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Since the late 1970s, most earth scientists have discounted the plausibility of melting by shear-
strain heating because temperature-dependent creep rheology leads to negative feedback and self-
regulation. This paper presents a new model of distributed shear-strain heating that can account for
the genesis of large volumes of magmas in both the crust and the mantle of the lithosphere. The
kinematic (geometry and rates) frustration associated with incompatible fault junctions (e.g. triple-
junction) prevents localisation of all strain on the major faults. Instead, deformation distributes off the
main faults forming a large process zone that deforms still at high rates under both brittle and ductile
conditions. The increased size of the shear-heated region minimises conductive heat loss, compared with
that commonly associated with narrow shear zones, thus promoting strong heating and melting under
reasonable rheological assumptions. Given the large volume of the heated zone, large volumes of melt
can be generated even at small melt fractions.

There are clear examples of volcanism correlated with fault complexities that remain enigmatic and that
could be related to that mechanism of “process zone heating”. We propose here a simple dislocation
model to define the process zones, determine off-fault strain rates and quantify how much plastic work
can be dissipated as heat. To provide an example, we examine the case of the junction between the
East and North Anatolian shear zones in eastern Turkey. This is chosen because the composition and
age of emplacement of the quite extensive volcanics are well known, as are the rates of motion on the
associated strike-slip faults. The geometry of the system also allows the dislocation method to be easily
adopted. We conclude that melting of the crust and the lithospheric mantle could start only a few Myrs
after the onset of deformation. Conservative assumptions for rheological parameters and melting points
can explain both the timing and the bimodal nature of the volcanism. Predictions of melt volume are
within the rheological uncertainties. While the current paper is focused on strike-slip faults, the approach
can be applied to kinematic complexities associated with thrust faults as well, and, maybe more generally,
to regions in the lithosphere where oblique boundary conditions force deformation to occur partly in a
distributed manner, while still at high rates.
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1. The efficiency of strain heating in the lithosphere:
a controversy

The spatio-temporal correlation between the emplacement of
metamorphic or magmatic bodies and continental deformation
suggest an intimate relationship between the thermal and me-
chanical processes taking place in the lithosphere (e.g. Zhang and
Schdrer, 1999; Leloup et al., 1999; Jolivet et al., 2003; Rosenberg,
2004; Weinberg et al., 2004; Nabelek and Liu, 2004; Deves, 2010).
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However, whether lithospheric deformation can of itself produce
enough heat to cause high heat flow, high-temperature metamor-
phism or partial melting in continents is a long-standing debate
(e.g. Brune et al., 1969; Yuen et al., 1978; Lachenbruch and Sass,
1980; Ricard et al., 1983; So and Yuen, 2013).

The rate of heat production by dissipation of mechanical work
during irreversible deformation (called strain heating) depends on
the product of lithospheric strength and strain rate. Whilst enough
laboratory data are now available to have a reasonable idea of rock
strength, evaluation of the magnitude of strain rate, and of its dis-
tribution, is less straightforward. Finite strains within continents
do not take place in a homogeneous and steady manner, nor are
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they perfectly concentrated on a finite number of large faults. No
model formulation of the relationship between strain and heat has
been so far successful in convincingly linking observables of litho-
spheric deformation with volumes and distributions of magmas
produced.

It is common in the literature to distinguish between frictional
heating, i.e. heat produced during friction on a fault plane in the
brittle domain, and viscous heating, i.e. heat associated with ductile
shearing either on a narrow ductile shear zone or by larger-scale
distributed deformation of a viscous lithosphere. Two “end mem-
ber” approaches have been adopted to model the deformation.
One extreme is to assume that the lithosphere can be represented
as a viscous fluid subject to the far-field relative plate motion
(e.g. England and McKenzie, 1982; Houseman and England, 1986;
Kincaid and Silver, 1996). Doing so downplays the heterogeneity
of the deformation that is observed at various scales in the field,
and notably the occurrence of well-documented tectonic struc-
tures, which represent discontinuities in the deformation field that
can occur up to the lithospheric scale (e.g. Wittlinger et al., 1998;
Armijo et al, 1999; Tapponnier et al., 2001). Another extreme
is to assume that continental deformation is characterised by
relative motion of a number of rigid blocks along major tec-
tonic boundaries (e.g. Leloup et al., 1999; Rolandone and Jaupart,
2002). In that case, strain heating is focused along well-localised
faults or shear zones. In both cases, the strain rate is still fun-
damentally equal to the velocity applied on the shear zone, or
in the far field, divided by the width of the deforming zone.
High strain rates are thus predicted for narrow shear zones. For
wider zones of deformation, strain rates are lower and predicted
heating rates become insignificant (e.g. Kincaid and Silver, 1996;
Hartz and Podladchikov, 2008). This has led to the view that nar-
row shear zones are the most likely places where significant strain
heating should occur, and hence where partial melting could take
place.

The efficiency of strain heating depends on the competition be-
tween the rate of heat production and of weakening of the rocks
due to thermal softening. While the exact position of the brittle-
ductile transition is quantitatively important, the process is self-
limiting overall because the strength of the lithosphere ultimately
decreases with increasing temperature. Furthermore, thermal con-
duction evacuates heat, and is particularly efficient on heat sources
like narrow planar shear zones. Models of shear zone heating
have incorporated the influence of temperature-dependent ther-
mal diffusivity and heat capacity to increase the efficiency of strain
heating by decreasing the ability of the heated lithosphere to con-
duct heat away; and/or used rheological laws that tend to be less
temperature-sensitive, thereby reducing the magnitude of thermal
softening (Whittington et al., 2009; Nabelek et al., 2010). However,
these advances have not fully closed the gap between model pre-
dictions and observations. Models predict relatively moderate tem-
perature increases under geologically reasonable conditions, barely
resulting in the generation of very small volumes of magmas (e.g.
Leloup et al., 1999). Strain heating is not, therefore, usually consid-
ered as a key mechanism in producing the major thermal events
that occur coevally with episodes of active deformation.

