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Abstract 
 

In this study, geothermal gradient results were obtained from thermal profiling conducted in 

four wells located in the Municipality of Teófilo Otoni, in the Mucuri Valley, state of Minas 

Gerais. For the determination of geothermal gradients, we used ITL (interval temperature log) 

and CBT (conventional borehole temperature) methods. The ITL method was used in two 

wells, and CBT in the others. All wells were turned off for several months, allowing the means 

to remain undisturbed in the geological environment and yielding reliable results. The resulting 

temperature profiles indicate that geothermal gradients range from 10.7 to 19.2 ºC/km, with a 

mean of 18.3 ± 1.7 ºC/km in the city of Teofilo Otoni. The regional mapping data indicate that 

geothermal gradients are mostly below 20 ºC/km. The northern municipality has geothermal 

gradient values below 16 ºC/km, while the southern municipality has values between 16 and 

20 ºC/km. 
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1. Introduction 

 

Thermal well logging provides a continuous 

record of subsurface temperature variations along 

the wellbore and represents an important source of 

information for characterizing thermal conditions 

and fluid-rock interactions (Jarzyna et al., 2021; 

Wang et al, 2019; Leary et al., 2017; Fuchs, 2013). 

Subsurface thermal data support the estimation of 

geothermal gradients, the identification of 

permeable intervals, the assessment of aquifer 

connectivity, and the recognition of vertical or 

lateral fluid movement within fractured or porous 

media (Cardoso and Hamza, 2014; Vieira, Gomes 

and Hamza, 2016; Vieira and Hamza, 2013; Keys, 

1990). Temperature profiles also contribute to the 

evaluation of groundwater flow and heat transport 

processes (Patton, Cleall and Cuthbert, 2025; 

Jiménez-Valera, Alhama and Duque, 2024). 

In geothermal systems, thermal logs help 

define feed zones, estimate heat exchange with 

surrounding formations, and improve conceptual 

models of reservoir circulation (Axelsson and 

Steingrímsson, 2012). In environmental and 

hydrogeological applications, thermal information 

supports the detection of flow paths, seepage zones, 

and interactions between shallow and deep 

groundwater systems (Wendland et al., 2022; 

Tirado-Conde et al., 2019; Vieira and Hamza, 2013; 

Bense et al., 2008). Therefore, thermal well logging 

offers a multipurpose subsurface measurement 

framework that integrates geological, 

hydrogeology, and thermal behavior, improving the 

interpretation of wellbore conditions and the spatial 

distribution of subsurface geothermal behavior (Shi 

et al., 2023; Williams and Paillet, 2023; Fahil et al., 

2020; Vieira and Hamza, 2018). 

Moreover, geothermal energy use involves 

the exploitation of heat derived from the interior of 

the Earth (Wang et al., 2019). This energy results 

from heat flow from deeper layers and from the 

natural radioactivity of rocks (Best, 2013; Gomes, 

2003; Gomes and Hamza, 2005; Gomes, 2009; 

Alexandrino and Hamza, 2008). Furthermore, the 

development of geothermal maps at appropriate 
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scales is often the best way to examine regional 

variations (Gomes, 2009). 

As part of a geothermal energy research 

project in the state of Minas Gerais, entitled 

“geothermal gradient and heat flow with 

perspectives for geothermal energy exploitation in 

the Jequitinhonha and Mucuri valleys,” the 

Jequitinhonha and Mucuri Valleys Geoscience and 

Engineering Study and Research Group 

(GEOVALES) and the Geothermal Laboratory of 

the National Observatory (LabGeot) of Rio de 

Janeiro, performed thermal logging in urban water-

supply wells in the municipality of Teófilo Otoni. 

Moreover, the geothermal temperature 

measurements were conducted with support from 

LabGeot, which provided the thermal logging 

equipment for all wells. 

The main objective of this work is to evaluate 

the geothermal gradient using well logs and to 

create the geothermal gradient map of the 

municipality of Teófilo Otoni. 

The municipality of Teófilo Otoni is located 

in the state of Minas Gerais, in the Mucuri Valley 

region, as shown in Figure (1). The highlighted red 

outline corresponds to the region where geothermal 

measurements were performed, which is located in 

the northeastern region of the state of Minas 

Gerais). 

 

 
Figure 1 – Regional location of the municipality of Teófilo 

Otoni in the state of Minas Gerais. 

 

2. Synthesis of the regional geology 

 

The municipality of Teófilo Otoni is located 

mostly within the Juiz de Fora Complex (JF), which 

is predominantly Archean in age, situated in the 

northeastern region of the state of Minas Gerais, and 

includes part of the Araçuaí Belt and the 

Mantiqueira Province (Almeida, 1977; Almeida et 

al., 1978; Almeida and Hasui, 1984). 

