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Continental rifting to seafloor spreading is a continuous process, and rifting history influences the following
spreading process. However, the complete process is scarcely simulated. Using 3D thermo-mechanical coupled
visco-plastic numericalmodels, we investigate the complete extension process and the inheritance of continental
rifting in oceanic spreading. Our modeling results show that the initial continental lithosphere rheological
coupling/decoupling at the Moho affects oceanic spreading in two manners: (1) coupled model (a strong
lower crust mechanically couples upper crust and upper mantle lithosphere) generates large lithospheric shear
zones and fast rifting, which promotes symmetric oceanic accretion (i.e. oceanic crust growth) and leads to a
relatively straight oceanic ridge, while (2) decoupledmodel (a weak ductile lower crust mechanically decouples
upper crust and upper mantle lithosphere) generates separate crustal and mantle shear zones and favors
asymmetric oceanic accretion involving development of active detachment faults with 3D features. Complex
ridge geometries (e.g. overlapping ridge segments and curved ridges) are generated in the decoupled models.
Two types of detachment faults termed continental and oceanic detachment faults are established in the coupled
and decoupledmodels, respectively. Continental detachment faults are generated through rotation of high angle
normal faults during rifting, and terminated by magmatism during continental breakup. Oceanic detachment
faults form in oceanic crust in the late rifting–early spreading stage, and dominates asymmetric oceanic accretion.
The life cycle of oceanic detachment faults has been revealed in this study.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The continuous process from continental rifting to seafloor spread-
ing is a key step inWilson's cycle (Wilson, 1966), but the complete pro-
cess is scarcely simulated. Understanding the inheritance of continental
rifting in seafloor spreading is crucial to study the incipient oceanic
ridge evolution and remains a big challenge (Lister et al., 1986; Taylor
et al., 1999; Ebinger and Casey, 2001; Nielsen and Hopper, 2004;
Taylor et al., 2009; Gerya, 2012). Compared to the continental rifting
process, which has been widely studied by numerical and analogue
modeling (Buck, 1991; Buck et al., 1999; Huismans and Beaumont,
2003; Corti, 2008, 2012), few studies have been done on the complete
rifting–spreading process due to several difficulties. One difficulty is
that the long extension process requires large strain to reach the final
steady state of seafloor spreading from the initial intact continental
lithosphere, and it includes many complex geodynamic processes,
such as partial melting of the asthenospheric mantle, melt extraction
and percolation towards surface, magmatic accretion of new oceanic
crust and hydrothermal circulation at the axis of ridges resulting in ex-
cess cooling of oceanic crust (Gerya, 2010, 2013). Another difficulty is
na Research. Published by Elsevier B.
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that oceanic spreading is by its nature a 3D problem, as large heteroge-
neities are present along oceanic ridges. Ultra-slow spreading ridges are
mostly oblique to spreading directions and consist of alternating mag-
matic–amagmatic segments (Dick et al., 2003). Symmetric and asym-
metric oceanic accretion (i.e. oceanic crust growth) are alternatively
distributed along slow spreading ridges (Escartin et al., 2008). Overlap-
ping spreading centers and transform faults are two commonways that
oceanic segments interact ((Gerya, 2012), and references therein).
These 3D features of oceanic ridges naturally require 3D models. Fur-
thermore, the deficit of direct natural observations makes the rifting–
spreading transition enigmatic. Unlike the widely distributed examples
of continental rifts and oceanic ridges, very fewnatural examples record
the rifting–spreading transition, and some good examples are the
Woodlark Basin in the southwestern Pacific ocean (Taylor et al., 1999,
2009), the Laptev Sea margin in the Arctic ocean (Franke et al., 2001;
Engen et al., 2003) and the Red Sea-Gulf of Aden system (d'Acremont
et al., 2010; Leroy et al., 2010; Ligi et al., 2012; Brune and Autin, 2013).

As commonly believed (Dunbar and Sawyer, 1988, and references
therein), continental rifts do not occur randomly, but tend to follow
pre-existing weaknesses (such as fault zones, suture zones, failed rifts,
and other tectonic boundaries) in the lithosphere, although explana-
tions for the earliest weaknesses formed in the proto-lithosphere are
debated. Many natural examples prove that the way rifts develop is to
V. All rights reserved.
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follow pre-existing lithospheric structures, for instance, the western
branch of East African Rift (Nyblade and Brazier, 2002; Corti et al.,
2007), the Main Ethiopian Rift (Corti, 2009), and the Baikal rift (Petit
and Deverchere, 2006). The early-stage formed rift can be a template
for the future rift development and continental breakup. However,
numerous heterogeneities are generated during continental rifting,
and rift propagation may divert from the initial rift trend (i.e. trend of
pre-existing weakness), just as it has been proposed for the Main
Ethiopian Rift (Keranen and Klemperer, 2008; Corti, 2009). To what
extent rifting history influences continental breakup and seafloor
spreading is hardly constrained. Moreover, the influence of rifting
history on continental breakup and seafloor spreading is related to the
formation of transform faults. One possible mechanism of transform
fault formation which is widely proposed is related to the inheritance
of pre-existing lithospheric weaknesses. Transform faults may initiate
and develop along pre-existing zones of weakness that are nearly
perpendicular to oceanic ridges, such as the long transform fault in the
equatorial Atlantic ridge between South America and Africa (Wilson,
1965). The correspondence between the passive margins and the
transform faults in the Gulf of Aden also suggests the possibility of in-
heritance of pre-existing weakness in some transform fault formation
(d'Acremont et al., 2010).

Symmetric and asymmetric accretion are two oceanic ridge spread-
ingmodes. Symmetric oceanic accretion is featured by the roughly sym-
metrically distributed abyssal hills on both flanks of an oceanic ridge,
while asymmetric oceanic accretion is characterized by the develop-
ment of active detachment faults along one flank, and most of the de-
tachment faults have 3D curved (convex towards ridge) geometries
on a map view (Buck et al., 2005; Smith et al., 2006; Escartin et al.,
2008). On a gross scale, oceanic accretion pattern has a strong relation
with spreading rates. Asymmetric accretion is favored by slow
spreading, while symmetric accretion is promoted by fast spreading
(Buck et al., 2005; Puthe and Gerya, 2014, and references therein).
On a small scale, however, alternating segments of symmetric and
asymmetric oceanic accretion are observed along slow spreading
ridges where the spreading rate varies slightly, such as the northern
Mid-Atlantic Ridge (Escartin et al., 2008). In this case, the alternating
symmetric/asymmetric oceanic accretion pattern is difficult to explain
by variations in the spreading rate alone.

