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1-Introduction

Today, energy resources are considered one of the most important assets of any country, and more importantly
they can be renewable resources. One of the types of renewable energies is geothermal energy sources.
Geothermal energy is the thermal energy within the Earth, often concentrated along tectonic plates and in known
volcanic and seismic areas. The Curie Point Depth (CPD) is regarded as a significant factor for understanding the
distribution of temperature in the crust and rheology of the Lithosphere (Ravat et al., 2007). The CPD temperature,
approximately 580°C, can be considered as an index for the depth to the bottom of the magnetic source. In fact,
CPD is the depth at which the magnetic minerals, affected by the high-temperature fluids, lose their magnetic
properties and are converted into the paramagnetic state (Tanaka et al., 1999; Porwal et al., 2003; Bansal et al.,
2011). The CPD provided the information regarding the temperature gradients and heat flow of the crust over the
study area. The main purpose of the current research is to estimate the CPD, geothermal gradient and heat-flow
values of subsurface structures in the central part of Iran (Mahalat geothermal field) using Centroid depth method.
The studied geothermal area in the north of Mahalat city in Markazi province located in 33 ° 57 'to 34 ° 7' and
latitude 50 ° 30" to 50 ° 40'. The Abgarm area consists of young volcanic rocks and altered hydrothermal zones
and wide travertine outcrops. Travertine often accumulates around the Abgarm hot springs, which may indicate
geothermal activity in the area. Subsequently, the results obtained from the CPD estimation, 3D inversion
modeling of the magnetic data and hot spring locations were also investigated.

2-Methodology

2-1- Centroid depth

Bhattacharyya and Leu (1975) presented a method to determine the centroid depth of parallel prismatic
hypothetical magnetic resources to investigate the Curie point depth in Yellowstone Park. If it is assumed that the
two-dimensional magnetic masses are magnetized quite randomly and independently, the radially averaged power
spectral density of the total magnetic field, P(k), can be simplified as follow (Blakely, 1995; Stampolidis et al.,
2005):

P(k) = Aye~2KIZ(1 — o= IKIZp-20)? (Eq.1)
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Where, A, is a constant number, Z; and Z}, are depth to the top and bottom of the magnetic source, respectively,
and k shows the wavenumber of the magnetic field. For wavelengths less than twice the thickness of the layer,
Eqg. (1) will approximately be converted to:

P(k):
K

Moreover, Eq. (1) could be rewritten as (Tanaka et al., 1999):
1
in (P(k)?) = A; - 2|k|Z, (Eq.3)

Where P (k) is the power spectral density, A, and A5 represent constant numbers. Therefore, the bottom depth
of the magnetic mass (Z,) could be calculated through two steps. At first, the depth to the centroid (Z,) is
estimated using the slope of the smallest wavenumber part of the log power spectrum divided by the wave number
(Eq. (2)). Similarly, the depth to the top (Z;) is calculated based on Eqg. (3) using the slope of the next wavenumber
part of the log power spectrum. From these depths, the Curie point depth is calculated using Eqg. (4).

Z, =27, —Z, (Eq.4)

The basic relation for conductive heat transfer is Fourier's law. In a one-dimensional object, assuming a vertical

o - . 0 . .
direction of the temperature variation and a constant temperature gradient 6—2 , Fourier's law takes the following
relation (Tanaka et al., 1999):

—kaT (Eq.5)

2.2. 3D inversion

The three-dimensional density contrast model was calculated with the UBC-GIF Mag3D software with the
algorithms of Li and Oldenburg (1998b), which often provided interesting results (e.g., Oldenburg and Pratt, 2007;
Louro and Mantovani, 2012; Kalateh and Kahoo, 2013). This algorithm starts from Eq. 6.

d=Gm (Eq.6)

