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Abstract

In this study the cessation of rifting at constaatonic force is discussed from the view point of
lithospheric rheology using a simple one-dimensionanerical model. The behaviour of the
conventionally adopted constant force model re-@meuin this study contradicts some general
features in the development of sedimentary basiBgain hardening is implemented to explain the
contradictions, in which the viscosity of the mant a function of not only the strain rate and
temperature but also the total strain. The rofesadous strain hardening parameters in rifting
dynamics are examined, including the strain reduioe the onset of hardening, the strain interval
required for the completion of hardening and tieeofecontrolling the increase in mantle viscositiy.
is shown that a model with strain hardening carta@xjpnany characteristic features of sedimentary
basin formation better than the conventional cohdtace model. There are a variety of ways in
which rifting can be terminated by the strain haimtg model, depending on the initial lithospheric
structure, magnitude of tectonic force and the dmangy process. One possible strain hardening
mechanism involves the switch from wet to dry rbgplassociated with decompressional melting,
though the implemented strain hardening formulddcbe generally applicable to any hardening
phenomenon and could therefore be physically et as such. The results of this study also
provide important insights into sedimentary basios&lence in relation to rifting dynamics. The end
of an initial rapid (“syn-rift’ like) subsidence @be is not necessarily equivalent to the end ahlact
rifting as in the constant force model. The tt@rsirom initial rapid subsidence to long-term, o
subdued (“post-rift” like), subsidence is actuaiigrked by the onset of deceleration of rifting.nc8i
significant extension still continues for some tithereafter, the subsequent long-term subsidence

includes some mechanical effect of crustal thinning

Keywords: rifting; strain rate; stretching factor; tectosigbsidence; strain hardening; tectonic force
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1. Introduction

The simple stretching model proposed by McKen2&&) and its modified models (e.g., Jarvis
and McKenzie, 1980; Royden and Keen, 1980; Beaustoat, 1982; Podladchikov et al., 1994;
Yamasaki and Nakada, 1997) have been successikplaining a style of subsidence that is generally
characterized by an initial rapid phase and a gulest long-term one (syn- and post-rift subsidence
phases). However, such kinematic models are dniitetheir ability to provide insight into the
dynamic aspects of riting. Even though the degfesxtension (typically quantified as a stretching
or B-factor) is one of the most important parametessri#ng the development of sedimentary basins,
there is no clear answer to what controls it. Ii@o relevant questions are why the rifting preces
does not always lead to continental break-up aaftbeespreading and what the physical processes ar
that lead to the cessation of rifting in a geolalijjareasonable manner.

Cessation of rifting can be discussed in termstefial or internal factors. The external facgor i
related to changes in the tectonic force that simiféng in the first place. However, the origifi
tectonic force and, therefore, what causes it &m@h, are also still poorly constrained. Intevacti
between plates play an important role in generdiieglriving forces (e.g., Forsyth and Uyeda, 1975;
Uyeda and Kanamori, 1979; Bott, 1982; Le Picho83)L%ut it is not well known how the forces
operate on the continental lithosphere in an ilstsetting (e.g., Nielsen et al., 2007). What is
known is that the available magnitude of extensiaatonic force is typically in the order of ~ 61/
(e.g., Forsyth and Uyeda, 1975; Parsons and Ridi@80; Bott et al., 1989; Bott, 1991; Schellart,
2004). Accordingly, it is also necessary to disdhe cessation of rifting in terms of internakdes
such as intrinsic changes in lithospheric rheolgiggn the widely accepted importance of rheological
controls prior to and/or during rifting in a vayietf extensional deformation styles (e.g., Englasdgs;
Braun and Beaumont, 1987; Kusznir and Park, 198kedhita and Yamaji, 1990; Bassi, 1991; Buck,
1991; Govers and Wortel, 1993; Hopper and Buck318@ssi, 1995; Govers and Wortel, 1995;
Newman and White, 1997; 1999; Frederiksen and B28{1; Huismans and Beaumont, 2002; 2003).

This paper deals with the rheology-controlled d&ssaof rifting on the basis of a simple
one-dimensional model that assumes constant ®edtwoe, in which the cessation of rifting requires
an increase in lithospheric strength during extensi In previous models, this strengthening has bee
achieved only by thermal relaxation and replacenoértrust with mantle (e.g., England, 1983;
Takeshita and Yamaji, 1990; Hopper and Buck, 18@8redo et al., 1995; van Wik and Cloetingh,
2002). The behaviour of the conventional condtame model is re-examined first to demonstrate
that additional hardening mechanisms are indeetteedo explain various observed configurations of

sedimentary basin development. Thena@ioc strain hardening mechanism is introduced to the
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model in order to explore some possible consegagemca/hich the viscosity of mantle is dependent
not only on the strain rate and temperature bataghe total strain, and the roles of the parersiet
this model in controlling the temporal evolutionstiain rates and stretching factors are examined.
The model also allows the temporal evolution diigc subsidence to be investigated in relation
to rifting dynamics. Although many studies havplied constant strain rates for a fixed duration of
rifting in order to examine the behaviour of seditagy basin subsidence (e.g., Jarvis and McKenzie,
1980), it is actually difficult to envisage how theagnitude of applied tectonic force can change
conveniently to keep strain rate constant. Thus,gerhaps also more reasonable to consider basin
subsidence occurring in the presence of a corfstaet rather than imposing a constant strain rate.
However, very few studies have dealt with tectsnlasidence in the context of a constant force model
focusing instead only on large-scale lithospher®raf@tion (e.g., Braun and Beaumont, 1987,
Takeshita and Yamaiji, 1990; Hopper and Buck, 19a3ers and Wortel, 1993; 1995) or stress
redistribution in the lithosphere (e.g., Kuszn#82; Ershov and Stephenson, 2006). One excegtion i
the work of Newman and White (1997; 1999), in whickology of the lithosphere was inferred by
comparing strain rates inverted from observed bagbsidence with the behaviour of a constant

tectonic force model.

2. Modd description

The simple one-dimensional model adopted in thidyss similar to that of Takeshita and Yamaji
(1990) and Hopper and Buck (1993), except for titnsdependent mantle viscosity. A schematic
figure of the model is shown in Fig. 1. The ertit®sphere is extended in pure shear by an applie
tectonic force Fthat is assumed to be constant over time. Thasphere is assumed to consist of
three layers: wet quartzite upper crust, anortbiteer crust and wet olivine mantle. The initial
thickness of the entire crust ésand both the upper and lower crusts have thickeesfst/2. The
thickness of the thermal lithosphes {s defined by the depth of the 1350 °C isotherfirain
hardening is introduced for the mantle only becdheetotal strength of the lithosphere is mostly
controlled by the strength of the mantle lithospHerg., Kohlstedt et al., 1995).

