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This work employs high-resolution 3D thermomechanical numerical models of the incipient oceanic
spreading to investigate nucleation and long-term evolution of ridge-transform spreading patterns.
The Eulerian-Lagrangian visco-plastic model allows for large strains and accounts for plate cooling by
both heat conduction and hydrothermal circulation as well as for partial melting of the asthenosphere
and oceanic crust growth by magmatic accretion. According to the numerical experiments, the oceanic
spreading pattern depends strongly on the initial offset of spreading centers and the magnitude of frac-
ture healing rate. Three different characteristic long-term spreading modes are obtained: (1) ridge-trans-
form patterns, (2) single ridges and (3) spreading centers with an intermediate plate. Ridge-transform
oceanic spreading patterns form gradually from moderate initial offsets of 40-60 km and become fully
established several million years after the plate breakup. Moreover, it is demonstrated on the basis of
simple analyses that the ridge-transform system is a long-term plate growth pattern that is generally dif-
ferent from an initial plate rifting pattern. Geometry of the ridge-transform system is governed by geo-
metrical requirements (180° rotational symmetry for open space occupation) for simultaneous accretion
and displacement of new plate material within two offset spreading centers connected by a sustaining
rheologically weak transform fault. According to these requirements, the characteristic spreading-paral-
lel orientation of oceanic transform faults is the only thermomechanically consistent steady state orien-
tation. Results of numerical experiments compare well with both incipient and mature ridge-transform
systems observed in nature.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The characteristic pattern of mid-ocean ridges, sectioned by
transform faults stands as an inherent feature of terrestrial plate
tectonics. A fundamental unresolved problem is how this pattern
formed and why it is maintained. One common view is that oceanic
transform faults are typically inherited from the continental plate
breakup (e.g., Wilson, 1965; Lister et al., 1986; Cochran and Marti-
nez, 1988; McClay and Khalil, 1998). This view is, in particular,
based on a geometric correspondence between passive margins
and mid-ocean ridges, which is especially prominent for the South
Atlantic Ridge and the West African coast. Several lines of evidence
support this view by showing that stepping half-grabens (Cochran
and Martinez, 1988; McClay and Khalil, 1998), segmented gravity
and magnetic anomalies (Behn and Lin, 2000), or segmented weak
regions (Watts and Stewart, 1998) along passive margins lead to
the formation of transform faults. Indeed, Lister et al. (1986) pro-
posed that passive margins are characterized by an orthogonal
set of normal and transfer faults; the latter potentially developing
into transform faults. In contrast, a number of other observations
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suggest that the characteristic orthogonal ridge - transform fault
pattern is not directly inherited from the earlier rift geometry
and a one-to-one correspondence between the transfer faults in
the continental rift stage and transform faults in the oceanic
spreading stage does not exist (Bosworth, 1986; Taylor et al.,
1995, 2009). Bosworth (1986) and Rosendahl (1987), amongst oth-
ers, proposed that half grabens, delimited along strike by accom-
modation zones, are the fundamental units of rift architecture.
Accommodation zones are generally oblique features (Bosworth,
1986; Jarrige et al., 1990), making them unlikely precursors of
transform faults (Bosworth, 1986). In addition, high-resolution
bathymetry data from the incipient oceanic spreading regions,
such as Woodlark Basin, Gulf of Aden and NW Australia, show that
spreading segments nucleate en echelon in overlapping rift basins
and that initial spreading offsets, where present, are often non-
transform (Taylor et al., 1995, 2009). Thus, an ambiguity remains
on how the transform faults originated and when, how and why
did the orthogonal ridge-transform fault pattern form.

Due to the limited availability of data, detailed interpretations
of nucleation and evolution of ridge-transform oceanic spreading
patterns are difficult and controversial (Lister et al., 1986; Bos-
worth, 1986; Dauteuil and Brun, 1996; Taylor et al., 1995, 2009),
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thus analogue and numerical models have been employed (see re-
cent review by Gerya, 2012 and references therein). Two main
styles of analogue models have been examined: (i) themomechan-
ical freezing wax models with accreting and cooling plates (Olden-
burg and Brune, 1972; O’Bryan et al., 1975; Ragnarsson et al., 1996;
Katz et al., 2005) and (ii) mechanical models with viscous mantle
and brittle lithosphere (Dauteuil and Brun, 1993; Dauteuil et al.,
2002; Marques et al., 2007; Tentler and Acocella, 2010). The freez-
ing wax models reproduced characteristic orthogonal ridge -
transform fault patterns but often produced open spreading cen-
ters with exposed liquid wax, which is dissimilar to nature. On
the other hand, in the mechanical models, new lithosphere is not
accreted in spreading centers, which is incompatible with oceanic
spreading. Also, the rheological properties of the materials used in
thermomechanical and mechanical analogue models are highly
simplified compared to the temperature-, pressure- and stress-
dependent visco-elasto-plastic rheology of multi-phase oceanic
lithosphere (e.g., Ranalli, 1995; Buck et al., 2005) subjected to
spontaneous weakening and shear-localization in a wide range of
P-T conditions (e.g., Bercovici and Ricard, 2012).

Numerical models of transform fault nucleation (Hieronymus,
2004; Choi et al., 2008) and continental rifting (Allken et al., 2011,
2012) mostly focused on spontaneous plate fragmentation (rifting)
processes and demonstrated that orthogonal and oblique ridge-
transform linkage patterns can spontaneously arise from small, ini-
tially offset perturbations (weak seeds) in the plate structure. It was
shown numerically with 2D mechanical models (Hieronymus,
2004) that in this case only five fundamental spreading modes
can form: orthogonal transform faults, microplates, overlapping
spreading centers, zigzag ridges and oblique connecting spreading
centers. It was also demonstrated using 3D visco-elasto-plastic
thermomechanical models (Choi et al., 2008) that under condition
of variable ratio of thermal stress to spreading-induced stress, the
orthogonal pattern marks transition from the overlapping to the
connecting mode. Based on 3D visco-plastic mechanical models
employing a plastic rheology with strain softening, Allken et al.
(2011, 2012) indicated that rift offset and viscosity of the lower
crust are the main controls on the efficiency of rift propagation
and the style of rift segment interaction during continental rifting.
Indeed, strain reached in previous numerical experiments was too
small to test the evolution of ridge-transform patterns during
long-term spreading associated with significant plate accretion. Re-
cent large-strain numerical experiments (Gerya, 2010a) focused on
spontaneous nucleation of transform faults at a single straight ridge
but the initiation and long-term evolution of ridge-transform oce-
anic spreading patterns after plate breakup remained unaddressed.

In the present paper we build on the results of previous numer-
ical experiments to develop 3D thermomechanical numerical mod-
el of long-term oceanic spreading starting from the culminating
stages of continental rifting. The principal goal of this study is to
model the dynamics of an incipient spreading process and under-
stand when, how and why typical ridge-transform spreading pat-
terns can be established during the history of oceanic spreading.

