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Abstract 
 
We report results of a detailed analysis of aeromagnetic survey data of Pirapora region, 
situated in the São Francisco Craton region, central Brazil. The main residual anomaly is 
wide, spanning over an area of about 9000 square kilometers, and has a maximum intensity 
of ± 300 nT. The analytic signal of the anomaly is located between 44.5° and 45.5° W and 
between 16.5° and 18.5 S and has a maximum value of about 0.028 nTm-1. Results of 
spectral analysis, based on matched bandpass filtering method, indicate that the anomaly is 
composed of signals arising from three different layers. The top layer is at depth shallower 
than 5 km while the intermediate one extends from 5 to 15 km depth. The bottom of deepest 
magnetic layer extends over depths varying from 20 to 55 km. Along an east-west belt, 
south of Pirapora anomaly, the depth to bottom of magnetized crust is less than 35 km and 
comparable to the thickness of the local crust obtained in seismic surveys. However, the 
thickness of the magnetized crust can exceed 35 km to the north and to the south of the 
Pirapora anomaly. This implies that the top layer of the mantle itself is magnetized. Results 
of geothermal model studies indicate Curie isotherm of 580oC may lie at depths greater 
than 35 km, along wide sections of the Pirapora region, within the São Francisco Craton. 
 
 

1. Introduction 
 
The magnetic field in the central region of Brazil was 

investigated since 1970’s (Bosum, 1973; Haraly and Hasui, 
1985; Marinho, 1993). More recent studies (Borges and 
Drews, 2001; 2009; Santos, 2006; Borges, 2013) identified in 
this region the existence of a prominent and wide magnetic 
anomaly centered in the Pirapora area. Although the Pirapora 
magnetic anomaly has been studied for several years, there are 
diverging interpretations on the characteristics and depths of 
crustal sources responsible for it. 

Guimarães et al. (2014) provided results of an integrated 
analysis of several aeromagnetic data sets and pointed out the 
advantages of the technique of matched filtering in analysis of 
magnetic anomalies of crustal origin. Later, Aisengart (2015) 
interpreted that the source of Pirapora magnetic anomaly may 
be compatible with that produced by rock types of 
significantly low values of Curie temperature (different 
magnetic minerals) and magnetic susceptibility, high degree 
of remanence and anisotropy. According to this author, a 
similar case occurs in the Cobar Area, central western New 
South Wales, Australia (Clark and Tonkins, 1994), where the 
local magnetic anomaly was associated with the occurrence of 
pyrrhotite, a mineral associated with nickel and cobalt. In 
present work, methods of spectral analysis are employed in 
extracting information on the depths of crustal magnetic 

anomalies at Pirapora and neighboring areas. This work also 
considers implications of the results obtained for the local 
geothermal field. 

 
2. Geologic Context 

 
The Pirapora region is located in the south-central part of 

the São Francisco Craton (Almeida, 1977; Almeida et al., 
1981). In the southeastern part of this craton (Figure 1) is a 
segment characterized by basement-involved deformation, 
syngenetic to tectonic inversion of an intracratonic basin. 
Within the southeastern part of this basin is a region described 
as ‘Pirapora graben’ by Souza Filho, (1995) and also as 
‘Pirapora aulacogen’ by Alkmim et al (2006). In the more 
recent work of Hercos et al (2008) it is described as ‘Pirapora 
Salience’. Integration of both seismic and field data allowed 
identification of three structural domains: a fault-related folds 
predominance, an extensive monoclinal and undulated, sub-
horizontal strata. According to Hercos et al (2008), the 
deformation rate decreases westward, and the eastern domain 
shows a dramatic structural relief of about 2500 m resulting 
from a strong uplift of this portion related to a regional datum. 
Also, deeper structural investigation around Agua Fria Range 
shows an inverted half-graben which is limited by a basement 
high in its western border, designated as Boqueirão High. The 
easternmost normal fault system of this unit has undergone 
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weak structural inversion, while the associated covering strata 
underwent significative shortening as a result of folding 
related to horizontal displacement. The Boqueirão High 
formed a rigid buttress that controlled the internal 
folding/shortening of the syn-rift sequence. The crustal 
shortening throughout the area is a result of two mechanisms: 
the inversion of normal faults associated with uplift of the 
basement blocks, as well as the folding of covering strata 
enlarged by horizontal forces. The map in Figure 1 illustrates 
the main tectonic features of São Francisco Craton, where the 
Pirapora area is located. CODEMIG (2013) provides 
additional information on the geological characteristics of this 
region. 
 

