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Abstract 

 

Geothermal resources are essential during the modern energy transition. Heat flow maps are essential 

to explore geothermal resources because they improve a crust thermal state knowledge and show the 

thermal anomalies. Mexico geothermal resources need to be discovered at regional levels using heat 

flow maps by compiling the heat flow data from boreholes and seafloor and obtaining heat flow 

estimations from geophysical data. The aeromagnetic spectral analysis improves the Curie 

temperature-depth estimation (associated with the depth to the bottom of magnetic sources) and 

yields an approximation of the heat flow values where boreholes and seafloor data are unavailable. 

The results of this research are present on different maps: the first map is the result of the use of 

borehole and seafloor data, and the second map is the result of geostatistical simulations of the depth 

to the bottom of magnetic sources. The maps show that the ocean spreading zones and recent 

volcanism are closely related to heat flow anomalies and shallow depth to the bottom of magnetic 

sources. In the same way, geothermal zones in Mexico are in heat flow anomalies. The main chapters 

and outcomes are present as published papers at Terra Digitalis, Tectonophysics, Earth Sciences 

Informatics, and Geothermics. 
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“It takes something more than intelligence to act intelligently.” 

― Fyodor Dostoyevsky, Crime and Punishment 
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Introduction 

 

Heat transfer studies in the Earth's crust are useful for exploring geothermal or petroleum 

reservoirs and plate tectonic. Within the Earth's crust, the primary heat transfer mechanism is 

conduction. Convection, limited in areas with fluid movement, is the second most important 

mechanism. The surface heat flow is calculated from direct methods (e.g., boreholes or seafloor 

measurements) or through temperature estimators at great depths (e.g., depth of the Curie 

isotherm). From a heat flow database, the map assessment studies the spatial distribution of heat 

flow, in which it is possible to appreciate zones with thermal anomalies associated with different 

geological proxies (e.g., ocean floor spreading zones, hot spots, volcanism, or others). 

 

For this study, the surface heat flow calculation is carried out assuming a steady-state conduction 

heat equation with heat generation. The heat transfer mechanism knowledge is essential for 

calculating surface heat flow because the heat transfer mechanism modifies the borehole or ocean 

floor measurements. It is important to know the temperature-at-depth behavior and how different 

heat transfer mechanisms could affect its relationship with indirect estimators. 

 

In most cases, direct heat flow data (borehole measurements or seafloor measurements) are not 

enough to construct a map. For this reason, the use of temperature-at-depth estimators is common. 

One of the most common technique to estimate temperature at depth is the depth to the bottom of 

the magnetic source (DMBS). Conventionally, the DBMS is associated with a temperature value 

at depth: the Curie isotherm. In this way, it is possible to estimate the surface heat flow from the 

DBMS calculations, considering the steady-state and conductive thermal regimes. 

 

Different studies have made regional maps, including Mexico, of the Earth's crust surface heat 

flow, using direct measurement methods (Davies, 2013; Goutorbe et al. 2011; Pollack et al. 1993) 

or temperature-at-depth estimators (Campos-Enríquez et al., 2019; Li et al., 2017; Manea and 

Manea, 2011; Prol-Ledesma, 1991; Rosales-Rodríguez et al., 2014). However, it is necessary to 

generate a new heat flow map of Mexico due to the updated heat flow database and the new spectral 

methods developed for estimating DBMS. For this reason, the present work generates the heat 

flow map based on surface heat flow data and the estimation of the DBMS. 
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1.1 Statement of the problem 

This research is divided into different sections, and the main result is: 

 Creation of Mexico heat flow map by analyzing the heat flow database and the DBMS 

estimations. 

To accomplish the main results, it is necessary to complete these objectives: 

 Construction of the heat flow database from borehole and seafloor data. 

 Heat flow map from borehole and seafloor data. 

 Estimation and mapping of the DBMS using the spectral methods. 

 Heat flow estimation using the DBMS as a boundary condition. 

 Relationship of the DBMS and the heat flow database. 

 

Previous works have made heat flow estimates from the DBMS for the Gulf of Mexico (Rosales-

Rodríguez et al., 2014), the Chicxulub crater impact (Espinosa-Cardeña et al., 2016), the central 

and southern Mexico (Manea and Manea, 2011), and Northwest Mexico (Campos-Enríquez et al., 

2019). These works use different spectral analysis methodologies and do not cover the entire 

country. Besides, the lack of an updated heat flow database of the Mexican Republic is the main 

reason for carrying out this work. 

 

1.2 Delimitation of the work 

The chapters propose for this work reach the objectives presented. The chapters are: 

Chapter 1 presents the generalities, the approach of the objectives, the problem statement, and the 

research work's delimitation. 

Chapter 2 studies the heat transfer in the Earth's crust, focusing on conduction. From the equations 

shown, it is essential to emphasize that the heat flow estimations consider the conduction equations 

in steady-state with heat generation. 

Chapter 3 has the map construction's generalities, explaining and discussing the most common 

algorithms used to construct the maps. 
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Chapter 4 analyzes the behavior of temperature measurements in boreholes in order to update 

Mexico's heat flow database. From the analysis of temperature logs in-depth, it is possible to 

calculate the heat flow and then construct our first map. 

Chapter 5 details the calculation of the DBMS from aeromagnetic anomalies, the DBMS 

calculations' program and the relationship between the heat flow database and the heat flow 

estimations using the DBMS as a boundary condition. The chapter consists of two articles: the first 

one was published in Earth Science Informatics, and the second was published in Tectonophysics. 

Chapter 6 resumes the results obtained: the surface heat flow map using the update database and 

the DBMS’ surface heat flow map. This chapter consists of two papers: the first as a co-authored 

article published in the journal Terra Digitalis, and the second is a paper published in the journal 

Geothermics, a result of collaboration with the Leibniz Institute for Applied Geophysics (LIAG). 

Chapter 7 enumerates the conclusions of the results obtained during the development of this 

research. 
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Heat transfer mechanism in the Earth’s crust 

 

The Earth's thermal regime controls several of the geological and tectonic processes. The variation 

of the temperature within the Earth has great importance in recent geological time; thus, there is a 

close relationship between the heat flow and tectonophysical processes. There are different 

techniques for acquiring data related to the Earth's thermal regime. These can be associated with 

temperature measurements and thermophysical parameters in boreholes, temperature estimates 

acquired from geological observations, water's chemical analysis, or geophysical inferences. Some 

geological and tectonic processes are characterized by all the thermal data in the Earth's crust and 

have application in the energy industry: from oil to geothermal. 

 

2.1 Heat transfer mechanism 

Heat flow is known as the heat transferred through a unit area per unit time due to a difference in 

temperatures. Different physical mechanisms transferred the heat: conduction, convection, and 

radiation. 

 

The Earth's heat is transported from the interior to the surface through conduction and convection 

and finally radiated into space. The primary process of heat transfer in the crust is conduction; 

however, convection transport occurs in areas of the crust that exhibit fluid movement (e.g., in 

aquifers and magmatic chambers). The general equations that describe the conduction phenomena 

are presented below. 

 

2.2 Conduction 

Fourier's law describes the conduction phenomenon, expressed in three dimensions as: 

𝑞 = −𝜆∇𝑇 (2.1) 

where q is heat flow (W m-2), λ is the thermal conductivity (W / (m K)) y ∇T geothermal gradient 

(ºC/m). The thermal conductivity λ on anisotropic media is a tensor, changing the geothermal 

gradient ∇T as a vector, resulting on: 

∇𝑇 = (
𝜕𝑇

𝜕𝑥
,

𝜕𝑇

𝜕𝑦
,

𝜕𝑇

𝜕𝑧
) (2.2) 
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Heat does not flow instantaneously since heat transfer is diffuse over time. Thermal diffusion 𝐴 

explains the thermal energy contained per unit volume in a mass or by the energy required to 

increase the mass temperature. This term is defined by: 

𝐴 = 𝑐 𝜌 𝑉
𝜕𝑇

𝜕𝑡
 (2.3) 

 

where c is specific heat capacity (J kg-1 ºC -1), ρ is density (kg m-3), V is volume (m3) and 𝜕𝑇

𝜕𝑡
 is the 

temperature change over time (Incropera et al, 2007; Beardsmore and Cull, 2001). 

 

In addition, radioactive decay is an essential parameter in the Earth's crust thermal processes. The 

heat generation rate is the product of the decay of radioactive elements such as uranium, thorium, 

and potassium. The Earth's heat generation is not uniform and varies depending on the radioactive 

elements in the crust. Heat generation rate follows this equation: 

𝐻 = 10−5𝜌 (9.52𝑐𝑈 + 2.56𝑐𝑇ℎ + 3.48𝑐𝐾) (2.4) 

 

where 𝜌 is density (kg m-3), 𝑐𝑈 is uranium amount (ppm), 𝑐𝑇ℎ is thorium amount (ppm) and 𝑐𝐾 is 

potassium amount (%). The heat generation units are μW m-3, and the constants 9.52, 2.56 and 

3.48 are related with these units (Haenel et al., 1988). 

 

Also, heat generation rate assumes an exponential decay with the depth (Turcotte and Schubert, 

2014), expressing the heat generation equation as: 

𝐻 =  𝐻0𝑒−𝑧/ℎ𝑟 (2.5) 

 

where 𝐻0 is the generation of heat per mass unit at the Earth's surface when 𝑧 = 0, and ℎ𝑟 is a 

length scaling for 𝐻0 decreasing with depth. At depth 𝑧 =  ℎ𝑟, 𝐻 is 1/𝑒 of the surface heat 

generation rate value. 

 

From the energy balance, the conduction heat flow equation is derived as: 
𝜕

𝜕𝑥
(𝜆

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜆

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜆

𝜕𝑇

𝜕𝑧
) + 𝐻 =  𝑐 𝜌 

𝜕𝑇

𝜕𝑡
 (2.6) 
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Equation 2.6 can be simplified in isotropic and homogeneous media; therefore, the thermal 

conductivity 𝜆 become constant. The simplification results in: 

𝑘 (
𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) + 𝐻 =  𝑐 𝜌 
𝜕𝑇

𝜕𝑡
 (2.7) 

 

Considering a heat generation rate with exponential decrement and neglecting the heat time 

dependence (steady-state), the differential equation that studies the Earth’s crust temperature is 

(Turcotte and Schubert, 2014): 

𝑘
𝜕2𝑇

𝜕𝑧2 + 𝜌𝐻0𝑒−𝑧/ℎ𝑟 = 0 (2.8) 

 

Assuming heat generation elements present below the crust and an ascending heat flow from the 

mantle (𝑞𝑚), that is, 𝑞 → −𝑞𝑚 in 𝑦 →  ∞ (Turcotte and Schubert, 2014), the integration of the 

equation 2.8 is: 

𝐶1 =  𝑘
𝑑𝑇

𝑑𝑧
− 𝜌𝐻0𝑒

−
𝑧

ℎ𝑟 = −𝑞 − 𝜌𝐻0𝑒−𝑧/ℎ𝑟 (2.9) 

 

The constant 𝐶1 is the boundary condition of deep heat flow (mantle heat flow) expressed as: 

𝐶1 =  𝑞𝑚 (2.10) 

 

Therefore, the heat flow at depth is calculated using: 

𝑞 =  −𝑞𝑚 − 𝜌𝐻0ℎ𝑟𝑒−𝑧/ℎ𝑟   (2.11) 

 

Most geophysical heat flow problems are simplified to Eq. 2.11 since they are problematic due to 

their geometries and boundary conditions. It is not easy to model the heat equation with exact 

analytical solutions (Beardsmore and Cull, 2001), and it is common to use numerical solutions or 

problem simplifications. 

 

2.3 Heat flow density at the Earth’s crust 

The Earth's interior is hotter than its surface. For this reason, the thermal energy flows through the 

difference in temperatures between the Earth's interior and the surface. In the Earth's crust, sources 
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of heat from the interior can be, for example, the cooling of hot bodies or the decay of radioactive 

materials contained in rocks (Beardsmore and Cull, 2001). 

 

In practice, the heat flow is a value that can hardly be measured directly. Therefore, to calculate 

the corresponding heat flow values, thermal conductivity measurement from rocks and geothermal 

gradient measured from temperature logs are necessary. Nevertheless, in the absence of thermal 

conductivity and temperature logs, the heat flow values are mainly estimated using heat loss 

models derived from the magmatic activity and the discharge of hot fluids in the oceans 

(Eppelbaum et al., 2014). Also, the use of temperature-at-depth estimators (e.g., silica 

geothermometers or Curie isotherm depth) is comprehensive. Finally, the heat flow values are 

associated with the geology, giving an average heat flow value depending on rock type and age. 

 

2.3.1 Averaged Earth’s surface heat flow 

The heat flow values measured on the continental surface and the seafloor analyze the heat loss 

between different areas in the Earth's crust. Determining the average heat flow value in a region 

could have reference values in another region where measurements are not available (Eppelbaum 

et al., 2014). Besides, from averaging the heat flow depending on the geological environment, it 

is possible to analyze the tectonic process affecting the heat transfer mechanism or the temperature 

anomalies. 

 

Table 1 shows the Earth average heat flow values calculated by different authors, indicating the 

variations in average heat flow values caused by the new heat flow data available over the years, 

changing the results. Also, heat flow values variations in continents and oceans depend on multiple 

factors, like topography, groundwater movements, thermal waters circulation, proximity to young 

volcanic areas, heat production, heat flow anomalies in the mantle and lower crust, cooling effects 

due to sedimentation, basement structure, tectonic activity, and others (Eppelbaum et al., 2014). 

The average heat flow in a region can serve as reference in locations with a lack of heat flow data, 

depending on the proxies mentioned above (i.e., ocean spreading zones could expect high heat 

flow values).  
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Table 1 Average heat flow values from continents and oceans (complemented summary after Eppelbaum et al., 

2014) 

Average heat flow (mW m-2) References 

Continents Oceans 

61 61 Lee (1970) 

61 93 Williams and von Herzen (1974) 

53 62 Chapman and Pollack (1975) 

61 87 Langseth and Anderson (1979) 

53 100 Davies (1980) 

55 95 Davies (1980) 

57 99 Sclater et al. (1980) 

64.4a 71.8a Čermák (1984) 

65 101 Pollack et al. (1993) 

65 101 Stein (1995) 

79.7b 116.6b Hofmeister and Criss (2005) 

66c 70c Hofmeister and Criss (2005) 

65 94 Jaupart et al. (2007) 

67 100 Clauser (2009) 

70.9 105.4 Davies and Davies (2010) 

62d Not discussed Gouturbe et al. (2011) 

63.6e Not discussed Gouturbe et al. (2011) 

64.7 95.9 Davies (2013) 

67 92 Lucazeau (2019) 
a  Only for Europe (continent and oceans) 
b All the data until q = 4,183 mW m-2 
c Data with q > 200 mW m-2 are omitted  
d Best combination method from Gouturbe et al. (2011) 
e Similarity method from Gouturbe et al. (2011) 
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2.3.2 Heat flow relationship with other geological and geophysical parameters 

Pollack et al. (1993) analyze and provide average heat flow values for each geologic province 

(Table 2). The work of these authors is one of the first global heat flow analyses. In recent years, 

other authors have studied heat flow globally. For example, Goutorbe et al. (2011) estimate heat 

flow values from different approximations such as surface heat production, seismic waves 

velocities in the upper mantle, tectono-thermal age, thickness of the crust, density of the upper 

mantle, age of the ocean floor, topography, ages of the upper and lower edge of the sedimentary 

basins, age of initiation and termination of rifting, type of basin, type of rift and sedimentary 

thickness. On the other hand, Davies (2013) and Davies and Davies (2010) present a global map 

of surface heat flow and their geology relationship. Recently, Lucazeau (2019) performed the 

analysis of global heat flow data with the updated data for 2018, generating a map of heat flow 

estimates, with a resolution of 0.5° x 0.5°, from the generalized use of the Similarity method 

proposed by Goutorbe et al. (2011). 

 

The authors mentioned above determine heat flow averages values per equal latitude and longitude 

area (0.5° x 0.5°, 1° x 1°, 5° x 5°, and others). These methodologies have two obstacles: the first 

is the lack of heat flow data in some regions or inaccurate measurements; the second obstacle is 

the continental regions with heat flow anomalies because these regions sometimes cover an 

oversampled area (Eppelbaum et al., 2014). It is crucial to notice that regional heat flow studies 

use temperature-at-depth estimations to avoid the lack of heat flow data; such studies could use 

the Curie temperature-depth (Artemieva, 2006; Okubo et al., 1989) or upper mantle shear wave 

velocity (Shapiro and Ritzwoller, 2004). 
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Table 2 Average heat flow from surface geology and age (Pollack et al., 1993; retrieved from 

Beardsmore and Cull, 2001) 

Description Average heat flow 

(mW m-2)a 

Standard error 

(mW m-2) 

Years range (Ma) 

Oceanic 

Cenozoic undifferenced 89.3 (125.2) 2.8 0-65 

Mesozoic undifferenced 44.6 (51.0) 2.8 65-251 

 Quaternary 139.5 (806.4) 10.1 0-1.8 

 Pliocene 109.1 (286.0) 5.9 1.8-5.3 

 Miocene 81.9 (142.2) 2.3 5.3-23.8 

 Oligocene 62.3 (93.4) 2.2 23.8-33.7 

 Eocene 61.7 (75.7) 1.6 33.7-54.8 

 Paleocene 65.1 (65.1) 2.8 54.8-65 

 Late Cretaceous 61.5 (60.0) 2.1 65-84 

 Middle Cretaceous 56.3 (53.9) 1.0 84-119 

 Lower Cretaceous 53.0 (50.5) 1.4 119-141 

 Late Jurassic 51.3 (49.4) 1.2 141-159 

    

Continental 

Subaqueous undifferenced 77.7 1.9 0-65 

 Cenozoic (sed./met.b) 63.9 0.9 0-65 

 Cenozoic (igneous) 97.0 5.6 65-251 

 Mesozoic (sed./met.) 63.7 1.3 65-251 

 Mesozoic (igneous) 64.2 3.0 251-545 

 Paleozoic (sed./met.) 61.0 1.2 251-545 

 Paleozoic (igneous) 57.7 2.6 545-2500 

 Proterozoic 58.3 1.4 2500-3800 

 Archean  51.5 2.4  
a Values inside the parenthesis are from Stein and Stein (1992) and are recommended by Pollack et 

al. (1993) 
b sed.= sedimentary met.= metamorphic 
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Chapter 3: Spatial analysis 
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Map creation 

 
The result of data acquisition is map construction. Maps show local, regional, or global heat flow 

patterns. The "geothermal map" is a representation of the spatial patterns that exposes the 

temperature-at-depth, geothermal gradient, and (or) heat flow distribution. It is essential to 

complement the geothermal maps with information related to geology, tectonics, or hydrogeology 

(Čermak and Haenel, 1988; Eppelbaum et al., 2014). The construction of maps is carried out from 

interpolation methods or through spatial estimation using geostatistical methods. 

 

3.1 Isoline interpolation 

Isoline interpolations are estimates of continuous functions based on data observations at discrete 

points. Computational algorithms execute the interpolations methods from values within regularly 

or irregularly spaced data. Add geological and geophysical parameters during the algorithm's 

execution will improve optimal results (Davis, 2002). Tobler's first law of geography expresses 

the basic concept of interpolation; Tobler's law expresses that "all places are related, but nearby 

places are more related than distant places" (Gruver, 2018). The sections below described the 

generalities of some isoline interpolation methods. 

 

3.1.1 Isolines triangulation 

The method works from localized data without any regularity, connecting lines generating 

triangles and interpolating each triangle side, producing a contour line (Davis, 2002). The 

triangulation method was introduced at Geographic Information Systems by ESRI in an algorithm 

called Triangulated Irregular Network (TIN). 

 

The TIN algorithm works from a triangle network formed by the Delaunay algorithm. TIN works 

by circumferences in each triangle, and every circumference should not contain another triangle's 

vertex, maximizing all triangles' minimum interior angle and avoiding long and thin triangles 

(ESRI, 2016). The TIN method is widely used on topographic data because the triangles are 

adequate to represent inclined plane plates, which result in a close approximation to a surface 

(Davis, 2002). This method is also used for high-precision modeling in small areas and not usually 

valid in angular coordinates, avoiding their use in regional studies (ESRI, 2016). 
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3.1.2 Polynomial function 

Polynomial function (Eq. 3.1), also called trend surface analysis, is a global analysis method that 

fits a polynomial function to a point's values in space. The independent variables in a polynomial 

function are the spatial coordinates (Bonham-Carter, 1995). 

𝑧 = 𝑓(𝑥, 𝑦) (3.1) 

 

From eq. 3.1, the measured value 𝑧 is a function of the coordinates 𝑥 and 𝑦 (Bailey and Gatrell, 

1995). For example, a cubic trend surface is represented by the eq. 3.2. 

𝑧(𝑥, 𝑦) = 𝑏0 + 𝑏1𝑥 + 𝑏2𝑦 + 𝑏3𝑥2 + 𝑏4𝑥𝑦 + 𝑏5𝑦2 + 𝑏6𝑥3 + 𝑏7𝑥2𝑦 + 𝑏8𝑥𝑦2 + 𝑏9𝑦3 (3.2) 

 

The polynomial equation (i.e., Eq. 3.2) characterizes and recognizes spatial trends, and estimate 

unknown values in unsampled localities (Bonham-Carter, 1995; Wang, 2015). High order models 

represent the complex surfaces, and the coefficient of determination (R-squared or R2) provides 

some information about the goodness of fit of the polynomial model used to characterize the 

analyzed surface. It is essential to notice that a better model fit does not indicate better model 

estimations; for this reason, cross-validation is necessary to compare the model with the measured 

data (Wang, 2015). 

 

3.2 Spatial estimation 

Spatial estimation predicts values in locations without sampling. The estimations' quality is 

affected by the number of samples, the samples' location, and border effects; for example, clustered 

samples could generate a bias. The spatial estimation is divided into deterministic or statistical 

methods. Deterministic methods use a mathematical method to calculate an unsampled region's 

value, while statistics use statistical information and its spatial arrangement of the samples 

(Gruver, 2018). A brief description of the spatial estimation is presented in the following sections. 

 

3.2.1 Inverse distance weighting 

Inverse Distance Weighting (IDW) is a non-linear deterministic interpolation method that 

estimates values in unsampled locations based on the weighted average of nearby points, with an 

inverse weight of the distance raised to a power value. Tobler's first law of geography governs this 
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method because the closest points significantly influence the interpolation more than points at a 

greater distance (Brunsdon and Comber, 2015; Chang, 2004; Wang, 2015). 

 

IDW is defined by: 

𝑧𝑢 =
∑ 𝑧𝑖𝑑𝑢𝑖

−𝑘𝑠
𝑖=1

∑ 𝑑𝑢𝑖
−𝑘𝑠

𝑖=1

` (3.3) 

 

where 𝑧𝑢 is the estimated value at location 𝑢, 𝑧𝑖 is the sample value at location 𝑖, 𝑑𝑢𝑖 is the distance 

between the location 𝑢 and location 𝑖, and 𝑘 the power value. 

 

According to Bonham-Carter (1994), greater distances produce a smaller effect on interpolated 

value. The power value 𝑘 can be determined by a search radius, and the value can have different 

effects listed here (Moral García, 2003; Robeson, 1997): 

 Low power values (0 < 𝑘 < 2) highlight local anomalies. 

 High power values (3 < 𝑘 < 5) smooth local anomalies. 

 When 10 ≤ 𝑘 the estimation is polygonal (flat). 

 When 𝑘 = 0 the estimation is the moving average. 

The bullseyes are common in this interpolation method. The bullseye is a concentric curve around 

an estimated location (Moral García, 2013) and sometimes could not represent reality. 

 

3.2.2 Structural analysis 

In geostatistical modeling, structural analysis is the first step to perform spatial estimation using 

kriging or geostatistical simulations. The structural analysis estimates and models spatial 

continuity by performing the semivariogram analysis, that is, studying the main features of the 

regionalization; this semivariogram will be useful in subsequent spatial estimations or simulations 

(Díaz Viera, 2002; Moral García, 2003). The semivariogram is a statistical concept described by 

the mean variability of a random field 𝑍(𝑥), defining the semivariogram of a random intrinsic 

function as: 

𝛾(ℎ) =
1

2
𝑉𝑎𝑟[𝑍(𝑥 + ℎ) − 𝑍(𝑥)] (3.4) 
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If the variables are stationary and intrinsic, the mean of 𝑍(𝑥 + ℎ) − 𝑍(𝑥) is equal to zero and the 

eq. 3.4 is defined by: 

𝛾(ℎ) =
1

2
𝐸 [{𝑍(𝑥 + ℎ) − 𝑍(𝑥)}

2
] (3.5) 

 

where 𝑥 + ℎ and 𝑥 are points in an n-dimensional space, the semivariogram function 𝛾(ℎ) finds 

the relationship between the semivariance and the ℎ vector separation, known as lag. The lag 

separation is the distance and the direction of any pair of values 𝑍(𝑥) and 𝑍(𝑥 + ℎ) (Armstrong, 

1998; Díaz Viera, 2002; Moral García, 2003). 

 

The stationary variable's semivariogram characteristics are the sill, the range, and the nugget effect 

(Figure 3.1). The sill is the upper limit value and sometimes corresponds to the sample variance. 

The range is the distance h at the variogram that stabilizes and defines the distance sample 

relationship. The range could not be equal in all directions, thus because some phenomena are 

characterized by anisotropy. Finally, the nugget effect indicates variability at short sample 

distances caused by sampling errors or unknown sample variabilities (Davis, 2002; Díaz Viera, 

2002; Moral García, 2003). 