Realistic two- or three dimensional models reqtire incorporation of lateral rheological
heterogeneity prior to extension in order to laeaixtensional deformation in a particular regeg.
Fernandez and Ranalli, 1997), and, accordingdlingitlynamics is strongly influenced by any assumed
initial heterogeneity (e.g., Dunbar and Sawyer8188aun and Beaumont, 1989; Corti and Manetti,
2006; Corti et al., 2007; Yamasaki and Gernigo8820 However, in practice, it is difficult to demu

a given initial heterogeneity suitable for repradgcan actual rift structure. Therefore, in ortter
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avoid such difficulties, a simple one-dimensionaldei of the extensional evolution at the centra of
rift is adopted. Furthermore, the buoyancy foreeegated by the thinning of low-density crust is
ignored, because this force is negligible comp#oetthe tectonic force (e.g., Newman and White,
1999).

2.1 Lithospheric rheology

In the shallower parts of lithosphere, where teatpez and pressure are low, deformation takes
place in a brittle manner. The brittle stresgs almost insensitive to rock type and temperahaiig
mainly a function of lithostatic pressure or defiiierlee, 1978; Goetze and Evans, 1979; Brace and
Kohlstedt, 1980; Ranalli, 1995);

ob = P(1 - )z (1)

wherey is the constant”is the density ratio of pore water to rock maarid z is the depth.

At higher temperature and pressure, deformaticestalace by ductile flow in response to an
applied stress. In this study it is assumed thetilel deformation is controlled by dislocationege
(e.g., Carter and Tsenn, 1987):

() o Q
O'd—[A*j eX[{WJ (2)

wheregy is the ductile stresst s the strain rate, A* is a material constants @é activation energy, n

is the power exponent of stress, R is the univgesatonstant aridis the absolute temperature. Flow

law parameters for each rock composition are slioviable 1.

2.2 Thermal calculation
The ductile rheology is strongly sensitive to terapge, which is determined by solving the heat

transport equation:

oT _ 0°T T H
— K5 ~V—+— ®
ot 0z 0z pcC

whereT is the temperature, t is the timejs the thermal diffusivity, z is the depthjs the vertical
velocity of a material point, H is the amount demal heating due to radioactive elemepiis, the
density and c is the specific heat. For pure sheaning, the velocity increases linearly with depth
as v =¢z. ltis noted that the reference frame moves waiiffiace subsidence. Radioactive heat
sources are assumed to be uniformly distributétkientire crust but are neglected in the mankej.

(3) is solved using an explicit finite differencetimod with the boundary condition that the tempegat

at the surface and bottom of the model is 0 an@ 935respectively. The initial temperature pedsl
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given by the steady state solution of Eq. (3) witkk 0. Parameter values used in the thermal

calculation are shown in Table 1.

2.3 Strain rate calculation
The total strength of the thermal lithosphere (S) is calculated by the integration of the stress profile

from the surface to base of the thermal lithosphere:
S= jo odz 4

wherea is given by the lesser of brittle strepsand ductile stressy at each depth.  In the constant
force model, the total strength S is always equiild applied tectonic force §o that the strain raté
is evaluated to satisfy the following equationathetime (Takeshita and Yamaiji, 1990; Hopper and
Buck, 1993):

R-SE.)=0 ()
The calculation is terminated when the strain rate € reaches 10 (s"), as such a high strain rate may be

geologically unreasonable at the whole lithospheric scale (Martinez and Cochran, 1988)

2.4 Srain hardening formula: relationship between strain and viscosity

Strain hardening is introduced by means ofdinoc relationship between viscosity and strain.
A similar formulation has been applied for straiftening to investigate the strain localizationiratyr
extensional deformation of crust and mantle lithesp (Frederiksen and Braun, 2001; Huismans and
Beaumont, 2002; 2003). From Eg. (2), the viscopitan be written in the form

= B*é(lln)_le Q j 6
L X{nRF ©)

In order to introduce strain hardening it is assiithat B is controlled by an equation of the form:
B =B{6 + 51 -6)} @)
where B = (/A" andd is the factor controlling the increase in visgosissociated with strain

hardeningB decreases linearly from 1 to O as the strémcreases:

0=1 (e<¢,)
€-¢€

0=1- K €, <e<g, +AE 8
e (B <E<g, +AE) ®
6=0 (e=¢g,+AE)

The behaviour of Bis illustrated in Fig. 2. Bis kept constant at B unilreaches, and then linearly
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increases t6B over the strain intervAlE.  Fore more tharg, + AE, B’ is kept constant &@. This
parameterisation of strain hardening is not baseghy particular hardening mechanism. However, it
completely describes the rheological behaviourcassal with the transition from weak to strong

rheology, as pointed out by Frederiksen and Bra0@1().

2.5 Stretching factor and tectonic subsidence
The time-dependent stretching fadids evaluated using the change in crustal thickness

B=t/ta ©)
where ¢ is the initial crustal thickness angdig the crustal thickness at time t.  The tempavralution
of tectonic subsidende(water loaded) is calculated using the equation

. [ P@@-aT@)dz-[ p@)2L-0aT(2)dz W

Pn(—aT,)—p,

wherep(z) and T(z) is the depth-dependent density angdeature, respectivelg, is the coefficient of

thermal expansiom, is the density of mantle, 1 the potential temperature of asthenosphergpand
is the density of water. The first and second tierthe numerator in Eg. (10) indicates the mass of

lithosphere at time t and zero, respectively.

3. Modd reaults
3.1. Results of ther eference conventional mode (RCM)

Fig. 3 shows the temporal evolutions of strain i@, stretching factorf}) and tectonic
subsidencel}, where the thickness of the thermal lithosphayes @ssumed to be 90 km.  Each curve
in the figure represents a different magnitudeectionic force (f). As discussed in previous studies
(Takeshita and Yamaji, 1990; Hopper and Buck, 18@8yman and White, 1997; 1999), the ultimate
fate of rifting in the constant force model is geitg classified into two modes, failure or bregk-u
which are controlled by the competition betweenkering due to elevated geothermal gradient and
strengthening due to thermal relaxation and replaneof crust with mantle. WhegiE beyond the
critical value (k), the rifting process leads to the break-up modie contrast, whenzis less thandg
the rifting process results in the failure mode. misimum critical tectonic forcecf-below which no
significant extension takes place, can be alsoettfi Thus, models withyK F, < F, are those that
produce sedimentary basins with finite stretchamgdrs. & and F, for a given lithosphere structure
are summarized in Appendix A.

