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This work reports how minerals at Redondão kimberlite pipe may be inferred through the integrated 
interpretation of airborne gamma-ray spectrometry data and multispectral images derived from Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER). Using several processing techniques 
(e.g., K, eTh, and eU concentration maps; K/eTh, K/eU, and eU/eTh ratio maps; K image inverse map; 
profile analysis for radiometric data; and spectral indexes and mineral distribution and abundance maps for 
ASTER data), it was observed that K concentrations within Redondão kimberlite intrusion are high enough 
to be distinct from the surroundings and at least three spectral signatures of endmembers extracted from 
ASTER images suggest that chlorite, diopside, and phlogopite minerals may be present within Redondão 
kimberlite crater and the near surroundings. Although the sources of K concentrations are unclear, they 
are probably composed of different minerals, including phlogopite. The spectral signatures of chlorite, 
diopside, phlogopite may be derived from clastic materials and products derived from weathered ultramafic 
mineral, but new studies are recommended to improve the distribution and abundance maps of these 
minerals. These new studies may include hyperspectral sensor images and rock-spectra data. The results 
reported here will be useful for further research whose goal is to map kimberlites using remotely sensed 
images not only in the study area, but also in other locations with similar geologic context.

Inference of minerals at Redondão kimberlite crater, Parnaíba Basin, Brazil, 
based on interpretation of airborne gamma-ray spectrometry and ASTER data 

1. Introduction

Kimberlites are ultrabasic rocks rich in volatiles and 
MgO whose magmas rise from great depths to the Earth’s 
surface, carrying a set of crustal and/or mantle-derived 
xenoliths and xenocrystals, such that olivine, garnet, spinel, 
chromium-diopside, phlogopite, and diamond (Jelsma 
et al. 2009; Sparks 2013; Tappe et al. 2018; Woodhead 
et al. 2019). For this reason, in addition to being the 
primary source of a valuable mineral resource (diamonds), 
kimberlite studies provide an opportunity to investigate the 
chemical composition of the Earth mantle (Torsvik et al. 
2010; Mitchell 2021).

The Brazil Diamond Project has mapped around 40 
kimberlitic fields with 1365 cataloged intrusions (Silveira et 
al. 2018). The first intrusion was identified in 1965, but its 
kimberlitic affinity was only recognized in 1977. This intrusion 
was named Redondão kimberlite (Castelo Branco and Svisero 
1986; Melo and Porto 1965 apud Svisero et al. 1977).

The Redondão kimberlite is an intrusion located c.a. 
60 km from Alto Parnaba city, on the southern edge of 

the Parnaba Basin, in northern Brazil (Fig. 1). Redondão 
kimberlite occurs intruding Piauí and Pedra de Fogo 
formations sandstones near the Transbrasiliano Lineament 
(TBL) systems (Fig. 1b). Morphologically, this intrusion is an 
80 m-deep crater bounded by an external ring with a 1 km-
diameter semicircular shape (Figs. 2a and 2b). It is believed 
that this ring resulted from the differential erosion of silicified 
sandstones (Correia 1990) (Fig. 2c). The volcanic crater 
is filled by redeposited volcanic-sedimentary rocks with 
varying proportions of mineral fragments, such as altered 
olivine grain, olivine pseudomorphs, chloritized phlogopite, 
serpentine, saponite, talc, garnet, ilmenite, pyroxenite, 
chromite, zircon and terrigenous mixtures of sand and 
quartz (Castelo Branco and Svisero 1986; Correia 1990; 
Kaminsky et al. 2009).

Although the Redondão kimberlite occurs in a region 
where diamond occurrences have been documented 
(Svisero 1995; Oliveira 1998), research has indicated that 
tectonic positioning, geochemical characteristics and 
indicator mineral composition are key factors that make 
Redondão kimberlite unlikely to be economically viable 
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kimberlitic crater may have occurred (Killeen et al. 2015; 
Mwenifumbo and Kjarsgaard 1999; Yakovlev 2020).