 
Figure 1 - Map illustrating main tectonic features of the Pirapora 

region (indicated by the red rectangle) and surrounding areas 

(Adapted from Alkmim and Marshak, 1998 and Hercos et al, 2008). 

 
3. Aeromagnetic Surveys 

 
The data used in the present work result from the 

aeromagnetic surveys of the Project 1009 by the Geological 
Survey of Brazil (CPRM). It was acquired between 1971 and 
1972 as part of a geophysical accord between Brazil and 
Germany. The areas covered by these surveys are shown in 
Figure 2. Data were acquired initially in analog form and later 
digitized by Paterson, Grant & Watson Ltd. (PGW) and 
Western Mining Company (WMC). These digital data sets 
were made available for academic research by CPRM.  

 

 
Figure 2 - Map indicating regions covered in aeromagnetic surveys 

of central Brazil by the Geological Survey of Brazil (CPRM). The 

study area is indicated with square symbols. 

4. Initial Data Analysis 
 
The objective of initial data analysis has been extraction of 

the anomalous magnetic field from the results of airborne 
survey results and determination of the depths to top and 
bottom of the magnetized bodies. Corrections were made by 
removing the IGRF reference field and the effects of diurnal 
variations from raw data. The analytic signal was then 
calculated for determining the characteristics of lateral 
variations in the anomalous field. This procedure is a linear 
transformation that highlights the spatial distributions of 
magnetic sources even at low latitudes, as pointed out by 
Nabighian (1972), Roest et al (1992) and Phillips (1997). The 
horizontal derivatives were also calculated, and the results 
employed for determining the locations of sources present in 
the anomalous field. These were useful in characterizing linear 
features (Blakely, 1996; Nabighian et al, 2005). The horizontal 
derivatives further allowed mapping lateral limits of these 
sources (Blakely and Simpson, 1986). 

 
5. Residual Field Anomaly 

 
The residual magnetic field at Pirapora, obtained after the 

initial stage of data reduction, is illustrated Figure 3. The main 
anomaly is located in an approximately square shaped region, 
between 43.5° and 45.5° W and 16.5° and 18.5° S. Note that 
the amplitude of the anomaly varies in the interval of ±300nT 
and spans over an area of about 9000 square kilometers. Also, 
several small-scale anomalies occur in the south western parts. 
The eastern border of the Pirapora area is characterized by 
extensive positive anomalies with magnitude in excess of 
200nT. The northwestern corner is characterized by negative 
values of less than -100nT. 

 

 
Figure 3 - Map of residual magnetic field in the Pirapora region. 

 
The map of the amplitude of analytic signal, presented in 

figure 4, provides a better indication of the location of the 
anomaly. The main anomaly spans over a smaller area and is 
oval shaped. It is situated in the region, between 44.50 and 
45.50 west longitudes and between 16.50 and 18.50 south 
latitudes. The maximum value of the analytic signal is about 
0.028 nTm-1. Notice the presence of several small-amplitude 
maxima, south of the main anomaly of Pirapora, with values 
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larger than 0.02 nTm-1. Among the small-amplitude 
anomalies, the most prominent is located in Três Marias area 
with an extent of 900 km2. The northwestern and south-central 
parts are characterized by smooth values of the analytic signal, 
with magnitudes less than 0.007 nTm-1. 

Figure 5 illustrates the vertical derivate map of the 
magnetic field. The shading technique of the map highlights 
the presence of several prominent lineaments. In the 
northeastern sector of the Pirapora magnetic anomaly, two 
lineaments form a V-shaped feature. In the southern sector 
there is a prominent lineament in the N-S direction, which 
appears as an offset branch of the N-S lineament in the in the 
northern segment outside the region of the anomaly. Other 
minor lineaments also occur to the southwest of the smaller 
anomaly at Três Marias and along eastern border of the study 
area. 

 

 
Figure 4 - Distribution of analytic signal amplitude (ASA) of the 

residual magnetic field in the Pirapora region. 

 

 
Figure 5 - Distribution of the vertical derivative (VD) of residual 

magnetic field in the Pirapora region. 

