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[1] One of the major issues of the evolution of continental lithospheres is the detachment of the lithospheric
mantle that may occur under certain conditions and its impact on the surface. In order to investigate the
dynamics of continental delamination, we performed a parametric study using physically scaled laboratory
models. The adopted setup is composed of a three-layers visco-elastic body (analog for upper crust, lower
crust, lithospheric mantle) locally thickened/thinned to simulate a density anomaly (lithospheric root) and
an adjacent weak zone, lying on a low viscosity material simulating the asthenosphere. The results empha-
size the interplay between mantle flow, deformation, surface topography and plate motion during a three-
phases process: (1) a slow initiation phase controlled by coupling and bending associated with contraction
and dynamic subsidence, (2) lateral propagation of the delamination alongside with extension and a com-
plex topographic signal controlled by coupling and buoyancy, while poloidal mantle flow develops around
the tip of the delaminating lithospheric mantle, and (3) a late phase characterized by a counterflow that trig-
gers retroward motion of the whole model. A semiquantitative study allows us to determine empirically
two parameters: (1) an initiation parameter that constrains the propensity of the delamination to occur
and correlates with the duration of the first stage, (2) a buoyancy parameter characterizing the delamination
velocity during late stages and therefore its propensity to cease. Finally, we point out similarities and dif-
ferences with the Sierra Nevada (California, USA) in terms of topography, deformation and timing of
delamination.
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1. Introduction

[2] Continental delamination is presently one of the
most discussed geodynamic processes due to its
significant impact on the long-term behavior of the
continental lithosphere. The concept of continental
delamination was first introduced by Bird [1978,
1979], who proposed the hypothesis that along a
tectonically stable area, the dense lithospheric man-
tle could peel away from the crust and sink into the
asthenosphere. Delamination is permitted as soon as
any process provides an elongated conduit connect-
ing the underlying asthenosphere with the base of the
continental crust. The delaminated mantle part of the
lithosphere peels away as a coherent slice, without
necessarily undergoing major internal deformation,
and is replaced by buoyant asthenosphere. To avoid
ambiguity, the term ‘delamination’ is used here to
indicate the process that causes the asthenosphere to
come into direct contact with the crust, and the hinge
of delamination, where the lithosphere peels off the
overlying crust, to migrate laterally. Others pro-
cesses able to remove a part of the lithosphere such
as convective removal of the lithospheric mantle
developing from Rayleigh-Taylor instabilities [e.g.,
Houseman et al., 1981; England and Houseman,
1989] are not considered here.

[3] Delamination has often been proposed to
explain different observations such as regional
uplift associated with alkaline volcanism, anoma-
lously high heat flow and change of stress field
toward extension in various geodynamic contexts:
either near a plate boundary (western Mediterra-
nean [Channell and Mareschal, 1989]; Alboran sea
[Seber et al., 1996; Calvert et al., 2000; Valera
et al., 2008]); for intracontinental zones (Variscan
belt [Arnold et al., 2001]; Sierra Nevada in California
[Ducea and Saleeby, 1998; Zandt et al., 2004; Le
Pourhiet et al., 2006]); plateau interiors (Tibet
[Bird, 1978]; Anatolia [Gdgiis and Pysklywec,
2008a]; Colorado [Bird, 1979; Lastowka et al.,
2001; Levander et al., 2011]); or in more complex
areas exhibiting unusual intermediate depth seis-
micity (East Carpathians [Girbacea and Frisch,
1998; Knapp et al., 2005; Fillerup et al., 2010]).

[4] In spite of the popularity of continental delam-
ination, its basic aspects remain poorly studied. For
one part because most observables possibly indi-
cating ongoing delamination are indirect ones
(tomography, seismicity) [Levander et al., 2011],
and some surface features (tectonic, volcanism,
topography) could be interpreted as subduction-
related signals (i.e., slab roll-back, slab break-off).
Moreover, few physical-numerical models have
been developed [e.g., Schott and Schmeling, 1998;
Morency and Doin, 2004; Go6giis and Pysklywec,
2008b; Valera et al., 2008, 2011; Faccenda et al.,
2009]. Although these models successfully capture
the main features of delamination, they have to deal
with difficulties such as numerical instabilities
associated with fast deforming bodies and with
strong lateral contrasts of viscosity. Unlike sub-
duction, which has been investigated by numerous
laboratory studies over the last two decades [e.g.,
Jacoby, 1980; Kincaid and Olson, 1987; Griffiths
et al., 1995; Guillou-Frottier et al., 1995; Faccenna
et al., 1996, 1999; Funiciello et al., 2003, 2004,
2008; Schellart, 2004], or convective removal
[Pysklywec and Cruden, 2004], very few attempts to
reproduce continental delamination with analog
models have been made [Chemenda et al., 2000;
Gogiis et al., 2011].

[5] The main purpose of this study is to investigate
the dynamics of continental delamination with lab-
oratory models exploring the influence of various
parameters (initial structure, rheological properties),
and the relationships between deep dynamics
(i.e., mantle circulation), surface deformation (i.e.,
deformation, isostatic reequilibration, dynamic
topography), and plate motion.

2. Experimental Setup

[6] Delamination is reproduced in the laboratory
using a thin sheet three-layers model (lithosphere),
lying on top of a low-viscosity glucose syrup sim-
ulating the asthenospheric mantle (Figure 1). From
top to bottom, the lithospheric sheet is composed of
(1) visco-elastic silicone putty simulating the upper
crust, (2) high-viscosity glucose syrup simulating
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Figure 1.

the viscous lower crust, (3) strong and dense visco-
elastic silicone, analog of the lithospheric mantle
(Table 1). The selected asthenospheric mantle is a
Newtonian fluid whose viscosity allows us to obtain
laminar flow in the limit of a small Reynolds number.

[7] The three-layered sheet is located in the center
of a large Plex1glas tank (75 x 25 x 25 cm’),
whose bottom mimics the 660 km discontinuity,
and is free to move in all directions (free boundary
conditions). The distance between the plate and box
sides is set large enough to minimize possible
boundary effects [Funiciello et al., 2006].

[8] This experimental setting is properly scaled for
normal gravity field to simulate the competition
between acting gravitational and viscous resistive
forces stored within the mantle and the lithosphere
[e.g., Weijermars and Schmeling, 1986; Davy and
Cobbold, 1991]. The density and the viscosity
ratios between the lithosphere and asthenosphere
range between 1.01 and 1.02 and 400 and 3000,
respectively. The length scale factor is fixed to

Table 1. Material Properties®

\ lithospheric root 0

10 20cm

z:x for the model = 3:1

lithospheric mantle
(stronger/denser silicone)

asthenosphere
(low-viscosity glucose syrup)

Experimental setup. Material properties are given in Table 1, and settings for each experiment in Table 3.