2. Numerical model

This work employs high-resolution 3D thermomechanical
numerical models of the incipient oceanic spreading to investigate
nucleation and evolution of ridge-transform oceanic spreading pat-
terns. The Eulerian-Lagrangian visco-plastic model with an inter-
nal free surface (Fig. 1) allows for large strains and spontaneous
oceanic crust growth by magmatic accretion. The employed
numerical technique (Gerya, 2010a,b) is based on a combination
of a finite difference method applied on a uniformly spaced stag-
gered finite difference grid, with the marker-in-cell technique.
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Fig. 1. Initial model setup and boundary conditions for 3D thermomechanical
numerical experiments. Boundary conditions are constant spreading rate in
x-direction (spreading = Vieft * Uright: Where vieg = tigne) and compensating vertical
influx velocities through the upper and lower boundaries ( %o, and yottom) are chosen
to ensure conservation of volume of the model domain and constant average 5 km
thickness of the sea water layer [(%op + Upottom)/50 = (Yef * Urignc)/98), where vgop/
5 = Uhottom/45]; front and back boundaries in the x-y plane are free slip. A water-
loaded free surface condition for the upper plate boundary is implemented by using a
weak layer approach (e.g., Schmeling et al., 2008; Gerya, 2010b; Crameri et al., 2012):
the weak 5 km thick sea water layer has a characteristic density of 1000 kg/m> and a
viscosity of 10'® Pa s to ensure small stresses (<10° Pa) along the upper plate
interface. The symmetric initial thermal structure is perturbed in two places where
offset linear thermal anomalies (weak seeds) A and B are prescribed by gently
elevated geotherm. Thermal boundary conditions are insulating (zero heat flux) on
all boundaries with except of the upper and lower boundaries, over which a constant
temperature of 273 and 1600 K is prescribed, respectively.

2.1. Model setup

The initial model setup corresponds to the onset of oceanic
spreading along an already thinned, idealized rifted margin with
a 7-20 km thick crust (Table 1). Similarly to previous numerical
models of spontaneous plate fragmentation (e.g., Hieronymus,
2004; Choi et al., 2008; Allken et al., 2011, 2012), two linear ther-
mal perturbations (weak seeds) with an offset of 30-60 km are im-
posed at the bottom of the lithospheric mantle (Fig. 1). Prescribing
of offset perturbations (weak seeds) is a standard approach for
both analogue and numerical models of rifting and spreading
(e.g., Hieronymus, 2004; Choi et al., 2008; Tentler and Acocella,
2010; Allken et al., 2011, 2012). This approach is consistent with
observations on incipient oceanic spreading regions where spread-
ing segments nucleate en echelon in overlapping rift basins with
non-transform spreading offsets (Taylor et al., 1995, 2009). The
magnitude of the offsets varies in nature and is often in the range
of several tens of kilometers (e.g., Bosworth, 1986; Taylor et al.,
1995, 2009). In our model the initially offset thermal perturbations
affect (but not strictly define) positions of the individual spreading
centers. It should also be mentioned that both linear and point-like
weak seeds trigger nucleation of elongated rift structures which
are nearly orthogonal to the extension direction (e.g., Hieronymus,
2004; Choi et al., 2008; Tentler and Acocella, 2010; Allken et al.,
2011, 2012).The modeled (full) spreading rates (¥spreading) range
from 3.8 to 5.7 cm/yr, which simulates incipient slow- to interme-
diate-spreading ridge (Taylor et al., 2009). The Eulerian computa-
tional domain is equivalent to 98 x 98 x 50 km (Fig. 1) and is
resolved with a regular rectangular grid of 197 x 197 x 101 nodes
and contains 34 million randomly distributed Lagrangian markers.
Larger 202 x 98 x 50 km models with 405 x 197 x 101 nodes and



Table 1

Conditions and results of numerical experiments.

Model Width  Crust Spreading  Nu  Co/Ci  éhealing Max. Molten Depth of Initial  Initial rifting pattern Young spreading pattern Mature spreading pattern
(km) thickness  rate (cm/ (MPa)  (1/s) viscosity  rock 1000 °C offset  (0-2 Myr) (2-5 Myr) (>5 Myr)
(km) yr) (Pa's) viscosity isotherm (km)
(Pa's) (km)
dard 98 7 3.8 2 10/3 0 10% 10'8 20 60 0SC* with bending Two parallel ridges with Two parallel ridges with growing
middle plate, OSC fragmented middle plate middle plate divided by TF
linked by oblique fault
dare 98 7 3.8 2 103 0 10?2 10'8 20 60 0SC with RMP RMP accretion with PTF ORTP, fragmented plates
development
darf 98 7 3.8 2 103 0 10%2 108 12 60 0SC with RMP 0SC with growing RMP, RMP ORTP, fragmented plates
accretion
darj 98 7 3.8 2 103 0 10%2 10'8 12 20 SCs facing each other Single ridge with RMP Accretion of RMP, single straight
ridge
dark 98 7 3.8 2 103 0 10%2 108 12 40 SCs linked by oblique Accretion of RMPs, single curved  Single curved ridge with an
fault, two RMPs ridge oblique middle section
darl 98 7 3.8 2 103 0 1022 10'8 20 20 SCs facing each other, ~ Accretion of RMPs, single ridge No results
two RMPs
darm 98 7 3.8 2 103 0 10?2 10'8 20 40 SCs linked by oblique Accretion of RMPs, transient TF ZOT, single straight ridge
fault, two RMPs
darn 98 7 3.8 2 103 0 10%4 10'8 20 20 SCs facing each other No results No results
darp 98 7 3.8 2 103 0 10?2 1018 13 40 SCs linked by oblique RMP accretion with PTF ORTP
fault, RMP development
darq 98 7 3.8 2 103 0 1022 10'8 13 50 SCs linked by ORTP ORTP
orthogonal PTF, two
RMPs
darr 98 7 3.8 2 10/3 0 1022 10'8 13 60 0SC with RMP, ORTP ORTP
orthogonal PTF cutting
RMP
dars 98 7 3.8 2 103 107" 10%2 10'® 13 40 SCs linked by oblique Transient IRTP, ZOT Single straight ridge
PTF
dart 98 7 3.8 2 103 107" 10?2 108 13 50 SCs linked by oblique ORTP ORTP
PTF
daru 98 7 3.8 2 103 107" 10%2 108 13 60 0SC with RMP RMP accretion with two PTFs ORTP with two TF and an
development intermediate SC
darv 202 7 3.8 2 103 107" 10%2 10'8 13 60 0SC with RMP 0SC with growing RMP 0SC with growing RMP, two
parallel ridges with growing
middle plate
darw 202 15 3.8 2 103 107" 10%2 10'8 21 60 0SC with RMP 0SC with growing RMP 0SC with growing RMP, two
parallel ridges with growing
middle plate
darx 98 7 3.8 2 103 3x10°" 10% 10'8 13 50 SCs linked by oblique IRTP IRTP
PTF
dary 98 7 3.8 2 203 101 1022 10'8 13 50 SCs linked by oblique ~ ORTP ORTP
PTF
darz 98 15 3.8 2 10/3 1013 10%2 10'8 21 50 SCs linked by oblique IRTP Transient IRTP, ZOT, single
PTF straight ridge
dasa 98 7 3.8 2 10/3 1072 10%2 1018 13 50 SCs linked by oblique Curved single ridge with an No results
PTF oblique middle section
dasb 98 7 3.8 2 103 3x102 10% 10'8 13 50 SCs linked by oblique ~ IRTP IRTP
PTF
dasc 98 7 3.8 2 10/3 3x10 " 10 1018 13 50 SCs linked by oblique IRTP IRTP
PTF
dasd 98 15 3.8 2 10/3 3x107 1022 10'8 21 50 SCs linked by oblique Two TF with an intermediate SC,  IRTP with one TF
PTF disappearance of one TF via ZOT
dase 98 12 3.8 2 103 3x10" 10% 10'8 21 50 SCs linked by oblique IRTP IRTP