 

6. Spectral Analysis 
 
The techniques of spectral analysis of the residual field 

were used for the analysis of the magnetic sources at depth. It 
must be stressed that the spectral peaks in the azimuthally 
averaged spectra are observed only when sources are 
randomly magnetized (Spector and Grant, 1970). With 
uniform magnetization of layers, the spectra have power-law 
form and no peaks are observed. Guimaraes et al (2014) 
reported a comparative analysis of two methods used in the 
spectral estimation of the depth to the bottom of the magnetic 
layer: the spectral peak method, proposed by Spector and 
Grant (1970) and the centroid method, originally presented by 
Bhattacharyya and Leu (1977). The latter estimates the depth 
of magnetic sources from statistical analysis of magnetic 
sources and Fourier transform of associated bodies with 
geometry of regular parallelepiped. Hence, the power density 
spectrum (F(k)) is related to the sources as: 

|����|� = 4 
� ���  |�|� ������� �� � � �� ∗  
�1 −  ������� ����� ����,  �                       (1) 

 
where k is the wavenumber (cycles/km), Cm a constant, � a 
factor related to magnetization direction and � a factor related 
to magnetic field direction. In this equation M0 is 
magnetization, !" and !# are depths to top and bottom of 
magnetic sources and ����,  � a factor related to horizontal 
dimensions of sources. Considering that � and � are radially 
symmetric the mean value must be a constant. Also, for 
random magnetization the mean of the radial spectrum (∅∆&) 
is given by: 

∅∆'�|�|� = (���|�|)��1 − ��|�|�)��)*���
        (2) 

For k << zb - zt: 

∅∆'�|�|�+ �, = ���|�|)- . 20|�|                  (3) 
 

where !�  is center depth from source or layer anomalous and 
d is the magnetized layer thickness. Hence, the depth of the 
bottom magnetized layer (!#) is given by: 

1# = 2 1� − 1"                                    (4) 
 
It is clear that the slope of the power spectrum for a specific 

interval is related to the depth of the source. Thus, suitable 
intervals of spectra were selected, and slopes calculated for 
each interval.  

Guimarães et al (2014) proposed the matched filtering 
method, which is based on the concept of idealized modeled 
layers below the observation surface with chosen distribution 
of magnetization. This method, based on the earlier works of 
Bhattacharyya and Leu (1977) and Okubo et al (1985), employ 
the technique proposed by Phillips (1997) where a 
combination of filters is employed in validating the results of 
spectral depth computations. The bandpass filter allows the 
possibility of identifying separate potential-field anomalies 
from different magnetic layers, considering degree of 
reliability in data resolution. In the present work, the depth 
obtained for the top of the layers from this method are used to 
cross-check the depths obtained from the results of fitting 
slopes to the amplitude spectrum, in our depth estimation 
software. 

The procedure adopted makes use of the fact that 
shallowest depth estimate often represents high wavenumber 
noise and may be discarded unless the magnetic basement is 
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known to be near the surface. Fitting the slope of the high 
wavenumber end of the spectrum and removing that 
component from the spectrum separates the contribution of the 
topmost layer from the remaining signal. The straight part of 
the residual spectrum with highest wavenumber is then 
employed in determination of the depth to the top of the next 
layer. In this manner, the contribution of successively deeper 
layers is matched until the steepest slope segment representing 
the top of the deepest layer is fit.  

The radial power spectrum derived from analysis of the 
Pirapora data is illustrated in Figure 6. Note that the spectral 
power decreases rapidly with increase in the wavenumber. 
Thus, in the region of low wave numbers of less than 0.5x10-3 
km-1 the logarithm of power reaches values in the range of 2 
to 6, while at large wavenumbers of more than 0.3x10-3 km-1 it 
falls to values of less than -12. The smoothed curve indicates 
the fit obtained by matched filtering. For purposes of data 
analysis, it was found convenient to divide the wave number 
domains into sectors designated as deep, intermediate and 
shallow. The lateral boundaries of these sectors are indicated 
as vertical lines in Figure 6. There are no hard rules for 
selecting the domains, in view of the uncertainty in spectral 
data. The deep part is considered as falling in the wave number 
domain of 0.0 to 0.6, where the power varies from -2 to 6. The 
intermediate part is considered as falling in the wave number 
domain of 0.08 to 0.2, where the power varies from -6 to -10. 
The shallow part is considered as falling in the wave number 
domain of 0.2 to 0.3, where the power varies from -8 to -12. 
The part of the spectrum with domain values greater than 0.3 
is considered as part of noise in spectral data. 