1.2 x 1077 so that 1 cm in the models corresponds
to 83 km in nature. Further details on experimental
parameters and scaling relationships can be found
in Table 2. The adopted setup implies the following
assumptions, and consequent limitations, that are
detailed in the work of Funiciello et al. [2003]: (1)
isothermal system, (2) constant viscosity and den-
sity over the depth of the individual layers, (3) lack
of global background mantle flow, (4) 660 km
discontinuity as an impermeable barrier. In contrast
with Gégiis et al. [2011], we do not impose any
convergence, nor manually trigger initiation of
delamination. Delamination is spontaneously
enhanced by the adopted ad hoc initial condition
which, in analogy with previous numerical models
[Schott and Schmeling, 1998; Valera et al., 2008,
2011], includes a zone of thicker lithospheric
mantle (orogenic root, 1.04 cm thick in the refer-
ence experiment) adjacent to a weak zone repre-
sented by an asthenospheric channel (absence of
lithospheric mantle; Figure 1). This configuration
enables the asthenosphere upwelling to replace the

Material

Density (kg m) Viscosity (Pa s7h

Silicone 4 (upper crust)

Silicone 7 (lithospheric mantle)

Silicone 2 (light lithospheric mantle)

Silicone 1 (very light lithospheric mantle)

Intermediate syrup (asthenosphere)

High viscosity syrup (lower crust)

Very high viscosity syrup (lower crust experiment DEL23)

1422 5.10*
1476 1.10°
1456 6.10*
1438 7.2 x 10*
1428 22
1442 168
1455 425

#Viscosities are given for room temperature (22°C) and an experimental strain rate of 10~ 2571 (scaled for nature).
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Table 2. Scaling of Parameters for the Reference Experiment

Parameter Nature Model
Gravitational acceleration (m s~2) 9.81 9.81
Thickness®
hy Continental lithosphere (m) 100000 0.012
Rsn Upper mantle asthenosphere (m) 660000 0.11
Density
01 Continental lithosphere (kg m®) 3200 1457
Pasth Upper mantle asthenosphere (kg m®) 3220 1428-1442
01! Pum Density ratio 0.99 1.02-1.01
Viscosity
7 Continental lithosphere (Pa s~!) 10% 7 x 10*
Nasth Upper mantle asthenosphere (Pa s_]) 10%! 22-168
N My Viscosity ratio 10° 4 % 10°-3 x 10°
Dimensionless Parameters Equivalence Model-Nature
° Characteristic time: 4.02 x 1072
(tmodcl/tnaturc) = (Apgh)lith naturc/ 1 1’ninmodcl —0.473 MYnaturc 1 hmodcl — 28.4
(Apgh)lith model X (771 model/ m nature) MYnature
e Characteristic velocity: 29829

(l]model/Unature) = tnature/tmodel X

Lmodel /Lnature

—1 —1
lIemh model —> 0.29 ecm y nature

3Scale factor for length Lyoder/Lnatare = 1.2 X 1077,

delaminated lithospheric mantle. A similar setting
has also been adopted in the numerical models of
Gagiis and Pysklywec [2008b], who considered a
flat geometry of the lithospheric mantle, but
imposed a local density increase of 100 kg m™>,
producing a negative buoyancy similar to our oro-
genic root. The presence of a local weakened zone
is fundamental to trigger delamination in nature.
This is usually explained as likely related to the
presence of free water, which would decrease the
pore pressure allowing a reduction in the brittle
strength [Schott and Schmeling, 1998], or thermally
active areas in response to active mantle upwelling.
This weak zone is spontaneously created only in the
model developed by Morency and Doin [2004]
where strong localized thinning of the lithospheric
mantle leads to the formation of an “asthenospheric
conduit.”

[v] Each model is monitored over its entire duration
using a sequence of digital pictures taken in lateral
and top views. We also record the evolution of the
surface topography with a 3D-laser scanner (Real
Scan USB) whose precision is 0.1 mm, corre-
sponding to 830 m in nature. The evolution of
delamination is monitored by Feature Tracking
(FT) image analysis technique on representative
experiments. In order to adopt the FT for our
models, the glucose syrup is previously seeded with
bright reflecting air micro-bubbles used as passive
tracers. These bubbles have a diameter less than

1 mm, and consequently its possible influence on
the density/viscosity is negligible. Images of the
micro-bubbles are recorded by a CCD camera, set
to acquire about 2 frames per second in lateral
view. FT algorithms provide sparse velocity vectors
with application points coincident with pixel lumi-
nosity intensity gradients characterizing the passive
tracers seeding the mantle. This technique permits
to obtain a Lagrangian description of the observed
velocity field, which is then used to reconstruct
instantaneous and time-averaged Eulerian velocity
maps (modulus, x-y components, streamlines)
through a resampling procedure [see Funiciello
et al., 2006, and references therein].

3. Experimental Results

[10] Our models were performed to provide new
insights into the mechanical/dynamic behavior of
the lithosphere in a delamination process. In par-
ticular, we intend to describe and quantify the spa-
tial and temporal evolution of the mantle circulation
induced by delamination and the related surface
response. Fourteen models out of 26 (Table 3) have
been selected to illustrate the influence of (1) plate
thickness, (2) plate viscosity, (3) plate density, (4)
presence/absence/size of the asthenospheric chan-
nel, (5) presence/absence/size of the lithospheric
root, (6) asthenosphere viscosity on the delamina-
tion process.
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Table 3. Experimental Parameters for Each Experiment®

