher density mantle lithosphere than the underlying mantle. Overlying
the mantle lithosphere in EXP-3 was a 0.5 cm thick lower crust, made of a different
ratio of PDMS and modelling clay with a lower viscosity than the mantle litho-
sphere. All three experiments had a 2 mm thick brittle upper crust. Material
properties are outlined in Table 1.

Lithospheric downwellings in the form of viscous drips developed naturally
during experiments owing to the density contrast between the mantle lithosphere
and underlying sub-lithospheric mantle (asthenosphere) and minor undulations of
the thickness of the mantle lithosphere. We hypothesised that in nature a
perturbation may correspond to localised high density lower crustal eclogites
within or resting above the mantle lithosphere, formed by the gabbro-eclogite
phase transformation. Lower crustal eclogitization has been previously interpreted
as the cause of lithospheric removal in the Central Andes while adding to the net
negative buoyancy of the lithosphere*”. Therefore, to control the location and size
of a drip and to initiate the sinking process, a localised perturbation was
implemented in the centre of the box. We introduced a 2.5 cm diameter
hemisphere with the same density as the mantle lithosphere to trigger a
lithospheric instability (Fig. 6a).

Specifically, two different methods were used to initiate a point instability at the
centre of the mantle lithosphere (Method 1 & 2):

1. In Method 1 (EXP-1 and EXP-3), the mantle lithosphere layer was placed
onto the sub-lithospheric mantle (PDMS). Then, a 2.5cm diameter
hemisphere was pushed into the top of the mantle lithosphere layer and
left to settle until a flat surface reformed. This created a perturbation at the
base of the mantle lithosphere into the PDMS sub-lithospheric mantle.

2. In Method 2 (EXP-2), the same size hemisphere was inserted directly into
the sub-lithospheric mantle (PDMS) and left to settle until a flat surface
reformed. Then the mantle lithosphere was placed/attached on top of the
instability, akin to the method described in Pysklywec and Cruden (2004).

In both methods of model setup, the addition of the crust (upper and lower)
was the last step.

Petroleum Jelly was used to lubricate the edges of the Plexiglass box and reduce
the drag forces on the mantle lithosphere when inserting this layer on top of the
PDMS during model setup. These edges were fixed during the experiment and
produced drag at the sidewalls. However, the box was large enough that this drag
did not prevent flow in the centre where the experiment was focused, so an
additional lubricant such as a mixture of petroleum jelly and paraffin oil was not
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neccessary*8. The upper crustal material was sieved on top of the mantle
lithosphere (or lower crust in EXP-3) to a thickness of ~2 mm in all experiments.
Black sand particles were used as tracers to track movement in the crust. The
plexiglass box was open, so the model had a free surface.

The monitoring equipment consisted of three digital cameras (CCD, 11 MPx,
16 bit): two from above (Imager ProX by LaVision GMbH, Géttingen, Germany)
and one from the side (Imager Pro by LaVision GMbH, Géttingen, Germany)
(Fig. 6b). The recording of all cameras was synchronised and connected to a
computer where the imaging software DaVis 7.2 for the top cameras and DaVis 7.1
for the side camera by LaVision GMbH recorded the evolution of the model at a
frequency of 0.017 Hz (or one image every 58 s). The model was illuminated from
above and from the side against a black background to create a strong contrast, so
the camera only recorded motion from the model. We used recycled PDMS that
had small particles of clay dispersed throughout that functioned as particles whose
relative displacement were detected by the camera, which was subsequently used to
calculate velocity vectors in the analogue mantle. The contrast between the black
background and the instability allowed us to track the motion of the drip and the
flow in the mantle, however, this means that the results show flow velocities
integrated throughout the volume of the box.

We employed two similar optical image correlation techniques in the models:
Stereo Digital Image Correlation (SDIC) and Particle Image Velocimetry (PIV).
Previous studies have used these techniques or similar imaging techniques to
compute mantle flow and crustal velocity fields**->1. SDIC was used to compute
cumulative strain (E,,) in the granular crust. The black sand particles in the crust
functioned as markers. As the crust deformed, the markers were displaced, and the
cameras recorded this change in pattern. The DaVis software computes
displacement fields by cross-correlating the translation and distortion of the sand
particle pattern in successive images®2. The software computes further derivative
calculations to determine strain tensor components. To compute height and
vertical displacement of the surface, the DaVis software uses digital
photogrammetry. The two top cameras were calibrated so the relationship between
the raw images and real-world space was known by creating a calibration model.
This model was used in conjunction with matching the pattern between the two
cameras above the model to calculate vertical displacement and height to a
precision of +0.0945 mm. PIV was used on the images from the side camera to
visualise viscous mantle flow in response to the movement of the drip. This
technique also uses optical image correlation to visualise flow and deformation and
has been shown in previous sandbox experiments to be a useful analytical tool>2-%4,
In these experiments, we used 2D PIV where the displacement field was created by
cross-correlation of translated marker particles in the mantle, in successive images
at the given time interval®2.