PTF

(continued on next page)
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Table 1 (continued)

Model Width  Crust Spreading  Nu  Co/Ci  éhealing Max. Molten Depth of Initial  Initial rifting pattern Young spreading pattern Mature spreading pattern
(km) thickness  rate (cm/ (MPa)  (1/s) viscosity  rock 1000 °C offset ~ (0-2 Myr) (2-5 Myr) (>5 Myr)
(km) yr) (Pas) viscosity isotherm (km)
(Pa's) (km)

dasf 98 9 3.8 2 103 3x10°% 10?2 10'8 21 50 SCs linked by oblique IRTP IRTP
PTF

dasg 98 12 3.8 2 103 3x107 10?2 10'8 29 50 0SC with bending plate  OSC with growing RMP 0SC with growing RMP, two
in between, OSC with parallel ridges with growing
RMP middle plate

dash 98 15 5.7 2 103 3x107 10%2 108 21 50 SCs linked by oblique Transient IRTP with two TF and an  Disappearance of two TFs via
PTF, two TF with an intermediate SC ZOTs, single curved ridge with an
intermediate SC oblique middle section

dasi 98 15 5.7 4  10/3 3x107" 10% 108 21 50 SCs linked by oblique Transient IRTP, disappearance of ~ Single straight ridge
PTF, IRTP one TF via ZOT

dasj 98 15 3.8 2 105 3x10 " 10% 1018 21 50 SCs linked by oblique Transient IRTP with two TFs and an ~ Single curved ridge with an
PTF intermediate SC, disappearance of  oblique middle section

two TFs via ZOTs

dask 98 15 3.8 2 103 3x10 2 10% 10"° 21 50 SCs linked by oblique Transient IRTP Disappearance of TF via ZOT,

PTF curved single ridge with an
oblique middle section

dasl® 98 15 3.8 2 103 3x10 " 10% 1018 21 50 SCs linked by oblique Transient IRTP Disappearance of TF via ZOT,

PTF single curved ridge with an
oblique middle section

dasm 98 15 3.8 2 153 107" 10 108 21 50 SCs linked by oblique ORTP ORTP, appearance of growing
PTF RMP inside TF

dasn 98 15 3.8 2 153 107" 10% 10'8 29 50 0SC with bending plate  Two parallel ridges with growing ~ Two parallel ridges with growing
in between middle plate middle plate

daso 202 7 3.8 2 103 107" 10%4 108 13 40 SCs linked by oblique ORTP ORTP, disappearance of TF via
PTF ZOT, single straight ridge

dasr 202 20 3.8 2 103 10" 10% 10'® 21 40 SCs linked by oblique ~ ORTP ORTP
PTF

dasx 202 20 3.8 2 203 107" 10%4 10'8 21 40 SCs linked by oblique ORTP ORTP
PTF

dasy® 98 7 3.8 2 203 10°% 10%2 108 13 50 0SC with bending plate  Fragmentation of RMP by Disappearance of TF, single
in between, OSC with orthogonal PTF, ORTP with curved ridge with asymmetric
RMP asymmetric accretion accretion

dasz®> 98 7 3.8 2 103 10" 1022 10'8 13 50 0SC with RMP, RMP ORTP ORTP

accretion with PTF
development

2 Abbreviations: SC = spreading center, OSC = overlapping spreading centers (Fig. 9¢), PTF = proto-transform fault (Fig. 3b), TF = transform fault (spreading-parallel, Fig. 3e), RMP = rotating microplate (Figs. 5a, 9d and e),

ORTP = orthogonal ridge-transform pattern (Fig. 3e), IRTP = inclined ridge-transform pattern (Fig. 6f), ZOT = zero offset transform (zero offset fracture zone, Fig. 8c).

" Dry olivine flow law (Ranalli, 1995) with Gyeiia =3 MPa is used for the partially molten mantle.
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68 million markers were also used in a limited number of experi-
ments (Table 1).

The momentum, mass and heat conservation equations are
solved with the thermomechanical code I3ELVIS (Gerya and Yuen,
2007) on the non-deforming Eulerian grid whereas the advection
of transport properties including viscosity, plastic strain, tempera-
ture etc. is performed by advecting the Lagrangian markers.
Lagrangian markers leave the Eulerian model domain through
the left and right lateral boundaries. Material enters through the
top and the bottom of the model as sea water and mantle markers,
respectively. This Eulerian-Lagrangian numerical modeling
scheme with open boundaries allows for an infinitely long plate
separation with the use of a laterally limited Eulerian computa-
tional domain. The initial thermal structure and lithospheric thick-
ness is defined by varying the depth of 1000 °C isotherm according
to the cooling profile of a semi-infinite, half-space (Turcotte and
Schubert, 2002).

2.2. Modeling of mid-ocean ridge processes

Fig. 2 shows a conceptual model of oceanic spreading imple-
mented in the present study. In some aspects, this model is more
complex than previous 3D numerical modeling approaches (Choi
et al., 2008; Allken et al., 2011, 2012; Gerya, 2010a). This is mainly
dictated by the necessity to address a relatively complex and long-
lasting transition between the plate breakup and oceanic spreading
(e.g., Taylor et al., 1995, 2009). Thus, long-term crustal and litho-
spheric deformation, accretion and cooling processes have to be
captured (e.g., Buck et al., 2005; Olive et al., 2010; Theissen-Krah
et al., 2011) thereby allowing for direct testing of our numerical re-
sults with crustal faulting, growth and topography patterns ob-
served in natural incipient oceanic spreading regions (e.g., Taylor
et al., 1995, 2009). Therefore, the conceptual model accounts for
the following key processes which were suggested to be critical
for realistic modeling of plate breakup and oceanic spreading
(e.g., Buck et al., 2005; Gregg et al., 2009; Katz, 2010; Olive et al.,
2010; Theissen-Krah et al., 2011; Montesi et al., 2011): (i) thermal
accretion of the oceanic mantle lithosphere resulting in the plate
thickness growth, (ii) partial melting of the asthenospheric mantle,
melt extraction and percolation toward the ridge resulting in crus-
tal growth, (iii) magmatic accretion of the new oceanic crust under
the ridge and (iv) hydrothermal circulation at the axis of the ridge,
resulting in excess cooling of the crust. These physical processes
are included in our numerical model in a simplified manner. Below
we explain how each process was introduced.

Thermal accretion of the mantle lithosphere is modeled by solving
the heat conduction equation combined with a temperature-
dependent viscosity for the non-molten mantle (dry olivine flow
law, Ranalli, 1995). Consequently, cooling asthenospheric mantle
become rheologically strong and accretes spontaneously to the
bottom of the oceanic lithosphere.