Asthenospheric Orogenic Root
Experiment Plates (Size, Silicones) Channel Width (w) Width (W) Layers Thickness
DEL10 UC (sil. 4): 30 x 18 cm? 2 cm 3cm UC: 0.375 cm
LM (sil. 7): 30 x 14 cm? LC: 0.2 cm
LM: 0.78 cm
Root: 1.04 cm
DELI1 UC (sil. 4): 30 x 18 cm? 4cm 3 cm UC: 0.38 cm
LM (sil. 7): 30 x 14 cm? LC: 0.2 cm
LM: 0.665 cm
Root: 1.04 cm
DEL12 UC (sil. 4): 30 x 18 cm? 2 cm 3cm UC: 0.37 cm
LM (sil. 7): 30 x 14 cm? LC: 0.2 cm
LM: 0.775 cm
Root: 0.55 cm
DEL13 UC (sil. 4): 30 x 18 cm? 1cm 3cm UC: 0.325 cm
LM (sil. 7): 30 x 14 cm? LC: 0.2 cm
LM: 0.6 cm
Root: 1.025 cm
DEL14 UC (sil. 4): 30 x 18 cm? 2 cm 3 cm UC: 0.35 cm
LM (sil. 7): 30 x 14 cm? LC: 0.4 cm
LM: 0.65 cm
Root: 0.975 cm
DEL15 UC (sil. 4): 30 x 18 cm? 2 cm 1cm UC: 0.36 cm
LM (sil. 7): 30 x 14 cm? LC: 0.2 cm
LM: 0.675 cm
Root: 0.975 cm
DEL16 UC (sil. 4): 30 x 18 cm? 2 cm No orogenic UC: 0.275 cm
LM (sil. 7): 30 x 14 cm? root LC: 0.2 cm
LM: 0.65 cm
DEL17 UC (sil. 4): 30 x 18 cm? 2 cm No orogenic UC: 0.275 cm
LM (sil. 7): 30 x 14 cm? root LC: 0.2 cm
LM: 0.68 cm
DEL18 UC (sil. 4): 30 x 18 cm? 2 cm 3 cm UC: 0.35 cm
LM (sil. 1): 30 x 14 cm? LC: 0.2 cm
LM: 0.675 cm
Root: 1.0 cm
DEL19 UC (sil. 4): 30 x 18 cm? 2 cm 3 cm UC: 0.325 cm
LM (sil. 2): 30 x 14 cm? LC: 0.2 cm
LM: 0.725 cm
Root: 0.970 cm
DEL20 UC (sil. 4): 30 x 18 cm? 2 cm 3 cm UC: 0.340 cm
LM (sil. 7): 30 x 14 cm? LC: 0.2 cm
Asth.: high viscosity syrup LM: 0.720 cm
Root: 0.940 cm
DEL21 UC (sil. 4): 30 x 18 cm? No asthenospheric. No orogenic UC: 0.40 cm
LM (sil.7): 30 x 14 cm? channel root LC: 0.2 cm
LM: 0.730 cm
DEL22 UC (sil. 4): 30 x 18 cm? No asthenospheric. 3cm UC: 0.320 cm
LM (sil.7): 30 x 14 cm? channel LC: 0.2 cm
LM: 0.760 cm
Root: 0.950 cm
DEL23 UC (sil. 4): 30 x 18 cm? No asthenospheric. No orogenic UC: 0.325 cm
LM (sil.7): 30 x 14 cm? channel root LC: 0.2 cm very
high viscosity syrup
LM: 0.660 cm
DEL24 UC (sil. 4): 30 x 25 em? No asthenospheric. No orogenic UC: 0.350 cm
LM (sil.7): 30 x 24.5 cm? channel root LC: 0.2 cm
LM: 0.770 cm

2UC: upper crust; LC: lower crust; LM: lithospheric mantle; Asth.: asthenosphere. Values in bold italic are the parameters varying compared to
the reference case (DEL10). In a few experiments (DEL21, 22, 23), the lithospheric mantle tends to detach from the lower crust along the borders
parallel to the length of the model. This is due to the fact that in this area, the layer of lower crust is in contact with the asthenosphere, thus creating a
“false” asthenospheric channel. In experiment DEL24, the layer of silicone simulating the lithospheric mantle is larger avoiding the contact. In this
case, there is no delamination.
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Figure 2. Side view photos and surface topography for the reference experiment (DEL10) at three stages of the
delamination process: (a) 12 min 57s during initiation phase, (b) 44 min at the transition between main and final phase,
(¢) 59 min during final phase, with (d) corresponding cross-sections taken along the reference dotted blue line.
The high (red) circular zones are air bubbles trapped between the layers during the construction of the model. Later
experiments free of that experimental bias showed that it does not affect significantly the delamination process.

3.1. Evolution of the Reference Experiment
(DEL 10)

[11] All the performed experiments show a typical
sequence of deformation, starting from spontaneous
delamination to the arrival of lithospheric mantle to
the bottom of the box. In this section, we describe
the typical evolution of the delamination process as
recorded for the reference model DEL10. DEL10 is

characterized by thicknesses of 0.375 c¢cm, 0.2 cm
and 0.78 cm for the upper crust, the lower crust and
the lithospheric mantle, respectively. It includes a
zone of 1.04 cm thick lithospheric mantle simulat-
ing the orogenic root. The other parameters are
listed in Table 3. The proward direction is defined
as the direction of migration of the delamination
(toward the right in all the figures), and retroward
direction corresponds to the opposite sense (toward
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the part of the model that does not delaminate, i.e.,
left in the figures).

Mean Velocity
During Stokes’
Phase V'

3.1.1. Initiation of Delamination

[12] At the beginning of the experiment, the area
above the asthenospheric channel is 0.1 to 0.2 mm
higher than the unperturbed area due to the absence
of lithospheric mantle, and the area above the lith-
ospheric root is 0.3 mm lower (Figures 2a and 2d).
The edge of the unstable thickened lithospheric
mantle slowly starts to peel away from the overly-
ing lower crust alongside the length of the
asthenospheric channel and displaces underlying
mantle material proward (Figure 2a). The amount
of time necessary to initiate this process is 30 min
(corresponding to 14.2 My in nature) in the refer-
ence experiment (Table 4). Concurrently, the dif-
ference of pressure at the base of the sinking
lithospheric mantle and in the asthenospheric
channel produces a clockwise return flow that
injects asthenospheric material into the lower crust
toward the lithospheric root. This flow remains

Buoyancy
Parameter B

Initiation
Parameter /
(x1077 8" m™3) (x107 % m*s* kg™ (x10 7 ms)

Root Pull F,,,
(x107* N)

T % very modest during all the initiation with a maxi-
£& mum velocity of 3.6 cm h™' (Figure 3a). A small
gg amount of extension parallel to the direction of
QR delamination affects the area above the astheno-
spheric channel, while the rest of the model is

globally in contraction, which is stronger above the

/LE? lithospheric root (Figure 4a). The depression
e caused by the pull of the thickened lithospheric

* mantle progressively narrows and deepens up to
0.9 mm. As subsidence is deforming the model,

- two bulges due to bending form, one at each side of
g% the depression (i.e., each side of the lithospheric
2 A root). They are ca. 0.1 mm higher than the average
§ § elevation of the model (Figures 2a and 2d). Figure 5

shows the evolution of the elevation for the uplifted
bulge located above the asthenospheric channel,
and for the depression migrating with the delami-
nation hinge. Figure 6 shows the evolution of hor-
izontal velocity of both the dynamic depression,
that corresponds to the velocity of delamination (in
the plate reference frame), and of the whole model
(in a fixed external reference frame).