 

 
Figure 3.1 Variogram characteristics 

 



21 
 

From data sample distribution in the space, the experimental semivariogram is calculated using 

the following equation:  

𝛾(ℎ) =
1

2𝑁(ℎ)
∑ [𝑍(𝑥𝑖 + ℎ) − 𝑍(𝑥𝑖)]

2𝑁(ℎ)

𝑖=1  (3.4) 

 

where 𝑁(ℎ) is the sample pairs number at lag ℎ, 𝑍(𝑥𝑖) are the sample values at location 𝑥𝑖 and 

𝑍(𝑥𝑖 + ℎ) are the sample values at location 𝑥𝑖 separated by one lag.  

 

The calculation of the experimental semivariogram parameters is by the trial-and-error method. It 

is essential to mention that outliers, an inappropriate coordinate system, specifying a wrong 

variogram direction, a small or large tolerance, or any poorly specified parameter during the 

experimental semivariogram estimation could inadequately result in an apparent too large nugget 

effect and too short range. The optimal experimental variogram calculation results when the data 

is in a regular mesh with a representative data sampling with a normal distribution (Díaz Viera, 

2002; Leuangthon et al., 2008). 

 

Figure 3.2 shows the parameters required for calculating the experimental semivariogram: 

azimuth, tolerance angle, bandwidth, lag distance, and lag numbers (Leuangthon et al., 2008). 

Furthermore, a theoretical model needs to be adjusted to the experimental semivariogram to any 

linear combination to become equal to zero (Armstrong, 1998). 
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Figure 3.2 Required parameters to calculate the experimental variogram (Leuangthon et al., 2008) 

azm = azimuth, atol = tolerance angle, Lag dist. = lag distance. 

 
The experimental semivariogram is fit by a mathematical model of the random function and its 

semivariogram (Moral García, 2003). The frequent mathematical models used to fit the 

experimental semivariogram are listed below: 

 

1. Nugget effect model 

The nugget effect model is the simplest because the samples are random without spatial 

correlation. The model function is in eq. 3.5. 

𝛾(ℎ) = {
0  𝑠𝑖  ℎ = 0
𝑀  𝑠𝑖  ℎ > 0

  (3.5) 

 

From eq. 3.5 𝑀 is the sill value and ℎ is the lag distance. 

 

2. Spherical model 

A simple polynomial expression represents the spherical model, and its shape has an almost linear 

growth until it stabilizes with distance. The tangent at the origin reaches the sill at a distance 2𝑎

3
. 

The function that expresses the spherical model is in eq. 3.6. 
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𝛾(ℎ) = {𝑀 (
3

2

ℎ

𝑎
−

1

2

ℎ3

𝑎3
)  𝑠𝑖  ℎ < 𝑎

𝑀  𝑠𝑖  ℎ ≥ 0
 (3.6) 

 

For the eq. 3.6, 𝑎 is the range, 𝑀 is the sill and ℎ is the lag distance. 

 

3. Exponential model 

The exponential model has a practical range at 3a because this distance reaches the 95% of its limit 

value. The exponential model and the spherical model are linear in short distances. Nevertheless, 

the difference between these models is that the exponential model grows faster and gradually 

stabilizes. The exponential model is expressed in the eq. 3.7.  

𝛾(ℎ) = 𝑀 (1 − 𝑒−
ℎ

𝑎)   𝑠𝑖  ℎ ≥ 0 (3.7) 

 

For the eq. 3.7, 𝑎 is the range, 𝑀 is the sill and ℎ is the lag distance. 

 

4. Gaussian model 

The Gaussian model is the only stationary model with an inflection point and is used to modeling 

continuous phenomena. The Gaussian model considers range (𝑎) to be the distance where the 

variogram reaches 95% of the sill. Eq. 3.8 represents the Gaussian model. 

𝛾(ℎ) = 𝑀 (1 − 𝑒−(
ℎ

𝑎
)

2

) 𝑠𝑖 ℎ ≥ 0 (3.8) 

 

For the eq. 3.8, 𝑎 is the range, 𝑀 is the sill and ℎ is the lag distance. 

 

In geostatistics, variogram is essential for modeling continuous and categorical variables using 

kriging or stochastic simulations. 

 

3.2.3 Kriging 

 

Kriging is a local estimation technique that gives the best unbiased linear estimates (Díaz Viera, 

2002). There are various types of kriging, and to use each one of them, different conditions are 
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necessary. Besides, before applying the kriging method, it is necessary to carry out the structural 

analysis and semivariogram modeling. All the kriging estimators are variants of the eq. 3.9 (Díaz 

Viera, 2002). 

𝑍∗(𝑥) = ∑ 𝑤𝑖𝑍(𝑥𝑖)𝑛
𝑖=1  (3.9) 

 

where 𝑤𝑖 is the kriging weights, 𝑍(𝑥𝑖) is the sampled values, and 𝑍∗(𝑥) is the estimate values 

derive from a linear combination of 𝑍(𝑥𝑖). The number of data n use in the estimation varies in 

each geographic location. The 𝑤𝑖values obtain provide an unbiased estimator 𝐸[𝑍∗(𝑥) − 𝑍(𝑥)] =

0 with minimum variance 𝑉𝑎𝑟[𝑍(𝑥) − 𝑍∗(𝑥)]. The most used kriging estimators are listed below:  

 

1. Simple Kriging 

Linear kriging has constant and knew expected values throughout the studied area. This estimator 

is represented by: 

𝑍0
∗ = ∑ 𝑤𝑖𝑍(𝑥𝑖)

𝑛
𝑖=1 + 𝑚[1 − ∑ 𝑤𝑖

𝑛
𝑖=1 ] (3.10) 

 

With an estimation variance as: 

𝜎𝑘𝑠
2 = 𝑉𝑎𝑟[𝑍(𝑥𝑖) − 𝑍0

∗] = 𝐸 [(𝑍(𝑥𝑖) − 𝑍0
∗)

2
] (3.11) 

 

where 𝑤𝑖 is the kriging weights, 𝑍(𝑥𝑖) is the sampled values, 𝑍0
∗ is the estimation value, and 𝑚 is 

the mean, which is a constant value for the entire sampled area. 

 

In order to use simple kriging, the expected value (mean value) must be known for 𝑛 + 1 and 

𝑚(𝑥𝑖) = 𝐸[𝑍(𝑥𝑖)], ∀𝑖= 0, … , 𝑛; also, the covariance 𝜎𝑖𝑗 of the random function Z (x) is necessary 

to be known. The simple kriging assumes no large-scale variation being this model far from reality 

(Díaz Viera, 2002). 

 

2. Ordinary Kriging 

A kriging estimator with unknown mean values throughout the studied area. Ordinary kriging is 

expressed by: 
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𝑍𝐾0
∗ = ∑ 𝑤𝑖𝑍(𝑥𝑖)

𝑛
𝑖=1  (3.12) 

 

The ordinary kriging variance is expressed in function of the variogram, that is: 

𝜎𝐾𝑂
2 = 𝜇 + ∑ 𝑤𝑖𝛾𝑘𝑖

𝑛
𝑖=1   (3.13) 

 

The weights 𝑤𝑖 minimize the error's variance and ensure that the estimate is not biased; in other 

words ∑ 𝑤𝑖
𝑛
𝑖=1 = 1. From eq. 3.13, the Lagrange multiplier is represented by μ. In ordinary kriging, 

random's function mean values need to be constantly following 𝑚(𝑥𝑖) = 𝐸[𝑍(𝑥𝑖)], ∀𝑖= 0, … , 𝑛. 

Also, it is necessary to know the covariance 𝐶(ℎ) = 𝐸[𝑍(𝑥 + ℎ)𝑍(𝑥)] or the semivariogram 

𝛾(ℎ) =
1

2
𝑉𝑎𝑟[𝑍(𝑥 + ℎ) − 𝑍(𝑥)] (Díaz Viera, 2002). 

 

3. Universal Kriging 

Universal kriging is an estimator with a known trend. This kriging model needs the trend expressed 

as a polynomial representation and the second-order moment of the random functions (covariance 

or semivariogram) of the data without the trend (Díaz Viera, 2002). The following equation 

expresses this estimator: 

𝑍𝐾𝑈
∗ = ∑ 𝑤𝑖𝑍(𝑥𝑖)

𝑛
𝑖=1  (3.14) 

 

And a variance estimation carried out by: 

𝜎𝐾𝑈
2 = 𝜎2 − ∑ 𝑤𝑖𝜎𝑖0

𝑛
𝑖=1 + ∑ 𝜇𝑙𝜙𝑙(𝑥0)𝑘

𝑙=1  (3.15) 

 

The universal kriging presents difficulties related to the estimations of the polynomial equations 

that represent the trend 𝑚(𝑥). Also, the detrend semivariogram calculation (or residuals' 

semivariogram) could be challenging to obtain (Díaz Viera, 2002). 

 

With the structural analysis and the kriging estimation is possible to carry out a spatial analysis of 

the DBMS and heat flow data. The spatial analysis of the database is fundamental to perform 

geostatistical simulations. 
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3.3 Geostatistical simulations 

Kriging estimations are sometimes insufficient to describe a phenomenon's spatial distribution due 

to a lack of information (Méndez-Venegas, 2008). The reality can be simulated by numerical 

models obtained by random function simulations; for this reason, the geostatistical simulation 

objective is to simulate a random function's realizations to preserve the sample probability 

distribution of the samples. Also, a simulation needs to reproduce at least the first and second-

order moments inferred from a random function sample (Díaz Viera, 2002). This chapter mentions 

the main geostatistical simulations, and which is suitable for simulating the DBMS and heat flow. 

 

The simulation results must have the same mean, variance, histogram, covariance, or 

semivariogram. This methodology depends less on the number of samples and their spatial 

distribution, while the spatial estimation methods (i.e., kriging) are more affected by the number 

of samples and their distribution.  

 

Geostatistical simulations main characteristics are a) using a conditional simulation, the spatial 

interpolation is exact, b) simulation results are not smooth because the spatial variability is the 

same as the sampled values, and c) the conditional simulation variance is twice the kriging variance 

because the error between samples and simulations does not have minimum variance (Díaz Viera, 

2002). The commonly used simulation methods are mentioned in table 3, showing generalities of 

their characteristics. 

 
Table 3 Commonly used geostatistical simulations (From Díaz Viera, 2002) 

Simulation Conditional Gaussian  Regular grid 

Sequential indicator Yes No No 

Truncated Gaussian Yes Yes No 

Plurigaussian Yes Yes No 

Boolean No No No 

Turning bands No Yes No 

Sequential Gaussian Yes Yes No 

Simulated annealing Yes No No 
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For this work, the Sequential Gaussian simulation (SGS) is used due to this is a suitable method 

to construct maps and evaluate the spatial patterns of sampled values (e.g., Cardellini et al., 2003; 

Chen et al., 2012). The SGS uses a regular grid at the sampled area, and the simulations for each 

spatial location in the grid are done from the conditional cumulative Gaussian distribution defined 

from the sampled data (Cardellini et al., 2003; Chen et al., 2012). The SGS presents better results 

than kriging because it solves the overestimation and underestimating values produced by kriging. 

 

All the simulations must reproduce the semivariogram and the histogram of the sampled data with 

some ergodicity. If there is no appropriate reproduction of the random function second-order 

moments, simulations are not adequately representing the sampled values; for this reason, it is 

crucial to verify the semivariogram and histogram. Finally, the simulation results are presented as 

the e-type model (average value for all simulations) and the conditional variance model (variance 

of all the simulations), quantifying the method's uncertainty. 
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Chapter 4: Heat flow measurements 
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Borehole temperature logging 

 

It is possible to determine the surface heat flow from temperature measurements at depth and the 

rocks' thermal conductivity from boreholes. There are different methods to determine the heat 

flow; in precision temperature logs, the heat flow calculation uses the Bullard or interval method, 

while the Bottom Hole Temperature (BHT) measurements use the Fourier's law. It is possible to 

detect disturbances in the heat transfer mechanism in precision temperature logs, affecting the heat 

flow calculations. These disturbances could be associated with convection (caused by drilling or 

hydrogeological regime), heat generation, seasonal temperature changes, or others. In the 

following sections, we analyze the borehole heat flow calculations. 

 

4.1 Temperature logs 

Geophysical borehole logging, including the temperature logs, are measure during or at the end of 

the drilling. In some cases, temperature records are measure by employing thermistors connected 

to an electrical recording wire, as is shown in figure 4.1. 

 

 
Figure 4.1 Temperature logging at Los Cabos, México 

Temperature logs are mainly measured using precision temperature logs and BHT logs. Precision 

temperature logs are gauged at different depth intervals at the end of the borehole drilling (Fig. 
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4.2a). Meanwhile, the BHT logs are quantified at the maximum borehole depth during drilling 

intervals or at the drilling end (Fig. 4.2b). 

 

 
Figure 4.2 (a) Precision temperature log (> 300 temperature measurements) at water borehole and (b) 

BHT log at four depths during drilling operation at petroleum borehole. 

 

The temperature log objectives are to calculate the geothermal gradient and the surface heat flow. 

However, borehole drilling could alter the thermal regime and result in disturbed temperature logs. 

For this reason, to obtain unaltered temperature logs, boreholes should be allowed to stabilize for 

a few months or even years; however, the stabilization time sometimes is not possible. Therefore, 

there are different correction methods to estimate the unaltered rock temperatures. 

 

According to Beardsmore and Cull (2001), the temperature logs and their corrections are ranked 

in order of decreasing accuracy: 

1. Precision temperature logs (measured in thermal equilibrium at a stabilized borehole). 

2. Drill Steam Tests. 

3. Corrected BHT’s: 

a. Cooper and Johns (1959) correction with reliable data. 

b. Horner plot correction with reliable data. 

c. Horner plot correction with less reliable data. 

d. Other corrections. 
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Precision temperature logs are suitable measurements to analyze better the borehole perturbations 

and the heat transfer mechanisms. Precision temperature logs could show thermal conductivity 

changes at depth or perturbations caused by seasonal temperature changes and fluid movement 

(convection). 

 

4.2 Temperature logs and thermal conductivity 

The temperature increases linearly, assuming a steady-state and conductive heat transfer 

mechanism with constant thermal conductivity at depth and without heat generation. Any 

alteration to the assumptions mentioned before causes disturbances that affect the linear 

temperature increase. Precise temperature logs help to identify the disturbances in the linear 

temperature increment. 

 

Abrupt thermal conductivity variations can be detected in precise temperature profiles, resulting 

in linear segments with different geothermal gradient values (Fig. 4.3). Cull and Sparksman (1977) 

show that thermal conductivity changes at depth could be associated with geothermal gradient 

linear segments. Also, they notice that abrupt changes in the thermal conductivity do not affect the 

Bullard plot's linearity. Schütz et al. (2018) calculate heat flow using the interval method from 

linear segments in the geothermal gradient to avoid possible problems related to thermal 

conductivity changes at depth. 
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Figure 4.3 Schematic temperature profile showing thermal conductivity changes at depth (Modified from 

Jorden and Campbell, 1984). 

 

4.3 Temperature logs perturbation 

Temperature log perturbations are associated with irregular geothermal gradients, even negative 

gradients, affecting the heat flow measurements (Roy et al., 1972). Therefore, it is essential to 

identify irregularities in temperature logs because sometimes data become unusable if it has strong 

perturbations and cannot be corrected. Different temperature log perturbations are described in the 

following sections. 

 

4.3.1 Shallow boreholes 

Different authors suggest depths below 200 meters,  the temperature logs are robust, and it is not 

necessary to apply corrections to them (Beck and Balling, 1988; Cull and Sparkman, 1977; 

Richards et al., 2012; Roy et al., 1972), although these authors agree that shallow boreholes are 

often disturbed by changes in the thermal regime at the surface caused by abrupt changes in 

vegetation, erosion, sedimentation, seasonal variations, or topography (Beck and Balling, 1988; 

Powell et al., 1988; Roy et al., 1972). 
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Lovering and Goode (1963) carried out geothermal gradient studies in shallow boreholes 

(shallower than 130 m) and found that the disturbances caused by daily temperature changes affect 

the temperatures logs at depths shallower than 1.5 m. On the other hand, periodically temperature 

changes with a duration of two weeks rarely penetrate deeper than 5 m, and annual temperature 

changes affect approximately until 20 m deep, depending on the rocks' thermal parameters. 

 

The interpretation of shallow borehole temperature logs is extensive; nevertheless, most of the 

boreholes in this work have more than 200 m of depth, and the shallow perturbations are no 

significant. 

 

4.3.2 Fluid movement 

The fluid movement that causes perturbations on temperature logs is associated with advection or 

drilling. Advection (or forced convection) is the fluid movement in a porous body cause by the 

hydraulic regime (Beck and Balling, 1988; Cull and Beardsmore, 2001; Richards et al., 2012). 

Deep infiltration, circulation, or convection of fluids cause borehole sections where the 

temperature is constant or nearly constant with depth (isothermal profile sections). Also, shallow 

cold aquifers can change the borehole thermal regime, in which the cold water upward flow 

indicates heat loss (Grant and Bixley, 2011; Steingrímsson, 2011). 

 

Figure 4.4 shows a temperature-depth profile with three profile sections. The first kilometer has 

conductive heat transport with a high gradient and linear profile. Then from 1 to 3.3 km, a 

convective heat transfer mechanism is identified with a geothermal gradient reduction. Finally, 

below 3.3 km, a transport regime is conductive (Grant and Bixley, 2011). 
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Figure 4.4 Temperature profile showing different heat transfer mechanisms (Modified from Grant and 

Bixley, 2011) 

 

In geothermal systems, the temperature gradient reduction is typical due to the phase change at the 

reservoir. In reservoirs dominated by water, temperatures greater than 250 °C could present low 

or zero geothermal gradient values at temperature logs (Fig. 4.5). Meanwhile, in reservoir 

dominated by steam, temperatures greater than 240 °C could present low or zero geothermal 

gradient values at temperature logs (Steingrímsson, 2011). 
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Figure 4.5 Temperature profile from a geothermal field (Los Humeros) in Mexico. The profile presents 

conduction until 1000 m, and convection caused by phase change below 1000 m and above the 250 ºC 

 

Meanwhile, fluid flow induced by drilling is mainly associated with aquifers’ connection or 

drilling mud. The thermal effect caused by two aquifers' connections affects the temperature logs 

substantially, and the data becomes unsuitable for heat flow calculations. The aquifers' connection 

is illustrated in Fig. 4.6 (Beck and Balling, 1988). 

 

 
Figure 4.6 Schematic temperature profile showing temperature perturbation caused by aquifer 

connection.  A) Descending flow and B) ascending flow (Modified from Beck and Balling, 1988). 
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The thermal regime of rocks is altered by drilling, nevertheless, the water at the bottom of the 

borehole is static during drilling pauses because there is no path opened for water movement. For 

this reason, BHT measurements are usually not disturbed by fluid circulation (Jessop, 1990). 

Recording BHT during drilling shutdowns in the morning or the evening approximates the 

unaltered rock temperatures and avoids disturbance caused by water movement during drilling 

(Fig. 3.7). 

 

 
Figure 4.7 Temperature logs measure during drilling pauses and at the end of the drilling (Modified from 

Lewis and Jessop, 1981) 

 

4.4 Temperature measurements and heat flow calculation in Mexico 

It is essential to analyze temperature logs to detect fluid circulation or calculate the heat flow. The 

data quality varies on the thermal regime detected (conduction, convection, or both) and 

measurement methods. Depending on the thermal dominant regime in the temperature data, it is 

possible to decide if boreholes are usable or they need to be eliminated from the database. 

 

Borehole depth needs to be considered because shallow boreholes are often affected by the 

superficial thermal regime, and corrections are necessary. Boreholes deeper than 200 m without 

fluid flows are suitable for heat flow calculations, and in these temperature logs, the first meters 

can be ignored if there are strong perturbations. Boreholes with depths shallower than 200 m have 

lower quality and should be removed if the log does not have a constant and unaltered geothermal 
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gradient for at least 50 m (Roy et al., 1972; Cull and Sparksman, 1977; Gosnold et al., 2011; 

Richards et al., 2012). 

 

In this work, the heat flow calculations use the geothermal gradient's linear increment associated 

with conduction. For this reason, the calculation is performed only in boreholes with segments of 

several hundred meters of the geothermal gradient's linear increment (Fig. 4.8). 

 

 
Figure 4.8 Borehole MEX039. This example shows the perturbations and the constant linear increment of 

the geothermal gradient linear in several hundreds of meters. 

 

The calculation of heat flow needs the thermal conductivity values. When the thermal conductivity 

values from boreholes are not available, the calculation is carried out using the average values 

corresponding to the borehole's geological column or by using the earth's crust average. Finally, 

by using the Bullard method, the heat flow calculations are carried on. The Bullard method uses 

the linear regression between thermal resistance and temperature, calculating heat flow using eq. 

4.1. 

𝑇𝑑 = 𝑇𝑜 + 𝑞𝑜𝑅 (4.1) 

 

where 𝑇𝑑 is the temperature at depth, 𝑇𝑜 is surface temperature, 𝑞𝑜 is surface heat flow represented 

by the straight-line slope, and 𝑅 is the thermal resistance. 
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Thermal resistance is defined by individual formations or layers with thickness 𝛥𝑧𝑖 and thermal 

conductivity data 𝜆𝑖, as is shown in eq 4.2 (Beardsmore and Cull, 2001). Heat flow calculations 

examples are shown in Fig. 4.9. 

𝑅 = ∑ (
𝛥𝑧𝑖

𝜆𝑖
)𝑖  (4.2) 

 

 
Figure 4.9 Heat flow calculations. a) Temperature at depth profile and b) Bullard from borehole 

MEX060. c) Temperature at depth profile and d) Bullard from borehole MEX023. 

 

From the 108 temperature logs analyzed, only 87 temperature logs are adequate for heat flow 

calculations (see chapter 6.1). The heat flow calculations are an update from previous works, where 
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there are variations between the first heat flow calculated values (Espinoza-Ojeda et al., 2017) and 

the recalculated values. For example, borehole MEX057 at Los Humeros geothermal field has an 

initial heat flow of 10 𝑚𝑊 𝑚−2 (Fig. 4.10a), and the recalculated heat flow is 364.8 𝑚𝑊 𝑚−2 

(Fig. 4.10b). Mexico's database from new data, compilations, and recalculated values has 1872 

heat flow measurements. 

 

 
Figure 4.10 (a) Temperature data used in the first heat flow measurement, (b) temperature data used in 

the recalculated heat flow. 
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Chapter 5: Depth to the bottom of the magnetic sources 
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5.1 MAGCPD: A MATLAB-based codes to calculate the Curie point-depth involving 

the spectral analysis of aeromagnetic data. 

(Published paper at Earth Science Informatics journal) 
 
 
Note: The equation number 8 is corrected using this equation: 

Δ𝑍𝑏 = √(2Δ𝑍0)2 + Δ𝑍𝑡
2  

 
This change is associated with an error on Martos et al. (2019) paper. More details at 
https://doi.org/10.1007/s12145-020-00540-y.  

https://doi.org/10.1007/s12145-020-00540-y
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5.2 Analysis of the relation between bottom hole temperature data and Curie 

temperature depth to calculate geothermal gradient and heat flow in Coahuila, 

Mexico. 

(Published paper at Tectonophysics journal) 
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Chapter 6: Results 
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6.1 Heat flow map and geothermal resources in Mexico 

(Published paper as second author at Terra Digitalis journal) 
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6.2 Geostatistical mapping of the depth to the bottom of magnetic sources and heat 

flow estimations in Mexico 

(Published paper as second author at Geothermics journal) 
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Conclusions 
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Conclusions 

 
The main result of this thesis work is that two heat flow maps of Mexico were obtained. The first 

map was constructed with borehole and seafloor heat flow data, and the second map is the result 

of heat flow estimations using the depth to the bottom of magnetic sources (DBMS) calculation. 

An updated surface heat flow database was created using data compilations and analyzing 

temperatures profiles in this work. Finally, to obtain heat flow measurements in zones where 

boreholes were scarce or absent, geostatistical simulations of the heat flow estimations using the 

DBMS were computed. From the results obtained and considering the methodologies applied, the 

main conclusions are: 

 

 The heat flow map made with the actual temperature gradient measurements in boreholes 

shows a good correlation with the main tectonic features and provides an excellent data 

base to calibrate the heat flow estimations based on DBMS calculations. 

 The DBMS estimations by assuming random and uncorrelated magnetization yields unreal 

values. A fractal magnetization model is necessary to yield realistic DBMS calculations. 

 The patterns of heat flow and geothermal gradient estimations from the DBMS and the 

average borehole data show correlation when the conduction is the primary heat transfer 

mechanism, and the heat generation rates are low or negligible. 

 Wavenumber ranges used to calculate the centroid and the top of the magnetic source are 

strictly related to detectable slopes in the amplitude (or power) spectrum. The slope 

selections depend directly on the magnetic signal related to the geological setting. Forward 

modeling is essential to help in wavenumber range use. 

 Geostatistical methods provide maps to analyze spatial patterns and quantify the 

uncertainties. 

 The DBMS geostatistical simulation results are compared with the heat flow database, 

showing that Mexico's effective thermal conductivity is between 1 and 3 𝑊

𝑚 𝐾
. Besides, local 

changes in the heat transfer mechanisms affect the relationship between the DBMS the heat 

flow. 

 In geothermal fields with intense hydrothermal convection, the estimated DBMS heat flow 

differs significantly from borehole heat flow measurements because the convection or the 
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combination of convection and conduction throughout an entire geothermal reservoir 

generate a more efficient heat transfer regime. Cerro Prieto and Acoculco geothermal fields 

are examples of this. 

 Increasing the number of surface heat flow measurements in Mexico will improve better 

heat flow maps, supporting the estimations obtained from DBMS and delineating new 

geothermal prospects. 