At Redondão kimberlite intrusion, interpretations of 
gamma-ray and spectral signatures of kimberlites based 
on remotely sensed images have been little addressed and 
there are few studies published that make an integrated 
interpretation of the images generated by the different sensors 
(e.g., radar, Landsat-TM, and aerial photographs) (Castelo 
Branco and Svisero 1986; Lima et al. 1990; Almeida-Filho 
and Castelo Branco 1992). Aiming to fill this knowledge gap, 
this work has the prime objective of inferring the presence of 
minerals at Redondão kimberlite pipe through the integrated 
interpretation of airborne gamma-ray spectrometry data and 
multispectral images derived from Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER). Using 
several processing techniques, it is proposed that chlorite, 
diopside, and phlogopite minerals may explain the main 
findings of this study. These results can be useful for further 
research whose goal is to map kimberlites using remotely 
sensed images not only in the study area but also in other 
places with similar geological contexts.

(Correia 1990; Kaminsky et al. 2009). On the other hand, 
these alluvial diamonds may derive from other kimberlitic 
intrusions that have not been mapped yet (Correia 1990). In 
this context, analysis of data from remote sensors (such as 
airborne geophysics and satellite images) can be useful tools 
in the task of mapping new kimberlitic intrusions (Tessema et 
al. 2012; Reed and Witherly 2007).

Previous works have demonstrated that indicator 
minerals of kimberlitic intrusions, such as olivine, 
chromium-diopside, enstatite, serpentine and phlogopite, 
may have their respective spectral signatures detected by 
multispectral images (Tessema et al. 2012; Nndanduleni 
and Tessema 2021; Guha et al. 2015). Although magnetic 
and electromagnetic data are commonly used to map 
kimberlites (Macnae 1995; Pettit 2009; Menezes and La 
Terra 2011; Kaminski and Oldenburg 2012; Tessema et 
al. 2012; Nndanduleni and Tessema 2021; Matende and 
Mickus 2021), analysis of airborne gamma-ray spectrometry 
(AGRS) data can also contribute to reveal the presence 
of kimberlite-related minerals or to indicate areas where 
processes related to the formation and alteration of the 

FIGURE 1. Regional geological map of the study area. The location of structural features and occurrences of 
alluvial diamonds was digitized from Correia (1990). The geological units were obtained through the GeoSGB 
portal (https://geosgb.sgb.gov.br/).
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2. Materials and methods

2.1 Airborne gamma-ray spectrometry and ASTER 
satellite database

The AGRS data processed and interpreted in this study 
was acquired and pre-processed in 2005/2006 by Atech/
USP and is in the domain of the Petroleum, Natural Gas 
and Biofuels Agency. They were acquired along the flight 
with a 500 m-spacing and a 100 m clearance terrain height. 
Gamma-ray measurements were recorded using a gamma-
spectrometer with sodium iodide (NaI) crystal detectors whose 
measurements were taken every 1.0s. The AGRS database 
is available on the REATE platform upon code 0050_
MAGGAMA002 (https://reate.cprm.gov.br/anp/TERRESTRE) 
and the following corrections have been made: dead time, 

background removal (aircraft, cosmic and radon), height, and 
the Compton Effect (Marques et al. 2007).

The ASTER sensor comprises three radiometers onboard 
the Terra satellite that, together, capture solar radiation 
reflected and emitted by the Earth’s surface in three regions 
of the electromagnetic spectrum (Yamaguchi et al. 1998): 
visible and near infrared (VNIR); shortwave infrared (SWIR); 
and thermal infrared (TIR). These regions are divided into 14 
spectral bands with spatial resolutions of 15 m, 30 m and 90 m 
for the VNIR, SWIR and TIR bands, respectively.

The ASTER images were generated on April 6, 2001 
(ASTER granule ID = AST_L1T_00307042001133819_20150
418064351_118591), pre-processed by the Land Processes 
(LP) Distributed Active Archive Center (DAAC) team, and 
later made available on the USGS Earth Explorer platform 
(LP DAAC 2020). The image processing level is L1T, which 

FIGURE 2. Details of the Redondão kimberlite intrusion. a) 3D view of the kimberlitic crater. Image obtained through the 
Google Earth platform on June 5, 2022. b) Elevation map of the study area. The A – A’ profile is described in the text. 
c) Simplified Redondão kimberlite geological map. Modified from Correia (1990).
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includes radiometric, geometric, cross-talking, terrain 
accuracy and north rotation corrections (LP DAAC 2020). 
Scene data contains sensor calibrated radiance and cloud 
cover less than 2%.