Duration of

Initiation ¢

Detachment by
setup bias

No asthenospheric  No delamination
“Durations of characteristic phases are given in minutes with the corresponding scaled time for nature (in My). Main phase is defined as the time span between the end of initiation and the onset of retroward

motion of the plate, the final phase from this change in kinematics until the DLM touches the bottom of the box. w,. is the width of the asthenospheric channel at the transition between main and final phase. For

experiments DEL16 and DEL17, in the absence of lithospheric root, the shape of the delamination hinge is highly sinuous, with very variable velocities of delamination along the width of the model.

= 2 g
S 5 28 g 3.1.2. Main Phase of Delamination
w22l 28837 2eg
= g 5E| 252 5 2 58 [13] Once the lithospheric mantle decouples from
é S5 8| €8 %5 5 £S5 the crust, the hinge of the delamination migrates
S| & T|SGEEECSES progressively proward and the dip of the delami-
S “ nated lithospheric mantle (DLM) increases
< 5| . < (Figure 3b). As the DLM rolls back in the proward
© g E E direction, the poloidal clockwise flow centered
o .
E &/ A beneath the tip of the slab enhances the ascent of
4]
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Figure 3. Velocity field (lateral view) for experiment DEL10 at four different stages of the delamination: (a) 30 min
just after initiation, (b) 39 min at the end of the main phase of delamination, (c) 44 min at the change in dynamic with
strong increase in retroward motion of the model, and (d) 59 min during the last phase of delamination, just before
the DLM reaches the bottom of the box. Color scale represents the velocity in the x direction (length, positive in
the proward direction). Shadowed images underline the position of the model.

asthenosphere, which replaces the DLM. Maximum
velocities of 10.8 cm h™' are reached soon after the
end of the main phase, at 39 min (Figure 3b). Sinking
and proward motion of the DLM enlarge the
asthenospheric channel and an ascending astheno-
spheric counterflow directed retroward grows
(Figure 3c). The initial topographic signal (composed
of the depression flanked by the two bulges) moves
laterally following the delamination’s propagation
with a velocity reaching 8 cm h™' at 33 min (equiv-
alent to 2.4 cm yr ' in nature, Figure 6a), and
increases in amplitude. The bulge situated toward
the asthenospheric channel is more uplifted than the
one on the other side (reaching respectively 0.3 and
0.2 mm; Figures 2b and 2d) due to the impingement
of the ascending asthenospheric material against the
base of the crust. The increased bending of the plate

causes the formation of a second area of extension
above the smaller flexural bulge (Figure 4b). The
area where the lithospheric mantle is removed is also
uplifted by 0.1 to 0.3 mm (Figures 2a, 2b, and 2d).
This elevated zone will remain permanently until the
end of the experiment, whereas high and low areas
moving with the delamination are the transient,
dynamic response of the system.

3.1.3. Final Stage

[14] Around 4 min after delamination initiation, i.e.,
34 min after the beginning of the experiment, the
width of the delaminated area reaches a critical
value of ca. 4.5 cm (Table 4). The pull induced by
the DLM triggers the rapid retroward motion of the
plate that sharply accelerates up to 12 cm h™! at the
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Figure 4. 2D finite strain map of the upper crust (top view) and corresponding side view photos at 3 different
stages of the delamination for experiment DEL13: (a) initiation between 0 and 30 min, (b) main phase between
30 and 45 min, and (c) final phase between 45 and 68 min. Finite strain is computed with SSPX software
[Cardozo and Allmendinger, 2009]. Initial and final coordinates of reference points drawn on the upper silicone

are transformed into a displacement gradient tensor from which is calculated the strain gradient tensor. The defor-
mation field is then computed with a grid-nearest neighbor method.
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of elevation for the uplifted bulge and (b) depression
migrating with the delamination’s hinge in the plate ref-
erence frame (most significant experiments). The curves
stop just before the DLM touches the bottom of the box
(upper/lower mantle boundary).

end of the experiment (3.5 cm yr ' in nature,
Figure 6b), and enhances the efficiency of the
asthenospheric counterclockwise flow (Figure 3b).
The DLM’s proward motion stops although
delamination proceeds: the DLM roughly remains
in a fixed position with respect to an external fixed
reference frame, and delaminates near vertically.
The mantle circulation associated with this final

stage is thus characterized by the coeval flow of
two advection cells, a clockwise cell to the left of
DLM and a counterclockwise cell to the right
(counterflow).
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Figure 6. Evolution of (a) the horizontal velocity of
the dynamic depression in the plate referential and
(b) the whole model in a fixed external reference frame.
The displacement of the dynamic depression follows
the delamination front and can be assimilated with the
horizontal velocity of delamination. Delamination dur-
ing experiment DEL17 (without orogenic root) is very
irregular and it is therefore difficult to measure the dis-
placement of the dynamic depression at the delamina-
tion’s hinge.
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[15] Consequently to the near-vertical position of
the DLM, the hinge of delamination, the associated
surface deformation and the topographic signal also
remain fixed with respect to an external reference
frame. However, they still move proward in the
plate’s reference frame, with a maximum velocity
of 23 cm h™" at the end of the experiment (6.8 cm
yr~! in nature, Figure 6a). Increase in amplitude of
both the depression and uplifted bulge continues
until the DLM approaches the bottom of the box
(Figures 2c, 2d, and 5). Similarly, the surface above
the delaminated area continues to widen and uplift
up to 0.2 to 0.3 mm as previously (Figure 2d). Zones
of extension (associated with both bulges) and con-
traction (associated with the dynamic depression)
follow the delamination’s hinge as elastic defor-
mation. The resulting finite deformation for the
whole duration of the final phase shows widening
of extension both above the delaminated area and
the flexural bulge. However, approximately half the
delaminated area has undergone finite compression
(Figure 4c). A part of the deformation is elastic and
thus transient, but the model is also durably
deformed with 6% of shortening accumulated in the
whole lithosphere at the end of the experiment.

3.2. Sensitivity Analysis

[16] We performed a parametric study to test how
the initial geometrical configuration and rheologi-
cal properties of the lithosphere can influence the
evolution of delamination. The main features char-
acterizing the delamination process are invariant for
all the experiments, but the timescale, mantle flow
velocity and amplitude of the surface features
depend on the adopted parameters.

[17] Key parameters determining the occurrence
and timing of the first phase of delamination are the
thickness of the lower crust (i.e., degree of coupling
between lower crust and lithospheric mantle), and
the width of the asthenospheric channel. Delami-
nation starts earlier and proceeds faster when the
lower crust is thicker, and/or the asthenospheric
channel is wider (compare in Figures 5 and 6
DEL10 with DEL11 and DEL14, Table 4). Thick-
ness of the orogenic root, alongside with density
contrast between the lithospheric mantle and
asthenosphere has also an impact on delamination
velocity, especially in the initiation phase (compare
in Figures 5 and 6 DEL10 and DEL19, Table 4).
If the density contrast is very small (<7 kg m™>),
the delamination does not initiate (Table 3, DEL18
not detailed here). A viscosity contrast one order
of magnitude lower slows down the whole pro-
cess, initiation as well as main and final phases of

delamination (Tables 3 and 4, DEL20 not detailed
here).

