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Abstract

The Sierra Nevada de Santa Marta (SNSM) in northern Colombia, is one of the highest
coastal mountains in the world with a maximum height of more than 5.7 km. Geophysical
measurements report that there is a high Bouguer gravity anomaly (>4130 mGal) in the
region, indicating that the mountain does not have a crustal root. Previous studies attributed
the support of the mountain to the underthrusting buoyant Caribbean plateau or to elastic
stresses within the continental lithosphere. However, thermo-chronological studies report a
recent uplift episode (in the last 2 Ma) that does not have a clear driving force. This thesis
proposes that this region experienced a localized lithosphere removal event, whereby the
dense lower lithosphere sank into the mantle as a drip, resulting a thin crust and lithosphere

and causing surface uplift.

To test this hypothesis, 2D and 3D numerical models are developed using the software
ASPECT. The models examine the dynamics of a lithosphere drip and the associated obser-
vations, including surface topography, gravity anomaly and surface heat flow. The general
model setup has a four-layer structure consisting of an upper crust, lower crust, mantle litho-
sphere and sublithospheric mantle. There is an initially thickened crust in the middle of the
domain, representing the SNSM. This induces a perturbation in the lower lithosphere which
is gravitationally unstable and undergoes foundering. The first 2D models are used to define
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a reference setup, by testing the effect of initial crustal root thickness, lateral compression
rate, perturbation width, and plastic rheology parameters. Subsequent 2D models consist of
modifications of the reference and explore the effects of crustal root eclogitization, lithosphere
rheology, upper crustal density, initial crustal thickness and lateral compression. In the pre-
ferred 2D model, the surface first undergoes subsidence, but post-removal non-isostatic forces
induce uplift rates above 0.2 mm/yr for about 1 Ma, holding a region of high topography
(3.3 km) and a maximum positive Bouguer gravity anomaly of +103 mGal, consistent with
SNSM observations. Additional calculations show that lithosphere removal generates a low
seismic wave velocity anomaly under the Moho (-5% and -8% for V; and V), respectively)
and potentially inducing lower crustal and upper mantle melting. The final set of models
uses a simplified 3D geometry with a perturbation in the mantle lithosphere but without an
initially thickened crust to show that a 3D drip is wider and is associated with up to 66%
less subsidence and positive gravity anomalies that are up to 112% higher than an equivalent

2D model.

The models show that lithosphere removal is a viable explanation for the origin of the
SNSM. The removal event could have occurred either very recently (<2 Ma ago), potentially
explaining a recent uplift episode, or earlier (50-40 Ma ago), possibly affecting the Paleocene-
Eocene magmatism in this region, if phenomena that have not been considered in the models
(e.g., elastic support, support from the Caribbean slab) can maintain the high elevation and
gravity anomaly to the present. In either case, lithosphere removal would have affected the
continental lithosphere structure. This work shows that local lithosphere geodynamics may
have played an important role in the geological history of the SNSM, northern Colombia, and
the Caribbean. The insights and quantitative predictions from the numerical models provide
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important constraints for future studies of this complex region.
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sults of model C2 are shown as a reference (black). (a) Surface elevation. (b)

Bouguer gravity anomaly (Agg). (c) Surface heat flow. Time (Ma) corre-

sponds to the modelled time from the beginning to the end of the simulation.

Evolution of (a) model E1, (b) model E2 and (c¢) model E3, including snapshots
of density structures and profiles of topography (H ), Bouguer gravity anomaly
(Agp) and surface heat flow (qo), at times before, during and after the main
lithosphere removal episode. Set E is as set C, but it includes high-density

upper crustal rocks in the perturbed region (100 kg/m? increase). . . . . . .

Time variation of surface observables, averaged over a 50 km width centred in
the perturbed, for modelling set E, and model C1 as a reference. (a) Surface
elevation. (b) Bouguer gravity anomaly (Agg). (c) Surface heat flow. (d)
Isostatic topography (green) with total topography as a reference (purple).
(e) Non-isostatic topography. Blue arrow indicates time of maximum uplift

rate (0.37 mm/yr) right before total crustal root removal. . . . ... .. ..

Magnitude of surface elevation, Bouguer gravity anomaly (Agg), and surface
heat flow (qp) (from left to right), averaged over a 50 km width centred on
the perturbed region, (a) at the time of the maximum gravity anomaly after
crustal root removal, and (b) 10 Ma after the peak gravity anomaly after root
removal. The latter is shown for models of set F (but with model E2 as a
reference), as a function of lateral compression rate (y-axis) and initial crustal

root amplitude (x-axis). . . . . . . ..
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5.14

5.15

0.16

Comparison between topographic and Bouguer gravity anomaly profiles of the
preferred model (model E1) right after crustal root removal (¢t = 23 Ma), with
observed data. Initial topographic and gravity anomaly profiles (¢ = 0 Ma)
are shown as a reference. (a) Modelled topography compared to observed
data from the ASTER global digital elevation model V003 (Spacesystems &
ASTER Science Team, 2019). The non-isostatic topographic profile at ¢t = 23
Ma shows that non-isostatic effects are localized in the elevated region and that
at this time, most of the topography is non-isostatic. (b) Modelled Bouguer
gravity anomaly compared to observed data from the EIGEN-GL04C global
gravity field model (Forste et al., 2008). Observed profiles are extracted along

the line indicated in Figure 1.1a. . . . . . . . . .. ... ... ..

(a) Density structure of the preferred model (Model E1) at t = 33 Ma (10
Ma after removal). Contours enclose regions where the P-T' conditions are
above the dry peridotite and dry granite solidi, for the mantle (purple infill)
and lower crust (white infill), respectively. (b) Temperature profile at x=230
km and ¢ = 33 Ma, with the dry peridotite and dry granite solidi from Elkins-
Tanton (2005). (c) Calculations of melt volume per unit length along strike
for the lower crust (assuming 0.75% of melt per degree above the solidus) and

mantle (assuming 0.3% of melt per degree above the solidus). Local mantle

91

melt volume is the melt volume in a 60 km width centred in the elevated region. 93

(a) Seismic wave velocity predictions from the preferred model (model E1)
at t = 23 Ma (right after removal), using the PerpleX code (Connolly, 2005),
showing P-wave structure (left), S-wave structure (centre), and vertical profiles
at the side (x = 34 km) and centre (x = 230 km) of the model domain. Black
contours enclose regions where the P-T' conditions are above the dry peridotite
solidus, which could have lower velocities. (b) P and S wave velocity anomalies
and profiles at the side (x = 34 km) and centre (x = 230 km) of the modelling

domain. . . . . .



5.17 Shear wave velocity maps at a depth of 35 km modified from Poveda et al.

6.1

6.2

6.3

(2018). Blue solid lines show major faults and the dashed blue line indicates
the Romeral suture. The seismic velocity maps show a local low velocity
under the SNSM consistently with model predictions in Figure 5.16. a) Shear
velocities at a depth of 35 km with topographic contours (black) in the region
of the SNSM only. b) Shear velocities at a depth of 35 km with contours

(purple) of the Bouguer gravity anomaly above 0 mGal. . . . ... ... ..

a) Density structure of the 3D modelling setup showing the full domain. b)
Cross-section of the 3D density structure at a distance of 400 km along the
y-axis. This shows the Gaussian-shaped mantle lithosphere perturbation with
radial symmetry, centred in the middle of the domain (at x=400 km and y=400
km). . .o

(a) 2D cross-section of the modelling set up for the 3D models, along the plane
indicated in Figure 6.1b. (b) Density structure. (c) Initial temperature con-
ditions. (d) Reference viscosity structure (black), crustal viscosity for model
G3 (blue), and visco-plastic crustal rheology for model G5 at a constant strain
rate of 1 x 1071 s7! (green), using wet quartzite (Gleason & Tullis, 1995) and
dry Maryland diabase (Mackwell et al., 1998), for the upper and lower crust,
respectively. Plots in a, b, and ¢ show the non-perturbed initial structure
at the sides of the instability. (Within the perturbed region, the continental
geotherm is stretched in the mantle lithosphere instability keeping the LAB

temperature constant) . . . ... ...

Modelling results for (a) 2D model G1, and (b) 3D model G2, including snap-
shots of density structures and profiles of surface topography (H), Bouguer
gravity anomaly (Agp) and surface heat flow (¢o), at times before, during and
after the main lithosphere removal episode. These models compare the results

between a 2D and 3D drip. . . . . . . ... L
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6.4

6.5

6.6

6.7

6.8

Time variation of surface observables averaged over a 50 km width centred
over the mantle lithosphere instability, comparing the observables produced
using a 2D and a 3D model geometry. (a) Surface topography. (b) Bouguer
gravity anomaly (Agg). (c) Surface heat flow. . . . ... ... ... ...

Cross-section at y = 400 km of the reference 3D model (G2) showing the full
density structure at a model runtime of (a) 1 Ma, (b) 2.5 Ma, and (c) 4 Ma.
Time (Ma) corresponds to the modelled time from the beginning to the end

of the simulation. . . . . . . . . ..

Variation of surface observables with drip depth, averaged over a 50 km width
centred over the mantle lithosphere instability. The models presented show
differences in the evolution of surface expressions between equivalent 2D and
3D models. a) Drip depth with time. This compares the instability growth
between the models to identify if variations in the other observables are caused
by differences in the timing of the dynamics. b) Bouguer gravity anomaly

(Aggp). c) Surface topography. d) Surface heat flow. . . ... ... ... ..

Modelling results for (a) model G3, (b) model G4, and (c¢) model G5, includ-
ing snapshots of density structures and profiles of surface topography (H),
Bouguer gravity anomaly (Agg) and surface heat flow (go), at times before,
during and after the main lithosphere removal episode. Set G examines the

behaviour of 3D lithosphere drips with different rheologies. . . . . . . . . ..

Time variation of surface observables averaged over a 50 km width centred
over the mantle lithosphere instability, exploring the effect of crustal viscosity,
elasticity and plasticity on surface expressions. (a) Surface topography. (b)
Bouguer gravity anomaly (Agg). (c) Surface heat flow. Time (Ma) corre-

sponds to the modelled time from the beginning to the end of the simulation.
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6.9 Variation of surface observables with drip depth, averaged over a 50 km width

Al

A2

Bl

centred over the mantle lithosphere instability. The models included show the
effect of viscous, elastic and plastic lithosphere deformation in 3D models. a)
Drip depth with time. This compares the instability growth velocity between
the models to identify if variations in the other observables is caused by alter-
ations in the timing of the dynamics. b) Bouguer gravity anomaly (Agg). ¢)

Surface topography d) Surface heat flow. . . . . ... ... ... ... ...

Model results for preliminary drips with high crustal viscosity (10*°Pa - s)
using (a) the solution of the advection equation over compositional fields in
the ASPECT code (model N4), and (b) the active particles advection method
in the ASPECT code (model N5). Plots for each model include profiles of
surface elevation (top plot), Bouguer gravity anomaly Agp (second plot), and
cross-sections of density structure (lower three plots), at 4, 8 and 12 Ma,
showing the evolution of the drip. The surface in (b) is fixed because the use
of a free surface with active particles is not supported in ASPECTv2.2.0. so

the top boundary has free slip conditions. . . . . . . . . ... ... ... ...

Time variation of surface observables, averaged over a 100 km width above the
perturbation for models N4 and N5 including (a) surface elevation (H), and
(b) Bouguer gravity anomaly (Agg). Topography is not reported for model
N5 because the use of a free surface with active particles is not supported in

ASPECTV2.2.0. . . . . . o

Modelling results for (a) model F1 (R = 20 km), (b) model E2 (R = 30
km) (As a reference) and (c) model F2 (R = 40 km), including snapshots
of density structures and profiles of surface elevation (H), Bouguer gravity
anomaly (Agp) and surface heat flow (qp), at times before, during and after
the main lithosphere removal episode. These models explore the effect of

different crustal root amplitudes (R) when there is no lateral compression.
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B2

B3

B4

B5

Modelling results for (a) model F3 (R = 20 km), (b) model F4 (R = 30 km)
and (c) model F5 (R = 40 km), including snapshots of density structures and
profiles of surface elevation (H), Bouguer gravity anomaly (Agg) and surface
heat flow (qp), at times before, during and after the main lithosphere removal
episode. These models explore the effect of different crustal root amplitudes
(R) when the lateral compression rate is of 0.5mm/yr. . . . . . .. ... ..
Modelling results for (a) model F6 (R = 20 km), (b) model F7 (R = 30 km)
and (c) model F8 (R = 40 km), including snapshots of density structures and
profiles of surface elevation (H), Bouguer gravity anomaly (Agp) and surface
heat flow (o), at times before, during and after the main lithosphere removal
episode. These models explore the effect of different crustal root amplitudes
(R) when the lateral compression rate is of 1.0mm/yr.. . . . . . . . ... ..
Modelling results for (a) model F9 (R = 20 km), (b) model F10 (R = 30 km)
and (c) model F11 (R = 40 km), including snapshots of density structures and
profiles of surface elevation (H), Bouguer gravity anomaly (Agg) and surface
heat flow (o), at times before, during and after the main lithosphere removal
episode. These models explore the effect of different crustal root amplitudes
(R) when the lateral compression rate is of 1.bmm/yr.. . . . . . ... .. ..
Time variation of surface observables, averaged over a 50 km width centred
in the mountain, for modelling set F, testing lateral compression rates (v)
and different crustal root amplitudes (R). Results of model E2 are shown
as a reference (black). (a,d,g,j) Surface elevation. (b,e,h,k) Bouguer gravity

anomaly (Agp). (c,f,i,]) Surface heat flow. . . . ... ... ... ... ... .
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Chapter 1: Introduction

1.1 An Unusual Mountain in Northern Colombia

The Sierra Nevada de Santa Marta (SNSM) in northern Colombia is one of the highest
coastal mountains in the world, with a maximum height of about 5.7 km (Figure 1.1a). This
triangular shaped mountain range is isolated from the rest of the Andes Cordillera, and yet it
has the highest peak in the Colombian territory. Early geophysical observations in the region
have shown that there is an atypical Bouguer gravity anomaly of more than +130 mGal in the
area (e.g., Case and Macdonald, 1973) (Figure 1.1b). This is unexpected because the crustal
root that normally compensates the load of high mountains should produce a negative gravity
anomaly. Consequently, some authors agree that the massif must lack isostatic balance
missing an Airy-type crustal root (e.g., Ceron-Abril, 2008; Montes et al., 2005; Villagémez
et al., 2011). This then raises questions about how the high elevation massif is mechanically

supported and why is there no crustal root.

In some studies, it has been proposed that the southward underthrusting of the buoyant
Caribbean plateau and oceanic seamounts could provide support for the topography (e.g.,
Case and Macdonald, 1973; Montes et al., 2005). Case and Macdonald (1973) suggest that
the crust must be relatively thin, and that there is an excess of mass under the mountain,
suggesting that the lower crust or mantle should be unusually close to the surface. On the
other hand, Montes et al. (2005) propose that the force of the Caribbean slab could create
upward displacement of the interface between the crust and the mantle (i.e., the continental
Moho), generating the gravity anomaly. The latter authors agree that there must be no
crustal root under the massif, and that an unexpectedly thin crust is required to explain the

magnitude of the Bouguer gravity anomaly. For example, Montes et al. (2005) suggest that 8
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km of Moho relief relative to adjacent areas would account for the gravity anomaly observed.

Later, Arnaiz-Rodriguez and Audemard (2014) proposed that the high topography may be
due to a rigid and strong lithosphere based on elastic thickness estimations in the Maracaibo
block (MB), which is the region enclosed by the Oca Fault (OF) and the Santa Marta -
Bucaramanga fault (SMBF') in the lower right zone in Figure 1.1a, it extends further towards
Venezuela, and is bounded at the east by the Boconé fault. For instance, Arnaiz-Rodriguez
and Audemard (2014) estimate elastic thickness values of more than 26 km in the region
of the SNSM. This agrees with elastic thickness calculations in South America by Tassara
et al. (2007), which report values of 30 to 40 km in northern Colombia. However, while
the presence of a rigid lithosphere could provide mechanical support, it does not explain the
high magnitude positive Bouguer gravity anomaly, meaning that there must be an additional

phenomenon accounting for an excess of mass.

(@) 75ow
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Figure 1.1: (a) Topographic map of the study region in northern Colombia. Profiles of topography
and gravity anomaly from A to A’ are used to compare the models with observations. BGB: Baja
Guajira Basin, OF: Oca Fault, SNSM: Sierra Nevada de Santa Marta, LMB: Lower Magdalena
Basin, CRB: Cesar-Rancheria Basin, PR: Perija Range, SMBF: Santa Marta-Bucaramanga Fault.
(b) Bouguer gravity anomaly map from the EIGEN-GL04C Global gravity field model (Forste et al.,
2008).

Moreover, studies by Quintero et al. (2019), Salazar et al. (2017), and Vargas et al. (2009),
suggest that the lithosphere is relatively hot. This is supported by observations of high surface



heat flow in the region. For example, Quintero et al. (2019) report a surface heat flow of 60 to
80 Tn—VZ, and Sanchez-Rojas and Palma (2014) state that the massif is characterized by a heat

”;1‘2/ Aside, crustal thickness estimations reported by Sanchez-Rojas

flow of more than 100

and Palma (2014), coupling deep wide-angle seismic refraction sections, Moho depth from
receiver functions, and surface geology, suggest a locally thin crust in the SNSM region (i.e.,
<35 km). For instance, surface heat flow would be enhanced if the SNSM lithosphere is thin
and underlain by hot sub-lithospheric mantle. Conversely, low surface heat flow would be
expected if the SNSM is directly underlain by an underthrusting Caribbean slab, which could
be thermally insulating. Additionally, Villagémez et al. (2011) report a recent and fast uplift
episode (about 2 Ma ago) which is not correlated with a major tectonic event and does not
have an identified driving force. This implies that there must be an additional mechanism

producing vertical motions in the region.

This thesis explores the idea that the above observations can be explained by gravitational
lithosphere thinning. Lithospheric dripping is considered because it is a mechanism that is
known to drive surface uplift, producing symmetric topographies (e.g., Gogiis and Pysklywec,
2008; Wang and Currie, 2017; Wang et al., 2014) and could simultaneously result in litho-
spheric or crustal thinning. This mechanism has been proposed to explain unusual surface
expressions in various mountain ranges such as the Canadian Cordillera (western Canada)
and the Sierra Nevada California (e.g., Bao et al., 2014; Saleeby et al., 2012). Lithosphere
removal via drips occurs through the downward growth of perturbations in cold and dense
mantle lithosphere. It can be generated during crustal shortening (Houseman et al., 1981)
or by the gravitational instability of magmatic/metamorphic eclogite present in crustal roots
(Wang et al., 2014). Because the SNSM region has been subjected to significant shortening,
crustal thickening could have fostered metamorphic crustal root eclogitization, simultane-
ously producing a mantle lithosphere instability. Furthermore, as shown below, this region
experienced arc magmatism in the past and therefore the high-density eclogites/arclogites
would make the crustal root prone to founder, explaining its absence. By removing the dense
lower lithosphere, this mechanism could provide the driving force for recent uplift in the

SNSM, providing at the same time additional dynamic support for the high elevations.

This study includes both 2D and 3D numerical models to investigate if the local obser-



vations of surface topography, gravity anomaly, and surface heat flow can be explained by
lithosphere removal. Firstly, since a key part of this study is to compare model predictions
of the gravity anomaly with observed data, a modelling method to estimate the Bouguer

gravity anomaly of 2D density structures is developed and tested.

The first models consist of simple drips triggered by a convective instability in 2D. In
this case, there is a downward growth of a perturbation in the interface between two layers
in which the denser material sinks. The latter models explore the overall drip dynamics and
the effect of the advection mechanism of the modelling software on the gravity anomaly cal-
culations. Further parameter tests in a 2D geometry are included to find a suitable setup to
produce realistic models of lithosphere removal. These tests assume that previous shortening
produced lithosphere thickening in the region of the mountain, resulting in an initially thick-
ened crustal fragment and an instability in the mantle lithosphere. The models include tests
of the initial thickness of the crustal root, rate of lateral compression, width of the mountain
region, and the configuration for a viscous-plastic rheology. These results are used to produce
2D models of lithosphere removal for the SNSM studying the effect of different lithosphere
rheologies and the density of crustal rocks in the mountain region. Additionally, because
crustal thickness has a significant effect on the gravity anomaly, and because the latter is
strongly dependent on the initial thickness and the subsequent amount of lateral compres-
sion (and shortening), systematic tests of these parameters are included to understand their
effects. Subsequent post processing includes calculations of the non-isostatic topography (iso-
lating the dynamic contribution to surface deflections), and estimations for melting patterns
and seismic wave velocities in the upper mantle, as other observations that could be used
to identify lithosphere removal. Finally, a set of 3D models explore limitations of the use of
2D modelling geometries for a 3D setting such as the SNSM. The models presented examine
the role of lithosphere elasticity and shallow frictional-plastic deformation patters produced
by a 3D drip. The complete set of models in this work, provide valuable constraints and
insights that could be useful to determine if there has been a lithosphere removal episode in
the region of the SNSM, and also provide insights into the surface expressions of lithosphere

removal that may be applicable to other areas.
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1.2 Geologic/Tectonic Background

This section provides a summary of the geology and tectonics of the study area. The SNSM
is part of the larger crustal fragment known as the Maracaibo block (MB). Its NW corner
is ~100 km away from the tectonic margin between the Caribbean and South American
plates. At the present, there is oblique convergence oriented to the South East at a rate of
10-20 mm/year, producing underthrusting and shallow subduction of the Caribbean plate
under South America. For example, Freymueller et al. (1993) report a rate of 17mm/year,
with components of £7mm/year to the South and +10mm/year to the East. Regional
seismological studies agree that the Caribbean plate subducts (or underthrusts) the South
American plate at a shallow angle (<30°) (suggesting a region of flat slab subduction), and
then steepens at some point into the continent (e.g., Cornthwaite et al., 2021; Londono et al.,
2020; Taboada et al., 2000; Van Der Hilst and Mann, 1994; Vargas, 2020).

The SNSM massif is bounded by major faults and basins (Figure 1.1a). At the north,
the SNSM is limited by the right lateral Oca fault and the Baja Guajira basin. At the
southwest, it is bounded by the left lateral Santa Marta-Bucaramanga fault and the Lower
Magdalena basin. Finally, to the southeast, it is bounded by the Cesar-Rancheria basin and
the Perija range. The Santa Marta-Bucaramanga and Oca faults exceed 200 km in length
and have experienced significant lateral displacements since the Paleocene (110 km and 65
km, respectively), followed by significant vertical displacements (e.g., Case and Macdonald,
1973; Tschanz et al., 1974), while the surrounding basins have stored sediments that were
eroded from the mountain (e.g., Bayona et al., 2011).

The SNSM is commonly divided into three geo-tectonic provinces following the separation
proposed by Tschanz et al. (1974). These are: The Sierra Nevada, Sevilla, and Santa Marta
provinces. According to Ramirez et al. (2020), the older rocks in the SNSM are located
in both the Sevilla province (The Buriticd and Los Muchachitos gneisses) and the Sierra
Nevada province (Los Mangos granulite and Dibulla gneiss), constituting the Precambrian
metamorphic basement, which is often referred to as the Grenvillian basement (e.g., Sanchez

and Mann, 2015).

The basement is overlain by Paleozoic metamorphic and sedimentary units (e.g., El En-
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canto orthogneiss and the Devonian-Carboniferous sequences of Cuchilla de Carbonal, re-
spectively) and late Triassic-Early Jurassic sedimentary rocks (e.g., Los Indios formation).
As noted by Tschanz et al. (1974), the latter rocks are mostly covered by outcropping Jurassic
igneous bodies, for which Ramirez et al. (2020) reported intermediate to felsic compositions
and mafic intrusions. The results in Quandt et al. (2018) show that these are continental arc
plutons, indicating a Jurassic magmatic arc.

The evolution of NW South America after the Late Cretaceous was significantly influenced
by the collision of the Caribbean large igneous province with South America, which according
to Spikings et al. (2015), started 75 Ma ago. Generally, it is agreed that this was a diachronous
collision that continued progressively towards the north during the westward displacement of
the South American plate relative to the Caribbean plate (e.g., Bayona et al., 2011; Pindell
and Dewey, 1982; Pindell et al., 2005; Pindell et al., 2006). This collision was followed by
the onset of the shallow subduction of the Caribbean plate under Northern South America in
the early Paleocene (Villagémez et al., 2011). This produced magmatism in the NW corner
of the SNSM, forming the Santa Marta batholith and other arc-type plutons (Cardona et al.,
2010). The latter magmatic bodies intrude the Santa Marta metamorphic belt and together
these form the Santa Marta province (Tschanz et al., 1974).

Villagémez et al. (2011) show that there has been a period of exhumation registered in
the rock record with duration of ~12.5 Ma at a rate above 0.5 mm/yr after the late Eocene
for which it is difficult to assign a driving force. Moreover, Villagémez et al. (2011) conclude
that there must have been very fast and recent uplift (in the previous 2 Ma) producing the
observed topographies in the SNSM because, while it is located in a highly erosive region
where high exhumation is expected, there is absence of exhumation in the last 16 Ma. The
latter indicates that there must be an additional mechanism that produced recent uplift

without allowing enough time for erosion to produce exhumation.

1.3 Objectives

The main purpose of this thesis is to test the hypothesis that the observations of high to-

pography, positive Bouguer gravity anomaly and high surface heat flow in the region can
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be explained by an episode of lithosphere removal. This involves the accomplishment of the

following objectives:

e Use numerical models to study the dynamics of lithosphere removal and obtain con-
straints for the magnitudes of topography, Bouguer gravity anomaly, surface heat flow,
lithosphere rheology, characteristic deformation and uplift/subsidence rates produced

by lithosphere removal in the context of the SNSM.

e Based on a comparison of model predictions with SNSM observations, provide time con-
strains for an episode of lithosphere removal in the SNSM, and the associated evolution

of surface expressions.

e Use models to assess the seismic velocity structure and the associated melting patterns
produced during and after lithosphere removal. These provide additional evidence that
could be used in future studies to confirm if lithosphere removal has taken place in the

study region.

e Explore differences in the surface expressions of lithosphere removal in 2D and 3D
geometries to provide insights for the general dynamics of 3D lithosphere drips (and
associated shallow deformation) because effects of 3D may be important for a localized

region like the SNSM.

1.4 Thesis Outline

The first chapter of this work includes introductory remarks about the unexplained geologi-
cal /geophysical observations in the region of the Sierra Nevada de Santa Marta (Colombia)
that can potentially indicate recent lithosphere removal, and background information of the
geologic and tectonic context of the study region. It also presents the objectives of this thesis.

Chapter 2 consists of the theoretical framework, including the governing equations and
mathematical formulation for the numerical modelling codes used in this work, and the grav-
ity anomaly modelling. The latter includes tests of the developed gravity anomaly algorithm

with a previous modelling approach, and the theoretical solution for simple shapes.



Chapter 3 contains initial models of simple drips triggered by a convective instability in
the mantle lithosphere, exploring their general behaviour, and implications of the advection
strategy of the modelling software in the evolution of the modelled surface expressions.

Chapter 4 includes a set of models with parameter modifications to understand their effect
and to find a suitable modelling setup with realistic parameters for a lithosphere drip. Param-
eter variations test the effect of the initial lithosphere thickness and width of the mountain
region, lateral compression rate and the configuration to model brittle-plastic deformation.

Chapter 5 consists of numerical models of lithosphere removal for the study region, testing
the effect of lithosphere rheology, crustal density, lateral compression rate and initial crustal
root thickness. The purpose of these models is to study the evolution of surface observables
of topography, Bouguer gravity anomaly and heat flow, and to understand the geological
and geophysical implications of lithosphere removal for the SNSM. Results are compared
and evaluated with respect to existing observations to determine if they can be explained by
lithosphere removal.

Chapter 6 includes models of radially symmetric (axis-symmetric) drips in a 3D geometry
triggered by a convective instability. These models explore the difference in dynamics and the
resultant surface expressions of lithosphere removal between 2D and 3D drips. Also, models
test the effect of crustal strength, elasticity and shallow plastic deformation in 3D drips.

Finally, chapter 7 includes the concluding remarks and recommendations for future work.