Allken et al. (2011) and Allken and Huismans (2012) investigated
continental rift propagation and interaction in the upper crust
through 3D numerical modeling using relatively simple temperature-
independent (visco)-plastic rheologies. Extension strain in these stud-
ies was insufficient to reach continental breakup. Oblique extension of
continental rifting is investigated based on 3D numerical modeling
(Brune et al., 2012; Brune and Autin, 2013; Brune, 2014). Although
continental breakup was reached in these models, seafloor spreading
(e.g. oceanic crust accretion) was not simulated. Gerya (2010), Gerya
(2013) and Puthe and Gerya (2014) numerically modeled the
transform fault initiation (and development) and ridge segment in-
teraction in 3D based on an incipient oceanic ridge or an idealized
thinned continental lithosphere. Besides, several other 3D numerical
modelings have been conducted with focuses on different stages
of the rifting–spreading process (Van Wijk, 2005; Van Wijk and
Blackman, 2005; Choi et al., 2008; Gregg et al., 2009), but the
complete process is scarcely simulated.

In this study, we aim to investigate inheritance of continental rifting
on incipient seafloor spreading by modeling the complete rifting–
spreading process, with particular attention paid on the two oceanic
accretion modes (symmetric and asymmetric accretion). The initial
rheological structure of continental lithosphere and the geometry of a
pre-existing weak zone are the two key parameters that we study.
Two rheological structures named decoupled (DCP) and coupled (CP)
are distinguished by the presence/absence of a strong lower crustal
layer. Two types of model setup in terms of the weak zone geometry
are investigated, one is 2D-like setup (i.e. a long planar extension-
Please cite this article as: Liao, J., Gerya, T., From continental rifting to s
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orthogonal weak zone going through the entire model box) and the
other is 3D-like setup (i.e. a short weak zone going through part of
the model box). The influence of the weak zone location (i.e. in upper
crust or in uppermost lithospheric mantle) has also been investigated.
Our preliminary modeling results show that the asymmetric oceanic
accretion involved with active detachments is favored by DCP models,
while CP models typically generate symmetric oceanic accretion.
Initiation, development and termination of detachment faults, curved
geometry of oceanic detachment faults, inheritance of continental
rifting on seafloor spreading, and magmatism along passive margins
are discussed.

2. Numerical implementation and model setup

2.1. Governing equations

The 3D thermo-mechanical coupled numerical code (Gerya, 2013)
based on conservative finite-differences and marker-in-cell techniques
is used to solve the mass, momentum and energy conservation
equations for incompressible media:

∂vi
∂xi

¼ 0 ð1Þ

∂σ i j

∂xj
−∂Pi

∂xi
¼ −ρgi ð2Þ

ρCp;eff
DT
Dt

¼ ∂
∂xi

k
∂T
∂xi

� �
þ Hr þ Hs þ Ha ð3Þ

where v is velocity, σ the deviatoric stress tensor, P the total pressure
(mean normal stress), ρ the density, g the gravitational acceleration,
Cp,eff the effective heat capacity (explained in below), T the tempera-
ture, k the thermal conductivity, Hr the radioactive heating, Hs ¼ σ ϵ�

the shear heating (product of deviatoric stress and strain rate), and
Ha ¼ Tα DP

Dt the adiabatic heating. The Einstein notation is used for
the indexes i and j, which denote spatial directions i = (x, y, z) and
j = (x, y, z) in 3D. Lagrangian temperature equation is solved on
the Eulerian nodes, and temperature increments are interpolated
from nodes to markers by using the subgrid diffusion operation
(Gerya and Yuen, 2003, 2007; Gerya, 2010), which can ensure physical
consistence between nodal and marker thermal fields. Advection of
temperature is implemented through marker advection. The Multigrid
method is used to speed up the convergence of the Gauss-Seidel
iterations for coupled solving of mass and momentum conservation
equations. OpenMp-based parallelization is used in computation.

2.2. Rock rheology implementation

Visco-plastic rheology is implemented in our numerical models
and Drucker-Prager yield criterion is used to determine whether
viscous deformation or plastic deformation occurs. Viscous creep
dominates model deformation when second invariant of deviatoric

stress σ II ¼ 1
2σ i jσ i j
� �1

2
� �

is less than the plastic yielding criterion

(σy). Effective creep viscosity which represents the competition be-
tween diffusion and dislocation creeps (Ranalli, 1995) is expressed
as: η = 1/(1/ηdiff + 1/ηdisl), where ηdiff and ηdisl are computed as:

ηdiff ¼
1
2
Adσ crit

1−n exp
PVa þ Ea

RT

� �
ð4Þ

ηdisl ¼
1
2
A1=n
d ϵ� 1−nð Þ=n

II exp
PVa þ Ea

nRT

� �
ð5Þ
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where Ad is the pre-exponential constant, n is the stress/strain
rate exponent, Va is the activation volume, Ea is the activation energy,
R is the gas constant (8.314 J/K/mol), σcrit = 104 Pa is the transition
stress from diffusion to dislocation creep (Turcotte and Schubert,

2002), and ϵ� II is the second invariant of strain rate (ϵ� II ¼ 1
2 ϵ

�

i jϵ
�

i j

� �1
2).

Diffusion creep is implemented in a simplified way: (1) grain size
is assumed to be constant and (2) transition from diffusion to
dislocation creep is assumed to occur at the constant critical stress
irrespective of temperature and pressure. Since deviatoric stress
magnitude inside our models is significantly higher than 104 Pa, dif-
fusion creep is always playing very minor role during viscous deforma-
tion, and this is rather typical for the continental lithosphere, where
dislocation creep is regarded as the dominant mechanism (Karato,
1992, 2010). Once the yielding criterion σII N = σy is reached, effective
viscosity is computed as:

η ¼ σy

2ϵ� II
¼

Co þ P−P f

� �
ϕ

2ϵ� II
ð6Þ

where Co is the cohesion (i.e. residual strength of rock when pressure is
zero), ϕ is the coefficient of internal friction, Pf is the hydrostatic fluid
pressure, ϵ� II is the second invariant of strain rate. Plastic strain weaken-
ing is implemented by linearly decreasing the cohesion (from Co

0 to Co
1)

and the coefficient of internal friction (from ϕ0 to ϕ1) between the
strain interval 0.25–1.25. A constant plastic healing rate (10−13 s−1,
comparable to the plastic strain rate inside active faults) is applied to
heal the deactivated fractures (Gerya, 2013). At sufficient high stress
(σII N 200 MPa) and low temperature (T b 1100 °C), Peierls creep
takes over from dislocation creep. In our model, the Peierls creep is
implemented similarly to the plasticity i.e. equilibrium σII is computed
for a given ϵ� II using Eq. (7) (Katayama and Karato, 2008) by bisection:

ϵ� II ¼ APeiσ
2
II exp − PVa þ Ea

RT
1− σ II

σPei

� �m� 	nPei
 �
ð7Þ

whereσPei=9.1 × 109 Pa, APei=6.3 × 10−5 Pa−2 s−1,m=1, nPei=2
are experimentally determined parameters (Katayama and Karato,
2008). Effective viscosity is thus limited by η ¼ σ II=2ϵ

�

II .