[18] Although the global pattern of mantle flow is
stable whatever the parameters are, the timing of
the different phases and flow velocities vary. If the
asthenospheric channel is initially two times larger
(4 cm instead of 2 cm, DEL 11, Figure 7a), delam-
ination is slightly faster during the whole modeling
evolution (Table 4). More precisely, mantle flow is
slower during the main phase of delamination (with
a maximum of 8.1 cm h™ ' against 10.8 cm h™' for
reference experiment; Figure 7b), followed by a
faster final phase (9 cm h™' against 7.2 cm h™ ',
Figure 7d). When the orogenic root is half thick
(0.55 cm instead of 1.04 cm, DEL12, Figures 7e—
7h), we do not observe clear distinct phases but
rather a continuous increase in flow velocity, more
significant after the retroward plate motion has
started (Figures 7g and 7h). However, this result
must be taken with caution given that in this
experiment, the delamination front is twisted and
does not allow a good view for mantle flow record.

[19] The topographic signal results from the inter-
play between different parameters, with a dominant
role played by the gravitational instability of the
lithospheric root. The amplitude of the topography
(both for the depression and the uplifted bulge) is
higher for a thick and dense lithospheric root, which
therefore creates a stronger relief (Figure 5, com-
pare DEL10, DEL12, DEL 17 and DEL 19). On the
contrary, a lower viscosity contrast between litho-
sphere and asthenosphere results in lower amplitude
of topography (Table 3, DEL20 not detailed here).

[20] Geometry and propagation of delamination is
controlled by the presence/absence and size of the
orogenic root. In experiments where the litho-
spheric root is absent (Table 3 and Figure 5, DEL17
and DEL16, not detailed here), delamination begins
strongly delocalized along the asthenospheric
channel and, afterwards, irregularly propagates in
several directions. As a consequence, the topo-
graphic signal following the delamination is also
heterogeneous in shape and amplitude.

4. Discussion

[21] All the parameters discussed below are listed
with symbols and units in the Notation section.

4.1. Forces at Work During Delamination

[22] A typical feature of delamination, compared to
convective removal, is that the lithospheric mantle
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delaminates coherently, with little internal defor-
mation and with a geometry comparable to that of a
subducting lithosphere. Thus, the following analy-
sis of forces acting during the delamination process
is partly inferred from previous studies on sub-
duction [e.g., Forsyth and Uyeda, 1975; Turcotte
and Schubert, 1982; Conrad and Hager, 1999;
Funiciello et al., 2003; Lallemand et al., 2008].

[23] The main driving force is the gravitational
instability generated by the presence of the litho-
spheric root that progressively pulls down the lith-
ospheric mantle. The root pull (¥,,,) increases with
time as more lithospheric mantle is delaminated. In
analogy with the slab pull [e.g., Forsyth and Uyeda,
1975; McKenzie, 1977; Davies, 1980], our root pull
force can be expressed as

where Ap is the density contrast between the litho-
spheric mantle and the asthenosphere, g the gravity
acceleration, /; ;,1s the thickness of the delaminated
lithospheric mantle and W and H the width and
thickness of the lithospheric root respectively.

[24] The resisting forces include the shear resis-
tance at the lower crust/lithospheric mantle bound-
ary, the bending resistance, and the asthenosphere
resistance at the interface with the DLM. First, the
lithospheric mantle has to overcome the coupling
(i.e., the shear resistance) with the lower crust.
The shear stress at the base of the lower crust 7, ¢
is proportional to the shear rate ¥ and the vis-
cosity of the lower crust 7, ¢,

TLC =7 Nic (2)

The lower crust deforms by a combination of
Couette and Poiseuille flow. However, side view
photos show a pattern closer to Couette flow’s
geometry at the base of the lower crust, consistent
with the deformation observed in numerical
models [Le Pourhiet et al., 2006]. Therefore, we
will approximate the shear rate at the first order
as Couette flow in a Newtonian fluid so that

¥ =v/hic 3)

where v is the velocity in the lower crust and /¢
its thickness. Expressions (2) and (3) give

Tre = vie/hic (4)

The delamination process requires bending of the
lithospheric mantle. Following Turcotte and Schubert

[1982], the force necessary to bend a viscous layer
can be approximated by

Ry = Vahirgmun /7 (5)

where V; is the velocity of delamination, 1;,, and r
the viscosity and radius of curvature of the litho-
spheric mantle respectively.

[2s] The displaced asthenosphere also exerts a vis-
cous resistance on the DLM at its interface. For
subduction, this resistance has been solved with
fluid dynamics equations for the case of a stationary
slab [Turcotte and Schubert, 1982]. Following the
simplification adopted by Funiciello et al. [2003],
we will only estimate the order of magnitude. At
the first order, the viscous shear resistance is pro-
portional to the asthenosphere viscosity 7, and
velocity of delamination ¥,

Resin X Mgy Va (6)

Acceleration of delamination with time implies a
faster increase of the driving force (root pull)
compared to the resisting forces. Indeed, the bend-
ing resistance decreases rapidly as it is inversely
proportional to the cube of the radius of curvature
expressed as the deviation of the initial straight
shape. The shear resistance at the base of the lower
crust and the viscous resistance of the astheno-
sphere, tough increasing with the velocity in the
lower crust and the velocity of delamination
respectively, do not compensate for the augmenta-
tion of the root pull force. In the following section,
we examine the evolution of the forces at work with
time and their influence on the observables (timing,
velocities, topography) and attempt to further
quantify the delamination process.