 

 
Figure 6 - The radial power spectrum derived from analysis of the 

magnetic anomaly data of Pirapora. The smooth curve indicates the 

fit obtained by matched filtering. The vertical lines indicate bounds 

of wave number domains designated as deep, intermediate and 

shallow, in the top color bar. 

 
7. Results 

 
The magnetic structure at depth revealed by matched 

filtering (bandpass filter) may be considered as composed of 
three layers: shallow, intermediate and deep. The results 
indicate values of depths to top of these layers of 5, 20 and 30 
km respectively. In the analysis based on the spectral peak 
method for the Pirapora region large windows with 
dimensions of 200 to 300 km were employed. This choice of 
window size took into consideration regional extent of the 
anomalous field in Pirapora, which have dimensions of over 
50 km. For practical reasons in the interpretation, the results 
of the spectral analysis were considered as composed of 

blocks, as indicated in Figure 7. Shallow sources are situated 
at depth interval of 0.7 to 1.4 km. The intermediate sources are 
situated at depth intervals of approximately 1.1 to 19 km. The 
deep sources are at depth intervals of 14 to 54 km. 

The regional distribution of the blocks of Figure 7 reveals 
an east-west trending belt where the top of magnetized bodies 
falls within a relatively narrow range (15-22 km) but depths to 
the bottom of these bodies fall in the range of 34 to 38 km 
within the belt. The central points of blocks with depths to 
bottom of magnetized blocks of less than 40 km have been 
identified by letters C, B, F and E. These fall along a region 
where crustal thickness does not exceed estimates obtained by 
seismic methods (Assumpção et al, 2004; 2013). Hence, such 
regions may be considered as overlying non-magnetized 
mantle. However, in regions of blocks A and D, situated north 
of this belt, the bottom parts of magnetized layers extend to 
depths greater than 40 km. The approximate outlines of this 
belt are indicated by black curves in Figure 7. 

 

 
Figure 7 - Distribution of depths to bottom of magnetic sources 

(DBMS) derived from the spectral magnetic depth determination for 

the Pirapora region. The black curves delimit the belt where DBMS 

is limited to crustal layers (ZDBMS < 40km). Regions to the north and 

south of this belt the top layer of the mantle is also magnetized 

(ZDBMS >40km). The dots indicate centers of sampled windows 

(cells). 

 
Another notable feature of the region to the north of this 

belt is that the bottom boundaries of magnetized blocks (D and 
A) are at larger depths, reaching values of 46 to 53 km. This is 
also true of Block G, situated in a region to the south of this 
belt where depth to bottom is 43 km. It implies that top parts 
of the mantle in regions to the north and south of the east-west 
trending belt are magnetized. A summary of the results for 
blocks identified in spectral analysis is presented in Table 1. 

The analytic signal of anomalous magnetic fields in block 
A, associated with sources at shallow and intermediate depths, 
are illustrated in Figure 8, while those associated with 
intermediate and deeper depths are illustrated in Figure 9. The 
anomalous field has sharp boundaries at shallow levels but 
become diffuse at larger depths. It is clear indication that the 
contrast between the source region and the surrounding 
medium is larger at shallow depths compared to that in the 
middle crust. 
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Figure 8 - Regional distribution of analytic signals derived from 

anomalous magnetic fields for block A in the Pirapora region, 

obtained by the method of matched filtering. The upper and lower 

panels indicate fields at depths of 5 and 20 km. 

 
8. Implications for Crustal Thermal Field 

 
The results of magnetic data analysis allow inferences as 

to the geothermal field of Pirapora area. The temperature 
distributions in the area where the depth to bottom of 
magnetized bodies extend into the upper mantle is examined 
in the following sections. The analysis is focused on depths to 
Curie temperature. In doing so we have also considered depths 
to curie isotherms of neighboring regions, considered in the 
previous work of Guimarães et al (2014). 