2.3. Magma-related processes implementation

Magma-related processes (i.e. melt generation, extraction, percola-
tion and accretion) are implemented in our models in a simplified
way (Gerya, 2013). Themelt fraction (M) of the drymantle is calculated
based on the parameterized melting model from Katz et al. (2003):

M ¼ T−Tsolidus

Tlherz
liquidus−Tsolidus

 !ncpx

;when Tsolidus b T b Tcpx−out ð8Þ

M ¼ Mcpx−out þ 1−Mcpx−out

� � T−Tcpx−out

Tliquidus−Tcpx−out

 !nopx

;when Tcpx−out b T b Tliquidus

ð9Þ

where Tsolidus, Tliquidus and Tliquidus
lherz are themantle solidus,mantle liquidus,

and lherzolite liquidus, respectively. ncpx = nopx = 1.5 are the
exponents. Mcpx − out = 0.15/(0.5 + 8 × 10−5P) (P in unit of MPa)

andTcpx�out ¼ M
n1
cpx

cpx�out T lherz
liquidus � Tsolidus

� �
þ Tsolidus are themelt fraction

and temperature when cpx is exhausted through melting, respectively.
Eq. (9) means that clinopyroxene (cpx) is exhausted in the mantle, and
melting consumes mostly orthopyroxene (opx).

Partial melting occurs in a wide area similar to the melt pooling
region proposed by Gregg et al. (2009), andmelt is extracted and stored
in the shallowest part of the partial melting area. Lagrangian markers
track the amount of melt extracted during model evolution. At each
Please cite this article as: Liao, J., Gerya, T., From continental rifting to s
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time step, a certain amount of melt is extracted based on the
following formulation:

δM ¼ M−
Xn
i¼1

Mext
i ð10Þ

where n represents the previous extraction episodes,Mi
ext the extracted

melt at each time step. The rock is considered non-molten when
extracted melt fraction is larger than the standard melt fraction
(δM b 0). Extracted melt is instantaneously transported to the
shallowest part of the melting pool and forms a magma chamber.
This means that melt transportation is not modeled explicitly, but
implemented by converting the rock type in the shallowest part
of the melting pool to a new rock type (i.e. molten mantle to molten
basalt). The total volume of the converted markers matches the total
volume of extracted melt at each time step. Extracted melt at the
next time step will be added to the bottom of the magma chamber.
If basalt solidifies locally in the magma chamber, oceanic crust gen-
eration (magmatic accretion) occurs spontaneously at the walls
of the magma chamber, by simply converting the rock type from
molten to solid basalt (cf. Gerya (2013) for crust crystallization algo-
rithm details). This simple crust accretion algorithm does not ac-
count for volcanic and diking processes (Buck et al., 2005; Wanless
and Shaw, 2012) above the magma regions, neither does it account
for internal convection, melt segregation and crystal differentiation
inside these regions (Wanless and Shaw, 2012).

Effective values of the physical parameters of the partially molten
mantle (density, heat capacity, heat conductivity, thermal expansion,
and compressibility) are modified based on melt fraction
(Eq. (11)). Latent heating effect due tomelting/crystallization equilibri-
um is included implicitly by further increasing the effective heat
capacity and thermal expansion in the energy conservation equation:

Xeff ¼ Xmolten �M þ Xsolid � 1−Mð Þ ð11Þ

Cp;eff ¼ Cp þ QL
∂M
∂T

� �
p

ð12Þ

αeff ¼ α þ ρ
QL

T
∂M
∂P

� �
T

ð13Þ

where Xeff represents the effective value of a physical parameter,
Xsolid and Xliquid are the values in solid and liquid states, respectively,
andQ L the latent heat.Material parameters are shown in Tables 1 and 2.

2.4. Model setup

The numerical model box used in this study is cubic (Fig. 1a) with
a high resolution of 197 × 197 × 197 regular distributed nodes
(corresponding to dimensions of 98 × 98 × 98 km) and around 60
million randomly distributed Lagrangian markers. A 5 km-thick
sticky air layer (ρ= 1 kg/m3, η = 1018 Pa s, k = 200W/m/K) is im-
posed in the uppermost part of the model box, which approximates
the upper surface of the crust as a free surface (Schmeling et al.,
2008; Crameri et al., 2012). The crustal and mantle layers are located
below. During model development and the related crustal surface
deformation, transmutation of sticky air markers into sticky water
(ρ = 1000 kg/m3, η = 1018 Pa s, k = 200 W/m/K) occurs when
these markers move below the prescribed water level (0.5 km
below initial crustal surface). Further transmutation of water
markers into sediments occurs below the prescribed sedimentation
level (10 km below initial crustal surface). Instantaneous erosion is
prescribed at 4 km above the initial crustal level by converting rock
markers into sticky air.

Two different lithospheric rheological coupling structures in terms
of the absence/presence of a strong lower crust are used in our models,
eafloor spreading: Insight from 3D thermo-mechanical modeling,
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Table 1
Material parameters used in the numerical experiments.a

(Upper) crustb Lower crust Mantle Crustal weak zone Mantle weak zone Referencec

Flow law Wet quartzite Plagioclase Dry olivine Wet quartzite Wet olivine

ρ (kg m−3) 2750 3000 3300 2700 3200 1
Co
0 (Pa) 1 × 107 1 × 107 1 × 107 3 × 106 3 × 106 2