 Small DBMS values and high heat flow values are related to ocean floor spreading zones 

and recent volcanism. From the results obtained, it is possible to conclude that the main 

tectonic features control the heat flow patterns and DBMS distribution. 
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Supplementary Material 

 

Content of this file 

Methods to calculate Depth to the Bottom of Magnetic Sources. 

Application of the Sequential Gaussian Simulation. 

Figures S1 to S5. 

Tables S1 and S2. 

 

Introduction 

This supplementary material file contains the description of the estimations of the depth to the 

bottom of magnetic sources (DBMS) and the statistical analysis using Sequential Gaussian 

Simulation. The tables compile the wavenumber ranges used to calculate the DBMS from different 

studies and the thermal parameters used to calculate heat flow depending on the 

tectonostratigraphic provinces. Moreover, this file contains examples of the autocorrelation 

function, the corrected amplitude spectra, the corrected scaled-amplitude spectra, the wavenumber 

ranges for calculating the top (𝑧𝑡) and centroid (𝑧0) depth of the magnetic sources, the modeled 

spectra versus the original spectra and the results for the windows labeled in Figure 3. Finally, the 

spatial distribution of the heat flow data (boreholes and seafloor) used to compare the DBMS 

results in Figure 7 is presented. 

 

Depth to the bottom of magnetic sources calculation 

The calculation of the DBMS is carried out using the radially averaged amplitude spectrum of 

magnetic anomalies. Diverse methods have been developed and applied: the analysis of the peak 

of the amplitude spectrum (Bhattacharyya and Leu, 1975; Blakely, 1988; Connard et al., 1983; 

Shuey et al., 1977; Spector and Grant, 1970), the centroid method (Okubo et al., 1985; Tanaka et 

al., 1999), modeling the peak of the amplitude spectrum (Ross et al., 2006), and using a fractal 

magnetization model of the amplitude spectrum (Bansal et al., 2011; Bouligand et al., 2009; Li et 

al., 2013; Maus and Dimri, 1995; Pilkington and Todoeschuck, 1993; Salem et al., 2014). 

The DBMS is calculated using the amplitude spectrum 𝐴(𝑘) of the magnetic anomalies. After 

Blakely (1995), the amplitude spectrum of a total magnetic field anomaly that is caused by an 

infinite horizontal layer of random magnetization is: 
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𝐴(𝑘𝑥, 𝑘𝑦) = 2𝜋𝐶𝑚A𝑚|𝛩𝑚||𝛩𝑓|𝑒−𝑘𝑍𝑡(1 − 𝑒−𝑘(𝑍𝑏−𝑍𝑡))               (1) 

where 𝑘𝑥 and 𝑘𝑦 are the wavenumbers in x- and y-direction, 𝐶𝑚 is a proportionality constant, A𝑚 

is the amplitude-density spectrum of the magnetization, 𝛩𝑚 is the directional factor related to the 

magnetization, 𝛩𝑓 is the directional factor related to the geomagnetic field, and 𝑍𝑡 and 𝑍𝑏 are the 

top and bottom of the magnetized horizontal layer, resp. 

The 3-D fractal magnetization model has a power spectrum of magnetization proportional to the 

norm of the wavenumber raised to power −𝛽 (Li et al., 2013): 

 𝜙𝑚(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) ∝ 𝑘−𝛽               (2) 

in which 𝜙𝑚(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) is the 3-D power spectrum of the magnetization and 𝑘𝑥, 𝑘𝑦, and 𝑘𝑧 are 

the x-, y- and z- components of the wavenumber. 

Following equation 2, for a 2-D horizontal fractal magnetization, constant vertical magnetization, 

and finite horizontal extension of the magnetic sources equation 1 becomes (Li et al., 2013; Kumar 

et al., 2020):  

𝐴(𝑘) = 𝐶1|2𝜋𝑘|−
𝛽−1

2 𝑒−|2𝜋𝑘|𝑧𝑡(1 − 𝑒−|2𝜋𝑘|(𝑧𝑏−𝑧𝑡))               (3) 

where 𝐶1 is a constant and 𝛽 is the 3-D fractal exponent related to the crustal lithology. For this 

study, the DBMS is calculated using the centroid method for a fractal magnetization model. This 

method determines the depth to the top and the centroid of a magnetic slab. If the considered 

wavelengths are less than twice the thickness of the magnetic layer, equation 3 can be 

approximated by (after Li et al., 2013): 

ln(𝐴(𝑘)) ≈ 𝐶2 − |2𝜋𝑘|𝑧𝑡 −
𝛽 − 1

2
ln|2𝜋𝑘|               (4) 

where 𝐶2 is a constant. Thus, the estimation of the top of the magnetic sources, 𝑧𝑡, is based on the 

slope of that part of the amplitude spectrum that contains information about the medium to high 

wavenumbers. In contrast, the centroid depth, 𝑧0, is derived from the part of the amplitude 

spectrum that represents the smaller wavenumbers. 

Following the centroid methodology (Tanaka et al., 1999), it is possible to approximate equation 

(3) by the following formula that relates the depth of the centroid of the magnetic layer 𝑧0 with the 

amplitude spectrum (Li et al., 2013): 

ln (
𝐴(𝑘)

|2𝜋𝑘|
) ≈ 𝐶3 − |2𝜋𝑘|𝑧0 −

𝛽 − 1

2
ln|2𝜋𝑘|               (5) 
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where 𝐶3 is a constant. Finally, the depth to the bottom of the magnetic source, 𝑧𝑏, is calculated 

as: 

𝑧𝑏 = 2𝑧0 − 𝑧𝑡               (6) 

Table S1 summarizes the different wavenumber ranges that have been used in other published 

DBMS estimations that used the centroid and modified centroid methods. In the cited studies, these 

wavenumbers are evaluated regarding the reasonability of the obtained results in relation to the 

tectonic and geological environment. However, the summary reveals a wide range of 

wavenumbers that probably depends on the specific nature of the magnetic sources and the 

geological environment. 

The depths to the top, the centroid, and the bottom of the magnetic sources are calculated for 

different values of 𝛽 using the equations 4, 5, and 6, respectively (Carrillo-de la Cruz et al., 2020b). 

From an iterative forward modeling, using different values of 𝛽 and wavenumber ranges, the 

differences between synthetic spectra and observed spectra are analyzed. To get reliable DBMS 

calculations, the root-mean square error, and the visual inspection of the similarity between the 

synthetic spectra and the observed spectra, alongside with autocorrelation function and geology, 

are essential (Fig. 2 at main manuscript). The root-mean square error is calculated by: 

𝑅 =  √
1

𝑛
∑(𝐴𝑓(𝑘) − 𝐴𝑠𝑦𝑛(𝑘))

2
𝑛

𝑖=1

               (7) 

in which 𝐴𝑓(𝑘) is the observed amplitude spectrum and 𝐴𝑠𝑦𝑛(𝑘) is the synthetic amplitude 

spectrum. The evaluation of 𝛽 must be done carefully because high values of 𝛽 could result in an 

overestimation of the DBMS. 

The uncertainty estimation related with the modified centroid method was proposed by Okubo and 

Matsunaga (1994). The uncertainty, 𝜖, in 𝑧0 and 𝑧𝑡 is always less than 15% of the corresponding 

estimated depth, and is calculated with the following equation: 

𝜖 =
𝜎

(𝑘𝑢 − 𝑘𝑙)
               (8) 

where 𝜎 is the standard deviation between the logarithm of the radially average amplitude spectrum 

and the linear fit of the least squares adjust. The difference (𝑘𝑢 − 𝑘𝑙) is the wavenumber range 

used. 
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From the uncertainty of 𝑧0 and 𝑧𝑡, the depth to the bottom of magnetic source (𝑧𝑏) uncertainty is 

calculated by using (Martos et al., 2017): 

Δ𝑧𝑏 = √(2Δ𝑧0)2 + Δ𝑧𝑡
2                (9) 

where Δ𝑧𝑏, Δ𝑧0 and Δ𝑧𝑡 are the uncertainties for 𝑧𝑏, 𝑧0 and 𝑧𝑡, respectively. The uncertainty of the 

method only represents the error in each window centers. 

Finally, the strong trends in the aeromagnetic data caused by regional geological units could affect 

the spectra used to calculate the DBMS. Ravat et al. (2007) and Shuey et al. (1977) suggest 

application of the autocorrelation function (𝐴𝐹) analysis to detect trends. A near-circular 𝐴𝐹 is 

associated with reliable DBMS calculations, while not near-circular AF is related to strong trends 

that may control the shape of the spectrum and produced biased results. The 𝐴𝐹 is calculated by: 

𝐴𝐹 = 𝐹−1[𝐹(𝑋)𝐹∗(𝑋)]               (10) 

where 𝐹(𝑋) is the fast Fourier transform of the magnetic data of the analyzed window, 𝐹∗(𝑋) is 

the complex conjugate and 𝐹−1 is the back transformation to the space domain. From the results 

of equation (10), it is necessary to take the real part and shift the zero-frequency components to 

the center of the spectrum. Finally, the autocorrelation function is normalized between -1 and 1. 

Figure S1 shows examples of the applied methodology and demonstrates that the different 

windows from different geological environments changes the fractal parameter and the 

wavenumber ranges. In addition, the autocorrelation functions show which geological structures 

cause trends that could bias the results.  

 

Sequential Gaussian Simulation application 

The Sequential Gaussian Simulation (SGS) assess the spatial variability of an attribute (e.g., 

Cardellini et al., 2003; Chen et al., 2012), considering the realization of an attribute as a stationary 

multivariate Gaussian random function (Cardellini et al., 2003). The attribute is simulated in each 

location following a regularly spaced grid of an area of interest by sampling a Gaussian conditional 

cumulative distribution function defined on the original data (Cardellini et al., 2003; Chen et al., 

2012). 

Before the simulation, an analysis and modeling of the semivariogram is mandatory. First, the 

normal score transformation is applied before the semivariogram calculation. Figure S2a displays 

the semivariogram of the DBMS normal score and shows the trend in the data. This trend is caused 

by the small DBMS values in the west of Mexico and by large DBMS values in the east. A linear 
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trend is removed from the DBMS and heat flow datasets in order to model the semivariogram and 

to apply the SGS. The residuals are exported for subsequent processing with GSLIB (Pyrcz and 

Deutsch, 2014). 

The semivariogram model fitted to the DBMS normal score residuals is an exponential model, 

following the expression 

𝛾 = 𝑐0 + 𝑐 [1 − exp (−
ℎ

𝑎
)]  𝑓𝑜𝑟  0 < ℎ               (11) 

whereas a spherical model was fitted to the normal score residuals of the heat flow values: 

𝛾 = 𝑐0 + 𝑐 [
3

2
(

ℎ

𝑎
) −

1

2
(

ℎ

𝑎
)

3

]  𝑓𝑜𝑟 0 < ℎ ≤ 𝑎               (12)  

In equations 11 and 12, γ is the semivariogram, 𝑐0 is the nugget effect, 𝑐 is the sill, 𝑎 is the range 

and ℎ is the lag distance between samples (Oliver and Webster, 2015). It is important to notice that 

the quantity 𝑐0 + 𝑐 is the sill variance. To model the normal scores semivariogram, this quantity 

is defined to be 1. Semivariogram modeling is presented in figures S2a, and S2b. 

After that, one hundred simulations of the DBMS and the heat flow were performed on 9 x 9 km 

pixels using the semivariogram models of figures S2a and S2b. The SGS simulations 25, 50, 75, 

and 100 are used by chance to verify if the normal score semivariograms and back-transformed 

Cumulative Distribution Function (CDF) of the simulated residuals reproduce the original residual 

data. 

Figure S3 shows the fluctuations between the calculated, modeled, and simulated semivariograms. 

The normal scores show fluctuations in all semivariograms. These fluctuations are stronger at 

larger lag distances. Meanwhile, Figure S4 shows the comparison between the CDF of the 

simulated residuals with the CDF of the residuals. The simulations reproduce the original residual 

data but exhibit fluctuations in the mean and the standard deviation (Tables in Figure S4). The 

fluctuations between the original data and the simulated residuals are small, hence the simulated 

and the original data are similar, and simulations can be used. 

Since all the realizations are equiprobable, it is necessary to simplify the model by averaging the 

values of each location (or pixel) using (Pyrcz and Deutsch, 2014): 

𝑧̅(𝑢𝛼) =
1

𝐿
∑ 𝑧𝑙(𝑢𝛼)

𝐿

𝑙=1

               (13) 
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where 𝐿 is the number of realizations of the attribute 𝑧 at the location 𝑢𝛼. The e-type model is the 

best estimate of all data and local statistics. From the e-type model, the conditional variance can 

be calculated for each location in the model by:  

𝜎2(𝑢𝛼) =
1

𝐿
∑[𝑧𝑙(𝑢𝛼) − 𝑧̅(𝑢𝛼)]2

𝐿

𝑙=1

               (14) 

The conditional standard deviation is: 

𝜎(𝑢𝛼) =  √𝜎2(𝑢𝛼)               (15) 

The conditional standard deviation is a useful to represent local uncertainty. In order to apply 

equations 13 and 15 to the simulated residuals, the removed trend in the semivariogram analysis 

needs to be added to the simulated residuals again. 
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Fig. S1. Examples for the autocorrelation function and amplitude spectrum of those windows 

labeled in Figure 3. 

Figure S1. Examples for the autocorrelation function 
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Fig. S2. Semivariogram analysis of a) DBMS, b) heat flow. 

 
 

Fig. S3. Normal score semivariograms of the simulations and original residual data of a) DBMS 

and b) heat flow. 
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Fig. S4. Cumulative Distribution Function and basic statistics of the residuals. 
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Fig. S5. Heat flow data (borehole and seafloor) and main tectonic features (from Prol-Ledesma et 

al., 2018; SMU Node of National Geothermal Data, accessed on February 25, 2020). Tectonic 

features, geothermal fields and prospects, recent volcanism, and abbreviations as in Figures 1 and 

6. 
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Table S1. Summary of wavenumber ranges (1/km) used to calculate the DBMS (complemented 

summary after Wang and Li, 2018). 

region 𝑧𝑡 wavenumber range 𝑧0 wavenumber range reference 

East and Southeast 

Asia 

~0.050-0.100 ~0.005-0.030 Tanaka et al. (1999) 

Western Argentina ~0.020-0.060 ~0.005-0.020 Ruiz and Introcaso 

(2004) 

Central-Southern 

Europe 

0.050-0.100 0.005-0.050 Chiozzi et al. (2005) 

Eastern China ~0.050-0.100 ~0.005-0.050 Li et al. (2009) 

Bulgaria 0.050-0.100 0.005-0.045 Trifonova et al. 

(2009) 

Central Turkey ~0.050-0.800 ~0.050-0.250 Maden (2010) 

Germany ~0.008-0.080* ~0.002-0.035* Bansal et al. (2011) 

Nankai subduction 

zone 

~0.050-0.100 ~0.005-0.050 Li (2011) 

Mexican Subduction 

Zone 

~0.095-0.140* ~0.008-0.032* Manea and Manea 

(2011) 

Central India ~0.002-0.100* ~0.002-0.020* Bansal et al. (2013) 

North Atlantic ~0.030-0.080 ~0.005-0.030 Li et al. (2013) 

Taiwan ~0.040-0.070 ~0.005-0.030 Hsieh et al. (2014) 

Southeast Tibet  ~0.040-0.080* ~0.006-0.070* Gao et al. (2015a) 

Tarim Basin 0.050-0.100 0.005-0.050 Gao et al. (2015b) 

Western North 

America 

~0.030-0.080 ~0.005-0.030 Wang and Li (2015) 

Arabian Shield ~0.003-0.036 ~0.003-0.027 Aboud et al. (2016) 

Western Turkey ~0.010-0.025* ~0.003-0.010* Bilim et al. (2016) 

SW Indian Ocean ~0.098-0.286 ~0.008-0.092 Gailler et al. (2016) 

E & SE Asia ~0.030-0.080 ~0.005-0.030 Li and Wang (2016) 
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South California ~0.010-0.020* ~0.003-0.010* Mickus and Hussein 

(2016) 

Northern Yucatan, 

Mexico 

~0.020-0.150 ~0.010-0.070 Espinosa-Cardeña et 

al. (2016) 

Alps & Po Plain ~0.040-0.160 ~0.010-0.070 Speranza et al. (2016) 

Lesser Antilles Arc ~0.096-0.178 ~0.012-0.088 Gailler et al. (2017) 

West Himalayan 

syntaxis 

~0.040-0.100* ~0.016-0.040* Gao et al. (2017) 

Antarctica ~0.180-0.400 ~0.030-0.150 Martos et al. (2017) 

Global ~0.030-0.080 ~0.005-0.030 Li et al. (2017) 

SW Caribbean ~0.030-0.080* ~0.005-0.030* Salazar et al. (2017) 

Pacific ~0.030-0.080 ~0.003-0.030 Li and Wang (2018) 

Greenland ~0.180-0.400 ~0.030-0.150 Martos et al. (2018) 

Iberian Peninsula ~0.350-0.480 ~0.004-0.020 Andrés et al. (2018) 

Coahuila, Mexico ~0.025-0.100* ~0.005-0.040* Carrillo et al. (2020a) 

Iran ~0.050-0.120* ~0.005-0.032* Kumar et al. (2020) 

* converted from rad/km 
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Table S2. Thermal conductivities (Robertson, 1988; Lee and Deming, 1998; Beardsmore and 

Cull, 2001; Eppelbaum et al., 2014; Pasquale et al., 2014; Dalla Santa et al., 2020) and heat 

generation rate (Smith, 1974; Smith et al. 1979; Hasterok et al., 2018) for tectonostratigraphic 

provinces of Mexico. 

 
Terrane Thermal 

conductivity 𝜆 

(
𝑊

𝑚𝐾
) 

Heat production 

rate at surface 

𝐻0 (𝜇𝑊

𝑚3
) 

Main rock type 

Trans-Mexican 

volcanic belt 

2.10 1.56 volcanic rocks 

Sierra Madre 2.34 1.53 sedimentary rocks 

over metamorphic 

basement 

Maya 2.48 0.88 sedimentary rocks 

over igneous and 

metamorphic 

basement 

Sierra Madre 

Occidental 

1.61 2.15 volcanic rocks 

(andesites, 

ignimbrites, and 

rhyolites) 

Caborca 2.45 1.38 metamorphic rocks 

intruded by igneous 

rocks 

Chihuahua 2.33 2.24 sedimentary rocks 

over basement, 

affected by volcanism 

Coahuila 2.24 1.6 sedimentary rocks 

over igneous-
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metamorphic 

basement 

Guerrero 2.24 1.78 igneous, 

metamorphic, and 

sedimentary rocks 

Juarez 2.26 0.83 sedimentary rocks 

Mixteco 2.07 1.05 igneous basement 

covered by 

sedimentary rocks 

Oaxaca 2.26 1.4 metamorphic rocks 

covered by 

sedimentary rocks 

Alisitos 2.27 0.99 Peninsular Ranges 

Batholith with 

influence of volcano-

sedimentary and 

ocean floor rocks 

Vizcaino 2.11 1.27 Peninsular Ranges 

Batholith and ocean 

floor rocks 
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MAGCPD codes 

Content 

Defractral and modified centroid 
 

Introduction 

This section presents the codes for the GUI published. The version is the 2.0 uploaded at 

https://github.com/juanxo90/MAGCPD at Feb 5, 2021. There are 3 files, the first two 

(modified_centroid.mlapp and defractral.mlapp) are written in MATLAB 2020a using the App 

Designer. It could be difficult paste the code in the App Designer, please go to GitHub and 

download it. Also, the file selectdata.m need to be in the same folder before to run the program, 

because is a fundamental part of it, if the file is not in the same folder, the app will crash. 

 

  

https://github.com/juanxo90/MAGCPD
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modifed_centroid.mlapp 

 
classdef modified_centroid < matlab.apps.AppBase 
 

% Properties that correspond to app components 
properties (Access = public) 
UIFigure matlab.ui.Figure 
UIAxes matlab.ui.control.UIAxes 
UIAxes2 matlab.ui.control.UIAxes 
UIAxes3 matlab.ui.control.UIAxes 
UIAxes4 matlab.ui.control.UIAxes 
FractalExponentLabel matlab.ui.control.Label 
FractalExponentEditField matlab.ui.control.NumericEditField 
SelectpointsButton matlab.ui.control.Button 
ValuesLabel matlab.ui.control.Label 
SurfacetemperatureCEditFieldLabel matlab.ui.control.Label 
SurfacetemperatureCEditField matlab.ui.control.NumericEditField 
CurietemperatureCEditFieldLabel matlab.ui.control.Label 
CurietemperatureCEditField matlab.ui.control.NumericEditField 
SurfaceheatproductionmicroWm3EditFieldLabel matlab.ui.control.Label 
SurfaceheatproductionmicroWm3EditField matlab.ui.control.NumericEditField 
EmpiricalheatproductiondepthdistributionparameterkmEditField 
matlab.ui.control.NumericEditField 
ThermalconductivityWmKEditFieldLabel matlab.ui.control.Label 
ThermalconductivityWmKEditField matlab.ui.control.NumericEditField 
PlotGeothermButton matlab.ui.control.Button 
RestartButton matlab.ui.control.Button 
SelectFileButton matlab.ui.control.Button 
Label matlab.ui.control.Label 
FlightaltitudekmEditFieldLabel matlab.ui.control.Label 
FlightaltitudekmEditField matlab.ui.control.NumericEditField 
EmpiricalheatproductiondepthdistributionparameterkmLabel matlab.ui.control.Label 
ModifiedCentroidMethodLabel matlab.ui.control.Label 
ResolutionkmEditFieldLabel matlab.ui.control.Label 
ResolutionkmEditField matlab.ui.control.NumericEditField 
end 
 

 

methods (Access = public) 
function [w,pw,ps,ci] = fractal_correction(~,x,b1) 
w = x(:,1); 
ps = x(:,2) - log( 2*pi*w ) + (0.5*(b1-1))*log( 2*pi*w );% for Z0 
pw = x(:,2) + (0.5*(b1-1))*log( 2*pi*w );% for Zt 
ci = x(:,3); 
end 
function b = data_aero(~,fileToRead1) 
%IMPORTFILE(FILETOREAD1) 
% Imports data from the specified file 
% FILETOREAD1: file to read 
% Auto-generated by MATLAB on 23-May-2019 17:59:12 
% Import the file 
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rawData1 = importdata(fileToRead1); 
% For some simple files (such as a CSV or JPEG files), IMPORTDATA might 
% return a simple array. If so, generate a structure so that the output 
% matches that from the Import Wizard. 
[~,name] = fileparts(fileToRead1); 
newData1.(matlab.lang.makeValidName(name)) = rawData1; 
% Create new variables in the base workspace from those fields. 
vars = fieldnames(newData1); 
for i = 1:length(vars) 
assignin('base', vars{i}, newData1.(vars{i})); 
end 
b = rawData1; 
end 
function Z_f = detrend_2d(~,Z) 
% This function is written by Munther Gdeisat-The General Engineering 
% Research Institute (GERI) at Liverpool John Moores University. 
% This program is written on 9th October 2011 
% This function is the 2D equivalent of detrend function in Matlab 
% Z_f = DETREND(Z) removes the best plane fit trend from the data 
% in the 2D array Z and returns the residual in the 2D array Z_f 
if size(Z,2) < 2 
disp('Z must be a 2D array') 
return 
end  
M = size(Z,2); 
N = size(Z,1); 
[X,Y] = meshgrid(1:M,1:N); 
%Make the 2D data as 1D vector 
Xcolv = X(:); % Make X a column vector 
Ycolv = Y(:); % Make Y a column vector 
Zcolv = Z(:); % Make Z a column vector 
Const = ones(size(Xcolv)); % Vector of ones for constant term 
% find the coeffcients of the best plane fit 
Coefficients = [Xcolv Ycolv Const]\Zcolv; % Find the coefficients 
XCoeff = Coefficients(1); % X coefficient 
YCoeff = Coefficients(2); % X coefficient 
CCoeff = Coefficients(3); % constant term 
% detrend the data 
Z_p = XCoeff * X + YCoeff * Y + CCoeff; 
Z_f = Z - Z_p; 
end 
function cv3 = raas(~,anom,dl) 
% function raps(img) 
% Computes and plots radially a power spectrum of magnetic data in 
% a GEOtif image of the amplitde spectrum 
% Based and modified on (C) E. Ruzanski, RCG, 2009 and  
% Tom Ridsdill-Smith March 2000 
%% Process image size information 
[ny, nx] = size(anom); 
N = max(nx,ny); 
if mod(N,2) ~= 0 
N = N + 1; 
end 
TFA = fftshift(fft2(anom,N,N)); 
EA = 2*abs(TFA)/(ny*nx); % Espectro de amplitud 2D 