Hydrothermal circulation at the axis of the ridge producing rapid
cooling of the new oceanic crust (e.g., Theissen-Krah et al., 2011) is

sea water hydrothermal circulation

oceanic crust -magma region

partially molten asthenosphere
with percolating melts

Fig. 2. Conceptual model of oceanic spreading implemented in this study. See text
for more details.

parameterized with an enhanced thermal conductivity of the crust
based on the following equation (Gregg et al., 2009)

Kett =k +ko(Nu — 1) x eXp[A2 = T/Tmax = ¥/Ymax)] (1)

where T is the temperature (°C) k is the thermal conductivity of dry
rocks (W/m/K) [k=0.73+1293/(T+77) for the mantle and
k=1.18 +474/(T+77) for the crust (Clauser and Huenges, 1995)],
ko=3W/m/K is the reference thermal conductivity, Nu=2-4 is
the assumed Nusselt number for the hydrothermal circulation
(Gregg et al., 2009), A = 0.75 is a smoothing factor, Ty,ay is the cutoff
maximum temperature (600 °C), y is depth (km), and ymax = 6 km is
the cutoff maximum depth of hydrothermal circulation. Also, in or-
der to insure an efficient heat transfer from the upper surface of the
plate in the Eulerian model, thermal conductivity of the sea water
layer above this plate (Fig. 1) is taken to be hundred times higher
(200 W/m/K) than that of the dry mantle (1-4 W/m/K).

Partial melting of the asthenospheric mantle, melt extraction and
percolation toward the ridge is implemented in a highly simplified
manner. According to our model, crustal growth at the ridge is bal-
anced by the melt production and extraction in the mantle. How-
ever, melt percolation toward the ridge (e.g., Katz, 2010) is not
modeled directly and considered to be nearly instantaneous (Con-
nolly et al., 2009). The standard (i.e. without melt extraction) vol-
umetric degree of mantle melting My changes with pressure and
temperature according to the parameterized batch melting model
of Katz et al. (2003). Lagrangian markers track the amount of melt
extracted during the evolution of each experiment. The total
amount of melt, M, for every marker takes into account the amount
of previously extracted melt and is calculated as (Nikolaeva et al.,
2008)

M=My -2y Mex (2)

where X, - Mey is the total melt fraction extracted during the previ-
ous n extraction episodes. The rock is considered non-molten
(refractory) when the extracted melt fraction is larger than the stan-
dard one (i.e. when X, - Mexe > Mp). If M > 0 for a given marker, the
melt fraction Mey: = M is extracted and X, - Mey is updated. The ex-
tracted melt fraction Mext is assumed to propagate much faster
than the plates deform (Connolly et al., 2009). Hence, the instanta-
neous transmission of extracted melt to the magma chamber is rea-
sonable. Similarly to Gregg et al. (2009), a wide pooling region for
the melt extraction and migration is assumed and melts produced
in the entire model are added to the shallowest regions where man-
tle melting conditions are still achieved. Such regions are typically
located beneath the ridge axis and inside intra-transform spreading
centers where wedge-shaped magma regions (Fig. 2) spontaneously
form by accumulation of the introduced melts. In order to ensure
melt volume conservation and account for mantle compaction
and subsidence in response to the melt extraction, melt addition
to the bottom of the magma region is performed at every time step
by converting shallowest markers of hot partially molten mantle
into magma markers. The total volume of these magma markers
matches the total volume of extracted melt computed for the time
step.

Magmatic accretion of the new oceanic crust is modeled by spon-
taneous cooling and crystallization of melts at the walls of the low-
er-crustal magma regions (e.g., Wanless and Shaw, 2012). This
simple crust accretion algorithm does not account for volcanic
and plutonic (e.g., dyking, Buck et al., 2005; Wanless and Shaw,
2012) processes above the magma regions, neither does it account
for internal convection, melt segregation and crystal differentiation
inside these regions (e.g., Wanless and Shaw, 2012). The effective
density of the molten crust in the magma region is calculated as

Peft = Psolid <1 -M+ Mm>+» 3)
Posolid
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where local melt fraction M is computed from the simple linear
batch melting model (Gerya, 2010b)

M=0 when T < Tjidus, (43)
M= (T - Tsolidus)/(TliqidUS - T5°“d“5) when

Tsotiqus < T < TliqUidUS (4b)
M=1 when T > TquuiduSv (4C)

where Tgoligus = 1327 + 0.091P and  Tiiquiaus = 1423 + 0.105P are,
respectively, solidus and liquidus temperature (K) of the crust
(Hess, 1989) at a given pressure P (MPa). pgsoiia = 3000 kg/m> and
Pomolten = 2800 kg/m?> are the standard densities of solid and molten
crust, respectively and p,,,;4 is the density of solid crust at given P
and T computed from

Psolid = Posotia % [1 = (T —298)] x [1+ (P - 0.1)], (5)

where =3 x 107> 1/K and =107 1/MPa are thermal expansion
and compressibility of the crust. The effect of latent heating due
to equilibrium crystallization of the crust from the magma regions
is included implicitly by increasing the effective heat capacity
(Cps) and the thermal expansion (o) of the partially crystal-
lized/molten rocks (0 < M < 1), calculated as (Gerya, 2010b):

M
Cpeir = Cp + Q. <T> ) (6)
P=const
Q <M>
Oeff =0+ P | & ; (1)
¢ T P T=const

where Cp =1000 ]/kg is the heat capacity of the solid crust and
Q. =380 kJ/kg is the latent heat of crystallization of the crust (Tur-
cotte and Schubert, 2002). The employed linear crustal crystalliza-
tion algorithm is simplified and neglects the non-linearity of the
melt fraction decrease with decreasing temperature between Tjiqui-
dus and Tsojiqus. However, this simplification should mainly affect
melt crystallization dynamics inside relatively small lower-crustal
magma region (Fig. 2) without having dominant effects on the rhe-
ological and density structure of the entire model.

2.3. Rheological model

The rheological model assumes a constant low viscosity (10'8-
10'° Pa s) for the partially molten crustal and mantle rocks, and a
visco-plastic rheology for the lithospheric plates, with a realistic
temperature and strain rate dependent viscosity computed
according to experimentally determined flow laws (Ranalli,
1995). We use the dry olivine flow law for the mantle and the pla-
gioclase (Anys) flow law for the crust. An upper viscosity cutoff
limit of 10%2-10** Pa s was also applied for the lithospheric vis-
cosity (Table 1). Compared to previous models of mid-ocean
ridges (Hieronymus, 2004; Buck et al., 2005; Choi et al., 2008),
this rheological model does not account for elasticity of the litho-
sphere and neglects thermally induced stresses. Standard brittle/
plastic rheology of solid rocks assumes fracture-related strain
weakening (Lavier et al., 2000; Huismans and Beaumont, 2002;
Hieronymus, 2004; Choi et al., 2008; Gerya, 2010a; Allken et al.,
2011, 2012), and is implemented by using a plate strength limita-
tion of the form

o1 < Cy+ b, (P~ Py) (8)
¢, =1 when P < Py (tensile fracture)

¢, =0.6(1 —7/y,) for y <7, and ¢, =0 for y > 7,
when P > Ps (confined fracture) 9)