Co
1 (Pa) 3 × 106 3 × 106 3 × 106 3 × 106 3 × 106

ϕDCP
0 0.258 0.6 0.6 0.1 0.0 2

ϕDCP
1 0.035 0.0 0.0 0.035 0.0

ϕCP
0 0.4 0.4 0.64 0.2 0.2 2

ϕCP
1 0.12 0.12 0.12 0.06 0.06

Ea (J mol−1) 1.54 × 105 2.38 × 105 5.32 × 105 1.54 × 105 4.7 × 105 2
Va (m3 mol−1) 0 0 1.6 × 10−5 0 1.6 2
AD (Pan s) 1.97 × 1019 4.8 × 1022 3.98 × 1016 1.97 × 1019 5.01 × 1020 2
n 2.3 3.2 3.5 2.3 4 2
Hr (μW m−3) 2.0 0.25 0.022 1.0 0.022 1
QL (kJ kg−1) 300 400 400 380 400 1, 3

a : See the text for the explanations of the symbols. Other parameters (for all rocks): Cp = 1000 J kg−1 K−1, α = 3 × 10−5 K−1, β = 1 × 10−5 MPa−1.
b : Represents upper crust in the coupled rheology (CP), and entire crust in the decoupled rheology (DCP).
c : 1 — (Turcotte and Schubert, 2002), 2 — (Ranalli, 1995), and 3 — (Bittner and Schmeling, 1995).
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named decoupled rheology (DCP, i.e. with a weak lower crust) and
coupled rheology (CP, i.e. with strong lower crust) (Fig. 1b). The initial
strength envelope (computed by assuming a constant strain rate), to a
first order, represents the lithospheric strength (Afonso and Ranalli,
2004; Burov andWatts, 2006; Burgmann andDresen, 2008). Depending
on composition, geotherm, and crustal/mantle thickness, the initial
strength envelope varies largely from one area to another (Maggi
et al., 2000; Jackson, 2002; Afonso and Ranalli, 2004; Burov and Watts,
2006; Burov, 2010). Except the rheology of the upper crust, which is
commonly described by wet quartzite, rheologies of the lower crust
(can be more felsic or mafic, dry or wet) and the mantle (can be
described by dry or wet olivine) have been relatively less constrained,
which indicates that there is a large range of available rheological
structures that we can employ in our model. Here, we employ a weak
felsic crust (described by wet quartzite) and a strong lithospheric
mantle for the decoupled rheology. Although the crust is a uniform
layer, the lower part behaves in a ductile way (left panel in Fig. 1b).
For the coupled rheology, a strong mafic lower crust (with a thickness
of 12.5 km) described by plagioclase rather than quartzite-dominated
rheology is imposed tomechanically couple the upper crust and the up-
permost mantle (right panel in Fig. 1b). The lithospheric mantle layer is
uniform and described by dry olivine. The major plastic parameter i.e.
the coefficient of internal friction (ϕ) used in the decoupled rheology
differs from that in the coupled rheology. The typical value of ϕ for
dry fractured crystalline rocks varies from 0.6 (when P N 200 MPa) to
0.85 (when P b 200 MPa) (Byerlee, 1978). However, if fluids are
Table 2
Pressure-and temperature-dependent parameters.

Tsolidus (K)

Crust 889 + 536.6/(0.03P + 1.609) + 18.21/(0.03P + 1
Mantle 1358.85 + 0.1329P − 5.104 × 10−6P2

Hydrated mantle 1239.8 + 1493.0/(0.03P + 9.701) at P b 2400 MP

Tliquidus (K)

Crust 1262.0 + 0.09P a

Mantle 2053.15 + 0.045P − 2 × 10−6P2 (Tliquidus)
1748.15 + 0.080P − 3.2 × 10−6P2 (Tliquiduslher )

Hydrated mantle 2073.15 + 0.114P

k (W m−1 K−1)

Crust [1.18 + 474/(T + 77)]exp (0.00004P)
Mantle [0.73 + 1293/(T + 77)]exp (0.00004P)
Weak zone [0.73 + 1293/(T + 77)]exp (0.00004P)

a : Pressure in unit of MPa.
b : 1 — (Johannes, 1985), 2 — (Poli and Schmidt, 2002), 3 — (Katz et al., 2003) 4 — (Schmid

Please cite this article as: Liao, J., Gerya, T., From continental rifting to s
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involved, the value ofϕ can dramatically decrease. The effectiveϕ varies
greatly depending on pore pressure which is largely unconstrained
(Brace and Kohlstedt, 1980; Buck, 2006). In order to sufficiently decou-
ple upper crust and upper mantle, relatively low (ϕ = 0.258) and high
(ϕ=0.6) values are used for the crust andmantle, respectively. Amod-
erate value (ϕ = 0.4) is taken for both the crust and mantle in the
coupled rheology. Rock properties are listed in Table 1.

Two different idealized model setups in terms of the geometry
of the weak zone are employed, named 2D-like and 3D-like setups
(Fig. 1c and d). The 2D-like setup means that a long planar extension-
orthogonal weak zone extends throughout the model box along the
direction perpendicular to extension (z-direction, Fig. 1c), while the
3D-like setup (Fig. 1d) consists of a short weak zone which only has
one quarter of the length of the weak zone in the 2D-like setup. Differ-
ent positions of the weakness (i.e. either at the side or at the middle of
the model along z-direction) are also investigated in the models with
the 3D-like setup (Fig. 1d). Lithospheric weakness can either reduce
crustal strength or mantle strength, and leads to a crustal or mantle
dominated thinning (Dunbar and Sawyer, 1988), which completes con-
tinental breakup. In our models, the weak zone is imposed either in the
upper crust or in the uppermost mantle. Lower crustal weak zones,
which may also influence lithospheric deformation (Sokoutis et al.,
2007), are beyond the scope of this paper.

Constant time-independent extension velocity (half rate 1.5 cm/yr)
is prescribed uniformly along the entire left and rightmodel boundaries
(Fig. 1). Compensating velocities on the upper and lower boundaries are
Ref.b

.609)2 at P b 1200 MPa, 831.3 + 0.06P at P ≥ 1200 MPa 1, 2
3

a, 1266.3 − 0.011844P + 3.5 × 10−6P2 at P ≥ 2400 MPa 4

1

3
5

6
6
6

t and Poli, 1998), 5 — (Hess, 1989), and 6 — (Clauser and Huenges, 1995).

eafloor spreading: Insight from 3D thermo-mechanical modeling,
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a)

b)

c)

d)