Chapter 2: Methodology

2.1 Mathematical Formulation

The models presented in this thesis are computed using the ASPECT code version 2.2.0
(Bangerth et al., 2020a) using the Boussinesq approximation formulation which assumes
that variations in density are negligible except for their buoyancy effect. Additionally, 2D
models assume plain strain conditions. The governing equations are incompressible mass

conservation (2.1), momentum conservation (2.2), and the heat conservation (2.3) equations:

V.-v=0 (2.1)
—V - [2né] + VP = —ap)ATg (2.2)
oT
poCy = +v-VT | =V -kVT = poH (2.3)

where, v is the velocity field, P is the dynamic pressure, « is a constant thermal expansion
coefficient, pg is the reference density, AT is the temperature difference relative to the ref-
erence temperature, g is the gravitational acceleration, C, is the specific heat capacity, k is

the thermal conductivity, H is the radiogenic heat production, € is the strain rate tensor:

€= % (Vv+VvT) (2.4)

and 7 is an effective viscosity, which has a different formulation depending on the rheology

assumed for the materials in the simulation (e.g., viscous Newtonian, viscous non-Newtonian,
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viscoplastic, viscoelastic) as explained in section 2.3. Note that equation 2.2 does not include
the inertia term following the infinite Prandtl number approximation, which is commonly
used in geodynamic models, considering that velocities in mantle convection occur over long
timescales (millions of years) and mantle flows are characterized by a low Reynolds number.
(See details in Gassmoller et al., 2020)

Additionally, materials are represented by compositional fields ¢;, and their physical prop-
erties are displaced in space solving the advection equation (2.5) for each compositional field

used (see details in Heister et al., 2017):

0 C;
ot

+v Ve =0 (2.5)

2.2 Theoretical framework

This thesis uses the previous mathematical formulation (in the ASPECT code) to model the
dynamics of the lithosphere and upper mantle assuming that these are continuous media
(materials do not have holes or void spaces). Consequently, motion within the continuum is
restricted such that it only allows displacements that do not create voids. This behaviour is
mathematically described by the mass conservation equation (2.1), implying that material
displacements in any region of the medium should compensate one another to maintain its
continuity. The assumption of a continuum results in a fluid-like mechanical behaviour that
is suitable to model the mantle and lithosphere of the Earth because rocks behave like viscous
fluids over long time scales (i.e., millions of years) (e.g., Schubert et al., 2001).

Numerical models constitute a discrete representation of physical properties (e.g., pres-
sure, temperature, density, velocity, etc.) in a continuum, and their evolution in space and
time according to a given set of initial and boundary conditions. Consequently, geodynamic
simulations require modelling the driving forces that produce deformation within materials.
The momentum conservation equation (2.2) provides a mathematical description of the force
balance in each point of the continuous media, and accounts for the action of internal and
external forces. However, the mechanical behaviour of rocks in the continuum and their

dynamics is usually dependent on temperature-dependent physical properties such as den-
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sity and viscosity. As a consequence, it is necessary to model the transport of heat and
the way it affects temperature through its advection, conduction, and internal production.
Based on the principle that energy is conserved in a closed system (such as the domain of a
numerical model), heat transport is mathematically described by the equation of heat conser-
vation (2.3). The whole system of equations (2.1-2.3) constitutes the theoretical framework

of thermo-mechanical convection used in geodynamic numerical models of the Earth.

2.3 Lithosphere Rheology

2.3.1 Viscous Rheology

Rheology is the study of how materials deform or flow under applied stresses. A key step in
geodynamic numerical modelling is to characterize rock rheology to model its deformation
mechanisms. This thesis follows the common approach which assumes that rock deformation
occurs through dislocation creep. This mechanism is dominant at high stresses, and consists
of the non-reversible deformation of crystalline materials through the displacement of dislo-
cations (or imperfections in the crystal lattice structure) inside the minerals that conform
the rocks. This assumption dismisses other important rock deformation mechanisms such
as diffusion creep, but has been used extensively in previous studies (e.g., Beaumont et al.,
2010; Currie et al., 2015; Krystopowicz and Currie, 2013) which show that it is a good ap-
proximation for a large scale, including the lithosphere and the upper mantle. Also, it is a
convenient simplification because it saves the computational cost of coupling diffusion and
dislocation creep dynamically, and facilitates the stability of the models.

The stress-strain rate relationship for dislocation creep (2.6) is parameterized through a
power law derived from experimental studies with different rock types or mineral assemblages
(e.g., Gleason and Tullis, 1995; Karato and Wu, 1993) and has the following general form for
plain strain conditions:

-1 1 (E+PV)
0s = Aps 3 e nRT (2.6)

where o is the maximum shear stress, A, is a pre-exponential factor scaled to plane strain,
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£, is the maximum shear strain rate, n is the stress exponent, E is the activation energy,
V' is the activation volume and R is the ideal gas constant. This constitutive relation is
commonly applied to numerical models by computing an effective viscosity (2.7) using the

following relationship:

Vo, O
e pr— pr— R 2.7
Mess = 3 A (2.7)

where, 1.7y is the effective viscosity, and o, and €7, are the second invariants of the deviatoric

stress and strain rate tensors, respectively. The combination of (2.6) and (2.7) results in

equation (2.8):

1 -1 4= Eipv

Neff = §Aps7€n2” € nRT (2.8)

which is used in the governing equations (2.1-2.3) to model temperature dependent viscous

rheologies assuming deformation driven by dislocation creep.

2.3.2 Viscoplastic Rheology

Even though viscous rheologies are suitable to describe deformation by solid state creep in
most of the lithosphere and upper mantle, significant portions of the lithosphere exhibit
frictional-plastic yielding especially at shallower levels. Plastic behaviour is a non-reversible
type of deformation characteristic of solids, which occurs when applied stresses exceed a yield
stress. Plasticity is commonly observed in rocks and produces localized deformation along
shear zones at shallow depths, under the brittle regime (e.g., Gerya, 2019).

In this work, plastic behaviour is included in numerical models by using the Drucker

Prager yield criterion (2.9), which in 2D is described by the following equation:

o, = Psin (¢) + Ccos () (2.9)

where o, is the yield stress, P is the hydrostatic pressure, ¢ is the angle of internal friction,
and C' is the cohesion. The internal friction angle and cohesion vary depending on the rock

type. These parameters describe the frictional-plastic behaviour of rocks and are usually
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experimentally determined.
The ASPECT code uses the viscosity re-scaling method detailed in Kachanov (2004), in
which the effective viscosity (resulting from viscous rheologies) is scaled back to a limiting

value (2.10):

Ty
=== 2.10
where 7, is the yielding viscosity and € is the strain rate, when viscous stresses exceed the
yield stress defined in (2.9). In the numerical models this is reflected as a localized weakening

in fault-alike zones where viscous stresses reach the yield stress.

2.3.3 Viscoelastic Rheology

Another type of deformation that is characteristic of solids is elastic behaviour. This is a
reversible type of deformation that is present in the lithosphere of the Earth. The stress-
strain relationship for a viscoelastic rheology is based on the assumption that the total strain
rate (2.11) is the result of a viscous strain rate and an elastic strain rate as in the following
equation:

, cwise el 1 iDO”

v el _ 1 2.11
g=¢"+e 2770+2N Dt (2.11)

where ¢” is the viscous part of the deviatoric strain rate, £'“ is the elastic part of the

Do’

= 18 the co-

deviatoric strain rate, n is the viscosity, u is the elastic shear modulus, and
rotational time derivative of the deviatoric stress (Kaus & Becker, 2007) or the Jaumann
co-rotational stress rate which contains the time derivative of the deviatoric stress and terms
that account for rotation (Bangerth et al., 2020Db).

When elasticity is included in the numerical models in ASPECT, an elastic effective

viscosity n.ss is formulated as in (2.12):

At©

=N 2.12
nAte—i—TM ( )

Tef f
where 7 is the actual viscosity, At¢ is the modelling elastic time step, and 7, is the relaxation
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time, which is the quotient between the actual viscosity and the shear modulus p:

T = (2.13)

[
Additionally, the right-hand side of the momentum conservation equation (2.2) is modified

by including (2.14)

e neff /
Fe=—-—— 2.14
At (2.14)

where F° is the elastic force term that opposes to the applied stresses and accounts for

reversible deformation, and ¢’ is the deviatoric stress.

2.4 Gravity Modelling

In this work, the Bouguer gravity anomaly is calculated from the 2D density structure of
the numerical models as an additional observable to examine the surface expressions of litho-
sphere removal. For this, an element mesh approach is used where the contribution of each
element in the modelling domain is approximated as the anomaly of a finite slab, as described
in Telford et al. (1990). Then, the total anomaly at each observation point along the profile
at the ground surface (xy) is calculated as the sum of the contribution of all the elements in

the 2D domain (2.15):

B & 4 [dx — |z — x4 o (xk —
Agp = 2GdzApizl JZI {tan (T) + tan (z—]>} (2.15)
where, k is an index for the observation points at the ground surface, ¢ and j are horizontal
and vertical indices for the elements in the modelling domain, dxr and dz are the horizontal
and vertical dimensions of a given element respectively, G is the universal gravity constant,
Ap is the density difference with respect to the reference, |z) — ;| is the horizontal distance
between a given element at j and the observation point £ along the profile, z; is the element

depth, m and n correspond to the number of elements horizontally and vertically respectively,
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and Ag; represents the gravity anomaly at a given observation point.

The Bouguer plate correction is considered by altering the shallow density structure as
follows: On one hand, if the 2D structure has positive topographies (i.e., mountains) the
surface is clipped to the ground level (i.e., 0 km elevation). On the other hand, if the 2D
structure has negative topographies (i.e., topographic depressions, basins) the density in the
elements between the topography and the ground level is calculated as the average density
in the surrounding elements. The reference density structure is taken as the average column
of the non-disturbed lithosphere and upper mantle in each model at each time step.

Before applying to the geodynamic models, the method is tested by comparing the mod-
elled gravity anomalies with the theoretical formulations in the cases of a cylinder aligned
along strike (2.16), and a finite horizontal slab (2.17) (e.g., Telford et al., 1990), with the

following equations:

Ag = 2rGr2Ap——— 2.1
g =2mGriAp—5—— (2.16)

L—x x
_ -1 -1 (T
Ag =2GtAp {tcm < . ) + tan (h)] (2.17)

where, L represents the horizontal length of the slab, ¢ is its thickness, and h is its depth.
Also, r represents the radius of the cylinder, and z represents its depth. Additionally, the
gravity anomaly is calculated using the approach developed by Talwani et al. (1959), to

compare the accuracy of the method proposed with another algorithm.

2.4.1 Cylinder Test

The synthetic data for the cylinder test consists of a uniform 400 x 200 element mesh in a
domain with horizontal and vertical dimensions of 400 km and 200 km, respectively (element
resolution of 1 km). The background material has a density of 2800 kg/m? and there is a
cylinder with radius and density of 20 km and 3100 kg/m? respectively, with its centre at a
distance of 200 km along the profile. Figure 2.1 shows the modelled and theoretical gravity
anomalies for a buried cylinder at depths of 50, 40, 30, and 20 km.

This numerical method gives gravity values that are consistent with the theoretical values.
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There is a maximum misfit of 2.73% (right on top of the cylinder) when the centre of the
cylinder is located at a depth of 20 km, calculated using equation (2.18):

‘Agnumem’cal - Agtheoretical’
Y%Error =

x 100% 2.18
‘Agtheoretical’ ’ ( )

where Agnumerical a0d AGineoreticar @re the numerical and theoretical gravity anomalies right
above the cylinder, respectively.

For comparison, the calculations using the algorithm proposed by Talwani et al. (1959)
produce a misfit of 5.54% relative to the theoretical values for the same case (Figure 2.1d).
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Figure 2.1: Modelled and theoretical 2D gravity anomalies for a buried cylinder with a radius of
20 km and a density 3100 kg/m?, embedded in a terrain with a density of 2800 kg/m?, at depths
of a) 50, b) 40, c¢) 30, and d) 20 km. The gravity anomaly is modelled using both the approach
proposed in this study (mesh element as finite slab approximation) and the approach from Talwani
et al. (1959).

2.4.2 Finite Slab Test

The finite slab test uses a 2D domain with the same dimensions and elements than the
cylinder test. Figures 2.2 and 2.3 show the modelled and theoretical gravity anomalies for
horizontal slabs of lengths of 20, 30, 40, 50, and 100 km.

The background material also has a density of 2800 kg/m? but in this case, a horizontal

slab with a thickness of 20 km and a density of 3100 kg/m? is embedded at a distance of
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200 km along the profile. The length L of the slab is varied to explore the effect of density

perturbations at the sides of the domain.

These results show consistency between the gravity values, with a maximum misfit of
4.45% for the slab with length of 100 km (using equation 2.18 for the gravity anomaly
above the centre of the slab). For comparison, the calculations using the algorithm proposed
by Talwani et al. (1959) produce a misfit of 5.98% for the same slab length (Figure 2.3b).
The error increases closer to the lateral boundaries because these are artificial features of
the numerical models which do not represent physical phenomena. Consequently, boundary
effects are a limitation of this approach. However, the density anomalies in the models
presented in this thesis are localized in the middle of the domain where boundary effects are

negligible.

a) Slab Length =20 km b)  Slab Length = 30 km c)  Slab Length = 40 km

>
(]
E 751
2
& 501
251

0 " 7 T T T i T g T T T T T T J ; r T r r i
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350400 0 50 100 150 200 250 300 350 400

50 100 150 200 250 300 350 400 0O 50 100 150 200 250 300 350400 O 50 100 150 200 250 300 350 400
Distance (km) Distance (km) Distance (km)

0

— Mesh Element as Finite Slab Approximation p = 3100 kg/m*

= Algorithm proposed by Talwani M. W. & Landisman M.,1959 5
—— Theoretical Calculation (Telford W.M. & Sheriff R.E., 1990) Bl o-2800kgm

Figure 2.2: Modelled and theoretical 2D gravity anomalies for a buried finite slab with a thickness
of 20 km, a density of 3100 kg/m?, and lengths of a) 20, b) 30, and b) 40 km, embedded in a terrain
with a density of 2800 kg/m?. The gravity anomaly is modelled using both the approach proposed
in this study (mesh element as finite slab approximation) and the approach from Talwani et al.
(1959).
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Figure 2.3: Modelled and theoretical 2D gravity anomalies for a buried finite slab with a thickness
of 20 km, a density of 3100 kg/m?, and lengths of a) 50, and b) 100 km, embedded in a terrain with
a density of 2800 kg/m3. The gravity anomaly is modelled using both the approach proposed in
this study (mesh element as finite slab approximation) and the approach from Talwani et al. (1959).

2.4.3 Convergence Test

The method proposed in this Chapter is tested for convergence using the density structure
of a cylinder embedded at a depth of 50 km (same density structure in Figure 2.1a). The
convergence test is also computed for the algorithm by Talwani et al., 1959 as a reference.
In this test the calculations use different element resolutions starting from 5 up to 1 km per
element. Since the elements in the mesh are square, the vertical and horizontal resolution is
always the same.

Figure 2.4a shows the value of the modelled gravity anomaly in the middle of the domain
(above the cylinder) with different resolutions showing convergence as the mesh becomes
finer. Figure 2.4b shows the percent error of the numerical results in 2.4a with respect to
the theoretical value using equation (2.18). These results show that if the mesh has element
lengths below 4 km there is less than 1% error in the numerical gravity anomaly calculations

using the method proposed.
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Figure 2.4: Resolution convergence test for the gravity anomaly method proposed (mesh element
as finite slab approximation) compared to the method by Talwani et al. (1959). This test uses
calculations of the anomaly of a cylinder with a radius of 20 km embedded at a depth of 50 km
(as in Figure 2.1a) with different element resolutions. In all the cases the elements in the mesh are
square (same spatial resolution vertically and horizontally). a) Gravity anomaly in the middle of
the domain right over of the cylinder (also the maximum gravity anomaly in all the cases) with
different element resolutions showing convergence as the mesh becomes finer. b) Percent error of
the numerical calculations with respect to the theoretical value of the gravity anomaly in the middle
of the domain.

2.4.4 Summary

The gravity anomaly calculations could produce misfits up to 2.8% or 4.5% when the studied
density anomaly is either very shallow or very close to the side boundary of the model domain,
respectively. This behaviour is also observed in the results using the approach from Talwani
et al. (1959), which produces a slightly higher error with respect to the theoretical gravity
anomalies (1% higher on average). The mesh element as finite slab approach produces errors
under 5% caused by boundary effects, but when the density anomaly is at a distance from
the boundaries, and the element lengths are lower than 4 km, the error is under 1% (the
numerical result converges to the theoretical solution). This shows that gravity calculations
are accurate enough for the purpose of this study because the objective is to provide first order
approximations that characterize the general behaviour, rather than producing a precise fit
of the Bouguer gravity anomaly. Aside, the density alterations in the models presented in
this thesis are commonly located in the centre of the modelling domain (at a distance from

the lateral boundaries), and at depths corresponding to the upper mantle (> 40 km). The
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approach presented provides a method to determine the first order gravity anomaly produced

by the 2D density structures of geodynamic models.
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Chapter 3: Preliminary Models

3.1 Introduction

The lithosphere removal (”dripping”) of a convective instability consists of the downward
growth of a gravitational perturbation in the lower lithosphere, leading to its complete de-
scent. This is commonly produced by its higher density compared to the sub-lithosphere
mantle due to its lower temperature. This type of lithosphere removal has been extensively
investigated in previous modelling studies using different software and numerical formula-
tions (e.g., Gogiis and Pysklywec, 2008; Houseman et al., 1981; Houseman and Gemmer,
2007; Kaus and Becker, 2007; Wang et al., 2014). A common interest in most of the previous
studies has been to understand and constrain the surface expressions produced by this type
of dynamic mechanism.

Similarly, one of the objectives of this work is to investigate the dynamics of lithosphere
dripping and the effects on Bouguer gravity anomaly and surface topography. Hence, the
set of models presented in this chapter aims to test how these surface observables change in
models with different numerical implementations. Specifically, the main interest is to test
the gravity anomaly calculations using the method described in section 2.4, based on geo-
dynamic models for codes with different advection mechanisms. This is because the gravity
calculations depend on the density structure, and the latter depends on the formulation used
to displace material properties in space in the numerical (geodynamic) models.

This chapter includes a set of three 2D models (set N), of the lithosphere and upper
mantle, designed to induce a standard and simplified mantle lithosphere drip. These models
are computed using the finite element codes ASPECTv2.2.0 (Bangerth et al., 2020a) and
SOPALE (Fullsack, 1995). On one hand, the SOPALE code uses a marker-in-cell method to
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displace material properties. On the other hand, the ASPECT code can use two methods. In
the first approach, the advection equation is solved over compositional fields that trace the
materials (equation 2.5). Alternatively, ASPECT can also use a marker-based method known
as advection with active particles. These possibilities are used to identify their general effect
on the results, and specifically, their influence on the modelled Bouguer gravity anomaly and

surface topography.

3.2 Modelling Setup

The setup used for the models presented is shown in Figure 3.1. The models have a three
layered structure including a crust (40 km thick), mantle lithosphere (40 km thick) and
sublithospheric mantle, in a 2D domain with both width and length of 375 km. Additionally,
the drip is triggered by a rectangular mantle lithosphere perturbation with a width of 125
km and amplitude of 40 km.
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Figure 3.1: (a) Initial model geometry for the preliminary models. (b) Temperature dependent
density structure and (c) initial geotherm for the region outside of the lithosphere perturbations. The
continental geotherm is stretched in the thickened region, keeping the Moho temperature constant.
(d) Reference viscosity structure showing three isoviscous layers corresponding to the crust, mantle
lithosphere and sub-lithospheric mantle.

The boundary conditions for the sides and the bottom of all the models are of free
slip. The top boundary of models N1 and N2 is a free surface which allows for topographic

variations produced by the mantle-lithosphere dynamics and the top boundary for model
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N3 has free slip conditions. Each of the layers has a constant viscosity and temperature

dependent density:

p= po(1 — aAT) (3.1)

where pg is the reference density, « is the thermal expansion coefficient, and AT is the
temperature difference with respect to the surface temperature 7y = 273 K. Table 3.1 gives
the reference density and viscosity used for each material. All materials use the same thermal

parameters, with the values given in table 3.2.

Table 3.1: Material parameters for each layer in the models presented in this chapter.

Layer Reference Density (kgm™) Viscosity (Pa - s)
Crust 2800 1 x 10?2
Mantle lithosphere 3300 1 x 10%
Sub-lithospheric Mantle 3250 1 x 10

The initial temperature conditions are set using a standard continental conductive geotherm
(e.g., Schubert et al., 2001) with thermal conductivity of 2.25 mﬂK, surface heat flow of 37.46
%—ZV, and no heat production, with a mantle adiabat with temperature potential of 1573
K and adiabatic gradient of 0.4 £ (Figure 3.1¢). The lithosphere thickness and therefore
the depth of the lithosphere-asthenosphere boundary corresponds to the depth at which the
mantle adiabat crosses the conductive geotherm. In the models of this chapter the latter in-
tersection occurs at a depth of 80 km and at a temperature of 1605 K. The thermal boundary
conditions use the initial temperature in all boundaries as fixed values in which the maximum
temperature is 1837 K (for the bottom boundary at 660 km), and the minimum temperature
is 273 K (for the surface).

The SOPALE model (model N1) has a 120 x 120 Eulerian mesh, where each element has a
resolution of 3.10 kmx 3.10 km, together with a uniformly spaced Lagrangian grid with 721 x
361 nodes. In this code, the material properties are carried in the Lagrangian nodes, which are
advected with the velocity field. The dominating material (majority) among the Lagrangian

nodes (markers) within each cell, is assigned to each of the Eulerian elements together with
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its properties. These properties are then used in solving the governing equations (2.1 - 2.3)
for the Eulerian mesh. On the other hand, the ASPECT model (model N2) uses a 128 x 128
element mesh where the resolution per element is 2.93 km x 2.93 km. The element resolution
in the SOPALE and ASPECT models is chosen to be as similar as possible, keeping square
elements. However, resolutions can not be exactly equal due to limitations in the codes. The
ASPECT model that uses the active particles method (model N3) uses a total of 450000
particles which are randomly distributed in the modelling domain. These particles carry the
material properties and these are assigned to the elements of the global mesh using the cell

average criterion.

Table 3.2: Common thermal parameters used in all the models pre-
sented in this chapter.

Parameter Value Units
Specific heat (C)) 1250 J kgt K1
Thermal conductivity (k) 2.25 W mt K1
Heat production (H) 0 W kg!
Surface heat flow (go) 37.46 mW m™2
Thermal expansion coefficient («) 3.5 x 107° K1
Adiabatic gradient 0.4x1073 K m™!
Adiabatic temperature potential 1573 K

(Reference at the surface)

3.3 Advection Mechanisms and Drip Observables

In this section, the results of the models of set N are discussed. These models use the same
setup (Figure 3.1) with comparable mesh resolutions, and differ only in the software used and
corresponding advection mechanism. Model N1 is computed in SOPALE using the marker-
in-cell method, model N2 is computed in ASPECT using the advection equation, and model
N3 is computed in ASPECT using the active particles method. Snapshots of the modelling
results are shown in Figure 3.2 and the time series of the corresponding surface topography
(H) and Bouguer gravity anomaly (Agpg) are shown in Figure 3.3. During the drips the mantle

lithosphere at the sides is entrained and pulled to the central region where it sinks, producing
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crustal contraction in the central region and extension at the sides. Figure 3.2 shows that
the drips in models N2 and N3 (computed in ASPECT) descend slightly faster than the drip
in model N1 (SOPALE). However, the difference in drip velocity does not produce significant

changes in the timescales of the evolution of surface observables, as shown in the trends in

Figure 3.3.
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Figure 3.2: Model results for preliminary drips using (a) the marker-in-cell advection strategy in
the SOPALE code (model N1), (b) the solution of the advection equation over compositional fields
in the ASPECT code (model N2), and (c) the active particles advection method in the ASPECT
code (model N3). The plots for each model include profiles of topography H (top plot), Bouguer
gravity anomaly Agp (second plot), and cross-sections of density structure (lower three plots), at 4,
8 and 12 Ma, showing the evolution of the drip. Results in (c¢) do not include topography because
the use of a free surface with active particles is not supported in ASPECTv2.2.0.
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In all the models, the higher density of the mantle lithosphere perturbation triggers its
dripping, producing subsidence of the overlying surface owing to the pull of the drip (up to
250 m in model N1 and 700 m in model N2). After the arrival of the dripping material to the
bottom boundary there is surface uplift caused by the relaxation of downward stresses and the
upwelling of lower-density (and buoyant) sub-lithospheric mantle that replaces the removed
portions of mantle lithosphere. The latter produces regions with maximum elevations of
500 m and 700 m in models N1 and N2, respectively. Throughout the phase with positive
elevations (e.g., Figure 3.3a after 8 Ma), topographic results in SOPALE are consistently
200 m lower than the results produced in ASPECT. However, by 30 Ma the topographies

equilibrate at same heights (close to 0 m of elevation).
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Figure 3.3: Time variation of surface observables in the middle of the profile averaged over a 100
km width above the perturbation for models N1, N2 and N3 including (a) surface topography (H),
and (b) Bouguer gravity anomaly (Agp). Topography is not reported for model N3 because the
use of a free surface with active particles is not supported in ASPECTv2.2.0.

For the Bouguer gravity anomaly, the initial mantle lithosphere instability produces a
positive initial anomaly (about +30 mGal) which decreases rapidly due to the crustal con-
traction and thickening (average of 10 km at 8 Ma for all the models) produced by the drip
(nearly reaching -35 mGal in all models). Then, as the sub-lithospheric mantle rises, crustal
thinning is induced and produces an increase in the gravity anomaly. Figure 3.30 shows

that at later times the gravity anomaly magnitude in model N2 has a higher increase com-
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pared with models N1 and N3. This behaviour is attributed to numerical diffusion generated
through the use of the numerical solution of the advection equation in model N2. This results
in a diffusion of the interface between the crust and the mantle lithosphere (Moho) which

progressively increases the Bouguer gravity anomaly, leading to a maximum difference of 20

mGal.

These models exhibit significant numerical diffusion because crustal viscosity is very low
and it allows for substantial crustal flow in few million years, producing relatively fast deflec-
tions of the Moho. This phenomenon is considered to be negligible in models using Earth-
like rheologies with temperature-dependent power laws or full viscoplastic rheologies in the
timescales of interest because realistic viscosities are significantly higher and limit crustal
flow. For instance, supplementary models in appendix A (models N4 and N5) show that
when crustal viscosity is increased in 3 orders of magnitude (1)...st = 10%° Pa - s) the crust-
mantle interface remains non-diffused by numerical artifacts (interface remains sharp) even
at advanced stages of the drip. In the latter case, results of the Bouguer gravity anomaly are
consistent (even at late times) using either compositional fields or active particles to displace

physical properties in space.

The purposes of this work require the use of the advection strategy of model N2 (advection
with compositional fields) because modelling the evolution of surface topography is essential,
and the use of a free surface together with the active particles method is not supported in
ASPECTv2.2.0 (Figure 3.2¢). Nevertheless, the models of set N are useful to examine the
effect of numerical diffusion during advection and the results allow to evaluate its implications
for the models in this thesis. For instance, the results of model N2 indicate that the gravity
anomaly calculations could be affected by numerical diffusion and should be analyzed with
caution (especially at late modelling times) if the crustal viscosity is low (e.g., a constant
viscosity of 10?? Pa-s). However, the rest of the models presented in this work use high
(Earth-like) rheologies in the crust for which numerical diffusion is not significant (if any),
similarly as in model N4 (appendix A), and it does not affect the gravity anomaly calculations.
Hence, the following models use the fully supported advection strategy of model N2 and N4
in ASPECT (Bangerth et al., 2020Db).
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3.4 Summary and Conclusions

This chapter explored the effect of the advection mechanism of the modelling software on
the overall results and the observables of gravity anomaly and surface topography in three
equivalent drip models. Models N1 and N3 use a marker-based advection method in the
SOPALE and ASPECT codes, respectively. In this approach the physical properties are
carried by markers or particles which are advected in space according to the velocity field.
In model N2 the physical properties are displaced by solving the advection equation over
the compositional fields of the simulation using the ASPECT code. The main conclusions

obtained from the results are listed below.

e The overall trends and behaviours in the models of set N are qualitatively consistent.
All models produce similar patterns and magnitudes in both surface topography and

Bouguer gravity anomaly.

e In the ASPECT models the mantle lithosphere instability drips faster. For example,
in model N2 (ASPECT) the drip is ~40 km deeper in the first 4 Ma in compared with
model N1 (SOPALE). However, this difference does not produce significant alterations

in the evolution of surface expressions.

e Topographic deflections produced in ASPECT are more pronounced than the deflec-
tions in SOPALE by a few hundred meters (~300 m) for both subsidence and uplift.

e If the crustal viscosity is low (< 10?2 Pa-s) and there are high-amplitude deflections
in the crust-mantle interface (Moho) in the timescales studied, the gravity anomaly
calculations could be affected by numerical diffusion at the boundary (deviations up
to 20 mGal in the present models). However, the use of high (Earth-like) viscous
rheologies reduces the deflections of the Moho and in this case, the effects of numerical
diffusion are not significant. Consequently, the rest of the models in this thesis use high

(Earth-like) rheologies.
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Chapter 4: Parametrization of the Region of
Study in 2D

4.1 Introduction

One of the major challenges in understanding lithosphere removal is that the general dynam-
ics and associated surface observables are strongly dependent on the initial conditions and
modelling setup. In addition, material properties (e.g., rheologies and densities) have signif-
icant effects on removal dynamics. For instance, some studies have used isoviscous material
layers (e.g., Houseman et al., 1981; Kaus and Becker, 2007) while others have used experi-
mental results from rheological studies (e.g., Gleason and Tullis, 1995; Karato and Wu, 1993;
Zhang and Green, 2007) to constrain and implement more realistic lithosphere structures
(e.g., Beaumont et al., 2010; Currie et al., 2015; G&giis and Pysklywec, 2008) often produc-
ing fundamentally different behaviours and surface effects. Consequently, crustal/lithosphere
thickness, its associated thermal structure, and the influence of the latter in temperature-
dependent material properties (such as density or viscosity), are important parameters that

must be treated rigorously to produce realistic models.