In this paper, we adopt a new approach by exploring a model
in which localised and distributed deformation coexist. We focus
on regions where deformation is demonstrably heterogeneous and
irreversible while still occurring at high strain rates (Deveés et al.,
2011). These places are called accommodation zones in structural
geology or process zones in material mechanics. In the following
we use the term of process zone.
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Fig. 1. Process zone of distributed deformation resulting from kinematic incompat-
ibility. The deformation associated with finite motion at a junction between three
strike-slip faults can be accommodated in two ways: (a) by opening of a void, or (b)
by off-fault deformation when confining pressure prevents large volume changes.
Significant shear strains are induced off-faults (reddish colours) (c) under plane
strain conditions as (d) under plane stress conditions (for a compressional out of
plane principle strain). The short lines shown in (c) and (d) represent the directions
of shear predicted within what can be called a process zone. The insert gives the
corresponding slip mechanisms. Shear occurs following directions that vary from
place to place preventing the development of localised faults or shear zones on long
distances. The strain distribution changes between plane strain and plane stress but
in both cases, deformation remains distributed with respect to the length-scale of
the main faults. The models shown in (c) and (d) have been obtained using a dis-
tribution of dislocations in an elastic medium. The figure has been modified from
Devés et al. (2011) (see the original paper for more details).

2. A new hypothesis for strain heating

2.1. From kinematic incompatibility to process zones of distributed
deformation

Even in the perfectly localised world of plate tectonics, impor-
tant restrictions on the orientation of plate boundaries or on the
relative velocity vectors are imposed by kinematics. Triple junc-
tions are stable only if they allow continuous plate evolution, such
as that between three ridges (Fig. 10-3 A, McKenzie and Morgan,
1969). All other possible triple junctions are kinematically unstable
and are hence expected to evolve. The question is whether they
can always do so whilst respecting their kinematic environment.
The Mendocino triple junction for instance has migrated north-
ward in response to the PA-AM-FA plate kinematics, but translation
has not accommodated one hundred per cent of the strain. Sliding
between the three, allegedly rigid, blocks has been associated with
significant distributed deformation (up to about 35%, Field et al.,
2013, Table 4). The present paper focuses on that fraction of the
strain that cannot be accommodated by translation and localised
sliding because of kinematic incompatibility.

An example of an unstable and strongly incompatible triple
junction is the point at which three strike-slip faults meet (Fig. 1).
The junction cannot evolve stably by translation and localised slid-
ing only. The accumulation of finite motion on the faults requires
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Fig. 2. Kinematic control on the deformation style in strain-softening materials. Schematic view explaining how kinematics can control the co-occurrence of zones of localised
and distributed deformation in strain-softening plastic materials. Boundary conditions having a single shear component (a and b) generate a deformation field with a single
shear component independent of position (a). In a strain-softening plastic medium like the lithosphere, sliding on a single fault or shear zone can fully release the applied
boundary conditions (b), no distributed deformation being required. Most boundary conditions however (¢ and d) result in more complicated deformation fields whose
accommodation requires the creation of faults or shear zones with various orientations. At each scale, the faults apply their own kinematical conditions on the areas they
enclose. Process zones of distributed deformation are expected to develop at multiple scales, in fact everywhere the boundary conditions cannot be fully released by sliding
on a single localised feature, at all incompatible fault junctions for instance and at ever-smaller scale. The figure has been modified from Devés et al. (2011) (see the original
paper for application to the long-term deformation of the Dead Sea region in the Levant).

opening a void at the junction (Fig. 1a). The high confining pres-
sure prevailing in the lithosphere prevents large volume changes,
however. Deformation must thus occur off the main faults, in the
surrounding blocks, which cannot thus be seen as being rigid
(Fig. 1b). The faults correspond to three independent directions of
relative sliding. As a result, principal shear directions change from
place to place around the junction (Figs. 1c and 1d). This hinders
the development of localised features over long distances, or at
least on distances of the length-scale of the main faults. Therefore,
as finite displacement accrues on the main faults, plastic strain
accumulates in a distributed manner in the surrounding medium
forming what can be called a process zone.

Oblique boundary conditions in general result in a combination
of localised and distributed deformation (Fig. 2). In a linear mate-
rial subject to simple shear (Fig. 2a), the direction of shear is inde-
pendent of position. In a strain-softening material, sliding of two
rigid blocks on a single localised structure can accommodate the
strain (Fig. 2b). The shear zone can acquire substantial displace-
ment without changing geometry, i.e. it is kinematically stable.
Such kinematic stability is not possible under oblique boundary
conditions resulting in multiple shear zones with different orien-
tations (Fig. 2c¢). These shear zones in turn impose specific kine-
matical conditions on the areas they enclose resulting in the de-
velopment of additional shear zones with different orientations at
a smaller scale (Fig. 2d). The same kinematic control applies on the
deformation pattern at ever-smaller scales. Deformation of strain-
softening materials, such as the lithosphere, is thus controlled by
the distant boundary conditions as much as by the local and re-
gional kinematics of faulting, hence process zones are part and
parcel of complexly deforming areas.

In the real Earth, oblique kinematics imposed on a plate bound-
ary often lead to the coexistence of (at least) two fault sys-
tems, each accommodating one component of the deformation.
For instance, the oblique convergence between the Sunda and In-
dia plates is accommodated by two nearly parallel fault zones:
a subduction megathrust accommodates the trench-normal con-
vergence, while a large strike-slip fault running through the island
of Sumatra takes up the trench-parallel component of deformation
(e.g. McCaffrey et al., 2000). This extreme example of strain/slip
partitioning occurring at lithospheric scale is also visible at the
crustal scale. For instance, locations where the direction of a fault
strand changes, or where it splits into secondary segments, are
often associated with the activation of folds and/or thrusts result-
ing in a topography (restraining bends) or with pull-apart basins
bounded by normal faults (releasing bends) (e.g. Bowman et al.,
2003; Cowgill et al., 2004). Although large strike-slip faults, such as
those in Anatolia or Tibet, are linear features at a large scale, they
invariably host complexities with various degrees of kinematic in-
compatibility (offsets, bends, intersections with other faults, etc.).
These are known to play a key role in nucleating or interrupting
earthquake propagation, a behaviour that has been explained by
the distributed character of deformation in these areas (King and
Nabelek, 1985).