The current physicochemical characteristics 

of the Earth's crust are strongly linked to the way in 

which temperature distribution and thermal energy 

flow occur within its interior (Gomes e Hamza, 

2004). Evidence indicates that the current thermal 

state of Earth plays a significant role in several 

planetary phenomena, both internal and external 

(Hamza and Muñoz, 1996; Gomes, 2009; 

Alexandrino and Hamza, 2008). 

Furthermore, the JF unit in Figure (2) 

illustrates the Juiz de Fora Complex (Pedrosa-

Soares et al, 1994). A section of the regional 

geology map of the eastern and northeastern region 

of the state of Minas Gerais is presented, 

highlighting that Teófilo Otoni is located within the 

Juiz de Fora Complex, as shown in Figure (2). 

 

 
Figure 2 – Regional geology of the Teófilo Otoni region, 

where JF represents the Juiz de Fora Complex (Adapted from 

Pedrosa-Soares et al, 1994). 

 

In this context, knowledge of the geology of a 

region is highly important, particularly for 

interpreting the physical characteristics of rocks and 

sediments. Moreover, two important geological 

formations occur within the municipality of Teófilo 

Otoni: (1) Tumiritinga Formation and (2) São Vitor 

Tonalite, both located within the Juiz de Fora 

Complex. The Tumiritinga Formation consists of a 

main lithotype composed of gray biotite gneiss, 

fine-grained or occasionally medium-grained, 

which occasionally shows mylonitic foliation, with 
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marble occurring near Ladainha and close to Poté. 

The São Vitor Tonalite is composed of biotite 

tonalite, hornblende-biotite tonalite, and biotite 

granodiorite. It has a medium to coarse grain size 

and a gray coloration, with outcrops occurring along 

the Teófilo Otoni–Ladainha road (Gomes, 2020). 

 

3. Methodology 

 

The geothermal gradient is the rate at which 

the temperature of the Earth's interior varies with 

depth in the Earth's subsurface (Wang et al., 2019). 

It is a fundamental parameter derived from 

temperature logs obtained during well logging. It 

serves as a direct indicator of the thermal regime 

and heat flow characteristics of a given region 

(Keys, 1990). 

Accurate determination of the geothermal 

gradient is essential for estimating subsurface 

temperatures at various depths, which in turn 

informs decisions regarding drilling, well design, 

energy extraction methods, environment, and 

groundwater studies. Moreover, variations in the 

geothermal gradient can reveal the presence of 

anomalous heat sources, such as magmatic 

intrusions or convective fluid flow, which are often 

targeted for enhanced geothermal systems 

(Trifonova et al., 2026). 

In this context, the heat measured near the 

surface arises from mantle convection generated by 

magma and also from other perturbing factors that 

affect the geothermal gradient and alter heat flow 

(Gomes, 2003; Hamza et al., 2005). In some cases, 

perturbations caused by hydrothermal movements, 

aquifers, natural water sources, fractures, geological 

faults, among other factors, are reported in the 

literature (Wang et al., 2019). These processes 

disturb the thermal gradient and affect the heat flow 

observed at the local surface (Hamza and Muñoz, 

1996; Gomes, 2003; Hamza et al., 2005). 

Moreover, temperature is measured using 

distinct methods, such as interval temperature logs 

(ITL), formerly known as the conventional method 

(CVL), underground mines (UMM), bottom-hole 

temperatures (BHT), stable bottom temperatures 

(SBT), and water wells (AQT) (Hamza et al., 2020). 

In the present study, two distinct methods were used 

to determine the geothermal gradients of the Teófilo 

Otoni region: the ITL and the BHT methods. 

The ITL is used to determine the geothermal 

gradient by linearly fitting logging data using the 

least-squares method over a selected interval 

(Guimarães, Aguiar and Vieira, 2025; Gomes and 

Hamza, 2005). The interval should preferably be 

free from any perturbation process capable of 

affecting the local geothermal regime. Therefore, 

this method is adopted when the geological layers 

are laterally homogeneous, have constant thermal 

properties, and have well-defined physical 

dimensions relative to the measurement intervals. In 

general, the uncertainty in depth determination is 

small compared to that in temperature 

determination. Thus, depth was considered the 

independent variable and temperature the dependent 

variable (Bullard, 1947). 

In this context, the conventional CVL method, 

according to Beardsmore and Cull (2001), shows 

that the thermal gradient is defined as follow: 

 

dT/dz = (T2-T1)/Az               (1) 

 

Where T2 and T1 are the temperatures at two points 

separated by a distance Az. Moreover, dT/dz is 

expressed in terms of temperature per unit distance 

(Km), and is a vector quantity having both 

magnitude and direction. 