Due to the broad variation of possible expressions of lithosphere removal, this phenomenon
has been proposed to explain a wide variation of scenarios. For instance, it has been associ-
ated with high mountain regions, such as the Sierra Nevada California (e.g., Saleeby et al.,
2012) or the Puna plateau (e.g., Beck and Zandt, 2002; Kay and Mahlburg Kay, 1993), as
well as topographic depressions such as the Arizaro basin (e.g., DeCelles et al., 2015) or the
cratonic Congo basin (e.g., Downey and Gurnis, 2009). In this thesis, as described in section

1, the purpose is to test if lithosphere removal can explain the observations in the region
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of the Sierra Nevada de Santa Marta (SNSM), in northern Colombia (including topographic
expressions and Bouguer gravity anomaly). Therefore, this chapter includes multiple sets
of 2D numerical models intended to constrain the modelling parameters to model realistic
lithosphere drips.

The proposed mechanism aims to explain the high Bouguer gravity anomaly through a
mantle lithosphere drip followed by eclogitization and removal of the crustal root under the
SNSM massif. The initial conditions assume that previous crustal shortening produced a
mantle lithosphere instability that triggers its dripping. The models test if drip dynamics
can induce the required conditions for eclogitization of the lower crust and can induce its
removal. If that is the case, lithosphere removal dynamics must be capable of either producing
surface uplift or maintaining the initial topographies after the removal of the crustal root. To
verify this, the initial conditions, the starting configuration and the material model is built
based on the SNSM. The subsequent models include parameter modifications to explore,
understand and constrain their effects. The models include tests of the amplitude of the
mantle lithosphere instability and/or total amount of initial lithosphere thickness in the
region, velocity boundary conditions, width of the perturbation, and parameters related to

plastic deformation.

4.2 Modelling Setup

4.2.1 General Configuration

The models in this chapter use a 2D domain with a width of 1320 km and a length of
660 km representing the continental lithosphere and the upper mantle in the region of the
SNSM (figure 4.1). This encompasses the Earth’s structure from the surface to the 660 km
discontinuity phase transition. This setup does not include the Caribbean plate because the
focus of this research is lithospheric drip dynamics and its isolated contribution to surface
observables. The mesh has square elements with lengths and widths of 2.58 km in the upper
200 km and 10 km below. The upper region has a finer mesh to properly resolve lithospheric

deformation. The lateral boundary conditions are free slip, the bottom boundary condition
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is no slip, assuming that the high-viscosity lower mantle is coupled to the upper mantle,
and the top boundary has a free surface that allows surface deformation (See details in Rose
et al., 2017). The thermal boundary conditions use the initial temperature (figure 4.1c) in
all boundaries as fixed values in which the maximum temperature is 1837 K (at a depth of
660 km), and the minimum temperature is 273 K (at 0 km).

The crustal thickness is 40 km, consisting of a 20 km upper crust and 20 km lower crust,
underlain by an 80 km mantle lithosphere. Because the collision of the Caribbean large
igneous province with South America started 75 Ma ago according to Spikings et al. (2015)
and subsequent regional tectonics has been characterized by compression, it is assumed that
this region underwent crustal shortening. Consequently, there is a thickened crustal region

in the middle of the profile of the initial setup (figure 4.1a) representing the SNSM.
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Figure 4.1: (a) Initial model geometry used in parameter tests. Only the enclosed region is shown
in the following model figures. (b) Non-perturbed density structure. (c) Initial temperature condi-
tions. The continental geotherm is stretched in the thickened region keeping the Moho temperature
constant. (d) Reference temperature-dependent viscosity structure at a constant strain rate of
101571 (black). Coloured lines show other viscous rheologies used. WQ: Wet Quartzite (Gleason
& Tullis, 1995), WO: Wet Olivine (Karato & Wu, 1993).

The thickened region consists of initially high surface topography and a crustal root.
These deflections have Gaussian shapes with a half-width of 125 km. In the middle of
the profile, this region is about 35 km thicker than the undisturbed crust, including both
the crustal root and the topography. The amplitude of the initial topography with respect
to the crustal root is set to be in isostatic balance under the assumption that equilibrium

occurred right after or during the previous shortening episode. Also, it is assumed that during
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previous crustal thickening the underlying mantle lithosphere was simultaneously immersed
into the sublithospheric mantle being displaced by the new crustal root. This displacement
is considered in the reference initial conditions (figure 4.1a), and produces a deflection in the
lithosphere-asthenosphere boundary (LAB) which is gravitationally unstable.

The models presented have temperature-dependent densities and viscosities. The density
p is computed following equation 3.1, with a reference temperature Ty of 273K. Viscous
deformation follows the power law for dislocation creep (2.8) introduced in section 2.3.1.

The initial temperature conditions for all the models are set for a continental geotherm
with a surface heat flow of 49.37 %—VQV, a thermal conductivity of 2.25 W/mK, and a radio-
genic heat production in the upper and lower crust of 1x107° W/m? and 0.4 x 1075 W/m?,
respectively. At the LAB, the conductive geotherm intersects the mantle adiabat which has
a constant geothermal gradient of 0.4 x 1072 K/m, and a potential temperature of 1565 K,
at a depth and temperature of 120 km and 1613 K, respectively. The resultant geotherm is
displayed in figure 4.1c. In the central region the continental geotherm is linearly stretched
following the Gaussian-shaped thickening, to keep the initial Moho temperature constant
throughout the profile.

The material properties and parameters are listed in table 4.1. In the reference model
(model T3), the upper crust, lower crust, mantle lithosphere and sublithospheric mantle have
viscous rheologies of wet quartzite (WQ) (Gleason & Tullis, 1995), dry Maryland diabase
(DMD) (Mackwell et al., 1998), dry olivine (DO) and wet olivine (WO) (Karato & Wu,
1993), respectively. In all the models, viscosity is limited between maximum and minimum
numerical cut-off values of 1 x 10?® Pa - s and 1 x 10! Pa - s to maintain the stability of
computations because, as noted by Bangerth et al. (2020b), when the simulations have large

viscosity ranges they can result in divergence of the solver and numerical instabilities.

4.2.2 Lower Crustal Eclogitization

Eclogitization is a phase transition experienced by lower crustal rocks when they are subjected
to high pressures, and results in rocks with eclogite metamorphic facies. It is considered to
affect the lower crust of mountainous regions and is known to produce a large density increase

that destabilizes the crustal root, leading to its detachment (e.g., Leech, 2001). For instance,
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Table 4.1: Material properties for the models in this chapter.

Parameter Upper Crust Lower Crust Mantle Lithosphere Sublithospheric Mantle
po (kg m=3) 2800 2800 3400 3400
a(K™) 3% 10° 3% 10° 3% 10° 3% 10°
Viscous rheology Wet Quartzite  Dry Diabase Dry Olivine Wet Olivine
Aps (Pa™™ s71) = 8.57 x 1072 5.78 x 107%7 1.43 x 10716 1.76 x 10714
n 4.0 4.7 4.0 3.0

E (kJ mol™t) 223 485 540 430

V (m® mol™!) 0 0 1.5 x 1075 1.0 x 1075
Thermal Parameters

E(W m™t K1) 2.25 2.25 2.25 2.25
Cy(J kg7t K1) 1250 1250 1250 1250

H (W kg™) 3.57 x 10710 1.38 x 10710 0 0

* Experimental uni axial strain viscosity pre-factor A,y; is scaled to plane strain A,, using a scaling factor of
n+1

37227

previous studies (e.g., Ahrens and Schubert, 1975; Austrheim et al., 1997; Leech, 2001) agree
that metamorphic eclogitization can occur under eclogite-facies conditions (600 - 800°C' and
1.0 -2.0 GPa) if there is water available. Moreover, there is also evidence that eclogite facies
rocks can form as the dense residue after magmatic differentiation in the crustal root of
continental arcs (e.g., Ducea et al., 2021a; Ducea et al., 2021b). Consequently, eclogitization
could have taken place in the region of the SNSM because it was formed as a continental
magmatic arc, as reported in previous studies (e.g., Cardona et al., 2010; Ramirez et al.,

2020).

This means that the presence of dense eclogites in the context of the SNSM could be
explained by magmatic differentiation or by a metamorphic phase change produced by pre-
vious shortening. Because both hypothesis are plausible, the presence of a densified lower
crust before or during a lithosphere removal episode is feasible. However, this study tests
if the pressure and temperature conditions for metamorphic eclogitization can be induced
independently by lithosphere drip dynamics. Hence, the models presented in this chapter
include eclogitization in the lower crust when its temperature is above 600°C and its pres-
sure is above 1.2 GPa. The reference density for eclogite is 3600 kg/m? representing full
eclogitization of a basaltic lower crust (e.g., Austrheim et al., 1997). Also, eclogite strength

is modelled by using the wet quartzite rheology from Gleason and Tullis (1995) as a starting
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simplified approach. The purpose is to use a weak rheology considering that Austrheim et al.
(1997) report that eclogites should be rheologically weak. The effect of eclogite rheology is

fully tested using a more rigorous approach in chapter 5.

4.2.3 Reference Model (Model T3) and Parameter Variations

The reference model for this chapter uses the setup described in section 4.2.1 and the rhe-
ologies used result in the viscosity structure in figure 4.1d (see black curve). This viscosity
is used in the non-perturbed regions (the sides where there is no thickening). However, since
multiple studies have identified previous stages of substantial continental arc magmatism in
the SMSM (e.g., Cardona et al., 2010; Quandt et al., 2018; Ramirez et al., 2020; Tschanz
et al., 1974), some rheological modifications in the region of the massif (the thickened region
in the middle) are tested to assess their effects.

In particular, it is important to consider the effect of an increased hydration produced by
the water content from the subducting slab in the continental arc in the Paleocene-Eocene
(e.g., Cardona et al., 2010), or even from the currently subducting and/or underthrusting
Caribbean slab. Consequently, the strength of the lower crust and the mantle lithosphere in
the middle of the profile in a width of 125 km is reduced. For the lower crust, the rheology
of the dry Maryland diabase (Mackwell et al., 1998) is replaced by the viscous rheology of
wet quartzite (Gleason & Tullis, 1995), and the resultant effective viscosity is then reduced
by one order of magnitude (see green line in figure 4.1d. Also, the rheology of the mantle
lithosphere is modified from dry to wet olivine (Karato & Wu, 1993) (see red line in figure
4.1d). The rest of the models are developed from the reference and thus, they also include
a weaker lithospheric rheology in the thickened region. Parameter variations in each model

are summarized in table 4.2. Models in chapter 5 show further tests of lithosphere rheology.

4.3 Initial Lithosphere Thickening

The selected modelling setup was chosen to test if a lithosphere removal episode could explain
the current state of the SNSM, in terms of its topography and Bouguer gravity anomaly.

This assumes that previous crustal shortening produced the required thickening to trigger
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Table 4.2: List of models with parameter variations with respect to the reference model.

Model Modification with respect to the reference Figure No.
Set T *

T1 Crustal root amplitude is of 10km 4.2a
T2 Crustal root amplitude is of 20km 4.2b
T3 (Reference) Crustal root amplitude is of 30km 4.2¢
T4 Crustal root amplitude is of 40km 4.3a
T5 Crustal root amplitude is of 50km 4.3b
Set CV

CV1 As T3 but with lateral compression at 0.1mm/yr 4.6a
CV2 As T3 but with lateral compression at 0.5mm/yr 4.6b
Set SW'*

SW1 As CV1 but includes plastic behaviour with strain weakening using plastic strain 4.9a
SW2 As CV1 but includes plastic behaviour with strain weakening using total strain 4.9b
Set P

P1 (Reference Plastic) As SW1 but with lateral compression at 1lmm/yr 4.11b, 4.15b
P2 As P1 but cohesion is always 20 MPa (no strain weakening in C') 4.11a
P3 As P1 but the friction angle ¢ varies from 15° to 5° 4.13a
P4 As P1 but the friction angle ¢ is always 15° (no strain weakening in ¢) 4.13b
P5 As P1 but the friction angle ¢ is always 30° (no strain weakening in ¢) 4.13¢
Set V

V1 As P1 but with lateral compression at 0.5mm/yr 4.15a
V2 As P1 but with lateral compression at 5mm/yr 4.16a
V3 As P1 but with lateral compression at 10mm/yr 4.16b
Set W

W1 As P1 but with no lateral compression 4.19a
W2 ¢ As W1 but the half width of the initial perturbation/topography is reduced by half (62.5km) 4.19b

“ In all the models the initial crustal root is balanced isostatically with the initial topography. When the amplitude of the crustal root
is modified, the initial topography is also modified to maintain isostatic balance in the crust such that changes in the topography are
only triggered by the lithosphere dynamics.

® When strain increases from 0.5 to 1.5, ¢ changes from 15° to 2° and C changes from 20 to 2 MPa.

¢ In all the models except by model W2 the half width of the mantle lithosphere perturbation, crustal root and initial topography is of
125 km.

the removal. However, the total lithosphere/crustal thickness prior to the drip is uncertain
and therefore variations in the initial structure are tested.

The first modelling set (set T') examines different initial crustal thicknesses. For this pur-
pose, each model in the set has a different crustal root amplitude and the initial topography
is modified to produce isostatic balance in the crust. The latter assumes that the timescales
for crustal isostasy are much lower than the timescales of lithosphere removal, as suggested
by previous geodynamic studies that use short computations to generate isostatic balance
(e.g., Currie and van Wijk, 2016). In these models the mantle lithosphere is displaced by
the crustal root keeping its same thickness (80 km) so the amplitude of the LAB deflection
changes according to the variations in crustal root amplitude. Since the mantle lithosphere is

cooler and denser than the sub lithospheric mantle, this deflection is gravitationally unstable
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and triggers lithosphere dripping as in previous models.

Set T consists of models T'1, T2, T3, T4, and T5 (including the reference model T3), which
have initial crustal root amplitudes of 10, 20, 30, 40 and 50 km, respectively. Snapshots of
the density structures and the corresponding surface expressions at different time-steps are
shown in figures 4.2 and 4.3. For the rest of the models in this work surface heat flow is
also calculated as an indicator of crustal thinning after removal because it is another surface
expression that could be measured in the SNSM. The temporal variations of topography,

Bouguer gravity anomaly and surface heat flow in the perturbed are shown in figure 4.4.
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Figure 4.2: Modelling results for (a) model T1 (R = 10 km), (b) model T2 (R = 20 km) and (c)
model T3 (R = 30 km) (reference), including snapshots of density structures and profiles of topog-
raphy (H ), Bouguer gravity anomaly (Agp) and surface heat flow (gp), at times before, during and
after the main lithosphere removal episode. Models explore the effect of different initial thickenings
in the perturbed region (R) (consisting of an imposed crustal root and initial topography).
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All the models of set T show a similar qualitative behaviour. First, the perturbation in
the LAB grows and the dripping mantle lithosphere material reaches the bottom boundary
where it spreads. The local drip of the mantle lithosphere under the perturbed region leaves
a gap in the mantle lithosphere which is filled by upwelling sublithospheric mantle. While the
mantle lithosphere is progressively removed, heat from the sublithospheric mantle increases
the temperature of the crustal root inducing its eclogitization. As the crustal root turns
into eclogite it exerts a downward force over the crust because of its negative buoyancy.
At this stage, the densified crustal root (due to the eclogitization phase change) cannot
sink because the mantle lithosphere underneath acts as a barrier prohibiting its dripping
(e.g., density structure showing eclogitized crustal root in red in figure 4.2b at 20 Ma).
However, the localized mantle lithosphere drip under the perturbed region continues until
the sublithospheric mantle rises and reaches the Moho. Then, there is complete removal of
the eclogitized crustal root followed by localized upwelling of buoyant sublithospheric mantle
which fills the space left by the crustal root. The time of detachment of the crustal root is
defined as the time in which the eclogitized crustal root is not longer in direct contact with

the base of the non-eclogitized lower crust.

The general dynamics of all the models is similar because it involves mantle lithosphere
dripping, followed by crustal root removal. However, there are significant differences in
timescales and magnitudes of removal. When there is a thicker crustal root (e.g., Model T5),
the mechanism occurs faster because of two reasons. First, the mantle lithosphere instability
has a bigger amplitude so it has more available negative buoyancy, resulting in a faster
instability growth. Second, the crustal root is also thicker so its bottom is deeper (where
pressure is higher), resulting in faster eclogitization because the root heats more quickly. For
instance, in model T5 (root thickness of 50 km) complete drip and root detachment occurs
within 20 Ma, while in model T1 (root thickness of 10 km) it takes about 60 Ma. However,
when the root is smaller (e.g., 10 km in model T1) its removal is less abrupt and there can be
a significant time difference between the onset of root removal and its complete detachment.
For example, for model T1, the onset of root detachment is at about 50 Ma but its complete
removal occurs about 10 Ma later. The explanation for the latter is that when the amplitude

of the perturbation is lower, its growth rate is also slower, and complete removal takes longer
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as reported by Houseman et al. (1981). Even if the crustal root fully reacts to form high
density eclogite, if the mantle lithosphere is present below, it acts as a barrier preventing or
significantly delaying root removal. Consequently, crustal root removal is promoted if there

is also rapid mantle lithosphere dripping.
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Figure 4.3: Modelling results for (a) model T4 (R = 40 km) and (b) model T5 (R = 50 km),
including snapshots of density structures and profiles of topography (H), Bouguer gravity anomaly
(Agp) and surface heat flow (qo), at times before, during and after the main lithosphere removal
episode. Models explore the effect of different initial thickenings in the perturbed region (consisting
of crustal root and initial topography).

In models with higher initial thickness there is more lithosphere material removed because
regardless of the initial thickness, the whole crustal root and mantle lithosphere in the central

region are removed. Because models with an initially thicker crust also have higher initial
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topographies that are imposed to enforce initial isostasy, models with initially thicker crusts
continue to have thicker crusts even after complete crustal root removal. When the support
from the crustal root is removed, the elevated crustal material tends to sink. However, while
in models with large initial topographies (e.g., model T5 with a maximum initial topography
above 7 km), the elevated crustal material sinks producing a small crustal root in the end, in
models with small initial topographies (e.g., model T1 with a maximum initial topography
above 1.5 km), the load of the topographic relief is supported by mantle upwelling and the

elevated crustal material does not sink.
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Figure 4.4: Time variation of surface observables, averaged over a 100 km width centred in the
perturbed region, for modelling set T. (a) Surface topography. (b) Bouguer gravity anomaly. (c)
Surface heat flow. R is the initial amplitude of the crustal root. The initial topography is set to
be in isostatic balance with the corresponding root. Time (Ma) corresponds to the modelled time
from the beginning to the end of the simulation.

The modelled topography (figure 4.4a) shows that at the beginning, there is subsidence
related to the mantle lithosphere drip and crustal eclogitization relative to the initial to-
pography. Subsidence continues until the complete detachment of the crustal root. Then,
as the sub-lithospheric mantle rises to fill the gap left by the removed material, the surface
undergoes uplift. The amount of uplift after crustal root removal is quantified with respect
to the elevation right after root removal, which is the resultant elevation after the first phase
of subsidence. The presence of a greater amount of high density material in models with
thicker roots produces faster drips and results in more subsidence in the removal phase. For

example, before crustal root detachment, the drip in model T5H produces subsidence of about
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2 km relative to the initial topography whereas model T1 has minimal subsidence and topog-
raphy has minor variations. Further, because models with a lower initial crustal thickness in
the central region (e.g., Model T1) also have a lower initial topography (2 km) and the local
crustal load is smaller (due to the imposed initial isostasy in the crust), vertical stresses from
sub lithospheric mantle upwelling produce more uplift after root detachment in models with
less initial crustal thickening. For example in model T1 there is more than 1 km of uplift
relative to the elevation after root detachment while in model T5 uplift reaches only 100 m.
In model T5 post-removal uplift is limited because vertical stresses from mantle upwelling act
mostly to support the load of the initial crustal load in the central region (initial topography

of above 7 km).

The initial magnitude of the Bouguer gravity anomaly in each model (figure 4.4b) depends
on the amplitude of the crustal root. As expected, the larger the root, the more negative the
gravity anomaly (initially Agp is about -500 mGal for model T5, whereas it is of -100 mGal
for model T1). As eclogite is formed, and the mantle lithosphere instability starts to drip,
the Bouguer gravity anomaly progressively increases until the onset of crustal root removal.
That instant is characterized by an abrupt increase in the gravity anomaly (often reaching
values above 0 mGal) as the crustal root rapidly detaches. The difference in time taken for
removal is evident in the abrupt gravity anomaly increase which occurs sooner for models
with larger crustal roots (e.g., at 20 Ma for model T5) and later for models with smaller
crustal roots. After the removal episode, the gravity anomaly for all models is between 0
to +30 mGals. The small differences in the final magnitudes at later times are within the

precision of the gravity anomaly calculations.

The evolution of surface heat flow is characterized by an increase from about 50 ";n—VZ,V (at
the beginning) to more than 80 Tn—@/ (at the end) which is a consequence of mantle lithosphere
and crustal root removal. In all the models, as the hot sublithospheric mantle rises filling the
space left by the crustal root, it heats up the crust producing a significant increase in surface
heat flow. Consequently, the timing of surface heat flow increase in set T clearly shows the
effect of the initial lithosphere thickness in the time taken for complete removal. Figure 4.4¢
shows how surface heat flow starts increasing once complete removal has been achieved. This

occurs at 60 Ma for model T1, at about 40 Ma for models T3 and T4, and close to 20 Ma
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for models T1 and T2. As expected, results indicate that there is higher surface heat flow
in models where initial crustal thickness in the central region is lower, because in these cases

the crust is also thinner in the end. For instance, model T1 reaches about 85 ";nVQV with a

final crustal thickness of about 31 km, while in model T5 the final surface heat flow is close
to 80 Tn—vf, with a final crustal thickness of about 38 km.

The behaviour of surface heat flow before crustal root removal is characterized by a
decrease due to the crustal thickening induced by the downward pull of the mantle lithosphere
drip and the densified crustal root. The initial decrease in surface heat flow tends to be larger
for models with an initially thicker crustal root and a larger perturbation in the LAB (e.g.,
model T5) because as the crustal root turns into eclogite there is more dense material exerting
a downward pull. For these models, the phase of heat flow decrease is shorter because crustal
root removal occurs sooner, allowing less time for drip-induced crustal thickening. However,
the differences in the total amount of surface heat flow decrease before crustal root removal
caused by the initial thickening in the central region are small (within 5 25).

Results from model set T show that a lithosphere dripping episode with eclogitization
and removal of a crustal root can provide support for the load of high topographies for long
timescales (e.g., 50 Ma after removal in model T5), producing crustal thinning, increasing
surface heat flow, and leading to a prominent increase in the Bouguer gravity anomaly. The

main findings are:

e If the initial crustal thickness in the central region is higher, the growth rate of the

perturbation in the LAB is higher allowing for an earlier crustal root removal.

e Initial lithosphere thickness has an important influence on the resultant topography,
the post-drip uplift, and the surface heat flow. If the initial thickness is higher, the
final elevation is higher, there is less uplift, and final surface heat flow is lower (and

vice-versa).

e In all the studied cases, mantle upwelling could hold the final topographies producing
at least some uplift (from about 100 m to more than 1 km relative to the elevation right

after crustal root detachment). The latter is accompanied by crustal thinning due to
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the removal of the root and subsequent upward stresses from the rising sub lithospheric

mantle.

e Post-removal mantle upwelling produces an increase in surface heat flow as the hot sub

lithospheric mantle gets in direct contact with the crust.

e The final magnitude of surface heat flow is higher for models with initially thinner
crusts (e.g., model T1 with a crustal root of 10 km) because after root removal, models
with an initially thinner crust end up with a thinner final crust (and wvice-versa), and
because when the crust is locally thinner, the final surface heat flow is higher (heat
transfer from the mantle to the surface is easier). However, the difference in the final
surface heat flow produced by the initial thickness of the crust is small (e.g., <5 Tn—‘év
of difference between models T'1 and TS5 which have a difference of 40 km in the initial

thickness of the crust).

e While initial lithosphere thickness produces changes in the increase rate of the Bouguer
gravity anomaly and its total increased magnitude, it does not seem to affect the final
magnitude of the Bouguer gravity anomaly which is between 0 to +30 mGal for all the
cases studied. These values are significantly lower than the observed Bouguer gravity

anomaly in the study region which is above 100 mGal.

Models T2, T3 and T4 follow the same trends and behaviours as models T1 and T5 but
with intermediate magnitudes. Model T3 is used as a reference for the rest of the models
in the chapter because it exhibits an intermediate behaviour in which the initial and final
average elevation is between 4 and 5 km. Thus, the initial lithosphere thickness in the
elevated region is not unrealistically high, and it is enough to produce a final topography
which is within the range of the SNSM observations. Ramirez et al. (2020) report that in the
Jurassic, there was continental arc magmatism and that the crustal thickness in the region

was about 64 km. The latter is comparable to the 70 km initial thickness used in model T3.
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4.4 Lateral Compression

Previous plate kinematics studies in the Caribbean show that there has been significant
convergence between the Caribbean and South American plates after the late Cretaceous,
including recent oblique convergence in northern South America (e.g., Miiller et al., 1999;
Pindell and Dewey, 1982; Pindell et al., 2005; Pindell et al., 2006). However, plate recon-
structions by Miiller et al. (1999) suggest that substantial variations in convergence rates
between the North American and South American plates in the last 83 Ma have produced
significant variations in the convergence rates between the Caribbean and the South Ameri-
can plates with values as low as 1.2 + 0.9 mm/year (in the period between 38.4 Ma to 25.8
Ma ago) or as high as 9.6 £ 3.1 mm/year (in the period between 25.8 Ma to 9.5 Ma ago).
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Figure 4.5: Modelling setup used for models with horizontal compression. The setup is the same
as in figure 4.1 but the lateral boundaries are modified to produce inflow in the lithosphere with
a compression velocity of V;,. Outflow is imposed in the lower part of the lateral boundaries at a
velocity of V,,; to balance the inflow on top. In the models the magnitude of V;;, is varied and V,;
is modified accordingly to preserve mass within the model domain.

Therefore, it is challenging to quantify with certainty the exact convergence rates and
their duration in the SNSM region. Moreover, considering that deformation produced during
tectonic plate convergence is accommodated through faults in plate boundaries and their
surroundings, the exact amount of lateral compression in the region of the SNSM is difficult
to determine. Consequently, the approach in this study is to test different rates of lateral

compression and their effect on lithosphere removal and its associated surface expressions.
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This is achieved by modifying the lateral velocity boundary conditions to impose inflow in
the upper 120 km to simulate compression. The inflow is balanced by outflow below 120 km
in order to keep the mass constant within the model domain (4.5).

This section presents model set CV (”compression velocity”) which consists of two models
(CV1 and CV2). These models have the same setup as model T3 but there is lateral com-
pression at rates of 0.1 mm/yr and 0.5 mm/yr for CV1 and CV2, respectively. Snapshots of
the density structure and profiles of topography, Bouguer gravity anomaly, and surface heat
flow are shown in figure 4.6. The time evolution of the surface expressions is shown in figure
4.7. Model CV1 has no significant difference from model T3, suggesting that a compression
velocity of 0.1 mm/yr is negligible. Similarly, when the compression velocity is increased to
0.5 mm/yr (model CV2), there are no significant fluctuations in the evolution of the Bouguer
gravity anomaly over the central region (figure 4.7b). However, there are clear differences in
the evolutions of topography and surface heat flow (figures 4.7a, and 4.7¢), as well as in all
the profiles of all surface expressions (profiles in figure 4.6b), including the Bouguer gravity
anomaly. In model CV2 there is lithosphere dripping followed by eclogitization and removal
of the crustal root such as in model T3 (section 4.3) but at later times, lateral compression
produces crustal thickening at the sides resulting in the onset of a new removal (caused by
eclogitization) close to the right boundary (figure 4.6b). The latter results in non-symmetrical
profiles of topography, gravity anomaly and surface heat flow, with local alterations at the
site of the secondary removal.

In model CV2, lateral compression produces crustal contraction, thickening and uplift. In
the first 40 Ma, uplift is moderate because it is restricted by the simultaneous downward pull
caused by the mantle lithosphere and eclogite drip. However, when the crustal root detaches
and the downward stresses are released, there is a prominent uplift episode of about 3 km at
a constant rate of about 0.18 mm/yr, and the central region reaches a maximum elevation
of 9.6 km at 53 Ma. This is followed by subsidence (at about 0.12 mm/yr) until the end of

the modelling time producing a final average topography of about 5.5 km.
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a) Model CV1 b) Model CV2
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Figure 4.6: Modelling results for (a) model CV1 (v, = 0.1 mm/yr) and (b) model CV2 (v, = 0.5
mm/yr), including snapshots of density structures and profiles of topography (H ), Bouguer gravity
anomaly (Agp) and surface heat flow (go), at times before, during and after the main lithosphere
removal episode. Models explore the effect of different compression velocity magnitudes (v.) in fully
viscous models.