There are many other examples of process zones occurring
at various scales and all related to kinematic incompatibility.
King and Brewer (1983) explain folding above the Wind River
thrust as distributed deformation resulting from kinematic insta-
bility induced by the interaction of the thrust termination with
the free surface. At a larger-scale, Amelung and King (1997a and
1997b) show that strain in western California is not entirely
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accommodated by localised slip on large well-established faults
but also, to a significant extent, by sliding on smaller faults of incompatibility and patchy volcanism
various orientations, defining a vast process zone of distributed
deformation. Devés et al. (2011) show that in the Dead Sea val-
leys 65% of the strain is localised as slip on the Levant Fault
but that kinematic incompatibility forces the remaining 35% to
be accommodated in a distributed manner. Experiments of in-
dentation in a plasticine block, that have been used to exem-
plify the extrusion process due to continental collisions (Peltzer
and Tapponnier, 1988), also involve a combination of localised
and distributed deformation (discussed in Supplementary Infor-
mation). The transitory region of complex deformation that pre-
cedes propagation of a fault into previously unfractured material
has also been called a process zone (Cowie and Scholz, 1992;
Armijo et al., 2004, Flerit et al. 2004). Once the fault tip has propa-
gated through a given area, the process zone is expected to become
inactive there and to move on with the fault tip. The persistence of
process zones through time in given places is more generally deter-
mined by the evolution of local and far-field kinematics. As shown
by morpho-tectonic studies, some complexities have persisted for
several million years while the associated faults have accumulated
displacements of tens to hundreds of kilometres (e.g. Karliova junc-
tion in Fig. 3, Hubert-Ferrari et al., 2009). In such cases, the process
zones are spatially pinned by the larger features of the fault net-

be, as we suggest here, the missing link.

2.2. Spatial and temporal correlation between zones of kinematic

2.3. Can process zones be preferential loci of strain heating?
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Fig. 3. Patchy volcanism is located in areas of kinematic incompatibilities. In the highly strained collisional areas of Tibet and Anatolia, the volcanism is neither distributed
homogeneously nor aligned along the major faults. The lavas are distributed in patches in regions that are subject to kinematical incompatibilities. This figure illustrates this
coincidence at various scales. (a) In northern Tibet, a set of volcanic patches occurs at the termination of the Kunlun fault where it interacts with the Altyn Tagh fault system.
Other patches occur where the Altyn Tagh fault bends, intersecting another important fault. (b) At smaller scales, the volcanics are again located in zones of kinematic
incompatibilities, such as fault bends, offsets and terminations. (c) In eastern Anatolia, there is no volcanism along the straight sections of the North Anatolian and East
Anatolian faults. Patches of volcanics occur where the fault system is complicated, at an offset near Erzincan and at the intersection between the two faults near Karliova.

Fig. 3 shows the distribution of volcanics with respect to major
structures of deformation mapped in Northern Tibet and Anatolia.
The lavas, although located close to large faults, are not aligned
along them. They have been emplaced coevally with active de-
formation in areas of kinematic incompatibilities (Deves, 2010,
Supplementary Information). They preferentially occur in patches
at offsets, bends or intersections between several faults or where
distinct fault systems interact. This striking spatio-temporal corre-
lation suggests the existence of a physical mechanism relating the
occurrence of kinematic incompatibilities with magma generation
and transport. Process zones of distributed deformation might well

In the lithosphere, mechanical work can be expended in three
main ways: heat generation, creation of new fracture surfaces and,
if seismic slip occurs, radiation of elastic waves. Surface energy
and seismic energy mainly concern the brittle or semi-brittle por-
tions of the lithosphere and are known to represent only a few
percent of the total energy involved in faulting (Scholz, 2002;

Chester et al., 2005). Laboratory experiments of shear heating in
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granites indicate that more than ninety percent of the strain en-
ergy is converted into heat (e.g. Lockner and Okubo, 1983). We
therefore expect that most of the mechanical work done during ir-
reversible deformation of the lithosphere is converted into heat. In
the following, we develop a model to explore the consequences of
strain heating in process zones of distributed deformation associ-
ated with kinematic incompatibilities.

3. A model for process zone heating

Although a good example to introduce the concept of incom-
patibility, a junction between three strike-slip faults is an extreme
configuration that is not commonly observed in nature, if at all. In-
tersections between two faults are, on the contrary, very common
and are associated with volcanism in numerous cases (Fig. 3). For
proof of concept, we therefore take the case of a junction between
two vertical strike-slip faults sliding in the opposite direction with
uniform slip rates, similar to the geometry of the East and North
Anatolian faults (Fig. 3c). There is no problem in principle mod-
elling more complex fault systems provided geometry and rates
can be adequately defined (Devés et al., 2011).

3.1. A specific geometry

The use of dislocations embedded in an elastic half-space to
represent faults and model the strain associated with motion on
them (Okada, 1992) has been extensively and successfully used to
calculate surface deformation caused by earthquakes and to com-
pute stress changes associated with a slip event on a given fault
system (King and Deves, 2015). This formulation provides a linear
approximation to deformation, which is valid as long as the con-
dition of small perturbations is verified (i.e. the magnitude of slip
has to be much smaller than the dimension of the fault). As dis-
cussed in Section 2, strain localisation cannot occur within process
zones on distances that would be comparable to the length-scale
of the main faults, precluding large discontinuities in the displace-
ment field at the scale under study. Under such conditions, consid-
ering that strain accumulates linearly within a process zone should
give good estimates of the mechanical work.

The junction is modelled as two edge dislocations whose con-
tributions are summed. Off-fault strain results directly from the
kinematic incompatibility existing between the two faults. The
level of incompatibility depends on the junction geometry and
kinematics, i.e. on the angles between the faults and on their slip
rates. Note that it is equivalent to model the strain using a single
edge dislocation whose Burger vector respects kinematic equilib-
rium with the two other slip vectors. This dislocation represents
a missing (or ‘phantom’) fault, which cannot develop because of
the instability of the junction, but whose finite motion would have
been able to release the incompatibility (Fig. 4). The strain rate
field y generated by the intersection of two faults sliding in op-
posite direction at 2 and 0.9 cm/yr (rates and geometry have been
chosen for application in Section 4) is shown in Fig. 4. The strain
rate, which is derived from the maximum shear y, is high close
to the fault intersection and decreases with increasing radial dis-
tance. Deformation is most intense in two circular lobes joining at
the junction.