Where d the vector of real is extracted in the survey, G is the sensitivity matrix and m is the susceptibility vectors
of the tri-orthogonal mesh to be created for the inversion. The inverse problem can be formulated as an
optimization problem where an objective function of the model is minimized, subject to the constraints in Eq. 6.
The objective function of the density model in Eq. 7 is minimized under determined constraints in order to
reproduce the data inside an error tolerance (Phillips, 2002).

b = a [, Wo(m(x,¥,2) — M(x,y, 2)rep)?dv + a f,, we (L2224 +
2
ay J, Wy(am(a;;l'z))zdv +a, [, w, (%) dv (Eq.7)
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where m is magnetic model element, m(x,y, z),¢s the reference model, ws, wy, w,, and w, weighting
functions, ag, ay, a,, and a,coefficients which affect the relative importance of different components in the
objective function and m(x,y,z) a generalized depth weighting function. This function has flexibility in
constructing a variety of models. The aim of the objective function is to counteract the geometrical decay of the
sensitivity with the distance from the observation location, so that the recovered density is not concentrated near

the observation locations. In the next step, the data misfit (¢,) between the observed data and the predicted data
is calculated, using Eq. 7.

by = IWa(dmoa = dops)II” (Eq.8)
Where wy is a diagonal matrix in which the ith element is the standard deviation of the ith datum, d,,,4 the
predicted density, and d ;¢ the observed data. The inversion objective is to minimize the difference between both
the objective function and the data misfit:

¢ = dgtudm (Eq.9)

In which p is a regularization parameter that controls the relative importance of the model norm and the data
misfit. The described methodology provides a basic structure for solving 3D magnetic inversion.

3- Results and discussion

The three-dimensional models produced show a positive magnetic anomaly in the Mahalat geothermal
area. Based on the models and geological data it is found that the hot springs are located around the area
with high magnetic susceptibility. Satellite imagery and geological maps can detect faults in an
exploratory area. The ETM images were used to identify and analyze geological structures in the area.
The purpose of these studies was to explore their relationship to the location of hot springs, geothermal
activities and geothermal reservoirs in the area. In order to detection of magnetic anomaly in study area,
magnetic surveys were performed over a total of 10 profiles with a total length of 160 km with a
stationary distance of 40 m. After applying the required corrections, including diurnal correction and
IGRF correction, the residual magnetic field map is obtained, in order to place the anomalies appearing
on the residual magnetic field intensity map on the actual location of the anomaly sources, used the
reduction to magnetic pole filter (RTP). In this study, considered the dimensions of blocks (5000 mx
5000 m) and then the power spectrum was calculated using Fast Fourier Transform (FFT). Following
this process, according to the power spectral centralization method, for each block, the top depths, the
central depths and the magnetic layer bottom will be estimated according to the 9, 12 and 13 equations.
After applying the necessary processing on the magnetic data by the centroid method, the top depths and
bottom depth of the magnetic layer were estimated in this area was estimated at 1350 to 3400 meters.
Also the top depth variations of the magnetic layer that indicating the location of the magnetic anomalies,
the thermal gradient and heat flow Estimated in the range of 1230 to 2390 m, 170.08 to 429.54 "C/km

and 425.22 to 1086/86 mW /m?, respectively (Fig 1).
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Fig 1. (a) Curie point depth of magnetic layer in the study area, (b) Heat flow variations map in the study area along with the
location of hot springs, (c) Top depth of the magnetic layer in the study area, and (d) Thermal gradient map in the study area.

According to the results of three dimensional inverse modeling of magnetic data, the depth of magnetic
body is about 2000 to 2500 m which these results are in good agreement with the values of top depth of
magnetic layer obtained by centroid method.

4. Conclusion

In this study, we were able to determine the bottom depth of the magnetic sources by using the centroid method.
In this method, the depth estimation of the magnetic source is performed in two steps: (a) calculating the central
depth of the deepest magnetic sources; and (b) calculating the top depth of the deepest magnetic sources. The
results also show that the bottom depth of magnetic layer varies from 1350 to 3400 m. The results also show that
the bottom depth of magnetic layer varies from 1350 to 3400 m.