C,=Co+(Ci —Co)y/yo fory <y, and C,=C; fory >y,

Pr = p;gy. (11)
] . 2 .
V = / \/ i (&j(plastic)) dt - / 8healingdt7 (12)
1 /2
o = j(%) ) (13)

where gy is second stress invariant (Pa), P is dynamic pressure on
solids (Pa), Py is fluid pressure (Pa), y is vertical coordinate (m),
£=9.81 m/s? is gravitational acceleration, pr= 1000 kg/m? is water
density, y > 0 is integrated plastic strain (o =1 is the upper strain
limit for the fracture-related weakening), t is time (s), &jplastic) 1S
plastic strain rate tensor, &neaing is fracture healing rate, C, is the
rock strength at P — Py=0 (for both confined and tensile fracture)
which depends on the plastic strain y and Cp and C; are the initial
and final strength values for the fracture-related weakening, respec-
tively. The stress limitation for tensile fracture is formulated from a
theoretical criterion (Rozhko et al., 2007) for tensile failure of a
fluid-filled crack. This criterion is based on Griffith’s theory (Mur-
rell, 1964) and has been verified experimentally (Jaeger, 1963).
Strain weakening assumed in the model is similar to those in previ-
ous numerical studies of mid-ocean ridges (Hieronymus, 2004; Choi
et al., 2008; Gerya, 2010a) and continental rifting (Huismans and
Beaumont, 2002; Allken et al., 2011). It is related, in particular, to
water and melt percolation and textural modifications along fault
zones and their intense serpentinization that strongly decreases
the strength of fractured fault rocks (Huismans and Beaumont,
2002; Escartin et al., 2001; Hilairet et al., 2007; Bercovici and Ricard,
2012). Partial healing of deactivated, slowly creeping fractures (e.g.,
Lyakhovsky and Ben-Zion, 2008) was applied in the majority of
experiments by using an imposed constant healing rate &neaiing (Ta-
ble 1) which reduces the accumulated plastic strain y with time.
When the second invariant of local strain plastic strain rate tensor

%(s,»j(plamc))z inside a fault is greater then &peaiing, the accumulated
strain y increases with time according to Eq. (12) and brittle-plastic
strength decreases according to Egs. (9), (10). In contrast, when the
second invariant becomes smaller than éheaing, the accumulated
strain y start to decrease (Eq. 12) and brittle-plastic strength recov-
ery of the fault occurs (Egs. (9), (10)). This simple brittle/plastic
weakening/healing model, in which vy serves as a damage/recovery
measure, implies that the magnitude of healing rate &heaiing Should
be comparable with the magnitude of strain rate &jpiastic) inside ac-
tive faults. Given that spontaneously forming brittle/plastic faults
are localized within one to two grid cells (e.g., Buiter et al., 2006),
both strain weakening limit y, and healing rate &peaing should line-
arly scale with the grid step (e.g., Lavier et al., 2000). This scaling
makes the weakening and healing to be dependent on the absolute
amount of material displacement along the walls of spontaneously
forming faults, irrespective of the numerical resolution (e.g., Lavier
et al., 2000). In particular, the adopted o = 1 value implies 1000 m
of relative displacement (d = 2yoAx, where Ax = 500 m is the model
grid step) between the walls of a fault. Similarly, the adopted
&heating = 10712 s7! (Table 1) implies brittle/plastic strength recovery
for displacement rates less then 3 mm/yr (107'°m/s, 2 &nealing AX)
between the walls of a fault. It should be pointed out that the em-
ployed simple strain weakening/healing model (Lavier et al., 2000;
Huismans and Beaumont, 2002; Hieronymus, 2004; Choi et al.,
2008; Lyakhovsky and Ben-Zion, 2008; Gerya, 2010a; Allken et al.,
2011, 2012) is purely phenomenological and does not directly re-
flect the physics involved in various weakening/healing processes.
These processes may in particular involve fluid and melt
percolation, grain damage and growth, structural annealing and
Zener pinning in multi-phase polycrystalline lithospheric rocks



T.V. Gerya/Physics of the Earth and Planetary Interiors 214 (2013) 35-52 41

(e.g., Bercovici and Ricard, 2012). Therefore, further theoretical
development (e.g., Bercovici and Ricard, 2012) and numerical
implementation of more sophisticated and realistic lithospheric
weakening/healing models is required in the future.

3. Numerical results

Table 1 summarizes conditions and results of 38 numerical
experiments conducted during this study. In these experiments
we varied most of the model parameters and results of representa-
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tive models are described below. Ridge-transform spreading pat-
terns as well as other characteristic young and mature oceanic
spreading modes are systematically documented based on these
numerical experiments.

3.1. Reference model development
Fig. 3 represents typical evolution of the numerical model asso-
ciated with the spontaneous development of offset oceanic spread-

ing centers evolving into the typical orthogonal ridge - transform
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Fig. 3. Development of the orthogonal ridge - transform fault pattern after the onset of oceanic spreading (model “dart” in Table 1). Sea level for bathymetry maps (left
column) corresponds to the top of the model. Horizontal velocity in the middle column is normalized to the spreading rate. Horizontal cross-sections for velocity and viscosity
fields are taken at the level of 10 km from the top of the model. Strips on the surface of new oceanic crust correspond to normal fault scarps.
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fault pattern. At the initial stages of the reference model develop-
ment (Fig. 3a), two offset rift grabens form at the model margins
atop the imposed thermal perturbations and start to propagate
nearly orthogonal to the spreading direction. At around 0.4 Myr
two magma regions form in the innermost part of the grabens as
the result of decompression melting of rising asthenospheric man-
tle (Fig. 3a). Two elongated oceanic spreading centers nucleate at
the surface and new oceanic crust starts growing by crystallization
of melts along the walls of the magma regions (Fig. 3a). Spreading
centers propagate toward each other and start to interact by form-
ing an intermediate 20-30 km wide accommodation zone (Bos-
worth, 1986) that is oriented at ~20° to the spreading direction
(Fig. 3b). The accommodation zone becomes narrower with time
and at 0.5-0.7 Myr shrinks to a vertical proto-transform fault strik-
ing ~20° to the spreading direction (Fig. 3b). A 5-10 km wide and
0.5-1.5 km deep, elongated depression forms above this fault
(Fig. 3b).

The orientation of the proto-transform fault (~20° to the
spreading direction) and the spreading centers (~75° to the
spreading direction) are different from the typical orthogonal pat-
tern of mid-ocean ridges. The development of the proto-transform
fault causes complete separation of two plates and truncates prop-
agation of the spreading centers. Starting from 0.7 Myr the model
development is dominated by magmatic accretion of new oceanic
crust and gradual changes in the orientation of the proto-transform
fault and the spreading centers toward an orthogonal pattern.
Truncated tips of the spreading centers remain visible on the oppo-
site plates (cf. two triangle-shaped regions of lowered seafloor
topography in Fig. 3b and c). Inactive fracture zones start to form
at around 2.5 Myr (Fig. 3¢ and d). The typical mature orthogonal
pattern of two spreading centers offset by a transform fault
bounded by two inactive fracture zones is established at around
3-4 Myr and remains stable through the rest of simulated model
development (Fig. 3d and e).

