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Abstract: The Zagros thrust belt is a zone of deformed crustal rocks well exposed along the southwest
region of Iran. To obtain a better knowledge of this mountain chain, we elaborated a 2D model
reproducing the thermal structure of the “Mountain Front Fault”. This study, which is focused
on the Lurestan region, is based on a model made by merging published sections and available
information on the depth of the Moho. We present the isotherms and the geotherms calculated using
an analytical methodology. The calculation procedure includes the temperature variation due to the
re-equilibrated conductive state after thrusting, frictional heating, heat flow density data, and a series
of geologically derived constraints. In order to perform the temperature calculations, the crustal
structure in the Lurestan region is simplified as composed of two domains: A lower unit made
by crystalline basement and an upper unit including all the lithostratigraphic units forming the
sedimentary cover. The resulting model is compared with the numerical results obtained by previous
studies to improve the description of the thermal structure of this geologically important area.
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1. Introduction

The Zagros thrust belt forms part of the Iranian mountains which are actively deforming due to the
convergence between the Arabian and Eurasian plates. Recent geodetic calculations estimate a motion
of the Arabian plate to ~20 mm/yr with a northward direction in the fixed-Eurasia reference frame [1].
Only 6-9 mm/yr of the plate convergence are accommodated in the Zagros Mountains, the remaining
deformation being located in the Alborz and in the South Caspian basin [1,2]. The Central Iranian
block, located between Arabia and Eurasia, does not significantly deform, but rather acts as a backstop
for the Zagros thrust belt. The relative velocity between the Arabian plate and the Central Iranian
block is ~7 mm/yr in a north-south direction [1].

This research takes into account the northern part of the Lurestan region, where the Arabian Plate
collides with the Central Iranian Block producing high-magnitude seismicity, including the seismic
event of 12 November 2017 (M, = 7.3) [3]. In order to gain a better understanding of the tectonic
behavior of this sector of the Zagros orogen, taking into account that crustal/lithospheric rheology
depends on the thermal field due to the temperature effect on crustal viscosity, it is fundamental to
define the thermal structure of the study area.
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In this study, we build a model by merging previous published geological sections [4,5]
implemented with the Moho depth obtained by Paul et al. [6]. Using an analytical methodology,
we propose a geotherm calculation and a thermal model that takes into account the temperature
variation due to the re-equilibrated conductive state associated with thrusting. Frictional heating, heat
flow density data, and a series of geologically derived constraints are used in the model. Our results
are then compared with previous published thermal models proposed by Vernant and Chéry [7] and
Tunini et al. [8].

2. Geological Background

The Zagros mountain belt extends for over 2000 km from Turkey to SE Iran (Figure 1). It was
formed in Late Cretaceous to Cenozoic times due to the closure of the Neo-Tethys Ocean and the
subsequent continental collision between the Eurasian and Arabian plates [9-17].
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Figure 1. Tectonic sketch map of the Zagros Mts.

In detail, the Main Recent Fault and the Main Zagros thrust define the suture zone, separating the
Sanandaj-Sirjan zone, to the NE, from the former Arabian passive margin to the SW. These blocks
were separated by an oceanic domain and collided during the Early Miocene [18,19]. Since this period,
the former Arabian passive continental margin was deformed in the Zagros belt. Two main thrusts
occur in this belt: The High Zagros Fault and the Mountain Front Fault (MFF). The hanging wall of the
former (the so called High Zagros Zone) includes terrains of the former distal portion of the Arabian
passive margin [20]. The area comprised between the High Zagros Fault and the Mountain Front Fault
is the Folded Belt, which deforms terrains of the proximal domain of the Arabian margin. The MFF [18]
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divides the belt from its foreland basin and has a sinusoidal shape that defines salient and recesses.
These, from NW to SE are: The Kirkuk embayment, the Lurestan arc, the Dezful embayment, and the
Fars arc (Figure 1).