 

The constant bottom-hole temperature (CBT) 

method is used when fluid flow within the well 

disrupts the conductive thermal regime, thereby 

preventing the ITL method from determining the 

thermal gradient. In such cases, the CBT method 

serves as a variation of the well-known Bottom-

Hole Temperature (BHT) method. The CBT method 

was originally proposed by Carvalho and Vacquiers 

(1977) and was adapted to determine the thermal 

gradient. 

The principle of the CBT method is based on 

the assumption that thermal perturbations generated 

by fluid movements induced by the well itself 

become practically negligible in the lower section 

of the well. Consequently, stable temperature 

measurements at the bottom of the well are used to 

determine the thermal gradient. For this purpose, the 

mean annual surface temperature must be known 

(Carvalho and Vacquiers, 1977). 

In this case, the relationship between the 

bottom-hole temperature (TCBT) and the surface 

temperature (T0) is determined by Equation (2). 

 

𝑇𝐶𝐵𝑇 = 𝑇0 + 𝑞∑ 𝑅𝑖
𝑁
𝑖=1 ℎ𝑖             (2) 

 

Where Ri is the thermal resistivity of layer i. 

The summation term refers to the cumulative 
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thermal resistance of the formations present down 

to the bottom of the well, where the temperature 

measurement was performed. The summation term 

refers to the cumulative thermal resistance of the 

formations present down to the bottom of the well, 

where the temperature measurements were 

performed. The variances of the fitted coefficients 

were estimated using the standard least-squares 

regression relationships, while the degree of linear 

correlation was assessed through the corresponding 

linear correlation coefficient (Gomes e Hamza, 

2005). The variance values (σ²) of T0 and Γ are 

given by (Equations 3 and 4): 

 

𝜎𝑇0
2 =

[
1

𝑁−2
∑(𝑇𝑖−𝑇0−𝛤𝑧𝑖

2)2] ∑𝑧𝑖
2

𝑁∑𝑧𝑖
2−(∑𝑧𝑖)

2
       (3) 

 

 

𝜎𝛤
2 =

𝑁[
1

𝑁−2
∑(𝑇𝑖−𝑇0−𝛤𝑧𝑖

2)2]

𝑁 ∑𝑧𝑖
2−(∑𝑧𝑖)

2
       (4) 

 

 

3.1 Temperature well logging 

 

This technique consists of lowering a thermal 

probe into the well, with a thermistor-type 

temperature sensor mounted at its tip. Thermistors 

are thermally sensitive resistors whose resistance 

changes significantly with small changes in body 

temperature. Moreover, this behavior arises from 

temperature-dependent variations in the 

concentration and mobility of charge carriers within 

the sensing material, resulting in a nonlinear, 

typically exponential, relationship between 

resistance and temperature (Gomes, 2003; Gomes 

and Hamza, 2005). 

Consequently, thermistor-based probes offer 

high sensitivity for detecting thermal variations 

along the wellbore, making them suitable for 

identifying temperature anomalies associated with 

fluid movement, potential leakage pathways, 

climate change, and other factors. Thermistors are 

semiconductors whose electrical resistance (ER) 

decreases with increasing temperature (T), and their 

rate of change is approximately 4 times that of 

metals. The small thermal mass of the sensor results 

in shorter response times, thereby accelerating field 

measurements (Gomes and Hamza, 2003). 

Furthermore, the relationship between the 

resistance (R) of the thermistor and the absolute 

temperature (T) is generally given by Equation (5). 

           𝑅 = 𝑅0𝑒
[𝐵(

1

𝑇
−

1

𝑇0
)]

            (5) 
 

Figure (3) presents a map of the municipality 

of Teófilo Otoni and the georeferenced 

measurement sites where thermal logging was 

performed. Additionally, the geographic 

coordinates were measured using portable global 

positioning system (GPS) instruments, with an 

average accuracy of 15 m, and the World Geodetic 

System 1984 (WGS 84) was adopted. 
 

 
Figure 3 – Measurement locations where geothermal profiles 

were performed in the Municipality of Teófilo Otoni. 

 

4 Results and discussion 
 

The well logs used for the analysis and 

determination of the geothermal gradient were 

based on experimental data measured in water-

supply wells at four sites located within the 

Municipality of Teófilo Otoni. 

Moreover, the geothermal logs for each well 

were compiled from temperature measurements 

taken at their respective depths. The results 

obtained, including the final gradient values for 

each well are presented in Table (2). Additionally, 

all thermal profiles obtained were compiled, 

analyzed, and subsequently properly interpreted. 