3.2. Sensitivity of results to model parameters

According to the results of our experiments the resulting oce-
anic spreading pattern is strongly affected by the initial offset of
the spreading centers and the magnitude of fracture healing rate,
&healing (Eq. (12)). Three different characteristic spreading modes
were obtained by varying these two parameters (Fig. 4, Table 1):
(1) ridge-transform patterns (Figs. 3, 5 and 6), (2) single ridges
(Figs. 7 and 8) and (3) spreading centers with an intermediate plate
(Fig. 9). Orthogonal and inclined ridge-transform patterns (see
respectively pink and orange colors in Fig. 4) are stable at low heal-
ing rate of <107 '3 s~! and intermediate offsets of 40-60 km. Single
straight and curved ridges (see yellow color in Fig. 4) form both at
low initial offsets (<40 km) and at high fracture healing rates
(=3 x 107357 1) Spreading centers with an intermediate plate
(this mode includes overlapping spreading centers with growing
rotating microplate and parallel ridges with growing non-rotating
middle plate, see blue color in Fig. 4) appear in models with large
initial offsets (=60 km). Indeed, gradual transitions between dif-
ferent spreading modes are observed during a single model devel-
opment: transient ridge-transform pattern can evolve into a single
ridge (Figs. 7 and 8), overlapping spreading centers with a rotating
microplate can evolve into a ridge-transform pattern (Fig. 5). Tran-
sition between rotating and non-rotating regimes of intermediate
plate development is also identified in some models (e.g., model
“dasv” in Table 1 and Fig. 9). Also, it can be noticed that at rela-
tively high fracture healing rate of 3 x 10" '?s™! the orientation
of the offset spreading centers deviates from being perpendicular
to the spreading direction (see inclined ridge-transform patterns
in Fig. 6f, i and j). On the other hand, zero fracture healing rate fa-
vors development of transient rotating microplates that later be-
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Fig. 4. Area diagram showing dependence of long-term oceanic spreading patterns
on initial ridge offset and fracture healing rate &peaing. Parameters for conducted
numerical experiments listed in different cells are given in Table 1.

come accreted to one of the plates (models “dard”-“darr” in
Table 1).

Other model parameters have less significant influence. Increas-
ing the initial thermal thickness of the lithosphere to 29 km plays
the same role as increasing the initial offset of the spreading cen-
ters: overlapping spreading centers with a growing rotating micro-
plate are obtained in respective experiments (model “dasg” in
Table 1). The initial thermal thickness of the plate also affects the
nucleation time of the transform faults. This time becomes longer
in models with thicker plates since more time is needed for initial
plate rifting and subsequent nucleation of the oceanic spreading
centers. Similarly to results of previous simplified oceanic spread-
ing models (Gerya, 2010a), increasing the initial rock strength C, to
20 MPa produces coarser plate topography (Fig. 6g), stabilizes
large-offset normal faults along the ridges (detachment faults),
and results in larger degree of asymmetric plate accretion (model
“dasy” in Table 1). On the other hand, variations in the imposed
upper limit for plate viscosity (10%2-10%4 Pa's, Table 1) seem to
have only a minor influence on the model development (cf. models
“darx”, “dasb”,“dasc” in Table 1 and Fig. 6f, i and j) and does not
significantly affect the resulting oceanic spreading pattern. The
same observations apply to explored (rather subtle) variations in
the following model parameters

(1) the change in rheology of partially molten asthenosphere
from constant viscosity of 10'® Pa's to dry olivine flow law
(cf. models “dasj” and “dasl” in Table 1),

(2) the moderate increase in the viscosity of the magma region
to 10'® Pa s (cf. models “dask” and “dasd” in Table 1),

(3) the variations of crustal thickness at constant thermal thick-
ness of the lithosphere (cf. models “dasd” and “dasf” in
Table 1),

(4) the increase in the Nusselt number for the hydrothermal cir-
culation from 2 to 4 (cf. models “dash” and “dasi” in Table 1),

(5) the moderate acceleration of spreading rate from 3.8 to
5.7 cm/yr (cf. models “dash” and “dasd” in Table 1).

Indeed, larger variations in the spreading rate and in the Nusselt
number (i.e. in the effective thermal conductivity of the crust)
should have strong influence on the resulting spreading pattern
as suggested by previous numerical experiments for long-term
oceanic spreading (Gerya, 2010a).
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Fig. 5. Development of two transform faults with an intermediate spreading center following accretion of rotating microplate in the model with maximal initial ridge offset

(60 km, model “daru” in Table 1).

4. Discussion

4.1. Comparison to previous models

tal modes of plate fragmentation identified on the basis of
numerical experiments by Hieronymus (2004). In particular, obli-
que linkage structures forming between offset spreading centers
(Fig. 3a and b) were found in 3D numerical continental and oceanic

Plate rifting patterns observed at the initial stages of model  rifting models (Choi et al., 2008; Allken et al., 2011, 2012), as well as
development in our experiments (Figs. 3 and 4a and b) are consis- in many analogue models with extending brittle lithosphere (Dau-
tent with previous models and represent two out of five fundamen-  teuil et al,, 2002; Marques et al., 2007; Tentler and Acocella, 2010).
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Fig. 6. Representative geometries and crustal thickness for mature orthogonal (a-e,g) and inclined (f, h-j) rigde-transform spreading patterns. Model parameters are given in
Table 1: a=model “darp”, 7.9 Myr; b = model “darq”, 7.9 Myr; c = model “darr”, 8.0 Myr; d = model “dart”, 8.1 Myr; e = model “daru”, 7.8 Myr; f=model “darx”, 8.2 Myr;
g =model “dary”, 6.5 Myr; h = model “darz”, 7.0 Myr; i = model “dasb”, 6.6 Myr; j = model “dasc”, 5.6 Myr.

Similarly, overlapping spreading centers (Fig. 4a and b) are also ob-
tained in both analogue and numerical models of rifting (Choi et al.,
2008; Tentler and Acocella, 2010; Allken et al., 2011). Indeed, in
contrast to previous numerical and analogue models of rifting,
our numerical experiments allowed for the long-term plate accre-

tion and studied development of mature ridge-transform spreading
patterns from various initial rifting patterns. It should also be men-
tioned that both orthogonal ridge-transform spreading patterns
and rotating tectonic microplates found in our models were previ-
ously obtained in freezing wax experiments (Oldenburg and Brune,
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Fig. 7. Development of zero offset transform fault (zero offset fracture zone) and merging of initially offset ridge sections followed by stability of a single straight ridge (model
“dars” in Table 1). Initial stages of model development correspond to transient stability of ridge-transform spreading pattern.

1972; O'Bryan et al., 1975; Katz et al., 2005), although these ana-
logue models often produced open spreading centers with liquid
wax coming to the surface, which is dissimilar to nature.
Compared to previous, simpler 3D models of oceanic spreading
(Gerya, 2010a) that neglected pressure-dependent strength of con-
fined brittle fractures, temperature-dependent viscosity of rocks
and oceanic crust accretion, the present models show more sym-
metrical plate growth, relatively stable length of offset along trans-

form faults through time and a persistent development of inactive
fracture zones (Fig. 3d and e). Test experiments show that the use
of the temperature-dependent power-law rheology and the pres-
sure-dependent brittle strength for confined fractures (Eq. (9))
are the main reasons for more symmetrical spreading patterns
and systematic development of the inactive fracture zones ob-
served in the present models. On the other hand, both previous
and present spreading models demonstrate similar plate topogra-
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Fig. 8. Development of single curved ridge with an intermediate oblique section following short-term transient stability of young ridge-transform spreading pattern in the

model with maximal fracture healing rate (éneaing = 1072 5™, model “dasa” in Table 1).

phy patterns with a pronounced surface depression above the ac-
tive transform faults (Fig. 6). Also, asymmetric plate accretion
(mainly dependent on the initial strength of rocks C,, which de-
fines magnitude of pressure-independent fracture weakening Co—
C; in Eq. (10)) is a persistent feature in the present models as well.
This asymmetry often causes a reduction of offsets between
spreading centers and leads to formation of zero offset transforms

(zero offset fracture zones, Fig. 7, Table 1). Formation of zero offset
fracture zone causes merging of previously offset spreading centers
into a single ridge, thus leading to the complete disappearance of
the parent transform fault (Fig. 7). Similar close relations between
the slight asymmetry in plate accretion and the appearance of zero
offset transforms in nature was previously proposed by Stoddard
and Stein (1988) on the basis of a simple mathematical model.
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Fig. 9. Development of overlapping spreading centers with growing rotating microplate in the model with maximal initial ridge offset (60 km, model “dasv” in Table 1).

