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Shear heating due to brittle faulting is important in petroleum geosciences, tectonics and seismic studies.
Temporal variation of shear heat in a listric normal fault, with a circular arc-shaped fault plane is simulated in
this work, which was not done so far. The work is expected to have a far reaching implication in tectonics and
petroleum geosciences since listric faults can be closely associated with hydrocarbon reserves (e.g., Valdiya and
Sanwal, 2017). For such a fault plane devoid of gouge and any secondary faulting, shear heat is proportional to
the mass of the hanging-wall block, the coefficient of friction acting between the hanging-wall and the footwall

block, and radius of the circular arc. Shear heating intensifies temporally as the hanging wall block slides down
and reaches progressively gentler fault dip.

1. Introduction

“The detection of frictional heating effects along faults provides key in-
sight into the dynamics of earthquakes and faulting”- M. Kitamura et al.
(2012).

Modeling and estimation of shear/frictional heating along brittle
planar fault planes/zones have been studied in tectonics (e.g., Hamada
et al., 2009; Mukherjee, 2017; Mukherjee and Khonsari, 2017, 2018).
Seismicity can reactivate a fault for few seconds. This can produce shear
heating significant enough to get recorded in terms of young apatite age
deduced from the fault gauge (Yamada et al., 2009). In several cases,
fault-related shear heating have been linked with thermal maturation of
hydrocarbon (Underwood et al., 1988a; b; Sakaguchi et al., 2007). Also,
coal can mature within tens of seconds due to fault's frictional heating
ranging 26-266 °C (Kitamura et al., 2012). Shear heating can be deci-
phered physically from thermal aureoles/partial melting/pseudo-
tachylite found at fault planes, or chemically by studying biomarkers
present in the sedimentary rock close to the fault (Savage et al., 2014).

However, we do not understand the shear heating mechanism and
the resulting heat anomaly for all kinds of faults and in several tectonic
regimes yet. For example, how far thermal anomaly can be produced in
rift setting has been questioned (Bertotti and ter Voorde, 1994). To
estimate thermal budget for normal faulting, its shear heat component
needs to be computed (Grasemann and Mancktelow, 1993). Thermal
anomalies associated to faulting have been investigated in petroleum
geosciences, sometimes without considering at all the effect of brittle
shear heating (such as Wiistefeld et al., 2017), which therefore does not
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appear to be a correct approach. In particular, frictional heat estimation
has not yet been done for curved/listric faults, common in rift basins
and passive margins (Shelton, 1984).

Listric faults (e.g., Fig. 3.19 of Mukherjee, 2013a, 2014a, 2015,
Fig. 14 of Dasgupta and Mukherjee, 2017) are generally concave in
geometry, with downward decreasing dip magnitude. At some depth
such faults merge with sub-surface regional detachment faults. Such a
listric geometry of faults are also common in collisional mountains,
such as the Himalaya (Mukherjee, 2013b; Mandal et al., 2015) and the
Zagros. Rarely listric faults can have convex-up geometries, and are the
called anti-listric/cylindrical faults (Hills, 2012). Listric fault activity
can significantly raise temperature due to frictional/shear heating
leading to pseudotachylite formation (Theunissen et al., 2002). Mod-
eling estimates of shear heating due to listric faulting would be im-
portant in petroleum geosciences (Harding and Lowell, 1979) since
such faults (and their associated reverse drag folds: Mukherjee, 2014b)
can act specifically as pathways (and as traps) for hydrocarbons. Sev-
eral modes of listric faulting have been available (Fossen, 2016). This
work does not investigate the mode of genesis of listric faults, rather
restricts solely to its shear heat estimation.

2. Model

We will derive an equation for shear heat produced by listric normal
faults. The work considers slip along a stationary fault plane. We con-
sider an arc of a circle, with radius/radius of curvature ‘R’, as a listric
fault (Fig. 1a). Say by slipping the hanging wall block covered an angle
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Fig. 1. a. For ‘0’ amount of angular displacement of the hangingwall block, x’ is the horizontal distance covered. ‘C’: center of circular arc-shaped listric fault plane.
‘R’: Radius (of curvature) of the fault plane. Fig. 1b. For a very small amount of slip ‘ds’ along the listric fault plane, the horizontal distance covered is ‘dsCos®’. ®:
angle between the tangent at curved fault plane and a horizontal line. Fig. 1¢c. 8 = 1R ™' (I: arc length; R: radius). Putting I = 0.5 and 5 km in two trials, and 8 = 90°;

we get R = 0.318 and 3.18 km, respectively.