The gamma-ray spectrometry data were processed using 
Seequent’s Oasis Montaj software version 9.8.1, whereas 
ASTER images were processed using NV5 Geospatial’s ENVI 
software version 5.6.2. Esri’s ArcGis software version 10.6 was 
used to organize results into maps. More detailed descriptions 
of this data processing are given in the next sections.

2.2 Airborne gamma-ray spectrometry data processing

The K, eTh and eU channels from the AGRS database 
were interpolated by the inverse distance weighted method, 
with a 125-m cell size and a 500 m-search radius. The K, eTh 
and eU resulting grids were used to calculate the radiometric 
ratios, F- parameter (Fp), and RGB composite color images.

Calculating radioelement ratios is a useful tool to highlight 
subtle variations in the relative behavior of radioelements 
because it suppresses various effects that degrade the gamma 
signal, such as soil mixing and detector geometry (IAEA 2003; 
Killeen et al. 2015). During the airborne radiometric processing 
step, it was found that the highest K concentrations in the study 
area coincided with the location of the Redondão kimberlite 
pipe. In order to highlight these concentrations, this work has 
chosen to compute K/eTh and K/eU ratios. The eU/eTh ratio 
was also computed with the aim of investigating the behavior 
of the eU in relation to the eTh.

The K/eTh and K/eU ratios were also used to produce the 
K Inverse Image (IIK) (Duval 1983; Dentith and Mudge 2014). 
In this image, K concentrations and K/eTh and K/eU ratios are 
combined into an RGB composite color with K concentrations 
in the Red band, and K/eTh and K/eU ratios in the Green and 
Blue bands, respectively. In this composition, areas with high 
K concentration and with K enrichment relative to eTh and eU 
are expected to be seen in bright, whereas dark areas denote 
low K concentration in conjunction with relative enrichment of 
eTh and eU to K (Duval 1983).

Fp was computed by dividing K and eU products by eTh 
(Efimov 1978 apud Gnojek and Přichystal 1985). This also 
tends to attenuate the effects (soil mixtures, detector geometry, 
etc.) of gamma signals, and this factor can be interpreted as 
an altered rock index, especially with regard to the change that 
leaves K concentration (Gnojek and Přichystal 1985). Overall, 
Fp values less than 1.3 x 10-2 are interpreted as indicative of 
common non-altered rocks, whereas Fp values greater than 
2 x  10-2  or even 5 x 10-2  (exceptionally 10) are interpreted 
as indicative of altered rocks  (Efimov 1978 apud Gnojek and 
Přichystal 1985).

All radiometric themes aforementioned were organized into 
maps superimposed on a hill shaded with 40% transparency. 
This hill shaded was computed from the Digital Elevation Model 
(DEM) with 30 m horizontal resolution, which was derived from 
the Shuttle Radar Topography Mission. A polygon representing 
the outline of the Redondão kimberlite crater has been added 
to facilitate interpretation. In addition to maps, the results of the 
gamma-ray spectrometry data processing were also organized 
into a profile. In this profile, radioelement concentrations, ratios, 
Fp, and DEM data were sampled with the same spacing (125 
m) to a database corresponding to the direction of profile A – A’ 
shown in figure 2b. 

2.3 ASTER images processing

The ASTER L1T’s VNIR and SWIR bands were calibrated 
and then atmospherically corrected using the QUIck 
Atmospheric Correction (QUAC). Following the observations 
of Guha and Kumar (2016), the atmospheric correction was 
not applied to TIR bands, as such corrections can insert 
artifacts into these bands and make them even noisier. Then 
the VNIR bands were resampled to a resolution of 30 m and 
stacked with the SWIR bands in a single multilayer raster 
(VNIR – SWIR).

After atmospheric correction, analysis of vegetation was 
performed to suppress vegetation spectral signatures in VNIR 
- SWIR and TIR scenes. This task was performed using the 
Otsu method applied to the Normalized Difference Vegetation 
Index (NDVI) image. This method can be used to separate 
two classes (e.g., pixels with and without vegetation effects) 
by discriminant analysis (Otsu 1979). After the analysis of 
vegetation, RGB composite color of spectral indices and 
mineral distribution and abundance maps were produced from 
the VNIR - SWIR and TIR images.