.

The behaviour of surface heat flow in the first 40 Ma is similar as in the reference model

but it is about 4 %—ZV higher. Then, after crustal root removal, surface heat flow increases

mW
m2

more rapidly reaching a maximum of 85 approximately 20 Ma before than in the reference
model. This suggests that lateral compression can promote crustal root detachment. This is
followed by a small decrease of surface heat flow as crust compressed and thickened by 12 km

mW in the central
m

at the site of the secondary drip, leading to a final value of less than 80

region (figure 4.7). This occurs because the average value in the centre is slightly affected by
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the close heat flow alteration at the secondary drip.

a) b) )
50 85/
g 5 j dee)
2 O \ s 70
g £ S 65
30 §; £ 60
5. £ 551
4<W | =0/
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Time (Ma) Time (Ma) Time (Ma)
Model T3 Model CV1 Model CV2
= (v=0mmjyr) T (v=0.1mm/yr) (v =0.5mm/yr)

Figure 4.7: Time variation of surface observables, averaged over a 100 km width centred in the
perturbed region, for models CV1 and CV2. (a) Topography. (b) Bouguer gravity anomaly. (c)
Surface heat flow. Results of model T3 (which uses zero compression velocity) are shown as a
reference (black). Time (Ma) corresponds to the modelled time from the beginning to the end of
the simulation.

Results from model CV2 suggest that lateral compression at a low rate (0.5 mm/yr)
together with the secondary drip produce some crustal thickening, slightly reducing surface
heat flow in the centre (by about 5 ":n—I;V) However, the heat flow increase produced by the
lithosphere dripping and root removal should still be prominent (increase of at least 25 Tn—@/)
Also, the results suggest that lateral compression at 0.5 mm/yr does not produce significant
differences in the Bouguer gravity anomaly evolution generated by the drip. On the other
hand, model CV2 shows a large (>3 km) increase of the surface elevation. This is caused
by the absence of plastic deformation in the models which should restrict the formation of
high topographies by compression. This is because when the crust experiences compression
there is faulting and shortening in the shallow structure and deformation is accommodated
horizontally. This suggests that a more realistic model using lateral compression may require
limiting the viscosities using a frictional-plastic criterion to account for plastic deformation.

This is tested in the following sections. The concluding remarks of model set CV are:

e A compression velocity of 0.1 mm/yr produces negligible effects in surface observables

compared to a model with no compression.
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e Lateral compression above 0.5 mm/yr has a clear effect on topography and surface heat

flow but it has a small influence in the Bouguer gravity anomaly.

e Further work including plastic deformation is required to quantify the importance of
lateral compression on surface heat flow and topography and to explore the effect of

higher compression velocities.

4.5 Frictional-Plastic Rheology

A common approach in numerical modelling of lithosphere dynamics and crustal deformation
is to use a frictional-plastic yield criterion to limit the unrealistically high viscosities that
result from fully viscous power-law formulations (e.g., Beaumont et al., 2010; Currie et al.,
2015; Heron et al., 2019; Naliboff et al., 2017). This also allows for realistic deformation of
the shallow lithosphere, including the formation of weak zones and faults. The models in this
section follow te setup of Model T3, but the viscosity is limited using the Drucker Prager

yield criterion in 2D (2.9), which is introduced in section 2.3.2.
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Figure 4.8: (a) Modelling set up used in viscoplastic tests. Only the enclosed region is shown in
the following model figures. (b) Reference density structure (at the sides of the domain). (c) Initial
temperature conditions. The continental geotherm is stretched in the thickened region keeping the
Moho temperature constant. (d) Reference viscoplastic effective viscosity (black line). The viscous
rheologies used for the reference are explained in the text. Coloured lines show other viscous
rheologies used. WQ: Wet Quartzite (Gleason & Tullis, 1995) (for the lower crust), WO: Wet
Olivine (Karato & Wu, 1993) (for the mantle lithosphere).

The models in this section test the strain weakening strategy, and its effect on cohesion
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and the friction angle. The reference configuration for the models in this section is shown
in figure 4.8, which is the same as in figure 4.1, but in this case, the viscous strengths are
limited using equation (2.9) accounting for brittle behaviour, with linear strain weakening
applied when the cumulative strain varies between 0.5 and 1.5. This results in weakening in
the friction angle and cohesion from 15° to 2° and from 20 to 2 MPa, respectively, following
previous approaches (e.g., Currie et al., 2015; Huismans and Beaumont, 2007; Krystopowicz

and Currie, 2013; Warren et al., 2008).

4.5.1 Strain Weakening: Plastic Strain vs. Total Strain

In the models in this section, strain weakening is applied either when the total or plastic
strain changes from 0.5 to 1.5. Both strategies are tested to verify their importance in the
results. Set SW (”strain weakening”) consists of models SW1 and SW2, which use plastic
and total strain as a reference for strain weakening, respectively.

The model results and the evolution of surface observables for these models are shown
in figures 4.9 and 4.10. These models include a compression velocity of 0.1 mm/yr. Firstly,
the effect of plastic behaviour is evident in the topographic profiles in figure 4.9. With
plasticity, crustal strain was localized in fault zones, resulting in subsidence and vertical
motions along the weak regions. This causes the formation of graben-type structures on top
of the lithosphere drip. Consequently, before the total removal of the crustal root (at about
30 Ma) in models with plasticity (models SW1 and SW2), the negative buoyancy of the
mantle lithosphere and the eclogite produced a collapse of the topography to almost 0 km
elevation. After the removal, mantle upwelling together with lateral compression contribute
to produce uplift reaching 1 km of average elevation.

Also, as observed in previous models, the time of the sudden increase in surface observ-
ables (topography, Bouguer gravity anomaly and surface heat flow) occurs at the time of
detachment of the crustal root. This occurs earlier for models of set SW than for the refer-
ence model (Model T3). This shows that a lateral compression of 0.1 mm/yr can contribute
to accelerate the drip dynamics by about 10 Ma. This is fundamentally different from results
of model CV1 in section 4.4 (without plasticity) which suggests that the effect of lateral com-

pression at 0.1 mm/yr is neglectable, but agrees with model CV1 (with compression at 0.5
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mm /yr) which also shows that lateral compression accelerates drip dynamics. This suggests

that frictional-plastic rheologies are more sensitive to lateral compression.
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Figure 4.9: Modelling results for (a) model SW1 and (b) model SW2, including snapshots of
density structures and profiles of topography (H), Bouguer gravity anomaly (Agp) and surface
heat flow (qo), at times before, during and after the main lithosphere removal episode. Models
explore the effect of using either plastic strain (SW1) or total strain (model SW2) to produce strain
weakening. Location of weak zones allowing brittle fracturing are shown by black arrows in the
topographic profiles.

Aside from the difference in timing, models in set SW exhibit only small variations in the
Bouguer gravity anomaly suggesting that for this observable, the effect of plastic deformation
and compression at 0.1 mm/yr is not significant. At the end of the modelling time the gravity

anomaly converges to +30 mGals for all models, including model T3. However, in the two
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models of set SW the rapid collapse of the initial topography with the simultaneous plastic

deformation in the crust (contraction and thickening) produced by compression results in a

decrease in surface heat flow in the first 30 Ma by more than 10 ";nvy Even though surface

heat flow increases after root removal, as in previous models, crustal thickening of about 2

km (relative to the final crustal thickness of model T3) caused by compression lead to slightly

lower final heat flow magnitudes (less than 5 2 lower).

A comparison of models SW1 and SW2 show that the difference between the use of plastic
strain or total strain as a reference to apply strain weakening in the models is negligible. For
instance, the evolution of surface expressions is almost equal and only shows minor differences
at late modelling times (figure 4.10). This suggests that most of the strain taking place in
the models occurs in the plastic regime. Hence, models in the following sections continue to

use plastic strain as a reference (such as in model SW1).
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Figure 4.10: Time variation of surface observables, averaged over a 100 km width in the centre of
the model, for models SW1 and SW2. Model T3 is shown as a reference (black). (a) Topography.
(b) Bouguer gravity anomaly. (c) Surface heat flow. Time (Ma) corresponds to the modelled time
from the beginning to the end of the simulation.

The effect of plasticity significantly affects the evolution of topography and surface defor-
mation during a lithosphere removal episode. For example, the weakening of the upper crust
limits the formation of high topography because it allows for the accommodation of defor-
mation through weak zones. Moreover, models suggest that a lithosphere removal episode in
the SNSM could produce faults in the crust that could possibly be observed in the surface

as physical evidence. The formation of these faults enhances surface subsidence prior to
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root removal and the subsequent mantle upwelling cannot recover the elevation lost. The
maximum surface elevation after root removal is of about 1 km in models SW1 and SW2
(considering plasticity), which is not compatible with the observations in the SNSM, which

has a maximum height of more than 5 km.

4.5.2 Cohesion

In this section, two models are presented to test the effect of cohesion in the formulation for
plasticity under a greater rate of compression. Cohesion is a parameter describing the shear
strength of rocks in the absence of normal stresses (C' in equation 2.9). Model P1 has the
same configuration and setup of model SW1 but lateral compression is increased to 1 mm/yr
to explore the behaviour of plasticity under more significant lateral stresses. Additionally,
another model with the same setup as model P1 is computed but without strain weakening
in cohesion (Model P2), meaning that it has a constant value of 20 MPa throughout the
model evolution.

The topographic profiles in figure 4.11 show that the increased lateral compression pro-
duces more surface deformation, generating more faults in the upper crust. These topographic
irregularities are also reflected in the surface heat flow patterns (figure 4.11). The final thick-
ness of the crust in models P1 and P2 is 6 km higher than in model SW1 because the increase
in lateral compression leads to more crustal contraction and thickening. The change in final
crustal thickness is reflected in all the surface expressions in figure 4.12. In comparison to
model SW1, models P1 and P2 exhibit surface elevations which are 1 km higher (reaching 2
km), Bouguer gravity anomalies which are 60 mGals lower (reaching -40 mGals), and surface
heat flows which are 10 %_V;/ lower (reaching 70 %—ZV) This indicates that the magnitude of
regional compression is significant and it is directly reflected in the magnitudes of surface
observables.

There are no significant differences between the results of models P1 and P2, showing
that strain weakening in cohesion is not important for the evolution of surface expressions.
As expected, the main effect of strain weakening in cohesion is in plastic deformation. This
can be observed in figure 4.11, where there are more topographic irregularities produced by

shallow faulting in model P1 (figure 4.11b), than in model P2 (figure 4.11a).
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Figure 4.11: Modelling results for (a) model P2 (C' = 20 —20 MPa) and (b) model P1 (C' =20—-2
MPa), including snapshots of density structures and profiles of topography (H), Bouguer gravity
anomaly (Agp) and surface heat flow (qp), at times before, during and after the main lithosphere
removal episode. Models explore the effect of cohesion C' in plastic deformation.
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Figure 4.12: Time variation of surface observables, averaged over a 100 km width centred in the
perturbed region, for models P1 and P2. Model SW1 is shown as a reference (black) (a) Topography.
(b) Bouguer gravity anomaly. (c) Surface heat flow. Time (Ma) corresponds to the modelled time
from the beginning to the end of the simulation.
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However, the effect of an increased lateral compression is not compatible with the obser-
vations in the SNSM because even though the induced crustal thickening (by about 6 km)
contributes to form higher topographies, it simultaneously decreases the gravity anomaly and
surface heat flow. Hence, if the observations of simultaneous high gravity anomaly and high
topography in the SNSM were caused by lithosphere removal, these results suggest two pos-
sibilities. Either lateral compression was low, producing little or no crustal thickening after
the removal episode, or there has been not enough time for significant crustal thickening alter

the event.

4.5.3 Friction Angle

This section presents the rest of the models of set P (models P3, P4 and P5), which have
the same setup as model P1, but include modifications to test the effect of the friction angle
in the formulation for plastic behaviour (¢ in equation 2.9). This parameter describes the
dependence of rock shear strength with normal stresses. In model P3, there is weakening in
the friction angle from 15° to 5° when plastic strain changes from 0.5 to 1.5. Additionally,
models P4, and P5, have constant friction angles of 15° and 30° respectively, without strain
weakening. Figures 4.13, and 4.14 show the results of these models.

As seen previously, the most prominent effect of the friction angle is on shallow plastic
deformation. When there is no weakening in the friction angle (e.g., model P4 or P5),
the crust is more rigid, producing sharper fracture-like structures that reach the surface
(figure 4.13¢). Conversely, when there is strain weakening and the friction angle is reduced
(e.g., models P1 and P3), fractures are smaller and less sharp, allowing for a more ductile
deformation.

Figure 4.14 shows that the friction angle has only a small effect on the evolution of surface
observables. There is a trend of lower average elevations when the friction angle is higher
(about 300 m lower than model P1; figure 4.14a). This is produced by the presence of larger
sharp faults at the surface. Also, variability in surface deformation tends to produce minor

alterations in surface heat flow at later times. For example, after 50 Ma, there are fluctuations

of less than 2.5 ’fnvy in figure 4.14c. However, neither these effects nor the small variations in

the Bouguer gravity anomaly, are significant for the purposes of this study.
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Figure 4.13: Modelling results for (a) model P3 (¢ = 15°—5°), (b) model P4 (¢ = 15° —15°), and
(c) model P5 (¢ = 30° — 30°) , including snapshots of density structures and profiles of topography
(H), Bouguer gravity anomaly (Agp) and surface heat flow (qp), at times before, during and after
the main lithosphere removal episode. Models explore the friction angle ¢ in plastic deformation.

Because the friction angle does not have a big impact on the model results, the rest of
the models in this work use the standard configuration with strain weakening in the friction
angle producing a decrease between 15° and 2° (such as in the reference model P1) which
has been used successfully in multiple previous studies (e.g., Currie et al., 2015; Huismans

and Beaumont, 2007; Krystopowicz and Currie, 2013).
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Figure 4.14: Time variation of surface observables, averaged over a 100 km width in the central
region, for models P3, P4, P5 and P6, showing the effect of the friction angle ¢ of the plastic yield
criterion. Results of model P1 are included as a reference. (a) Topography. (b) Bouguer gravity
anomaly. (c) Surface heat flow. Time (Ma) corresponds to the modelled time from the beginning
to the end of the simulation.

4.5.4 Summary

e Most of the strain weakening produced in the models is associated with plastic strain
because there is no significant difference when using either the total strain or the plastic

strain to generate strain weakening.

e Plasticity has a significant effect on the evolution of topography and surface deformation
because it facilitates drip-induced subsidence through the formation of faults and/or

weak zones, such that elevation cannot be recovered by the post-drip mantle dynamics.

e The cohesion, friction angle and reference strain for strain weakening only affect the
amount of shallow faulting and local small topographic variations. These do not have

a significant effect on the regional surface expressions or the dynamics studied.

4.6 Compression Rates in Viscoplastic Models

Previous models suggest that during lithosphere removal, high rates of lateral compression
are not compatible with the observations of high topography together with a high positive

Bouguer gravity anomaly (see section 4.5.2). This is because compression produces crustal
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thickening, which generates a decrease in the Bouguer gravity anomaly. However, it is not
clear which magnitudes of lateral compression would still allow for a significant increase of the
Bouguer gravity anomaly after crustal root removal and which magnitudes would hinder any
increase. Hence, this section explores the effect of lateral compression magnitudes (imposed
through the velocity boundary conditions) by introducing modelling set V. This set consists of
models V1, V2 and V3, which use compression velocities of 0.5, 5, and 10 mm /yr respectively.

The rest of the model parameters are the same as in model P1.
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Figure 4.15: Modelling results for (a) model V1 (vcomp = 0.5 mm/yr) and (b) model P1 (veomp =
1.0 mm/yr) as a reference, including snapshots of density structures and profiles of topography
(H), Bouguer gravity anomaly (Agp) and surface heat flow (qp), at times before, during and after
the main lithosphere removal episode. Models explore the effect of different compression velocity
magnitudes in viscoplastic models.
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Results for set V are shown in figures 4.15 and 4.16. The evolution of surface observables
is shown in 4.17 together with the results of models SW1 (0.1 mm/yr) and P1 (1.0 mm/yr)
to have a complete set with different compression rates. The overall behaviour of model V1 is
similar to the previous models with plasticity. Figure 4.17 shows that the surface expressions
for model V1, with compression at 0.5 mm/yr, are intermediate between those of models

SW1 (compression at 0.1 mm/yr) and P1 (compression at 1.0 mm/yr).
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Figure 4.16: Modelling results for (a) model V2 (veomp = 5.0 mm/yr) and (b) model V3 (veomp =
10.0 mm/yr), including snapshots of density structures and profiles of topography (H), Bouguer
gravity anomaly (Agp) and surface heat flow (qp), at times before, during and after the main
lithosphere removal episode. Models explore the effect of different compression velocity magnitudes
in viscoplastic models.

In models V2 and V3 the compression rate is higher and produces a maximum crustal
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thickness of 88 km at 50 Ma and 113 km at 40 Ma, respectively. This leads to substantial
surface uplift, producing high, wide, and rough elevations (figure 4.16). This is accompanied
by rapid growth of the crustal root before its eclogitization. Only a small portion of the
crustal root reaches the temperatures required for the phase change because the resultant
root is formed by cooler crustal material from the sides that is pushed to the centre and forced
to higher depths. Because the compression rate is rapid, there is not enough heating time
to produce eclogitization in the lower crustal material entrained from the sides. The portion
of eclogitized crustal material still detaches, leaving a gap in the lithosphere. However, in
models V2 and V3, the remaining crust is considerably thick (final thickness of 59 km in
model V2 and 63 km in model V3) and produces a highly negative Bouguer gravity anomaly
(about -200 mGal for both models V2 and V3) as expected for an elevated region supported
by Airy-type isostasy (i.e., when topography is balanced by changes in crustal thickness

instead of density variations).

In model V2, progressive thickening leads to a minimum gravity anomaly of -315 mGal at
52 Ma. However, subsequent lower crustal eclogitization induces an increase in the anomaly
to about -200 mGal. Then, at about 80 Ma there is complete removal of the eclogitized
portion of the root. This produces a rapid decrease in the gravity anomaly to -240 mGal
which can be observed as a small negative peak in figure 4.17b. On the other hand, because in
model V3 lateral stresses produce considerably more crustal thickening before root removal,
there is a faster decrease of the Bouguer gravity anomaly, which reaches -500 mGal at 43
Ma, followed by the detachment of the eclogitized material at 45 Ma. This produces a
fast and significant increase in the gravity anomaly which quickly reaches -300 mGal. The
subsequent sublithospheric mantle upwelling and crustal thinning (due to root detachment)
produce a further increase in the gravity anomaly to -190 mGal. However, continued lateral
compression generates further crustal thickening and a decrease in the gravity anomaly until

the end (from -190 mGal to -230 mGal).

In the evolution of topography for model V2, progressive crustal thickening (88 km thick)
produces a maximum elevation of 5 km at about 52 Ma. Then, the pull of the dense eclogite in
the lower crust and the mantle lithosphere produce progressive subsidence until the complete

removal of the eclogitized portion of the root at about 80 Ma. The latter produces a rapid

o8



uplift episode with maximum average elevation of 5.6 km. In model V3, the trend in the
evolution of topography is the same but the increase in lateral compression accelerates the
process considerably. For instance, full detachment of the eclogitized portion of the root
occurs at about 45 Ma, producing a maximum peak elevation of about 9 km, followed by

subsidence and equilibration at an average elevation of 4.5 km.
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Figure 4.17: Time variation of surface observables, averaged over a 100 km width centred in the
perturbed region, for modelling set V. (a) Topography. (b) Bouguer gravity anomaly. (¢) Surface
heat flow. Results of models P1 (Compression velocity of 1 mm/yr, in black dashed lines) and SW1
(Compression velocity of 0.1 mm/yr, in black) are shown as a reference. Time (Ma) corresponds
to the modelled time from the beginning to the end of the simulation.

The crustal root removal events are marked by a strong peak in surface heat flow which
occurs at 45 Ma and 80 Ma for models V3 and V2, respectively. These peaks consist of a
rapid increase of more than 10 mm—VQV, reaching about 60 ";n—VQV for both models. This is provoked
by rapid shallow deformation from the lateral compression. However, progressive crustal
thickening induced by compression nullifies this effect and surface heat flow rapidly declines.
Because the crust is considerably thickened before lithosphere removal and the crust remains
thick even after eclogite removal, the final magnitude of surface heat flow is very similar to
its initial value. Aside from the peaks generated during root detachment, throughout the
evolution of the models there are only low alterations in surface heat flow (below 6 ";n—lg/),
mostly caused by local perturbations at the Moho or at the surface.

Conclusions for model set V are:

e High lateral compression rates (5 mm/yr or higher) produce substantial uplift simulta-
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neously thickening the crust and decreasing the Bouguer gravity anomaly to less than

-200 mGal.

e Under high lateral compression rates (5 mm/yr or higher) there are minor alterations to
surface heat flow as crust is continually thickened before, during and after lithosphere

removal.

e A prominent increase in the Bouguer gravity anomaly and surface heat flow induced
by lithosphere removal is only observed at low lateral compression rates (1 mm/yr or

lower).

Results from set V suggest that if the current observations at the SNSM were produced by
lithosphere removal, the total lateral compression effectively transferred to the massif must
have been low, with a compression rate below 5 mm/yr. The models indicate that there is a
prominent increase in the gravity anomaly for compression rates up to 1 mm/yr. However, in
these models the Bouguer gravity anomaly increase occurs after the collapse of the elevated
region. Therefore, there is no simultaneous occurrence of high topography and high Bouguer
gravity anomaly. Since compression rates must be low, any contribution to topography from
lateral stresses must be small. Therefore, the simultaneous high topography and gravity
anomaly can only be explained by lithosphere removal if the crustal root is fully removed
and the subsequent mantle dynamics can provide the required support to sustain the load of

the massif or to delay its descent.

4.7 Width of Initial Perturbation

The previous models in this chapter use a Gaussian shaped mantle lithosphere perturbation,
crustal root, and initial topography, with a half width of 125 km, centred in the modelling
domain. This was chosen as an approximation to the width of the SNSM. However, it
is important to consider a more representative shape, based on the actual dimensions of
the SNSM and its hypothetical mantle lithosphere perturbation. Also, it is important to
determine if the width of the perturbation can produce significant changes in the dynamics or

the surface expressions of lithosphere removal. Consequently, this section includes modelling
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set W, which consists of 2 models (model W1 and W2), to test the effect of the perturbation
width in the absence of lateral compression. Model W1 has the same setup as model P1,
including the perturbation half width of 125 km, but has no lateral compression. Model W2
has the same setup as model W1, but the half width is reduced to 65.2 km.

Firstly, the actual shape of the SNSM topography is examined using data from the ASTER
Global Digital Elevation Model V003 (Spacesystems & ASTER Science Team, 2019). The
observed topography is compared to the half widths used in the models of set W in figure
4.18. This shows that a perturbation half width of 65.2 km is more representative of the

study region. Aside, the initial elevation in the models is also similar to the current elevation

of the SNSM.
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Figure 4.18: Comparison of the modelled initial Gaussian topographies in a) model W2 (half
width of 62.5 km), and b) model W1 (half width of 125 km), with the observed topography of the
SNSM obtained from the ASTER Global Digital Elevation Model V003, oriented from SW to NE
(profile on figure 1.1a).

The results of models of set W are shown in figures 4.19, and 4.20. Comparison with
results of model P1 (with lateral compression rate of 1 mm/yr) confirms that compression
accelerates the removal episode. This is evident in figure 4.20b, which shows that model
W1 (no lateral compression) presents a later increase in the Bouguer gravity anomaly (7
Ma after than in P1). Also, when the initial perturbation/topography is narrower (model
W2), the lithosphere drip occurs 8 Ma after the drip of model W1. This is because the

perturbation and crustal root have a lower negative buoyancy because of the decrease in size.
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Consequently, the perturbation growth is slower.
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Figure 4.19: Modelling results for (a) model W1 (perturbation half widths of 125 km) and (b)
model W2 (perturbation half widths of 62.5 km), including snapshots of density structures and
profiles of topography (H), Bouguer gravity anomaly (Agp) and surface heat flow (qg), at times
before, during and after the main lithosphere removal episode. Models explore the dynamic effect
of the initial lithosphere thickening half width, and its influence on surface-plastic deformation.

Figure 4.20a shows that in model W1 there is less subsidence than in model P1 before
the removal episode. For instance, there is 1.2 km of less subsidence in the first 30 Ma for
model W1, than in the first 27 Ma for model P1. This is because when there is compression,
the initial mantle lithosphere perturbation is thickened, resulting in more available negative
buoyancy. Then, the thicker instability produces a larger and faster drip. Similarly, when
the width of the perturbation is larger (e.g., model W1 compared to model W2), there is

62



also more available negative buoyancy, the drip is larger, and there is more subsidence. As a
consequence, there is 0.7 km of less subsidence in model W2 within the first 38 Ma, compared
to the subsidence in model W1 in the first 30 Ma. Also, after the drip there is no significant
uplift for models of set W, due to the lack of compression. Instead, subsidence is diminished
and the topography tends to an equilibrium elevation of 0.6 km for model W1 and 1.3 km
for model W2.

For the Bouguer gravity anomaly, model W2 has a higher initial value (-190 mGal com-
pared to -310 mGal for model W1) due to the reduction of the size of the perturbation. In the
rest of the evolution, the overall behaviour is the same as in model W1 but the magnitude of
the gravity anomaly is reduced because sub-lithospheric mantle upwelling and crustal thin-
ning takes place over a narrower width. For instance, the maximum Bouguer gravity anomaly
(right after removal) in model W1 is of 20 mGal whereas in model W2 it is 0 mGal. Since
the resultant gap in the lithosphere is wider for model W1, the density perturbation is larger,
the corresponding high values in the gravity anomaly profiles cover a wider length (profiles
in figure 4.19), and the average anomaly over the perturbed region tends to be higher than

for model W2 (e.g., 60 mGal higher at 90 Ma).
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Figure 4.20: Time variation of surface observables for models W1 and W2. Reported values are
averaged quantities over a 100 km and 50 km widths for models W1 and W2, respectively, centred
in the perturbed region. (a) Topography. (b) Bouguer gravity anomaly. (c) Surface heat flow.
Results of model P1 are shown as a reference (black). Time (Ma) corresponds to the modelled time
from the beginning to the end of the simulation.

Finally, in models of set W there is no compression, and therefore the crust is not thickened
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after lithosphere removal. This results in higher surface heat flows after crustal root removal

and the ascent of hot sub-lithospheric mantle. In model W1 there is a maximum heat flow of

86 Tn‘év compared to 71 2% for model P1. For model W2, the lithosphere gap after removal is

narrower, and there is less sub-lithospheric mantle reaching the Moho along the profile. This

results in a lower magnitude and narrower perturbation in surface heat flow with a maximum

value of 80 ™Y at 90 Ma.

m

Results from set W show that the width of the initial perturbation (and topography)
has a significant influence on the magnitudes of topography, Bouguer gravity anomaly and
surface heat flow. Since a Gaussian topography with half width of 62.5 km is closer to the
current topography of the SNSM, the results for model W2 are more representative for the
region of study. Hence, the rest of the models in this work use the initial half with of 62.5
km.

The general effects of the width of the initial perturbation/topography are:

e When the initial perturbation/topography is narrower the lithosphere drip is slower

because the perturbation (and crustal root) is smaller and has less negative buoyancy.

e When the perturbation is wider, there is more available negative buoyancy, the drip is

larger, faster, and there is more subsidence during the drip.

4.8 Discussion and Conclusions

This chapter presents parameter tests to explore the dynamics of lithosphere removal in 2D
and its surface expressions. The models include tests of the amount of initial lithosphere
thickening, lateral compression rate, plastic deformation, and width of the initial perturba-
tion. This allows an examination of the importance of these parameters, which are difficult
to constrain based on observations. The main conclusions obtained from the models in this

chapter are:

e If the initial lithosphere thickness in the perturbed region is higher, the final elevation
increases, the amount of uplift decreases, and the final surface heat flow is lower. Initial

thickness does not have a significant influence in the final magnitude of the Bouguer
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gravity anomaly, but it affects the speed of the removal with higher rates for a higher

initial thickness

e The inclusion of frictional-plastic deformation is critical to create realistic lithosphere
deformation. Plasticity has a significant effect on the evolution of topography and
surface deformation during a lithosphere removal episode, as it prevents the formation
of unrealistically high topographies because it allows the accommodation of deformation

through weak zones.

e Parameters related to plasticity (cohesion, friction angle, reference strain for strain
weakening) only affect the amount of shallow faulting and small topographic alterations.
These do not have a significant effect on the average elevation, Bouguer gravity anomaly,

and surface heat flow produced during lithosphere removal.

e If the width of the initial perturbation (and initial topography) is reduced, the size of
the instability decreases and there is less available negative buoyancy. This results in

a smaller and slower drip which produces less subsidence.