Figs 3(a) and (b) show as a function of time for models with an initiaistal thickness dtof
30 and 40 km, respectively. In this study, follogNewman and White (1997; 1999), the duration of

(7 Page 7 of 42
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rifting (Atp) is defined as a period in which is more than I8 (1/s). Aty is predicted to be shorter
for greater E This is because strengthening by thermal rétexand crustal thinning works more
efficiently at higher ¢ : the greater thermal anomaly brought about byehnigh results in a higher rate
of thermal relaxation, and the replacement of thst evith the mantle also takes place more effelgtiv
for a higheré. HoweverAtp is rarely predicted to be less than 53 and 40amynbdels withd= 30
and 40 km, respectively.

Figs 3(c) and (d) shofyas a function of time for models with/t 30 and 40 km, respectivelyp3
does not increase significantly far less than I8 (1/s). This is consistent with the definition/xi
as the period in whiclt is greater than 10 (s%). Potential finiteB increases asafncreases.
However, finite values @8 are restricted to be less than 1.55 and 1.68danbdels with.t= 30 and 40
km, respectively. Thus, in the RCBIjs either less than these fairly low values anfisite.

Figs 3(e) and (f) show tectonic subsider@eaé a function of time for models with= 30 and 40
km, respectively. { increases as crustal thinning progresses (thallsd-mitial subsidence or syn-rift
subsidence). However, onée decelerates to less thari*iL/s), is controlled chiefly by thermal
relaxation (the so-called post-rift thermal subsig®. For the model with £ 30 km, the transition
from rapid initial subsidence to subsequent long-tsubsidence is not clearly perceptible. On the
other hand, for the model witht 40 km, the transition between the two phaseslier clear. An
inflection point on the subsidence curve refldetsanset of deceleration @f, not the end of the phase
of significant riting.  Thus, it is important tote that the onset of long-term subsidence indhstant

force model is not necessarily equivalent to tlieadractive, significant, rifting.

3.2. Results of the train hardening model (SHM)
3.2.1 Role of grain hardening parameters

The strain rateg() as a function of time in the SHM is shown in Eigwhere the thickness of the
thermal lithosphereg] is 90 km, the initial thickness of the crug} i& 30 km and the magnitude of
tectonic force (f is 4.9 TN/m. For the same &nd crust/lithosphere thicknesses, the riftinggss
led to break-up in the model without strain hamgriRCM; see Fig. 3). However, the fate of rifting
in the SHM s strongly dependent on the hardenangrpeters, as described below.

Fig. 4(a) shows¢ as a function of time for different valuessg{(strain required for the onset of
hardening), wherAE (the strain interval required for the completidrhardening) is 0.8 and (the
factor controlling the increase in viscosity) i910 For the model with, < 0.6, ¢ initially increases
with time and then decreases until the subseqessition of rifting. The deceleration éf is

initiated in a later phase for largey. On the other hand, whesg is more than 0.% never

(8) Page 8 of 42
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decelerates, as the onset of hardening is tolgievent the acceleration @f.

Stress envelopes at various times for the SHMay#h0.6,0 = 100,AE = 0.8 and k= 4.9 TN/m
are shown in Fig. 4(a). In order to demonstratethe strain hardening works in the numerical model
the stress envelope for the model without straiddming is also depicted in the figure, in which th
ductile stress is calculated usirig predicted by the SHM. The difference in mantiergith between
the two models cannot be seen before t ~ 20 myubedinite strain is required for the onset of
hardening. Subsequently, a significant increastrémgth appears at t ~ 24 my in the SHM and
begins to decelerate until the rifting terminateStrengthening has progressed significantly by® ~
my as the strain increases. However, mantle #tr@go longer enhanced by strain hardeningen lat
phases of rifting for one of two reasons: straiesdaot increase significantly for very logv or strain
hardening has been already completed.

Fig. 4 (b) shows the evolution df for various values adb, whereg, is 0.6 andAE is 0.8. ¢
accelerates to infinity for the model with< 25. On the other hand, for the model vaith 50, €
initially increases with time and then begins teréase around t ~ 24 my with rifting eventuallysieg
However, for the specific case ®f 50, the increase in viscosity is insufficienstop rifting and &
re-accelerates immediately to infinity. It is afsated thaiMp is evidently shorter for largérin the
failure mode.

The influence ofAE on the evolution of¢ is depicted in Fig. 4(c), wheggis 0.6 and is 100.
The deceleration ot is initiated at time t ~ 24 my for af\E. However, ¢ accelerates again to
infinity for AE > 0.9 because the hardening process is too slowthe Iift failure modé\ty is clearly

shorter for smallefAE.

3.2.2 The temporal evolutions of drain rate, stretching factor and tectonic subsidence for sdected
model parameters

Fig. 5 shows the temporal evolutions ©f 3 and{ in the SHM with selected model parameters,
wherea and t are assumed to be 90 and 30 km, respectively. th&onodel wittg, = 0.4,6 = 100,AE
= 0.7 and = 5.8 TN/m (see model I begins to decelerate att ~5 my. The onsetcaflelation

corresponds to the transition from an initial, dagubsidence phase to a subsequent, more subdued,

long-term one.  Since is not insignificant (i.e., < 18 1/s) for at least ~ 15 my after the onset of
deceleration of¢ , the valug3 continues to increase after the initial, rapithsglence phase. Similar

behaviour can be seen in the model with smallefsée the model Il). However, the onset of
deceleration occurs later even though the samerhagiparameters are adopted. This is because the

strain reaches, in a shorter time ag is larger.

9) Page 9 of 42
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For the model wittd = 2 (see model Ill), even though is smaller than in other models, the
deceleration comes later than in the other mod@lis is becaus&is not effective enough to respond
immediately to the onset of the hardening processaddition, although the onset of deceleratiostmu
correspond to the inflection point of subsidencelear transition from the rapid initial phase He t

subsequent long-term phase is difficult to recagniz

3.2.3 Thefate of rifting controlled by strain hardening parameters

As described above, the ultimate fate of riftinghe SHM is strongly controlled by the strain
hardening parameters. Figs 6(a) and (b) show thémmmAE that results in the failure mode of
rifting as a function of, for the models with.t= 30 and 40 km, respectively. Results are olatdore
a model witha = 90 km and &< F,<6 TN/m. Each line gives the boundary betweeifeihee and
break-up modes of rifting, above which terminatiérthe rifting process is no longer possible. For
example, for the model witht 30 km,g, = 0.4 and = 10, the rifting process leads to the failure enod
for AE < 0.45, but to the break-up mode & > 0.45. Conditions af, andAE for the failure mode
are less sensitive ass larger.