‘9’ (in radian) over time ‘t’. Therefore, the length of arc covered over
time ‘" would be ‘OR’. For a relative speed of slip ‘v’ between the
hanging wall and the footwall block, this would mean:

OR =vt;or 8 = vt R™1 1)

Appendix explains the centripetal component of frictional force
should be ignored in tectonic condition since it has a negligibly small
magnitude.

Note faults can also follow a stick and slip mechanism whereby the
magnitude of ‘v’ varies with time (Beeler et al., 2001), but we do not
consider that in this work. The magnitude of work done (‘dw’) by such a
movement, when ‘F’ is the frictional force:

dw = Fds ()]
Here ‘ds’ stands for incremental displacement.
And frictional force, F = umgCos® 3)

Here (i coefficient of friction between the two blocks; m: mass of the hanging
wall block; g: acceleration due to gravity; ®: angle between the tangent at
point A and a horizontal line (Fig. 1b).

Putting the expression of F of eqn (3) into eqn (2):
dw = umgCos®ds (C)]
5

Now as per Fig. 1b, horizontal distance traveled by the hanging-wall
block x = [ Cos®ds (6)

)

As per geometry, inside triangle ABD: angle DAB = 6/2. Now, using
sine rule inside triangle ABC:

Therefore, total work done W = [ dw = umg[ Cos®ds

Therefore, W = umgx

AB/Sin® = BC/Cos6/2 (8)
Simplifying, AB = 2RSin6/2 (C)]
Inside triangle ADB: Sin6/2 = BD/AB = x/(2RSin6/2); or x = 2RSin2%0/
2 (10)

Putting this expression of ‘x’ into eqn (7), and considering work

done equals heat produced (Q):
Q = W = 2umgRSin?0/2 amn

However, this assumption would not work if fluids migrate along
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the fault, which would flush away the heat produced. Nevertheless,
geo-modelers have produced W = Q models as a first approximation
(e.g., Scholz, 1990). Such models would hold especially true for rocks
with low thermal conductivities (A) such as basalts
(A =1.7Wm 'K !: Henderson and Henderson, 2009), or still better
clay-dominated rocks (A = 0.6 Wm ™' K~ *: Schon, 2011). On the other
hand, rocks with high A, e.g., quartzite (A = 5.0: Henderson and
Henderson, 2009) would deviate from the modeled shear heat.
Substituting the expression of ‘0’ from eqn (1),

Q = 2umgRSin®vt/2R (12)

3. Calculations

To present how shear heat increases with time, we consider the
following parameters. The average frictional coefficient (p) for rocks at
geological deformation condition is ~ 0.3 (Byerlee, 1978). Listric faults
in collisional tectonic regimes can remain active for several thousands
of years or even more (Mukherjee, 2013a,b). Therefore, we will choose
a time-scale for faulting for few thousands of years. We take the present
day acceleration due to gravity g = 980cms™ 2 and an arbitrarily
chosen 100 kg of point-mass (‘m’) of the hanging wall block. Slip rates
(‘v’) for translational faults of various types have been deduced geo-
chronologically, which usually range a few mm- (Dezes et al., 1999) up
to a few cm per year (Kohn et al., 2004). We choose v = 3mm yr ™! and
5cmyr~! in different trials. Note that where the part of the listric fault
has a low-dipping (~10°) fault plane, a slip rate as high
as ~ 2.5cm yr_1 might be acting (Buck, 1988). Healy et al. (2004)
referred slip amounts of 0.5-5km along listric faults at its different
parts. Taking those magnitudes separately along a circular arc, and
considering 6 = 90° (or 6 = 7/2 radian) in Fig. 1c, we obtain R = 0.318
and 3.18 km, respectively. In four trials, with chosen parameters, the
shear heat increases sigmoidally with time (Fig. 2a—d and their cap-
tions). In other words, shear heat initially increases rather slowly, and
then it rises faster. Just as a single example, for the case of Fig. 2c
(1=05km, R=0.318km, v=3mmyr !, p=0.3, m=100Kkg),
shear heat produced (H) is ~375J. In this exercise, we are not able to
choose all the parameters (right hand side of eqn (12)) from a single
listric fault since all those parameters are not available from any single
fault to our knowledge.
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Fig. 2. Shear heat profiles with time, for m = 100 kg, u = 0.3: (a) arc length (1) = 5 km for which R = 3.18 km, v = 3mm yr_l, ()R =3.18km,v=>5cm yr_l, (c)
arc length (1) = 0.5 km for which R = 0.318 km, v = Smmyr’l, (d) arc length (1) = 0.5km for which R = 0.318km, v = 5cmyr’1.