In general, all models show that mantle lithosphere dripping and crustal root eclogitization
induce the removal of the crustal root, leading to mantle upwelling, surface uplift, and an
increase in both the Bouguer gravity anomaly and surface heat flow. In models that include
plastic deformation the magnitudes of the gravity anomaly and elevation right after removal
are lower than those observed in the SNSM. However, results demonstrate that lithosphere
dripping and crustal root removal (after eclogitization) can lead to the absence (or reduction)
of a crustal root, and that the subsequent mantle dynamics can provide support to maintain
a surface elevation of more than 1 km, simultaneously producing an increase in surface heat
flow.

High magnitudes of lateral compression produce substantial crustal thickening, decreas-
ing the gravity anomaly and surface heat flow. Hence, if lithosphere removal produced the
observations in the SNSM, either lateral compression was low (rates close to 1 mm/yr or
lower) or there has been not enough time for significant crustal thickening after the event.

The simultaneous occurrence of a high topography and a positive Bouguer gravity anomaly
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induced by lithosphere removal requires that the post-drip mantle dynamics provides suffi-
cient support to hold the load of the massif (or to delay its collapse) until the increase of
the gravity anomaly, because the lateral support is probably not significant. For instance,
Model W2 results in a maximum gravity anomaly of 0 mGal, with an elevation of about 1.5
km immediately after the removal event. These values show that lithosphere removal can
result in an elevated region that is underlain by a thin crust and therefore, an unexpectedly
high gravity anomaly. However, these values are still below the magnitudes in the SNSM
(maximum height over 5 km and Bouguer gravity anomaly above 4130 mGal), suggesting
that lithosphere removal is not sufficient to explain the observations in the SNSM, or that
there are still important features that have not been considered in the models. For instance,
it is known that surface expressions of lithosphere removal (convective instability drips or
delamination) have significant variability depending on lithosphere rheology (e.g., Wang and
Currie, 2017; Wang et al., 2014). Consequently, it is necessary to conduct more simula-
tions to determine if observations in the SNSM can be explained under other rheological

configurations in the modelling setup.
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Chapter 5: Lithosphere Removal in the Sierra
Nevada de Santa Marta in 2D

5.1 Introduction

Previous studies of lithosphere drips by Wang et al. (2014) and Burov and Watts (2006) show
that during and after lithosphere removal, the associated surface expressions can exhibit a
broad variation depending on crustal thickness and lithosphere rheology. For instance, Wang
et al. (2014) and Wang and Currie (2017) show two end member cases. On one hand, when
the crust is thin and strong, the surface response is completely coupled to drip dynamics and a
drip event produces surface subsidence. On the other hand, if the crust is thick and the lower
or mid-crust is rheologically weak, the surface (upper crust) is mechanically decoupled from
mantle dynamics and the induced crustal flows (lower crust) produce crustal contraction,
thickening, and uplift. Gogiig and Pysklywec (2008) report that for all drips, the surface
topography exhibits a symmetrical trend, and that the removal of lower lithosphere usually
leaves a gap that is filled by hot sublithospheric mantle which heats the crust. The latter
generally produces a localized and symmetrical increase in surface heat flow. Additionally,
studies by Currie et al. (2015), Krystopowicz and Currie (2013) and Leech (2001), show that
if lithosphere dripping in a mountain region is driven by, or accompanied by, eclogitization
of the lower crust, the drip will remove the eclogitized root, resulting in a thinner crust.
This work investigates if a previous lithosphere removal event may explain the observa-
tions in the SNSM. The SNSM is a localized and symmetrical mountain region (with ele-
vations above 5 km) where there is evidence of recent uplift with an unknown driving force

(e.g., Villagémez et al., 2011). There is also high surface heat flow (60-80 ”;—‘2/, Quintero
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et al., 2019) and a high Bouguer gravity anomaly (above +130 mGal, Case and Macdonald,
1973), indicating that there is a thin crust below. Models in Chapter 4 showed that during
lithosphere removal with eclogitization, the crustal root can be completely removed. This
produces an increase in the Bouguer gravity anomaly while the surface elevation of the per-
turbed region remains above 1 km. However, it is not clear if these dynamics could produce
the values observed in the SNSM or explain a recent uplift episode. The fully viscous mod-
els show that mantle upwelling produces significant uplift after the relaxation of downward
stresses associated with the drip. On the other hand, models that include plastic deformation
show that post-drip uplift is considerably reduced (or even prevented) because upper crustal
strength is diminished by plastic yielding, limiting the transfer of vertical stresses originated
in the upper mantle.

The purpose in this chapter is to investigate if lithosphere removal can explain the reported
magnitudes of topography, gravity anomaly and surface heat flow using 2D numerical models.
Lithosphere rheology plays a crucial role in the dynamics of removal and therefore the models
here explore variations in rheology. Additional models examine the effects of the local crustal
density variations, lateral compression rate and initial thickness of the perturbed region.
Additionally, the non-isostatic topography produced by lithosphere removal is reported to
quantify to what extent non-isostatic forces can provide support for the load of the massif.
Finally, results from the models are used to estimate melting patterns and seismic wave
velocities produced in the upper mantle, as other type of evidence that could be used to
identify lithosphere removal. The latter could help elucidating whether if this mechanism

has played an important role in the history of the extraordinary SNSM.

5.2 Modelling Setup

The reference setup for the 2D models in this chapter is shown in Figure 5.1. The modelling
domain, mesh resolution and boundary conditions, are the same as that used in Chapter 4.
The upper and lower crust have thicknesses of 20 km each (total crustal thickness of 40 km),
and the mantle lithosphere has a thickness of 60 km. This gives a total lithosphere thickness
of 100 km, which is consistent with the fact that the SNSM is located close to the boundary of
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the South American plate rather than in a cratonic area. An initial perturbation is imposed
in the centre of the model domain to represent a pre-existing thickened crust and lithosphere.
This has a half-width of 62.5 km, comparable to the real half width of the SNSM. The crustal
root and mantle lithosphere perturbation is 30 km, and the initial topography is adjusted to

produce isostatic compensation with the crustal root.
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Figure 5.1: (a) Initial model geometry. Only the enclosed region is shown in the following figures.
(b) Non-perturbed density structure. (c) Initial temperature conditions. The continental geotherm
is stretched in the thickened region keeping the Moho temperature constant. (d) Reference viscosity
structure at a constant strain rate of 1 x 10 s=1 (black). Other viscous rheologies tested are also
shown. Ec: Eclogite (Zhang & Green, 2007)x0.1, MG: Mafic Granulite (Wang et al., 2012) and
WO: Wet Olivine (Karato & Wu, 1993).

The material parameters are also the same as in Chapter 4 except that all materials have
viscous-plastic rheologies, and the lower crust and eclogite have the parameter modifications
given in table 5.1. In this chapter, the lower crust has a reference density of 2900 kg/m? and
viscous rheologies of either dry diabase (Mackwell et al., 1998) or mafic granulite (Wang et
al., 2012), depending on the model. Also, eclogite has a reference density of 3550 kg/m? (e.g.,
Austrheim, 1987; Austrheim et al., 1997), and a viscous rheology that is 10 times weaker than
the rheology of dry eclogite (Zhang & Green, 2007) to represent wet eclogite (abbreviated as
Ecx0.1). In the reference model (model A), the upper crust, lower crust, mantle lithosphere
and sublithospheric mantle have viscous rheologies of wet quartzite (Gleason & Tullis, 1995)
(WQ), dry Maryland diabase (Mackwell et al., 1998) (DMD), dry olivine (DO) and wet olivine
(Karato & Wu, 1993) (WO), respectively (table 4.1), using the power law for dislocation creep

(equation 2.8). Additionally, all materials have a frictional-plastic rheology using the Drucker

69



Prager yield criterion (equation 2.9), where strain weakening using plastic strain results in a

reduction of the friction angle and cohesion from 15° to 2° and 20 MPa to 2 MPa, respectively.

The formulation used for viscoplastic rheologies is introduced and explained in section 2.3.2.

Table 5.1: Additional material parameters for models in this chapter. The
upper crust, mantle lithosphere and sub lithosphere mantle use parameters

given in Table 4.1.

Parameter Lower Crust Eclogite
po (kg/m?) 2900 3550
a(1/K) 3 x 10° 3 x 10°
Plastic rheology®

10) 15° — 2° 15° — 2°
C (MPa) 20 — 2 20 — 2

Viscous rheology
Aps (Pams™1) b
n

E (kJ/mol)

V (m?/mol)

Thermal Parameters
E(Wm™tK=1)

Cy (Jkg™ K1)

H (W/kg)

Dry Diabase  Mafic Granulite Dry Eclogitex0.1

5.78 x 10727 3.17 x 10721 3.74 x 10~
4.7 3.2 3.5
485 244 403

0 0 2.72 x 107°
2.25 2.25
1250 1250

1.38 x 10710 1.13 x 10710

@ All the materials have viscous-plastic rheologies, in which strain weakening is
applied when plastic strain changes from 0.5 to 1.5, by changing the friction angle
and cohesion from 15-2° and 20-2 MPa, respectively.

b The experimental uni axial strain viscosity pre-factor A,,; is scaled to plane
strain A, using a scaling factor of 3" 271
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Table 5.2: List of models with parameter modifications with respect to the reference model.
The mantle lithosphere rheology is varied locally (in the central region), but remains as dry
olivine at the sides for all models. Ec=eclogite, DMD=dry Maryland diabase, WO=wet
olivine, DO=dry olivine, MG=malfic granulite, and LMG=local mafic granulite (MG in the
perturbed region only and DMD in the rest).

Model Eclogitization Eclogite Lower Crust Local Mantle Lithosphere 5 “ Figure No.

Rheology  Rheology Rheology (kg/m3)
Reference
A X Eex0.1 DMD DO 2800 5.2
Set B
B1 v FEex0.1 DMD DO 2800 5.4a
B2 v Ecx0.1 LMG DO 2800 5.4b
B3 v Ecx0.1 MG DO 2800 5.4c
Set C
C1 v Ecx0.1 DMD WO 2800 5.5a
C2 v Ecx0.1 LMG WO 2800 5.5b
C3 v Ecx0.1 MG WO 2800 5.5¢
Set D
D1 v MG LMG WO 2800 5.9a
D2 v Ec LMG WO 2800 5.9¢
Set
El v Ecx0.1 DMD WO 2900 5.11a
E2 v FEex0.1 LMG WO 2900 5.11b
E3 v Ecx0.1 MG WO 2900 5.11c

® py stands for the reference density in the upper crust locally, over the width of the perturbed region only.

The reference model for this chapter does not include lower crustal eclogitization. How-
ever, in subsequent models there is eclogitization of the lower crust at a temperature of
680°C', and a pressure of 1.2 GPa. Tables 5.2 and 5.3 summarize the models presented in

this chapter, showing the parameter modifications with respect to the reference.

5.3 Results

5.3.1 Reference Model (Model A)

Model A is the reference model for this chapter. It uses the setup in Figure 5.1a, including the
reference viscosity structure in Figure 5.1d (black line), and the results are shown in Figure
5.2. The initial crustal thickening results in a perturbation of the lithosphere-asthenosphere

boundary (LAB). The mantle lithosphere is gravitationally unstable because it is cooler
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Table 5.3: List of models of set F with parameter modifications
with respect to model E2 which is taken as the reference for this
set.

Model Lateral Compression Initial Amplitude Figure No.

Rate (mm/yr) of crustal root* (km)
Reference
E2 0.0 30 5.11b
Set F
F1 0.0 20 Appx. Bla
F2 0.0 40 Appx. Ble
F3 0.5 20 Appx. B2a
F4 0.5 30 Appx. B2b
F5 0.5 40 Appx. B2c
F6 1.0 20 Appx. B3a
F7 1.0 30 Appx. B3b
F8 1.0 40 Appx. B3c
F9 1.5 20 Appx. Bda
F10 1.5 30 Appx. B4b
F11 1.5 40 Appx. Bdc

and therefore denser than the sublithospheric mantle. The imposed perturbation triggers
lithospheric dripping in a similar fashion to the models of Houseman et al. (1981). The crustal
root is initially pulled down during the growth of the perturbation, producing a thickening
of the crust and a progressive decrease in the gravity anomaly to -185 mGal. After the
perturbation founders and detaches, there is a rapid gravity anomaly increase of ~30 mGal
producing a spike at t = 40 Ma (Figure 5.3b). However, the immediate replacement of dense
mantle lithosphere by hot and buoyant sublithospheric mantle causes a further decrease in
the gravity anomaly and by 100 Ma, the Bouguer gravity is -193 mGal. Throughout the

model evolution, there are minor topographic alterations (<0.12 km) related to the drip, and

mW
m2

a gentle increase in surface heat flow of 8 as the hot sublithospheric mantle comes into

contact with the crustal root.
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Figure 5.2: Evolution of the reference model (Model A) at different times, showing the effect of
the mantle lithosphere drip. (a) Topographic profiles, where the elevation (H) is reported relative
to the unperturbed surface of the modelling domain. (b) Bouguer gravity anomaly profiles (Agp).
(c) Surface heat flow profiles (go). (d) Snapshots of the density and thermal structure.
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Figure 5.3: Time variation of surface observables averaged over a 50 km width centred over the
initial perturbation, for the reference model (black) and sets B (blue) and C (red). (a) Surface.
Lithosphere removal induces instantaneous subsidence. Pink arrows indicate stages of significant
uplift after removal in models B3 and C3. (b) Bouguer gravity anomaly (Agp). Lithosphere removal
produces an immediate increase in Agg. Green arrows indicate the gravity response to the mantle
lithosphere drip and yellow arrows indicate the response produced by crustal root removal. (c)
Surface heat flow. Surface heat flow increases rapidly after the removal episode as the heat must
transfer through the crust by conduction. Time (Ma) corresponds to the modelled time from the
beginning to the end of the simulation.

5.3.2 Effect of Lower Crustal Eclogitization (Model B1)

Model B1 follows the parameters of Model A, but it includes eclogitization of the lower crust,
following the procedure used in Chapter 4. If the lower crustal material reaches the conditions
for eclogitization (i.e., temperature of 680°C', and pressure of 1.2 GPa), its density increases
to 3550 kg/m?, representing full eclogitization of a basaltic lower crust (e.g., Austrheim
et al., 1997). The lower crust is not initially in the eclogite stability field and rather, the
phase change conditions are induced by the pull of the foundering mantle lithosphere and
the temperature increase during lithosphere removal. The negative buoyancy of the mantle
lithosphere and eclogite produce significant surface subsidence, as well as an increase in the
Bouguer gravity anomaly. The mantle lithosphere under the perturbed region starts dripping
while the lower crust undergoes eclogitization. The continued phase change of the crustal
root leads to the onset of crustal root removal at about 55 Ma (i.e., when the root starts to
drip), and to its complete detachment at 71 Ma. In the period between 55-70 Ma, the crustal
root drips together with the remaining mantle lithosphere underneath. This leaves a thin

crust (38 km) in the centre of the model, underlain by upwelling sublithospheric mantle.
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The mantle lithosphere drip produces progressive surface subsidence and a rapid peak
in the Bouguer gravity anomaly at about 40 Ma (Figure 5.3b), (similarly as in model A).
Crustal root eclogitization prior to its removal produces an increase in the Bouguer gravity
anomaly reaching a maximum peak of +28 mGal at about 51 Ma. Then, crustal root removal
produces an increase in the Bouguer gravity anomaly (reaching a peak of +22 mGal), and
an increase in subsidence rate (up to 0.2 mm/yr) at t=61 Ma (Figure 5.3).

After root detachment, the Bouguer gravity anomaly is the net result of a thin crust
(~38 km), which produces a positive contribution, and the presence of shallow low-density
sublithospheric mantle (replacing the mantle lithosphere), which produces a negative contri-
bution. The latter results in a positive anomaly right after full eclogite detachment (e.g., 71
Ma).

In the next period (70-100 Ma), upwelling of sublithospheric mantle to shallow levels
induces a progressive increase in surface heat flow (up to 84.3mm—v2v). The localized heating of
the lower crust decreases its density preferentially, producing a local decrease in the gravity
anomaly. Further, as the initial topography sinks, the interface between the upper crust and
the lower crust bends downward to accommodate the descending lighter material (maximum
bending of ~8 km at 100 Ma), also decreasing the Bouguer gravity anomaly. The latter
results in a local Bouguer gravity anomaly and surface elevation of -50 mGal and 1 km,
respectively, at 100 Ma.

This model shows that the drip event results in a period of high (and positive) gravity
anomaly coexisting with a topographic high during (and right after) crustal root removal
(Figure 5.3a between 46 and 72 Ma). This trend is observed in the rest of the models in
this chapter but the timescales and magnitudes vary with different rheologies and/or density

parameters.

5.3.3 Lower Crustal Rheology (Set B)

Lithospheric rheology is known to produce significant differences in drip dynamics (e.g.,
Gogilis and Pysklywec, 2008; Wang and Currie, 2017; Wang et al., 2014). Therefore, model
tests are carried out to examine different rheological parameters. In model set B (Figure 5.4)

the lower crustal rheology is varied. Figure 5.1d shows viscosity profiles for all the rheologies
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used in the models. The lower crust in Model B1 has a rheology of DMD, as in the reference
(model A). Model B2 uses the lower crustal rheology of a mafic granulite (MG, Wang et al.,
2012) in the thickened region; the crust on either side has a DMD rheology. Hereafter, this
structure is referred to as local mafic granulite (LMG), and it represents a locally weaker
composition, hypothesized to be the result of hydration of the thickened region by water
injection in the previous magmatic arc. In model B3, all the lower crust has an MG rheology,
producing a weak lower crust for the entire model that mechanically decouples the upper

crust and the mantle lithosphere. The results of set B are shown in figures 5.3 and 5.4.
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Figure 5.4: Evolution of (a) model B1, (b) model B2 and (c) model B3, including snapshots of
density structures and profiles of topography (H ), Bouguer gravity anomaly (Agp) and surface heat
flow (qo), at times before, during and after the main lithosphere removal episode. Modelling set B
includes eclogitization and explores the effect of different lower crustal rheologies.
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A rheologically weaker lower crust (i.e., LMG or MG) allows for a slight increase in the
removal rate. For models B2 and B3, detachment occurs at 64 Ma and 60 Ma, respectively,
which is 6 Ma and 10 Ma earlier than in model B1 (71 Ma). In models B2 and B3, elevations
are consistently lower than in model B1, suggesting less support for the initial topography
owing to the weaker crust. On the other hand, model B3 exhibits ~0.3 km of uplift after
lithosphere removal. In this case, the faster crustal root removal results in a more rapid
ascent of the sublithospheric mantle compared to model B1. This upwelling appears to drive
the post-removal uplift.

After crustal root detachment (at 71, 64, and 60 Ma for models B1, B2, and B3, respec-
tively), topographic collapse and lower crustal heating result in a decrease in the Bouguer
gravity anomaly similarly as in model B1, due to a downward deflection of the upper-lower
crustal interface (~8 km), and the thermal effect on density. However, at later times (e.g.,
80 Ma for model B2), there is crustal thinning of up to 6 km induced by the upwelling of
sublithospheric mantle in models with weak lower crustal rheologies (i.e., B2 and B3). This
crustal thinning is progressive and results in a higher Bouguer gravity anomaly and surface
heat flow. For example, in Figure 5.3b the Bouguer gravity anomaly in model B2 increases
significantly with respect to model Bl after 80 Ma, resulting in a final value of -25 mGal
(about 25 mGal higher than in model B1). Also, Figure 5.3¢, shows that the final surface
heat flow in model B2 is 15 %—VQV higher than in model B1. This is attributed to the combined
effect of crustal thinning (due to sublithospheric mantle upwelling), and the larger heating
time in model B2 (crustal root removal occurs sooner). Effects of crustal thinning in model
B3 are not compared because the late dynamics of this model is influenced by lithospheric

delamination (see details in section 5.3.6).

5.3.4 Mantle Lithosphere Rheology (Set C)

In model set C variations in mantle lithosphere rheology are tested. Model A and models in
set B (models B1, B2 and B3) use a mantle lithosphere rheology of dry olivine. In set C, the
mantle lithosphere in the perturbed region has the rheology of wet olivine, considering that
the SNSM was an active continental arc and therefore may have been more hydrated than

adjacent regions. Models C1, C2 and C3 have the same modifications in the lower crust as
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models B1, B2 and B3, respectively. These models also include lower crustal eclogitization
and consequently, lithosphere removal is produced by both the perturbation in the mantle
lithosphere and the formation of dense eclogite. The results for model set C are shown in

figures 5.3 and 5.5.
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Figure 5.5: Evolution of (a) model C1, (b) model C2 and (c¢) model C3, including snapshots of
density structures and profiles of topography (H ), Bouguer gravity anomaly (Agp) and surface heat
flow (go), at times before, during and after the main lithosphere removal episode. Modelling set C
has a wet (weaker) mantle lithosphere rheology below the elevated region. Models in the set include
eclogitization, and explore the effect of different lower crustal rheologies.

The effects of mantle lithosphere rheology are evident in the differences between observ-
ables in sets B and C (Figure 5.3). The general behaviour in set C resembles that of set

B, but the presence of weaker mantle lithosphere in the central region (in set C) speeds
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up the removal process. Root detachment occurs at 25, 26 and 28 Ma for C1, C2, and C3
respectively, which is ~35-42 Ma earlier than in the comparable set B models. This results
in an earlier increase in surface heat flow and Bouguer gravity anomaly, as well as an earlier
increase in subsidence rate (Figure 5.3) (alterations in observables occur 30-40 Ma earlier).
In set B, the mantle lithosphere has a dry and strong rheology, which results in a slower drip,
and thus the crustal root can completely turn into eclogite before its detachment because the
mantle lithosphere inhibits its descent. Therefore, the positive gravity anomaly remains for
longer (e.g., it lasts about 26 Ma in model B1) since it is first produced by the full eclogite
root, and then it is maintained by crustal thinning after detachment. In these cases, root
removal produces a small drop in the gravity anomaly (e.g., at t=59 Ma in model B1 (Figure
5.3b)) which is immediately recovered. On the other hand, in set C, the mantle lithosphere
has a weaker rheology, and the high-density eclogite starts dripping right after its formation,
producing a rapid main peak in the gravity anomaly (see models of set C at about t=25 Ma,
in Figure 5.3b).

Models with a weak lower crust (C2 and C3) in set C also exhibit crustal thinning (~6
km) induced by sublithospheric mantle upwelling. This produces an increase in the Bouger
gravity anomaly and surface heat flow at late times (>40 Ma) in a similar way as in models
of set B (e.g., increase of 25 mGal and 15 %—VQV in model C2 relative to model C1). Such
as in model B3, the effects of crustal thinning in model C3 are not compared because the
late dynamics of this model is influenced by lithospheric delamination (see details in section

5.3.6).

5.3.5 Comparison of Surface Observables

The effect of lithosphere rheology on surface observables is summarized in Figure 5.6. This
figure compares the surface elevation, Bouguer gravity anomaly, and surface heat flow in the
central part of the model at the time of the maximum gravity anomaly (¢ = ta,,,..), and at
10 Ma after this (t = tag,,., + 10 Ma). The time of the maximum gravity anomaly is chosen
because the purpose of this study is to find to what extent an episode of lithosphere removal
(including crustal root removal) can produce an increase in the Bouguer gravity anomaly,

and the implications of the latter in the other observables (surface elevation and heat flow).
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The time of the maximum gravity anomaly is taken as an indicator of the time of crustal root
removal because it occurs when most of the crustal root has dripped and immediately before
the detachment of the last remains of eclogitized lower crust (~1-3 Ma before depending on

the model).
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Figure 5.6: Magnitude of surface elevation, Bouguer gravity anomaly (Agg), and surface heat flow
(qo) (from left to right), averaged over a 50 km width centred on the perturbed region, (a) at the time
of the maximum gravity anomaly after crustal root removal, and (b) 10 Ma after the peak gravity
anomaly. The plots shown models of sets B and C as a function of mantle lithosphere rheology (y-
axis) and lower crustal rheology (x-axis). This summarizes the general effect of lithosphere rheology
on the surface expressions of lithosphere removal.

The maximum gravity anomaly for all the models is within 20-30 mGal, suggesting that
there is not a significant difference between the models. However, a weaker mantle lithosphere
rheology results in elevations within the range of 3 to 4 km, which are high compared to the
elevations for strong mantle lithosphere rheologies (within 0 to 2 km), because the removal
is faster than the subsidence rate. Conversely, weaker lower-crustal rheologies allow a faster

subsidence rate resulting in lower elevations (within 1-2 km) compared to elevations for
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strong lower-crustal rheologies (within 3-4 km). 10 Ma after the removal episode the relative
variations between the models are the same, but the magnitudes of gravity anomaly and
height are lower for all models (decrease of about 1 km and 10 mGal in Figure 5.6b).

On the other hand, surface heat flow exhibits different trends during and after root
removal. For instance, at ¢ = tag,,.., variations in lower crustal rheology do not affect the
surface heat flow, but surface heat flow is lower (between 45-50 ") for a weaker mantle
lithosphere because in this case the drip is faster (occurs at about 25 Ma) and there is
less internal crustal heating time before crustal root removal. Conversely, when the mantle

lithosphere rheology is strong, eclogite removal occurs later (e.g., 70 Ma for model B1),

resulting in slightly higher values of surface heat flow (between 50-55 %), At 10 Ma after
tAgmas> the crust has started to be heated by the presence of the hot sublithospheric mantle.
Surface heat flow is higher (up to 60-70 “23°) with weaker lithosphere rheologies (both in the
lower crust and mantle lithosphere) because they enhance mantle lithosphere removal (more

amount is removed in less time), and allow for some crustal thinning by upwelling of sub

lithospheric mantle after the complete removal.

5.3.6 Late Evolution

The main purpose of the models is to explore the surface expressions during the lithosphere
removal episode (i.e., within 10 Ma before and 10 Ma after the drip). However, the
models also make predictions over longer timescales. Figure 5.7 shows the surface observables
between 50 Ma to 75 Ma for the models in set C, and between 75 Ma to 100 Ma for the models
in set B. The behaviour observed in both sets is consistent and only differs in timing. In
general, the evolution of set B is delayed because of the higher mantle lithosphere viscosities.

In models B1 and C1, topography continues to decrease after the removal event, reaching
elevations of 1 km and 0.8 km, respectively. The Bouguer gravity anomaly for model Bl
keeps decreasing, converging to a nearly constant value around -65 mGal at about 90 Ma. In
model C1 there is little change in the gravity anomaly, which has a value of about -60 mGal.
For both B1 and C1, surface heat flow increases over time, as the lower crust remains exposed
to the hot sublithosphere mantle, and the high temperatures heat the crust by conduction.
Models B1 and C1 reach values of 80 ™¥ and 93 “;n—Vy, at 100 Ma and 75 Ma, respectively.

m
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Surface heat flow in model C1 is higher because there has been more heating time after

crustal root detachment (~50 Ma) than for model B1 (~30 Ma).

(a) (b)
2.0
’é- 201 <
2 154 3 . . §LF
- © 0| L N
S h & 720N N
Lo5{ [~ T < N ==t g
m Y2 TN 401 = T
0.0_ I In,‘ I ‘-““ _6% ‘ ‘ ‘ ‘ 50 , , ‘ ,
75 80 85 90 95 100 5 80 85 90 95 100 75 80 85 90 95 100
60 1
1.2 L e
—_ 1.0—\ 401 - iig .....
E ] \/\ —_ | . =~ ==
= 82' g 20 .-"-..-'.". g"E 1051 ,.'.fﬁ""_“-':"-
S pafi. E O P R T S
B o] e o =204 = g5
s 22 i : 5 - S 90 ]
L 0.0] A T &
~0.2] s T ~601 L~ — /
—0.4 : o : : : : : 80 . ‘ ‘ ‘
"50 55 60 65 70 75 50 55 60 65 70 75 50 55 60 65 70 75
Time (Ma) Time (Ma) Time (Ma)
— Bl --—- B2 - B3—— Cl  —== C2 - c3

Figure 5.7: Late evolution of surface observables averaged over a 50 km width centred in the
perturbed region, for models of sets B and C. (a) Surface elevation. (b) Bouguer gravity anomaly
(Agp). (c) Surface heat flow. The time on the x-axis has been chosen to show the surface expressions
produced by delamination in models B3 and C3. The black vertical line in each plot shows the time
at which delamination starts for models B3 and C3.

Models B2 and C2 have a weaker lower crustal rheology in the central region, and therefore
elevations are consistently lower because there is less support and subsidence occurs faster
(elevations in model B2 and C2 are 0.75 km and 0.9 km lower than in models B1 and C1,
respectively). Also, the presence of a weaker lower crust allows for significant crustal thinning
(~6 km) induced by progressive sublithospheric mantle upwelling after the removal. This
results in a higher Bouguer gravity anomaly for models B2 and C2; B2 has an anomaly that
is 38 mGal higher than that of B1, and C2 is about 50 mGal higher than C1. The thinner
crust in B2 and C2 also results in an increase in surface heat flow of 15 ’fn—@/ relative to models
B1 and C1.