This research focuses on the NW part of the Zagros thrust belt, as the study area is located between
the Lurestan arc and the Kirkuk embayment (Figures 1 and 2). Recent geodetic calculations show an
oblique plate convergence, with a motion of the Arabian plate of ca. 7 mm/yr in a north-south direction
with respect fixed Eurasia [1]. The strike-slip component of the Zagros orogeny during continental
collision is accommodated by the previously mentioned Main Recent Fault (MRF), which separates
the Iran block from the Arabian Plate [18,19,21-24]. In the study area, the MFF, which bounds the
Lurestan arc to the SW, is responsible for high-magnitude seismicity, as witnessed by the seismic event
of 12 November 2017 My, = 7.3 [4].

Figure 2. Satellite image of the study area. The yellow line represents the political boundary between
Iraq and Iran. Green line shows the trace of the composite profile “Zagros03” and “Alborz03” by
Paul et al. [6], providing the Moho depth used in this research. Black lines show traces of published
geological sections. Red and black dashed lines are the guidelines used to project sections and faults on
our model (blue line A-A’). Red star is the epicentral position of the seismic event of 12 November 2017
My, = 7.3) [3].

The Arabian sedimentary cover is formed by a series of stratigraphic groups and formations
ranging in age from the Cambrian to the Quaternary. These are mainly composed of limestones and
sandstones and were deposited on top of a crystalline basement [25-29].
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Jurassic to Early Eocene calc-alkaline magmatic rocks and products of gabbroic plutonism form the
Sanandaj-Sirjan zone, a domain representing the western part of the Central Iranian block [14,30-32].

3. Methods

In order to investigate the thermal structure of the Zagros thrust belt, an analytical procedure
was used. This procedure is based on a simplified conceptual model extrapolated from a pre-built
geometric model.

3.1. Geometric Model

The geometric model was implemented on the basis of the geological section by Tavani et al. [4].
In order to include the entire MFF in the section, this was integrated with two further sections
by Vergés et al. [5]. Moho depth and geometry are included in the model by using a projection
of the Moho calculated by Paul et al. [6] (Figure 2). The resulting model was divided into three
different homogeneous zones: (i) Arabian cover (or sedimentary cover), (ii) Arabian basement, and (iii)
Sanandaj-Sirjan zone. Faults geometry and kinematics shown in Figure 3 (red and blue arrows) are
from Tavani et al. [4].
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Figure 3. Model section A-A’ (located in Figure 2). The composite section was built by integrating
the section by Tavani et al. [4] (for the central sector) and two adapted sections by Vergés et al. [5]
(southwest and northeast sectors). The Moho was projected using the average profile by Paul et al. [6].
In gray the vertical lines are used to calculate the thermal structure. The model was subdivided into
three different homogeneous zones as shown in the legend.

3.2. Conceptual Model

The conceptual model was built using three vertical lines (2, 3, and 4 in Figure 4) traced on the
pre-built geometric model (Figure 3). To perform temperature calculations, the crustal structure of the
study area was simplified as consisting of two units: (i) An upper unit that includes all the sedimentary
layers from the Cambrian to the Quaternary, with a constant thickness of 7.5 km; and (ii) a granitoid
basement with a variable thickness depending on the Moho depth (Figure 4). These two units are,
respectively, the Arabian cover and the Arabian basement of the geometric model shown in Figure 3.
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Figure 4. Conceptual model for geothermal calculation along the B-B’ section (located in Figure 2).
The graph describes the parameters used in the analytical calculation: Crustal thickening values (Az) are
identified by blue numbers, thrust angles by red numbers, and Moho depth values by green numbers.