 
Table 1 - Depths to the top (!") and the bottom (!#) of the 

selected windows for the Pirapora region, based on the matched 

filtering method of this work. WS refer to window size. 

ID 
WS 

(km) 

Coordinates Depth (km) 

Lon Lat 

Shallow Intermediate Deep 

Zt Zb Zt Zb Zt Zb 

Blocks within east-west trending belt of figure 1 

C  200 -45,55 -17,74 0,7 1,1 1,8 14,6 15,2 32,7 

B  200 -43,67 -18,04 0,9 1,3 1,1 8,8 14,9 34,0 

F  300 -46,54 -18,59 0,7 1,3 1,8 8,1 21,6 34,5 

E  300 -43,02 -16,67 0,7 1,1 1,2 7,1 18,2 38,3 

Blocks north of the east-west trending belt 

D  300 -45,18 -16,16 0,8 1,4 2,1 12,3 19,0 45,8 

A  300 -45,12 -16,74 0,8 1,3 1,7 18,8 20,2 53,1 

Block south of the east-west trending belt 

G  300 -45,03 -19,44 0,7 1,1 1,5 10,5 15,8 42,6 

 
 

 
 

 
Figure 9 - Regional distributions of analytic signals at intermediate 

and deeper depths block A in the Pirapora region, obtained by the 

method of matched filtering. The black curves indicate the limits of 

the belt identified in figure 7. 

 
8.1. Thermal Models 

 
An approximate estimate of the geothermal gradient could 

be obtained using the values of depth to bottom of magnetized 
layer (!#) and Curie temperature (2c). However, such 
estimates do not take into consideration the effect of 
radiogenic heat in crustal layers. Improved estimates of 
temperature can be obtained using the relation proposed by 
Hamza (1982) and Alexandrino (2008). For a medium with 
temperature dependent thermal conductivity (λ) and 
exponential decrease of radiogenic heat (A) the relation for 
heat flow (q) arising from bottom temperature (Tc) and surface 
temperature (T0) is: 

3�!� =  4-
�.5 ln 8'9

'-
: + (� < =1 − �+� >?@�

A B            (5) 
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Where C = 1 + D2 (α being the temperature dependence of 
thermal conductivity), λ0 the thermal conductivity at 
temperature at the surface (T0) and D the logarithmic 
decrement of heat production with depth surface value of A0. 
The relation for temperature (T) at depth (z) may be obtained 
from the relation: 

2E  �!� = 8+
5 : F�1 +  D 2�� ∗

�=8 G
H-: 8IJ �� K-L �M K-LN �+�>?�O?*9��:B − 1P           (6) 

 
In deriving equations (5) and (6) the physical properties of 

the medium are assumed to be constant and laterally 
homogeneous. Table 2 provide a summary of parameter values 
used in model calculations. 

 
Table 2: Values of Parameters used in geothermal model 

calculations. 

Parameter Value 

Surface temperature (T0) 25 °C 

Thermal conductivity at the surface (λ0) 2.5 Wm-1 K-1 

Rate of radiogenic heat production (A0) 1.1 µWm-3 

Logarithmic Decrement (D) 10 km 

Temperature Coefficient of thermal 
conductivity (α) 

0.0011 °C-1 

Curie Temperature (Tc) 580 °C 

Values of heat flow and geothermal gradients calculated 
using equation (5) for crustal blocks with depth to Curie point 
depth lower than 35 km are provided in Table 3, whereas Table 
4 provides values for crustal blocks with Curie point depth 
larger than 35 km.  

Figure 10 illustrates the regional distributions of 
geothermal gradient (upper panel) and heat flow (lower panel) 
in the region of Pirapora. The dots indicate the center of the 
blocks (cells) used in spectral analysis. It is clear that gradient 
values are lower in the central parts of the study area. The zone 
of gradients with values less than 13.4 oCkm-1 extends to 
regions south of Pirapora. 

 
Table 3 - Values of heat flow and geothermal gradients for the 

crustal blocks with Curie depths less than 35 km. The rows 

highlighted in green refer to blocks within or adjacent to the 

Pirapora region. 