124 
 

% Compute radially average amplitude spectrum 
n = -N/2:N/2-1; 
[NX, NY] = meshgrid(n,n); 
[~, rho] = cart2pol(NX, NY); % Convert to polar coordinate axes 
rho = round(rho); 
i = cell(N/2+1, 1); 
Pf = zeros(N/2+1,1); 
CF = zeros(N/2+1,1); 
nm = zeros(N/2+1,1); 
for r = 0:N/2 
i{r + 1} = find(rho == r); 
Pf(r + 1) = nanmean(log(EA(i{r+1}))); %Amplitude spectra 
CF(r + 1) = 1.96*(nanstd(log(EA(i{r+1}))))... 
/sqrt(length(EA(i{r+1}))); %confidence interval 
end 
% Calculate the 1D wavenumber for a signal of even length 
kn = 1/(2*dl); % Frecuencia de Nyquist 
k0 = 1/(N*dl); % Frecuencia fundamental 
w = (0:k0:kn)'; 
cv2=[w(2:end),Pf(2:end),CF(2:end),nm(2:end)]; 
cv3 =cv2(cv2(:,3) <= 1, :); 
end 
function results = func18(~) 
[pointlist,xs,ys] = selectdata(Input); 
results = [pointlist,xs,ys]; 
end 
function [x, y] = ind(~,xi,yi,dx) 
 

n = length(dx); 
x = ones(n,1); 
y = ones(n,1); 
for i = 1:n 
c = find(xi ==dx(i)); 
x(i) = xi(c); 
y(i) = yi(c); 
end 
end 
function x = fileid(~,data) 
% This program identifies the input file extension. If the files 
% have a *grd extention one the return value is 0. If the file has 
% a *.tif extension, the return value is 1. 
[~,~,ext] = fileparts(data); 
if (strcmpi(strtrim(ext),'.grd')) 
x=0; 
elseif (strcmpi(strtrim(ext),'.tif')) 
x=1; 
else 
disp('Error: Unexpected file') 
return 
end 
end 
function [D,varargout] = getgrd2(~,filename) 
% Read a Geosoft 2-byte binary grid 
% Syntax: [D,varargout] = getgrd2(filename); 
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% Import: filename = string of grid filename, eg. 'mag.grd' 
% Use full path if grid is not in current directory 
% eg. 'd:\data\mag.grd' 
% Export: D = 2D array of real data 
% varargout = Xaxis,Yaxis,dummy 
% Xaxis,Yaxis = x- and y-axis coordinates 
% dummy = dummy value as a real in D 
% Usage : D = getgrd2(filename); % Array only 
% [D,X,Y] = getgrd2(filename); % Data and coordinates 
% To locate dummy pixels and image use: 
% [D,X,Y,dummy] = getgrd2(filename); 
% dummypos = find(D<=dummy); 
% D(dummypos) = NaN; 
% imagesc(D,'XData',[min(X),max(X)],'YData',[min(Y),max(Y)]); 
% set(gca,'YDir','normal'); 
% Notes : Requires files grdheadset.m and grdelemset.m 
% Geosoft short (2-byte, signed integer) grids ONLY 
% Author: Adam O'Neill, 31/1/02 
% Set some constants 
%griddummy = -32767; 
grdhead = struct(... 
'es',0,... 
'sf',4,... 
'ne',8,... 
'nv',12,... 
'kx',16,... 
'de',20,... 
'dv',28,... 
'x0',36,... 
'y0',44,... 
'rot',52,... 
'zbase',60,... 
'zmult',68,... 
'label',76,... 
'mapno',124,... 
'proj',140,... 
'unitx',144,... 
'unity',148,... 
'unitz',152,... 
'nvpts',156,... 
'izmin',160,... 
'izmax',164,... 
'izmed',168,... 
'izmea',172,... 
'zvar',176,... 
'prcs',184,... 
'totallength',512); % Geosoft 2 byte grids ONLY 
grdelem = struct(... 
'es','int32',... % Data storage 
'sf','int32',... 
'ne','int32',... 
'nv','int32',... 
'kx','int32',... 
'de','float64',... % Geographic information 
'dv','float64',... 
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'x0','float64',... 
'y0','float64',... 
'rot','float64',... 
'zbase','float64',... % Data (Z) scaling 
'zmult','float64',... 
'label','char*48',... 
'mapno','char*16',... 
'proj','int32',... % Optional parameters 
'unitx','int32',... 
'unity','int32',... 
'unitz','int32',... 
'nvpts','int32',... 
'izmin','int32',... 
'izmax','int32',... 
'izmed','int32',... 
'izmea','int32',... 
'zvar','float64',... 
'prcs','int32',... 
'datasize','int16'); % Geosoft 2 byte grids ONLY; 
 

% Open data file and get necessary header info 
fid = fopen(filename,'r','n'); 
% Data storage 
% fseek(fid,grdhead.es,'bof'); 
% es = fread(fid,1,grdelem.es); 
% fseek(fid,grdhead.sf,'bof'); 
% sf = fread(fid,1,grdelem.sf); 
fseek(fid,grdhead.ne,'bof'); 
ne = fread(fid,1,grdelem.ne); % No. of elements per vector 
fseek(fid,grdhead.nv,'bof'); 
nv = fread(fid,1,grdelem.nv); % No. of vectors 
fseek(fid,grdhead.kx,'bof'); 
kx = fread(fid,1,grdelem.kx); % Orientation sense 
% kx = 1, vectors run left-right 
% kx = -1, vectors run up-down 
% Geographic information 
fseek(fid,grdhead.de,'bof'); 
de = fread(fid,1,grdelem.de); 
fseek(fid,grdhead.dv,'bof'); 
dv = fread(fid,1,grdelem.dv); 
fseek(fid,grdhead.x0,'bof'); 
x0 = fread(fid,1,grdelem.x0); 
fseek(fid,grdhead.y0,'bof'); 
y0 = fread(fid,1,grdelem.y0); 
% fseek(fid,grdhead.rot,'bof'); 
% rot = fread(fid,1,grdelem.rot); 
% Data (Z) scaling 
fseek(fid,grdhead.zbase,'bof'); 
zbase = fread(fid,1,grdelem.zbase); 
fseek(fid,grdhead.zmult,'bof'); 
zmult = fread(fid,1,grdelem.zmult); 
% Go to start of data stream and read into array 
fseek(fid,grdhead.totallength,'bof'); 
TEMP = fread(fid,[ne nv],grdelem.datasize);  



127 
 

% Make the output array 
if eq(kx,1) 
TEMP2 = TEMP'; 
elseif eq(kx,-1) 
TEMP2 = TEMP; 
else 
disp('kx not valid') 
return 
end  
% Convert to reals 
D = (TEMP2./zmult) + zbase; 
clear TEMP TEMP2 
% Optional outputs 
switch nargout 
case {1,2} 
case {3,4} 
Xaxis = (x0 : de : x0+de*(ne-1)); 
Yaxis = (y0 : dv : y0+dv*(nv-1)); 
dummy = min(min(D)); 
varargout{1} = Xaxis; 
varargout{2} = Yaxis; 
otherwise 
error('Require 1 or 4 outputs')  
end  
if nargout>3 
varargout{3} = dummy; 
end 
fclose(fid); 
end 
end 
 

 

% Callbacks that handle component events 
methods (Access = private) 
 

% Value changed function: FractalExponentEditField 
function Fractal(app, event) 
xsi = getappdata(app.UIFigure,'xs'); 
xs2i = getappdata(app.UIFigure,'xs2'); 
a2 = getappdata(app.UIFigure,'data'); 
Zc = app.FlightaltitudekmEditField.Value; 
b2 = app.FractalExponentEditField.Value; 
[w2,pw2,ps2,ci1] = fractal_correction(app,a2,b2); 
n = length(xsi); 
if n == 0 
% Plot 1 
plot(app.UIAxes,w2,pw2,'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes.XLim = [0 w2(end)]; 
app.UIAxes.YLimMode = 'auto'; 
% Plot 2 
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plot(app.UIAxes2,w2,ps2,'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes2.XLim = [0 w2(end)]; 
app.UIAxes2.YLimMode = 'auto'; 
else 
%fm1 = getappdata(app.UIFigure,'fm1'); 
% Calculations 
[xs2, ys2] = ind(app,w2,pw2,xs2i); 
p2=polyfit(xs2,ys2,1); %slope Zt and intercept 
wh2=min(xs2)-0.001:0.001:max(xs2)+0.001; %wavenumber to graphs 
kk2=polyval(p2,wh2); %values for files 
Zt=(-1)*(p2(1)/(2*pi)); 
sd2=sqrt(sum((ys2-polyval(p2,xs2)).^2)/(length(xs2))); %standart deviation 
Zt_error= sd2/((2*pi)*(max(xs2)-min(xs2))); 
% Plot 1 
plot(app.UIAxes,w2,pw2,'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes,'on') 
plot(app.UIAxes,wh2,kk2,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes,'off') 
app.UIAxes.XLim = [0 0.2]; 
% Calculations  
[xs, ys] = ind(app,w2,ps2,xsi); 
pl = polyfit(xs,ys,1); %slope Z0 and intercept 
w1 = min(xs)-0.002:0.001:max(xs)+0.002; %wavenumber to graphs 
kk = polyval(pl,w1); %values for files 
Z0 = (-1)*(pl(1)/(2*pi)); 
sd1 = sqrt(sum((ys-polyval(pl,xs)).^2)/(length(xs))); %standart deviation 
p1_err = sd1/((2*pi)*(max(xs)-min(xs))); 
Zb = ((2*Z0)-Zt); %depth to the bottom of the magnetic source (DBMS) 
Zb_err = sqrt((4*(p1_err^2))+(Zt_error^2)); %DBMS uncertainity (Martos et al., 2017) 
% Plot 2 
plot(app.UIAxes2,w2,ps2,'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes2,'on') 
plot(app.UIAxes2,w1,kk,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes2,'off') 
app.UIAxes2.XLim = [0 0.2]; 
app.UIAxes2.YLim = [floor(min(ps2(w2<0.2))) ceil(max(ps2) + 1)]; 
%% Forward model 
c1 = find(pw2==ys2(end)); 
g2=a2(:,2); %Amplitude spectrum 
sx=w2(1:c1); 
sy=g2(1:c1); 
d = exp(sy); 
G = ((2*pi*sx).^(-0.5*(b2-1))).*exp(-2*pi*sx*Zt).*(1-exp(-2*pi*sx*(Zb-Zt))); 
x0 = log((G'*G)\G'*d); 
func = @(x0,x)x0 - (2*pi*x*Zt)- 0.5*(b2-1)*log(2*pi*x)... 
+ log((1-exp(-2*pi*x*(Zb-Zt)))); 
[xc,resnorm] = lsqcurvefit(func,x0,sx,sy); 
mf=sqrt(resnorm/length(sx)); 
wn=linspace(w2(1),w2(end)); 
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fm1=func(xc,wn); %Synthetic Spectrum 
fit_fm=mf; %Misfit 
% Plot 3 
% Confidence intervals 
p3 = plot(app.UIAxes3,w2,a2(:,2) + ci1,'k'); 
hold(app.UIAxes3,'on') 
plot(app.UIAxes3,w2,a2(:,2) - ci1,'k') 
%Plots 
p1 = plot(app.UIAxes3,w2,a2(:,2),'b-','Linewidth',1,'Markersize',12); 
p2 = plot(app.UIAxes3,wn,fm1,'-r','Linewidth',1.5,'Markersize',12); 
ylabel(app.UIAxes3,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes3,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes3,'off') 
app.UIAxes3.XLim = [0 0.2]; 
legend(app.UIAxes3,[p1 p2 p3 ],{'Observed spectrum','Synthetic spectrum','95% 
confidence interval'}) 
app.ValuesLabel.Text = sprintf('Values\nFractal exponent β: %0.2f\nZt = %0.2f km 
\x00B1 %0.2f km\nZ0 = %0.2f km \x00B1 %0.2f km\nZb = %0.2f km \x00B1 %0.2f km\nMisfit 
= %0.4f',... 
b2,Zt-Zc,Zt_error,Z0-Zc,p1_err,Zb-Zc,Zb_err,fit_fm); 
setappdata(app.UIFigure,'b2',b2) 
setappdata(app.UIFigure,'Zt',Zt) 
setappdata(app.UIFigure,'Zt_error',Zt_error) 
setappdata(app.UIFigure,'Z0',Z0) 
setappdata(app.UIFigure,'p1_err',p1_err) 
setappdata(app.UIFigure,'Zb',Zb) 
setappdata(app.UIFigure,'Zb_err',Zb_err) 
setappdata(app.UIFigure,'fit_fm',fit_fm) 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2)  
end 
setappdata(app.UIFigure,'b2',b2) 
setappdata(app.UIFigure,'w2',w2) 
setappdata(app.UIFigure,'pw2',pw2) 
setappdata(app.UIFigure,'ps2',ps2) 
setappdata(app.UIFigure,'ci1',ci1) 
setappdata(app.UIFigure,'Zc',Zc) 
end 
 

% Callback function: CurietemperatureCEditField,  
% EmpiricalheatproductiondepthdistributionparameterkmEditField,  
% PlotGeothermButton,  
% SurfaceheatproductionmicroWm3EditField,  
% SurfacetemperatureCEditField,  
% ThermalconductivityWmKEditField 
function Geotherm(app, event) 
Zc = app.FlightaltitudekmEditField.Value; 
Ts = app.SurfacetemperatureCEditField.Value; 
Tc = app.CurietemperatureCEditField.Value; 
A = app.SurfaceheatproductionmicroWm3EditField.Value*1e-6; 
b = app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Value*1e3; 
k = app.ThermalconductivityWmKEditField.Value; 
Zb = 1000*(getappdata(app.UIFigure,'Zb')-Zc); 
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qs = k*(Tc-Ts)/Zb + A*b - ((A*b^2)/Zb)*(1-exp(-Zb/b)); %Martos et al., 2017 %heat 
flow at the surface (W/m2) 
zb=Zb/1000; 
if zb < 20 
dlim=ceil(zb/2)*2; 
else 
dlim=ceil(zb/5)*5; 
end 
z=0:1000*dlim; 
Tcrust=Ts + z*qs/k + A*b*(b-z)/k - A*b^2*exp(-z/b)/k; %Ravat et al., 2016 
% tm=max(Tcrust); %Tlim=ceil(tm/100)*100; 
% Geotherm 
plot(app.UIAxes4,Tcrust,z'/1000,'Linewidth',1.5) 
hold(app.UIAxes4,'on') 
plot(app.UIAxes4,[0, max(Tcrust)], [zb, zb],'--k','LineWidth',1.5) %Curie Point Depth 
plot(app.UIAxes4,[Tc, Tc], [0, dlim],'--r','LineWidth',1.5) %Curie temperature 
axis(app.UIAxes4,'ij') 
app.UIAxes4.XLim = [0,max(Tcrust)]; 
app.UIAxes4.YLim = [0,dlim]; 
legend(app.UIAxes4,{'Geotherm',[' CPD = ' num2str(zb,'%.2f') ' km'],[' CT = ' 
num2str(Tc) ' °C']}) 
hold(app.UIAxes4,'off') 
b2 = app.FractalExponentEditField.Value; 
Zt = getappdata(app.UIFigure,'Zt'); 
Zt_error = getappdata(app.UIFigure,'Zt_error'); 
Z0 = getappdata(app.UIFigure,'Z0'); 
p1_err = getappdata(app.UIFigure,'p1_err'); 
Zb = getappdata(app.UIFigure,'Zb'); 
Zb_err = getappdata(app.UIFigure,'Zb_err'); 
fit_fm = getappdata(app.UIFigure,'fit_fm'); 
app.ValuesLabel.Text = sprintf('Values\nFractal exponent β: %0.2f\nZt = %0.2f km 
\x00B1 %0.2f km\nZ0 = %0.2f km \x00B1 %0.2f km\nZb = %0.2f km \x00B1 %0.2f km\nMisfit 
= %0.4f\nqs = %.4f mW/m2\n',... 
b2,Zt-Zc,Zt_error,Z0-Zc,p1_err,Zb-Zc,Zb_err,fit_fm,qs*1e3); 
end 
 

% Button pushed function: SelectFileButton 
function Readdata(app, event) 
Restart(app,event) 
[file, path] = uigetfile({'*.grd';'*.tif'}); 
app.Label.Text = sprintf(file); 
if fileid(app,file) == 1 
b = data_aero(app,fullfile(path, file)); 
elseif fileid(app,file) == 0 
b = getgrd2(app,fullfile(path, file)); 
end 
setappdata(app.UIFigure,'b',b) 
set(app.ResolutionkmEditField, 'Enable', 'on'); 
set(app.ResolutionkmEditFieldLabel, 'Enable', 'on'); 
dl = app.ResolutionkmEditField.Value; 
b = getappdata(app.UIFigure,'b'); 
dt = detrend_2d(app,b); % Polynomial Trend Surface Estimation (degree = 1) 
a2 = raas(app,dt,dl); % Radially average power spectrum 
plot(app.UIAxes,a2(:,1),a2(:,2),'k.-'); 



131 
 

ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes.XLim = [0 a2(end,1)]; 
app.UIAxes.YLimMode = 'auto'; 
plot(app.UIAxes2,a2(:,1),a2(:,2)-log(2*pi*a2(:,1)),'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes2.XLim = [0 a2(end,1)]; 
app.UIAxes2.YLimMode = 'auto'; 
setappdata(app.UIFigure,'data',a2) 
xs = []; % Data not selected yet 
xs2 = []; % Data not selected yet 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2) 
% Initial value 
[w2,pw2,ps2,ci1] = fractal_correction(app,a2,1); 
set(app.FractalExponentEditField, 'Enable', 'on'); set(app.FractalExponentLabel, 
'Enable', 'on') 
set(app.FlightaltitudekmEditField, 'Enable', 'on'); 
set(app.FlightaltitudekmEditFieldLabel, 'Enable', 'on') 
set(app.SelectpointsButton,'Enable','on') 
set(app.RestartButton,'Enable','on') 
setappdata(app.UIFigure,'w2',w2) 
setappdata(app.UIFigure,'pw2',pw2) 
setappdata(app.UIFigure,'ps2',ps2) 
setappdata(app.UIFigure,'ci1',ci1) 
end 
 

% Button pushed function: RestartButton 
function Restart(app, event) 
cla(app.UIAxes) 
cla(app.UIAxes2) 
cla(app.UIAxes3) 
cla(app.UIAxes4) 
app.ValuesLabel.Text = sprintf('Values'); 
app.Label.Text = sprintf(''); 
legend(app.UIAxes3,'off') 
legend(app.UIAxes4,'off') 
app.FractalExponentEditField.Value = 1; 
set(app.FractalExponentEditField, 'Enable', 'off'); set(app.FractalExponentLabel, 
'Enable', 'off') 
set(app.FlightaltitudekmEditField, 'Enable', 'off'); 
set(app.FlightaltitudekmEditFieldLabel, 'Enable', 'off') 
set(app.SelectpointsButton,'Enable','off') 
set(app.RestartButton,'Enable','off') 
set(app.SurfacetemperatureCEditField, 'Enable', 'off'); 
set(app.SurfacetemperatureCEditFieldLabel, 'Enable', 'off') 
set(app.CurietemperatureCEditField,'Enable','off'); 
set(app.CurietemperatureCEditFieldLabel,'Enable','off') 
set(app.SurfaceheatproductionmicroWm3EditField,'Enable','off'); 
set(app.SurfaceheatproductionmicroWm3EditFieldLabel,'Enable','off') 
set(app.EmpiricalheatproductiondepthdistributionparameterkmEditField,'Enable','off');
set(app.EmpiricalheatproductiondepthdistributionparameterkmLabel,'Enable','off') 
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set(app.ThermalconductivityWmKEditField,'Enable','off'); 
set(app.ThermalconductivityWmKEditFieldLabel,'Enable','off') 
set(app.PlotGeothermButton,'Enable','off') 
set(app.ResolutionkmEditField, 'Enable', 'off'); 
set(app.ResolutionkmEditFieldLabel, 'Enable', 'off'); 
end 
 

% Button pushed function: SelectpointsButton 
function Selectpoints(app, event) 
a2 = getappdata(app.UIFigure,'data'); 
b2 = app.FractalExponentEditField.Value; 
w2 = getappdata(app.UIFigure,'w2'); 
pw2 = getappdata(app.UIFigure,'pw2'); 
ps2 = getappdata(app.UIFigure,'ps2'); 
ci1 = getappdata(app.UIFigure,'ci1'); 
Zc = app.FlightaltitudekmEditField.Value; 
% Figura 1 
f1 = figure; 
plot(w2,pw2,'k.-') 
ylabel('$\ln(A(k))$','Interpreter','latex','FontSize',12); 
xlabel('$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
xlim([0 w2(end)]) 
ylim([floor(min(pw2)) ceil(max(pw2)+1)]); 
[~,xs2,ys2] = selectdata('sel','br','BrushShape','rect','BrushSize',0.01); 
close(f1) 
p2=polyfit(xs2,ys2,1); %slope Zt and intercept 
wh2=min(xs2)-0.001:0.001:max(xs2)+0.001; %wavenumber to graphs 
kk2=polyval(p2,wh2); %values for files 
Zt=(-1)*(p2(1)/(2*pi)); 
sd2=sqrt(sum((ys2-polyval(p2,xs2)).^2)/(length(xs2))); %standart deviation 
Zt_error= sd2/((2*pi)*(max(xs2)-min(xs2))); 
% Figura 2 
f2=figure; 
plot(w2,ps2,'k.-'); 
ylabel('$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel('$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
xlim([0 w2(end)]) 
ylim([floor(min(ps2)) ceil(max(ps2)+1)]); 
[~,xs,ys] = selectdata('sel','br','BrushShape','rect','BrushSize',0.01); 
close(f2) 
pl = polyfit(xs,ys,1); %slope Z0 and intercept 
w1 = min(xs)-0.002:0.001:max(xs)+0.002; %wavenumber to graphs 
kk = polyval(pl,w1); %values for files 
Z0 = (-1)*(pl(1)/(2*pi)); 
sd1 = sqrt(sum((ys-polyval(pl,xs)).^2)/(length(xs))); %standart deviation 
p1_err = sd1/((2*pi)*(max(xs)-min(xs))); 
Zb = ((2*Z0)-Zt); %depth to the bottom of the magnetic source (DBMS) 
Zb_err = sqrt((4*(p1_err^2))+(Zt_error^2)); %DBMS uncertainity (Martos et al., 2017) 
%% Forward model 
c1 = find(pw2==ys2(end)); 
g2=a2(:,2); %Amplitude spectrum 
sx=w2(1:c1); 
sy=g2(1:c1); 
d = exp(sy); 
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G = ((2*pi*sx).^(-0.5*(b2-1))).*exp(-2*pi*sx*Zt).*(1-exp(-2*pi*sx*(Zb-Zt))); 
x0 = log((G'*G)\G'*d); 
func = @(x0,x)x0 - 2*pi*x*Zt- 0.5*(b2-1)*log(2*pi*x)... 
+ log((1-exp(-2*pi*x*(Zb-Zt)))); 
[xc,resnorm] = lsqcurvefit(func,x0,sx,sy); 
mf=sqrt(resnorm/length(sx)); 
wn=linspace(w2(1),w2(end)); 
fm1=func(xc,wn); %Synthetic Spectrum 
fit_fm=mf; %Misfit 
% Plot 1 
plot(app.UIAxes,w2,pw2,'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12); 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes,'on') 
plot(app.UIAxes,wh2,kk2,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes,'off') 
app.UIAxes.XLim = [0 0.2]; 
% Plot 2 
plot(app.UIAxes2,w2,ps2,'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes2,'on') 
plot(app.UIAxes2,w1,kk,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes2,'off') 
app.UIAxes2.XLim = [0 0.2]; 
app.UIAxes2.YLim = [floor(min(ps2(w2<0.2))) ceil(max(ps2) + 1)]; 
% Plot3 3 
% Confidence intervals 
p3 = plot(app.UIAxes3,w2,a2(:,2) + ci1,'k'); 
hold(app.UIAxes3,'on') 
plot(app.UIAxes3,w2,a2(:,2) - ci1,'k') 
%Plots 
p1 = plot(app.UIAxes3,w2,a2(:,2),'b-','Linewidth',1,'Markersize',12); 
p2 = plot(app.UIAxes3,wn,fm1,'-r','Linewidth',1.5,'Markersize',12); 
ylabel(app.UIAxes3,'$\ln(A(k))$','Interpreter','latex','FontSize',12); 
xlabel(app.UIAxes3,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes3,'off') 
app.UIAxes3.XLim = [0 0.2]; 
legend(app.UIAxes3,[p1 p2 p3],{'Observed spectrum','Synthetic spectrum','95% 
confidence interval'}) 
% Values 
app.ValuesLabel.Text = sprintf('Values\nFractal exponent β: %0.2f\nZt = %0.2f km 
\x00B1 %0.2f km\nZ0 = %0.2f km \x00B1 %0.2f km\nZb = %0.2f km \x00B1 %0.2f km\nMisfit 
= %0.4f',... 
b2,Zt-Zc,Zt_error,Z0-Zc,p1_err,Zb-Zc,Zb_err,fit_fm); 
% Enables buttons  
set(app.SurfacetemperatureCEditField, 'Enable', 'on'); 
set(app.SurfacetemperatureCEditFieldLabel, 'Enable', 'on') 
set(app.CurietemperatureCEditField,'Enable','on'); 
set(app.CurietemperatureCEditFieldLabel,'Enable','on') 
set(app.SurfaceheatproductionmicroWm3EditField,'Enable','on'); 
set(app.SurfaceheatproductionmicroWm3EditFieldLabel,'Enable','on') 
set(app.EmpiricalheatproductiondepthdistributionparameterkmEditField,'Enable','on');s
et(app.EmpiricalheatproductiondepthdistributionparameterkmLabel,'Enable','on') 
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set(app.ThermalconductivityWmKEditField,'Enable','on'); 
set(app.ThermalconductivityWmKEditFieldLabel,'Enable','on') 
set(app.PlotGeothermButton,'Enable','on') 
setappdata(app.UIFigure,'b2',b2) 
setappdata(app.UIFigure,'Zt',Zt) 
setappdata(app.UIFigure,'Zt_error',Zt_error) 
setappdata(app.UIFigure,'Z0',Z0) 
setappdata(app.UIFigure,'p1_err',p1_err) 
setappdata(app.UIFigure,'Zb',Zb) 
setappdata(app.UIFigure,'Zb_err',Zb_err) 
setappdata(app.UIFigure,'fit_fm',fit_fm) 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2) 
setappdata(app.UIFigure,'Zc',Zc) 
end 
 