Within the basement, the vertical lines cross the MFF at different depths (Figure 4). Using the
restored section made by Tavani et al. [4], we calculated the amount of basement offset by the MFF (blue
numbers on Figure 4) for a total section shortening of ~20 km. Taking into account the reconstructed
geometry of the Arabian margin by Le Garzic et al. [32], the timing of activity of the faults in our model
(Figure 3) is variable and it is divided into three steps: (i) Campanian/Maastrichtian, 84-66 Ma for
the Main Zagros and High Zagros faults, (ii) Miocene, 20-10 Ma for the Main Recent Fault and the
Marakhil, Sheykh Saleh, and Miringeh faults, and (iii) 10 Ma-Present for the MFF. Based on the timing
of faulting activity, the slip rate of the MFF was calculated considering a total shortening of 20 km in
the range of 20-10 Ma. The resulting slip rate (v) is in the range of 1-2 mm/yr, and therefore, we used
an average value of 1.5 mm/yr.

In the model, we used the following parameters: (i) A constant heat production rate (Hc) as
proposed by Tunini et al. [8], with Hc = 1.0 uW/m?; (ii) a thermal conductivity Kc = 2.0 W/km for
the sedimentary cover; (iii) a heat production rate Hg = 0.4 uW/m3, and (iv) a thermal conductivity
Kp = 2.2 W/km for the basement. We assumed a constant thickness of the sedimentary cover (hc) of
7.5km and a variable thickness of the basement (hg) depending on Moho depth, based on Tavani et al. [4]
and Paul et al. [8], respectively. The heat flux at the Moho has a value Qmy = 20 mW/m? [33]. However,
taking into account that higher values have been proposed for the Red Sea zone of the Arabian
plate [34,35], a value of Qm =25 mW/m?2 was also considered in the calculation of the geotherms along
our profile.

The fundamental heat sources to be considered in the computations are both the heat rising from
the mantle and the radiogenic heat due to the presence of radioactive elements in the lower and in the
upper units of the model. In fold and thrust belts such as the Zagros Mountains, a further heat source
is represented by frictional heating associated with thrust faulting. The shear stress (o), which enters
in the calculation of frictional heating, was obtained using Sibson’s [36] formulation for favorably
oriented thrust faults at the chosen depths under hydrostatic pore-fluid conditions, with the friction
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coefficient (i) equal to 0.6. The analytical procedure applied in this study takes into account both the
temperature variation due to the balanced conductive state and the overthrust and frictional heating.
Input parameters include data on heat flux density and geologically derived constraints (thrust depth,
lithology) based on Tavani et al. [4]. A basal heat flow of 20 mW/m? coming from the mantle is assumed,
corresponding to a shield type heat flow at the Moho [33].

3.3. Analytical Procedure

The computing procedure follows the analytical method developed by Molnar et al. [37]:
T(z,t) = T(z,00) —0(z,t) 1)

The new equilibrium final state and a time dependent term:
O(z,t) = Z Ansin(anz)e_”%“, 2)
n=0

where:

2 (" :
Ap = Ejo‘ 6(z,0)sin(ayz)dz, 3)

witha, = (2n+ 1)7/2h and 6(z,0) is the perturbed initial state, which depend on the heat source type,
the thrust depth (zp), the crustal thickness (h), the thermal capacity (k), and diffusivity (K).
In the ideal case with no thrusts, we obtain the following equations of heat flow

Q(z) = Qum+Hphg+Hchc —Hcz, 0<z <hc, 4)

Q(Z) = Qy; + Hghg — Hp (Z— he), he < z <hc + hg, (5)

and these other equations of temperature

_ (Qm+Hphg +Hchc\  Hc ,
T(z) = ( e z 2KCZ ,0< z<hg, (6)
Hgh H
T(z) —T(hc>+(Q’” o B)( ~he) = 5 (z=he) he < 2 <he +hn, ?)
where
_ Qm "‘HBhB HC 2
T0c) = (2P e 4 FEne? ®

In the case of a thrust fault involving the basement along the vertical profile of geotherm calculation,
the changes of temperature are due to the perturbation of the mantle-derived heat flow and of the
radiogenic heat flow. Furthermore, for the calculation of the thermal state of the upper unit of
the model, the increase of radiogenic heat associated with the increased basement thickness (Az)
must be taken into account, as well as the variation of temperature due to the perturbation of the
mantle-derived heat flow [38]. Furthermore, the frictional heat must be added to the other two heat
flow components. The heat flow and the temperatures for the two units of the model are obtained by
the following equations:

Q(Z) = Qu+Hgh'g+Hchc—Hcz+o0v, 0< z<he, 9)

Q(z) = Qu +Hph'p —Hp(z —hc) +0v, hc < z < z, (10)
Q(Z) = Qu +HBh,B—HB(Z—hc>, z0 <z < ]’lc+h,3. (11)
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where ' = hp + Az, v is the average slip rate along the thrust, and o is the shear stress at the thrust
depth zp.

T(z,t) = Tc(z,t) + Trr(z,t),0 < z < he, (12)
T(Z, t) = Tc(hc, t) + TB(Z, t) + TFH(Z, t), hce <z <hc+HWp. (13)

Each term depending on time has the generic Equation (1), where T(z, o) is the final temperature
of the new equilibrium status (f — o) and 0(z,t) is calculated by Equations (2) and (3). T(z, )
and 0(z, t) show differences due to thermal source type and depending on thrusting involving the
sedimentary cover [39] or the basement along the vertical profile of geotherm computation [38].
Following the method by Molnar et al. [37], the parameters of the perturbed initial 6(z,0) and the final
temperature are used to compute the coefficient A, (Equation (3)), then the time dependent term 6(z, t)
(Equation (2)), and lastly the time dependent temperature (Equation (1)).

The final temperature for the cover unit is given by:

Tc(z, 00 22, 0< z<hc (14)

) = Qu + Hph'p + Hche ) He
Ke 2Ke

and the perturbed initial state associated uniquely with the radiogenic heat increase is given by:

0(z,0) = (HBAZ)Z. (15)
Kc
The final temperature for the basement is given by:
H 4
Th(z,00) = (Lt HBMBY oy Z BB (02 e < z<wp (16)
Kz 2Kz

and the perturbed initial state associated uniquely with increased basement thickness is given by:

)(z “he), he < z <z (17)

00z, 0) = (82 hc) - - e - (L=

)(ZO-]’[C-AZ)+&(Zo—hc—AZ)Z, z0< z<MWp (18)
KB B

For both units of the model, the perturbation of the mantle-derived heat flow causes small
temperature changes as described by Candela et al., 2015 [38], and the temperature increment due to
frictional heating is added as follows:

Try(z,0) = 0(z,0) = IG<_UZ' 0< z<hc, (19)

C

(o)
TFH(Z,OO) = 6(2,0) = K—Z, hC < z <2z, (20)

B

ov ,
TFH(Z,OO) = 9(2,0) = K—Zo, 20 < z <hc+h'p. (21)
B

and in this latter case the final temperature coincides with the perturbed initial state.
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4. Results

We calculated the isotherms, the heat flow Qs (Qs = Q(0)), and the geotherms at different points
along the cross-sections shown in Figure 3. The different depth of the MFF, with the related tectonic
thickening, and the constant thickness of the sedimentary cover produce a variable trend of the
temperature with depth, which was obtained through the analytical procedure explained in the
previous paragraph (based on Molnar et al. [37] and modified considering a constant radiogenic heat,
as proposed by Tunini et al. [8]).

Figure 5a shows the heat flow Qg (Qs = Q(0)) obtained using an interpolation which takes into
account the value calculated using the vertical lines traced on the pre-built geometric model of Figure 3.
The graph shows how the heat flow Qg increases its value from SW to NE due to the heat flow produced
by MFF friction (Trry), basement thickening (h’p) and deepening of the Moho.