4.2. Dynamics of Delamination and Surface
Response

[26] The initial configuration is unstable due to the
negative buoyancy of the lithospheric mantle.
Conditions for initiation include a sufficient root
pull: if 7, <2 x 107* N (experiment DELI8)
the process does not start within the time span
tested in laboratory (4 h equivalent to 113.5 My).
The mantle flow generated in the asthenospheric
channel is very modest and is due to the difference
of pressure between the asthenospheric channel
and the base of the heavy lithospheric root. Injec-
tion of asthenospheric material at the extremity
of the lithospheric root causes a viscosity decrease
in the area previously occupied by the lower
crust. Progressive sinking of the root enlarges the
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Figure 8. Plot of the initiation parameter (/) versus the
ratio between the time required for initiation of delami-
nation and the total duration of the experiment (7°)
with best fit regression line. The regression coefficient
is —7.9 x 10%

conduit. Consequently, the shear resistance 7;¢
(equation (4)) is reduced with relative increase of
the root pull force’s efficiency. This is indeed
confirmed in experiment DEL14: when the lower
crust is twice thicker, the time required for initiation
is twice shorter (Table 4 and Figures 5 and 6).
A wider asthenospheric channel (DEL11) allows
for a stronger initial mantle flow that also reduces
slightly the duration of initiation phase (Table 4
and Figures 5 and 6). In order to determine the
main parameters controlling the initiation phase,
we consider two parameters: the ratio 7° between
the time required for initiation (f) and the total
duration of the experiment (7):

T°=1t/T (7)

and an initiation parameter (/) representing the ratio
of driving forces over resisting forces acting during
initiation such as

I = Frp/TLCRbRasth (8)

I will successfully represent the possibility for
delamination to initiate if it correlates well with 7°.
We can therefore try to adjust its expression
empirically. In equations (4), (5) and (6), we
observe that 77, R, and R, are proportional to
Nrc/hic, Nasan and thnLM, respectively, then

I F‘rphLC/771‘6'77@?[}1hLM3 Nim (9)

Moreover, the width of the asthenospheric channel,
not taken into account in the force balance analysis,

is a parameter enhancing the velocity of the initia-
tion phase and hence can be placed at the numera-
tor. The best fit between / and 7° is obtained by
adding a factor Ap® that highlights the strong
dependency of the initiation duration on the density
contrast so that

I & Fop Ap*hicw /0y cMasmh s (10)

Figure 8 shows a good linearly inverse correlation
between [ and 7°, highlighting how 7 and, in turn,
the interplay between its constitutive parameters,
reasonably characterizes the possibility for the
delamination to initiate.

[27] At the onset of the experiments, the zone above
the asthenospheric channel undergoes fast isostatic
reequilibration and is uplifted due to the absence of
lithospheric mantle. The observed initial value of
this uplifted zone ranges between 0.1 and 0.3 mm
(corresponding to 0.6 to 1.8 km) and reasonably fits
the prediction by Airy model (i.e., 0.24 mm;
Figure 2a). The depression above the lithospheric
root has also a flexural bending component, as the
upper and lower crusts are deflected downward by
the root pull (dynamic effect). Once decoupling has
started, the DLM bends preferentially in the region
just behind the lithospheric root, where the resis-
tance is smaller. Indeed, the bending resistance
increases as the cube of the thickness (equation (5)),
preventing any important bending of the litho-
spheric root. Finally, the increase of the root pull
force becomes high enough to control the system
dynamics. The transition between the bending-
dominated phase and the root pull-dominated phase
is easily identifiable by plotting the vertical position
and velocity of the tip of the DLM against time
(Figure 9). At some point, the vertical velocity
increases almost linearly with time, adopting a
Stokes flow-like law, also observed in numerical
simulations [Le Pourhiet et al., 2006] (Figure 9b).
The predominance of the root pull force can be
further verified by comparing the mean vertical
velocity during this period to a buoyancy parameter,
B, (Figure 10) defined as

B = Frp/TLCRasth (1 1)
that we simplify, in the same way as for /, as
B x FrphLC/nLCnaxth (12)

B includes the root pull force over the asthenosphere
viscosity, characteristic of a Stokes sinker. How-
ever, the good correlation between B and the mean
vertical velocity (Figure 9) is obtained only intro-
ducing the ratio of lower crust thickness over its
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Figure 9. Evolution of (a) the vertical position and
(b) vertical velocity of the tip of the DLM through time.
First stages dominated by coupling and bending are
highlighted in orange, last stage dominated by root pull
and characterized by a sinking similar to Stokes flow
law is highlighted in blue. Curves stop just before the
DLM touches the bottom of the box (upper/lower mantle
boundary). The slight decrease of the vertical velocity
visible on a few curves (Figure 9b) is due to transitory
periods of uneven delamination (lateral variations, with
one side delaminating faster than the other).

viscosity, proportional to the shear resistance 7;c.
This implies that the coupling between the lower
crust and the lithospheric mantle remains a deter-
mining force all along the delamination process.

[28] Concurrently to the delamination acceleration,
the amount of subsidence progressively increases

and the maximum locus of depression migrates
laterally following the delamination hinge motion
(Figures 2b and 2c). This observable shows that a
large part of the recorded topographic signal can be
attributed to dynamic topography. The mantle flow
also speeds up, generating fast asthenospheric
upwelling. Therefore, there is a positive feedback
between the induced mantle circulation and sinking
of the DLM (progression of the delamination). The
ascending asthenospheric flow is also responsible
for the larger uplift of the bulge flanking the retro-
ward side of the dynamic depression, with an ele-
vation up to 0.7 mm higher than the proward bulge,
which is only generated by bending (Figures 2c, 2d,
and 11). Uplift of the delaminated area is thus
partly isostatic (as observed at the beginning of
experiments above the initial asthenospheric chan-
nel), and partly dynamically supported by the
mantle flow.

[20] In summary, velocity of propagation, ampli-
tude of the dynamic topography and plate motion
are correlated with delamination hinge motion
(Figures 5 and 6) and with sinking of the DLM,
and, therefore, with mantle flow velocity. The ini-
tiation phase is mainly controlled by the density
contrast between the DLM and asthenosphere
(equation (10)), the shear resistance at the base of
the lower crust, the bending resistance and width of
the asthenospheric channel. During the main phase,
slow migration of the delamination front starts
with active poloidal flow (Figures 3, 6a, and 9).
The onset of the final phase can be defined when
the delaminated area reaches a critical value of

. DEL14 ¢
.g‘.— 16 1
=]
3 E
290 12 -
£'8
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©
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°>’“$ 41
1
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Figure 10. Graph highlighting the correlation between
the mean vertical velocity during Stokes’ phase (V) and
the buoyancy parameter (B) (root-pull dominated phase)
with best fit regression line. The regression coefficient
is 57.6.
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Figure 11. Reconstruction of the relationships between mantle flow and surface topography during delamination

(reference experiment DEL10 at 18 min 40s).

~4.5 cm. The counterflow triggers rapid plate
motion and faster delamination, correlated with
strong increase of dynamic topography (Table 4
and Figures 5, 6, and 11). Ultimately, delamina-
tion is controlled by buoyancy force and shear
resistance, close to a Stokes sinker behavior. The
transition between initiation (characterized by
parameter /) and Stokes phases (characterized by
parameter B) can occur either during main or final
phase (Figure 9).