The following indices were calculated from the VNIR – 
SWIR raster: Clay Mineral Ratios (CMR), Ferrous Mineral 
Ratios (FMR), Iron Oxide Ratios (IOR) (Drury 2001; Kalinowski 
and Oliver 2004). The TIR bands were used to compute 
Quartz-bearing Rocks (QRI), Mafic mineral-bearing Rocks 
(MRI) and Feldspar-bearing Rocks (FRI) indices according to 
Guha and Kumar (2016)’s equations. The CMR, FMR and IOR 
indices were combined into an RGB image and organized into 
a map. The same procedure was performed for the indices 
derived from the TIR bands. Similar to the radiometric maps, 
the RGB spectral indices were overlaid on the DEM with a 
transparency of 40%.

The mineral distribution and abundance maps were 
produced by the Advanced Spectral Analysis (ASA) approach. 
To reduce the spectral influence of surrounding materials, 
this approach was applied at an area immediately near to 
Redondão kimberlite crater. In ASA approach, distribution and 
abundance maps were computed basically following three 
steps described at the next lines.

 In the first step, a spectral dimensionality reduction 
was performed using the Minimum Noise Fraction (MNF) 
transformation and the results were used as an input 
parameter for the Pixel Pure Index (PPI) function (Green et 
al. 1988; Boardman et al. 1995; Van der Meer and De Jong 
2000). This function allows identifying the most spectrally pure 
pixels present in the images, thus allowing the selection of 
endmembers. The PPI function was run with 8,000 interactions 
and a threshold value of 2.50. Subsequently, the spectra of the 
PPI image pixels were projected into an n – dimensional space 
(n - D visualization) and the endmembers were extracted 
manually by drawing regions of interest (ROI’s) (Bateson and 
Curtiss 1996; Pal et al. 2011). For each endmember, it was 
considered the mean reflectance of the pixel group within 
each ROI (Pal et al. 2011).

After endmembers were extracted, they were identified 
in a second step. This was done by comparing endmember 
spectral with spectral mineral references derived from spectral 
library. This comparison was carried out by visual analysis 
and spectral ranking. Initially, based on the geological studies 
of previous works (Correia 1990; Kaminsky et al. 2009), this 
study selected eleven spectra (namely reference spectra) 
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whose minerals were mapped in the Redondão kimberlite 
crater: chlorite, diopside, magnetite, olivine, phlogopite, quartz, 
saponite, serpentinite, talc, zircon, and ilmenite. The reference 
spectra were obtained from USGS Spectral Library (Kokaly et 
al. 2017) and resampled for the ASTER sensor. Thereafter, 
endmember and reference spectra were compared by visual 
analysis and by ranking of spectral similarity. 

To visually compare the spectra, a continuum curve was 
removed from reflectance values of both endmembers and 
references (Clark and Roush 1984) and the spectra were 
plotted on a graph. To build a ranking of spectral similarity, 
Spectral Mapping Angle (SAM), Spectral Feature Fitting 
(SFF), and Binary Encoding (BE) techniques were used (Pal et 
al. 2011). The SAM compares the spectral similarity between 
two spectra by calculating the angle between the spectra and 
treating them as vectors in a space with a dimension equal to 
the number of bands (Kruse et al. 1993). SFF is an absorption-
feature-based technique that compares the fit of image spectra 
to a reference using a least-squares method (Clark et al. 1992; 
Clark et al. 1990; NV5 Geospatial 2023a), whereas the BE 
method encodes both endmember and reference spectra and 
uses Hamming distance to measure the similarities (Mazer et 
al. 1988; NV5 Geospatial 2023b). Each of these techniques 
returns a similarity measure whose values are combined into 
ranking or weighted scores. The scores range from 0 to 1; the 
closer to 1 indicates the closest match and indicates higher 
confidence in the spectral similarity.

After the step of comparing endmembers and reference 
spectra, the spectra identified were used to produce the 
mineral distribution and abundance maps. In addition, the SAM 
method, Mixture Tuned Matched Filtering (MTMF) was used 
to produce these maps. The MTMF uses partial unmixing to 
quantify the relative abundance of endmembers user-defined 
into the pixel image by maximizing the response of the known 
target endmember and suppressing the response of other 
materials from the unknown background (Boardman 1998; 
Girija and Mayappan 2019). Both SAM and MTMF techniques 
have been successful at mineral identification (Rowan and 
Mars 2003; Khan and Mahmood 2008; Kruse et al. 1993; Pal 
et al. 2011; Pour et al. 2015). For the mineral distribution maps, 
the SAM algorithm was run considering a maximum angle of 
0.1 radians for all classes, that is, pixels with values greater 
than this limit were not classified. For MTMF, a background 
threshold of 0.9 was considered.