With each increment of finite motion on the main faults,
strain accumulates elastically in the surrounding lithosphere until
it reaches a plastic threshold beyond which irreversible deforma-
tion commences. We assume that this occurs when the maximum
shear strain y derived from the dislocation model reaches the
shear strain obtained at yielding in laboratory experiments yyie"i.
This plasticity criterion is equivalent to the Tresca criterion. Plas-
ticity occurs by shearing along the plane of maximum shear. Thus,

yyield — L (1)

2G’

where t is the yield strength (Pa) and G the shear modulus (Pa).
The values of the parameters used in the following calculations are
reported in Table 1.

At each point where the plasticity criterion has been exceeded,
the heat production Q per unit time and volume (Jm3s~1) is
obtained by multiplying the strain rate y by the shear strength
of the lithosphere:

Q=yr. (2)

For a first order estimate, we assume, as many others have (e.g.
Leloup et al., 1999; Nabelek et al., 2010), that one hundred per
cent of the mechanical work is converted into heat once the plastic
threshold has been exceeded.

3.2. Evolution of the rock strength

We adopt the classic approach of strength envelopes developed
in the 70s (e.g. Kohlstedt et al., 1995). Laboratory experiments give
a measure of the strain rate as a function of applied differential
stresses, or vice versa. Extrapolation to the Earth’s scale encoun-
ters several limitations (Biirgmann and Dresen, 2008) - strain rates
in the laboratory are many orders of magnitude larger than those
taking place in the lithosphere. Nevertheless it is usually assumed
that the laws derived from laboratory experiments are a good rep-
resentation of the strain-stress behaviour that a medium of similar
composition would have under other loading conditions. The shear
strength T at a given depth is thus the smallest between the brittle
strength 77 and the ductile strength 74 predicted by experimen-
tally determined constitutive laws.

The stress required to fracture an intact rock is substantially
higher than that required to initiate sliding on pre-existing faults
(e.g. Paterson and Wong, 2005). Given the ubiquity of localisation
in strain-softening materials and bearing in mind that distributed
deformation within process zones can occur by sliding on multi-
scale faults, it seems reasonable to consider the frictional strength
as a minimum estimate to the brittle strength. Byerlee’s law (1978)
relates the frictional strength to the normal stress o, (in MPa) as
follows:

75 =0.850,, (3)
at confining pressure under 200 MPa,
75 = 0.60y + 50, (4)

at higher confining pressure.

The effective normal stress o, is taken equal to the lithostatic
pressure P = pgz assuming no effect from pore fluid pressure. p is
the density, g the acceleration of gravity and z the depth.

Once ductile deformation begins, it is often considered that dis-
location creep processes control macroscopic lithosphere behaviour
(Ashby and Verrall, 1978; Biirgmann and Dresen, 2008). The corre-
sponding constitutive laws can be expressed in the following form:

E+ PV
Ao = A_%.exp<+7>.y , (5)

Si=

nRT

where A is a pre-exponential constant (Pa~"s~1), E the activation
energy (Jmol~1), R the universal gas constant (8.32 Jmol 1K~1),
V the activation volume (m3), P the pressure (Pa), T the abso-
lute temperature (K) and n is an integer accounting for the non-
linearity of the response of the strength and y the strain rate. The
shear strength 74 is obtained by dividing the differential stresses
Ao by 2. Biirgmann and Dresen (2008) and Karato (2008) provide
a compilation of power flow laws obtained for synthetic mineral
aggregates or natural rock samples under various fluid environ-
ments. The strain rate used to calculate the ductile strength is de-
rived from the dislocation model. In this example where the faults
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Strain rate (s7) associated with kinematic incompatibility
at the junction between two faults - Case of Karliova

0.9 cm/yr
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Fig. 4. Strain rate model at a strike-slip/strike-slip junction. Strain rate field associated with the tip of a vertical strike-slip fault sliding at 1.7 cmyr—'. It is equivalent to that
modelled for Karliova junction (Section 4) where the right-lateral NAF, sliding at 2 cmyr~", intersects with the left-lateral EAF, sliding at 0.9 mmyr~!, at an angle of 58°. The
strain rate is derived from the second invariant of shear. Under plane strain conditions, the latter corresponds to the component of maximum shear that can be calculated in
each point of the horizontal plane (King and Deveés, 2015). Poisson’s ratio is 0.4. Note that dividing Poisson’s ratio by 2 would decrease the amplitude of the maximum shear
strain by only 25% whereas multiplying the displacement applied on the fault by 2 would double it. The sensitivity of the strain rate to changes in Poisson’s ratio hence
remains small. We use the standard value of 0.4 in the calculations of Section 4.

Table 1

Model parameters.
Parameters Symbol Value Units
Poisson coefficient v 0.4
Standard gravity g 9.81 m2s~!
Depth of the Moho M, 40 km
Depth of the lithosphere-asthenosphere boundary (LAB) L, 130 km
Specific heat capacity Cp 1000 Jkg 1K1
Surface temperature To 20 °C
Heat flow at the LAB Qp 20 mwWm—2
Crust
Density Pe 2800 kgm—3
Shear modulus Ge 3x 100 Pa
Thickness of the enriched upper crust h 10 km
Radioactive heat production in the upper crust (h) Auc 3.27 pwm~3
Radioactive heat production in the lower crust (h) Al 0.35 pWm—3
Conductivity ke 2.5 Wm~ K1
Mantle
Density Pm 3300 kgm—3
Shear modulus Gm 6x 1010 Pa
Radioactive heat production Amantle 0.02 pwm—3
Conductivity km 3 Wm~K!
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are vertical and the deformation considered to be plane strain, the
maximum shear strain is equal to the second invariant of the strain
tensor. Strain rate varies spatially but, at each point, does not vary
with time. On the contrary, the ductile shear strength, and thus the
strength profile, evolves during iterations as temperature increases.