If & andAE are held constant, the upper limiggfor the failure mode is higher for the model with
tc = 40 km than for the model with= 30 km.  In addition, whebis more than 250 and more than 50
for the models with.t= 30 and 40 km, respectively, the failure mode lmarobtained for aniE.
However, ifg, exceeds 0.6 and 0.9 for the models with 80 and 40 km, respectively, the rifting
process always results in the break-up mode forAg) and i The differences in the results
between the models with+ 30 and 40 km indicate that replacement of drosterial with mantle
material is an important factor in controlling ttteange in lithospheric strength. The replacensent i
larger for the model with greater $o that the increase in lithospheric strengthrgger for the model
with t. = 40 km.

The fate of rifting is also controlled by, Even in the SHM. The critical forcex(f in the SHM
that results in the failure mode of rifting is suarized in Appendix B, showing the sensitivity afsk

to the strain hardening parameters.

3.2.4 The onset of deceleration in the SHM

Fig 7 shows the timegftwhen the deceleration &f begins as a function ef.  Differences id
are shown by different symbols. Results are shaomiy for the model witta = 90 km, where¢
decreases to less thar*i(L/s) within 50 my. is restricted to be less than ~ 30 and ~ 17 mihéor

models with § = 30 and 40 km, respectively.q, for givend, AE and F is, in general, greater for

(20) Page 10 of 42
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greatere,. The dependence @it can be seen for the model with relatively s} is greater for
greate’AE. This is because the increase in viscosity isulficient to impose the deceleration ©f
immediately. It is also noted thatis smaller for larger Foecause the stragy for the onset of

hardening is obtained in a shorter time interviahftarger € .

3.2.,5 The duration of rifting in the SHM

Fig 8 summarizes the duration of riftir) as a function ab for the model witta = 90 km and
Feu < R < 6 TN/m, whereg, is held constant in each figureAt, for a givend has a wide range,
depending odAE and . However, the range dftp becomes significantly narrower &sincreases.
This is because the condition for the failure migsdearrower for largeg,.. Wheng, has a critical
value resulting in the failure mode of riftinlyp, is restricted to the ranges 24-38 my and 14-2fomy
models with ¢ = 30 and 40 km, respectively. The dependenditobn the model parameters is
described in more detail in Appendix C, where ghiswn that the relative importance of the assumed
strain hardening mechanism with respect to hardesainsed by thermal relaxation and crustal thinning

should be taken into account in order to understdrad controld\tp.

3.2.6 The gtretching factor Sinthe SHM

Fig. 9 shows the stretching factB) &chieved in the SHM with = 90 km and {5 < F,<6 TN/m.
Only results obtained by models in whigh decreases to < 10(1/s) within 50 my are plotted 3
displays a systematic dependencesendd. [ is generally greater for models with greater In
addition, increases witld whend is smaller than ~ 10-100. However, widaa greater than thif,
decreases with an increasedn On the other hand, a systematic dependena&Eoocannot be
recognized. The sensitivities[bfo the model parameters are described in moriidedgpendix D,
where it is shown that the dependencf oh the strain hardening parameters is actualtg gimple,
except that the presence of an upper limit for éartening parameter for the failure mode of gftin
makes the results appear complicated.

The SHM reproduces a wide range3pin which the maximurfs are up to ~ 3.5 and ~ 4.5 for
the models with.t= 30 and 40 km, respectively. Itis also impdrtamote thas are generally larger
for models with¢= 40 km than for models with+ 30 km.  This implies that crustal thinning plays
important role in controlling even in the SHM. Strengthening by crustal thigpningreater for the
model with ¢ = 40 km, so that the failure mode of rifting candtill obtained even for the model with

greater values af, andAE.
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4. Discusson
4.1 Tectonic subsidence in the constant for ce model

In this study, it is found that a deceleration éfcorresponds to an inflection point of the
subsidence curve in the constant force model. ififtéstion point has been usually regarded as the
transitional from syn- to post-rift subsidence. wdwer, crustal thinning in the model still contiader
some time even after the end of “syn-rift’ like sidence and, accordingly, the “post-rift” like
subsidence is brought about not only by thermakagibn but also by crustal thinning (see Figs® an
5). Therefore, if the observed stretching fast@pplied to the simple pure shear stretching mibdel
amount of initial subsidence is overestimated, evifilat of subsequent long-term subsidence is
underestimated.

It is well known that the initial and subsequemigiéerm magnitudes of subsidence observed in
sedimentary basins are often, respectively, snaafierlarger than that predicted by simple stragchin
model. This feature of subsidence has been fousedimentary basins not only where the rifting led
to seafloor spreading (e.g., Royden and Keen, B&@ymont et al., 1982) but also where the rifting
did not lead to break-up (e.g., Torres et al., 1S8&ter and Christie, 1980; Sclater et al., 1889den
et al., 1983; Artyushkov, 1992; Spadini et al., 799kogseid, 2000). Several models have been
proposed to explain the contradiction, includingtidelependent stretching (e.g., Royden and Keen,
1980), emplacement of magma (e.g., Sclater é98Q; White and McKenzie, 1989), phase transitions
in the crust and/or mantle (e.g., Arthyushkov, 1$aftlladchikov et al., 1994; Yamasaki and Nakada,
1997; Petrini et al., 2001; Kaus et al., 2005) latetal lower crustal flow from rift centre to ackamt
areas induced by sediment loading and erosioreedinig (Morley and Westaway, 2006). However,
as described above, such a commonly observeddeaftsubsidence is actually consistent with the
configuration of the constant force model. Thetregliction is caused by an overestimation of initia
subsidence and an underestimation of long-termidanie® without considering that the ultimate

stretching factor is not obtained at the end ofi-isl§” like subsidence phase.