Fig. 1. Initialmodel configuration. (a) An example setup of a 3Dmodel (corresponds to the decoupled rheologywith a 2D-likeweak zone). Arrows showboundary extension velocities (on
the entire surface, and the half extension rate is 1.5 cm/yr). A sticky air layer is prescribed to approximate the crustal surface as a free surface. (b) Two different rheological structures of the
lithosphere named decoupled and coupled rheology. The coupled rheology is implemented by imposing a strong lower crust. CC— continental crust, CLM— continental lithosphericman-
tle, UCC — upper continental crust, LCC — lower continental crust, WZ — weak zone. (c) 2D-like model setups shown by 3D slices. Crustal weak zone (left panel) or mantle weak zone
(right panel) is perpendicular to extension, and goes through the entiremodel box (with dimensions of 2 × 12.5 × 98 km). (d) 3D-likemodel setups. Theweak zone does not go through
the entire model box (with dimensions of 2 × 12.5 × 24.5 km).
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calculated on the basis of mass conservation for the sticky air and crust-
al–mantle layers, respectively (Liao and Gerya, 2014). Front and back
boundaries are free slip. Initial temperature of the lithosphere is hori-
zontally uniform and increases linearly along vertical direction from 0
°C on the surface to 1300 °C at the depth of 85 km (bottom of litho-
sphere), below which mantle has adiabatic temperature gradient of
0.5 °C/km. A constant temperature condition is used for the upper (0
°C) and lower boundaries (1306.5 °C). The thermal insulating boundary
condition (i.e. zero conductive heat flux) is used for all side boundaries.
3. Model results

We investigate the effect of rheological coupling/decoupling, weak
zone geometry, and weak zone location on continental rifting and
seafloor spreading. Subsection 3.1 shows the modeling results using the
2D-like setups (i.e. long weak zone), while models in Subsection 3.2
employ the 3D-like (i.e. short weak zone) model setups. In each section,
models with different rheological structures (coupling or decoupling)
and weak zone locations (in the upper crust or in the uppermost litho-
spheric mantle) are compared. For better visualization, the sticky air
and water overlying the crust (or exhumed mantle) have been removed
Please cite this article as: Liao, J., Gerya, T., From continental rifting to s
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in the 3D snapshots, and the interfaces between different layers are
drawn with dashed lines.

3.1. 2D-like model setup

3.1.1. Decoupled rheology (DCP)
Dynamic evolution (shownby effective viscosity) of themodelswith

decoupled rheology is compared in Fig. 2 and Fig. 4. A long narrowweak
zonewith an orientation perpendicular to the extension direction is im-
plemented either in the upper crust (Figs. 2a–d) or in the uppermost
mantle (Figs. 2e–h). Since the weak zone reduces the brittle strength
of the upper crust/mantle, strain localizes rapidly. In Model 1, crustal
thinning is dominant in the early stage and generates an early rift valley.
Mantle extension becomes dominant after a short extension time, and
breaks up the lithosphere. An interesting phenomenon is that mantle
thinning concentrates in a new location which is offset laterally with
the crustal thinning center. As a consequence, the final spreading
ridge, that inherits the zone of mantle thinning, is offset from the early
crustal rift valley which becomes abandoned. Although the 2D-like
setup is used in this model, 3D features of model deformation are ob-
served, for instance, the intensity of magmatism varies along the direc-
tion perpendicular to extension (Fig. 2d).
eafloor spreading: Insight from 3D thermo-mechanical modeling,
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a) b)

e) f)

c)

g)

d)

h)

Fig. 2.Dynamic evolution ofmodels with the lithospheric decoupled rheology shown by effective viscosity. The 2D-like setups with crustal weak zone (a–d) andmantleweak zone (e–h)
are investigated (also see Fig. 1c for weak zone location). 2D slices (d and h) show the variations ofmodel deformation along z-direction (perpendicular to extension). Note that although
themodel setups are 2D like, 3D features of deformation have been observed in bothmodels.WZ—weak zone, CC— continental crust, CLM— continental lithosphericmantle, and Asth—

asthenosphere. Dashed lines show the interfaces between different rock layers.
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In Model 2, where a weak zone locates in the upper lithospheric
mantle, distinct model evolution is observed (Model 2, Fig. 2e–h). Lith-
ospheric mantle thinning following the pre-existing weak zone domi-
nates lithospheric deformation from the beginning. The straight
continental rift that forms above the weak zone in the early extension
stage, gradually develops into two overlapping oceanic ridges. A ro-
tating micro-plate develops between these two ridges. Formation
of the overlapping ridges is related to the formation of two detach-
ment faults which orient in opposite directions along the rift strike
(Fig. 2f and h). Detachment faults result in asymmetric plate accre-
tion, and the offset distance between the two opposite-orientated
oceanic detachment faults increases with extension, which leads to
two separate oceanic ridges (Fig. 4b). Transform faults are not
established in this model.

3.1.2. Coupled rheology (CP)
In the coupled rheologymodels, a strong lower crust (with a thickness

of 12.5 km) is used tomechanically couple the upper crust and the upper-
most lithospheric mantle. Model 3 (with a crustal weak zone) andModel
4 (with a mantle weak zone) generate similar extension patterns: a
roughly straight oceanic ridge develops from a straight continental rift.
The symmetric lithospheric conjugate shear zones that are formed in
the early extension stage (Fig. 3a and e) become asymmetric due to plas-
tic strain weakening and shear heating (Fig. 3b, f). One branch of the
conjugate faults becomes dominant, and is further rotated by the
Please cite this article as: Liao, J., Gerya, T., From continental rifting to s
Gondwana Research (2014), http://dx.doi.org/10.1016/j.gr.2014.11.00
upwelling mantle to a low angle continental detachment fault.
A small amount of mantle rock is exhumed along the ocean–continent
transition zones. In a relatively short time period, both models reach
steady state of seafloor spreading, and the oceanic ridges are featured
by symmetric accretion (Figs. 3c, g, 4c and d). Oceanic detachments
are not generated in the CP models. Slight variation is present along
the rift/ridge strike (perpendicular to extension) (Fig. 3d and h).

3.1.3. Model comparison
The DCP models generate numerous heterogeneities along conti-

nental rift strike, which lead to significant 3D features (Fig. 4a and b).
Deformation is more distributed in DCP models compared to the CP
models (for instance the widespread molten asthenosphere), and
longer extension time is required for the models to reach the steady
state of seafloor spreading. Breakup of the lithospheric mantle occurs
earlier than that of the crust in DCP models, indicating depth-
dependent extension (Huismans and Beaumont, 2011). Large magma
chambers are generated in the DCP models (Fig. 4e), such as in
Model 1, which may be caused by the fast lithospheric mantle thinning
and wide asthenosphere upwelling (e.g. widespread molten astheno-
sphere in Fig. 4b). Growth rate of the oceanic crust becomes constant
once the seafloor spreading reaches the steady state (Fig. 4f). Since
the (full) seafloor spreading rate equals the (full) extension rate
on the side boundaries (3 cm/yr), the steady growth rate of
~100 km3/Ma/km (growth rate per km of ridge length) indicates an
eafloor spreading: Insight from 3D thermo-mechanical modeling,
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a) b) c) d)

e) f) g) h)