Interestingly, the behaviour is completely different for models B3 and C3, which have
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a weaker lower crust all along the profile. In this case, there is less coupling between the
lower crust and the mantle lithosphere and the detachment of the crustal root and mantle
lithosphere is promoted. The sublithospheric mantle upwells in the central region, and the
mantle lithosphere at one side begins to peel away as a coherent block, sinking into the
sublithospheric mantle (Figure 5.8). This process is driven by the cool and thus dense mantle
lithosphere, which is dense enough to detach from the weak lower crust . As described by
Gogilis and Pysklywec (2008), this type of behaviour is known as lithospheric delamination,
and it is characterized by asymmetrical surface expressions in topography and surface heat
flow. This occurs in both B3 and C3, starting at 77 Ma and 59 Ma, respectively, and it
leads to a wide region of thin lithosphere, in contrast with other models where thinning
was restricted to the central region. Delamination induces a brief uplift pulse with rates of
0.06 mm/yr and 0.37 mm/yr (at 86 Ma and 64 Ma), for B3 and C3, respectively (Figure
5.7a). This is accompanied by further crustal thinning (9 km), leading to an increase in the
Bouguer gravity anomaly with maximum peaks of +35 mGal and +59 mGal, for B3 and C3,
respectively (also at 86 Ma and 64 Ma). Delamination is also followed by a rapid increase in
surface heat flow of 10”;1—"2[/ and 6%—‘2/, for B3 and C3, respectively (starting at 86 Ma and 64
Ma).
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Figure 5.8: Snapshots of the density structure and profiles of surface observables for the late
evolution of model B3 showing mantle lithosphere delamination: a) at 76 Ma, before the onset of
delamination. b) at 78 Ma showing active delamination. c) at 92 Ma, after delamination showing
the resultant non-symmetrical surface expressions of topography (H), Bouguer gravity anomaly
(Agp), and surface heat flow (qp).
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5.3.7 Eclogite Rheology (Set D)

The previous models use the eclogite rheology from Zhang and Green (2007), with the viscos-
ity reduced by one order of magnitude to represent rheological weakening produced during
the phase change (i.e., Ecx0.1 in table 5.2). However, there is little constraint on the actual
strength of eclogitized lower crust. Some studies report that eclogitization is accompanied
by rheological weakening, suggesting that eclogites could be weaker than their protoliths and
that the overall strength of eclogites is conditioned by the extent and rate of the reaction,
which is strongly dependent on the amount of water available to trigger the phase change or
the mechanisms by which water enters the rock (e.g., Austrheim et al., 1997; Leech, 2001)
However, other studies suggest that eclogite may have a strong rheology (e.g., Jin et al.,

2001).
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Figure 5.9: Evolution of set D, which explores the effect of different eclogite rheologies. (a) model
D1 (Wang et al., 2012), (b) model C2 as a reference (Zhang & Green, 2007)x0.1 (c) model D2
(Zhang & Green, 2007). Plots include snapshots of density structures and profiles of elevation (H),
Bouguer gravity anomaly (Agp) and surface heat flow (gp), at times before, during and after the
main lithosphere removal episode.
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Model set D (consisting of models D1 and D2) examines how changes in eclogite rheology
affect the dynamics of a lithosphere drip. Models D1 and D2 have the same setup as model
C2, with the only difference being the eclogite rheology. In model, E1 eclogite is modelled
using the rheology of mafic granulite from Wang et al. (2012) (MG), and in model D2, it has
the rheology of dry eclogite from Zhang and Green (2007) (Ec). The results of these models
are shown in Figures 5.9, and 5.10, including the results of model C2 for comparison because

it uses the standard rheology of Ecx0.1.
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Figure 5.10: Time variation of surface observables averaged over a 50 km width centred in the
perturbed region, testing the effect of different eclogite rheologies. Results of model C2 are shown
as a reference (black). (a) Surface elevation. (b) Bouguer gravity anomaly (Agg). (c) Surface heat
flow. Time (Ma) corresponds to the modelled time from the beginning to the end of the simulation.

The model evolution and the associated surface expressions (Figure 5.10) show that eclog-
ite rheology does not have a significant effect on the overall dynamics or the trends and
magnitudes of surface topography, Bouguer gravity anomaly, and surface heat flow. The
most important effect is the timing of crustal root removal. Model D1, which has the weaker
eclogite rheology has a slightly faster drip (detachment occurs 4 Ma before than model C2),
whereas model D2, which has the strongest rheology, has a considerably slower drip (detach-
ment 14 Ma after model C2). These are visible in the time shifts of subsidence in Figure
5.10a, the peak of the Bouguer gravity anomaly in Figure 5.10b, and the onset of the increase

in surface heat flow in Figure 5.10c.
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5.3.8 Density of the SNSM Massif (Set E)

Gravity studies of northern Colombia (e.g., Ceron-Abril, 2008; Sanchez and Mann, 2015;
Sanchez-Rojas and Palma, 2014) argue that the crystalline rocks of the Grenvillian basement
that underlies most of the SNSM massif appears to have a higher density, compared to the
surroundings (e.g., at least between 100 - 400 kg/m? higher, according to gravity models in
Sanchez and Mann (2015)), and that this is a significant contribution to the observed positive
Bouguer gravity anomaly. The effects of a locally higher density are studied in model set E,

where the upper crust in the 125 km wide elevated region has a density that is 100 kg/m?

higher.
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Figure 5.11: Evolution of (a) model E1, (b) model E2 and (c) model E3, including snapshots of
density structures and profiles of topography (H ), Bouguer gravity anomaly (Agp) and surface heat
flow (qo), at times before, during and after the main lithosphere removal episode. Set E is as set C,
but it includes high-density upper crustal rocks in the perturbed region (100 kg/m? increase).
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The setups and rheological configurations of models E1, E2, and E3 are the same as
models C1, C2, and C3, respectively, differing only in the upper crust density in the central
region (see table 5.2).

The results of set E are shown in Figure 5.11 and the temporal variations in surface
observables are shown in Figure 5.12, together with the results of model C1 as a reference.
The overall behaviour and effects of rheological variations remain the same as in set C, and
there is little effect on the surface heat flow. However, the elevation is consistently lower (at
most 0.8 km lower), showing that the additional load of the dense rocks significantly opposes
to the upward stresses from the rising sublithospheric mantle. On the other hand, the trend
of the gravity anomaly remains unchanged, but the presence of the high-density rocks results

in higher gravity anomalies (>+450 mGal) with peaks during root detachment (at about t=25
Ma).
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Figure 5.12: Time variation of surface observables, averaged over a 50 km width centred in the
perturbed, for modelling set E, and model C1 as a reference. (a) Surface elevation. (b) Bouguer
gravity anomaly (Agp). (c) Surface heat flow. (d) Isostatic topography (green) with total topogra-
phy as a reference (purple). (e) Non-isostatic topography. Blue arrow indicates time of maximum
uplift rate (0.37 mm/yr) right before total crustal root removal.
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5.3.9 Effect of Regional Compression and Crustal Root Amplitude
(Set F)

The SNSM is located close to the margin between the Caribbean and South American plates,
and therefore plate boundary forces may have affected the evolution of this region. Plate
reconstructions show that convergence rates in the Caribbean after the late Cretaceous have
likely subjected the massif to variable magnitudes of horizontal stresses (e.g., Miiller et
al., 1999). Lateral compression could alter the dynamics of lithosphere removal, it should
be considered in the models. However, because convergence rates have changed in time
and part of the compression may have been accommodated on faults outside the SNSM,
it is unclear how much compression may have been transferred to the SNSM. There are
also no constraints on the total lithosphere shortening and thickening within the SNSM.
Consequently, the previous models (Model A and sets B, C, D and E) use an imposed initial
thickening. In Model Set F, the effects of compression and initial thickening are examined.
These models use the same parameters of model E2 but the lateral boundary conditions are
modified to produce an inflow velocity in the lithosphere which is balanced with outflow in
the sublithosphere mantle; this approach was used in Chapter 4 (Figure 4.5). Models in this
set (F1 to F11) test different combinations of compression rates (0, 0.5, 1.0 and 1.5 mm/yr)
and initial crustal root amplitudes (20, 30 and 40 km); Model E2 has a compression of 0
mm/yr and a 30 km initial root.

The individual results of models of set F and the corresponding surface expressions are
shown in Appendix B. The overall behaviour of models F1 to F11 resembles that of model
E2 (Figure 5.12a-c), with only minor differences. In general, crustal compression produces
uplift at later times. However, during root removal, compression restricts uplift because it
enhances plastic strain, producing weak zones close to the surface (as seen in chapter 4).
When the initial lithospheric thickening is higher, the drip occurs more quickly owing to
the higher initial perturbation, and the additional load induces higher subsidence rates after

crustal root removal.
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Figure 5.13: Magnitude of surface elevation, Bouguer gravity anomaly (Agp), and surface heat
flow (qo) (from left to right), averaged over a 50 km width centred on the perturbed region, (a) at
the time of the maximum gravity anomaly after crustal root removal, and (b) 10 Ma after the peak
gravity anomaly after root removal. The latter is shown for models of set F (but with model E2
as a reference), as a function of lateral compression rate (y-axis) and initial crustal root amplitude
(x-axis).

The effects of compression rate and initial lithospheric thickening are shown in Figure
5.13 showing the surface elevation, Bouguer gravity anomaly, and surface heat flow at the
time of the maximum peak of gravity anomaly after removal (t=tAg,.,) and 10 Ma after.
As expected, an increase in crustal thickness in the perturbed region produces a decrease in
surface heat flow and an increase in surface elevation. However, the gravity anomaly shows a
trade off because when the crust is thicker, the gravity anomaly is lower, but at the same time
there is more eclogitization and a larger portion of the lower crust is removed, producing a

greater increase in the gravity anomaly after removal. This results in higher gravity anomalies
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for intermediate initial thicknesses (i.e., an initial perturbation of 30 km). On the other hand,
Figure 5.13 shows that an increase in lateral compression velocity results in a decrease in
the gravity anomaly and surface heat flow because it induces crustal thickening. There is a
trade off between the uplift produced by compression and the increase in subsidence caused
by the enhanced plastic strain in the crust and the formation of weak zones. The behaviour
is dominated by plastic strain induced by compression, resulting in lower topographies at
higher compression velocities. The observed trends in gravity anomaly and surface heat flow

are maintained after 10 Ma, but by this time, the topography has collapsed in all models.

5.4 Geological and Geophysical Implications

5.4.1 Comparison With Observations

The models in this chapter test the hypothesis that the observed high topography and positive
Bouguer gravity anomaly in the SNSM can be explained by lithosphere removal via a drip.
Of the models examined in this chapter, the model that best fits the observations is Model E1
(model of set E, with no lateral compression and DMD lower crust rheology) as it produces
the highest simultaneous gravity anomaly and elevation after removal. This is a consequence
of the following points: a weak local mantle lithosphere rheology produces a fast removal
(within 25 Ma ) and allows less time for post-drip subsidence, a strong lower-crustal rheology
(DMD) provides more support for the load of the initial topography, and the high-density
upper crustal rocks in the perturbed region produce a significant contribution to the Bouguer
gravity anomaly.

Therefore, the results of Model E1 are used for comparison to the observations in the
SNSM in Figure 5.14. The model results are shown at a model time of 23 Ma, corresponding
to the maximum peak in the gravity anomaly, when the crustal root has been removed (~2
Ma before full detachment). At this time the local Bouguer gravity anomaly is the result of
the trade off between the absence of cool and dense mantle lithosphere underneath (lack of
mass), the high-density shallow rocks in the SNSM (100 km/m? denser), and a locally thin

crust (~38 km) directly underlain by a shallow sublithospheric mantle (excess of mass near
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the Moho). While there are still uncertainties in the exact crustal thickness in the SNSM,
this value is close to the estimates in Sanchez-Rojas and Palma (2014) and Poveda et al.

(2018), of about 35 km.
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Figure 5.14: Comparison between topographic and Bouguer gravity anomaly profiles of the pre-
ferred model (model E1) right after crustal root removal (¢ = 23 Ma), with observed data. Initial
topographic and gravity anomaly profiles (¢ = 0 Ma) are shown as a reference. (a) Modelled topogra-
phy compared to observed data from the ASTER global digital elevation model V003 (Spacesystems
& ASTER Science Team, 2019). The non-isostatic topographic profile at ¢ = 23 Ma shows that
non-isostatic effects are localized in the elevated region and that at this time, most of the topog-
raphy is non-isostatic. (b) Modelled Bouguer gravity anomaly compared to observed data from
the EIGEN-GL04C global gravity field model (Forste et al., 2008). Observed profiles are extracted
along the line indicated in Figure 1.1a.

The observations are taken along a SW-NE profile across the SNSM (location in 1.1a),
with the Bouguer gravity anomaly from the EIGEN-GL04C Global gravity field model (Forste
et al., 2008) and the surface topography from the ASTER Global Digital Elevation Model
V003 (Spacesystems & ASTER Science Team, 2019). The maximum modelled values for the
Bouguer gravity anomaly and surface elevation are of +103 mGal and 3.3 km, respectively,
compared to the maximum observed values of +126 mGal and 5.1 km. The observed gravity
shows that the positive peak is surrounded by two negative peaks that are associated with
the low-density sediments of the lower Magdalena basin southwest of the SNSM and the Baja
Guajira basin to the northeast. These gravity minima do not appear in the modelled gravity

anomaly since the surrounding basins are not considered in the numerical model.
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5.4.2 Isostatic vs. Non-Isostatic Topography

The modelled topography is the result of both the density structure of the model (i.e., iso-
static gravity), as well as the dynamics of the model. This means that aside from isostatic
effects, topographic alterations include the effect of the downwelling of the lithosphere during
the drip, upwelling of the sublithospheric mantle following the drip, and lateral lithosphere
strength. In order to assess the relative contributions of these, isostatic topography calcula-
tions for models of set E are shown on Figure 5.12d. This is defined as the topography that
would be observed if the model was in isostatic equilibrium, based on the modelled density
structure (Figure 5.12d). Figure 5.12e shows the non-isostatic part of the topography, cal-
culated by taking the difference between the total topography and its isostatic part. These
figures show that the isostatic topography is significantly lower than the total topography
throughout the removal episode for models E1 and E2, while model E3 is closer to isostatic
balance. This suggests that the topographic support provided by a rheologically stronger
lower crust in model E1 is significant, while the mechanical decoupling produced by a weaker
lower (e.g., model E3) crust limits the transfer of vertical stresses from the upwelling mantle
to the surface. In model E1, the non-isostatic topography reaches a maximum peak of 3.5
km at 23 Ma, suggesting that the coexistence of a positive Bouguer gravity anomaly and
high topography at this time is only possible due to the delay in subsidence produced by
non-isostatic effects. Figure 5.14a shows the profile of non-isostatic topography right after

root detachment, showing that at 23 Ma the topography is predominantly non-isostatic.

5.4.3 Melting

The lithosphere drip results in a thinning of the lithosphere and causes upwelling of the
sublithospheric mantle to fill the gap created by the drip. Upwelling and decompression of
sublithospheric mantle with simultaneous lower crustal heating have led to the suggestion that
lithospheric removal can induce melting of both the mantle and crust, and therefore magma-
tism may accompany lithosphere removal (e.g., Kay and Mahlburg Kay, 1993; Mahlburg Kay
et al., 1994). In this section, the pressure-temperature conditions in model E1 are used to

assess whether melting is predicted. The calculations presented use the dry granite and dry
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peridotite solidus from Elkins-Tanton (2005), to consider lower crustal and mantle melting,
respectively.

Figures 5.15a and 5.15b show the model E1 at 10 Ma after removal (t = 33 Ma) to allow
enough time for significant melt production. The highlighted regions show where the crust
and mantle are above their solidus temperature, confirming that upwelling of sublithospheric
mantle could produce decompression melting in the shallow mantle and deep crust in the
region of lithosphere removal. There is also a thin zone at ~90 km depth outside of the main
drip region where lower mantle lithosphere has been partially removed and conditions favour

melting.
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Figure 5.15: (a) Density structure of the preferred model (Model E1) at ¢ = 33 Ma (10 Ma
after removal). Contours enclose regions where the P-T' conditions are above the dry peridotite
and dry granite solidi, for the mantle (purple infill) and lower crust (white infill), respectively. (b)
Temperature profile at x=230 km and ¢ = 33 Ma, with the dry peridotite and dry granite solidi
from Elkins-Tanton (2005). (c) Calculations of melt volume per unit length along strike for the
lower crust (assuming 0.75% of melt per degree above the solidus) and mantle (assuming 0.3% of
melt per degree above the solidus). Local mantle melt volume is the melt volume in a 60 km width
centred in the elevated region.

Figure 5.15¢ shows the temporal evolution of mantle melt volume (per unit along strike)
for both the full model domain and for a local 60 km wide region centred in the elevated
zone. This is calculated by monitoring the regions of the model that are above the solidus,
assuming a melt fraction per Kelvin above the solidus of 0.3% for the mantle (Katz et al.,
2003) and 0.75% for the crust (Annen & Sparks, 2002). The initiation of melting coincides
with the onset of mantle upwelling after lithosphere removal (at about 23 Ma), and suggests
that mantle and crustal melt volumes in the region of interest could be significant, with

approximately equal amounts of each. These calculations show the possible volume of melt
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and the spatial and temporal distribution. The models do not include the transport of melt
to the surface, nor the effects of melt on rheology and density. Further work is needed to

assess these factors.

5.4.4 Seismic Velocity Structure

The models provide predictions of the temperature, pressure and composition structure at
each point in the model domain over time. In this section, the structure of model E1 at a time
of 23 Ma (time of the maximum Bouguer gravity anomaly) is used to calculate the expected
seismic velocity structure, as an additional observation that could be used to test the idea
of a lithospheric drip. The conversion of the model results to seismic velocity structure uses
three steps, following the method described in Goes et al. (2000), Sobolev et al. (1996), and
van Wijk et al. (2008).

First, the PerpleX code (Connolly, 2005) is used to estimate values of the bulk and shear
moduli at the pressures and temperatures of the model. In this step it is assumed that the
compositions of the mantle lithosphere and sublithospheric mantle are both represented by
the composition of a pyrolite, following van Wijk et al. (2008) (Composition shown in table
5.4). Because the purpose of this estimations is to quantify the effect of lithosphere removal
in the seismic structure of the upper mantle (for the preferred model), and because the crust
has diverse and complex compositions, the crust is excluded from this analysis.

In the second step, the anharmonic seismic wave velocities at each point in the model
domain are calculated by applying the density structure from the model, and the estimated

values of the bulk and shear moduli into equations (5.1):

k+ 2u 1
‘/ = 3 , ‘/s: — 51
Y P P (5.1)

where k is the bulk modulus, p is the shear modulus, V), is the anharmonic seismic velocity

of the p-waves, and Vj is the anharmonic seismic velocity of the s-waves. In the final step,

the anharmonic velocities are then corrected for attenuation using equation (5.2):
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where V), ;.. is the anelastic velocity (for either p or s waves), V, is the anharmonic

PsSanh
velocity (for either p or s waves), a is a constant describing the frequency dependency of
attenuation and (), is the quality factor for either the P and S waves. @), and @, are

calculated following (5.4) and (5.3), respectively:

agTm

Qs = Qow'e T (5.3)
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where () is the pre-factor constant, ¢ is the thermal scaling factor, w is the mean frequency
content, @) is the bulk attenuation, and 7, is the melting temperature (assumed as the dry
peridotite solidus in Figure 5.15b, from Elkins-Tanton (2005)). The parameters used for the
attenuation correction follow the approach in van Wijk et al. (2008), and are reported in

Table 5.5.

Table 5.4: Compositions in oxides in volume percentage used for seismic
wave velocity estimations in the upper mantle from van Wijk et al. (2008).

Composition name MgO FeO CaO AlLO; SiO,
Pyrolite (Sun, 1982) 48.53 5.72 3.50 1.80  38.66

Table 5.5: Parameters for anelastic attenuation
correction, following approach in van Wijk et al.
(2008).

Depth Qo a w g  Qx
0-200km 0.1 0.15 0.02Hz 40 1000

Figure 5.16a shows the predicted P and S wave velocities for Model E1 immediately after
lithosphere removal, as well as their anomalies. The velocity anomalies (Figure 5.16b) are
calculated by computing the percentage difference between the seismic wave velocity (P or
S) at each point in the domain with the average velocity (P or S) in its corresponding depth.
This shows that a drip event should leave a region of thinned lithosphere, which has a clear

low velocity anomaly of up to -5% for P-waves and -7.5% for S-waves, with minimum values of
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7.6 and 4.1 km/s, respectively. Figure 5.16a also includes contours delimiting regions where
the pressure and temperature conditions are above the mantle solidus and thus, the seismic

wave velocities could be lower than the predicted values if melt is present.
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Figure 5.16: (a) Seismic wave velocity predictions from the preferred model (model E1) at ¢ =
23 Ma (right after removal), using the PerpleX code (Connolly, 2005), showing P-wave structure
(left), S-wave structure (centre), and vertical profiles at the side (x = 34 km) and centre (x = 230
km) of the model domain. Black contours enclose regions where the P-T conditions are above the
dry peridotite solidus, which could have lower velocities. (b) P and S wave velocity anomalies and
profiles at the side (x = 34 km) and centre (x = 230 km) of the modelling domain.

5.5 Discussion

5.5.1 Model Summary

The SNSM in northern Colombia is an unusual mountain that is characterized by high
topography and a positive Bouguer gravity anomaly. The numerical models in this chapter
test the idea that these observations may be explained by a lithosphere drip event, initiated
by previous crustal thickening. All models show that eclogitization and subsequent crustal

root removal produce a rapid increase in the gravity anomaly while mantle upwelling provides

96



additional support for the load of the initial topography.

In model E1 (the preferred model), the magnitudes of the surface topography and Bouguer
gravity anomaly are the closest to the observations in the SNSM, suggesting that a rheologi-
cally stronger lower crust can hold the load of the mountain for longer times after lithosphere
removal, and that the gravitational effect of both the shallow high-density rocks of the ex-
humed basement and absence of crustal root are required to account for the observed positive
gravity anomaly. Figure 5.14 shows that the initial gravity anomaly of model E1 is negative
(about -100 mGal) even with the presence of denser upper-crustal rocks, indicating that the
effect of the thick low-density crustal root dominates. After the lithosphere removal event,
the Bouguer gravity becomes positive (+103 mGal) and remains positive for almost 30 Ma
while it progressively decreases. On the other hand, for model sets B and C, even though
the gravity anomaly right after removal is positive (about +30 mGal) (Figure 5.3b), it is still
well below the SNSM observations, indicating that higher density upper-crustal rocks are
also required. The non-isostatic topography (Figure 5.14a) confirms that high elevation in
model E1 right after removal is mostly related to dynamic effects, such as mantle upwells,

which are localized in the elevated region.

The models also provide insights into how lithosphere rheology affects the dynamics and
surface expressions. The preferred models use a wet olivine rheology in the mantle lithosphere
(WO). This results in rapid removal, where detachment occurs 8-10 Ma after complete eclog-
itization, facilitating the coexistence between high elevations and positive gravity anomalies.
Similarly, a weaker eclogite rheology enhances the rate of removal and the associated high
elevations and positive gravity anomalies. Results from set E show that even though there
is uncertainty about eclogite rheology, this parameter only affects the timescales of crustal
root removal. A relatively weak rheology for the crust and mantle is consistent with the fact
that the SNSM is located near a convergence plate margin, where lithosphere hydration and

weakening may be expected.

Stresses transferred from regional compression constitute an additional force that could
produce uplift and provide support. Model set F examines this effect, although it should be
noted that the models do not include any pre-existing faults and weak zones; if these are

present adjacent to the SNSM, the magnitude of transferred to the mountain may be less than
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modelled here. The models in section 4.6 show that high compression velocities (>1.5 mm/yr)
would thicken the crust during the drip without giving enough time for eclogitization, and
thus preventing the full removal of the crustal root and limiting any increase in the gravity
anomaly. Conversely, compression velocities within the range presented in this chapter (<1.5
mm/yr) are low enough to allow for full crustal root removal, allowing for a positive gravity
anomaly. Lateral compression only produces significant uplift at later modelling times (>40
Ma), which suggests if there is continental compression in northern Colombia, either it is
accommodated in the region surrounding the SNSM or lithosphere removal in the SNSM has
occurred recently (in the last 10 Ma).

Crustal root thickness before the proposed lithosphere removal event is uncertain. Model
set F' shows that this strongly affects the magnitudes of the surface observables. In models
with lateral compression, the surface elevation at the time of the peak in Bouguer gravity
anomaly (i.e., the time of lithosphere removal) is largest for an intermediate initial crustal
root thickness (30 km) with low compression rate (0.5 mm/yr or less). This suggests that
the root that preceded the removal episode in the SNSM could have had a similar amplitude.
The effect of horizontal compression and initial thickening on the resultant observables is also
applicable to other regions where lithosphere removal has been proposed (e.g., Bao et al.,
2014; Saleeby et al., 2012). These models highlight that lithosphere removal can produce a

wide variation of surface effects, depending on the initial configuration and tectonic context.

5.5.2 Implications From Surface Heat Flow and Elastic Thickness

In the preferred model (E1), surface heat flow immediately after removal is of 46 %—Vg, and

only reaches the values of 60-80 %—VQV reported by Quintero et al. (2019) for the SNSM after
approximately 15 Ma. This implies that if lithosphere removal has occurred in the SNSM,
both the gravity anomaly and surface topography have to be sustained for at least 15 Ma to
match the observations of heat flow. However, heat flow measurements in the study region
are sparse and have large uncertainties, and additional data should be collected.

Elastic thickness is another measurement that provides constraints on lithosphere struc-

ture. Previous studies suggest an elastic thickness of 30-40 km in the SNSM (e.g., Arnaiz-
Rodriguez and Audemard, 2014; Tassara et al., 2007). This is consistent with a cool litho-
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sphere (e.g., Hyndman et al., 2009) and suggests a relatively low surface heat flow (<60 ”;I—Ig/),
as predicted by model E1 when the Bouguer gravity anomaly is maximum (after lithosphere
removal). This means that there is a discrepancy between elastic thickness and surface heat
flow estimations (possibly resulting from their large uncertainties) that should be examined
in future work, to provide a consistent constrain for the lithosphere structure in the SNSM.

If the elastic thickness is as large as estimated by Arnaiz-Rodriguez and Audemard (2014)
and Tassara et al. (2007), the elastic strength of the lithosphere provides an additional support
for the load of the massif. If that is the case, both the elastic support and the upward stresses
from the sublithospheric mantle could allow for uplift, rather than subsidence, after removal.
The elastic strength would also prevent crustal thickening following the removal event, and
therefore, the positive gravity anomaly could be sustained for a longer time. The current

models do not include elasticity, but this is something that should be explored in future work.

5.5.3 Lithosphere Removal in the Eocene (50-40 Ma)

As argued above, a subset of the numerical models predicts surface observations (elevation,
Bouguer gravity anomaly and surface flow) that are consistent with those observed in the
SNSM today. From this, it appears that a local lithosphere removal event may explain the
SNSM observations. I propose two possible times for the removal event: an older event in
the Paleogene (50-40 Ma) or a recent event (within the last 2 Ma).

The first possibility is that lithosphere removal occurred before the slab flattening that
has been proposed to explain the cessation of Paleocene-Eocene magmatic activity (e.g.,
Taboada et al., 2000). In principle, because there are not enough constrains to assert a
specific timing for a lithosphere removal episode, it could have occurred anytime after the
Paleogene. However, the hypothesis of an event before slab flattening (50-40 Ma ago) has the
advantage that at that time, the underthrusting Caribbean slab could not block lithospheric
foundering.

In this case, the current high elevations require that elastic stresses, mantle upwelling
and support from the present-day Caribbean slab have acted for a long time. As shown
in section 5.4.3, lithosphere removal induces melting and therefore a removal event may be

recorded in surface magmatism (e.g., Kay and Mahlburg Kay, 1993; Mahlburg Kay et al.,
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1994). Duque-Trujillo et al. (2019) argue that Paleocene-Eocene magmatic events do not
correspond to typical Andean-type subduction magmatism because they were localized, low-
volume and short term (£10 Ma). They propose that the melting of thickened lower crust
could produce the required parental magma, instead of a typical subduction system. The
models in this study show that crustal root removal takes place in timescales close to 10 Ma
(time between onset and full removal of the crustal root), and that lower-crustal and shallow
sublithospheric mantle melts can be generated by decompression and subsequent heating
after removal (Figure 5.15), suggesting that if it occurred during the Paleocene-Eocene, its
role in melt production could have been important because it provides a heating mechanism
and different melt sources. It should also be noted that if a removal event occurred within
the Paleocene-Eocene arc, the arc itself may have also contributed to the removal process.
Ducea et al. (2021b) argue that melt extraction at an arc contributes to root densification by
creating a lower layer of high-density “arclogite” rocks. These have been shown to promote

gravitational removal (e.g., Jull and Kelemen, 2001).

5.5.4 Recent Lithosphere Removal (<2 Ma)

The problem with an Eocene removal event is that the surface expressions must persist for
>40 Ma, and the models in this study show only a short-lived period of high elevation and
positive Bouguer gravity anomaly. Therefore, the other possibility is that removal occurred
recently. Here, I propose that a removal event within the last 2 Ma can explain the observa-
tions.