4.2 Stretching factor sand rift duration in the refer ence conventional modd (RCM)

For rifts that fail (“failure mode”) in the RCM, mimum stretching factor$ are generally quite
small compared to some reported values. It has si@avn that, when the thickness of the thermal
lithosphere &) is 90 km, it is impossible to obtgfmore than 1.55 and 1.60 for models wit(tte
initial thickness of the crust) of 30 and 40 knspextively. Based on models with othgrit has also
been confirmed the in the RCM is less than 1.85(3 inferred in many sedimentary basins is

generally less than 2.0 (e.g., Newman and Whit@7)19 However, it is still necessary to explgin
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greater than 2.0 as observed in real rift systemis as, for example, the Valencia Trou@>(3.0;
Torres et al., 1993), the Pannonian BaBir B.0; e.g., Sclater et al., 1980; Royden efi@83), the
Aegean Sed(~ 2.0; Makris, 1975; Makris and Vees, 1977), &iecRockall Trough{ ~ 5.0; Makris et
al., 1991; Keser Neish, 1993; Shannon et al., 10%illy et al., 1995; Skogseid et al., 2000).

Another issue with the RCM relates to the duraidnthe rifting processp). Many
sedimentary basins have developed with activagiteérminating in less than 20 ~ 30 my (e.qg., Sarvi
and McKenzie, 1980; Allen and Allen, 2005). Howreites shown here that the RCM with= 90
km cannot predici\tp less than 40 ~ 50 my (see Figs 3(a) and (b)). ttfeomodel with greates,
additionally,At, must be longer because the characteristic tinke-stthermal relaxation is a function
of a.  One reason why the RCM predicts rift duratiemmgyér than often reported is because of the
definition used to define the cessation of riftingJsually, the duration of rifting is based on the
inflection point taken to define the transitionnfrdsyn-rift” to “post-rift” like subsidence, whereat
was based on the strain rate dropping to lesslhit{1/s) above. In this study we have shown that
the inflection point can occur at times slightlgdeéhan ~ 20 my (see Figs 3(a) and (b)). Nevesbel
the model that predicts such a short durationeofdin-rift” like subsidence has difficulty in egphing
a significant amount extension, especially wheriHiokness of the crust is relatively thip=t30 km).
Additionally, the deceleration of the rifting preseespecially for the model with a thinner initialst
(t- = 30 km), is not strong enough to reproduce a tlgasition from “syn-rift” like to “post-rift” lke
subsidence that is a general characteristic feafumost rift-related sedimentary basins (McKenzie,
1978).

The RCM can indeed predict a largéfactor by considering a more numerically precise
magnitude of tectonic force: for examefactor inferred from the model witih= 90 km, § = 40km
and i =1.456 TN/mis 3.06. Howeuver, it is still diffiit for the model with such a precise magnitude
of tectonic force to explain the observed rang#tafurations (or initial subsidence phase).

Thus, it is difficult for the RCM to explain a sificant amount of extension achieved in a short
duration of rifting (or “syn-rift” like subsidence) Even though rifting must be initiated with a
significantly large strain rate in order to obtkrge stretching factors observed in sedimentasinba
strengthening by thermal relaxation and crustahthg has no potential to stop such a rifting Bsce
Additionally, even for a magnitude of tectonic fhat results in the failure mode, strengthening b
these two factors is still not enough to produ@eapparent transition between the two subsidence
phases. The results of the RCM imply that it guired to introduce some additional hardening

mechanism to resolve these limitations vis-a-esahservational dataset.
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4.3 Role of grain hardening

The SHM is better than the RCM in explaining a widsety of observed features. In the SHM,
the duration of the initial, rapid, subsidence phémit ends with the onset of deceleratiore ofs
predicted to be less than ~ 30 my, depending ohafaening parameters and(¥ ) (see Fig. 7).
Therefore, whatever the physical mechanism isptheence of significant hardening allows us to
predict the duration of the “syn-rift” like subsid® phase observed in many sedimentary basins. The
longer duration of the initial subsidence phase beagttributed to the absence of hardening or erlow
magnitude of F(< F). On the other hand, the dependenatgfthe duration of actual rifting) on
the model parameters is more complicated, bedagisdfécts of crustal thinning and thermal relaxati
should also be taken into account (see Appendix B)r this reason, however, a wide range of actual
rifting durations can be obtained, including thésen observed data (see Fig. 8), by adjusting the
hardening parameters ang FIn addition, the SHM also has the potentialefaraduce significantly
greate3-factors than the RCM (see Fig. 9).

Although it is important to apply the SHM to realdsnentary basins to assess its potential,
realistic values of the strain hardening paraméigve not been evaluated in the present studyce Sin
an actual, realistic, hardening mechanism hase®st bpecified, it is irrelevant to discuss exaltieg
of each hardening parameter. However, hardenirgmeders that satisfy observations may offer
some insight into possible hardening mechanismere,Has a first step, sensitivities of model
behaviour to the strain hardening parameters hese investigated on the grounds that this should be
helpful in surmising any appropriate hardening raaism that might contribute to explaining observed
features of real sedimentary basins. Further tigedions along these lines may be a fruitful feitur

endeavour.

4.4 Strain hardening mechanism: implicationsfor the fate of rifting

The adopted strain hardening formula is not basespecific physical mechanism and, as such,
is applicable to any possible hardening phenomen@me possible mechanism might be work
hardening caused by dislocation multiplication. o@h and Paterson (1981) reported that stress
increments on the order of a few hundred MPa feme?b of strain is required to maintain a constant
strain rate and, based on this, Hobbs and Ord (1988stigated the role of strain hardening in the
occurrence of plastic instabilities in subductitgbs as a mechanism of deep focus earthquakes.
However, a strain less than 10 % corresponds ttetatsng factor less than 1.1. If hardening takes
place at such small strain, a significantly largaetching factors, like those observed in real

sedimentary basins, would be difficult to obtaid more serious problem is that the effect of work
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hardening might be reduced or even eliminated bguithic recrystallization as deformation progresses,
resulting in strain softening (e.g., Karato et®80; Tullis and Yund, 1985; Hirth and Tullis, 299

Another potential candidate, for which there exsstsie observational and experimental evidence,
could be a switch from wet to dry rheology duriiiting (The term “strain hardening” may not be
strictly appropriate for this mechanism. Howewasrdescribed below, the “hardening” does possibly
take place as strain increases and the term ie@jpplthis sense.) Based on the higher soluloffity
water in basaltic magma than in olivine (e.g., Bam, 1979; Mackwell et al., 1985), Karato (1986)
suggested that partial melting could cause anaseri viscosity as long as only a small meltioact
remains in the parent rock. Later, Hirth and Kiellis(1996) examined this hypothesis quantitatively
showing that water is efficiently extracted by adiic decompressional melting at depths of between
120 and 65 km beneath mid-ocean ridges and thaidbesity can be increased by a factor ~1000
(from 10%to 13" Pa s). This range of viscosity increase is largigh to terminate rifting (see Fig.
6).