Fig. 3.Model evolutionwith the lithospheric coupled rheology. The 2D-like setupswith crustal weak zone (a–d) andmantleweak zone (e–h) are used. High angle normal faults have been
rotated to low angle detachment faults.WZ—weak zone, UCC— upper continental crust, LCC— lower continental crust, CLM— continental lithosphericmantle, andAsth— asthenosphere.
Dashed lines show the interfaces between different rock layers.
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average thickness of ~3.3 km of the oceanic crust for a 30 km/Ma full
spreading rate.
3.2. 3D-like model setup

3.2.1. Decoupled rheology (DCP)
The 3D-likemodel setups (Fig. 1d) are used in this section. Instead of

extending throughout the entire model box, the crustal or mantle weak
zone has a length of 24.5 km along z-direction (perpendicular to exten-
sion). Dynamic evolution of the models with the decoupled rheology
and amantle weak zone is shown in Fig. 5. Model 5 has a weak zone lo-
cated on one side of the model box (Fig. 5a), while Model 6 imposes a
weak zone in themiddle of themodel box (Fig. 5e). Following the initial
weak zone, continental rifts develop as a consequence of lithospheric
thinning. Melt occurs first in the weak zone where the lithosphere
thins the most (Fig. 5d and h). Lithospheric thinning has been further
enhanced by the presence ofmelt. Seafloor spreading develops in a pro-
gressive propagationmanner, and bothmodels generate curved oceanic
ridges (Figs. 5 and 6). The oceanic ridge is featured by asymmetric ac-
cretion involving active oceanic detachment faults which are
established in the late continental rifting stage. Similar to the models
using the 2D-like weak zones, the DCP models with the 3D-like weak
zones generate larger magma chambers than the CP models (Fig. 6e).
DCP models request a longer time to reach the steady state (Fig. 6e
and f). Models with crustal weak zone are not shown, since the results
are similar to that of Model 1.
Please cite this article as: Liao, J., Gerya, T., From continental rifting to s
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3.2.2. Coupled rheology (CP)
The CP models (Model 7 which has a short crustal weak zone in the

middle, andModel 8which has a shortmantleweak zone in themiddle)
generate relatively straight and symmetric oceanic ridges in a short time
period (Fig. 6c–d). Modeling results are comparable to that using the
2D-like setups (Models 3 and 4). Molten asthenosphere occurs in a
small area beneath the oceanic ridge, and a pair of narrow conjugate
passive margin is formed. Along the passive margins, exhumed litho-
spheric mantle is observed, since high angle normal faults are rotated
to low angle detachment faults. The location of the weak zone (either
in the upper crust or in the uppermost mantle) influences the extend
of strain localization (e.g. the intersection depth of the conjugate shear
zones), but has no influence on the final continental breakup and incip-
ient geometry of the oceanic ridge.
4. Discussions

4.1. Detachment fault formation

Continental and oceanic detachment faults are established in the
CP and DCP models, respectively, and their dynamic evolutions are
shown in Figs. 7 and 8. We identify the continental detachment
fault based on three rules which are the common features of detach-
ment faults (Lister et al., 1986; Lister and Davis, 1989; Hill et al., 1995;
Weinberg et al., 2007). First, lower crust (or upper mantle) is exposed
on the surface along the footwall of a detachment fault (e.g. Fig. 7a).
eafloor spreading: Insight from 3D thermo-mechanical modeling,
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a) c) e)

b) d) f)

Fig. 4. Comparison of modeling results with the 2D-like setups. Lithospheric rheological coupling/decoupling and the weak zone location are varied in different models. Color shows com-
position (a–d), also see Fig. 1 for the colormap. (e) Dynamic evolution ofmagma chamber volume and (f) growth rate of oceanic crust are compared. The black line in c shows the location
of slices used in Figs. 7 and 9. Note that the decoupled rheology promotes asymmetric oceanic accretion, while the symmetric oceanic accretion is favored by coupled rheology.
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Second, asthenosphere upwelling (or some magmatism) occurs be-
neath the footwall (e.g. Fig. 7a). Third, detachment faults have low vis-
cosity (e.g. Fig. 7b) and high strain rate (e.g. Fig. 7c). The continental
detachment faults are generated through fast rotation of the initial
high angle normal faults (Fig. 7). Due to the localized lithospheric ex-
tension and thinning, one branch of the major conjugate faults is rotat-
ed to a low angle fault by the fast upwelling asthenosphere. The
detachment faults that initiated and developed in the continental rifting
stage are terminated in the late rifting–early spreading stage, by inten-
sive magmatism (due to partial melting of upwelling asthenosphere),
which cuts off the detachment faults and forms oceanic spreading
(Lister et al., 1986; Ebinger and Casey, 2001; MacLeod et al., 2009).

Oceanic detachment faults are established during the late continen-
tal rifting–early seafloor spreading stage in the DCP models (Fig. 8).
In this study, the term ‘oceanic detachment fault’ is used in a broad
sense, for the low-angle large-offset normal faults (Gerya, 2010, 2013;
Puthe and Gerya, 2014). Occurrence of oceanic core complexes (OCCs)
is not specified in this broad sense terminology (Escartin et al., 2008).
Thus, this definition differs from the more strict definition (Buck et al.,
2005; MacLeod et al., 2009), according to which oceanic detachment
faults should always be associated with OCCs. Amagmatic accretion
(limited magma supply) is required for the formation of OCCs (Buck
et al., 2005; MacLeod et al., 2009). In our models, however, oceanic ac-
cretion is featured by intensive magmatism, and newly formed oceanic
crust fills spreading gap and inhibits the occurrence of OCCs. A test
model with lower initial mantle temperature (Fig. 10b) produces large
OCCs along the ridge axis since spreading is mainly accommodated by
tectonic stretching.

In ourmodels, oceanic detachment faults typically cause an asym-
metric plate accretion (Gerya, 2010, 2013; Puthe and Gerya, 2014).
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Oceanic crust grows faster underneath the footwall of a detachment
fault than underneath the hanging wall (e.g. Fig. 8a). The oceanic
detachment fault shown in Fig. 8 originates from the conjugate normal
faults. Following the location of the initial weak zone, two conjugate
normal faults form along the walls of a wedge-like magma chamber in
the late rifting stage (Fig. 8a and c). One branch of the conjugate normal
faults evolves into a detachment fault (Fig. 8c), as strain weakening and
shear heating amplify perturbations along the normal faults and break
up the symmetry. On amap view, a 3D feature, i.e. the curved geometry
of the oceanic detachment fault is revealed (t = 6.4 Ma in Fig. 8b). The
3D curved geometry (Escartin et al., 2008) of the oceanic detachment
fault is formed due to the different initiation time of the detachment
fault along z-direction (perpendicular to spreading direction). The oce-
anic detachment fault first initiates in the middle of the model, then
propagates to the edges of the model. Asymmetric accretion of oceanic
crust makes the detachment fault curved in a map, thus producing no-
ticeable curvature of the oceanic ridge (Fig. 8b).