4. Discussions and conclusions

We considered the curved fault plane to be a circular arc. Lohr et al.
(2008) and Ellis and McClay (1988) also assumed cylindrical geometry
of the fault plane while modeling listric fault kinematics. The hanging
wall block is considered to slide downward relative to the footwall
block with a constant velocity. This consideration is dissimilar to the
case of free sliding of an object along a curved surface whereby the
speed of slide changes due to variation in dip of the curved plane, as
discussed in the dynamics texts (such as Das and Mukherjee, 2010).
Also note that the issues of lithostatic- and tectonic pressures are taken
care by considering the mass of the hanging wall block that slips over
the fault plane, and the tectonic stress that causes faulting, respectively.
As per eqn (12), shear heat is proportional to the coefficient of friction,
mass of the hangingwall block and the radius (of curvature) of the
circular fault plane. This is similar to the shear heat generated for ro-
tational faults (eqns (10) and (11) of Khonsari and Mukherjee, sub-
mitted). Q « p is as expected from common sense, and matches with the
shear heat modeled for planar (dip slip) normal faults as done by Mu-
kherjee (2017).

To better model shear heat (and kinematics) of listric faults, one can
also find the best fit polynomial to represent the fault surfaces, as was
done by Morris and Ferrill (1999) and Georgsen et al. (2012). Jones
et al. (2000) presented how to find out the fault plane geometries,
usually approximated as long wavelength and low amplitude curves,
using terrestrial laser scanning technique. However, such an exercise
may not give success, where the fault plane is exposed just as a line in a
cross-section (Zhu et al., 2006). Listric faults with strike-slip (Vauchez
and Brunel, 1988; Dorsey et al., 1995), oblique-slip (along with reverse
slip) (Zhang et al., 2010), and even rotational slip (Wernicke and
Burchfiel, 1982) have also been reported, and their shear heat budget
needs to be determined separately. Listric faults that are produced
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merely by differential compaction of sediments across the fault planes
along with some slip (such as the growth fault) would require a shear
heat model different than what we propose here. One can deduce how
shear heat produced by faulting would spread/dissipate in the fault
rock, as the next step of study. Fundamentals of heat dissipation
through rocks are already available (e.g., Lovering, 1935). For gouge-
bearing faults, dissipation and production of shear heat would depend
on fault zone structure and gouge-layer properties. Yang (2015) re-
cently reviewed various fault zone structures. As per Rice (2006), the
temperature of fault gouge is decided by shear heating and thermal
diffusivity. In addition, hydraulic diffusivity would be an important
parameter if fluid percolates through the damage zone adjoining the
fault gouge. Since we do not have shear heat estimate of a listric fault at
present, our calculated shear heat cannot be cross-checked im-
mediately. Further, whether shear heat estimate will be dependent on
normal or reverse drag (Mukherjee, 2014a,b) is not explored in the
present “simple” model. A (listric) fault can disturb the local geo-
thermal gradient due to movement of its faulted blocks. We do not
bring this into our model as we intend to find out solely the shear heat
related temperature rise and not the total temperature of the block.

A pseudotachylite-bearing fault zone connotes that the rock sof-
tened by partial melting that might have altered the thermal model in a
more complicated manner than what is presented in this work.
Therefore, strictly speaking, this work will hold true for those fault
planes that are devoid of pseudotachylites.
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Appendix

For a circular motion of a point mass that slides down, a “normal reaction” (N) works perpendicular to the plane (Appendix Fig. 1). Therefore,

N -mgCos® = mv°R ! (al)
Or, N = mgCos® + mv?R ! (a2)
Now frictional force = uN = pmgCos® + umv*R ™! (a3)

Consideration of point mass in statics is customary. Taking the magnitude of parameters as Fig. 2d, the centripetal component of frictional force
(umv*R 1) comes out to be negligibly small (2.4*10~*° N). If we choose magnitudes of u, m and v (and R) smaller than (and greater than) Fig. 2d
case, as in Fig. 2a—c, “umv®R "1 further diminishes.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.org/10.1016/j.marpetgeo.2018.09.004.
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