Commonly, MTMF score results are composed of Match 
Filter scores (MF score) and Infeasibility images. In the MF 
score, pixel values range from 0 to 1, and this range can be 
interpreted as the proportion of the pixel spectral at images that 
contain the spectral signature of the mineral under analysis 
(Girija and Mayappan 2019). In the MTMF score images, the 
closer to unity, the better the matching between the spectra 
from image and reference spectra (Girija and Mayappan 
2019). On the other hand, infeasibility maps help to identify 
possible false positives. In the MTMF results, pixels with high 
MF score and infeasibility near 0 are the most reliable.

To facilitate the interpretation of MTMF maps, MF score 
and infeasibility images were reclassified. Pixels with MF 
score above 0.1 (that is, pixels whose spectral signatures 
contain at least 10% or more of the spectral signature target) 
were reclassified for a value equal to 1, and pixels with MF 
score values below 0.1 were considered to be zero. Contrarily, 
pixels with infeasibility values below 1.5 were reclassified 

for values equal to 1, whereas pixels with infeasibility values 
above 1.5 or more were considered to be zero. Then, each 
pixel of MF score reclassified image was multiplied by each 
pixel of the infeasibility reclassified image, so that only pixels 
with MF score > 0.1 and infeasibility < 1.5 had a value equal 
to 1 in the final image. The zero values were masked out. This 
procedure was done for each endmember identified. Finally, 
SAM and MTMF results were organized into maps.

3. Results

Figure 3 shows the radiometric concentration maps (K, 
eTh and eU) and the ratios (K/eTh, K/eU and eU/eTh). In the 
survey area, average concentration of K, eTh and eU are 
0.18%, 7.96 ppm and 1.37 ppm, respectively. These average 
values suggest that the survey area is characterized by 
very low radiometric signatures. However, K concentrations 
of up to 0.47% occur in the inner portion of the KR and 
such concentrations can be clearly distinguished from the 
surrounding area (Fig. 3a).

In the maps of eTh and eU concentration as well as K/eU 
and eU/eTh ratio maps (Figs. 3b, 3c, 3e and 3f), at first, it is not 
possible to observe any radiometric feature within the crater 
boundary. On the other hand, there is a peak in the value of the 
K/eTh ratio also occurring in the inner portion (Fig. 3d) of the 
volcanic crater, more precisely in its central-eastern portion. 
The K and K/eTh maps suggest the existence of K enrichment 
mainly in relation to eTh.

In the IIK and Fp maps, the relative enrichment idea 
is reinforced. Figure 3a shows that the kimberlitic crater 
is marked by bright colors, revealing not only highlighted 
K concentration itself, but also that this concentration is 
relatively more enriched than eTh and eU. In the Fp map 
(Fig. 4b), while the surrounding area is characterized by low 
values (Fp < 0.08 x 10-2), areas with Fp up to 0.14 x 10-2 occur 
within the kimberlitic crater.

The K enrichment is also reinforced by the profile analysis 
results, which show that the K concentration curve reaches its 
maximum value just within the kimberlite crater (Fig. 5). The 
same occurs for the Fp curve (Fig. 5). As seen on the map, 
eU and eTh concentration curves do not show features that 
can be correlated with the crater shape. However, unlike what 
was observed on the eU/eTh map (Figs. 4e and 4f), K/eU and 
eU/eTh ratio curves can be correlated with the structure of 
the kimberlitic crater. For instance: maximum values of the 
K/eU and K/eTh ratio curves also occur in the crater center, 
coinciding with the maximum values of the K, Fp and eU/
eTh concentration curves. The latter, however, has a more 
complex behavior, with other maximum values occurring 
outside the crater center. Two of them even appear to occur 
near the edges of kimberlitic crater.

The results of the vegetation analysis are shown in Figure 
6. The RGB composite color VNIR – SWIR raster and NDVI 
map show that pixels with spectral signatures dominated by 
vegetation are strongly highlighted in red, mainly that near 
drainage channels (Figs. 6a and 6b). Based on the Otsu 
method, this study has considered that pixels with values 
greater than 0.463 on the NDVI image were considerably 
affected by vegetation and, therefore, were masked out from 
subsequent products. Figure 3c shows that the majority of 
pixels masked out occur near drainage channels, indicating 
that the analysis of vegetation was successful.
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FIGURE 3. Thematic radiometric maps. a) K concentration. b) eTh concentration. c) eU concentration. d) K/eTh ratio. 
e) K/eU ratio. f) eU/eTh ratio. All maps were superimposed on the DEM with transparency of 40%.