% Value changed function: ResolutionkmEditField 
function Resolutionandraas(app, event) 
dl = app.ResolutionkmEditField.Value; 
b = getappdata(app.UIFigure,'b'); 
dt = detrend_2d(app,b); % Polynomial Trend Surface Estimation (degree = 1) 
a2 = raas(app,dt,dl); % Radially average power spectrum 
plot(app.UIAxes,a2(:,1),a2(:,2),'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12); 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes.XLim = [0 a2(end,1)]; 
app.UIAxes.YLimMode = 'auto'; 
plot(app.UIAxes2,a2(:,1),a2(:,2)-log(2*pi*a2(:,1)),'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes2.XLim = [0 a2(end,1)]; 
app.UIAxes2.YLimMode = 'auto'; 
setappdata(app.UIFigure,'data',a2) 
xs = []; % Data not selected yet 
xs2 = []; % Data not selected yet 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2) 
% Initial value 
[w2,pw2,ps2,ci1] = fractal_correction(app,a2,1); 
set(app.FractalExponentEditField, 'Enable', 'on'); set(app.FractalExponentLabel, 
'Enable', 'on') 
set(app.FlightaltitudekmEditField, 'Enable', 'on'); 
set(app.FlightaltitudekmEditFieldLabel, 'Enable', 'on') 
set(app.SelectpointsButton,'Enable','on') 
set(app.RestartButton,'Enable','on') 
app.FractalExponentEditField.Value = 1; 
setappdata(app.UIFigure,'w2',w2) 
setappdata(app.UIFigure,'pw2',pw2) 
setappdata(app.UIFigure,'ps2',ps2) 
setappdata(app.UIFigure,'ci1',ci1) 
end 
end 
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% Component initialization 
methods (Access = private) 
 

% Create UIFigure and components 
function createComponents(app) 
 

% Create UIFigure and hide until all components are created 
app.UIFigure = uifigure('Visible', 'off'); 
app.UIFigure.Position = [100 100 1010.75 672]; 
app.UIFigure.Name = 'UI Figure'; 
 

% Create UIAxes 
app.UIAxes = uiaxes(app.UIFigure); 
xlabel(app.UIAxes, 'k (1/km)') 
ylabel(app.UIAxes, 'ln(A(k))') 
app.UIAxes.FontName = 'Times New Roman'; 
app.UIAxes.GridAlpha = 0.15; 
app.UIAxes.MinorGridAlpha = 0.25; 
app.UIAxes.Box = 'on'; 
app.UIAxes.XGrid = 'on'; 
app.UIAxes.YGrid = 'on'; 
app.UIAxes.Position = [11 263 320 230]; 
 

% Create UIAxes2 
app.UIAxes2 = uiaxes(app.UIFigure); 
xlabel(app.UIAxes2, 'k (1/km)') 
ylabel(app.UIAxes2, 'ln(A(k)/k)') 
app.UIAxes2.FontName = 'Times New Roman'; 
app.UIAxes2.GridAlpha = 0.15; 
app.UIAxes2.MinorGridAlpha = 0.25; 
app.UIAxes2.Box = 'on'; 
app.UIAxes2.XGrid = 'on'; 
app.UIAxes2.YGrid = 'on'; 
app.UIAxes2.Position = [11 13 320 220]; 
 

% Create UIAxes3 
app.UIAxes3 = uiaxes(app.UIFigure); 
xlabel(app.UIAxes3, 'k (1/km)') 
ylabel(app.UIAxes3, 'ln(A(k))') 
app.UIAxes3.FontName = 'Times New Roman'; 
app.UIAxes3.GridAlpha = 0.15; 
app.UIAxes3.MinorGridAlpha = 0.25; 
app.UIAxes3.Box = 'on'; 
app.UIAxes3.XGrid = 'on'; 
app.UIAxes3.YGrid = 'on'; 
app.UIAxes3.Position = [361 263 320 230]; 
 

% Create UIAxes4 
app.UIAxes4 = uiaxes(app.UIFigure); 
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title(app.UIAxes4, 'Steady-state one-dimensional geotherm') 
xlabel(app.UIAxes4, 'Temperature (°C)') 
ylabel(app.UIAxes4, 'Depth (km)') 
app.UIAxes4.FontName = 'Times New Roman'; 
app.UIAxes4.GridAlpha = 0.15; 
app.UIAxes4.MinorGridAlpha = 0.25; 
app.UIAxes4.Box = 'on'; 
app.UIAxes4.XGrid = 'on'; 
app.UIAxes4.YGrid = 'on'; 
app.UIAxes4.Position = [711 13 288 480]; 
 

% Create FractalExponentLabel 
app.FractalExponentLabel = uilabel(app.UIFigure); 
app.FractalExponentLabel.HorizontalAlignment = 'right'; 
app.FractalExponentLabel.VerticalAlignment = 'top'; 
app.FractalExponentLabel.Enable = 'off'; 
app.FractalExponentLabel.Position = [4 518 114 22]; 
app.FractalExponentLabel.Text = 'Fractal Exponent (β)'; 
 

% Create FractalExponentEditField 
app.FractalExponentEditField = uieditfield(app.UIFigure, 'numeric'); 
app.FractalExponentEditField.Limits = [1 Inf]; 
app.FractalExponentEditField.ValueChangedFcn = createCallbackFcn(app, @Fractal, 
true); 
app.FractalExponentEditField.Enable = 'off'; 
app.FractalExponentEditField.Position = [131 521 97 22]; 
app.FractalExponentEditField.Value = 1; 
 

% Create SelectpointsButton 
app.SelectpointsButton = uibutton(app.UIFigure, 'push'); 
app.SelectpointsButton.ButtonPushedFcn = createCallbackFcn(app, @Selectpoints, true); 
app.SelectpointsButton.Enable = 'off'; 
app.SelectpointsButton.Position = [340 581 100 22]; 
app.SelectpointsButton.Text = 'Select points'; 
 

% Create ValuesLabel 
app.ValuesLabel = uilabel(app.UIFigure); 
app.ValuesLabel.BackgroundColor = [1 1 1]; 
app.ValuesLabel.VerticalAlignment = 'top'; 
app.ValuesLabel.FontName = 'Arial'; 
app.ValuesLabel.FontSize = 16; 
app.ValuesLabel.Position = [371 13 303 210]; 
app.ValuesLabel.Text = 'Values'; 
 

% Create SurfacetemperatureCEditFieldLabel 
app.SurfacetemperatureCEditFieldLabel = uilabel(app.UIFigure); 
app.SurfacetemperatureCEditFieldLabel.HorizontalAlignment = 'right'; 
app.SurfacetemperatureCEditFieldLabel.VerticalAlignment = 'top'; 
app.SurfacetemperatureCEditFieldLabel.Enable = 'off'; 
app.SurfacetemperatureCEditFieldLabel.Position = [741 585 141 15]; 
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app.SurfacetemperatureCEditFieldLabel.Text = 'Surface temperature (°C)'; 
 

% Create SurfacetemperatureCEditField 
app.SurfacetemperatureCEditField = uieditfield(app.UIFigure, 'numeric'); 
app.SurfacetemperatureCEditField.ValueChangedFcn = createCallbackFcn(app, @Geotherm, 
true); 
app.SurfacetemperatureCEditField.Enable = 'off'; 
app.SurfacetemperatureCEditField.Position = [891 581 50 22]; 
app.SurfacetemperatureCEditField.Value = 20; 
 

% Create CurietemperatureCEditFieldLabel 
app.CurietemperatureCEditFieldLabel = uilabel(app.UIFigure); 
app.CurietemperatureCEditFieldLabel.HorizontalAlignment = 'right'; 
app.CurietemperatureCEditFieldLabel.VerticalAlignment = 'top'; 
app.CurietemperatureCEditFieldLabel.Enable = 'off'; 
app.CurietemperatureCEditFieldLabel.Position = [751 555 129 15]; 
app.CurietemperatureCEditFieldLabel.Text = 'Curie temperature (°C)'; 
 

% Create CurietemperatureCEditField 
app.CurietemperatureCEditField = uieditfield(app.UIFigure, 'numeric'); 
app.CurietemperatureCEditField.ValueChangedFcn = createCallbackFcn(app, @Geotherm, 
true); 
app.CurietemperatureCEditField.Enable = 'off'; 
app.CurietemperatureCEditField.Position = [891 551 50 22]; 
app.CurietemperatureCEditField.Value = 580; 
 

% Create SurfaceheatproductionmicroWm3EditFieldLabel 
app.SurfaceheatproductionmicroWm3EditFieldLabel = uilabel(app.UIFigure); 
app.SurfaceheatproductionmicroWm3EditFieldLabel.HorizontalAlignment = 'right'; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.VerticalAlignment = 'top'; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.Enable = 'off'; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.Position = [461 555 208 15]; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.Text = 'Surface heat production 
(microW/m3)'; 
 

% Create SurfaceheatproductionmicroWm3EditField 
app.SurfaceheatproductionmicroWm3EditField = uieditfield(app.UIFigure, 'numeric'); 
app.SurfaceheatproductionmicroWm3EditField.ValueChangedFcn = createCallbackFcn(app, 
@Geotherm, true); 
app.SurfaceheatproductionmicroWm3EditField.Enable = 'off'; 
app.SurfaceheatproductionmicroWm3EditField.Position = [681 551 40 22]; 
app.SurfaceheatproductionmicroWm3EditField.Value = 2.5; 
 

% Create EmpiricalheatproductiondepthdistributionparameterkmEditField 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField = 
uieditfield(app.UIFigure, 'numeric'); 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField.ValueChangedFcn = 
createCallbackFcn(app, @Geotherm, true); 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Enable = 'off'; 
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app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Position = [682 521 
39 22]; 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Value = 10; 
 

% Create ThermalconductivityWmKEditFieldLabel 
app.ThermalconductivityWmKEditFieldLabel = uilabel(app.UIFigure); 
app.ThermalconductivityWmKEditFieldLabel.HorizontalAlignment = 'right'; 
app.ThermalconductivityWmKEditFieldLabel.VerticalAlignment = 'top'; 
app.ThermalconductivityWmKEditFieldLabel.Enable = 'off'; 
app.ThermalconductivityWmKEditFieldLabel.Position = [511 585 160 15]; 
app.ThermalconductivityWmKEditFieldLabel.Text = 'Thermal conductivity (W/mK)'; 
 

% Create ThermalconductivityWmKEditField 
app.ThermalconductivityWmKEditField = uieditfield(app.UIFigure, 'numeric'); 
app.ThermalconductivityWmKEditField.ValueChangedFcn = createCallbackFcn(app, 
@Geotherm, true); 
app.ThermalconductivityWmKEditField.Enable = 'off'; 
app.ThermalconductivityWmKEditField.Position = [681 581 40 22]; 
app.ThermalconductivityWmKEditField.Value = 2.2; 
 

% Create PlotGeothermButton 
app.PlotGeothermButton = uibutton(app.UIFigure, 'push'); 
app.PlotGeothermButton.ButtonPushedFcn = createCallbackFcn(app, @Geotherm, true); 
app.PlotGeothermButton.Enable = 'off'; 
app.PlotGeothermButton.Position = [801 521 100 22]; 
app.PlotGeothermButton.Text = 'Plot Geotherm'; 
 

% Create RestartButton 
app.RestartButton = uibutton(app.UIFigure, 'push'); 
app.RestartButton.ButtonPushedFcn = createCallbackFcn(app, @Restart, true); 
app.RestartButton.Enable = 'off'; 
app.RestartButton.Position = [340 551 100 22]; 
app.RestartButton.Text = 'Restart'; 
 

% Create SelectFileButton 
app.SelectFileButton = uibutton(app.UIFigure, 'push'); 
app.SelectFileButton.ButtonPushedFcn = createCallbackFcn(app, @Readdata, true); 
app.SelectFileButton.Position = [14 617 100 22]; 
app.SelectFileButton.Text = 'Select File'; 
 

% Create Label 
app.Label = uilabel(app.UIFigure); 
app.Label.BackgroundColor = [1 1 1]; 
app.Label.VerticalAlignment = 'top'; 
app.Label.Position = [128 618 191 20]; 
app.Label.Text = ''; 
 

% Create FlightaltitudekmEditFieldLabel 
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app.FlightaltitudekmEditFieldLabel = uilabel(app.UIFigure); 
app.FlightaltitudekmEditFieldLabel.HorizontalAlignment = 'right'; 
app.FlightaltitudekmEditFieldLabel.VerticalAlignment = 'top'; 
app.FlightaltitudekmEditFieldLabel.Enable = 'off'; 
app.FlightaltitudekmEditFieldLabel.Position = [11 555 105 15]; 
app.FlightaltitudekmEditFieldLabel.Text = 'Flight altitude (km)'; 
 

            % Create FlightaltitudekmEditField 
            app.FlightaltitudekmEditField = uieditfield(app.UIFigure, 'numeric'); 
            app.FlightaltitudekmEditField.Enable = 'off'; 
            app.FlightaltitudekmEditField.Position = [131 551 97 22]; 
 

            % Create EmpiricalheatproductiondepthdistributionparameterkmLabel 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel = 
uilabel(app.UIFigure); 
            
app.EmpiricalheatproductiondepthdistributionparameterkmLabel.HorizontalAlignment = 
'right'; 
            
app.EmpiricalheatproductiondepthdistributionparameterkmLabel.VerticalAlignment = 
'top'; 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel.Enable = 
'off'; 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel.Position = 
[335 525 334 15]; 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel.Text = 
'Empirical heat-productiondepth-distribution parameter (km) '; 
 

            % Create ModifiedCentroidMethodLabel 
            app.ModifiedCentroidMethodLabel = uilabel(app.UIFigure); 
            app.ModifiedCentroidMethodLabel.VerticalAlignment = 'top'; 
            app.ModifiedCentroidMethodLabel.FontSize = 36; 
            app.ModifiedCentroidMethodLabel.FontWeight = 'bold'; 
            app.ModifiedCentroidMethodLabel.Position = [387 617 457 47]; 
            app.ModifiedCentroidMethodLabel.Text = 'Modified Centroid Method'; 
 

            % Create ResolutionkmEditFieldLabel 
            app.ResolutionkmEditFieldLabel = uilabel(app.UIFigure); 
            app.ResolutionkmEditFieldLabel.HorizontalAlignment = 'right'; 
            app.ResolutionkmEditFieldLabel.Enable = 'off'; 
            app.ResolutionkmEditFieldLabel.Position = [23 578 90 22]; 
            app.ResolutionkmEditFieldLabel.Text = 'Resolution (km)'; 
 

            % Create ResolutionkmEditField 
            app.ResolutionkmEditField = uieditfield(app.UIFigure, 'numeric'); 
            app.ResolutionkmEditField.Limits = [0 Inf]; 
            app.ResolutionkmEditField.ValueChangedFcn = createCallbackFcn(app, 
@Resolutionandraas, true); 
            app.ResolutionkmEditField.Enable = 'off'; 
            app.ResolutionkmEditField.Position = [128 578 100 22]; 
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            app.ResolutionkmEditField.Value = 1; 
 

            % Show the figure after all components are created 
            app.UIFigure.Visible = 'on'; 
        end 
    end 
 

    % App creation and deletion 
    methods (Access = public) 
 

        % Construct app 
        function app = modified_centroid 
 

            % Create UIFigure and components 
            createComponents(app) 
 

            % Register the app with App Designer 
            registerApp(app, app.UIFigure) 
 

            if nargout == 0 
                clear app 
            end 
        end 
 

        % Code that executes before app deletion 
        function delete(app) 
 

            % Delete UIFigure when app is deleted 
            delete(app.UIFigure) 
        end 
    end 
end 
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defractal.mlapp 

 
classdef defractal < matlab.apps.AppBase 
 

% Properties that correspond to app components 
properties (Access = public) 
UIFigure matlab.ui.Figure 
UIAxes matlab.ui.control.UIAxes 
UIAxes2 matlab.ui.control.UIAxes 
UIAxes3 matlab.ui.control.UIAxes 
UIAxes4 matlab.ui.control.UIAxes 
FractalExponentLabel matlab.ui.control.Label 
FractalExponentEditField matlab.ui.control.NumericEditField 
SelectpointsButton matlab.ui.control.Button 
ValuesLabel matlab.ui.control.Label 
SurfacetemperatureCEditFieldLabel matlab.ui.control.Label 
SurfacetemperatureCEditField matlab.ui.control.NumericEditField 
CurietemperatureCEditFieldLabel matlab.ui.control.Label 
CurietemperatureCEditField matlab.ui.control.NumericEditField 
SurfaceheatproductionmicroWm3EditFieldLabel matlab.ui.control.Label 
SurfaceheatproductionmicroWm3EditField matlab.ui.control.NumericEditField 
EmpiricalheatproductiondepthdistributionparameterkmEditField 
matlab.ui.control.NumericEditField 
ThermalconductivityWmKEditFieldLabel matlab.ui.control.Label 
ThermalconductivityWmKEditField matlab.ui.control.NumericEditField 
PlotGeothermButton matlab.ui.control.Button 
RestartButton matlab.ui.control.Button 
SelectFileButton matlab.ui.control.Button 
Label matlab.ui.control.Label 
FlightaltitudekmEditFieldLabel matlab.ui.control.Label 
FlightaltitudekmEditField matlab.ui.control.NumericEditField 
EmpiricalheatproductiondepthdistributionparameterkmLabel matlab.ui.control.Label 
DefractalMethodLabel matlab.ui.control.Label 
ResolutionkmEditFieldLabel matlab.ui.control.Label 
ResolutionkmEditField matlab.ui.control.NumericEditField 
end 
 

 

methods (Access = public) 
function [w,pw,ps,ci] = fractal_correction(~,x,b1) 
w=x(:,1); 
ps=(x(:,2)- log( 2*pi*w )) + log((( 2*pi*w ).^( 0.5*(b1) ) ));% for Z0 
pw=x(:,2)+log(( 2*pi*w ).^(0.5*(b1)));% for Zt 
ci=x(:,3); 
end 
function b = data_aero(~,fileToRead1) 
%IMPORTFILE(FILETOREAD1) 
% Imports data from the specified file 
% FILETOREAD1: file to read 
% Auto-generated by MATLAB on 23-May-2019 17:59:12 
% Import the file 



142 
 

 

rawData1 = importdata(fileToRead1); 
% For some simple files (such as a CSV or JPEG files), IMPORTDATA might 
% return a simple array. If so, generate a structure so that the output 
% matches that from the Import Wizard. 
[~,name] = fileparts(fileToRead1); 
newData1.(matlab.lang.makeValidName(name)) = rawData1; 
% Create new variables in the base workspace from those fields. 
vars = fieldnames(newData1); 
for i = 1:length(vars) 
assignin('base', vars{i}, newData1.(vars{i})); 
end 
b = rawData1; 
end 
function Z_f = detrend_2d(~,Z) 
% This function is written by Munther Gdeisat-The General Engineering 
% Research Institute (GERI) at Liverpool John Moores University. 
% This program is written on 9th October 2011 
% This function is the 2D equivalent of detrend function in Matlab 
% Z_f = DETREND(Z) removes the best plane fit trend from the data 
% in the 2D array Z and returns the residual in the 2D array Z_f 
if size(Z,2) < 2 
disp('Z must be a 2D array') 
return 
end  
M = size(Z,2); 
N = size(Z,1); 
[X,Y] = meshgrid(1:M,1:N); 
%Make the 2D data as 1D vector 
Xcolv = X(:); % Make X a column vector 
Ycolv = Y(:); % Make Y a column vector 
Zcolv = Z(:); % Make Z a column vector 
Const = ones(size(Xcolv)); % Vector of ones for constant term 
% find the coeffcients of the best plane fit 
Coefficients = [Xcolv Ycolv Const]\Zcolv; % Find the coefficients 
XCoeff = Coefficients(1); % X coefficient 
YCoeff = Coefficients(2); % X coefficient 
CCoeff = Coefficients(3); % constant term 
% detrend the data 
Z_p = XCoeff * X + YCoeff * Y + CCoeff; 
Z_f = Z - Z_p; 
end 
function cv3 = raas(~,anom,dl) 
% function raps(img) 
% Computes and plots radially a power spectrum of magnetic data in 
% a GEOtif image of the amplitde spectrum 
% Based and modified on (C) E. Ruzanski, RCG, 2009 and  
% Tom Ridsdill-Smith March 2000 
%% Process image size information 
[ny, nx] = size(anom); 
N = max(nx,ny); 
if mod(N,2) ~= 0 
N = N + 1; 
end 
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TFA = fftshift(fft2(anom,N,N)); 
EA = 2*abs(TFA)/(ny*nx); % Espectro de amplitud 2D 
% Compute radially average amplitude spectrum 
n = -N/2:N/2-1; 
[NX, NY] = meshgrid(n,n); 
[~, rho] = cart2pol(NX, NY); % Convert to polar coordinate axes 
rho = round(rho); 
i = cell(N/2+1, 1); 
Pf = zeros(N/2+1,1); 
CF = zeros(N/2+1,1); 
nm = zeros(N/2+1,1); 
for r = 0:N/2 
i{r + 1} = find(rho == r); 
Pf(r + 1) = nanmean(log(EA(i{r+1}))); %Amplitude spectra 
CF(r + 1) = 1.96*(nanstd(log(EA(i{r+1}))))... 
/sqrt(length(EA(i{r+1}))); %confidence interval 
end 
% Calculate the 1D wavenumber for a signal of even length 
kn = 1/(2*dl); % Nyquist wavenumber 
k0 = 1/(N*dl); % Fundamental wavenumber 
w = (0:k0:kn)'; 
cv2=[w(2:end),Pf(2:end),CF(2:end),nm(2:end)]; 
cv3 =cv2(cv2(:,3) <= 1, :); 
end 
function results = func18(~) 
[pointlist,xs,ys] = selectdata(Input); 
results = [pointlist,xs,ys]; 
end 
function [x, y] = ind(~,xi,yi,dx) 
 

n = length(dx); 
x = ones(n,1); 
y = ones(n,1); 
for i = 1:n 
c = find(xi ==dx(i)); 
x(i) = xi(c); 
y(i) = yi(c); 
end 
end 
function x = fileid(~,data) 
% This program identifies the input file extension. If the files 
% have a *grd extention one the return value is 0. If the file has 
% a *.tif extension, the return value is 1. 
[~,~,ext] = fileparts(data); 
if (strcmpi(strtrim(ext),'.grd')) 
x=0; 
elseif (strcmpi(strtrim(ext),'.tif')) 
x=1; 
else 
disp('Error: Unexpected file') 
return 
end 
end 
function [D,varargout] = getgrd2(~,filename) 
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% Read a Geosoft 2-byte binary grid 
% Syntax: [D,varargout] = getgrd2(filename); 
% Import: filename = string of grid filename, eg. 'mag.grd' 
% Use full path if grid is not in current directory 
% eg. 'd:\data\mag.grd' 
% Export: D = 2D array of real data 
% varargout = Xaxis,Yaxis,dummy 
% Xaxis,Yaxis = x- and y-axis coordinates 
% dummy = dummy value as a real in D 
% Usage : D = getgrd2(filename); % Array only 
% [D,X,Y] = getgrd2(filename); % Data and coordinates 
% To locate dummy pixels and image use: 
% [D,X,Y,dummy] = getgrd2(filename); 
% dummypos = find(D<=dummy); 
% D(dummypos) = NaN; 
% imagesc(D,'XData',[min(X),max(X)],'YData',[min(Y),max(Y)]); 
% set(gca,'YDir','normal'); 
% Notes : Requires files grdheadset.m and grdelemset.m 
% Geosoft short (2-byte, signed integer) grids ONLY 
% Author: Adam O'Neill, 31/1/02 
% Set some constants 
%griddummy = -32767; 
grdhead = struct(... 
'es',0,... 
'sf',4,... 
'ne',8,... 
'nv',12,... 
'kx',16,... 
'de',20,... 
'dv',28,... 
'x0',36,... 
'y0',44,... 
'rot',52,... 
'zbase',60,... 
'zmult',68,... 
'label',76,... 
'mapno',124,... 
'proj',140,... 
'unitx',144,... 
'unity',148,... 
'unitz',152,... 
'nvpts',156,... 
'izmin',160,... 
'izmax',164,... 
'izmed',168,... 
'izmea',172,... 
'zvar',176,... 
'prcs',184,... 
'totallength',512); % Geosoft 2 byte grids ONLY 
grdelem = struct(... 
'es','int32',... % Data storage 
'sf','int32',... 
'ne','int32',... 
'nv','int32',... 
'kx','int32',... 
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'de','float64',... % Geographic information 
'dv','float64',... 
'x0','float64',... 
'y0','float64',... 
'rot','float64',... 
'zbase','float64',... % Data (Z) scaling 
'zmult','float64',... 
'label','char*48',... 
'mapno','char*16',... 
'proj','int32',... % Optional parameters 
'unitx','int32',... 
'unity','int32',... 
'unitz','int32',... 
'nvpts','int32',... 
'izmin','int32',... 
'izmax','int32',... 
'izmed','int32',... 
'izmea','int32',... 
'zvar','float64',... 
'prcs','int32',... 
'datasize','int16'); % Geosoft 2 byte grids ONLY; 
 