Materials and rheology. The dimensions and materials used in the experiments
were scaled for length (L), effective dynamic viscosity (1), and density (p)
compared to natural estimated Earth values. Following other analogue modelling
studies, we used a granular material as an analogue for the brittle upper crust>>°,
This material was composed of 37% fine grained (500 um dry, solid) silica spheres
and 63% (300 um, dry, hollow) ceramic E-spheres (Envirospheres®). We assumed
the upper crust had negligible cohesion®”. The angle of internal friction (¢) was
measured to be ~40° based on the angle of repose of the material in a conical pile
and equating it to the angle of internal friction®8. This assumption is reasonable for
granular materials that are uniform in size, density and moisture content>.

The sub-lithospheric mantle was comprised of the silicon polymer
polydimethylsiloxane (PDMS). The mantle lithosphere and lower crust were
mixtures of PDMS and modelling clay. These materials are non- Newtonian
viscous, and their rheology is defined by the power law:

" =né (1)

where ¢ is stress, ¢ is strain rate, 1 is consistency and 7 a stress exponent?-¢0. The
effective dynamic viscosity (77,4 and n values for each viscous material were
measured over a range of values using a strain-controlled rheometer (Discovery
HR-3 Hybrid). For these materials, we recorded the effective dynamic viscosity at a
strain rate of 10~%s~1, which approximated the rate of deformation of the
experiments. The 7 value for all viscous materials was 1.01.

In nature, both thermal and metamorphic processes may change the
composition of the mantle lithosphere by changing its density or viscosity. This can
play a significant role in mantle dynamic processes; however, thermal effects are
not easily incorporated into analogue models. Viscosity decreases with increasing
temperature, therefore as an approximation to the Earth like rheological structure,
we used discrete layers of differing materials as an analogue to temperature

Scaling. Scaling relationships were derived for time, length, gravity, density, and
dynamic viscosity. The length scale (L) was defined based on a model mantle

lithosphere thickness /,, = 20 mm. A teleseismic study by Heit et al. (2014) suggests
a thin lithosphere beneath the Southern Puna Plateau with the lithosphere asthe-
nosphere boundary (LAB) at 70 km - 90 km depth®! (Fig. 1). The upper crust in
these models represented the purely brittle part of the upper crust in nature, where
geophysical studies have determined an elastic thickness of <10 km for the Central
Andes®2. In two of three experiments we assumed that the viscous lower crust was

part of the mantle lithosphere. Seismic studies interpret that there is no evidence
for the presence of mafic (high speed) lower crust beneath the Central Andes,
suggesting that this layer has been removed®3. This interpretation is in accord with
our model design in which the dense (possibly eclogitized) lower crustal material is
part of the underlying mantle lithosphere that will be removed.

Based on a mantle lithosphere thickness of /, = 80 km in nature, the length
scale ratio is L = I,,/I, = 2.50 x 10~7. The density of the PDMS used for the
mantle in the experiments was p,, = 1010 kg m—3. Assuming an average density of
the upper mantle in nature of p,, = 3060 kg m~3, this yields a density scaling factor
of P = p,./p, = 0.33. The experiments are gravity driven and the scaling ratio for
gravity is G = g,,/g, = 1. The measured effective dynamic viscosity of the PDMS
() was 1.9 x 10% Pass, and scaling with an approximate viscosity of the
asthenosphere (77,) of 102! Pa's gives a viscosity scale ratio M = #,,/1j, = 1.50 x
10-17, Using M, P, L and G; the time scaling factor (T) can be defined as T = M/
PLG = t,/t, = 1.82 x 10~10. Using this scaling factor, 1.59 h in the model is
1 Myr in nature. Table 1 lists the material properties for materials used in each
experiment and the dimensionless scaling factors. The upper crust material in EXP-
2 had a higher density (p) and a lower angle of internal friction (¢) than EXP-1 and
EXP-3. This change was made to a few experiments from the full model set of
ten experiments due to a lack of crustal deformation in some models. Further
experiments revealed that the primary controlling parameter of deformation of the
crust in the model was not the density of the crust, but the method used to initiate a
drip (Method 1 vs. Method 2).

Data availability

The data that support the findings of this study are available at the University of Toronto
Dataverse repository and can be accessed at this address: https://doi.org/10.5683/SP3/
Q6T9BE.
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