Block 
Long 

(W) 
Lat (S) 

Z (Curie-

km) 

Heat Flow 

(mW m-2) 

Gradient 

(°C km-1) 

M8 -49,74 -5,77 22,90 55,0 21,99 

M7 -49,73 -7,26 25,40 50,5 20,19 

M5 -49,98 -12,87 28,30 46,4 18,56 

M13 -40,06 -13,01 29,50 44,9 17,95 

R6(C) -45,55 -17,74 32,70 41,4 16,56 

M1 -49,53 -9,37 33,00 41,2 16,49 

M2 -49,52 -12,08 33,30 40,9 16,37 

S2(B) -43,67 -18,04 34,00 40,3 16,12 

T7 -49,4 -14,67 34,30 40,0 16,01 

T6(F) -46,54 -18,59 34,50 39,8 15,93 

Table 4 - Values of heat flow and geothermal gradients for the 

crustal blocks with Curie depths larger than 35 km. The rows 

highlighted in green refer to blocks within or adjacent to the 

Pirapora region. 

Block 
Long 

(W) 
Lat (S) 

Z (Curie-

km) 

Heat 

Flow 

(mW/m2) 

Gradient 

(0C/km) 

M6 -50,16 -15,76 36,60 38,1 15,25 

M4 -49,19 -16,14 38,10 37,0 14,80 

T3 

(E) 

-43,02 -16,67 38,30 36,9 14,76 

V3 -49,41 -10,63 39,80 35,9 14,34 

V4 -45,47 -15,61 41,00 35,1 14,05 

M12 -41,99 -12,94 42,70 34,1 13,64 

T2 

(G) 

-45,03 -19,44 42,60 34,2 13,67 

T1 -42,19 -19,32 44,30 33,2 13,29 

T5 -44,02 -20,87 44,40 33,2 13,27 

V7(D) -45,18 -16,16 45,80 32,5 13,00 

M14 -42,10 -18,4 46,70 32,1 12,83 

V1 -42,16 -11,16 47,70 31,6 12,63 

T4 

(A) 

-45,12 -16,74 53,10 29,4 11,76 

 
A similar trend can also be seen in the distribution of heat 

flow values (Figure 11). This may be considered as indication 
that the source of the magnetic anomaly at Pirapora is an intra-
crustal feature with roots extending up to depths of 20 to 55 
km. 

There are indications that the top part of the mantle itself 
magnetized. According to thermal models of the present work 
the base of magnetized crust extends to depths greater than the 
base of the crust in the area of “Pirapora Salience” and 
surroundings. 

 

 
Figure 10 - Regional distributions of geothermal gradient in the 

region of Pirapora. The dots indicate the center of the blocks (cells) 

used in spectral analysis 
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Figure 11 - Regional distributions of heat flow in the region of 

Pirapora. The dots indicate the center of the blocks (cells) used in 

spectral analysis. 

9. Conclusions 
 
The main residual magnetic anomaly at Pirapora region 

has values in the range of ± 300nT and spans over an area of 
about 9000 square kilometers. Moreover, several small-scale 
anomalies occur in the south and southwestern part of the 
study area. The analytic signal has an approximate oval shape 
and is situated between 44.5 ° and 45.5° W and between 16.5° 
and 18.5° S, with a maximum value of about 0.028 nTm-1. 
Results of spectral analysis based on matched bandpass 
filtering has allowed identification of three layers, which 
contribute to the magnetic anomaly at the surface. The top 
layer is situated between 0.7 and 1.4 km while the intermediate 
layer has depth values in the arrange of 1.4 to 19 km. 

The bottom layer is found to have depths lower than the 
crustal thickness of 35 km, along an east-west trending belt in 
the Pirapora region. However, in areas to the north and also to 
the south of this central belt, depth to bottom of magnetic 
sources have values in excess of 40 km. The obvious 
conclusion is that the top part of the mantle in these regions 
are magnetized. 

Geothermal model studies have been carried out for 
investigating the distribution of subsurface temperatures in the 
local crustal layers. The results indicate that gradient values 
are relatively low (13-14 °Ckm-1) along the north-south 
trending belt. This also appears to be true for the local heat 
flow field, which has values of < 34 mWm-2. The main 
conclusion emerging from geothermal studies is that 
magnetization extend into the top layer of mantle in the 
northern and southern segments of the east-west belt of the 
Pirapora region. Similar results, indicating magnetization of 
cratonic upper mantle, has also been discussed in some recent 
works (Chiozzi et al, 2005; Freidman et al, 2014). 
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