Previous numerical studies (e.g., McKenzie andI&ido88; White and McKenzie, 1989; Harry
et al., 1993; Harry and Leeman, 1995) showed kigaamount of melt produced during extension
depends strongly ddranda as well as the asthenospheric potential temper@fyr If aand T are
held constant, the amount of melt increasds iasreases. Additionally, melting is suppressetl un
some minimum degree of lithospheric thinning occurherefore, melting-induced dehydration of the
lithosphere can be considered to start after saitiealcstrain is achieved and occurs thereafter
progressively over a finite amount of extensionheSe characteristics are simulated by the strain
hardening model implemented here.

The melting process should be influenced by the@deah change in temperature and pressure of
each material point (e.g., McKenzie, 1984), so thainust be an important factor in controlling the
melting process. In addition, as can be seenrth kind Kohlstedt (1996), the initial water contient
the mantle peridotite is also an important factdmherefore, a wide variety of possible strain hairae
mechanisms (i.e., represented in the present ninded wide variety of hardening parameter
combinations) may be necessary to emulate suchle@ondppendencies in the melting process.
Indeed, sedimentary basin development and assberagmatic activity shows in general strong
regional differences (e.g., Ziegler and Cloetirf}4).

From the viewpoint of a melting-induced hardeniypdthesis, a large volume generated melt
must favour the hardening process. However, theedse in viscosity due to the presence of melt
may counteract the increase in viscosity due testtraction of water (e.g., Kohlstedt and Zimmerman

1996). Although the upward migration of melt cam dn additional hardening mechanism by

(15) Page 15 of 42



© 00 N O O b~ W N PP

W W W WRNNDRNDNDRNDDNNIRNRDNNDERERPR R R R B R P
® N P O © ® N o 00 WOWNRP O © 00 ~N O 00 W N PP O

enhancing the effective thermal diffusivity (Tak&stand Yamaji, 1990), continental break-up is
usually accompanied by intense magmatic activifany studies have emphasized the importance of
magmatism as the possible origin of strain lodadizan controlling continental break-up (e.qg., fg@r

and Casey, 2001; Gernigon et al., 2004; Geoffro§52Ebbing et al., 2006; Ranalli et al., 2007).
Even at non-volcanic passive margins, it is diffituavoid producing melts in the rifting procéss.,
Pérez-Gussinyé et al., 2006) and the break-upgzdEgenerally discussed in the context of magmati
activity (e.g., Tucholke et al., 2007). These &indl considerations — that melt generation is lglose
associated with continental break-up — imply thatat least to some degree problematic to cariside
generation of melts in the present model as afis@mi source of strain hardening. The competition
between the hardening and softening processesasdorith the generation of the melts remains as
matter of further quantitative investigation.

It is also noted that analogue and numerical mndedtudies (Corti et al., 2007; Yamasaki and
Gernigon, 2007) have shown that, because deformat@y otherwise be distributed over a broad
region, a narrow rheological heterogeneity is fealoke for obtaining strain localization. Thus, as
pointed out by Yamasaki and Gernigon (2007), thelamament of a large volume of magmatic rocks
prior to the onset of continental break-up mayblie formation of a localized break-up point.heT
implication of this is that the break-up processildidave to be initiated in the presence of ordgnall
amount of melt such that melt-induced dehydratimh sirain hardening would not yet be capable of
decelerating the rifting process. It follows, énnis of the implications of the present model, izt
“fate” of rifting — that it will be the break-up rde — has already been decided prior to voluminous
magmatism such as typically associated with thelkaug process.

That is to say, even if significant hardening ipased by voluminous magmatic activity, the rifting
process remains difficult to be terminated whenntfagnitude of tectonic force is greater than some
critical value, which, in turn, can be strongly eleglent on the relevant hardening process. On the
other hand, even if significant hardening is ndtiexed by melt-related dehydration (or any other
mechanism), rifting could still be terminated witha magnitude of tectonic force is less than the
critical value. Therefore, the fate of riftingagmarily controlled by the magnitude of tectoroeck:
whether break-up or failure occurs, it is the emdlpct of a process that is initiated with a giFgthat
is either greater than or less than some critiglalevthat is dependent on other physical parameters
However, the effect of “strain hardening” inducgdhtelt-induced dehydration may become important

when the extensional tectonic force is less thsaeritical value in the first place.

5. Concluding remarks
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The rheology-controlled cessation of rifting hasrbadiscussed on the basis of a simple
one-dimensional constant force model with straildr@ng. Most of the considerations discussed
above lead to the idea that the magnitude of fertte dominant factor that determines whethémgift
fails or leads to continental break-up, even irptiesence of significant strain hardening. Irfdilere
mode of rifting, however, the style of rifting is@gly controlled by the strain hardening paramsete

Depending on parameters that define the hardeniugss, the model explains a wider range of
features observed in many failed-rift sedimentagirts than a conventional model without strain
hardening. A detailed analysis of how the resié{send on the adopted hardening parameters has
allowed some constraint to be placed on what thlgahysical mechanism of strain hardening might
be. One possible hardening mechanism that isstemsivith what can be inferred from the model
results is the extraction of water associated a@gttompressional melting during rifting.  In thisega
variety of different rifting styles may be expli¢&in terms of a partial melting process that i#ratied
by the initial thermal conditions of the lithosphemd asthenosphere, the extensional strain Jate (i
applied tectonic force) and the initial water cobtaf the mantle.

The results also suggest some important insigiatghia behaviour of basin subsidence in relation
to the dynamics of rifting. The transition fromtiad, rapid, “syn-rift” like subsidence to a more
passive “post-rift” like subsidence corresponda tieceleration of rifting rate rather than the detap
cessation of extensional strain. As such, the minolelies that syn- and post-rift subsidence
magnitudes are, respectively, overestimated andrestinated if interpreted in terms of a simple,
conventional, stretching model.