3.3. Solving the heat flow equation

We now solve the heat flow equation to assess the temper-
ature field associated with process zone heating. For simplicity,
we discuss the problem within the geometrical framework de-
scribed above, but the fundamental arguments can be generalised.
Although there are configurations under which advection could
play a role, one can consider that highly incompatible junctions
are associated with highly non-collinear shear directions prevent-
ing efficient displacement of material away from the heating zone.
The influence of heat advection is hence neglected at this stage.
The equation of heat balance can thus be written:

T
p.CP.E=k.V2T+Q+Qr, (6)

where p is the rock density (kgm~3), C p the specific heat capacity
(Jkg=1K™1), T is the temperature in degrees Kelvin (K), t is the
time (s), k is the conductivity (Wm~1K~1), Q the heat generation
per unit time and unit volume (Jm~3s~!) due to strain heating
within the process zone and Q;, the radiogenic heat generation
(Jm~3s~1). Radiogenic heating occurs at much slower rates and,
although it enters the calculations shown here, its influence is not
discussed.

Here we derive a dimensionless form of Eq. (6) to estimate the
balance between the rate of heat production by strain heating and
the rate of the heat lost by diffusion. Dividing the characteristic
size of the process zone by the velocity of the faults gives a nat-
ural time scale to the problem. It is not straightforward however
to estimate that characteristic size. Contrary to what has been as-
sumed in classical models of shear heating on shear zones, the
heat source is no longer a plane. The plastic process zone (as de-
fined by Eq. (1)) grows in proportion to the rate at which the main
faults slide. However, the impact of process zone heating on the
thermal equilibrium of the lithosphere depends less on the to-
tal extent of the plastic zone than on the size and shape of the
sub-zone within which significant heat is produced. In our exam-
ple, the strain rate field does not vary with depth (Fig. 4). The
contours, which define two circles joining at the point of the dis-
locations, therefore extend as cylinders in the z-direction. But the
strength varies with depth and time, via its dependency on tem-
perature. The deformed process zone therefore acts as a volumetric
heat source, whose vertical extent and power evolve with time.

For an approximately cylindrical source, it is reasonable to con-
sider the radial and vertical directions for evaluating the impor-
tance of thermal diffusion. Two characteristic length scales are
hence introduced: a horizontal scale, L,, and a vertical scale, D.
The details of the heat production in the immediate vicinity of the
dislocations are not of primary importance - diffusion will smooth
out the steepest gradients of the heated zone. For the purpose of
scaling, we therefore take L, to be the distance from the junc-
tion to the farthest point at which a chosen strain rate is attained
(Fig. 4). This has the advantage of being constant for a given calcu-
lation. Because we will ultimately be interested in whether rocks
can be raised to their solidus, we scale temperature with the dif-
ference between the solidus temperature (T, ) and an initial refer-
ence temperature (To). To derive a dimensionless equation, we use
the following scales:

r=r'.Lp, (7
z=17.D, (8)

Ly

t=t.—, 9
y (9)

T =T'.(Tso — To). (10)

The dimensionless form of Eq. (6) is thus:

AT’ 19 aT’ 32T
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Three dimensionless numbers have appeared:

L= L.V’ (12)
_Lp
R=2. (13)
L
Q' = P Q. (14)

© pCpV (Tso — To)

where Q' measures the rate of strain heating relative to the ther-
mal inertia of the medium. L’ (which weights the diffusive term)
has the form of the inverse thermal Peclet Number encountered in
fluid mechanics. It is not here the comparison of the rates of ad-
vection and diffusion of heat but the ratio of the time scale of
strain heating (L,/V') versus the horizontal diffusive time scale
(L%,/K). If L’ is small with respect to 1, horizontal diffusion can-
not balance the heat production term and temperature must in-
crease. For a fault sliding at V =1 cmyr~!, and with « = k/pCp =
9 x 1077 m2s~!, the characteristic size of the process zone must
be larger than 3 km for L’ to be smaller than 1. Significant tectonic
deformation generally occurs for strain rates larger than 10~1> s~1
(average plate motion). It is hence likely that, despite the theoret-
ically unlimited growth of the plastic process zone, the portion of
the process zone that is significantly deformed, and heated, is that
deforming at strain rates larger than 10~1> s~!. Considering the
10715 s contours shown in Fig. 4, L, is more typically of the or-
der of several tens of km. We can therefore conclude that thermal
diffusion should smear out steep horizontal gradients within the
process zone but be relatively ineffective in removing heat from
the process zone associated with major faults sliding at rates of
the order of a cmyr—1.

R’ quantifies the influence of the aspect ratio of the heated
zone on the efficacy of the heat loss by diffusion in the vertical
direction with respect to that occurring in the horizontal plane.
Horizontal diffusion is weighted by L’, which is small at all times,
whereas the vertical diffusion term is multiplied by L’ x R’2. The
initial steady geotherm already incorporates a vertical gradient, to
which strain heating adds a perturbation. Because the source is
originally smaller in the horizontal direction than in the vertical,
horizontal diffusion should initially have a larger influence than
vertical diffusion on the evolution of the temperature perturba-
tion. However, because ductile strength depends on temperature,
heat production varies with depth and time. D is the character-
istic scale of vertical temperature gradients. If it is taken to rep-
resent the depth of the brittle-ductile transition, where the heat
production will be maximum at all stages, it is expected to de-
crease as thermal softening proceeds. R’ hence increases with time
and might become large enough to outweigh the low value of L.
Therefore, although horizontal thermal diffusion appears to be of
greater importance than vertical diffusion at early stages of the
heating process, one can expect the latter to take over with time.
Horizontal diffusion is therefore neglected in our calculations, but
not vertical diffusion. The following results validate this approach.

4. Application to Karliova junction
The junction between the North Anatolian fault and the East

Anatolian fault provides a good example of a kinematically in-
compatible junction that is associated with volcanism (Fig. 3).