Also, the top depth of the magnetic layer, which represents the depth of the magnetic basement, varies from 1230
to 2390 m. Finally, according to the results obtained in this study, the values obtained are in good agreement with
the location of the hot springs and the geological evidence, as well as the estimated depth values that are in a
confined and more accurate range than previous studies.
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Fig. 5. Coordinate system and geometric representation of linear two-dimensional sources in order to obtain the
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Fig. 11. Location of the magnetic data acquisition in the study area.
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Table 1. Results of Curie point depth estimation of magnetic sources by centroid method and determination of thermal gradients and heat
flow quantities in the study area.

Block Coordinate (UTM) 7, (km) 7, (km) 7, (km) He§t flow Thermal gradient
number X(km) Y (km) Centroid depth Top depth CPD (C /kem) (Mw/m?)
1 460 3758 1.77 1.55 1.99 2915 728.6
2 462.5 3758 2.9 2.4 341 170.1 4252
3 460 3760.5 17 1.52 1.88 308.5 7713
4 462.5 3760.5 1.76 1.57 1.95 297.4 743.6
5 465 3760.5 1.74 1.54 1.94 299.0 747.4
6 467.5 3760.5 1.65 1.46 1.84 315.2 788.0
7 470 3760.5 1.66 1.39 1.93 300.5 751.3
8 456 3763 1.72 1.58 1.86 311.8 779.6
9 458.5 3763 1.68 1.52 1.84 315.2 788.0
10 460.5 3763 1.68 1.52 1.84 315.2 788.0
11 463 3763 1.72 1.52 1.93 300.5 751.3
12 465.5 3763 1.73 15 1.96 295.9 739.8
13 468 3763 1.70 15 1.91 303.7 759.2
14 456 3765.5 1.78 1.58 1.98 2929 732.3
15 458.5 3765.5 1.78 1.58 1.98 2929 732.3
16 460.5 3765.5 1.79 1.59 2 290.0 725.0
17 463 3765.5 1.77 1.56 1.98 2929 732.3
18 465.5 3765.5 1.77 1.58 1.96 295.9 739.8
19 468 3765.5 1.81 1.6 2.02 287.1 717.8
20 460 3758 1.79 1.57 2.02 287.1 717.8
21 462.5 3758 1.89 1.65 2.145 270.4 676.0
22 460 3760.5 1.76 1.55 1.98 292.9 732.3
23 462.5 3760.5 1.78 1.56 2 290.0 725.0
24 465 3760.5 1.81 1.59 2.04 284.3 710.8
25 467.5 3760.5 1.78 1.57 1.99 2915 728.6
26 470 3760.5 1.72 1.52 1.93 300.5 751.3
27 456 3763 1.75 1.54 1.96 295.9 739.8
28 458.5 3763 1.49 1.23 1.35 429.6 1074.1
29 460.5 3763 1.75 1.53 1.97 294.4 736.0
30 463 3763 1.82 1.59 2.05 282.9 707.3
31 465.5 3763 1.74 1.54 1.94 299.0 747.4
32 468 3763 1.69 15 1.88 308.5 771.3
33 456 3765.5 1.55 14 1.7 341.2 852.9
34 458.5 3765.5 1.57 1.41 1.73 335.3 838.2
35 460.5 3765.5 1.65 1.47 1.84 315.2 788.0
36 463 3765.5 1.74 1.54 1.94 299.0 747.4
37 465.5 3765.5 1.75 1.55 1.96 295.9 739.8
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Fig. 12. Top depths estimation z; (red line) andcenteroid depth (blue line) of the magnetic sources by centroid
method for (a) block number 10, (b) block number 22, and (c) block number 34.
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Fig. 13. (a) Curie point depth of magnetic layer in the study area, (b) heat flow variations map in the study area
along with the location of hot springs, (¢) Top depth of the magnetic layer in the study area, and (d) Thermal
gradient map in the study area.
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