% Open data file and get necessary header info 
fid = fopen(filename,'r','n'); 
% Data storage 
% fseek(fid,grdhead.es,'bof'); 
% es = fread(fid,1,grdelem.es); 
% fseek(fid,grdhead.sf,'bof'); 
% sf = fread(fid,1,grdelem.sf); 
fseek(fid,grdhead.ne,'bof'); 
ne = fread(fid,1,grdelem.ne); % No. of elements per vector 
fseek(fid,grdhead.nv,'bof'); 
nv = fread(fid,1,grdelem.nv); % No. of vectors 
fseek(fid,grdhead.kx,'bof'); 
kx = fread(fid,1,grdelem.kx); % Orientation sense 
% kx = 1, vectors run left-right 
% kx = -1, vectors run up-down 
% Geographic information 
fseek(fid,grdhead.de,'bof'); 
de = fread(fid,1,grdelem.de); 
fseek(fid,grdhead.dv,'bof'); 
dv = fread(fid,1,grdelem.dv); 
fseek(fid,grdhead.x0,'bof'); 
x0 = fread(fid,1,grdelem.x0); 
fseek(fid,grdhead.y0,'bof'); 
y0 = fread(fid,1,grdelem.y0); 
% fseek(fid,grdhead.rot,'bof'); 
% rot = fread(fid,1,grdelem.rot); 
% Data (Z) scaling 
fseek(fid,grdhead.zbase,'bof'); 
zbase = fread(fid,1,grdelem.zbase); 
fseek(fid,grdhead.zmult,'bof'); 
zmult = fread(fid,1,grdelem.zmult); 
% Go to start of data stream and read into array 
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fseek(fid,grdhead.totallength,'bof'); 
TEMP = fread(fid,[ne nv],grdelem.datasize);  
% Make the output array 
if eq(kx,1) 
TEMP2 = TEMP'; 
elseif eq(kx,-1) 
TEMP2 = TEMP; 
else 
disp('kx not valid') 
return 
end  
% Convert to reals 
D = (TEMP2./zmult) + zbase; 
clear TEMP TEMP2 
% Optional outputs 
switch nargout 
case {1,2} 
case {3,4} 
Xaxis = (x0 : de : x0+de*(ne-1)); 
Yaxis = (y0 : dv : y0+dv*(nv-1)); 
dummy = min(min(D)); 
varargout{1} = Xaxis; 
varargout{2} = Yaxis; 
otherwise 
error('Require 1 or 4 outputs')  
end  
if nargout>3 
varargout{3} = dummy; 
end 
fclose(fid); 
end 
end 
 

 

% Callbacks that handle component events 
methods (Access = private) 
 

% Value changed function: FractalExponentEditField 
function Fractal(app, event) 
xsi = getappdata(app.UIFigure,'xs'); 
xs2i = getappdata(app.UIFigure,'xs2'); 
a2 = getappdata(app.UIFigure,'data'); 
Zc = app.FlightaltitudekmEditField.Value; 
b2 = app.FractalExponentEditField.Value; 
[w2,pw2,ps2,ci1] = fractal_correction(app,a2,b2); 
n = length(xsi); 
if n == 0 
% Plot 1 
plot(app.UIAxes,w2,pw2,'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes.XLim = [0 w2(end)]; 
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app.UIAxes.YLimMode = 'auto'; 
% Plot 2 
plot(app.UIAxes2,w2,ps2,'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes2.XLim = [0 w2(end)]; 
app.UIAxes2.YLimMode = 'auto'; 
else 
%fm1 = getappdata(app.UIFigure,'fm1'); 
% Calculations 
[xs2, ys2] = ind(app,w2,pw2,xs2i); 
p2=polyfit(xs2,ys2,1); %slope Zt and intercept 
wh2=min(xs2)-0.001:0.001:max(xs2)+0.001; %wavenumber to graphs 
kk2=polyval(p2,wh2); %values for files 
Zt=(-1)*(p2(1)/(2*pi)); 
sd2=sqrt(sum((ys2-polyval(p2,xs2)).^2)/(length(xs2))); %standart deviation 
Zt_error= sd2/((2*pi)*(max(xs2)-min(xs2))); 
% Plot 1 
plot(app.UIAxes,w2,pw2,'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes,'on') 
plot(app.UIAxes,wh2,kk2,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes,'off') 
app.UIAxes.XLim = [0 0.2]; 
% Calculations  
[xs, ys] = ind(app,w2,ps2,xsi); 
pl = polyfit(xs,ys,1); %slope Z0 and intercept 
w1 = min(xs)-0.002:0.001:max(xs)+0.002; %wavenumber to graphs 
kk = polyval(pl,w1); %values for files 
Z0 = (-1)*(pl(1)/(2*pi)); 
sd1 = sqrt(sum((ys-polyval(pl,xs)).^2)/(length(xs))); %standart deviation 
p1_err = sd1/((2*pi)*(max(xs)-min(xs))); 
Zb = ((2*Z0)-Zt); %depth to the bottom of the magnetic source (DBMS) 
Zb_err = sqrt((4*(p1_err^2))+(Zt_error^2)); %DBMS uncertainity (Martos et al., 2019) 
% Plot 2 
plot(app.UIAxes2,w2,ps2,'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes2,'on') 
plot(app.UIAxes2,w1,kk,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes2,'off') 
app.UIAxes2.XLim = [0 0.2]; 
app.UIAxes2.YLim = [floor(min(ps2(w2<0.2))) ceil(max(ps2) + 1)]; 
%% Forward model 
c1 = find(pw2==ys2(end)); 
sx=w2(1:c1); 
sy=pw2(1:c1); %Amplitude spectrum 
d = exp(sy); 
G = exp(-2*pi*sx*Zt).*(1-exp(-2*pi*sx*(Zb-Zt))); 
x0 = log((G'*G)\G'*d); 
func = @(x0,x)x0 - ((2*pi*x)*Zt) + log((1-exp(-2*pi*x*(Zb-Zt)))); 
[xc,resnorm] = lsqcurvefit(func,x0,sx,sy); 
mf=sqrt(resnorm/length(sx)); 
wn=linspace(w2(1),w2(end)); 
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fm1=func(xc,wn); %Synthetic Spectrum 
fit_fm=mf; %Misfit 
% Plot 3 
% Confidence intervals 
p4 = plot(app.UIAxes3,w2,pw2 + ci1,'k'); 
hold(app.UIAxes3,'on') 
plot(app.UIAxes3,w2,pw2 - ci1,'k') 
plot(app.UIAxes3,w2,a2(:,2) + ci1,'k') 
plot(app.UIAxes3,w2,a2(:,2) - ci1,'k') 
%Plots 
p2 = plot(app.UIAxes3,w2,pw2,'b-','Linewidth',1,'Markersize',12); 
p1 = plot(app.UIAxes3,w2,a2(:,2),'g-','Linewidth',1,'Markersize',12); 
p3 = plot(app.UIAxes3,wn,fm1,'-r','Linewidth',1.5,'Markersize',12); 
ylabel(app.UIAxes3,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes3,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes3,'off') 
app.UIAxes3.XLim = [0 0.2]; 
legend(app.UIAxes3,[p1 p2 p3 p4],{'Observed spectrum','Corrected spectrum',... 
'Synthetic spectrum','95% confidence interval'}) 
app.ValuesLabel.Text = sprintf('Values\nFractal exponent α: %0.2f\nZt = %0.2f km 
\x00B1 %0.2f km\nZ0 = %0.2f km \x00B1 %0.2f km\nZb = %0.2f km \x00B1 %0.2f km\nMisfit 
= %0.4f',... 
b2,Zt-Zc,Zt_error,Z0-Zc,p1_err,Zb-Zc,Zb_err,fit_fm); 
setappdata(app.UIFigure,'b2',b2) 
setappdata(app.UIFigure,'Zt',Zt) 
setappdata(app.UIFigure,'Zt_error',Zt_error) 
setappdata(app.UIFigure,'Z0',Z0) 
setappdata(app.UIFigure,'p1_err',p1_err) 
setappdata(app.UIFigure,'Zb',Zb) 
setappdata(app.UIFigure,'Zb_err',Zb_err) 
setappdata(app.UIFigure,'fit_fm',fit_fm) 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2)  
end 
setappdata(app.UIFigure,'b2',b2) 
setappdata(app.UIFigure,'w2',w2) 
setappdata(app.UIFigure,'pw2',pw2) 
setappdata(app.UIFigure,'ps2',ps2) 
setappdata(app.UIFigure,'ci1',ci1) 
setappdata(app.UIFigure,'Zc',Zc) 
end 
 

% Callback function: CurietemperatureCEditField,  
% EmpiricalheatproductiondepthdistributionparameterkmEditField,  
% PlotGeothermButton,  
% SurfaceheatproductionmicroWm3EditField,  
% SurfacetemperatureCEditField,  
% ThermalconductivityWmKEditField 
function Geotherm(app, event) 
Zc = app.FlightaltitudekmEditField.Value; 
Ts = app.SurfacetemperatureCEditField.Value; 
Tc = app.CurietemperatureCEditField.Value; 
A = app.SurfaceheatproductionmicroWm3EditField.Value*1e-6; 
b = app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Value*1e3; 
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k = app.ThermalconductivityWmKEditField.Value; 
Zb = 1000*(getappdata(app.UIFigure,'Zb')-Zc); 
qs = k*(Tc-Ts)/Zb + A*b - ((A*b^2)/Zb)*(1-exp(-Zb/b)); %Martos et al., 2017 %heat 
flow at the surface (W/m2) 
zb=Zb/1000; 
if zb < 20 
dlim=ceil(zb/2)*2; 
else 
dlim=ceil(zb/5)*5; 
end 
z=0:1000*dlim; 
Tcrust=Ts + z*qs/k + A*b*(b-z)/k - A*b^2*exp(-z/b)/k; %Ravat et al., 2016 
% tm=max(Tcrust); %Tlim=ceil(tm/100)*100; 
% Geotherm 
plot(app.UIAxes4,Tcrust,z'/1000,'Linewidth',1.5) 
hold(app.UIAxes4,'on') 
plot(app.UIAxes4,[0, max(Tcrust)], [zb, zb],'--k','LineWidth',1.5) %Curie Point Depth 
plot(app.UIAxes4,[Tc, Tc], [0, dlim],'--r','LineWidth',1.5) %Curie temperature 
axis(app.UIAxes4,'ij') 
app.UIAxes4.XLim = [0,max(Tcrust)]; 
app.UIAxes4.YLim = [0,dlim]; 
legend(app.UIAxes4,{'Geotherm',[' CPD = ' num2str(zb,'%.2f') ' km'],[' CT = ' 
num2str(Tc) ' °C']}) 
hold(app.UIAxes4,'off') 
b2 = app.FractalExponentEditField.Value; 
Zt = getappdata(app.UIFigure,'Zt'); 
Zt_error = getappdata(app.UIFigure,'Zt_error'); 
Z0 = getappdata(app.UIFigure,'Z0'); 
p1_err = getappdata(app.UIFigure,'p1_err'); 
Zb = getappdata(app.UIFigure,'Zb'); 
Zb_err = getappdata(app.UIFigure,'Zb_err'); 
fit_fm = getappdata(app.UIFigure,'fit_fm'); 
app.ValuesLabel.Text = sprintf('Values\nFractal exponent α: %0.2f\nZt = %0.2f km 
\x00B1 %0.2f km\nZ0 = %0.2f km \x00B1 %0.2f km\nZb = %0.2f km \x00B1 %0.2f km\nMisfit 
= %0.4f\nqs = %.4f mW/m2\n',... 
b2,Zt-Zc,Zt_error,Z0-Zc,p1_err,Zb-Zc,Zb_err,fit_fm,qs*1e3); 
end 
 

% Button pushed function: SelectFileButton 
function Readdata(app, event) 
Restart(app,event) 
[file, path] = uigetfile({'*.grd';'*.tif'}); 
app.Label.Text = sprintf(file); 
if fileid(app,file) == 1 
b = data_aero(app,fullfile(path, file)); 
elseif fileid(app,file) == 0 
b = getgrd2(app,fullfile(path, file)); 
end 
setappdata(app.UIFigure,'b',b) 
set(app.ResolutionkmEditField, 'Enable', 'on'); 
set(app.ResolutionkmEditFieldLabel, 'Enable', 'on'); 
dl = app.ResolutionkmEditField.Value; 
b = getappdata(app.UIFigure,'b'); 
dt = detrend_2d(app,b); % Polynomial Trend Surface Estimation (degree = 1) 
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a2 = raas(app,dt,dl); % Radially average power spectrum 
plot(app.UIAxes,a2(:,1),a2(:,2),'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes.XLim = [0 a2(end,1)]; 
app.UIAxes.YLimMode = 'auto'; 
plot(app.UIAxes2,a2(:,1),a2(:,2)-log(2*pi*a2(:,1)),'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes2.XLim = [0 a2(end,1)]; 
app.UIAxes2.YLimMode = 'auto'; 
setappdata(app.UIFigure,'data',a2) 
xs = []; % Data not selected yet 
xs2 = []; % Data not selected yet 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2) 
% Initial value 
[w2,pw2,ps2,ci1] = fractal_correction(app,a2,0); 
set(app.FractalExponentEditField, 'Enable', 'on'); set(app.FractalExponentLabel, 
'Enable', 'on') 
set(app.FlightaltitudekmEditField, 'Enable', 'on'); 
set(app.FlightaltitudekmEditFieldLabel, 'Enable', 'on') 
set(app.SelectpointsButton,'Enable','on') 
set(app.RestartButton,'Enable','on') 
setappdata(app.UIFigure,'w2',w2) 
setappdata(app.UIFigure,'pw2',pw2) 
setappdata(app.UIFigure,'ps2',ps2) 
setappdata(app.UIFigure,'ci1',ci1) 
end 
 

% Button pushed function: RestartButton 
function Restart(app, event) 
cla(app.UIAxes) 
cla(app.UIAxes2) 
cla(app.UIAxes3) 
cla(app.UIAxes4) 
app.ValuesLabel.Text = sprintf('Values'); 
app.Label.Text = sprintf(''); 
legend(app.UIAxes3,'off') 
legend(app.UIAxes4,'off') 
app.FractalExponentEditField.Value = 0; 
set(app.FractalExponentEditField, 'Enable', 'off'); set(app.FractalExponentLabel, 
'Enable', 'off') 
set(app.FlightaltitudekmEditField, 'Enable', 'off'); 
set(app.FlightaltitudekmEditFieldLabel, 'Enable', 'off') 
set(app.SelectpointsButton,'Enable','off') 
set(app.RestartButton,'Enable','off') 
set(app.SurfacetemperatureCEditField, 'Enable', 'off'); 
set(app.SurfacetemperatureCEditFieldLabel, 'Enable', 'off') 
set(app.CurietemperatureCEditField,'Enable','off'); 
set(app.CurietemperatureCEditFieldLabel,'Enable','off') 
set(app.SurfaceheatproductionmicroWm3EditField,'Enable','off'); 
set(app.SurfaceheatproductionmicroWm3EditFieldLabel,'Enable','off') 
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set(app.EmpiricalheatproductiondepthdistributionparameterkmEditField,'Enable','off');
set(app.EmpiricalheatproductiondepthdistributionparameterkmLabel,'Enable','off') 
set(app.ThermalconductivityWmKEditField,'Enable','off'); 
set(app.ThermalconductivityWmKEditFieldLabel,'Enable','off') 
set(app.PlotGeothermButton,'Enable','off') 
set(app.ResolutionkmEditField, 'Enable', 'off'); 
set(app.ResolutionkmEditFieldLabel, 'Enable', 'off'); 
end 
 

% Button pushed function: SelectpointsButton 
function Selectpoints(app, event) 
a2 = getappdata(app.UIFigure,'data'); 
b2 = app.FractalExponentEditField.Value; 
w2 = getappdata(app.UIFigure,'w2'); 
pw2 = getappdata(app.UIFigure,'pw2'); 
ps2 = getappdata(app.UIFigure,'ps2'); 
ci1 = getappdata(app.UIFigure,'ci1'); 
Zc = app.FlightaltitudekmEditField.Value; 
% Figura 1 
f1 = figure; 
plot(w2,pw2,'k.-') 
ylabel('$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel('$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
xlim([0 w2(end)]); 
ylim([floor(min(pw2)) ceil(max(pw2)+1)]); 
[~,xs2,ys2] = selectdata('sel','br','BrushShape','rect','BrushSize',0.01); 
close(f1) 
p2=polyfit(xs2,ys2,1); %slope Zt and intercept 
wh2=min(xs2)-0.001:0.001:max(xs2)+0.001; %wavenumber to graphs 
kk2=polyval(p2,wh2); %values for files 
Zt=(-1)*(p2(1)/(2*pi)); 
sd2=sqrt(sum((ys2-polyval(p2,xs2)).^2)/(length(xs2))); %standart deviation 
Zt_error= sd2/((2*pi)*(max(xs2)-min(xs2))); 
% Figura 2 
f2=figure; 
plot(w2,ps2,'k.-'); 
ylabel('$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel('$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
xlim([0 w2(end)]); 
ylim([floor(min(ps2)) ceil(max(ps2)+1)]); 
[~,xs,ys] = selectdata('sel','br','BrushShape','rect','BrushSize',0.01); 
close(f2) 
pl = polyfit(xs,ys,1); %slope Z0 and intercept 
w1 = min(xs)-0.002:0.001:max(xs)+0.002; %wavenumber to graphs 
kk = polyval(pl,w1); %values for files 
Z0 = (-1)*(pl(1)/(2*pi)); 
sd1 = sqrt(sum((ys-polyval(pl,xs)).^2)/(length(xs))); %standart deviation 
p1_err = sd1/((2*pi)*(max(xs)-min(xs))); 
Zb = ((2*Z0)-Zt); %depth to the bottom of the magnetic source (DBMS) 
Zb_err = sqrt((4*(p1_err^2))+(Zt_error^2)); %DBMS uncertainity (Martos et al., 2019) 
%% Forward model 
c1 = find(pw2==ys2(end)); 
sx=w2(1:c1); 
sy=pw2(1:c1); %Amplitude spectrum 



152 
 

d = exp(sy); 
G = exp(-2*pi*sx*Zt).*(1-exp(-2*pi*sx*(Zb-Zt))); 
x0 = log((G'*G)\G'*d); 
func = @(x0,x)x0 - ((2*pi*x)*Zt) + log((1-exp(-2*pi*x*(Zb-Zt)))); 
[xc,resnorm] = lsqcurvefit(func,x0,sx,sy); 
mf=sqrt(resnorm/length(sx)); 
wn=linspace(w2(1),w2(end)); 
fm1=func(xc,wn); %Synthetic Spectrum 
fit_fm=mf; %Misfit 
% Plot 1 
plot(app.UIAxes,w2,pw2,'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes,'on') 
plot(app.UIAxes,wh2,kk2,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes,'off') 
app.UIAxes.XLim = [0 0.2]; 
% Plot 2 
plot(app.UIAxes2,w2,ps2,'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes2,'on') 
plot(app.UIAxes2,w1,kk,'-r','Linewidth',1,'Markersize',12) 
hold(app.UIAxes2,'off') 
app.UIAxes2.XLim = [0 0.2]; 
app.UIAxes2.YLim = [floor(min(ps2(w2<0.2))) ceil(max(ps2) + 1)]; 
% Plot3 3 
% Confidence intervals 
p4 = plot(app.UIAxes3,w2,pw2 + ci1,'k'); 
hold(app.UIAxes3,'on') 
plot(app.UIAxes3,w2,pw2 - ci1,'k') 
plot(app.UIAxes3,w2,a2(:,2) + ci1,'k') 
plot(app.UIAxes3,w2,a2(:,2) - ci1,'k') 
%Plots 
p2 = plot(app.UIAxes3,w2,pw2,'b-','Linewidth',1,'Markersize',12); 
p1 = plot(app.UIAxes3,w2,a2(:,2),'g-','Linewidth',1,'Markersize',12); 
p3 = plot(app.UIAxes3,wn,fm1,'-r','Linewidth',1.5,'Markersize',12); 
ylabel(app.UIAxes3,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes3,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
hold(app.UIAxes3,'off') 
app.UIAxes3.XLim = [0 0.2]; 
legend(app.UIAxes3,[p1 p2 p3 p4],{'Observed spectrum','Corrected spectrum',... 
'Synthetic spectrum','95% confidence interval'}) 
% Values 
app.ValuesLabel.Text = sprintf('Values\nFractal exponent α: %0.2f\nZt = %0.2f km 
\x00B1 %0.2f km\nZ0 = %0.2f km \x00B1 %0.2f km\nZb = %0.2f km \x00B1 %0.2f km\nMisfit 
= %0.4f',... 
b2,Zt-Zc,Zt_error,Z0-Zc,p1_err,Zb-Zc,Zb_err,fit_fm); 
% Enables buttons  
set(app.SurfacetemperatureCEditField, 'Enable', 'on'); 
set(app.SurfacetemperatureCEditFieldLabel, 'Enable', 'on') 
set(app.CurietemperatureCEditField,'Enable','on'); 
set(app.CurietemperatureCEditFieldLabel,'Enable','on') 
set(app.SurfaceheatproductionmicroWm3EditField,'Enable','on'); 
set(app.SurfaceheatproductionmicroWm3EditFieldLabel,'Enable','on') 
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set(app.EmpiricalheatproductiondepthdistributionparameterkmEditField,'Enable','on');s
et(app.EmpiricalheatproductiondepthdistributionparameterkmLabel,'Enable','on') 
set(app.ThermalconductivityWmKEditField,'Enable','on'); 
set(app.ThermalconductivityWmKEditFieldLabel,'Enable','on') 
set(app.PlotGeothermButton,'Enable','on') 
setappdata(app.UIFigure,'b2',b2) 
setappdata(app.UIFigure,'Zt',Zt) 
setappdata(app.UIFigure,'Zt_error',Zt_error) 
setappdata(app.UIFigure,'Z0',Z0) 
setappdata(app.UIFigure,'p1_err',p1_err) 
setappdata(app.UIFigure,'Zb',Zb) 
setappdata(app.UIFigure,'Zb_err',Zb_err) 
setappdata(app.UIFigure,'fit_fm',fit_fm) 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2) 
setappdata(app.UIFigure,'Zc',Zc) 
end 
 

% Value changed function: ResolutionkmEditField 
function Resolutionandraas(app, event) 
dl = app.ResolutionkmEditField.Value; 
b = getappdata(app.UIFigure,'b'); 
dt = detrend_2d(app,b); % Polynomial Trend Surface Estimation (degree = 1) 
a2 = raas(app,dt,dl); % Radially average power spectrum 
plot(app.UIAxes,a2(:,1),a2(:,2),'k.-'); 
ylabel(app.UIAxes,'$\ln(A(k))$','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes.XLim = [0 a2(end,1)]; 
app.UIAxes.YLimMode = 'auto'; 
plot(app.UIAxes2,a2(:,1),a2(:,2)-log(2*pi*a2(:,1)),'k.-'); 
ylabel(app.UIAxes2,'$\ln(\frac{A(k)}{2\pi k}$)','Interpreter','latex','FontSize',12) 
xlabel(app.UIAxes2,'$k\;(\frac{1}{km})$','Interpreter','latex','FontSize',12) 
app.UIAxes2.XLim = [0 a2(end,1)]; 
app.UIAxes2.YLimMode = 'auto'; 
setappdata(app.UIFigure,'data',a2) 
xs = []; % Data not selected yet 
xs2 = []; % Data not selected yet 
setappdata(app.UIFigure,'xs',xs) 
setappdata(app.UIFigure,'xs2',xs2) 
% Initial value 
[w2,pw2,ps2,ci1] = fractal_correction(app,a2,0); 
set(app.FractalExponentEditField, 'Enable', 'on'); set(app.FractalExponentLabel, 
'Enable', 'on') 
set(app.FlightaltitudekmEditField, 'Enable', 'on'); 
set(app.FlightaltitudekmEditFieldLabel, 'Enable', 'on') 
set(app.SelectpointsButton,'Enable','on') 
set(app.RestartButton,'Enable','on') 
app.FractalExponentEditField.Value = 0; 
setappdata(app.UIFigure,'w2',w2) 
setappdata(app.UIFigure,'pw2',pw2) 
setappdata(app.UIFigure,'ps2',ps2) 
setappdata(app.UIFigure,'ci1',ci1) 
end 
end 
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% Component initialization 
methods (Access = private) 
 

% Create UIFigure and components 
function createComponents(app) 
 

% Create UIFigure and hide until all components are created 
app.UIFigure = uifigure('Visible', 'off'); 
app.UIFigure.Position = [100 100 1010.75 672]; 
app.UIFigure.Name = 'UI Figure'; 
 

% Create UIAxes 
app.UIAxes = uiaxes(app.UIFigure); 
xlabel(app.UIAxes, 'k (1/km)') 
ylabel(app.UIAxes, 'ln(A(k))') 
app.UIAxes.FontName = 'Times New Roman'; 
app.UIAxes.GridAlpha = 0.15; 
app.UIAxes.MinorGridAlpha = 0.25; 
app.UIAxes.Box = 'on'; 
app.UIAxes.XGrid = 'on'; 
app.UIAxes.YGrid = 'on'; 
app.UIAxes.Position = [11 263 320 230]; 
 

% Create UIAxes2 
app.UIAxes2 = uiaxes(app.UIFigure); 
xlabel(app.UIAxes2, 'k (1/km)') 
ylabel(app.UIAxes2, 'ln(A(k)/k)') 
app.UIAxes2.FontName = 'Times New Roman'; 
app.UIAxes2.GridAlpha = 0.15; 
app.UIAxes2.MinorGridAlpha = 0.25; 
app.UIAxes2.Box = 'on'; 
app.UIAxes2.XGrid = 'on'; 
app.UIAxes2.YGrid = 'on'; 
app.UIAxes2.Position = [11 13 320 220]; 
 

% Create UIAxes3 
app.UIAxes3 = uiaxes(app.UIFigure); 
xlabel(app.UIAxes3, 'k (1/km)') 
ylabel(app.UIAxes3, 'ln(A(k))') 
app.UIAxes3.FontName = 'Times New Roman'; 
app.UIAxes3.GridAlpha = 0.15; 
app.UIAxes3.MinorGridAlpha = 0.25; 
app.UIAxes3.Box = 'on'; 
app.UIAxes3.XGrid = 'on'; 
app.UIAxes3.YGrid = 'on'; 
app.UIAxes3.Position = [361 263 320 230]; 
 