Villagémez et al. (2011) argue that there has been very recent uplift in this region (in the
last 2 Ma) on the basis of the absence of measurable exhumation episodes in the last 16 Ma,
the highly erosive climate in the SNSM, and the current high topography. However, in most
of the models in this study (including the preferred model E1) lithosphere removal is followed
by surface subsidence suggesting that the upward force of the buoyant sublithospheric mantle
is not sufficient to overcome the load of the mountain and to induce uplift right after the
removal of its root. Instead, upward forces from the sublithospheric mantle are only enough
to delay the subsidence of the mountain providing some support. Arnaiz-Rodriguez and

Audemard (2014) suggests that elastic strength in the crust is enough to sustain the SNSM

100



massif. If that is the case, dynamic forces from the mantle could produce uplift. For instance,
calculations of the non-isostatic contribution to topography (e.g., Figure 5.12), show that the
model dynamics produces a maximum uplift rate of 0.37 mm/yr for model E1, at the onset of
the drip (t=21 Ma). If it is assumed that the modelled data after removal (i.e., t=23 Ma for
model E1) corresponds to the present, the latter implies the occurrence of maximum uplift
rates £2 Ma ago, consistently with the timing of the recent uplift proposed by Villagémez
et al. (2011).

The models in this study show that both the high Bouguer gravity anomaly and surface
topography have to be sustained for at least 15 Ma to match the observations of heat flow

reported by Quintero et al. (2019) (see section 5.5.2). This suggests that lithosphere removal
mW )

within the last 2 Ma would be consistent with a lower surface heat flow (e.g., 50-60 o

compared to the values reported (60-80 TZL—VQV) On the other hand, the elastic thickness
estimated in the SNSM (30-40 km) (e.g., Arnaiz-Rodriguez and Audemard, 2014; Tassara

)

et al., 2007) suggests a cool lithosphere and a relatively lower surface heat flow (<60
(e.g., Hyndman et al., 2009), which according to the models, is consistent with lithosphere
removal in the last 2 Ma. Additional local elastic thickness estimations and heat flow data
are required to reduce the large uncertainties in current measurements and provide better

constrains.

If lithosphere removal took place any time after the Eocene (e.g., in the last 2 Ma), the
characteristics of the Paleocene-Eocene magmatism could provide evidence indicating the
presence of a partially densified crustal root by the Paleogene, as evidence for a subsequent
removal. Duque-Trujillo et al. (2019) report that that the most recent magmatism in the
SNSM produced the Paleocene Leuco-granites and the Eocene Santa Marta Batholith (SMB).
There, it is shown that the protolith of the leuco-granites had a mafic composition, under
the stability field of amphibole, garnet and rutile, which according to Ducea et al. (2021a),
are all common minerals within arclogite assemblages. Also, Duque-Trujillo et al. (2019)
report that the SMB has substantial ultramafic garnet-free cumulates, from which some have
been classified as pegmatitic pyroxenites, perhaps showing evidence of a densified lower crust
outside the stability field of garnet, which could be gravitationally unstable. These mafic

intrusions should be studied further regarding the possibility of lithosphere removal.
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Additional evidence that favours the recent lithospheric drip hypothesis comes from seis-
mic observations in this area. For instance, seismic wave tomographies reported by Poveda
et al. (2018) and Syracuse et al. (2016) consistently show low shear wave velocities (<3.8
km/s) in the region of the mountain at depths between 30 to 35 km which, according to the
crustal thickness map in Poveda et al. (2018), is right below or close to the Moho (Figure
5.17). These values are consistent with the shear wave velocity estimations from our preferred

model (model E1), reported in Figure 5.16a.
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Figure 5.17: Shear wave velocity maps at a depth of 35 km modified from Poveda et al. (2018).
Blue solid lines show major faults and the dashed blue line indicates the Romeral suture. The
seismic velocity maps show a local low velocity under the SNSM consistently with model predictions
in Figure 5.16. a) Shear velocities at a depth of 35 km with topographic contours (black) in the
region of the SNSM only. b) Shear velocities at a depth of 35 km with contours (purple) of the
Bouguer gravity anomaly above 0 mGal.

5.5.5 Model Limitations

The models presented in this chapter explore the dynamics of a lithosphere drip and how this
is recorded in surface observations, including topography, Bouguer gravity anomaly, surface
heat flow, melting, and seismic velocities. The models are two-dimensional cross-sections

based on the structure of the SNSM. However, the SNSM is a localized mountain and thus

102



a 3D geometry may be more appropriate. This is examined in Chapter 6.

In addition, the models do not include elasticity in the numerical formulation. This is
important because due to the high elastic thickness and the relatively narrow width of the
massif, elastic strength should provide significant support for the SNSM. Also, models do not
test the effect of eclogitization rate, and instead, the phase change occurs instantaneously
once the pressure and temperature conditions for the reaction are achieved. This assumes
that there is enough hydration in the crustal root such that the time taken for a full reaction
is negligible compared to the timescales of the models but depending on rock composition and
hydration it could be significant. Moreover, the models do not include magma migration and
the effect of melts on density and rheology. This might be significant because the presence of
melts could significantly weaken the crust enhancing its deformation. These are parameters
that should be investigated further in future work.

Finally, the models address only the dynamics of the continental lithosphere, and do
not include the subducting Caribbean slab. Seismic studies in northwestern South America
(e.g., Cornthwaite et al., 2021; Londono et al., 2020; Taboada et al., 2000; Van Der Hilst
and Mann, 1994; Vargas, 2020) show that the Caribbean plate subducts or underthrusts the
South American plate at a shallow angle (<30°) near the Colombian coast, and then steepens
at some point into the continent. However, there are uncertainties in the slab location and
depth. For instance, Vargas (2020) proposes that the Caribbean plate may transition from a
flat subduction close to the Caldas Tear (5°-8°N), to a steeper subduction under the SNSM. It
is unclear how the presence of the Caribbean plate may affect lithosphere removal, especially
if the removal event occurred in the last 2 Ma. On one hand, the Caribbean plate may hinder
the foundering of a crustal root; on the other hand, subduction may induce a lateral drag
that promotes removal (e.g., Currie et al., 2015). Future models should include Caribbean
plate subduction in order to assess its effect on the dynamics and structure of the overlying

continent, including the SNSM.
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5.6 Summary and Conclusions

The SNSM is an anomalous high-elevation region of northern Colombia where there is a
high and positive Bouguer gravity anomaly, suggesting an excess of mass. Previous studies
have proposed that this could be produced by an unexpectedly thin crust (e.g., Case and
Macdonald, 1973; Montes et al., 2005). However, considering that the SNSM formed a thick
continental arc in the Jurassic (~64 km thick) (e.g., Ramirez et al., 2020), that it experienced
an arc-continent collision in the early Paleocene (e.g., Cardona et al., 2010), and is currently
experiencing oblique convergence at a rate of 10-20 mm /year (e.g., Freymueller et al., 1993),
it is not clear what could have produced a localized crustal thinning right under the SNSM
massif, resulting in a ~35 km thick crust (e.g., Sanchez-Rojas and Palma, 2014).

One hypothesis is that the SNSM observations may be explained by lithosphere removal,
whereby a perturbation in the mantle lithosphere (generated by previous shortening) trig-
gered a localized mantle lithosphere drip in which the lower crust is heated and crustal root
eclogitization is induced. Eclogitization of the crustal root is characterized by an increase in
density (reaching 3550 km/m3) that results in its gravitational removal right after the mantle
lithosphere drip. In the models presented, crustal root removal results in a locally thinner
crust (~38 km) underlain by buoyant sublithospheric mantle, producing a simultaneous high
(and positive) Bouguer gravity anomaly with an elevated topography.

This chapter presented 2D thermal-mechanical numerical models to quantitatively exam-
ine the dynamics of the lithosphere and the associated surface expressions, especially surface
topography, Bouguer gravity anomaly and surface heat flow. The models systematically ex-
amine how variations in crust and mantle lithosphere rheology, eclogite rheology, upper crust
density, lateral compression, and initial perturbation affect the dynamics of a lithosphere

drip and the surface observables. From the models, the following conclusions can be drawn:

e The timescales of lithosphere removal are significantly affected by the local mantle
lithosphere rheology. In models with a wet (and thus weak) olivine rheology, mantle
lithosphere drip and crustal root removal occurs within 25 Ma, while in models with a

dry (and thus strong) olivine rheology it takes about 70 Ma.
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e The timescales of the removal episode are also influenced by the eclogite rheology. For
instance, an increase in eclogite viscosity of one order of magnitude can result in a ~14

Ma delay in crustal root removal.

e Lower crustal rheology has a minor effect on the timescales of lithosphere removal and
the effect is only noticeable if the process is slow (~70 Ma) (i.e., when the mantle
lithosphere rheology is dry and strong). In this case, the strong lower-crustal rheology
of dry Maryland diabase can delay the removal by about 4 Ma with respect to the weak

rheology of mafic granulite.

e If there is a weak lower crust all along the domain, there is less coupling between the
lower crust and the upper mantle lithosphere. This can result in lithospheric delami-

nation after crustal root removal (such as in models C3 and B3).

e Gravitational crustal root removal produces surface subsidence because of the pull of
the drip, and the subsequent absence of isostatic support. However, a strong lower
crustal rheology (e.g., dry Maryland diabase) provides more support and sustains the
topography for longer with respect to a weak rheology (e.g., mafic granulite). For
example, the average elevation of the mountain descends below 4 km at least 9 Ma

later if lower crustal rheology is strong (i.e., dry Maryland diabase).

e Crustal root removal is followed by a peak in the Bouguer gravity anomaly which is a
consequence of the resultant thinner crust (~38 km) and the rise of the sublithospheric
mantle right under the Moho (which produces a local excess of mass). Then, the
Bouguer gravity anomaly progressively decreases because the topographic load sinks
and spreads generating a downward deflection of the mid-crust interface, and because
the density of the lower crust is progressively reduced (locally) owing to its increase in
temperature. If upper crustal density is uniform (e.g., models in sets B and C), the

peak in gravity anomaly is positive but low magnitude (e.g., 20-30 mGal).

e The observed magnitudes of the Bouguer gravity anomaly in the SNSM (>+100 mGal)
require the gravitational effect of both, the high density shallow rocks of the Grenvillian
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basement (e.g., Sanchez and Mann, 2015), and crustal root removal resulting in a

thinner crust (~38 km), such as in model set E.

The preferred model is E1 because its conditions facilitate the coexistence of a high
and positive Bouguer gravity anomaly and a high elevation (103 mGal and 3.3 km).
These conditions are a weak local mantle lithosphere rheology that produces a fast
removal (within 25 Ma ) with less time for subsidence, a strong lower-crustal rheology
that provides more support for the load of the initial topography, and high-density
upper crustal rocks in the perturbed region that produce a significant contribution to

the Bouguer gravity anomaly.

After crustal root removal the topography is held by non-isostatic forces such as the up-
welling of the sublithospheric mantle following the drip, and lateral lithosphere strength.
In the preferred model (E1) the latter forces produce a maximum non-isostatic topog-

raphy of 3.5 km at 23 Ma and maximum uplift rate of 0.37 mm/yr, at 21 Ma.

The upwelling of hot sublithospheric mantle produces a delayed increase in surface heat
flow because of the timescales required for crustal heating. In the preferred model (E1)
this suggest that it would take at least 15 Ma after removal to increase surface heat
flow to the observed magnitudes reported by Quintero et al. (2019) (e.g., 60-80 "ZI—VQV ).
Further heat flow data collection is required due to the large uncertainties in current

available data.

Upwelling of the sublithospheric mantle after lithosphere removal (by ~23 Ma in model
E1) can produce decompression melting in the mantle and subsequent melting in the
lower crust due to the increase in temperature. This means that evidence of lithosphere

removal could be preserved in the magmatic rock record depending on its timing.

Sublithospheric mantle upwelling after lithosphere removal (in model E1) can produce
a low velocity anomaly of up to -5% for P-waves and -7.5% for S-waves, with minimum
velocities of 7.6 and 4.1 km/s, respectively. This anomaly is located right under the

Moho in the region that experienced removal which in the models is at about 38 km
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depth. This is close to the low shear seismic velocities reported by Poveda et al. (2018)
at a depths between 30 to 35 km in the SNSM region (~3.8 km/s).

e High lateral compression rates (>0.5 mm/yr but <1.5 mm/yr) reduce surface topogra-
phy because they enhance plastic strain producing weak zones that promote subsidence,
and they reduce the Bouguer gravity anomaly because they produce crustal thickening
(~6 km). Hence, low compression rates (<0.5 mm/yr) favor the occurrence of a simul-
taneous high topography and Bouguer gravity anomaly, producing a better fit with the

observations.

e When the initial crustal thickness is high (e.g., 40 km) the surface elevation is higher.
Conversely, when the initial crustal thickness is low (e.g., 20 km) surface elevations
are lower. The gravity anomaly is higher when the initial thickness is intermediate
(e.g., 30 km) because when the crust is thicker, the gravity anomaly is lower, but at
the same time there is more eclogitization and a larger portion of the lower crust is
removed (i.e., greater increase in the gravity anomaly). Hence there is a better fit with
the observations (high bouguer gravity anomaly and topography) at an intermediate

initial crustal root thickness (30 km).

In principle, the load of the SNSM massif could be currently sustained by either sup-
port from the buoyant Caribbean slab, elastic stresses/flexural rigidity, or dynamic mantle
upwelling. Evidence from seismic wave tomographies and the magmatic record suggest that
lithosphere removal could have occurred either during the Paleocene-Eocene, possibly affect-
ing regional magmatism, or very recently (in the last 2 Ma), potentially explaining a recent
uplift episode.

For instance, the models show that lower-crustal and shallow sublithospheric mantle melts
can be generated by decompression and subsequent heating after lithosphere removal. Con-
sequently, if lithosphere removal occurred in the Eocene, it could explain why magmatism
was localized, low-volume and short term (£10 Ma) (Duque-Trujillo et al., 2019), and why
it does not correspond to typical Andean-type subduction magmatism.

However, the preferred interpretation is a more recent event (in the last 2 Ma) because

the models show that the peak in the bouguer gravity anomaly after lithosphere removal is
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short-lived. This is supported by seismic wave tomographies in Poveda et al. (2018) which
show low shear wave velocities (~3.8 km/s) at a depths between 30 to 35 km in the SNSM
region. Because the models show that lithosphere removal produces surface subsidence, the
associated non-isostatic forces can only produce uplift, explaining the recent uplift proposed
by Villagémez et al. (2011), if forces that are not considered in the models contribute to
the support of the massif (e.g., elastic strength, Caribbean-slab dynamics). In any case, the
models presented demonstrate that a gravitational removal event is a viable explanation for

many of the uncommon observations in the SNSM.
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Chapter 6: Lithosphere Removal in 3D

6.1 Introduction

Early studies of lithosphere removal and drips triggered by convective instabilities used nu-
merical and analytical solutions in 2D domains (e.g., Houseman et al., 1981; Houseman and
Molnar, 1997; Neil and Houseman, 1999), even though many geological examples have a 3D
nature (e.g., Arizaro Basin (DeCelles et al., 2015), Congo Basin (Downey & Gurnis, 2009)).
More recent models have examined the effects of non-linear and temperature-dependent ma-
terial properties (e.g., Currie et al., 2015; Gogiis and Pysklywec, 2008; Wang and Currie,
2017), but the majority of these studies have also been limited to 2D domains, owing to the
high computational cost of 3D models, especially for complex, multi-layered systems. There
have only been a few 3D studies of lithosphere drips, using numerical or analogue techniques
(e.g., Houseman and Gemmer, 2007; Pysklywec and Cruden, 2004). These suggest that, rel-
ative to 2D drips, 3D lithosphere drips occur faster, produce greater topographic deflections,
and may generate significant changes in crustal and surface deformation, such as an increase

in the magnitudes of horizontal strain.

The region of study in this thesis is Sierra Nevada de Santa Marta (SNSM), which is a
triangular-shaped mountain region that is separated from the rest of the Andes and is not
oriented along a line, as is common for mountain ranges (Figure 1.1a). Consequently, this is
a localized topographic feature where 3D effects may be important. The models in chapters
3, 4, and 5) examined drips in a 2D domain, which assumes no changes in the material model
along strike. This chapter presents 3D models of lithosphere removal addressed to understand
3D dynamics, to constrain the differences between 2D and 3D drips, and to identify how 3D

effects may affect the surface observables (surface topography, Bouguer gravity anomaly and
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surface heat flow).

For these models, it is assumed that the drip originates from a perturbation in the mantle
lithosphere, and there is no previous episode of crustal thickening. This is an important
difference from the models in the previous chapters that included crustal thickening and
eclogitization. This choice was made in order to reduce the complexity and computational
requirements of the models. With only a mantle lithosphere perturbation, the 3D model runs
require 600 processors for more than 4 weeks. These models can therefore be used as the
basis for future 3D models with both a crust and mantle lithosphere perturbation.

This chapter includes a comparison between two equivalent models only changing the
modelling geometry (2D and 3D). Then, a series of 3D models explores the effects of crustal
viscosity, lithospheric elasticity, and crustal viscoplastic rheology on the surface expressions of
lithosphere drips. Analytic calculations (in 2D) by Neil and Houseman (1999) show that the
crustal strength can modify the surface response, as a low-viscosity crust can undergo crustal
contraction and uplift. The 3D models presented here examine whether this behaviour occurs
for a 3D geometry. The models also test the effect of lithosphere elasticity, using an Earth-
like shear modulus, in order to determine if it produces larger topographic deflections in a 3D
geometry, as seen in the 2D models of Kaus and Becker (2007). Finally, plastic deformation
is tested to identify if alterations to strain magnitudes induced by the 3D geometry, produce

significant changes in the effect of plastic strain-weakening.

6.2 Modelling Setup

The modelling domain is a 3D box (Figure 6.1a) with a width ( y) and length (x) of 800 km
and a depth (z) of 660 km. The setup consists of an upper crust (20 km thick), lower crust
(20 km thick), and mantle lithosphere (60 km thick); these overlie the sublithospheric mantle
that extends to the base of the model. The upper 200 km of the domain have element sizes
of 6.25 km in both horizontal directions and 5.16 km in the vertical direction. Below 200 km
depth, the element size is 12.5 km in both horizontal directions and 10.3 km in the vertical

direction.

The initial temperature conditions in the lithosphere use a conductive geotherm based on
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the assigned lithosphere thickness (100 km), with a surface heat flow of 53.6 ":n—VZV, a thermal
conductivity of 2.25 %7 an upper crustal heat production of 1.0 x 10_6%, lower crustal heat
production of 0.4 x 10_6% and no heat production in the mantle materials. The continental
geotherm intersects a mantle adiabat with adiabatic gradient of 0.4 %, and temperature

potential of 1573 K, at the base of the lithosphere (100 km).
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Figure 6.1: a) Density structure of the 3D modelling setup showing the full domain. b) Cross-
section of the 3D density structure at a distance of 400 km along the y-axis. This shows the
Gaussian-shaped mantle lithosphere perturbation with radial symmetry, centred in the middle of
the domain (at x=400 km and y=400 km).

Figure 6.2 shows the detailed modelling structure along the slice at x=400 km, as indicated
in Figure 6.10. To initiate the drip, a region of thickened mantle lithosphere is placed in the
middle of model, with its centre at the middle of the domain (at x=400 km and y = 400 km).
The perturbation has a Gaussian shape (radial symmetry) with a half width of 200 km and
amplitude of 50 km, as shown in Figure 6.16. Within the perturbed region, the geotherm
linearly stretched to match the increased thickness.

During the model run, the lateral boundary conditions (i.e., left, right, front and back
sides) are free slip, the bottom boundary condition is no-slip (assuming coupling between the
high-viscosity lower mantle and the upper mantle), and the top boundary has a free surface
allowing for topographic deflections. The thermal boundary conditions use the initial tem-

perature (Figure 6.2¢) in all boundaries as fixed values in which the maximum temperature
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is of 1837 K (at a depth of 660 km), and the minimum temperature is of 273 K (at 0 km).
The material properties are given in tables 6.1, and 6.2. In the reference model, each
layer has a constant viscosity, with values of 10%° Pa - s, 10?* Pa - s, and 10?° Pa - s, for
the whole crust, mantle lithosphere, and sublithospheric mantle, respectively. Later models
examine variations in rheology, including a lower crustal viscosity, the inclusion of elasticity,

and laboratory-based crustal viscoplastic rheologies (table 6.3).
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Figure 6.2: (a) 2D cross-section of the modelling set up for the 3D models, along the plane
indicated in Figure 6.10. (b) Density structure. (c) Initial temperature conditions. (d) Reference
viscosity structure (black), crustal viscosity for model G3 (blue), and visco-plastic crustal rheology
for model G5 at a constant strain rate of 1x 10715 s=! (green), using wet quartzite (Gleason & Tullis,
1995) and dry Maryland diabase (Mackwell et al., 1998), for the upper and lower crust, respectively.
Plots in a, b, and ¢ show the non-perturbed initial structure at the sides of the instability. (Within
the perturbed region, the continental geotherm is stretched in the mantle lithosphere instability
keeping the LAB temperature constant)

Table 6.1: Material parameters for the models presented in this chapter.

Layer Reference (kg m™2) Viscosity (Pa-s) Heat (W kg ')
Density Production
Upper Crust 2800 1 x 10%° 3.57 x 10710
Lower Crust 2900 1 x 10%° 1.38 x 10710
Mantle lithosphere 3300 1 x 10% 0.0
Sub-lithospheric Mantle 3250 1 x 10% 0.0
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Table 6.2: Common parameters used for all models.

Parameter Value Units
Specific heat (C)) 1250 J kg7t K1
Thermal conductivity (k) 2.25 Wm=t K-t
Thermal expansion coefficient () 3.5 x 107° K!
Adiabatic gradient 0.4 K km™!
Adiabatic temperature potential 1573 K

The density is temperature-dependent and uses a thermal expansion coefficient of 3.5 x
107° % The reference densities of the upper crust, lower crust, mantle lithosphere, and sub-
lithospheric mantle are 2800 kg/m?, 2900 kg/m?, 3300 kg/m? and 3250 kg/m?, respectively.
In contrast with models in the previous chapters of this thesis, the mantle lithosphere in
these models has a higher reference density than the sublithospheric mantle, meaning that its
gravitational instability is not only produced by its cooler temperatures, but is also generated
by a compositional difference. This follows the approach used by Gogiis and Pysklywec
(2008). While the compositional density difference between the mantle lithosphere and the
rest of the upper mantle is a topic of discussion, its effect on drip dynamics is mostly important
for the timescales of the instability growth. The purpose of these models is not to explore
the timescales of lithosphere removal, but rather to study differences between 2D and 3D
drips and the characteristics of crustal deformation in 3D geometries. Therefore, the higher
reference density in the mantle lithosphere is used to promote lithosphere dripping and allow

the drips to occur within 5 Ma, which decreases the computation time.
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Table 6.3: List of models presented in this chapter with the corresponding parameter modifications
with respect to the reference (setup in Figure 6.2).

Model Parameter modification Figure No.

Reference 2D
G1 Reference setup in Figure 6.2 6.3a

Reference 3D
G2 As G1 but 3D setup as in Figure 6.1, with 6.3b
radial symmetry

3D Models

G3 As G2 but crustal viscosity of 1023 Pa - s 6.7a

G4 As G2 but with lithosphere elasticity with 6.7b
shear modulus of 10'°Pa

GbH As G2 but with viscoplastic® crustal rheologies 6.7c

Upper crust: wet quartzite (Gleason & Tullis, 1995)
Lower crust: dry Maryland diabase (Mackwell et al., 1998)
Friction Angle: 15° — 2°
Cohesion: 20 — 2 MPa
@ The crust has viscoplastic rheologies with strain weakening when plastic strain changes

from 0.5 to 1.5. This is applied by changing the friction angle and cohesion from 15°-2° and
20-2 MPa, respectively.

6.3 Results

6.3.1 2D vs. 3D Mantle Lithosphere Drips

This section compares 2D and 3D drips. Model G1 is the reference 2D model, which is
setup to match the structure through the centre of the 3D models (i.e., the y=400 km slice
in Figure 6.1a). Model G2 is the reference 3D model which has the full setup explained
previously (Figures 6.1, and 6.2), which includes a 3D gravitational instability with radial
symmetry. Both models use the same material parameters and boundary conditions.

Owing to the different model geometries, the 2D results are compared to a slice from the
3D models at y = 400 km (through the centre of the perturbation). The surface topography
and heat flow are directly extracted from the 3D model along the top of this slice. The

114



Bouguer gravity anomaly from the 3D models corresponds to the anomaly produced by the

2D density structure of the y = 400 km slice, to compare to the equivalent anomaly in the

2D model.
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Figure 6.3: Modelling results for (a) 2D model G1, and (b) 3D model G2, including snapshots
of density structures and profiles of surface topography (H), Bouguer gravity anomaly (Agp) and
surface heat flow (qp), at times before, during and after the main lithosphere removal episode. These
models compare the results between a 2D and 3D drip.

The model evolution is shown in Figures 6.3, and 6.4. In both models, the high-density
mantle lithosphere is gravitationally unstable and sinks in to the sublithospheric mantle.
The 3D drip is slightly faster. For example, at 1 Ma, the drip is at a depth of ~200 km

in the 3D model, compared to ~180 km in the 2D model. Because the model has constant
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viscosity materials, there is no drip detachment, and rather, the drip progressively sinks.
Once it reaches the bottom of the model domain, it spreads towards the sides (Figure 6.5).
As the drip sinks, some mantle lithosphere material is entrained from the sides and sinks at
the centre. The drip thickness is reduced in time as the amount of entrained lateral material

decreases.

The time evolution of surface observables of models G1 and G2 is shown in Figure 6.4.
As expected, the gravitationally unstable mantle lithosphere produces subsidence above the
drip and an increase in the Bouguer gravity anomaly, owing to the growing size of the high-
density drip. The 2D drip (model G1) produces significantly more subsidence (maximum of
1.79 km vs 1.21 km ), and a higher average subsidence rate (0.64 mm/yr vs 0.44 mm/yr).
This is also evident in the topographic profiles in Figure 6.3, which show that subsidence in
the centre is accompanied by uplift at the sides. This lateral uplift is larger in the 2D model
(e.g., ~0.6 km higher ridges at 2.5 Ma). In both models, there is subsidence until the drip
reaches the bottom boundary, and then there is uplift due to the relaxation of the downward
pull of the drip. Even though there is more subsidence in model G1, both models converge

to the same surface elevation in the centre (about -800 m) after the post-drip uplift phase.

Another important difference between models G1 and G2 is that the 3D drip is always
substantially thicker than the 2D drip (Figure 6.3). This is a consequence of the additional
mantle lithosphere material in the 3rd dimension, as the surrounding material in all directions
around the instability is entrained and pulled towards the drip. This likely contributed
to the enhanced sinking rate in the 3D model. This also results in a significantly higher
Bouguer gravity anomaly because of the accumulation of denser mantle lithosphere in the
central region. The 3D model has a maximum gravity anomaly of 4530 mGal, compared to a
maximum of +250 mGal in the 2D model. Also, the increase in the Bouguer gravity anomaly
persists for longer in the 3D model (G2) because at the end of the model run time (5 Ma)
the anomaly in model G2 is still higher than its initial value, while in the 2D model (G1),
the gravity anomaly descends below its initial value after only 2.9 Ma. Note that because
the gravity calculations presented correspond to the 2D anomaly of a slice in the 3D domain

of model G2 (at y = 400 km), the 3D gravity anomaly could be lower than reported.
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Figure 6.4: Time variation of surface observables averaged over a 50 km width centred over the
mantle lithosphere instability, comparing the observables produced using a 2D and a 3D model
geometry. (a) Surface topography. (b) Bouguer gravity anomaly (Agp). (c) Surface heat flow.
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Figure 6.5: Cross-section at y = 400 km of the reference 3D model (G2) showing the full density
structure at a model runtime of (a) 1 Ma, (b) 2.5 Ma, and (c) 4 Ma. Time (Ma) corresponds to the
modelled time from the beginning to the end of the simulation.

The general behaviour of surface heat flow is different from the models of previous chap-
ters. Models G1 and G2 show a fully viscous drip of the mantle lithosphere, where there
is no removal of crustal material and the sublithosphere mantle does not contact the crust.
Instead, the drip induces lithosphere thickening in the central region, leading to a decrease in
surface heat flow of about 9 Tn—vg in the first 2.5 Ma. However, as the tail of the drip and the
mantle lithosphere in the central region get thinner, the sublithosphere mantle rises at the

sides, and there is a progressive increase in surface heat flow. This behaviour is the same for
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both the 2D and 3D models, differing only in the magnitude of the final increase of surface

heat flow (an increase of about 2.4 “:n—‘év in model G1, and 1.2 TnVQV in model G2, locally on

top of the drip). The slightly lower value for the 3D model is produced because the drip is
consistently thicker. The surface heat flow profiles in Figure 6.3a exhibit sharp steps in the
sides and in the centre of model G1. These steps are a consequence of sharp deformation in

the elements due to numerical errors. This steps produce a small fluctuation in temperature

mW

and result in a minor alteration in surface heat flow (<2 ™3

) which is negligible and does

not produce any change in the dynamics of the model.
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Figure 6.6: Variation of surface observables with drip depth, averaged over a 50 km width centred
over the mantle lithosphere instability. The models presented show differences in the evolution of
surface expressions between equivalent 2D and 3D models. a) Drip depth with time. This compares
the instability growth between the models to identify if variations in the other observables are
caused by differences in the timing of the dynamics. b) Bouguer gravity anomaly (Agpg). ¢) Surface
topography. d) Surface heat flow.