The formation of oceanic detachment faults is facilitated by magma
supply in our models, indicating a dependence of oceanic detachment
faults on magma supply. The results from Tucholke et al. (2008) show
that a limited window of magmatism may be present, facilitating the
formation of detachment faults. However, unlike the previous models
in which newly formed oceanic crust is accreted to a hanging wall
(Buck et al., 2005; Tucholke et al., 2008), newly formed oceanic crust
in our models is accreted to the footwall (beneath the detachments)
(Fig. 8a). This result is also shown in the studies by Puthe and Gerya
(2014) and Gerya (2010, 2013). The total melt transported to the
oceanic ridge from the mantle is the sum of the melt transported to the
hanging wall and that delivered to the footwall (MacLeod et al., 2009).
In the models by Buck et al. (2005) and Tucholke et al. (2008), melt
eafloor spreading: Insight from 3D thermo-mechanical modeling,
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Fig. 5.Model evolution with the decoupled rheology using the 3D-like setups. A short mantle weak zone is located either on one side (a–d) or in the middle (d–h) of the model domain.
Slices are shown at a certain time step for both models (d, h). CC — continental crust, CLM — continental lithospheric mantle, OC— oceanic crust.
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is only transported to the hanging wall via dikes. However, this dike
formation is not simulated in our models.

In the life cycle of oceanic core complexes demonstrated byMacLeod
et al. (2009), oceanic detachment faults are terminated by magma that
is delivered to the footwall. This feature is observed in ourmodel results
(Fig. 8). Magma cuts through the detachment faults (compare the
snapshot at t = 6.4 Ma to the one at t = 5.8 Ma in Fig. 8c), changing
the oceanic accretion pattern from asymmetric to symmetric. As a
consequence, abandoned oceanic ridge is generated on the hanging
wall (Fig. 8b–c, t = 6.4 Ma). The formation of the abandoned ridge
is evidenced by the natural example on the Mid-Atlantic ridge at
5°S (Reston et al., 2002), where the extinct oceanic ridge and aban-
doned detachment faults are observed on the hanging wall (Fig. 8d).
The reconstruction (Fig. 8d) based on the bathymetry data (matching
the fault scarps on the two flanks of the active ridge) indicates that
the two core complexes (numbered 1 and 2 in the Fig. 8d) were
adjoined contemporaneously. Thus, the termination of an oceanic
detachment fault may indicate the initiation of a new oceanic ridge.

4.2. Rheological coupling and inheritance of continental rifting

Our preliminarymodeling results show that the decoupled rheology
leads to asymmetric oceanic accretion through detachment faults,
whereas the coupled rheology promotes symmetric oceanic accretion.
One possible reason to this difference could be the strain localization
pattern in the lithosphere (Fig. 9). In the DCP models, lithospheric
extension is decoupled by the weak ductile lower crust, and strain
localizes in both the crust and the lithospheric mantle (Fig. 9a and b).
Decoupled rheology has been proposed as the reason for the
earlier breakup of the mantle lithosphere compared to the crust
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(Huismans and Beaumont, 2011). This is consistent with our modeling
results, such as in Model 1, where the lithospheric mantle breaks up
much earlier than the crust. In the CP models, large conjugate shear
zones form across the entire lithosphere and lead to fast continental
breakup (Figs. 4 and 6). Fast upwelling of the asthenosphere (as well
as partial melting) may suppress the development of oceanic detach-
ment faults, and promotes symmetric oceanic accretion. Fast extension
rate has a similar effect, resulting in a symmetric and straight oceanic
ridge, since the lithosphere experiences rapid extension and thinning
(Fig. 10d).

During continental rifting, heterogeneities are generated and ampli-
fied along the rift strike and influence seafloor spreading. Model 1 has a
homogeneous long crustal weak zone extending through the entire
model box along z-direction (Figs. 2 and 4a), however, extension is
not uniformly distributed along the rift valley in the rifting stage, since
the weakening effects (i.e. plastic strain weakening and shear heating)
amplify initial small perturbations that are introduced by the randomly
distributed markers. Moreover, the continental rift that formed in the
early extension stage does not develop into a spreading ridge, but
becomes abandoned. The spreading ridge establishes with an offset
distance laterally from the abandoned rift. Continental breakup is
dominated by the lithosphericmantle thinningwhich has awavelength
determined by the angle of the normal fault and the thickness of the
brittle lithosphere (Fig. 10c). Abandoned continental rifts (i.e. rift
jump) have been widely proposed to occur in nature (Wood, 1983;
Armitage et al., 2010; Yamasaki and Gernigon, 2010). In the Benue
Trough and Cameroon volcanic region as discussed by Wood (1983),
the newly formed Cameroon volcanic line is offset from the abandoned
Benue Trough, and it is featured by abundant volcanism but little
faulting which suggests an active rifting pattern. Results of Model 1
eafloor spreading: Insight from 3D thermo-mechanical modeling,
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b) d) f)

Fig. 6. Comparison of modeling results with the decoupled and coupled rheologies using the 3D-like setups. (a–d) Comparison of composition (see Figs. 1 and 4 for the color notation).
(e) Dynamic evolution of magma chamber volume and (f) growth rate of oceanic crust are compared. Model 7 (c) has a crustal weak zone, and Model 8 (d) has a mantle weak zone,
both of which are located in themiddle of themodel domain. Note that the decoupled rheology promotes asymmetric oceanic accretion, while the symmetric oceanic accretion is favored
by the coupled rheology.
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are consistent with these observations, as the mantle dominated thin-
ning deforms the lithosphere in an active rifting pattern.