155 
 

% Create UIAxes4 
app.UIAxes4 = uiaxes(app.UIFigure); 
title(app.UIAxes4, 'Steady-state one-dimensional geotherm') 
xlabel(app.UIAxes4, 'Temperature (°C)') 
ylabel(app.UIAxes4, 'Depth (km)') 
app.UIAxes4.FontName = 'Times New Roman'; 
app.UIAxes4.GridAlpha = 0.15; 
app.UIAxes4.MinorGridAlpha = 0.25; 
app.UIAxes4.Box = 'on'; 
app.UIAxes4.XGrid = 'on'; 
app.UIAxes4.YGrid = 'on'; 
app.UIAxes4.Position = [711 13 288 480]; 
 

% Create FractalExponentLabel 
app.FractalExponentLabel = uilabel(app.UIFigure); 
app.FractalExponentLabel.HorizontalAlignment = 'right'; 
app.FractalExponentLabel.VerticalAlignment = 'top'; 
app.FractalExponentLabel.Enable = 'off'; 
app.FractalExponentLabel.Position = [4 518 114 22]; 
app.FractalExponentLabel.Text = 'Fractal Exponent (α)'; 
 

% Create FractalExponentEditField 
app.FractalExponentEditField = uieditfield(app.UIFigure, 'numeric'); 
app.FractalExponentEditField.Limits = [0 Inf]; 
app.FractalExponentEditField.ValueChangedFcn = createCallbackFcn(app, @Fractal, 
true); 
app.FractalExponentEditField.Enable = 'off'; 
app.FractalExponentEditField.Position = [131 521 97 22]; 
 

% Create SelectpointsButton 
app.SelectpointsButton = uibutton(app.UIFigure, 'push'); 
app.SelectpointsButton.ButtonPushedFcn = createCallbackFcn(app, @Selectpoints, true); 
app.SelectpointsButton.Enable = 'off'; 
app.SelectpointsButton.Position = [340 581 100 22]; 
app.SelectpointsButton.Text = 'Select points'; 
 

% Create ValuesLabel 
app.ValuesLabel = uilabel(app.UIFigure); 
app.ValuesLabel.BackgroundColor = [1 1 1]; 
app.ValuesLabel.VerticalAlignment = 'top'; 
app.ValuesLabel.FontName = 'Arial'; 
app.ValuesLabel.FontSize = 16; 
app.ValuesLabel.Position = [371 13 303 210]; 
app.ValuesLabel.Text = 'Values'; 
 

% Create SurfacetemperatureCEditFieldLabel 
app.SurfacetemperatureCEditFieldLabel = uilabel(app.UIFigure); 
app.SurfacetemperatureCEditFieldLabel.HorizontalAlignment = 'right'; 
app.SurfacetemperatureCEditFieldLabel.VerticalAlignment = 'top'; 
app.SurfacetemperatureCEditFieldLabel.Enable = 'off'; 
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app.SurfacetemperatureCEditFieldLabel.Position = [741 585 141 15]; 
app.SurfacetemperatureCEditFieldLabel.Text = 'Surface temperature (°C)'; 
 

% Create SurfacetemperatureCEditField 
app.SurfacetemperatureCEditField = uieditfield(app.UIFigure, 'numeric'); 
app.SurfacetemperatureCEditField.ValueChangedFcn = createCallbackFcn(app, @Geotherm, 
true); 
app.SurfacetemperatureCEditField.Enable = 'off'; 
app.SurfacetemperatureCEditField.Position = [891 581 50 22]; 
app.SurfacetemperatureCEditField.Value = 20; 
 

% Create CurietemperatureCEditFieldLabel 
app.CurietemperatureCEditFieldLabel = uilabel(app.UIFigure); 
app.CurietemperatureCEditFieldLabel.HorizontalAlignment = 'right'; 
app.CurietemperatureCEditFieldLabel.VerticalAlignment = 'top'; 
app.CurietemperatureCEditFieldLabel.Enable = 'off'; 
app.CurietemperatureCEditFieldLabel.Position = [751 555 129 15]; 
app.CurietemperatureCEditFieldLabel.Text = 'Curie temperature (°C)'; 
 

% Create CurietemperatureCEditField 
app.CurietemperatureCEditField = uieditfield(app.UIFigure, 'numeric'); 
app.CurietemperatureCEditField.ValueChangedFcn = createCallbackFcn(app, @Geotherm, 
true); 
app.CurietemperatureCEditField.Enable = 'off'; 
app.CurietemperatureCEditField.Position = [891 551 50 22]; 
app.CurietemperatureCEditField.Value = 580; 
 

% Create SurfaceheatproductionmicroWm3EditFieldLabel 
app.SurfaceheatproductionmicroWm3EditFieldLabel = uilabel(app.UIFigure); 
app.SurfaceheatproductionmicroWm3EditFieldLabel.HorizontalAlignment = 'right'; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.VerticalAlignment = 'top'; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.Enable = 'off'; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.Position = [461 555 208 15]; 
app.SurfaceheatproductionmicroWm3EditFieldLabel.Text = 'Surface heat production 
(microW/m3)'; 
 

% Create SurfaceheatproductionmicroWm3EditField 
app.SurfaceheatproductionmicroWm3EditField = uieditfield(app.UIFigure, 'numeric'); 
app.SurfaceheatproductionmicroWm3EditField.ValueChangedFcn = createCallbackFcn(app, 
@Geotherm, true); 
app.SurfaceheatproductionmicroWm3EditField.Enable = 'off'; 
app.SurfaceheatproductionmicroWm3EditField.Position = [681 551 40 22]; 
app.SurfaceheatproductionmicroWm3EditField.Value = 2.5; 
 

% Create EmpiricalheatproductiondepthdistributionparameterkmEditField 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField = 
uieditfield(app.UIFigure, 'numeric'); 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField.ValueChangedFcn = 
createCallbackFcn(app, @Geotherm, true); 
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app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Enable = 'off'; 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Position = [682 521 
39 22]; 
app.EmpiricalheatproductiondepthdistributionparameterkmEditField.Value = 10; 
 

% Create ThermalconductivityWmKEditFieldLabel 
app.ThermalconductivityWmKEditFieldLabel = uilabel(app.UIFigure); 
app.ThermalconductivityWmKEditFieldLabel.HorizontalAlignment = 'right'; 
app.ThermalconductivityWmKEditFieldLabel.VerticalAlignment = 'top'; 
app.ThermalconductivityWmKEditFieldLabel.Enable = 'off'; 
app.ThermalconductivityWmKEditFieldLabel.Position = [511 585 160 15]; 
app.ThermalconductivityWmKEditFieldLabel.Text = 'Thermal conductivity (W/mK)'; 
 

% Create ThermalconductivityWmKEditField 
app.ThermalconductivityWmKEditField = uieditfield(app.UIFigure, 'numeric'); 
app.ThermalconductivityWmKEditField.ValueChangedFcn = createCallbackFcn(app, 
@Geotherm, true); 
app.ThermalconductivityWmKEditField.Enable = 'off'; 
app.ThermalconductivityWmKEditField.Position = [681 581 40 22]; 
app.ThermalconductivityWmKEditField.Value = 2.2; 
 

% Create PlotGeothermButton 
app.PlotGeothermButton = uibutton(app.UIFigure, 'push'); 
app.PlotGeothermButton.ButtonPushedFcn = createCallbackFcn(app, @Geotherm, true); 
app.PlotGeothermButton.Enable = 'off'; 
app.PlotGeothermButton.Position = [801 521 100 22]; 
app.PlotGeothermButton.Text = 'Plot Geotherm'; 
 

% Create RestartButton 
app.RestartButton = uibutton(app.UIFigure, 'push'); 
app.RestartButton.ButtonPushedFcn = createCallbackFcn(app, @Restart, true); 
app.RestartButton.Enable = 'off'; 
app.RestartButton.Position = [340 551 100 22]; 
app.RestartButton.Text = 'Restart'; 
 

% Create SelectFileButton 
app.SelectFileButton = uibutton(app.UIFigure, 'push'); 
app.SelectFileButton.ButtonPushedFcn = createCallbackFcn(app, @Readdata, true); 
app.SelectFileButton.Position = [18 616 100 22]; 
app.SelectFileButton.Text = 'Select File'; 
 

% Create Label 
app.Label = uilabel(app.UIFigure); 
app.Label.BackgroundColor = [1 1 1]; 
app.Label.VerticalAlignment = 'top'; 
app.Label.Position = [131 617 191 20]; 
app.Label.Text = ''; 
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% Create FlightaltitudekmEditFieldLabel 
app.FlightaltitudekmEditFieldLabel = uilabel(app.UIFigure); 
app.FlightaltitudekmEditFieldLabel.HorizontalAlignment = 'right'; 
app.FlightaltitudekmEditFieldLabel.VerticalAlignment = 'top'; 
app.FlightaltitudekmEditFieldLabel.Enable = 'off'; 
app.FlightaltitudekmEditFieldLabel.Position = [11 555 105 15]; 
app.FlightaltitudekmEditFieldLabel.Text = 'Flight altitude (km)'; 
 

            % Create FlightaltitudekmEditField 
            app.FlightaltitudekmEditField = uieditfield(app.UIFigure, 'numeric'); 
            app.FlightaltitudekmEditField.Enable = 'off'; 
            app.FlightaltitudekmEditField.Position = [131 551 97 22]; 
 

            % Create EmpiricalheatproductiondepthdistributionparameterkmLabel 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel = 
uilabel(app.UIFigure); 
            
app.EmpiricalheatproductiondepthdistributionparameterkmLabel.HorizontalAlignment = 
'right'; 
            
app.EmpiricalheatproductiondepthdistributionparameterkmLabel.VerticalAlignment = 
'top'; 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel.Enable = 
'off'; 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel.Position = 
[335 525 334 15]; 
            app.EmpiricalheatproductiondepthdistributionparameterkmLabel.Text = 
'Empirical heat-productiondepth-distribution parameter (km) '; 
 

            % Create DefractalMethodLabel 
            app.DefractalMethodLabel = uilabel(app.UIFigure); 
            app.DefractalMethodLabel.VerticalAlignment = 'top'; 
            app.DefractalMethodLabel.FontSize = 36; 
            app.DefractalMethodLabel.FontWeight = 'bold'; 
            app.DefractalMethodLabel.Position = [401 616 302 47]; 
            app.DefractalMethodLabel.Text = 'Defractal Method'; 
 

            % Create ResolutionkmEditFieldLabel 
            app.ResolutionkmEditFieldLabel = uilabel(app.UIFigure); 
            app.ResolutionkmEditFieldLabel.HorizontalAlignment = 'right'; 
            app.ResolutionkmEditFieldLabel.Enable = 'off'; 
            app.ResolutionkmEditFieldLabel.Position = [23 578 90 22]; 
            app.ResolutionkmEditFieldLabel.Text = 'Resolution (km)'; 
 

            % Create ResolutionkmEditField 
            app.ResolutionkmEditField = uieditfield(app.UIFigure, 'numeric'); 
            app.ResolutionkmEditField.Limits = [0 Inf]; 
            app.ResolutionkmEditField.ValueChangedFcn = createCallbackFcn(app, 
@Resolutionandraas, true); 
            app.ResolutionkmEditField.Enable = 'off'; 
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            app.ResolutionkmEditField.Position = [128 578 100 22]; 
            app.ResolutionkmEditField.Value = 1; 
 

            % Show the figure after all components are created 
            app.UIFigure.Visible = 'on'; 
        end 
    end 
 

    % App creation and deletion 
    methods (Access = public) 
 

        % Construct app 
        function app = defractal 
 

            % Create UIFigure and components 
            createComponents(app) 
 

            % Register the app with App Designer 
            registerApp(app, app.UIFigure) 
 

            if nargout == 0 
                clear app 
            end 
        end 
 

        % Code that executes before app deletion 
        function delete(app) 
 

            % Delete UIFigure when app is deleted 
            delete(app.UIFigure) 
        end 
    end 
end 
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Selectdata.m 

 
function [pointslist,xselect,yselect] = selectdata(varargin) 
% selectdata: graphical selection of data points on a plot using the mouse 
% usage: pointslist = selectdata         % uses all default options 
% usage: pointslist = selectdata(prop1,val1,prop2,val2,...) 
% 
% SELECTDATA allows the user to select data points on a given plot 
% using the mouse, in a variety of modes. 'Lasso' mode allows the 
% selection by a user directed lasso around the points. 'Brush' mode 
% selects points as you brush over them with the mouse. 'Rect' mode 
% draws a rectangle, selecting any points inside the rectangle. 
% 'Closest' mode looks for a aingle mouse click, finding the closest 
% point to the mouse. 
% 
% Returned is a list of the point indexes selected, additionally you 
% can specify that the points be deleted from the plot. 
% 
% Arguments: (input) 
%  The input arguments to SELECTDATA are all property/value pairs. 
%  (See PARSE_PV_PAIRS for more details.) 
%  
http://www.mathworks.com/matlabcentral/fileexchange/loadFile.do?objectId=9082&objectT
ype=FILE 
%  
%  Property names and character values can be shortened as long as 
%  the shortening is unambiguous. Capitalization is ignored. 
% 
%  Valid Properties: 'Action', 'Axes', 'BrushSize', 'Identify', 
%           'Ignore' , 'Pointer', 'SelectionMode' 
% 
%  'Action' - {'list', 'delete'} 
%           'delete' causes the selected points to be deleted from 
%           the figure after their selection is final. 
% 
%           DEFAULT VALUE: 'List' 
% 
%  'Axes' - denotes the axes from which to select points 
% 
%           DEFAULT VALUE: gca 
%   
%  'BrushShape' - {'rect', 'circle'} 
% 
%           DEFAULT VALUE: 'circle' 
% 
%           Sets the shape of the brush to be used. Both brush 
%           shapes are relative to the figure axes, so a nominally 
%           "circular" brush is actually elliptical if the axis 
%           units/lengths are unequal. 
% 
%           Only used when SelectionMode is 'brush'. 
% 
%  'BrushSize' - Only used when SelectionMode is 'brush'. 
% 
%           DEFAULT VALUE: 0.05 
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% 
%           The default value will specify a rectangular brush 
%           that has dimensions of 5% of the current axes. Note 
%           that on a set of square axes, the brush will always 
%           look square, even if the axes have very different 
%           units. 
% 
%           0 < brushsize <= 0.25 
% 
%  'Identify' - {'on', 'off'} 
%           Causes the selected points to be temporarily over-plotted 
%           with a new filled red marker ('o') as they are selected. 
% 
%           Points selected with a lasso, or rect may be deselected 
%           as the tool is modified. Brush selections are cumulative. 
% 
%           DEFAULT VALUE: 'on' 
% 
%  'Ignore' - a data handle, or [] 
% 
%           A list of data handles to be ignored. This allows you to 
%           use selectdata on only some sets of points, while others 
%           in the same figure are ignored. This is a useful option 
%           when you may have plotted some data points but also a 
%           curve fit through your data. You can then cause the plotted 
%           curve to be ignored by selectdata. 
% 
%           DEFAULT VALUE: [] 
% 
%  'Label' - {'off', 'on'} 
% 
%           Causes text labels with their (x,y) coordinates to appear 
%           next to each point selected. 
% 
%           Beware that selecting large numbers of points and creating 
%           and displaying the label for them can be time consuming. 
%           This option is a great one for single point selection, 
%           but I have seen system-related problems when rapidly 
%           selecting & deselecting large numbers of points with the 
%           rect tool. 
% 
%           DEFAULT VALUE: 'off' 
% 
%  'Pointer' - {'crosshair' | 'fullcrosshair' | 'arrow' | 'ibeam' | 
%           'watch' | 'topl' | 'topr' | 'botl' | 'botr' | 'left' | 
%           'top' | 'right' | 'bottom' | 'circle' | 'cross' | 'fleur' | 
%           'hand' } 
% 
%           Changes the cursor pointer while selection is active. 
%           After selection terminates, the figure pointer is 
%           restored to its old setting. 
% 
%           DEFAULT VALUE: 'crosshair' 
% 
%  'Return' - {'selected' | 'unselected' } 
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% 
%           Selection of data points, perhaps if used to indicate 
%           outliers in data, would normally return that set of  
%           points selected. But some users may prefer to see the 
%           list of points returned to be those points which were 
%           NOT selected. 
% 
%           DEFAULT VALUE: 'selected' 
% 
%  'SelectionMode' - {'Lasso', 'Brush', 'Rect', 'Closest'} 
% 
%           DEFAULT VALUE: 'Lasso' 
% 
%           If 'Brush' is used, then the brush will be a rectangular 
%           brush, with a size as defined by the 'BrushSize' property.  
%           The brush will be centered at the current mouse coordinates. 
%           Brush size will be a fraction of the axis limits for the 
%           current axes. Click inside the axes, then drag the "brush" 
%           around. Any points the brush crosses over will be selected. 
% 
%           If 'Lasso' is chosen, then click inside the axes to define 
%           one end of the lasso, then drag with the mouse still down, 
%           causing the mouse to define a general curvilinear region. 
%           The polygon will close automatically when the mouse button 
%           is released. A point is "inside" the lasso if inpolygon 
%           identifies it as so. BEWARE of convoluted lassos that 
%           intersect themselves. 
% 
%           If 'Rect' is chosen, then click inside the axes to define 
%           one corner of the rect, dragging to specify the opposite 
%           corner, just as rbbox would do. 
% 
%           If 'Closest' was chosen, then a single mouse click in the 
%           figure window is used, then that point which is closest in 
%           in Euclidean distance (in window units) is chosen. You 
%           can move the cursor around (don't release the mouse until 
%           you are done) and the currently selected point will be 
%           highlighted. 
% 
%  'Verify' - { 'off' | 'on' } 
% 
%           If set to 'on', this causes a dialog box to pop up after 
%           selection. The user can then acccept the selection, redo 
%           it, or cancel out, causing no points to be selected. 
% 
%           Note, if cancel is chosen from the dialog, and 'return' 
%           was specify to return those points 'unselected', then ALL 
%           the points will actually be returned. 
% 
%           DEFAULT VALUE: 'off' 
% 
% 
% Note: other properties are available for use, but I've chosen to 
% leave them semi-hidden because they don't seem terribly useful to 
% most users. These properties allow you to specify the colors of the 
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% selection tool itself, the colors of the selected point markers, 
% the transparency of the selection tool, the marker itself, etc. 
% Default values for these parameters are: 
% 
%           FlagMarker    = 'o' 
%           FlagColor     = 'r' 
%           Fill          = 'on' 
%           FillColor     = 'y' 
%           FillEdgeColor = 'b' 
%           FillTrans     = 0.5 
%           MaxBrush      = 0.25 
%           RemoveTool    = 'on' 
%           RemoveFlagged = 'on' 
%           RemoveLabels  = 'on' 
% 
% Further documentation on these parameters can be found by editting 
% selectdata.m itself. 
% 
% 
% Arguments: (output) 
%  pointslist - list of points that were selected. If only one 
%           dataset was found, then points list is a simple vector. 
%           If multiple sets of points were found in the axes, then 
%           points list will be a cell array. 
% 
%           NOTE: Each set of points is peeled off the stach in the 
%           matlab stores it. 
% 
%  xselect - array (or cell array) containing the x coordinates of 
%           those points identified in the selection 
% 
%  yselect - array (or cell array) containing the y coordinates of 
%           those points identified in the selection 
% 
% 
% Example: 
%  Plot a set of points, then select some with the mouse 
%  using a rectangular brush, return the indices of those 
%  points selected. (Note: user interaction on the plot 
%  will be necessary.) 
% 
%    x = 0:.1:1; 
%    y = x.^2; 
%    plot(x,y,'o') 
%    pl = selectdata('selectionmode','brush'); 
%   
% Example: 
%  Select a single point with the mouse, then delete that 
%  selected point from the plot. 
% 
%    pl = selectdata('selectionmode','closest','action','delete'); 
% 
% Example: 
%  Select some points using a rect(rbbox) tool, also return 
%  the (x,y) coordinates from multiple curves plotted. Use 
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%  shortened versions of the properties and values. 
%   
%    plot(rand(5,2),rand(5,2),'o') 
%    [pl,xs,ys] = selectdata('sel','r'); 
%   
% Example: 
%  Plot a curve and some data points on one plot, select 
%  some points from the data plotted, but ignore the 
%  smooth curve, even if the lasso passes over it. 
%    x = 0:.01:1; 
%    y = exp(x); 
%    ynoisy = y + randn(size(y))/2; 
%    h1 = plot(x,y,'-'); 
%    hold on 
%    h2 = plot(x,ynoisy,'o'); 
%    [pl,xs,ys] = selectdata('sel','lasso','ignore',h1); 
% 
% See also: 
% 
% 
% Author: John D'Errico 
% E-mail: woodchips@rochester.rr.com 
% Release: 3.0 
% Release date: 2/19/07 
% defaults for the parameters 
params.Axes = gca; 
params.SelectionMode = 'lasso'; 
params.Action = 'list'; 
params.BrushShape = 'circle'; 
params.BrushSize = .05; 
params.Identify = 'on'; 
params.Ignore = []; 
params.Pointer = 'cross'; 
params.Return = 'selected'; 
params.Verify = 'off'; 
params.Label = 'off'; 
% Undocumented options, also unchecked for validity. 
% These parameters control the marker used to identify 
% those points which are currently selected. 
% FlagMarker must be a valid plot marker, FlagColor 
% must be a valid color spec. The default values are... 
params.FlagMarker = 'o'; 
params.FlagColor = 'r'; 
% More (unchecked) options that are yours to fiddle with 
% (or not.) These control the fill color to be applied 
% to the interior of the lasso, rect, and brush. Also 
% controlled are the degree of transparency to be applied. 
params.Fill = 'on'; 
params.FillColor = 'y'; 
params.FillEdgeColor = 'b'; 
params.FillTrans = 0.5; % must be in the interval [0,1] 
% The maximum relative brushsize allowed is also 
% controlled here, just in case I ever wanted to allow 
% the brush to be a bit larger. 
params.MaxBrush = 0.25; 
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% After selection has been accomplished, the flagged points 
% and the selection tool itself are normally deleted. But 
% in some circumstances it may be useful to not delete 
% those objects. 'off' will cause these objects to remain. 
params.RemoveTool = 'on'; 
params.RemoveFlagged = 'on'; 
params.RemoveLabels = 'on'; 
% save this to restore later 
axissize = axis; 
% process any Property/value pairs. 
if nargin>0 
  params = parse_pv_pairs(params,varargin); 
end 
% check the supplied parameters for validity 
params = check_params(params); 
% bring the focus to the figure containing the 
% designated axes 
fighandle = get(params.Axes,'parent'); 
figure(fighandle) 
% get the current figure pointer, so we can 
% restore it later on 
oldpointer = get(fighandle,'Pointer'); 
% extract xdata and ydata from the specified axes 
% get the children of the axes 
hc = get(params.Axes,'children'); 
% are any of the data handles to be ignored? 
if ~isempty(params.Ignore) 
  hc = setdiff(hc,params.Ignore); 
end 
% strip out xdata and ydata 
xdata = get(hc,'xdata'); 
ydata = get(hc,'ydata'); 
% if we must highlight the points as they are 
% selected, then for efficiency we need to know 
% how many we may expect. 
flaghandle = []; 
if ~iscell(xdata) 
  xdata = xdata(:); 
  ydata = ydata(:); 
  % total number of data points 
  npoints = length(xdata); 
else 
  for i = 1:length(xdata) 
    xdata{i} = xdata{i}(:); 
    ydata{i} = ydata{i}(:); 
  end 
  % total number of data points 
  npoints = cellfun('length',xdata); 
end 
% for textlabels if desired 
texthandles = []; 
% set up a while loop in case we need to verify 
% satisfaction 
selectionflag = true; 
while selectionflag 
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  % and the total number currently selected 
  nsel = 0; 
   
  % what SelectionMode was specified 
  switch params.SelectionMode 
    case 'closest' 
      % Find the single closest point (in Euclidean distance) 
      % to the mouse click 
       
      % set the figure pointer 
      if ~isempty(params.Pointer) 
        set(fighandle,'Pointer',params.Pointer) 
      end 
       
      % mouse click? 
      waitforbuttonpress; 
       
      % Button Motion and Button Up 
      set(fighandle,'WindowButtonMotionFcn',@CPmotion); 
      set(fighandle,'WindowButtonUpFcn',@selectdone); 
       
      % dx, dy to scale the distance 
      dx = (axissize(2) - axissize(1)); 
      dy = (axissize(4) - axissize(3)); 
       
      % current closest point is 
      cc = get(gca,'CurrentPoint'); 
      xy = cc(1,1:2); 
       
      % what point was closest? 
      [pointslist,xselect,yselect] = closestpoint(xy,xdata,ydata,dx,dy); 
      nsel = 1; 
       
      % identify any points? 
      if strcmp(params.Identify,'on') 
        flagpoints 
      end 
       
      % label them? 
      if strcmp(params.Label,'on') 
        maketextlabels 
      end 
       
      % selecthandle is not needed for this mode op operation 
      selecthandle = []; 
       
      % wait until the mouse button was released 
      uiwait 
       
      % .... 
       
      % resume. 
       