M.H. Devés et al. / Earth and Planetary Science Letters 394 (2014) 216-228 223

Table 2
Power flow laws parameters used to calculate the ductile strength.
A n E v
(Pa"s 1) (kjmol—1) (m3 mol~")
Crust
Anorthite dry (Rybacki et al., 2006) 5.01 x 1076 3 641 24x107°
Cpx dry (Bystricki and Mackwell, 2001) 3.98 x 10719 4.7 760 -
Quartzite dry (Ranalli and Murphy, 1987) 2.5x 10720 24 156 -
Albite dry (Ranalli and Murphy, 1987) 1.03 x 1072 3.9 234 -
Mantle
Olivine dry (Karato and Wu, 1993) 6.03 x 1072 35 540 2x107°
Olivine dry (Korenaga and Karato, 2008) 2.81x107% 4.94 610 13x107°

Hubert-Ferrari et al. (2009) distinguish between two periods of
volcanism: a 7 to 4 Ma stage, characterised by a bimodal dis-
tribution of mafic and acid products, dominated by mafic lavas,
and a more recent stage corresponding to the construction of the
Bingdl/Turna volcano (~3 Myrs ago) and to the emplacement of
small volcanic domes around Varto (~3 to 0.5 Myrs ago), all char-
acterised by intermediate lavas. The first stage of volcanism, al-
though undoubtedly associated with significant deformation rates
due to the collision between the Arabian and Eurasian plates, may
have preceded the establishment of clear through-going faults in
the region. The second stage was coeval with faulting on the North
and East Anatolian faults. The volcanism covers a zone of com-
plicated deformation comprising fault branching, horsetail and re-
verse faulting; all features that are typical of a damage pattern
occurring at the tip of strike-slip faults and reveal the occurrence
of distributed strain in the region (Hubert-Ferrari et al., 2009).

The volume of the Bingdl/Turna volcano is about 800 km?3
(maximum estimate from the topographic profile drawn by
Hubert-Ferrari et al., 2009 and a georeferenced map of the sur-
face covered by the volcanics). Petrological and geochemical data,
together with the presence of basaltic enclaves in Varto domes
(Buket and Temel, 1998), suggest mixing of crustal and lithospheric
mantle derived magmas (compilation in Deves, 2010). The silicic
lavas of Bing6l/Turna and Varto are depleted in incompatible trace
elements compared with the mafic ones, which precludes a frac-
tional crystallisation relationship of the two lava suites (Pearce et
al., 1990; Buket and Temel, 1998).

4.1. Modelling

We model the North and East Anatolian faults as two straight,
vertical dislocation planes running through all the lithosphere. Ac-
cordingly to offset morphology, geodetic data and regional kine-
matic models, we set their average slip rates at, respectively, 20
and 9 mmyr—! (McClusky et al. 2000 and 2003, Reilinger et al.,
2006; Hubert-Ferrari et al., 2002, 2009). The angle of intersection
between the two faults is 58°. Kinematic incompatibility at the
junction may have been partly released by localised sliding on the
strike-slip and normal structures of the Varto fault system, which
run in continuation of the NAF, and by more or less well-localised
deformation on the fold-and-thrust system of Mus (Supplementary
Information). There is no evidence however that these structures
were active before the eruption of the voluminous Bingél/Turna
volcanics. It seems therefore reasonable to neglect them while
modelling strain heating. Their contribution to the regional de-
formation is poorly constrained but should anyway remain small
compared to the contribution of the large North and East Anato-
lian faults (Hubert-Ferrari et al., 2002).

There are few constraints on the thermal structure of the Ana-
tolian lithosphere. Surface heat flow values are often very high
(llkicsik, 1995) because of transient perturbations due to active
tectonics and magmatism. Although the geotherm is known to
vary with the regional geology, it is reasonable to adopt an av-

erage approach when looking at the lithospheric scale (Jaupart and
Mareschal, 2007). The initial geotherm is thus calculated by inte-
grating the heat equation considering that the crust is made of an
enriched upper crust extending over 10 km and extends down to
the depth of 40 km where seismic studies locate the Moho (Zor
et al,, 2003; Angus et al., 2006). We use average estimates for the
radiogenic heat production in the lower crust and the mantle (Ta-
ble 1). We fix the heat flux at the bottom of the lithosphere rather
than the temperature - i.e. the lithosphere-asthenosphere bound-
ary is modelled as a diffuse rather than a sharp thermal boundary.
We assume that the conductivities in the crust and the mantle do
not vary with temperature during the heating process, which leads
to slight underestimates of the temperature. These assumptions do
not affect however the validity of our conclusions.

4.2. Results

The process zone deforms at rates comprised between 10~16
and more than 10~14 s=1 (Fig. 4). Calculations have been under-
taken considering a variety of power flow laws for the ductile
strength. In the continental context under study, partial melting is
likely to occur in the absence of an excess of fluids. We hence set-
tle for showing the results obtained for dry rheologies (Table 2).
For illustration, we show the results corresponding to extreme
rheologies in the mantle (the olivinel law, from Karato and Wu,
1993, proves to be one of the hardest over time, the olivine2
law, from Korenaga and Karato, 2008, is one of the softest). We
consider a variety of laws in the crust in order to account rea-
sonably for the expected geological heterogeneity. Clinopyroxenite
(Cpx) and quartzite laws correspond to extreme cases (Cpx is very
hard, Quartzite is very soft). Anorthite and albite are intermediate
cases (anorthite being the strongest of the two). The temperature
profiles are compared with those of muscovite, biotite and am-
phibole break-down, corresponding to dehydration melting in the
crust, and with those of peridotites containing trace amounts of
water trapped in ‘anhydrous’ minerals, corresponding to dehydra-
tion melting in the mantle.