It has been in practice difficult to evaluate wisetie rifting process is controlled dominantly by
temporal changes in the magnitude of tectonic $oareby rheological changes in the lithosphere,
intrinsic to the rifting itself.  This is becaudaservable features of sedimentary basin formatiarbe
explained by either rheology- or force-controllegbdtheses. Newman and White (1999) argued
against a force-controlled rifting process; neweds, it obviously cannot be ruled out that rapid
changes in tectonic force levels (and orientationgy be responsible for a particular lithospheric
structural evolution (e.g. Nielsen et al., 2001h order to test the hypothesis of rheology-coleol
cessation of rifting, as proposed here, realistiinshardening mechanisms and the parameters that

define them obviously require additional quantiatnvestigation.
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Appendix A. Thecritical tectonic forcein ther efer ence conventional model (RCM)

When the magnitude of tectonic force) (IS beyond the upper critical valueyf-the rifting
process cannot be terminated. On the other hdmagh Bis less than the lower critical valug)(Rhe
strain rate £ ) is too small (less than 10(1/s)) to obtain a significant extension of ttieosphere.  Fig.
A summarizes & and K as a function of the thickness of the thermabdifihere &) for different
crustal thicknesses)t F.uand ke are greater for greatarand smaller for greatey hecause of the
temperature dependence of the viscosity and tligsioally weaker crust than the mantle.q, With t
= 30 and 40 km is less than the currently accepdmum magnitude of tectonic force (~ 6 TN/m)
for the models witla < 95 km anda < 130 km, respectively, implying that such a critlsb$phere
configuration can be in effect unstable for the RCM; with t. = 30 and 40 km is predicted to be less
than ~ 6 TN/m for the models with< 105 km anch < 150 km, respectively, meaning that no rifting

would take place for these crust-lithosphere modedigurations.

Appendix B. Thecritical tectonic forcein the strain hardening modd (SHM)

Fig. B shows the maximulAE (the strain interval required for the completidnhardening)
resulting in the failure mode as a function gfdt differentds (the factor controlling the increase in
viscosity), whereg, (the strain required for the onset of hardenisgheld constant in each figure.
Black and gray curves represent the models w80 and 40 km, respectively. Results are olataine
by the model witra = 90 km and & < R, < 6 TN/m, and the upper critical tectonic forcg)X the
RCM s indicated by vertical dotted lines. It igidently true that the rifting process is always
convergent in the SHM withyE F,

The conditions o€, andAE for the failure mode become widerdamcreases, but no hardening
process can terminate the rifting process with F, if €, is more than the critical value. The critical
tectonic force (ksp in the SHM strongly depends on the hardeningpeters, in which fsnis larger

for smallere,, largerd and smalleAE. It is also noted that.fg,is smaller for the model with £ 40
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km than for the model with £ 30km. Even though the model with largas tmore favourable for
obtaining an increase in lithospheric strengthctrelition for the failure mode with+ 40 km is rather

narrower in the range of reasonable magnitude=ctriic force (F< 6 TN/m).

Appendix C. Factor s controlling the duration of rifting (Atp)

Fig. C (a) showdtp as a function 0b for the model withit= 30 km in order to examine its
dependence ofE and R, for three models with,/= 4.9, 5.5 and 6.0 TN/m agis 0.0. It can be
seen that\tp decreases with and increases WithE for relatively larged; it is clear that, once the
deceleration of¢ takes place, the subsequent duration of riftingtrbe shorter for largey and
smallerAE.

On the other handyp increases wit but decreases withE for relatively smald, which can be
seen more clearly for largeg F This behaviour may be related to the fact théhé time when the
deceleration of¢ begins) is dependent &t for relatively smald. However, similar behaviour is
also seen for the model in whidhs large enough not to show the dependenceonfAE. That is,
even though the onset of deceleration occurs aaiime timety is predicted to be shorter for larger
AE and smalled. SmallerAty for smallerd and largeAE is predicted only whegy, is less than 0.1.
Similar behaviour can be seen more clearly forbdel with ¢ = 40 km (see Fig. D(b)), in which the
smallerAtp for smallerd and largeAE is predicted only whegy, is less than 0.4.

The model behaviour @ty is a matter of whether strengthening by crustahiihg and thermal
relaxation works dominantly on the decelerationrifting or not. As can be seen in Fig.3,
strengthening by these two factors works moretefédg for a higher € , which also explains whitp
is predicted to be shorter for largde. The deceleration takes place more slowly forlsmaand
larger AE, so thaté stays high enough for a longer period to makestrengthening by crustal
thinning and thermal relaxation more significarithis results in an enhancement of deceleration at a
later phase. For the model with sufficiently labgee deceleration of rifting takes place soon ehoug
thereafter such thaty is mainly controlled by the imposed strain handgni Thus, whei\tp as a
function ofd has a positive slope (i&tp increases asincreases), strengthening by crustal thinning and
thermal relaxation plays the dominant role in d&edihg rifting. On the other hand, whtta as a
function of & has a negative slope (& decreases asincreases), the strain hardening effect is
dominant.

The dependence dftp on R, can also be explained in terms of the relativeontapce of strain
hardening to strengthening by crustal thinning thiedmal relaxation. Aty is predicted to be smaller

for larger & under the condition thait; as a function od has a positive slope. The strain hardening
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process can be completed more readily for a higheesulting from a largerAwhich is also another
possible mechanism to explain a smalkgrfor larger B However, it is difficult for this mechanism
to explain the positive slope of thg, curve as a function & On the other handip is predicted to
be larger for larger Funder the condition thdltp as a function 0d has a negative slope. This is
because a greater time interval is required tanetmthe rifting process that is taking place \ither

£.

Appendix D. Sengitivity of stretching factor to model parameters

Fig. D(a) shows the dependenc@aine, for models with¢= 30 and 40 km, with being 90 km
and K andd held constant. The lowest value/d is 0.0. The upper limit AAE for a givene,,
resulting in the failed rift mode, can be read fiarthe figures. 3 for a givemAE is larger for largeg,.

In addition, for a givere, is larger foAE. The maximunf for given K, €, anddis obtained by the
model with the critical value &E, but the critical value af, does not always give the maxim{for
given R ando.

Fig. D(b) shows the dependencgaind for models withd= 30 and 40 km, with being 90 km
and K andg, held constant. 3 for a givemAE is larger for smalled.  Since it becomes more difficult
for smallerd and largeAE to obtain the failure mode of riftin@,for & = 10 can be larger than that &or
=5 in the model with.t= 30 km.

Fig. D(c) shows the dependenc@ain F; for models withd= 30 and 40 km, with being 90 km
ande, andd held constant. 3 for a givemAE is larger for larger £ It should be noted that a larder
is not always obtained by the model with a largdreeause there are other critical parameter vialues

obtaining the failure mode of rifting.
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Figure captions

Fig. 1: Schematic figure of the one-dimensional ehodl lithospheric extension adopted in this study.
Pure shear thinning is assumed for the entiresfithere so that the vertical velocity of material is
linear function of depth. The applied extensidoale F is assumed constant with time. The
lithosphere is composed of three material layees:quartzite upper crust, anorthite lower crust
and wet olivine mantle. The initial crustal thickeés ¢  The thickness of thermal lithospheaie (
is defined by the depth of the 1350 °C isothermhe Temperature at the upper and lower
boundary of the model is 0 and 1350 °C, respegtivel

Fig. 2: Behaviour of viscosity coefficient Bs a function of strain, following Eq. (7).