Furthermore, the individual results are 

presented in Figures (4), (5), (6), and (7), which 

contain the complete set of thermal logs obtained. 

Figure (4) shows the profile of well C03, located in 

the Póton area. Figure (5) shows the profile of well 

C05, located in the São José neighborhood. 
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Table 2 – Results of the geothermal gradients obtained. 

Well 

Geothermal Gradient (°C/km) 

Type Value 
Standard 
Deviation 

C03-COPASA-TEO CBT 17.2 0.17 

C05-COPASA-TEO CVL 19.2 0.71 

C11-COPASA-TEO CVL 10.7 1.29 

P01-JBS-TEO CBT(CVL) 18.6 0.48 

 

Figure (6) shows the profile of well C11, 

located in the Bela Vista neighborhood, and Figure 

(7) presents the profile of well P01 from JBS, 

located in the Santa Clara neighborhood. In this 

matter, well C11 presented the lowest thermal 

gradient with a value of 10.7 °C/km, and is 

interpreted as an indicator of a recharge zone, 

mainly because it is located very close to the Santo 

Antônio stream, one of the tributaries of the Todos 

os Santos River. In turn, the Todos os Santos River 

is a tributary of the Mucuri River (Gomes, 2020, 

Pinto, Pacheco and Almeida, 2019), the main river 

in the region, which extends to southern Bahia and 

discharges into the Atlantic Ocean. 

 

 
Figure 4 – Geothermal gradient profile of well C03, located 

in the Póton area. 

 

Regarding the Well C03, a geothermal 

gradient of 17.2 ± 0.17 °C/km was presented. A 

similar result was obtained for well C05, with a 

value of 19.2 ± 0.71 °C/km. 

Although these two wells are separated by 

several kilometers, the results obtained by the CBT 

method showed similar values and the same 

regional geothermal behavior. Furthermore, the 

geothermal gradient of well C05 was determined 

using the CVL method and showed the highest 

value among all wells measured in Teófilo Otoni, 

resulting in a value of 19.2 ± 0.71 °C/km. 

 

 
Figure 5 – Geothermal gradient profile of well C05 in the 

São José neighborhood. 

 

 
Figure 6 – Geothermal gradient profile of well C11 located in 

the Bela Vista neighborhood. 

 

The profile of well C11 showed the lowest 

geothermal gradient among all wells logged in 

Teófilo Otoni, with a result of 10.7 °C/km. This 

result indicates a possible recharge zone, as the well 

is located very close to the Santo Antônio stream, 

which is a tributary of the Todos os Santos River. 

Based on the depth analysis, well C05 was 

logged down to 205 m and was the deepest well. 
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The CVL method was used for the determination, 

indicating that this is the most reliable geothermal 

gradient in the region, approximately 19.2 ± 0.71 

°C/km. 

 

 
Figure 7 – Geothermal gradient profile of well P01 of JBS, 

located in the Santa Clara neighborhood. 

 

The maps with the geothermal gradients 

obtained in Teófilo Otoni are presented in Figure (8) 

for the data obtained using the CVL method and in 

Figure (9) for the complete dataset. 

 

6. Conclusion 

 

Despite the low data density, the present study 

showed that the obtained values indicate that this 

region is characterized by relatively low geothermal 

gradients, lower than 20 °C/km. 

The obtained geothermal gradient values 

ranged from 10.7 to 19.2 °C/km and resulted in a 

mean value of 18.3 ± 1.7 °C/km for the municipality 

of Teófilo Otoni. 

Moreover, Well C05 presented the highest 

geothermal gradient value, equal to 19.2 ± 0.71 

°C/km. This was also the deepest logging well, for 

which the CVL method was used. Furthermore, the 

lowest geothermal gradient value was obtained in 

well C11, with an observed result of 10.7 ± 1.9 

°C/km. 

The observed result for the complete set of 

geothermal gradient values obtained in this study 

yielded a mean value of 18.3 ± 1.7 °C/km in the 

municipality of Teófilo Otoni. 

 

 
Figure 8 – Geothermal Gradient Map of Teófilo Otoni 

showing only CVL gradients. 

 

 
Figure 9 – Geothermal Gradient Map of Teófilo Otoni 

including all gradients. 

 

The results observed for the set of geothermal 

gradient values from Teófilo Otoni are considered 

normal and correspond to geologically stable 

regions, which is common in all Precambrian 

regions. The results obtained in this study are 

included within this context. 

Additional thermal logging is required in the 

region to obtain a more comprehensive regional 

geothermal interpretation, because the low data 

density allowed only the identification of long-

wavelength features, that is, regional trends. 
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