4.2. Evolution of transform fault orientation

Numerical experiments systematically show that transform
faults often initiate at an angle to the spreading direction but then
their orientation gradually changes toward the spreading-parallel.
What is the reason of this behavior? Fig. 10 helps to understand the
changes in the orientation of the transform fault with time. After
establishment of the initial proto-transform fault connecting two

offset spreading centers, the spreading centers continue extending
slowly toward the fault (Fig. 10(a-f)). This is because deformation
within the proto-transform fault striking at an angle to the spread-
ing direction is not purely strike-slip, but transtensional. The
extensional component causes opening of the fault and accretion
of the new oceanic crust at two ridge-fault intersections
(Fig. 10(a-f)). Due to the sustaining weakness of the fault, the con-
nection between the propagating tips of the spreading centers is
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continuously re-established and thus causes rotation of the fault
orientation toward the spreading-parallel direction. Two possible
simple geometrical models of this process are discussed below.

According to the first geometrical model (Fig. 11a), the offset
spreading centers always extend toward the displacing original ri-
gid walls of the opening proto-transform fault established during
the initial plate breakup. In this case, propagation rate () of the
spreading centers toward each other remains constant with time
and is given by simple geometric relation

Up = VUs X tg(ao), (14)

where v is full spreading rate and oy is the initial deviation angle of
the proto-transform fault from the spreading direction. Assuming
that the frontal parts of the spreading centers will remain con-
nected with an active transform fault, the orientation of this fault
will change with time (t) as following

tg = tg(o)[1 — ws(t — to) /L], (15)

where time ty corresponds to the moment of formation of initial
proto-transform fault and L is the offset between spreading centers
measured along the spreading-parallel direction (Fig. 11a), which
remains constant through time. According to Eq. (15) the orienta-
tion of the proto-transform fault should rotate toward the spread-
ing-parallel direction and will become spreading-parallel at the
moment of time t =ty + L/vs. Further rotation of the transform fault
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Fig. 10. Changes in the proto-transform fault orientation with time for the
reference model shown in Fig. 3. Color code: white = magma region, blue = frac-
tured rocks, yellow to red = new oceanic crust (formation time corresponds to the
moment of crystallization from the melt), pink and gray = initial plate material for
the right and left plate, respectively. Horizontal cross-sections are taken at the level
of 10 km from the top of the model. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

will lead to a transpressional fault orientation, which precludes the
offset segments sliding and is therefore unstable (e.g., Oldenburg
and Brune, 1972). Spreading-parallel orientation (o = 0) is thus the
only thermomechanically consistent steady state orientation for
the fault.

According to the second geometrical model (Fig. 11b), rigid walls
of the active transform fault are reestablished together with
changes of its orientation due to the fracture healing. In this case,
propagation rate (v,) of spreading centers toward each other de-
pends on current fault orientation o (and not on the initial orienta-
tion of the proto-transform fault o as in the first model), thus we
have

Up = s x tg(2). (16)

The deviation angle of the fault in this case will change expo-
nentially with time according to

tgo = tg(0l) x exp[—vs(t — o) /L. (17)

From Eq. (17) the orientation of the transform fault should
asymptotically approach the spreading-parallel direction (i.e.,
o = 0), which is again the only thermomechanically consistent stea-
dy state orientation.

Fig. 11c shows the comparison of results of numerical experi-
ments (Fig. 10) with predictions of two geometrical models. As fol-
lows from this figure, the first geometrical model provides better
fit for the results of numerical experiments, whereas the second
model systematically underestimates changes in the transform
fault orientation with time. Consequently, in numerical experi-
ments transform fault rotation seems to be mainly regulated by
the initial orientation of the parent proto-transform fault. It is
important to mention that according to both tested geometrical
models, propagation of spreading centers is limited by the rigid
walls of the transform fault. This assumption is in apparent con-
trast with standard crack/rift propagation models proposed for
the oceanic lithosphere (e.g., Pollard and Aydin, 1984), according
to which propagating spreading centers can overlap and become
bent toward each other. Indeed, the standard models assume an
initially non-damaged plate without a weak transform connecting
two propagating spreading centers. Consequently, similar type of
behavior is observed in our models at the initial stages of develop-
ment when the proto-transform fault is not yet formed (Fig. 3a,
Fig. 9): rift tips of propagating spreading centers partly overlap
and bend toward each other. In contrast, after the formation of
the proto-transform fault, the rift propagation is truncated
(Fig. 3b) and extensional deformation localizes inside this weak
transtensional fault, rather than inside its rheologically stronger
walls.

The orientation change of the transform fault reduces the exten-
sional component and enhances the strike-slip component of
deformation within the fault. The spreading-parallel orientation
of the transform fault is thus established as a steady state orienta-
tion allowing for pure strike-slip motion that stops the fault open-
ing and thus the propagation of the spreading centers toward each
other. The sustaining weakness of the fault (Oldenburg and Brune,
1972; Behn et al., 2002) and more importantly the ongoing accre-
tion of new crust to the offset plate segments (Fig. 10a) are two
pre-requisites for establishing this peculiar orientation. This orien-
tation is thus mainly defined by geometrical requirements (180°
rotational symmetry for open space occupation, Egs. (14) and
(15), Fig. 11a) for simultaneous accretion and displacement of
new plate material within two offset spreading centers connected
by a sustaining weak fault. It can be, therefore, notably different
from the initial orientation of the proto-transform fault defined
by the physics of plate fragmentation (Hieronymus, 2004; Choi
et al., 2008; Allken et al., 2011). This points toward a fundamental
difference between the geometry of the initial rifting pattern (a
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Fig. 11. Geometrical concepts of treansform fault re-orientation. (a and b)
conceptual schemes of crustal growth associated with the transform fault reorien-
tation (different colors show crust of different age) for two geometrical models
discussed in the text. (c) comparison of analytical (lines, Eqns. (15) and (17) are
respectively used for model 1 and model 2 with u=3.8 cm/yr, ty=0.66 Myr,

oo =21° and L = 30-40 km, where variations in L account for gradual decrease in the
spreading-parallel offset between propagating tips of the spreading centers
measured in Fig. 10) and numerical (symbols, data are taken from Fig. 10) models.

plate fragmentation pattern) and that of a mature ridge-transform
spreading pattern (a plate growth pattern). This difference is to
some degree analogous to the difference between a fragment of a
thin broken ice plate (ice fragmentation structure) and a snowflake
(ice growth structure). Further thermomechanical reasons for the
stability of weak extension-parallel transforms could be related
to minimization of energy dissipation (e.g., Bercovici, 1995).