Figure 6.6 shows the evolution of surface observables as a function of drip depth in order
to assess the effects of instability growth rates between 2D and 3D models. Figure 6.6a,
confirms that the 3D drip is slightly faster, and it reaches the bottom boundary about 0.2
Ma earlier than the drip in the 2D model. However, Figures 6.6b-d show that the surface

topography, gravity anomaly and surface heat flow exhibit significant differences when they
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are compared at same drip depths, demonstrating that the effect of the small change in

drip velocity is not the main reason for the varying surface expressions . The difference in

mW
m2

surface heat flow between the models is small (less than 1 ), as discussed above . In
contrast, there are significant differences in topography and the Bouguer gravity anomaly.
For instance, when the drip reaches the bottom boundary there is a difference in elevation and
gravity anomaly of 0.6 km and 370 mGal, respectively. These differences are a consequence
of the 3D geometry. The Bouguer gravity anomaly is higher because the 3D drip is thicker as
the amount of dense mantle lithosphere material is higher (in the central 2D slice at y = 400

km). The surface topography appears to be diminished in 3D because the drip is confined in

a narrow region while the 2D drip assumes no variations in the material model along strike.

6.3.2 Variations in Lithosphere Rheology in 3D Models

This section examines modifications to the crustal rheology for the 3D model. Models G3, G4
and G5 have the same setup as the reference (model G2) with the parameter modifications
indicated in table 6.3. In model G3, the crustal viscosity is reduced in 2 orders of magnitude
(10%* Pa - s). Model G4 includes lithosphere elasticity (including the crust and mantle
lithosphere), with a shear modulus of 101° Pa, following the formulation described in section
2.3.3. Because the relaxation time in Model G4 is about 32 Ma (crustal viscosity of 10%°
Pa-s and shear modulus of 10'° Pa), which is large compared to the time scales of the model
and the modelling elastic timestep (~ 1072 Ma), the effective elastic viscosity is lower than
the actual viscosity in almost 2 orders of magnitude (~ 3.1 x 10%* Pa-s) (following equation
2.12). Model G5 uses a viscoplastic rheology in the crust, where the viscous rheologies
follow the formulation described in section 2.3.1. These use the non-linear and temperature-
dependent viscous rheologies of wet quartzite (Gleason & Tullis, 1995) and dry Maryland
diabase (Mackwell et al., 1998) for the upper and lower crust, respectively. In this model
plasticity is modelled using the Drucker Prager yield criterion which is described in section
2.3.2.

In all models , the gravitational instability of the mantle lithosphere grows into a wide drip
that descends at approximately the same rate (Figure 6.7). Figure 6.8 shows the temporal

variation in surface observables for models G3, G4, and G5. All models show subsidence above
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the drip, followed by uplift starting when the drip reaches the bottom boundary because there
is relaxation of the drip-induced stresses. The final elevation in all the models is about -1
km. In addition, all models show an increase in Bouguer gravity anomaly, and a decrease in
surface heat flow during the drip. The evolution of surface observables with drip depth is
shown in Figure 6.9, in order to identify possible differences in the general behaviour before
the time when the drip reaches the bottom. All models have a similar dripping rate (Figure

6.9a), but there are important differences in the surface observables, as discussed below.
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Figure 6.7: Modelling results for (a) model G3, (b) model G4, and (c¢) model G5, including
snapshots of density structures and profiles of surface topography (H), Bouguer gravity anomaly
(Agp) and surface heat flow (qp), at times before, during and after the main lithosphere removal
episode. Set G examines the behaviour of 3D lithosphere drips with different rheologies.

Model G3 uses a lower viscosity crust (10** Pa s vs. 10%Pa-s in the reference model).

The reduction in crustal viscosity produces significantly more subsidence above the drip,
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resulting in a minimum elevation of -3.6 km (2.25 km lower than the reference). However,
because the crust is weaker the lithospheric drip produces crustal contraction and thickening
(~5 km increase) and there is surface uplift induced by the isostatic response. Reduction of
crustal viscosity also results in a lower Bouguer gravity anomaly (60-65 mGal lower after 3

Ma) (Figure 6.8b), which is also a consequence of the crustal contraction and thickening. The

crustal thickening also affects the surface heat flow, which decreases to 33 ’Zg’ during the
initial drip event. However, in the later stages of the model (after the drip reaches 400 km
depth), the surface heat flow starts to increase, reaching 43 ’;—VQV This is likely a consequence
of radiogenic heating within the thickened crustal layer, with a more abrupt increase after

the drip reaches the bottom of the model.
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Figure 6.8: Time variation of surface observables averaged over a 50 km width centred over the
mantle lithosphere instability, exploring the effect of crustal viscosity, elasticity and plasticity on
surface expressions. (a) Surface topography. (b) Bouguer gravity anomaly (Agg). (c) Surface heat
flow. Time (Ma) corresponds to the modelled time from the beginning to the end of the simulation.

Model G4 includes elasticity for all lithosphere materials. It exhibits slightly more subsi-
dence than the reference model (the minimum elevation is 0.4 km lower). This is consistent
with the behaviour reported by Kaus and Becker (2007) for 2D drip models with elasticity.
The inclusion of elasticity produces no significant differences in the Bouguer gravity anomaly
or surface heat flow compared to the reference model and has only a minor effect on the
model results. The overall trends in surface observables are similar to those produced by the
decrease in crustal viscosity (as in model G3) but with a lower magnitude. In the elastic

model, the crust is weakened (the effective viscosity is lower than the actual viscosity, equa-
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tion 2.12) and thus, crustal deformation is promoted. However, the elastic force tends to
reverse deformation, producing an opposite effect. Consequently, the net effect of elasticity

is analogous to a small weakening of the lithosphere.
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Figure 6.9: Variation of surface observables with drip depth, averaged over a 50 km width centred
over the mantle lithosphere instability. The models included show the effect of viscous, elastic
and plastic lithosphere deformation in 3D models. a) Drip depth with time. This compares the
instability growth velocity between the models to identify if variations in the other observables is
caused by alterations in the timing of the dynamics. b) Bouguer gravity anomaly (Agpg). ¢) Surface
topography d) Surface heat flow.

Model G5 uses a viscoplastic rheology in the crust, and constant viscosities in the mantle
lithosphere and sublithospheric mantle. Because the resultant effective viscosity in the crust
of this model is close to the viscosity in model G3 (i.e., 10%* Pa-s) (Figure 6.2d), the general
behaviour of the surface observables of topography, Bouguer gravity anomaly and surface
heat flow resembles the behaviour in model G3. The main differences are that in model G5
there is less surface subsidence associated to the drip resulting in a minimum elevation of
-3.3 km (0.3 km higher than in G5), and that there is not significant crustal thickening. The
reason for these differences is that the viscosity of the lower crust in model G5 is higher than

in model G3, resulting from the viscous rheology of dry Maryland diabase (Mackwell et al.,
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1998) and the plastic yielding criterion. Figures 6.9b-d show that compared to the results of
model G3, the latter also results in a higher Bouguer gravity anomaly (e.g., ~35 mGal higher
when the drip reaches the bottom), absence of uplift before the drip reaches the bottom, and
a higher surface heat flow by less than 2 7:1—127 Even though model G5 accounts for plasticity
and strain is focused on the weaker shallow crust, there is not observable brittle deformation

in the model surface.

6.4 Discussion

The models in this chapter show that a 3D lithosphere drip descends more quickly than a 2D
drip (full descent occurs between 0.1 to 0.2 Ma earlier) and the drip itself is wider because
material can be pulled to the centre from all radial directions, rather than limited to a 2D
plane. The difference in decent speed is caused by the additional negative buoyancy in the
3D drips as more mantle lithosphere material is pulled to the central region. Also, in a 3D
geometry there is less resistance to the mantle lithosphere decent because the drip is localized
while in 2D there is an infinitely long mantle lithosphere sheet (along 1 dimension) which
lies perpendicularly to the descent direction.

This leads to differences in the surface expressions, where 3D drips produce reduced
subsidence and higher 2D Bouguer gravity anomalies (in a single 2D cross-section). While
the difference in the gravity anomaly along a 2D section is caused by the width of the drip (i.e.,
amount of dense mantle lithosphere material dripping), 3D drips produce less topographic
deflections because they occur in a localized region and therefore the downward vertical
stresses are largest right on top of the drip but decrease radially.

The weak crust in Model G3 shows that the crustal viscosity significantly affects the
topographic evolution because there is significant uplift before the drip reaches the bottom
(Figure 6.9¢ after a drip depth of 400 km). Whereas models G2, G4, and G5 exhibit no
significant change in the thickness of the crust, the weaker crust in model G3 undergoes
deformation and thickens by up to 4 km. The thickening of the low-density crust appears
to be the main cause of the observed uplift; there may also be an additional contribution

from relaxation of the downward pull of the drip once the drip reached the deep mantle. The
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crustal thickening is consistent with the results reported by Neil and Houseman (1999) for

models with a weak crust.

Model G4 shows that the inclusion of elasticity has only a minor effect on the model
evolution. Because the relaxation time for model G4 is of about 32 Ma and the elastic
modelling timestep is of about 1072 Ma, the crustal elastic effective viscosity is close to
3x10% Pa-s (equation 2.12), which is very similar to the crustal viscosity in model G3
(10%® Pa-s). However, the evolution of surface observables of model G4 resembles more the
evolution of model G2, which has a higher viscosity by almost 2 orders of magnitude. This
shows that the contribution of elastic strength is very significant and can restrict deformation

considerably even if the rheology of the lithosphere is relatively weak.

The behaviour of surface observables in model G5 is very similar to the behaviour in
model G3 because the crustal viscoplastic rheologies (in model G5) result in an effective
viscosity that is close to the constant viscosity of model G3 (10** Pa-s). However, since the
lower crust in model G5 is stronger and strain is focused in weak (and shallow) regions, there
is not significant crustal thickening. Results suggest that the strain induced by a lithosphere
removal episode is not sufficient to produce brittle deformation in the shallow crust. These
results are significantly influenced by the plastic parameters (i.e., friction angle, cohesion,
strain weakening) used in the model. Thus, further work is required to understand the

extent of brittle deformation associated to lithosphere removal in a 3D model geometry.

The main motivation for the models in this chapter is to explore whether 3D effects
may be important for the SNSM region. The implications of the Bouguer gravity anomaly
comparisons between 2D and 3D models are not clear. On one hand, if the amount of mantle
lithosphere material pulled is larger (as suggested in a 3D geometry), the Bouguer gravity
anomaly produced by the drip could be higher (closer to the observations). On the other
hand, since in a 3D geometry the drip is confined and localized, the full 3D Bouguer gravity
anomaly could be lower than the estimated in calculations using a 2D section. Future work
is necessary to quantify the Bouguer gravity anomaly magnitudes associated to lithosphere
removal in a 3D geometry. Model G3 shows that drips can induce crustal contraction and
thickening, resulting in surface uplift above a drip. This may have important implications for

the SNSM, where high topography is observed. Further, as the crust thickens, the deep part
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of the crust may undergo eclogitization. This would enhance the removal process, resulting
in a thin crust and lithosphere, as seen in the models in Chapter 5. This would depend on the
trade off produced by crustal thickening between uplift and the Bouguer gravity anomaly. For
instance, even if crustal thickening results in uplift, if the crustal root is not fully eclogitized
and removed, it would result in a decrease in the Bouguer gravity anomaly. Additionally,
model G2 shows that in a 3D geometry there is less drip-induced subsidence and a lower
subsidence rate because drips are confined in a localized and narrow region. This may also
be important for the SNSM because slower subsidence after removal would facilitate the
coexistence between a high Bouguer gravity anomaly and high elevations. Future 3D models
should examine a wider range of crustal viscosities and densities, including the effects of

eclogitization and an initial thickening of the crust in the perturbed region.

6.5 Summary and Conclusions

The models presented in this chapter explore the effects of lithosphere drips in 3D, and
the associated surface topography, Bouguer gravity anomaly and surface heat flow. By
comparison with an equivalent 2D model, it is possible to distinguish effects that are directly
produced by the change in modelling geometry from indirect effects resulting from different
growth rates of the convective instabilities. Additionally, the set of 3D models (G3, G4 and
Gb5) shows how the rheology of the crust alter the surface observables in 3D. These provide
valuable insights into the interpretation of geological/geophysical observations in regions
where a localized drip (with approximately radial symmetry) has been proposed, such as
the elevated region of the SNSM, or even topographic depressions, such as the Arizaro and

Congo basins. The main conclusions are:

e For the parameters considered in these models, the rate of growth of a mantle litho-
sphere instability is slightly larger in a 3D model compared to a 2D model (full descent
occurs between 0.1 and 0.2 Ma earlier). The 3D drip is considerably thicker as it can
draw in material in the radial directions. Within a 2D plane, this results in a signifi-
cantly higher Bouguer gravity anomaly (280 mGal higher, or increased by 112%), due

to the accumulation of more dense mantle lithosphere material in the central region.
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Also, in the 3D model, the downward stresses from the drip are localized in the centre
but decrease in all directions. This results in a lower amount of subsidence above the

drip (there is 0.5 km of less subsidence, or it is reduced by 66%).

When crustal viscosity is reduced in 2 orders of magnitude, maximum subsidence in-
creases by 2.25 km, the maximum Bouguer gravity anomaly is 63 mGal lower, surface
heat flow is 10 ”;L—VQV lower. These differences are primarily because the vertical stresses
from the drip create contraction and thickening of the overlying crust (up to 4 km).
The progressive crustal thickening triggers an isostatic response which results in uplift
prior to the relaxation of the downward stresses of the drip (which occurs when the
drip reaches the bottom boundary). In this case, the isostatic response is not enough to
fully invert the low elevation region to produce a mountain, but future work to explore

the full range of topographic expressions in 3D is recommended.

The general effect of elasticity is equivalent to a weakening of the lithosphere, as elas-
ticity results in a reduced effective viscosity. However, elastic stresses also provide
additional support to limit topographic changes. As a result, the inclusion of elasticity
allows for 0.4 km more subsidence, but only minor changes in Bouguer gravity anomaly

and surface heat flow.

The use of viscoplastic rheologies in the crust results in a lower effective viscosity com-
pared to the reference model (G2). Hence, the general behaviour of surface observables
is analogue to the behaviour when crustal viscosity is lower, but with no significant
crustal thickening due to the strong lower crustal rheology. This is, more surface subsi-
dence (minimum elevation of ~3.3 km), slightly lower Bouguer gravity anomaly (about
10 mGal lower than the reference), and a lower surface heat flow (minimum value of
~35 Tn—‘g/) In the model presented drip dynamics is not sufficient to produce significant

brittle shallow deformation.

Because 3D drips tend to produce less subsidence and can allow for syn-drip uplift if the
crust is weak, future work should extend these models to assess the conditions needed

to explain the observations in the SNSM (e.g., high elevation of 4 to 5 km and a gravity
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anomaly above +130 mGal). The 3D models show that the surface subsidence rate is
lower above a 3D drip and the high gravity anomalies persist for longer. Overall, the
3D models suggest that a drip can have an observable effect on the Earth’s surface and
provide additional support for the hypothesis that the SNSM may be associated with

a gravitational removal event.
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Chapter 7: Conclusions

7.1 Concluding Remarks

Gravitational removal of the deep lithosphere has been proposed to have occurred in a num-
ber of regions, including the Sierra Nevada California, the Altiplano-Puna Plateau and the
Western Canadian Cordillera (e.g., Bao et al., 2014; Beck and Zandt, 2002; Saleeby et al.,
2012). Early studies provided analytical solutions for gravitational instabilities using Earth-
like parameters showing that lithosphere removal is expected due to the thermal structure of
the Earth, whereby the cool mantle lithosphere temperatures result in a higher density than
the underlying mantle (e.g., Houseman et al., 1981). More recent studies show that removal
can also be induced if the lower crust has a high density due to the presence of eclogite (e.g.,
Jull and Kelemen, 2001). Lithosphere removal is characterized by a coupled interaction be-
tween the lithosphere and the upper mantle, and it is considered to produce observable effects
on the Earth’s surface. However, it is challenging to obtain physical evidence for this pro-
cess because most of the deformation occurs at depth. Hence, current studies of lithosphere
removal commonly use evidence from indirect geophysical measurements and geodynamic nu-
merical models, instead of traditional geological approaches. The use of models presents the
challenge of defining simplified, but geologically reasonable, modelling scenarios that capture
the underlying physics, using multiple parameters which are often poorly constrained.

This thesis addresses the hypothesis that a lithosphere removal event occurred in north-
ern Colombia, South America, and that this is responsible for the current surface expressions
in the Sierra de Nevada Santa Marta (SMSM). The SNSM is an unusual triangular-shaped
region of high topography, which exhibits surface elevations of up to 5.7 km and a posi-

tive Bouguer gravity anomaly above +130 mGal. The SNSM is separated from the Andes
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Cordillera, it is surrounded by large faults and is constituted by multiple igneous bodies that
record previous continental magmatism (e.g., Cardona et al., 2010; Duque-Trujillo et al.,
2019; Ramirez et al., 2020). As well, this region has been affected by the diachronous colli-
sion of the Caribbean plate with north-western South America, and its history is part of the
complex tectonic evolution in the Caribbean (e.g., Bayona et al., 2011; Spikings et al., 2015).
Despite numerous studies to understand the tectonics, magmatic episodes, and the associ-
ated styles of deformation (e.g., Cardona et al., 2010; Cardona et al., 2011a; Cardona et al.,
2011b; Duque-Trujillo et al., 2019; Montes et al., 2010; Ramirez et al., 2020; Villagémez

et al., 2011), the origin of the SNSM remains enigmatic.

This work uses numerical models to examine the dynamics of lithosphere removal and the
associated surface expressions. It includes a set of careful and exhaustive parameter tests used
to formulate suitable models of lithosphere removal for the SNSM region. This constitutes a
systematic study of both the numerical-computational and geological-physical implications
of lithosphere removal. In both cases, results in this work provide general insights that are

valuable for geosciences, geodynamic modelling, studies of lithosphere removal, and the study

of the SNSM.

The models show that lithosphere and upper mantle dynamics during lithosphere removal
are strongly affected by the rheological structure, clearly affecting the deformation timescales
(which tend to be longer with stronger rheologies and vice-versa) and the magnitudes of sur-
face expressions (e.g., surface topography, Bouguer gravity anomaly, and surface heat flow).
Moreover, different rheological structures can produce different dynamics, such as lithosphere
dripping or delamination (e.g., delamination is induced with weak lower crustal rheologies
and creates removal over a wider area). Consequently, the models presented are applicable
to multiple geologic settings. The dynamics are also dramatically affected if the material
models account for plasticity and elasticity, in addition to viscous flows. Plasticity (i.e.,
frictional-plastic deformation) produces substantial shallow deformation and a reduction of
drip-induced surface uplift, whereas elasticity can weaken the crust, producing simultaneous
elastic support and accounting for reversible deformation. Hence, the use of full viscoplastic
or viscoelastoplastic material models is crucial to produce realistic predictions of the surface

expressions of lithosphere removal.
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On the basis of the models in this thesis, it is concluded that lithosphere removal in the
SNSM region is a feasible explanation for the topography and Bouguer gravity observations.
The preferred 2D model shows that lithosphere dripping, induced by both an eclogitized lower
crust and a mantle lithosphere perturbation, can occur on timescales of 25 Ma. This results
in full crustal root removal and the development of a high-elevation mountain region (~3.3
km elevation) with a positive Bouguer gravity anomaly (~100 mGal). The conditions of the
preferred model show that a rheologically strong lower crust provides more support for the
load of the topographies and that a locally wet (and rheologically weaker) mantle lithosphere
reduces the dripping timescales such that there is less subsidence at the time of full crustal
root removal. The latter rheological configuration is compatible with the observations in the
SNSM because it facilitates the coexistence of a high Bouguer gravity anomaly and a high
topography. An important result from the models is that the high elevation is supported
by non-isostatic forces, including mantle upwelling and lateral lithosphere strength. On
the other hand, 3D models show that a radially symmetric drip is wider and descends at a
slightly higher speed. This can produce up to 66% less subsidence, compared to an equivalent
2D drip, suggesting that the topography in the 2D models of Chapter 5 could be closer to
the observations (>5 km) if the models are extended to 3D. These model predictions are
compatible with observations from the SNSM. Using the 2D numerical models, it is proposed
that a removal event occurred either in the Eocene (~40 Ma ago) or in the last 2 Ma. The
recent event is the preferred time because the preferred 2D models suggest that lithosphere
removal produces a short-lived peak in the Bouguer gravity anomaly with values around

+100 mGal, which last for ~1.5-2 Ma.

This thesis presents the first detailed numerical models of the geodynamics in northern
Colombia, the Caribbean, and the SNSM. The models focus on continental lithosphere dy-
namics, exploring lithosphere removal as a possible explanation for the SNSM. The models
provide quantitative predictions of seismic wave velocities and melt production patterns, in
addition to the surface topography, Bouguer gravity anomaly, and surface heat flow. These
predictions provide valuable constraints for the evolution of the SNSM and its surrounding
basins, which can be applied to hydrocarbon exploration/modelling (e.g., thermal structure,

stress variations). As well, the models show that lithosphere removal may induce deforma-
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tion within the crust. Future geological and geophysical studies can use these predictions
to further examine the possibility of lithosphere removal in the SNSM and place stronger

constraints on its timing and spatial extent.
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7.2 Future Work

An important limitation in the 2D models of the SNSM (chapter 5) is the absence of elastic
behaviour in the numerical formulation. This is important because the high elastic thick-
ness and relatively narrow width of the massif mean that elastic stresses may contribute
significantly to the support of the mountain. The 3D models of simple drips using elasticity
(chapter 6) suggest that the inclusion of elasticity is equivalent to a slight weakening of the
lithosphere, it is still necessary to better quantify its effect for the scenario of complete re-
moval of a crustal root. One possibility is that the elastic strength of the crust could provide
additional support to maintain the high topography of the mountain, even in the absence of
a thick crustal root. If elastic support is sufficient to hold the load of the massif, the mantle
dynamics can possibly result in post-removal uplift. In this case, lithosphere removal could
potentially explain the recent uplift episode (in the last 2 Ma) suggested by Villagémez et al.
(2011).

It should also be noted that the approach for lower crustal eclogitization in the 2D models
(Chapters 4 and 5) is simplified. It assumes that there is enough hydration in the crustal
root to induce a rapid phase change compared to the timescales of the models. Crustal root
densification is a complex process, and there is little constrain on its rate due to its dependence
on water content and rock composition (e.g., Ahrens and Schubert, 1975; Austrheim et al.,
1997). Therefore, the time required for eclogitization and complete crustal root removal
is uncertain, but the models show that this process is an important driver of lithosphere

removal.

The models in this thesis focus on the dynamics of the continental lithosphere, assuming
an initial lithosphere structure in the region of the mountain prior to the onset of lithosphere
removal, including the amplitude of the crustal root and initial topography. Models in Chap-
ter 5 show that when the crust is initially thicker, lithosphere removal is faster, subsidence
rates are larger, and post-drip equilibration gravity anomalies are lower. The initial structure
in the SNSM region is uncertain, but more detailed geological studies, as well as the temporal
changes in the surface topography and magmatism may provide constraints for future models.

As well, future models should address the effects of interactions between the Caribbean Plate
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and South America in more detail. Convergence between the two plates throughout the Late
Cretaceous — Early Paleogene may have created compression and shortening in the region of
the SNSM, and present-day subduction of the Caribbean Plate may affect the dynamics of
the lithosphere drip.

Another important limitation is the 2D nature of the SNSM models in Chapters 4 and 5.
The SNSM mountain region has an approximately radial symmetry and ideally, it should be
studied in a 3D geometry. Models in chapter 6 show that simple 3D drips tend to produce
significantly less subsidence, lower subsidence rates, and higher Bouguer gravity anomalies,
with smaller differences in instability growth rate and dripping timescales. Future work
should verify if the latter holds for more complex 3D models of the SNSM that include fully
visco-elasto-plastic rheologies and crustal root eclogitization. This is important because the
combination of geologically-realistic rheologies and 3D effects can potentially facilitate the
coexistence of high Bouguer gravity anomalies, elevated regions, and high surface heat flow,

such as in the region of the SNSM.
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A Tests of Advection Mechanisms

Al. Model Results

This section includes the results of models N4 and N5 which are supplementary models for
set N in chapter 3, testing the effect of the numerical advection mechanism with a higher
crustal viscosity (Nerust = 10%° Pa-s). Model N4 (Figure Ala) uses compositional fields in
ASPECT, and model N5 (Figure A1b) uses active particles in ASPECT.
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Figure A1: Model results for preliminary drips with high crustal viscosity (10%°Pa - s) using (a)
the solution of the advection equation over compositional fields in the ASPECT code (model N4),
and (b) the active particles advection method in the ASPECT code (model N5). Plots for each
model include profiles of surface elevation (top plot), Bouguer gravity anomaly Agp (second plot),
and cross-sections of density structure (lower three plots), at 4, 8 and 12 Ma, showing the evolution
of the drip. The surface in (b) is fixed because the use of a free surface with active particles is not
supported in ASPECTv2.2.0. so the top boundary has free slip conditions.

146



A2. Surface Observables

This section shows the evolution of surface observables of elevation and Bouguer gravity

anomaly (Agp) for models N4 and N5 (Figure A2).
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Figure A2: Time variation of surface observables, averaged over a 100 km width above the pertur-
bation for models N4 and N5 including (a) surface elevation (H), and (b) Bouguer gravity anomaly
(Agp). Topography is not reported for model N5 because the use of a free surface with active
particles is not supported in ASPECTv2.2.0.
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B Model Plots for Set F

This section includes individual model Figures for modelling set F (discussed in section
5.3.9). It consists of a group of models that systematically test the effects of variations in

initial crustal thickness and lateral compression rates.

B1l. No Lateral Compression

Models in Figure B1 show the effect of crustal root thickness (R) when there is no lateral

compression.
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Figure B1: Modelling results for (a) model F1 (R = 20 km), (b) model E2 (R = 30 km) (As a
reference) and (c) model F2 (R = 40 km), including snapshots of density structures and profiles of
surface elevation (H), Bouguer gravity anomaly (Agp) and surface heat flow (qp), at times before,
during and after the main lithosphere removal episode. These models explore the effect of different
crustal root amplitudes (R) when there is no lateral compression.
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B2. Lateral Compression at 0.5 mm/yr

Models in Figure B2 show the effect of crustal root thickness (R) with a lateral compression

rate of 0.5 mm/yr.
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Figure B2: Modelling results for (a) model F3 (R = 20 km), (b) model F4 (R = 30 km) and (c)
model F5 (R = 40 km), including snapshots of density structures and profiles of surface elevation
(H), Bouguer gravity anomaly (Agp) and surface heat flow (qp), at times before, during and after
the main lithosphere removal episode. These models explore the effect of different crustal root
amplitudes (R) when the lateral compression rate is of 0.5mm/yr.
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B3. Lateral Compression at 1.0 mm/yr

Models in Figure B3 show the effect of crustal root thickness (R) with a lateral compression

rate of 1.0 mm/yr.
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Figure B3: Modelling results for (a) model F6 (R = 20 km), (b) model F7 (R = 30 km) and (c)
model F8 (R = 40 km), including snapshots of density structures and profiles of surface elevation
(H), Bouguer gravity anomaly (Agp) and surface heat flow (qo), at times before, during and after
the main lithosphere removal episode. These models explore the effect of different crustal root
amplitudes (R) when the lateral compression rate is of 1.0mm/yr.
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B4. Lateral Compression at 1.5 mm/yr

Models in Figure B4 show the effect of crustal root thickness (R) with a lateral compression

rate of 1.5 mm/yr.
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Figure B4: Modelling results for (a) model F9 (R = 20 km), (b) model F10 (R = 30 km) and (c)
model F11 (R = 40 km), including snapshots of density structures and profiles of surface elevation
(H), Bouguer gravity anomaly (Agp) and surface heat flow (qp), at times before, during and after
the main lithosphere removal episode. These models explore the effect of different crustal root
amplitudes (R) when the lateral compression rate is of 1.5mm/yr.
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B5.

This section includes Figure B5, which shows the evolution of surface elevation, Bouguer

gravity anomaly (Agg), and surface heat flow for set F.
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Figure B5: Time variation of surface observables, averaged over a 50 km width centred in the
mountain, for modelling set F, testing lateral compression rates (v) and different crustal root am-
Results of model E2 are shown as a reference (black). (a,d,g,j) Surface elevation.
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