Fig. 5 shows the evolution of temperature and strength with
depth and time for distinct strain rate values for a given strength
profile (anorthite in the crust and olivinel in the mantle). Higher
strain rates are associated with larger temperature rise (Fig. 5a).
Higher rate of heat generation however lead to a faster decrease
in heating efficiency due to thermal softening (Fig. 5b). The com-
petition between heating and thermal softening controls the oc-
currence of partial melting. As temperature increases, the depth
of the brittle-ductile transition decreases, changing the shape of
the heated zone over time (Fig. 5b). Fig. 6 shows the tempera-
ture and strength profiles obtained after 5 Ma of process zone
heating for different rheological profiles. Comparison of the re-
sults obtained for two olivine creep laws in the mantle (green
and magenta curves), a priori obtained under similar experimen-
tal conditions, show that the rheological uncertainties are large.
These uncertainties affect all models of strain heating however
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Fig. 5. Temperature and strength profiles for strain heating at various rates, with vertical diffusion. (a) Temperature profile versus depth, time and strain rate. The initial
geotherm is the solid black line. Temperature profiles are drawn for 3 distinct strain rate values: 10~'> (hatched lines), 10~ (dotted lines), and 10~'3 s~ (plain lines). The
line colour evolves from yellow to brown with time. Melting starts when temperatures reach the solidi that are represented by the thick grey curves. In the crust, melting
takes place by breakdown of hydrous minerals such as muscovite, biotite (MDM and BDM, Thompson and Connolly, 1995) and amphibole (ADM, Lopez and Castro, 2001). The
dry basalt solidus is also shown for illustration. Melting curves of a dry peridotite or a peridotite that contains 0.05 and 0.1 wt% of water are shown in the mantle (Katz et
al., 2003). Assuming a partition coefficient of 0.01 between the rock and the melt, the resulting melt would contain 5 to 10 wt% of water at the onset of melting, an amount
that would rapidly decrease with increasing melt fractions. (b) Strength profile versus depth and time for a strain rate of 10~13 s=1. As in (a), the line colour evolves from
yellow to brown with time. The strength is derived from Byerlee’s law in the brittle domains of the lithosphere and from dislocation creep laws of dry anorthite (Rybacki
et al,, 2006) and dry olivine (Karato and Wu, 1993) in the ductile domains of, respectively, the crust and the mantle. Ductile deformation becomes easier and easier as the
temperature increases and takes over from brittle deformation at ever shallower depths. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

and are not specific to our model. Overall, one can conclude that
strain heating is more efficient in the crust if the rheology of the
ductile layers is dominated by, in order of efficiency, clinopyrox-
enite, anorthite, albite and quartzite. The quartzite/olivinel profile
(yellow curve) illustrates well that the heat generated in a strong
upper mantle can diffuse upward and heat a weaker, but poten-
tially more fertile, lower crust. This assumption is made by Leloup
et al. (1999) to account for melting on narrow shear zones. We will
see however that it is not necessary to explain significant melting
in our case. It is important to outline however that the mineral
assemblages generating the most heat (i.e. with a rheology less
sensitive to thermal softening) are not necessarily the ones that
are expected to melt first. The lithosphere is highly heterogeneous
and rheological strong rocks are likely to co-exist with rocks con-
taining mineral assemblages whose break-down can lead to melt
at a lower temperature than their own melting temperature. For
strain rates on the order of or higher than 10~14 s=1, Figs. 5 and 6
show that melting temperatures can be reached within few Myrs
in both the crust and the mantle.

In the horizontal plane, the heated zone expands quickly with
time and is always larger than the surface through which heat
could be diffused away (Fig. 7). The regions where the melting
temperature has been exceeded are contoured in blue (for the rhe-
ologies and melting curves as specified). The brown circles show
that the effect of horizontal diffusion can be neglected at this stage
of proof of concept. It would smooth out the temperature maps

where the gradients are sharpest but would not modify the results
at first order.

Fig. 8 shows the temporal evolution of the volume of crustal
and mantle rocks whose temperature exceeds their melting point,
under various assumptions. These volumes are not directly repre-
sentative of the volumes of magmas that can be erupted. Only a
fraction is expected to melt depending on the amplitude of the
temperature increase above the melting curves, on the composi-
tion of the rock, on its fertility and on the fluid regime. Some
of the melting products may also be left behind during extraction
and transport toward the surface. Considering melt fractions com-
prised between 50 and 10%, a volume of 1600 to 8000 km> must
be brought at the point of melting to produce a volume of magma
of 800 km?® - our estimated upper bound for Bingdl/Turna volcan-
ism. The model predicts that this can be achieved by melting of
the mantle for a peridotite containing 0.2 wt% H»O in less than 1
to 2 Myrs, for a peridotite containing 0.1 wt% H,O in less than 4 to
8 Myrs, for peridotite with a smaller water content in more than
10 Myrs. It can also be achieved by melting of the crust, for anor-
thite and muscovite break-down or cpx and biotite break-down in
less than 6 to 10 Myrs, for anorthite and biotite break-down in less
than 8 to 10 Myrs. It would take more time considering quartzite
or albite rheologies with the muscovite break-down curve.

The lavas testify to mixing between crustal and mantle mag-
mas. Independent but coeval melting of pertinent volumes of the
crust and the mantle are achieved within 4 to 7 Myrs considering
biotite break-down and a 0.1 wt% H,O peridotite. It occurs within
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Fig. 6. Temperature and strength profiles after 5 Myrs of process zone heating at a strain rate of 107! s~! for various rheologies (Table 2). The dotted lines correspond to the
initial state. The grey lines correspond to the same melting curves as in Fig. 5. Comparison between two olivine laws illustrates well the rheological uncertainties associated
with all models of strain heating. According to Korenaga and Karato, 2008, activation energy and stress exponent are the only parameters of the dislocation creep laws that
can be assessed with accuracy from experiments. The dependence of power flow laws on water content is particularly poorly resolved, because of technical difficulties in
assessing the true water content in experiments. Even less well resolved is the influence of pressure. The parameter A is ill defined: as calculated, it can vary by several

orders of magnitude for a small change in activation energy (Stocker and Ashby, 1973).

3 to 6 Myrs for muscovite break-down. It occurs within 1 to 2 Myrs
for a 0.2 wt% H,O peridotite. The model can therefore account for
the bimodality of the lavas within the rheological uncertainties.

Bingdl/Turna volcanism is 3 Myrs old. This requires, in the best
case, that the North and East Anatolian faults were established in
the area 4 to 5 Myrs ago. Although the faults have been active
in the last 3 Myrs (they have demonstrably offset the volcanic
cover since then), there is no clear evidence for when faulting
was initiated. It has been proposed that the development of the
current North and East Anatolian Faults could have occurred co-
evally with a large scale tectonic rearrangement 5 + 2 Myrs ago
(e.g. Armijo et al., 1999; Hubert-Ferrari et al., 2009). The model
predictions fit well within the scenario of a two-stage deforma-
tion process. The older phase of volcanism dated between 7 and
4 Myrs may well correspond to the former phase of deformation,
although that is difficult to test quantitatively. There is evidence
that structures become established first in the mantle lithosphere
and later propagated into the crust, which could provide an expla-
nation for the earlier and more mafic character of that volcanism
(e.g. Hubert-Ferrari et al., 2003).