The documented rotation of the transform fault orientation is a
robust model feature, which systematically appears at different
numerical resolutions (Fig. 3a-c and Fig. 12). Performed resolution
tests also confirm that the numerical grid spacing used in the
majority of experiments is optimal and further increase in the res-
olution does not significantly change transform fault nucleation
and rotation dynamics (Fig. 3a-c and Fig. 12e and f). On the other
hand, a notable decrease in the resolution causes earlier (by 0.1-
0.2 Myr) localization of the proto-transform fault, however subse-
quent crustal growth and fault rotation dynamics remain similar to
the reference model (Figs. 3 and 12a-c).

4.3. Comparison with natural data

Mature transform faults and inactive fracture zones formed in
the experiments (Figs. 3e, 5e, 6) are comparable to nature. They
are expressed by narrow depressions in the ocean floor topography
(Gregg et al., 2007; Taylor et al., 2009; DeMets et al., 2010) and
show thinned (by 1-5 km) oceanic crust characteristic for these
structures at slow to intermediate spreading rates (Kuo and For-
syth, 1988; Lin and Phipps Morgan, 1992; Tolstoy et al., 1993).
Near the ridge-transform intersection, the pattern of seafloor fault-
ing is often slightly asymmetric (Fig. 3e): normal fault scarps
extending from the segment center into inside-corner crust curve
in the offset direction, while fault scarps extending into outside-
corner crust typically remain parallel to the ridge (Phipps Morgan
and Parmentier, 1984). Zero offset transforms (Fig. 7c) are also doc-
umented in nature (Schouten and White, 1980; Stoddard and Stein,
1988). One possible example of large rotating tectonic microplates
found in our experiments (Fig. 9e) is the Easter microplate in which
rift propagation has resulted in the formation of a rigid plate be-
tween the propagating and dying ridges (Engeln and Stein, 1984;
Cogné et al., 1995). On the other hand, overlapping spreading cen-
ters (Fig. 5b, Fig. 9¢) occurring in nature (e.g., Macdonald et al.,
1984; Sempere and Macdonald, 1986) are characterized by much
smaller offsets (up to 15 km) and are found in fast spreading ridges,
which are not explored in this study.
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Fig. 12. Results of numerical resolution test for the reference model
(197 x 197 x 101 nodes, 34 million markers) shown in Fig. 3a-c. (a-c) Low-
resolution model (133 x 133 x 69 nodes, 11 million markers). (d-f) High-resolution
model (293 x 293 x 149 nodes, 105 million markers). Strain weakening and healing
in the experiments is linearly scaled to the grid step compared to the reference
model:  y9=0.7, &neating =0.7 x 107" for low-resolution model, 7,=1.5,
Ehealing = 1.5 x 10~"3 for high-resolution model.
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Fig. 13. Comparison of natural data for the incipient spreading in the Woodlark basin (a,b) (Taylor et al., 2009) with the results of numerical experiments (¢ and d, model
“dasx” in Table 1). (a) Magnetization of the Moresby Transform (that may correspond to a rotating proto-transform fault) and its conjugate margins (with lineations labeled
for Brunhes (B), Jaramillo (J), anomaly 2 and 2A). (b) Sunlit bathymetry (with spreading segments 2 and 3 labeled). (c and d) modeled bathymetry and oceanic crustal age
distribution on the surface, respectively. Black solid line in (a) and (b) shows continent-ocean boundary. Solid, dashed and dotted lines in (c) and (d) show spreading

segments, proto-transform fault and continent-ocean boundary, respectively.

Incipient oceanic spreading patterns obtained in numerical
models correlate well with available data on natural examples
(Fig. 13). In particular, (proto-) transform faults in the Woodlark
Basin terminate in the oceanic crust (Fig. 13a and b) and formed
while linking two offset spreading segments on the timescale of
around 0.5-2 Myr (Taylor et al.,, 2009). Our numerical models
reproduces well characteristic “rounded” contours of two spread-
ing centers as well as the presence of an island of the continental
crust observed in the Woodlark basin (Fig. 13b and Fig. 13d). When
a proto-transform fault nucleates in the continental domain (Figs. 3
and 10), its walls control the propagation of offset oceanic spread-
ing centers toward each other (Fig. 10). Proto-transform fault will
thus leave traces on two opposite curved boundaries between
the oceanic and continental domains (Figs. 3c, 10e). Proto-trans-
form fault traces and truncated tips of overlapping spreading cen-
ters present in models (Figs. 3b,c and 13c) are also documented in
nature (Fig. 13b). It should be mentioned, however, that the mod-
els presented here are still highly simplified and assume synchro-
nous opening of two ridge sections, whereas in the Woodlark
basin, the eastern section of the ridge starts to form before the
western section does (Taylor et al., 2009, see anomalies 2A present
east of the Moresby transform only in Fig. 13a). Nevertheless, the
first order dynamics of the Moresby (proto-)transform should be
properly captured in the model since this fault started to develop
at a stage when both rift sections were simultaneously active (Tay-
lor et al., 2009).

Numerical models shown here predict that only a limited range
of initial ridge offsets (40-60 km) can produce stable ridge-trans-
form spreading patterns. This is in contrast with much broader
variations of transform offsets (0-900 km) in nature (e.g., San-
dwell, 1986; Stoddard and Stein, 1988). One possible explanation
for this discrepancy is that transform offset can change with time
(e.g., Fig. 7) due to asymmetric plate accretion (e.g., Stoddard and
Stein, 1988; Gerya, 2010a). Indeed, random variations in spreading
asymmetry may provide an explanation for development of very
small to zero offsets (Stoddard and Stein, 1988). However, such
random variations have difficulty generating significant increases
in transform length, so very long transforms may be manifestations
of dynamic processes (Stoddard and Stein, 1988). These processes

can be related to (i) the presence of large lithospheric-scale heter-
ogeneities inside breaking plates (absent in our simplified experi-
ments), which could be inherited by long proto-transform faults
and (ii) the sustaining asymmetry of plate accretion at relatively
slow spreading rates that may cause systematic increase of trans-
form offsets during initial (slow) stages of oceanic spreading (Ger-
ya, 2010a).

5. Conclusions

According to the results of our experiments, oceanic spreading
pattern depends strongly on the initial offset of spreading centers
and the magnitude of fracture healing rate. Three different charac-
teristic long-term spreading modes are obtained: (1) ridge-trans-
form patterns, (2) single ridges and (3) spreading centers with an
intermediate plate.

Orthogonal ridge-transform oceanic spreading patterns in nat-
ure should typically form few million years after the continental/
oceanic plate breakup and should be generally different from the
initial plate rifting pattern.

Proto-transform faults can nucleate in the beginning of oceanic
spreading by the dynamic interaction of growing offset spreading
centers. The orientation of these structures should change with
time, with a tendency toward the spreading-parallel direction.

The orthogonal ridge-transform system is a long-term plate
growth pattern, which is governed by geometrical requirements
(180° rotational symmetry for open space occupation) for simulta-
neous accretion and displacement of new plate material within
two offset spreading centers, connected by a sustaining, rheologi-
cally weak transform fault. According to these requirements, the
characteristic spreading-parallel orientation of oceanic transform
faults is the only thermomechanically consistent steady state
orientation.
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