In Figure 5b we present our modeling results for the thermal structure of the Zagros thrust
belt. The temperature shows a constant increase with depth into the undeformed Arabian plate (SW)
and an increment of temperature moving to the NE, due to thrusting and deepening of the Moho.
The temperature increase from ~400 °C at 30 km depth along vertical line 1, to ~500 °C at the same
depth along vertical line 5, where the MFF offsets a significant amount of basement.
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Figure 5. (a) Surface heat flow (Qs) curve calculated using the five vertical lines of our model (refer to
Figure 3). (b) Thermal structure of Zagros Mountains of western Lurestan as defined by isotherms
produced by interpolation among the vertical lines.

The calculated geotherms are shown in Figure 6. The geotherm relative to vertical line 1 shows a
constant increment of temperature with depth due to the absence of thrusts. On the other hand, in the
sector of vertical lines 3, 4, and 5, the isotherms are elevated and closer to each other as a result of
thrusting. The geotherm relative to vertical line 2 shows a smooth change with respect to that of vertical
line 1 because the thrust at vertical line 2 involved only minor basement thickening. The resulting
surface heat flow (Qs) ranges from 41 to 65 mW/m?.
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Figure 6. Calculated geotherms corresponding to the five vertical lines shown in Figure 3 for Qy, of
20 mW/m? (solid lines) and 25 mW/m? (dashed lines, calculated for verticals 2 to 4 only). The dotted
gray line indicates the maximum change of temperature AT(z) between the two geotherms with Qp, of
20 and 25 mW/m? computed for the three vertical lines shown in Figure 4.

5. Discussion and Conclusions

Our model displays five geotherms calculated assuming mantle heat flow (Qp) values of 20 mW/m?
and 25 mW/m? (Figure 6). A maximum AT value of ca. 100 °C (at ca. 45 km depth) is reached
for vertical lines 2, 3, and 4. Surface heat flow (Qg) values are of 50 and 55 mW/m? (line 2), 57.8
and 62.8 mW/m? (line 3), 61.6 and 66.6 mW/m? (line 4) for Qp, values of 20 mW/m? and 25 mW/m?,
respectively. With respect to previously published results [40], Qg values obtained in this study display
a more marked variation from lower values in the foreland and thrust front region to the thrust belt
interior to the NE (Figure 7a). As pointed out by Megna et al. [39], the largest temperature changes are
obtained by varying the heat flow, while temperature changes are in the range of 2-5% when thickness,
thrusting depth, thermal conductivity, timing of activity, and slip rate values vary by 10% of their
initial chosen value.

The diagram of Figure 7a shows how an increment of Q (from 20 mW/m? to 25 mW/m?)
produces a shift of the Qg curve without changing its shape. Both curves remain within the range of
40-80 mW/m?, which is consistent with recent studies by Shekarifard et al. [41] and by Kargaran and
Neubauer [40]. The Qg curve obtained for a Qp, value of 20 mW/m? provides a better fit as compared
with the results by Kargaran and Neubauer [40]. In particular, a value congruency of about 61mW/m?
is met for vertical line 4, while a minor difference occurs for vertical line 5. The Qg curve obtained
for Qm = 25 mW/m? shows a congruency in correspondence of vertical line 3, but displays a larger
difference towards the NE. This comparison highlights how an analytical calculation (used in this
work) produces different results with respect to published ones, however still in the range of Qg values
of 40-80 mW/m? that are considered realistic for the Zagros thrust belt [40,41]. As a matter of fact, our
temperature isolines are generally consistent with those obtained by Tunini et al. [8] (Figure 7b). Some
difference occurs in the NE part of the section, but our results are in good agreement with the trend
obtained by Vernant and Chery [7].
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Figure 7. (a) Surface heat flow (Qs) curves obtained for Qm values of 20 and 25 mW/m?, compared
with the Kargaran and Neubauer [40] curve. (b) Thermal structure of the study area, compared with
the isotherms by Tunini et al. [8].

This study provides, for the first time, a comprehensive picture of the thermal structure of the
Zagros fold and thrust belt calculated using an analytical procedure. This information is of pivotal
importance for any quantitative modeling of the tectonic behavior of the actively deforming Iran sector
located along the Arabia—Eurasia plate boundary.
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