[30] One may restrict the conditions required for
delamination by plotting B versus / (Figure 12). If /
is too small, delamination will not start (experiment
DEL18). Moreover, in a natural system, we expect
the process to freeze if the motion is too slow (i.e.,
if B is too small) event though initiation was pos-
sible. Most probably, the velocity of delamination
in experiment DEL20 is too low to be sustained in a
real convective-advective system, as heat transport
will be faster than material motion. We can define a

range for the critical values of / and B below which
delamination will not start (/) or will stop (B..). We
find 6.99 x 107 <. <2.97 x 10~* and 4.80 x
107" < B, <1.68 x 10~'° (Figure 12). The visco-
elastic behavior of our analog materials rules out
the possibility for break-off of the DLM. However,
detachment of the root and/or part of the DLM will
reduce the root pull force and could also cause
cessation of the delamination.

4.3. Comparison With Previous Modeling
Results

[31] Numerical studies dealing with delamination
introduced the calculation of the topographic
response using a wide range of approaches. Bird
and Baumgardner [1981] introduced the calcu-
lated dynamic pressure in the equation of elastic
bending of the crust. Schott and Schmeling [1998]
computed the topography calculating the vertical
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Figure 12. Plot of the initiation parameter (/) versus the
buoyancy parameter (B). Domains where delamination
does not occur, stops during the process, or continues
are constrained by experiments DEL18, DEL20, and
DELL1S. Shaded areas represent the uncertainties on the
critical values /. and B, delimiting the different domains.

normal stresses exerted on the model surface.
Gogiis and Pysklywec [2008b] included a free top
surface, where topography develops as the model
evolves. And, finally, Valera et al. [2011] intro-
duced a thin upper layer of low density and vis-
cosity to allow the top of the crust to behave as a
free surface. The results of our laboratory models
are reasonably comparable to the numerical models
by Gogiis and Pysklywec [2008b] because in both
cases a significant amount of lateral migration of
the delamination hinge is reproduced, whereas the
other studies predict small to moderate (less than
about 400 km) hinge migration.

[32] The typical signal -characterized by the
migrating pattern of subsidence and uplift - the
former caused by the sinking of the delaminated
lithospheric mantle, the latter due to asthenospheric
upwelling - is consistently reproduced in both
numerical and laboratory approaches. However, in
the work of Gégiis and Pysklywec [2008b] the
amplitude of the highest bulge is smaller than in our
experiments. This can be explained as their weak
zone consists of normally buoyant lithospheric
mantle, which acts as a barrier and slows downs the
ascent of asthenosphere. On the contrary, the
buoyant “asthenospheric conduit” introduced in our
setup enables the direct impingement of the
asthenosphere into the base of the crust. In both the
work of Gégiis and Pysklywec [2008b] and our
models, a high amplitude of the negative deflection
is obtained, related to the extra negative buoyancy
imposed to initiate the delamination process. In

contrast, the models by Schott and Schmeling
[1998] and Valera et al. [2008, 2011] predict a
much smaller long-term subsidence because DLM
buoyancy, which is only thermally induced,
diminishes with time as heated from thermal dif-
fusion. Valera et al. [2011] highlight the sensitivity
to the initial crustal structure and show that in some
cases of initially orogenic crust, the sinking of
DLM drags down the lower crust so that the posi-
tively buoyant thickened crust locally overcomes
the effect of negative buoyancy of DLM, resulting
in overall surface uplift. In our experiments, the
lower crust acting as a decoupling layer is partly
dragged downward into the asthenosphere along-
side with the DLM, while another part remains in
place beneath the upper crust. The interface
between the remaining lower crust and the
asthenosphere is very irregular, probably disturbed
by the mantle flow. For natural systems, the
dragged down lower crust is expected to later par-
tially melt and mix with the asthenosphere.

[33] Concerning the velocity of delamination, our
estimated value of 4 cm yr ' for the reference
experiment (ranging from 0.7 to 14.6 cm yr ' in
others experiments), is consistent with the range of
03 to 80 cm yr ' obtained by Bird and
Baumgardner [1981] for a mantle of viscosity
102! Pa s™'. Morency and Doin [2004] found
similar values, with a velocity larger than 10 cm
yr! for a 590 km long sinking DLM and an
asthenospheric viscosity of 10" Pas~'. Our purely
dynamic experiments likely lead to overestimated
values of delamination velocities, amplitude of
topographic response and width of the delaminated
area, because thermal diffusion is not included
[Valera et al., 2008]. Differently from numerical
models assuming a non linear rheology [Schott and
Schmeling, 1998; Morency and Doin, 2004; Gogiis
and Pysklywec, 2008b], strain localization and
DLM breakoff never occur in our experiments due
to the constant viscosity of the materials used here,
and therefore the amplitude of depression keeps on
increasing until the DLM reaches the base of the
box. On the other hand, the two-dimensional
approach adopted in thermal-mechanical numerical
models likely leads to underestimation of velocity
of delamination, since return flow around the edges
of DLM (toroidal flow) is not accounted for.

4.4. Comparison With Natural Systems

[34] Despite the oversimplified experimental set-
ting, we can try to export the modeling results to
interpret the behavior of natural systems, taking
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into account the limitations imposed by the adopted
experimental setting (see section 2). In the follow-
ing discussion we focus on a qualitative compari-
son with the southern Sierra Nevada range
(California, USA), as a large number of observa-
tions compatible with the occurrence of delamina-
tion are found in this area. For instance, Zandt et al.
[2004] proposed a sequential history for the evo-
lution of the southern Sierra Nevada, based on the
lateral propagation of the foundering of an ultra-
mafic lithospheric root. Le Pourhiet et al. [2006]
considered a completely different initial setup and
proposed a delamination model in which a local
instability induced a localized small-scale convec-
tion that thermally eroded the lithospheric mantle,
enhancing the connection between the astheno-
sphere and lower crust by means of a low viscosity
zone. Whatever the triggering mechanism, our
setup reproduces similar scale situation. We per-
formed experiments with a scaled lithospheric root
of 42 to 83 km, present over a width of 83 to
250 km, coherent with the supposed delaminated
root estimated to 40 to 70 km thick [Ducea and
Saleeby, 1998] that probably underlain most of
the ca. 100 km-wide Sierra Nevada range [Jones
et al., 2004]. The density contrast with the asthe-
nosphere is estimated to 10 kg m > (from three-
dimensional shear wave velocity structure [Fay
et al., 2008]) to 200 kg m™> (from xenoliths
studies [Ducea and Saleeby, 1998]), in the same
order of magnitude as our scaled values of 23 to
100 kg m™~. The presence of an adjacent weak
area is generally attributed to the previous early
Cenozoic subduction and could represent a fluid-
weakened lithosphere by dehydration processes
[Schott and Schmeling, 1998; Zandt et al., 2004;
Valera et al., 2008]. Alternatively, an “astheno-
spheric conduit” would be more consistent with
strong thermal thinning in the upper plate above the
hydrated zone [Arcay et al., 2007]. For simplicity,
the experiments performed in this study are always
characterized by free boundaries while in nature
plates are laterally confined. In particular, it would
imply that the plate motion recorded during the last
stage of our experimental delamination is not real-
istic since a laterally constrained natural plate
would exhibit a strong active shortening retroward
of the delamination’s direction, as recorded in
models characterized by free-slip boundary condi-
tions [e.g., Schott and Schmeling 1998]. Hence, in
nature the topographic signal could also be affected
by an extra uplift due to thickening of the crust.