      % all we need to do here is restore the figure pointer 
      % if we changed it before 
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      if ~isempty(params.Pointer) 
        set(fighandle,'Pointer',oldpointer) 
      end 
       
    case 'rect' 
      % Selection rect as a polygon 
      % mouse click? 
      waitforbuttonpress; 
      % set the figure pointer 
      if ~isempty(params.Pointer) 
        set(fighandle,'Pointer',params.Pointer) 
      end 
      % button down detected 
      cc = get(gca,'CurrentPoint'); 
      rectxy1 = cc(1,1:2); 
      rectxy2 = rectxy1 + eps(rectxy1); 
      % make a polygon of the box, initially of nil area 
      xv = [rectxy1(1), rectxy2(1), rectxy2(1), rectxy1(1), rectxy1(1)]; 
      yv = [rectxy1(2), rectxy1(2), rectxy2(2), rectxy2(2), rectxy1(2)]; 
      % no points should been selected 
      [pointslist,xselect,yselect,nsel] = testpoly(xv,yv,xdata,ydata); 
      % and plot it, filled or not 
      hold on 
      if strcmp(params.Fill,'on') 
        % filled 
        selecthandle = fill(xv,yv,params.FillColor); 
        set(selecthandle,'facealpha',params.FillTrans, ... 
          'linestyle','--','edgecolor',params.FillEdgeColor) 
      else 
        % unfilled 
        selecthandle = plot(xv,yv,'r:'); 
      end 
      % we can undo the hold now 
      hold off 
      % Button Motion and Button Up 
      set(fighandle,'WindowButtonMotionFcn',@rectmotion); 
      set(fighandle,'WindowButtonUpFcn',@selectdone); 
      % wait until the selection is done 
      uiwait 
      % .... 
      % resume. 
      % The rect already is a polygon, stored in (xv,yv) 
    case 'lasso' 
      % Selection lasso as a polygon 
      % mouse click? 
      waitforbuttonpress; 
      % set the figure pointer 
      if ~isempty(params.Pointer) 
        set(fighandle,'Pointer',params.Pointer) 
      end 
      % button down detected 
      cc = get(gca,'CurrentPoint'); 
      xlasso = cc(1,1); 
      ylasso = cc(1,2); 
      % form the polygon 
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      xv = xlasso; 
      yv = ylasso; 
      % and plot it, filled or not 
      hold on 
      if strcmp(params.Fill,'on') 
        % filled 
        selecthandle = fill(xv,yv,params.FillColor); 
        set(selecthandle,'facealpha',params.FillTrans, ... 
          'linestyle','--','edgecolor',params.FillEdgeColor) 
      else 
        % unfilled 
        selecthandle = plot(xv,yv,'r:'); 
      end 
      % we can undo the hold now 
      hold off 
      % Button Motion and Button Up 
      set(fighandle,'WindowButtonMotionFcn',@lassomotion); 
      set(fighandle,'WindowButtonUpFcn',@selectdone); 
      % wait until the selection is done 
      uiwait 
      % .... 
      % resume. 
      % The lasso already is a polygon, stored in (xv,yv) 
    case 'brush' 
      % paint over the data, with a rectangular brush 
      % mouse click? 
      waitforbuttonpress; 
      % set the figure pointer 
      if ~isempty(params.Pointer) 
        set(fighandle,'Pointer',params.Pointer) 
      end 
      % button down detected 
      bc = get(gca,'CurrentPoint'); 
      brushcenter = bc(1,1:2); 
      % dx, dy for the brush 
      bdx = params.BrushSize*(axissize(2) - axissize(1)); 
      bdy = params.BrushSize*(axissize(4) - axissize(3)); 
      if strcmpi(params.BrushShape,'rect') 
        % make the brush polygon as a fixed size rectangle 
        % that we can slide around 
        xv = brushcenter(1) + [-1, 1, 1, -1, -1]*bdx/2; 
        yv = brushcenter(2) + [-1, -1, 1, 1, -1]*bdy/2; 
      else 
        % a circle was specified 
        theta = linspace(0,2*pi,100); 
        xv = cos(theta)*bdx/2 + brushcenter(1); 
        yv = sin(theta)*bdy/2 + brushcenter(2); 
      end 
      % draw the initial brush polygon, filled or not 
      hold on 
      if strcmp(params.Fill,'on') 
        % filled 
        selecthandle = fill(xv,yv,params.FillColor); 
        set(selecthandle,'facealpha',params.FillTrans, ... 
          'linestyle','-','edgecolor',params.FillEdgeColor) 
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      else 
        % unfilled 
        selecthandle = plot(xv,yv,'r:'); 
      end 
      hold off 
      % have any points been selected? 
      [pointslist,xselect,yselect,nsel] = testpoly(xv,yv,xdata,ydata); 
      % identify any points? 
      if strcmp(params.Identify,'on') && (nsel>0) 
        flagpoints 
      end 
       
      % label them? 
      if strcmp(params.Label,'on') && (nsel>0) 
        maketextlabels 
      end 
       
      % Button Motion and Button Up 
      set(fighandle,'WindowButtonMotionFcn',@brushmotion); 
      set(fighandle,'WindowButtonUpFcn',@selectdone); 
      % wait until the selection is done 
      uiwait 
      % .... 
      % resume. 
  end 
   
  % verify? 
  if strcmpi(params.Verify,'on') 
    % pop up a dialog 
    ButtonName = questdlg( ... 
      'Are you satisfied with the points selected?','???', ... 
      'Yes','Redo Selection','Cancel Selection','Yes'); 
     
    switch ButtonName 
      case 'Yes' 
        % we can drop through 
        selectionflag = false; 
         
      case 'Cancel Selection' 
        % drop out, with nothing selected 
        if ~iscell(xdata) 
          pointslist = []; 
          xselect = []; 
          yselect = []; 
        else 
          for i = 1:numel(xdata) 
            pointslist{i} = []; 
            xselect{i} = []; 
            yselect{i} = []; 
          end 
        end 
         
        % we can drop through 
        selectionflag = false; 
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      case 'Redo Selection' 
        % or try again. The while loop will cycle 
        % until happy or canceled 
         
    end 
   
  else 
    % no verification was requested, so we want to 
    % terminate the while loop after only one pass through. 
    selectionflag = false; 
  end 
   
end 
% pointslist and xselect, yselect are already complete. 
% Do we delete the selected points? 
if strcmpi(params.Action,'delete') 
  if ~iscell(xdata) 
    % only one set, so xdata and ydata are not cell arrays 
     
    % Which points from the data fall in the selection polygon? 
    xdata(pointslist) = []; 
    ydata(pointslist) = []; 
     
    % drop those points from the plot 
    set(hc,'xdata',xdata,'ydata',ydata) 
  else 
    % it was a cell array, so there were multiple sets. 
    for i = 1:numel(xdata) 
       
      xdata{i}(pointslist{i}) = []; 
      ydata{i}(pointslist{i}) = []; 
       
      % drop those points from the plot 
      set(hc(i),'xdata',xdata{i},'ydata',ydata{i}) 
    end 
  end 
end 
% was 'return' set to be the selected list or the unselected one? 
% Do nothing if 'selected', we are already done. 
if strcmpi(params.Return,'unselected') 
  if ~iscell(xdata) 
    % only one set, so xdata and ydata are not cell arrays 
    pointslist = setdiff((1:npoints)',pointslist); 
    xselect = xdata(pointslist); 
    yselect = ydata(pointslist); 
  else 
    % it was a cell array, so there were multiple sets. 
    for i = 1:numel(xdata) 
      pointslist{i} = setdiff((1:npoints(i))',pointslist{i}); 
       
      xselect{i} = xdata{i}(pointslist{i}); 
      yselect{i} = ydata{i}(pointslist{i}); 
    end 
  end 
end 
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% ===================================================== 
%     begin nested functions 
% ===================================================== 
function brushmotion(src,evnt) %#ok 
  % nested function for motion of the brush 
   
  % get the new mouse position 
  mousenew = get(params.Axes,'CurrentPoint'); 
  mousenew = mousenew(1,1:2); 
   
  % make sure the axes are fixed 
  axis(axissize) 
   
  % how far did it move 
  brushoffset = mousenew - brushcenter; 
  brushcenter = mousenew; 
   
  xv = xv + brushoffset(1); 
  yv = yv + brushoffset(2); 
   
  % did we brush over any new points 
  [pl,xselect,yselect,nsel] = testpoly(xv,yv,xdata,ydata); 
   
  % for a brush, we need to append any selected points to 
  % the already selected list 
  if ~iscell(xdata) 
    % only one set, so xdata and ydata are not cell arrays 
    pointslist = union(pointslist,pl); 
    xselect = xdata(pointslist); 
    yselect = ydata(pointslist); 
    nsel = length(pointslist); 
  else 
    % it was a cell array, so there were multiple sets. 
    for j = 1:numel(pointslist) 
      pointslist{j} = union(pointslist{j},pl{j});  %#ok 
      pointslist{j} = pointslist{j}(:); %#ok 
       
      if ~isempty(pointslist{j}) 
        xselect{j} = xdata{j}(pointslist{j}); 
        yselect{j} = ydata{j}(pointslist{j}); 
      end 
    end 
     
    % total of points selected 
    nsel = sum(cellfun('length',pointslist)); 
  end 
   
  % identify any points? 
  if strcmp(params.Identify,'on') 
    flagpoints 
  end 
   
  % label them? 
  if strcmp(params.Label,'on') 
    maketextlabels 
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  end 
   
  % replot the brush in its new position 
  set(selecthandle,'xdata',xv,'ydata',yv) 
   
end 
% ===================================================== 
% ===================================================== 
function CPmotion(src,evnt) %#ok 
  % nested function to select the closest point 
   
  % get the new mouse position 
  mousenew = get(params.Axes,'CurrentPoint'); 
  xy = mousenew(1,1:2); 
   
  % make sure the axes stay fixed 
  axis(axissize) 
   
  % what point was closest? 
  [pointslist,xselect,yselect] = closestpoint(xy,xdata,ydata,dx,dy); 
  nsel = 1; 
     
  % identify any points? 
  if strcmp(params.Identify,'on') 
    flagpoints 
  end 
   
  % label them? 
  if strcmp(params.Label,'on') 
    maketextlabels 
  end 
   
end 
% ===================================================== 
% ===================================================== 
function rectmotion(src,evnt) %#ok 
  % nested function for expansion or contraction of the rect 
   
  % get the new mouse position 
  mousenew = get(params.Axes,'CurrentPoint'); 
  rectxy2 = mousenew(1,1:2); 
   
  % make sure the axes are fixed 
  axis(axissize) 
   
  % update the rect polygon of the box, changing the second corner 
  xv = [rectxy1(1), rectxy2(1), rectxy2(1), rectxy1(1), rectxy1(1)]; 
  yv = [rectxy1(2), rectxy1(2), rectxy2(2), rectxy2(2), rectxy1(2)]; 
     
  % did we brush over any new points 
  [pointslist,xselect,yselect,nsel] = testpoly(xv,yv,xdata,ydata); 
   
  % identify any points? 
  if strcmp(params.Identify,'on') 
    flagpoints 
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  end 
  % label them? 
  if strcmp(params.Label,'on') 
    maketextlabels 
  end 
     
  % replot the rect in its new position 
  set(selecthandle,'xdata',xv,'ydata',yv) 
   
end 
% ===================================================== 
% ===================================================== 
function lassomotion(src,evnt) %#ok 
  % nested function for expansion of the lasso 
   
  % get the new mouse position 
  mousenew = get(params.Axes,'CurrentPoint'); 
  mousenew = mousenew(1,1:2); 
  % append the new point on the end of the last lasso 
  xlasso = [xlasso,mousenew(1,1)]; 
  ylasso = [ylasso,mousenew(1,2)]; 
   
  % and close it to form the polygon 
  xv = [xlasso,xlasso(1)]; 
  yv = [ylasso,ylasso(1)]; 
  % replot the newly extended lasso 
  set(selecthandle,'xdata',xv,'ydata',yv) 
   
  % did we enclose any new points? 
  [pointslist,xselect,yselect,nsel] = testpoly(xv,yv,xdata,ydata); 
   
  % identify any points? 
  if strcmp(params.Identify,'on') 
    flagpoints 
  end 
  % label them? 
  if strcmp(params.Label,'on') 
    maketextlabels 
  end 
     
  % make sure the axes are maintained in size 
  axis(axissize) 
   
end 
% ===================================================== 
% ===================================================== 
function selectdone(src,evnt) %#ok 
  % nested function for mouse up 
   
  % do we remove the selection tool? 
  if strcmpi(params.RemoveTool,'on') 
    % delete the selection object from the plot 
    delete(selecthandle) 
    selecthandle = []; 
  end 
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  % do we remove the flagged points? 
  if strcmpi(params.RemoveFlagged,'on') 
    % also remove the flagged/plotted points 
    if ~isempty(flaghandle) 
      delete(flaghandle) 
      flaghandle = []; 
    end 
  end 
   
  % do we remove the flagged points? 
  if strcmpi(params.RemoveLabels,'on') 
    % also remove the labels 
    delete(texthandles) 
    texthandles = []; 
  end 
   
  % cancel the WindowButtonFcn's that we had set 
  set(fighandle,'WindowButtonMotionFcn',[]); 
  set(fighandle,'WindowButtonUpFcn',[]); 
   
  % restore the figure pointer to its original setting 
  if ~isempty(params.Pointer) 
    set(fighandle,'Pointer',oldpointer) 
  end 
   
  % and resume execution, back in the mainline 
  uiresume 
end 
% ===================================================== 
% ===================================================== 
function flagpoints 
  % nested function for flagging the selected points 
   
  % Are these the first points flagged? If so, 
  % we need to plot them and set the marker, etc. 
  if isempty(flaghandle) && (nsel > 0) 
    % hold the figure, so we can add the flagged points 
    hold on 
     
    if ~iscell(xselect) 
      flaghandle = plot(xselect,yselect,params.FlagMarker); 
      set(flaghandle,'Color',params.FlagColor,'MarkerFaceColor',params.FlagColor) 
    else 
      flaghandle = plot(vertcat(xselect{:}),vertcat(yselect{:}),params.FlagMarker); 
      set(flaghandle,'Color',params.FlagColor,'MarkerFaceColor',params.FlagColor) 
    end 
     
    % now release the hold 
    hold off 
  elseif ~isempty(flaghandle) 
    % otherwise, we just need to update xdata and ydata 
     
    if nsel == 0 
      set(flaghandle,'xdata',[],'ydata',[]); 
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    elseif ~iscell(xselect) 
      set(flaghandle,'xdata',xselect,'ydata',yselect); 
    else 
      set(flaghandle,'xdata',vertcat(xselect{:}),'ydata',vertcat(yselect{:})); 
    end 
  end 
end 
% ===================================================== 
% ===================================================== 
function maketextlabels 
  % nested function for generation of text labels 
  % over each point selected 
   
  % We need to remove the last set of text labels 
  delete(texthandles) 
   
  % creat a new set of handles  
  if ~iscell(xselect) 
    xtext = xselect; 
    ytext = yselect; 
  else 
    xtext = vertcat(xselect{:}); 
    ytext = vertcat(yselect{:}); 
  end 
   
  % anything selected? 
  if ~isempty(xtext) 
    textlabels = cell(1,nsel); 
    for L = 1:nsel 
      textlabels{L} = ['(',num2str(xtext(L)),',',num2str(ytext(L)),')']; 
    end 
    texthandles = text(xtext,ytext,textlabels); 
  end 
end 
% ===================================================== 
end % mainline end 
% ================================================ 
%               end main function 
% ================================================ 
% ================================================ 
%                  subfunctions 
% ================================================ 
function [pl,xsel,ysel,nsel] = testpoly(xv,yv,xdata,ydata) 
% checks which points are inside the given polygon 
% was there more than one set of points found in the plot? 
if ~iscell(xdata) 
  % only one set, so xdata and ydata are not cell arrays 
   
  % Which points from the data fall in the selection polygon? 
  pl = find(inpolygon(xdata,ydata,xv,yv)); 
  nsel = length(pl); 
   
  xsel = xdata(pl); 
  ysel = ydata(pl); 
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else 
  % it was a cell array, so there were multiple sets. 
  pl = cell(size(xdata)); 
  xsel = pl; 
  ysel = pl; 
  nsel = 0; 
  for i = 1:numel(xdata) 
    pl{i} = find(inpolygon(xdata{i},ydata{i},xv,yv)); 
    nsel = nsel + length(pl{i}); 
     
    if ~isempty(pl{i}) 
      xsel{i} = xdata{i}(pl{i}); 
      ysel{i} = ydata{i}(pl{i}); 
    end 
     
  end 
end 
end % subfunction end 
% ================================================ 
%                  subfunction 
% ================================================ 
function [pointslist,xselect,yselect] = closestpoint(xy,xdata,ydata,dx,dy) 
% find the single closest point to xy, in scaled units 
if ~iscell(xdata) 
  % just one set of points to consider 
  D = sqrt(((xdata - xy(1))/dx).^2 + ((ydata - xy(2))/dy).^2); 
  [junk,pointslist] = min(D(:)); %#ok 
  xselect = xdata(pointslist); 
  yselect = ydata(pointslist); 
else 
  % there is more than one set of points 
  Dmin = inf; 
  pointslist = cell(size(xdata)); 
  for i = 1:numel(xdata) 
    D = sqrt(((xdata{i} - xy(1))/dx).^2 + ((ydata{i} - xy(2))/dy).^2); 
    [mind,ind] = min(D(:)); %#ok 
     
    if mind < Dmin 
      % searching for the closest point 
      Dmin = mind; 
       
      pointslist = cell(size(xdata)); 
      xselect = cell(size(xdata)); 
      yselect = cell(size(xdata)); 
       
      pointslist{i} = ind; 
      xselect{i} = xdata{i}(ind); 
      yselect{i} = ydata{i}(ind); 
    end 
  end 
end 
end % subfunction end 
% ================================================ 
%                  subfunction 
% ================================================ 
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% ============================================ 
% subfunction - check_params 
% ============================================ 
function par = check_params(par) 
% check the parameters for acceptability 
% 
% Defaults 
%  Axes = gca; 
%  SelectionMode = 'lasso'; 
%  Action = 'list'; 
%  BrushSize = .05; 
% Axes == gca by default 
if isempty(par.Axes) 
  par.Axes = gca; 
else 
  if ~ishandle(par.Axes) 
    error 'Axes must be the handle to a valid set of axes.' 
  end 
end 
% SelectionMode == 'brush' by default 
if isempty(par.SelectionMode) 
  par.SelectionMode = 'brush'; 
else 
  valid = {'rect', 'brush', 'lasso', 'closest'}; 
  if ~ischar(par.SelectionMode) 
    error 'Invalid Style: Must be character' 
  end 
   
  ind = strmatch(lower(par.SelectionMode),valid); %#ok 
  if isempty(ind) || (length(ind)>1) 
    error(['Invalid SelectionMode: ',par.SelectionMode]) 
  end 
  par.SelectionMode = valid{ind}; 
end 
% BrushShape == 'circle' by default 
if isempty(par.BrushShape) 
  par.BrushShape = 'circle'; 
else 
  valid = {'rect', 'circle'}; 
  if ~ischar(par.BrushShape) 
    error 'Invalid Style: Must be character' 
  end 
   
  ind = strmatch(lower(par.BrushShape),valid); %#ok 
  if isempty(ind) || (length(ind)>1) 
    error(['Invalid SelectionMode: ',par.BrushShape]) 
  end 
  par.BrushShape = valid{ind}; 
end 
% Action == 'list' by default 
if isempty(par.Action) 
  par.Action = 'list'; 
else 
  valid = {'list', 'delete'}; 
  if ~ischar(par.Action) 
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    error 'Invalid Action: Must be character' 
  end 
   
  ind = strmatch(lower(par.Action),valid); %#ok 
  if isempty(ind) || (length(ind)>1) 
    error(['Invalid Action: ',par.Action]) 
  end 
  par.Action = valid{ind}; 
end 
% Pointer == 'crosshair' by default, but 
% if empty, will not change the pointer. 
if ~isempty(par.Pointer) 
  valid = {'crosshair', 'fullcrosshair', 'arrow', 'ibeam', ... 
    'watch', 'topl', 'topr', 'botl', 'botr', 'left', 'top', ... 
    'right', 'bottom', 'circle', 'cross', 'fleur', ... 
    'custom', 'hand'}; 
   
  if ~ischar(par.Pointer) 
    error 'Invalid Pointer: Must be character' 
  end 
   
  ind = strmatch(lower(par.Pointer),valid,'exact'); 
  if isempty(ind) 
    ind = strmatch(lower(par.Pointer),valid); %#ok 
    if isempty(ind) || (length(ind)>1) 
      error(['Invalid Pointer: ',par.Pointer]) 
    end 
  end 
  par.Pointer = valid{ind}; 
end 
% Identify == 'on' by default 
if isempty(par.Identify) 
  par.Identify = 'on'; 
else 
  valid = {'on', 'off'}; 
  if ~ischar(par.Identify) 
    error 'Value for Identify is invalid: Must be character' 
  end 
   
  ind = strmatch(lower(par.Identify),valid); %#ok 
  if isempty(ind) || (length(ind)>1) 
    error(['Invalid Action: ',par.Identify]) 
  end 
  par.Identify = valid{ind}; 
end 
% Label == 'off' by default 
if isempty(par.Label) 
  par.Label = 'off'; 
else 
  valid = {'on', 'off'}; 
  if ~ischar(par.Label) 
    error 'Value for Label is invalid: Must be character' 
  end 
   
  ind = strmatch(lower(par.Label),valid); %#ok 
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  if isempty(ind) || (length(ind)>1) 
    error(['Invalid Action: ',par.Label]) 
  end 
  par.Label = valid{ind}; 
end 
% Return == 'selected' by default 
if isempty(par.Return) 
  par.Return = 'selected'; 
else 
  valid = {'selected', 'unselected'}; 
  if ~ischar(par.Return) 
    error 'Value for Return is invalid: Must be character' 
  end 
   
  ind = strmatch(lower(par.Return),valid); %#ok 
  if isempty(ind) || (length(ind)>1) 
    error(['Invalid Action: ',par.Return]) 
  end 
  par.Return = valid{ind}; 
end 
% Verify == 'off' by default 
if isempty(par.Verify) 
  par.Verify = 'off'; 
else 
  valid = {'on', 'off'}; 
  if ~ischar(par.Verify) 
    error 'Value for Verify is invalid: Must be character' 
  end 
   
  ind = strmatch(lower(par.Verify),valid); %#ok 
  if isempty(ind) || (length(ind)>1) 
    error(['Invalid Action: ',par.Verify]) 
  end 
  par.Verify = valid{ind}; 
end 
% BrushSize == 0.05 by default 
if isempty(par.BrushSize) 
  par.BrushSize = 0.05; 
else 
  if (length(par.BrushSize)>1) || (par.BrushSize<=0) || (par.BrushSize>par.MaxBrush)  
    error 'Brushsize must be scalar, and 0 < BrushSize <= 0.25' 
  end 
end 
% Ignore == [] by default 
if ~isempty(par.Ignore) && any(~ishandle(par.Ignore)) 
  error 'Ignore must be empty, or a data handle' 
end 
end % check_params 
% ============================================ 
% Included subfunction - parse_pv_pairs 
% ============================================ 
function params=parse_pv_pairs(params,pv_pairs) 
% parse_pv_pairs: parses sets of property value pairs, allows defaults 
% usage: params=parse_pv_pairs(default_params,pv_pairs) 
% 
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% arguments: (input) 
%  default_params - structure, with one field for every potential 
%             property/value pair. Each field will contain the default 
%             value for that property. If no default is supplied for a 
%             given property, then that field must be empty. 
% 
%  pv_array - cell array of property/value pairs. 
%             Case is ignored when comparing properties to the list 
%             of field names. Also, any unambiguous shortening of a 
%             field/property name is allowed. 
% 
% arguments: (output) 
%  params   - parameter struct that reflects any updated property/value 
%             pairs in the pv_array. 
% 
% Example usage: 
% First, set default values for the parameters. Assume we 
% have four parameters that we wish to use optionally in 
% the function examplefun. 
% 
%  - 'viscosity', which will have a default value of 1 
%  - 'volume', which will default to 1 
%  - 'pie' - which will have default value 3.141592653589793 
%  - 'description' - a text field, left empty by default 
% 
% The first argument to examplefun is one which will always be 
% supplied. 
% 
%   function examplefun(dummyarg1,varargin) 
%   params.Viscosity = 1; 
%   params.Volume = 1; 
%   params.Pie = 3.141592653589793 
% 
%   params.Description = ''; 
%   params=parse_pv_pairs(params,varargin); 
%   params 
% 
% Use examplefun, overriding the defaults for 'pie', 'viscosity' 
% and 'description'. The 'volume' parameter is left at its default. 
% 
%   examplefun(rand(10),'vis',10,'pie',3,'Description','Hello world') 
% 
% params =  
%     Viscosity: 10 
%        Volume: 1 
%           Pie: 3 
%   Description: 'Hello world' 
% 
% Note that capitalization was ignored, and the property 'viscosity' 
% was truncated as supplied. Also note that the order the pairs were 
% supplied was arbitrary. 
npv = length(pv_pairs); 
n = npv/2; 
if n~=floor(n) 
  error 'Property/value pairs must come in PAIRS.' 
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end 
if n<=0 
  % just return the defaults 
  return 
end 
if ~isstruct(params) 
  error 'No structure for defaults was supplied' 
end 
% there was at least one pv pair. process any supplied 
propnames = fieldnames(params); 
lpropnames = lower(propnames); 
for i=1:n 
  p_i = lower(pv_pairs{2*i-1}); 
  v_i = pv_pairs{2*i}; 
   
  ind = strmatch(p_i,lpropnames,'exact'); 
  if isempty(ind) 
    ind = find(strncmp(p_i,lpropnames,length(p_i))); 
    if isempty(ind) 
      error(['No matching property found for: ',pv_pairs{2*i-1}]) 
    elseif length(ind)>1 
      error(['Ambiguous property name: ',pv_pairs{2*i-1}]) 
    end 
  end 
  p_i = propnames{ind}; 
   
  % override the corresponding default in params 
  params = setfield(params,p_i,v_i); %#ok 
   
end 
end % parse_pv_pairs 
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