Given the uncertainties in the rheology, which affect all models
of strain heating, it is difficult to discuss timing, melt fractions and
volumes in more detail. We can however compare our model with
previous ones. Shear heating on a planar fault/shear zone sliding
at 4 cmyr~! (double than our case) is expected to lead to partial
melting of the lower crust only (Leloup et al., 1999, by melting
of the fertile lower crust due to heat diffused from a strong hot
upper mantle). The muscovite break-down curve is exceeded over
at best 5 km. Considering a 1 km-wide and 100 km-long shear
zone, this means that only 500 km?> of crust can exceed its melting
point (1000 km? for a 1 000 km-long segment). Such volumes,
calculated at steady-state, are at least an order of magnitude lower

than the volumes obtained with process zone heating in a much
shorter time-lag. Models of strain heating along linear structures
moreover do not explain the patchy distribution of volcanism at
fault complexities.

5. Discussion

The usual objection to strain heating playing a major role on
lithosphere thermo-mechanics is that it is, by essence, limited by
thermal softening in narrow shear zones, whose geometry allow
effective conductive cooling. In process zones however, heat is pro-
duced over large volumes. This implies that the heat loss by con-
duction is negligible when faults slide at rates of a few cmyr—!.
Our simulations demonstrate that temperature increases rapidly
leading, under certain conditions, to partial melting of the crust
and the mantle of the lithosphere only a few Myrs after the onset
of deformation. The large volume of the process zones also ensures
that large volumes of magmas can be generated even at small melt
fractions. There are large rheological uncertainties but those are
the same for all models of strain heating. Process zone heating is
more efficient than shear heating on faults or shear zones and is li-
able to produce significant volumes of magmas much more rapidly.

Large volumes of magmas can only be produced if the kine-
matic complexity is maintained for sufficient time, which appears
to be the case at Karliova. Although it is clear that magmas can be
produced on time scales short with respect to the evolution of the
large-scale and local kinematics, there are places where the evo-
lution of the kinematics of the system is expected to affect the
timing of the heating process, the composition and the volumes of
magmas.

We have assumed that localisation does not occur within the
process zone, or at least not on length-scales that are significant
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Fig. 7. Maps of temperature increases obtained after 1, 5 and 10 Myrs of process zone heating at 35 and 50 km depths, respectively in the lower crust and the upper mantle.
The blue contours show the areas where the temperature of melting are exceeded; for biotite dehydration melting in the crust and melting of a peridotite containing 0.1 wt%
of water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with respect to the length-scale of the main faults. This might
not be completely true. Taking localisation into account is how-
ever computationally challenging and some degree of localisation
should not significantly affect the heat budget estimated here.

Horizontal diffusion should be added in a future model. As
shown however, it should not affect much estimates made for ma-
jor faults. It will moreover tend to counteract thermal softening by
delaying attainment of the brittle-ductile transition in the hottest
part of the process zone, while remaining ineffective at cooling the
whole zone.

The success of our calculation regarding Karliova volcanism sug-
gests that process zone heating associated with highly incompat-
ible complexities (such as fault terminations, significant offsets,
high angle intersections) on faults sliding at rates of cmyr~' could
be a quite general process to generate substantial volumes of mag-
mas. The extent of the process zones, the duration after which
melting can start and the volumes of the zones that are melting
would vary with the level of incompatibility of the complexities
and with the rheology and the melting curves that are considered.

Part of the rationale for choosing Karliova junction in this il-
lustrative calculation is that there is no obvious mechanism for
partial melting associated with strike-slip faults (apart from strain
heating). Volcanism at places such as Karliova, in fact volcanism
occurring in collision zones more generally, has defied satisfactory

explanation. The isotopic signature of the lavas suggests melting
of the crust and the mantle of the lithosphere, with no clear con-
tribution of the convecting asthenosphere (e.g. Pearce et al.,, 1990
for Anatolia, Turner et al., 1996 and Miller et al., 1999 for Tibet).
Previous models of delamination (e.g. Morency and Doin, 2004),
of convective removal of the lower lithosphere (e.g. Conrad, 2000),
of slab break-off (e.g. Van Hunen and Allen, 2011), cannot account
for this geochemical signature, nor they can explain the coeval mi-
gration of volcanism with deformation at different stages of the
collision (Devés, 2010). Process zone heating can explain the gen-
esis of large amount of mantle melts in the lithosphere, without
having to invoke heat or melt contributions from the astheno-
sphere. The combination of crustal melting, differentiation of mafic
end-members and mixing of crustal- and mantle-derived melts can
result in a wide range of magma compositions. Silicic and interme-
diate lavas could be more abundant than mafic lavas under some
circumstances, a puzzling feature observed in collisional context
(Deves, 2010). Modelling how kinematical boundary conditions can
drive distributed shear heating at continental scale is beyond the
scope of the present paper. Some boundary conditions may play,
however, a similar role to fault complexities in forcing the defor-
mation to occur in a distributed manner while still at high rates.
The mechanism of “process zone heating” might be generalised
successfully to explain the genesis of magmas on regions as wide
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as the Anatolian and Tibetan plateaus. The challenge is to develop
a deformation model that takes into account the heterogeneity of
the deformation at different scales, not focusing only on major
faults complexities.

6. Conclusion

Although this contribution opens new questions, and clearly
further work is required to refine the general framework proposed
here, it suggests that process zone heating is a viable mechanism
of magma genesis in the lithosphere and should be investigated
further. More efficient than strain heating along planar faults or
shear zones, and than viscous heating over widely deforming areas,
process zone heating emerges as a partial melting mechanism that
is specific to the lithosphere. We have demonstrated the potential
of this concept at an important strike-slip, strike-slip junction in
a continental collision zone. According to our calculations, strain
heating within the process zone that develop due to kinematic
incompatibility can modify the thermal equilibrium of the litho-
sphere enough to produce thermal metamorphism, lead to partial
melting of the crust and mantle and produce a voluminous bi-
modal magmatism. The approach should now be transposed to
other geodynamic contexts.
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