In Model 2, although a single straight and uniformly extended con-
tinental rift is generated in the early stage, two offset spreading ridges
are established due to the formation of the opposite-dipping detach-
ment faults (Figs. 2 and 4a). Development of the opposite-dipping de-
tachments is crucial for transform fault formation (Gerya, 2010).
a)

b)

c)

Fig. 7. Evolution of the continental detachment fault generated inModel 3. Location of the slices
invariant of strain rate show the rotation of the high angle normal fault (highlighted by black
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However, it is difficult to predict which of the two branches of the
conjugated normal faults becomes dominant. Large heterogeneities
are generated along the rift strike during extension, which makes the
formation of opposite-dipping detachment faults potentially possible.
The two ridge segments in Model 2 propagate towards each other, but
a transform fault is not formed. However, by slightly modifying the
model setup (decreasing the height of the weak zone), a proto-
is shown in Fig. 4c by the black line (z= 38 km). (a) Density, (b) viscosity, and (c) second
rectangles).
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c)

d)

Fig. 8. Evolution of the detachment fault generated in Model 6 and comparison with natural examples. (a) Composition, (b) topography and (c) viscosity snapshots of the model results
are shown for different times. The location of viscosity slices is shown in (b) by the black line (z= 38 km).White arrows in viscosity slices show the positions of detachment breakaway.
(d) Natural examples of curved detachment faults at northern Mid-Atlantic Ridge (modified after Escartin et al. (2008)) and ridge abandonment at 5°S Atlantic ridge (modified after
Reston et al. (2002)).
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Fig. 9. Comparison of the second invariant of strain rate along xy slice at z = 38 km. See the location of the slice in Fig. 4c. Arrows show the velocity vectors (using velocity components
of vx and vy).
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transform fault is formed (Fig. 10a), which obliquely connects spread-
ing ridges. Inheritance of continental rifting in seafloor spreading is
also demonstrated by Model 5 (Figs. 5 and 6a), in which the spreading
ridge propagates in a curvedway. Numerous heterogeneities are gener-
ated during the rifting process, and subsequent continental breakup fol-
lows the weakest areas in the model.

4.3. Passive continental margins

In terms of magmatism, passive continental margins can be divid-
ed into two categories: magma-poor and magma-rich. Most (~90%)
of the passive margins are magma-rich (Menzies et al., 2002;
Reston, 2009). Magma-rich margins are featured by intensive magma
activity (e.g. large igneous provinces, high-velocity lower crust, and
seaward-dipping reflectors), which can occur before, during, or after
continental breakup (Menzies et al., 2002). Magma-poor margins
are featured by very limited magmatism (which mostly occurs in
the late stage of continental rifting) and exhumed mantle peridotite in
the ocean–continent transition zone (Reston, 2009). In our study,
significant magmatism is occurring due to decompression melting of
asthenosphere during rifting, and continental margins are featured
as magma-rich. Magmatism is inhomogeneous along rifting strike
(e.g. Figs. 2, 3 and 5), and the area with more magma production rup-
tures earlier. This is consistent with the previous study by Corti et al.
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(2003), which discussed that continental rifting occurs contemporane-
ously while break-up happens in a punctiform way.

The origin of magmatism along magma-rich margins is debated.
Although plume formation is a prevailing mechanism since it can
explain large igneous provinces (Menzies et al., 2002), mantle temper-
ature anomalies (White and Mckenzie, 1989; Reston, 2009), mantle
composition anomalies (Korenaga, 2004), and small-scale convection
(Boutilier and Keen, 1999) are proposed as possible reasons. In our
models, magmatism and oceanic crust thickness are mainly regulated
by the mantle temperature (i.e. mantle temperature anomalies).
With a higher initial mantle temperature, much thicker oceanic
crust (N5 km) is generated in the models conducted by Puthe and
Gerya (2014). Cool lithospheric mantle can significantly depress
melting (Reston, 2009; Van Avendonk et al., 2009). A model with
strongly lowered initial mantle temperature is shown in Fig. 10b, in
which no partial melting is generated in the model, and exhumed
lithospheric mantle and asthenosphere are found on the surface.
Another possible reason for the intensive magma production in our
models is the fast extension rate. Although a full extensional velocity
of 3 cm/yr (corresponding to a bulk strain rate of 1.59 × 10−15s−1) is
in a reasonable range for continental rifts (Buck, 1991),this rate is
still above average since most continental rifts have an extension
rate less than 1 cm/yr (Buck, 1991). Extension velocity has a significant
effect on continental extension. Fast extension promotes earlier
eafloor spreading: Insight from 3D thermo-mechanical modeling,
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Fig. 10. Additional model runs. (a) Model with identical setup with respect to Model 2 except slightly decrease the weak zone height (dotted rectangle). (b) Model with cold lithosphere
(i.e. initial temperature at the lithosphere–asthenosphere boundary is 1000 °C) based on Model 8. (c) Increase the model box size along the x-direction based on Model 1. Note that the
results are highly similar to that of Model 1, in which offset rifting and spreading is generated. (d) Use large model box and fast extension rate (full rate 6.18 cm/yr) based on Model 2.
See Figs. 1 and 4 for the composition notations.
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strain localization, leads to narrow rifting and produces voluminuous
magma, while slow extension favors widespread distributed deforma-
tion (Liao et al., 2013) (and supporting material). With slower exten-
sion, we would expect less magmatism.

In terms of rifting width, continental rifts generated in our models
are narrow. Several parameters contribute to the fast strain localization
along the prescribed weak zone during extension. The continental
lithosphere used in our models is relatively young and warm (since
lithospheric thickness is 80 km). The imposed extension rate is relative-
ly fast for continental rifting as discussed above. These two factors may
largely promote narrow rifting (e.g. VanAvendonk et al., 2009). Besides,
the model dimension (parallel to extension) is quite small (~100 km)
since we use high resolution. Increasing model dimensions to reduce
boundary condition effects is therefore necessary for future studies.

5. Conclusion

Based on our modeling results, oceanic spreading has a strong
dependence on continental rifting which is influenced by the initial
rheological coupling/decoupling of the continental lithosphere (i.e. by
the presence/absence of a strong lower crust). Rheological coupling/
decoupling generates two types of incipient oceanic ridge development:
(1) coupled lithospheric rheology promotes symmetric oceanic accretion,
while (2) decoupled lithospheric rheology favors the formation of asym-
metric oceanic accretion involving development of active detachment
faults. In the models with coupled rheology, lithospheric scale shear
zones are generated and lithosphere thins rapidly. The decoupledmodels
extend in a depth-dependent way.

Two types of detachment faults develop in our numerical experi-
ments. Continental detachment faults are found in the models with
the coupled rheology and mainly develop during continental rifting
stage. Intensive magmatism terminates these faults in the late rifting
stage. Oceanic detachment faults form during oceanic spreading stage
and cause asymmetric plate accretion. Magmatism can also terminate
oceanic detachment faults, switching the mode of oceanic accretion
from asymmetric to symmetric. Curved oceanic detachment faults can
also be observed in our 3D models.

We also discussed the inheritance of continental rifting in oceanic
spreading. Large heterogeneities are generated during continental
rifting, and further influence oceanic ridge development. Modeled
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phenomena such as abandoned continental rift, opposite-dipping
detachment faults and curved propagation of oceanic ridge are typical
signatures of the continental rifting inheritance.
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