Fig. 3: Temporal evolution of (a)(b): strain rate),((c)(d): stretching factof3f and (e)(f): tectonic
subsidence(j in the reference conventional model (RCM) fofetént Bs (TN/m). ts are
(@)(c)(e): 30 km and (b)(d)(f): 40 km.

Fig. 4: Temporal evolution ot for the strain hardening model (SHM) wigt30 km,a = 90 km and
F.=4.9 TN/m. Dependence @f on (a) the straig, required for the onset of strain hardening,
(b) the factod controlling the increase in viscosity, and (c) dtvain intervalE required for the

completion of the hardening. Stress enveloperaiugatime during the evolution of the model
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Fig.

Fig.

Fig.

Fig.

Fig.

with €. = 0.6,0 = 100,AE = 0.8 and = 4.9 TN/m (Solid curve) is shown in (a). Stresegelope
for the model without strain hardening (Dashede&us/also depicted in the same figure, in which

the ductile stress is evaluated using the strégmpradicted by the strain hardening model.

5: Temporal evolution of (a§, (b) B-factor and (c}, for SHM with £ = 30 km anda = 90 km.
Values of hardening parameters aree((H 0.4,AE = 0.7,60 = 100 and = 5.8 TN/m, (Il)g; = 0.4,
AE=0.7,0=100 and F= 4.9 TN/m, and (lllgo = 0.1,AE=0.9,6 = 2 and = 4.9 TN/m.

6: Conditions of,, d andAE to obtain the failure mode of rifting..stare (a) 30 km and (b) 40 km.

7: The time @) when the deceleration ¢f is initiated as a function &f for differentds. ts are
(@) 30 km and (b) 40 km. d=are (i) 4.9 TN/m, (i) 5.5 TN/m and (jii) 6.0 TiN/for models with
t. =30 km, and (i) 1.5 TN/m, (ii) 1.7 TN/m and (@)5 TN/m for models with. t= 40 km.

8: The duration of riftingMp) as a function ob for different ks andAEs. ts are (a) 30 km and
(b) 40 km. &os are (i) 0.0, (i) 0.3 and (iii) 0.6 for modelsthit. = 30 km, and (i) 0.0, (ii) 0.5 and
(i) 0.9 for models withg= 40 km.

9: Available stretching factor predicted bg 8HM as a function @f, d andAE. F;is beyond
Few, and is restricted to be less than 6 TN/m.  Allits plotted in the figures are obtained by the
model where the strain rate decreases 1 (16s) within 50 million years. & are (a) 30 km and
(b) 40 km.

Fig. A: Critical tectonic forcescfrand g in the RCM as a function affor different ts. Shaded area

Fig.

indicates the range of currently accepted magnitdidectonic force (e.g., Forsyth and Uyeda,
1975; Parsons and Richter, 1980; Bott et al., 1B88; 1991; Schellart, 2004). . fs defined as
the maximum tectonic force that results in failm@de of riting. & is defined as the minimum

tectonic force that results in the initial straatergreater than ﬂ)(l/s).

B: The maximun\E that results in the failure mode of rifting asiadtion of F for differentds,
whereg, is held constant in each figure. Results ararautdby models withg< K, <6 TN/m.
Black and gray curves represent the results ofmibels with § = 30 and 40 km, respectively.

Vertical dotted lines indicate,F F; less than that on each curve results in the daflunde of
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riting and vice versa.

Fig. C: The duration of riftingtp) as a function ab for differentAEs. &,is 0.0. (a): t;is 30 km, and
Fss are (i) 4.9 TN/m, (i) 5.5 TN/m and (i) 6.0 TiN/ (b): t; is 40 km, Bs are (i) 1.5 TN/m, (ii)
1.7 TN/m and (iii) 2.5 TN/m.

Fig. D: Dependences pffactor one,, 6, AEand . -factor as a function of (&), (b)d and (c) Efor
differentAEs. tis (i) 30 km and (i) 40 km.  The minimum valueM is 0.0. The maximum

value ofAE is depicted in the figures.
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Figure09

(a) tc = 30 km
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FigureC

(a) tc = 30 km (b) tc =40 km
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FigureD

(a) Dependence on €o
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Table

Table 1: Model parameters used in this study

Symbol Meaning Value Dimension
F, Tectonic force TNm'
te The 1nitial thickness of the entire crust 30, 40 km
a The initial thickness of the thermal lithosphere 90 - 150 km
Gy, Brittle stress Pa
\ Depth dependence of brittle failure 24 MPa/km
v’ Density ratio of pore water to rock 0.38
z Depth m
Oy Ductile stress Pa
€ strain rate s
R Universal gas constant 8.314 Jmol 'K
T Temperature °C
r Absolute temperature K
t time s
13 Thermal diffusivity 10° m’s”
v Vertical velocity of a material point ms’

c Specific heat 1050 Jkg'lK']
Puc Mass density of the upper crust 2800 kgm'3
P Mass density of the lower crust 2900 kgm
P Mass density of the mantle 3300 kgm
Py Mass density of sea water 1010 kgm
H Heat production in the crust 0.647 mWm”
T, Potential temperature of the asthenosphere 1350 °C
T, Temperature at surface 0 °C
o Coefficient of thermal expansion 3.0x107 oC’!

S Total strength of the thermal lithosphere TNm'
F. Upper critical tectonic force in the RCM TNm''
F, Lower critical tectonic force in the RCM TNm''

Feush Upper critical tectonic force in the SHM TNm’

B Stretching factor
G Tectonic subsidence m
€ Strain required for the onset of hardening
S Factor controlling the increase in viscosity
AE train interval required for the completion of hardening

(Flow law parameters of power law creep)
Wet quartzite: Koch et al. (1989)
A¥ Preexponent 1.10000x10™' Pa”s’
Ny Power 2.61
Que Activation energy 145 kJmole
Anorthite: Shelton and Tullis (1981)
A% Preexponent 5.60000x107 Pa"s"
g Power 3.2
Qi Activation energy 238 kJmole™
Wet olivine: Karato et al. (1989)
A*, Preexponent 1.90000x10™" Pa™s”
N, Power 3
Qm Activation energy 420 kJmole™
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