FIGURE 4. : Thematic radiometric maps. a)  K Inverse Image (KII). b) F - parameter (Fp).
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FIGURE 5. Profile A - A’ showing concentration and ratio radiometric curves and Digital Elevation Model curve.

FIGURE 6. Vegetation analysis. a) RGB composite color of bands 3, 2, 1 of VNIR – SWIR raster. Vegetation is strongly 
highlighted in red. b) NDVI map. The highest values occur close to the drainage channels. c) Masked image created 
from NDVI. Masked-out pixels have an NDVI ≥ 0.463. All images with 40% transparency are superimposed on the 
Digital Elevation Model.
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The RGB composite color for spectral indexes produced 
from VNIR - SWIR and TIR images are displayed at figure 7. 
In the figure 7a, reddish shades indicate clay minerals, and 
greenish and bluish shades indicate ferrous and iron ferric 
oxide minerals, respectively. Overall, results indicated clay 
minerals are abundant at the northwest and southeast study 
area. Clay minerals also occur near drainages, including 
those within kimberlite crater. On the other hand, Redondão 
kimberlite crater is characterized by a weak cyan/medium 
greenish shade, mainly in a little region at the southwest (see 
the black arrow in figure 7a), suggesting the presence of ferrous 
and iron ferric oxide minerals within the crater. However, the 
presence of ferrous and ferric iron oxide minerals seems to 
occur outside the crater.

Instead of spectral indexes VNIR - SWIR results, spectral 
indexes derived from TIR images yielded poor results in 
terms of resolution. Nevertheless, one can see that the 
little region aforementioned is seen as a strong blue shade 
in Figure 7a (compare the black arrow in Figure 7b), which 
suggests the presence of mafic silicate minerals. It means 
that the little region may contain Fe-bearing mafic silicate 
minerals. Again, these minerals may also be present outside 
the kimberlitic crater.

In MNF analysis, MNF bands with eigenvalues < 1 are 
considered to be dominated by noise (Fig. 8a). Although 
all eigenvalues were greater than unity, only the first four 
were above the break in the slope of the curve of the MNF 
eigenvalues chart (Fig. 8a). This means that most of the 
coherent signal is contained in the first four MNF bands. 
However, to avoid possible underestimation of dimensionality, 
this study chose to select the first five MNF bands. Thus, 

the 5-MNF band was considered as the boundary between 
coherent images and those dominated by noise (Fig. 8a).

The figures 8b and 8c show the set of pure pixels projected 
in n - dimensional space. To facilitate the presentation of 
results, three numbered axes were fixed. The axes numbers 
correspond to the first five MNF bands. After analysis of n - 
dimensional space, five endmembers located approximately 
at the vertices of the point cloud were selected (Van der 
Meer and De Jong 2000) (Figs. 8b and 8c). Among the five 
endmembers selected, only three (namely #1, #2, and #3) 
were identified by visual analysis and by ranking of spectral 
similarity. The two endmembers remaining were ruled out 
because their spectral signatures do not match any of the 
target spectra chosen in this study.

Figure 9 shows the spectra of these three endmembers 
compared to the chlorite, diopside, and phlogopite laboratory 
spectra. The results show that endmember #1 and chlorite 
spectra have absorption features at 0.66 µm, 0.88 µm, 2.26 
µm, and 2.33 µm, but these features are pronounced at the 
chlorite spectral curve. The endmember #2 and diopside 
spectra have absorption features very similar in 0.66 µm, 
but 2.26 µm wavelengths are more clear and deepest in the 
diopside spectrum. Similarly, absorption features in 2.33 µm 
region are also clearer for the phlogopite reflectance curve 
than endmember #3. However, absorption features at 2.26 µm 
seem sharper for endmember #3 than phlogopite.