[351 The global topographic pattern obtained in the
analog models reproduces well the surface features

of the Sierra Nevada region. The depression over
the sinking DLM is consistent with the subsidence
currently recognized in the Tulare Lake basin
(southern Great Valley [Saleeby and Foster,
2004]). Uplift associated with poloidal flow and
replacement of lithospheric mantle by more buoy-
ant asthenosphere (Figure 10) is coherent with the
recent uplift/tilting of the Sierra Nevada range
[Unruh, 1991; Wakabayashi and Sawyer, 2001;
Saleeby and Foster, 2004; Stock et al., 2004;
Bennett et al., 2009]. The order of magnitude of
both isostatic reequilibration (2 km) and dynami-
cally uplifted bulge (1.7 to 6.7 km) obtained in
laboratory (Figure 5) are similar to the estimated
uplift of the Sierra >1 km [e.g., Jones et al., 2004,
and references therein]. However, in our models,
the removal of lithosphere is preceded by strong
subsidence accompanying the dynamic uplift.
Though today’s Great Valley fits such a pattern
[Saleeby and Foster, 2004], there is no record of
subsidence in the Sierra Nevada Range preceding
its recent uplift. Deformation pattern with proward
propagation of the extension front above the dela-
minated area (Figure 4) is consistent with the
westward migration of normal faulting along the
edge of the Sierra [Jones et al., 2004, and refer-
ences therein]. Both partial melting found in the
lower crust under Sierra Nevada [Ducea and
Saleeby, 1998], return-flow [Boyd et al., 2004]
and high alkaline magmatic pulse migrating over
the last 4-3 Myr [Manley et al., 2000] are obser-
vations compatible with our experimental study,
which shows the strong upwelling and intrusion of
the asthenosphere along the base of the crust
(Figure 10). Mantle flow patterns imply large shear
stress at the base of the lower crust. Poloidal flow
injecting the lower crust will induce proward-directed
shear, whereas the counterflow will produce retro-
ward-directed shear. The seismic anisotropy fabric of
the crust-mantle boundary recognized using receiver
functions is interpreted to be likely caused by shear-
ing along a detachment zone [Zandt et al., 2004],
which is in agreement with our modeling results.

[36] One puzzling point in the history of the Sierra
Nevada is the timing of delamination. Although the
presence of the eclogitic root is attested since ca.
80 My, delamination started very recently at ca.
8 My and was very rapid [Ducea and Saleeby,
1998; Manley et al., 2000; Wakabayashi and
Sawyer, 2001; Jones et al., 2004]. In our experi-
ments, a long initiation phase (because of a low root
pull force and/or high viscosity contrast between
lithosphere and asthenosphere) is always correlated
with a slow process and conversely. We suggest
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that the onset of delamination could be related to
a change in boundary conditions or a disturbing
intermediate-depth event (e.g., change in global mantle
flow circulation), not reproduced in our models.

5. Conclusions

[37] The present work highlights the dynamics of
continental delamination with little internal defor-
mation and triggered by the presence of a density
anomaly (lithospheric root) and a weak zone. Our
results show that delamination is first controlled by
coupling between lower crust and lithospheric
mantle and bending resistance of the DLM during a
slow initiation phase. The propensity for delami-
nation to initiation can be empirically constrained
via a parameter / representative of the ratio of
driving forces over resisting forces. Delamination
then evolves toward a root-pull dominated phase
during which the delaminating lithospheric mantle
adopts the dynamics of a Stokes’ sinker. Vertical
velocity and propensity for the process to stop or
proceed during this second stage can be character-
ized by an empirical buoyancy parameter B. The
induced topographic response is a combination of
local isostatic reequilibration, flexural bending and
dynamic topography. Especially, the onset of
delamination is not marked by uplift, but by a
strong dynamic subsidence above the density
anomaly, associated with contraction. A poloidal
mantle flow then develops around the tip of the
DLM and is responsible for a strong dynamic uplift
next to the delamination hinge. Ultimately, a
counterflow triggers a retroward motion of the
model that could induce a significant amount of
shortening in constrained natural systems. Many
features of our models are consistent with obser-
vations in the Sierra Nevada (overall topographic
signal, migration of extension and volcanism).
However, the absence of significant subsidence
preceding uplift of the range and timing/duration of
delamination suggest that others processes than
pure density-driven detachment may have affected
the Sierra Nevada and triggered delamination.

Notation

g gravitational acceleration, m s 2

h; thickness of the continental lithosphere, m
hyc thickness of the upper crust, m
h;c thickness of the lower crust, m
thickness of the lithospheric mantle, m
thickness of the upper mantle astheno-
sphere, m

hLM
hasth

W width of the lithospheric root, m
H thickness of the lithospheric root, m
w  width of the asthenospheric channel, m
w, critical width of the asthenospheric channel, m
p;  density of the continental lithosphere, kg m*
density of the upper crust, kg m>
prc  density of the lower crust, kg m®
pry density of the lithospheric mantle, kg m’
pastn  density of the asthenosphere, kg m’
Ap density contrast between lithospheric mantle
and asthenosphere, kg m’
n; viscosity of the continental lithosphere,
Pa s !
Nrc Vviscosity of the lower crust, Pa s™
nrar  viscosity of the lithospheric mantle, Pa s™
Nastn  Viscosity of the asthenosphere, Pa g1
Trc shear stress at the base of the lower crust,
N m™2
+ shear rate in the lower crust, s~
v velocity in the lower crust, m s™
V, horizontal velocity of delamination (hinge
migration), m s~ '
V' mean vertical velocity of the DLM during
Stokes’ phase, m g1
r radius of curvature of the lithospheric
mantle expressed as deviation of the initial
straight shape, m
¢t duration of initiation phase, s
T total duration of the experiment, s
T° ratio of duration of initiation over total
duration of the experiment
t° characteristic time
U° characteristic velocity
root pull force, N
R, bending resistance of the lithospheric man-
tle, N m™!
viscous resistance at the interface DLM-
asthenosphere, N m ™'
I initiation parameter, s’ m~
1. critical value of the initiation parameter,
s’ m
B buoyancy parameter, m* s* kg™ !
B. critical value of the buoyancy parameter,
m* s* kg™!

1
1

1
1
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