Table 1 shows the results for the ranking of spectral 
similarity. Besides the scores, this table shows mineral names 
and formulas. According to table 1, endmember #1 and chlorite 
spectra yield the highest score, meaning high similarity. High 
similarities were also verified for endmember #2/diopside 

FIGURE 7. Color composition of spectral indices. a) RGB composite color of Clay Mineral Ratios (CMR), Ferrous Mineral Ratios 
(FMR), and Iron Oxides Ratios (IOR). b) RGB composite color of Quartz - bearing rock Index (QRI), Mafic mineral - bearing 
rocks index (MRI), and Feldspar - bearing rocks Index feldspar (FRI). The black arrow indicates a region may have contained 
Fe-bearing mafic silicate minerals within the kimberlite crater.
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FIGURE 8. Advance spectral analysis results. a) MNF eigenvalues chart. 
The dotted straight line separates coherent and noise-dominated MNF 
bands. b) and c) Endmember identification at n-D visualization. Each 
polygon represents a Region of Interest (ROI) containing pure pixels. The 
numbers of axes represent MNF bands.

FIGURE 9. Visualization analysis of spectral profiles. a) Endmember #1 
and chlorite comparison. b) Endmember #2 and diopside comparison. c) 
Endmember #3 and phlogopite comparison. The gray dotted straight line 
marks the main absorption features.

and endmember #3/phlogopite spectra. The visual analysis 
and ranking of spectral similarity results suggest that chlorite, 
diopside, and phlogopite spectra can be present in VNIR-
SWIR images. 

Figure 10 shows mineral distribution maps derived from 
SAM results.  Figures 10a to 10c are images with the angular 
difference (in radians) between the VNIR - SWIR image 
pixel spectra and reference spectra (chlorite, diopside, or 
phlogopite). Figure 10d is the VNIR - SWIR image classified 
by SAM method.

Spatially, SAM results show the lowest angle differences 
can be seen for phlogopite and the largest for diopside, and 
both value classes occur within or outside the kimberlite 
crater (Figs. 10b and 10c). Low angle differences can also be 
seen for chlorite, but they are more frequent within kimberlite 
crater (Fig. 10a).

In the little region within the kimberlite crater where the 
spectral indices have suggested the presence of Fe-bearing 
mafic minerals, angular differences of c.a. 0.12 (or 6.87°), 0.2 (or 
~11.46°), and 0.05 (or ~2.84°) can be seen for chlorite, diopside, 
and phlogopite (black arrow at Figs. 10a, 10b, and 10c). It 
means that when endmember and reference spectra are treated 
as vectors in this little region, they are very similar because the 
angle differences between them are less than 12 degrees.

Regarding the classified image, only the phlogopite 
class was identified. Probably, this has occurred because 
only pixels with angular differences less than 0.1 radians (or 

~5.73°) were classified in the final image. Notwithstanding, 
SAM results suggest that chlorite, diopside, and phlogopite 
may be at kimberlite crater, mainly in the aforementioned 
little region.

In Figure 10, each pixel with an MF score > 0.1 and 
infeasibility < 1.5 is labeled as MTMF class. This class, in 
turn, indicates what reference spectra (if chlorite, diopside, 
or phlogopite) best match the VNIR - SWIR image pixel 
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            TABLE 1: Ranking of spectral similarity. 

Endmember Mineral Formula Scores

SAM SFF BE Total

#1 Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2-(Mg,Fe)3(OH)6 0.79 0.89 1.00 2.68

#2 Diopside CaMgSi2O6 0.73 0.51 0.89 2.13

#3 Phlogopite KMg3Si3AlO10(F,OH)2 0.85 0.62 0.89 2.36

FIGURE 10. Mineral distribution maps derived Spectral Angle Mapping (SAM) methods. The angular difference (in radians) 
between the VNIR - SWIR image pixel spectra and reference spectra (chlorite, diopside, or phlogopite) are shown in a), b), and 
c) pictures. d) Classified image.
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spectra. Note that each classified pixel in Figure 10 suggests 
that the pixel contains 10% or more of the spectral signature 
of reference spectra (chlorite, diopside, or phlogopite). The 
chlorite seems predominant within the kimberlite crater, 
whereas the phlogopite seems to be more spatially scattered. 
The diopside distribution is very sparse and has very low 
occurrences, something similar to SAM results. Contrarily to 
SAM, it is not possible to observe any grouping at the little 
region where Fe-bearing mafic minerals may have occurred. 
However, MTMF results also suggested that chlorite, diopside, 
and phlogopite can be present at Redondão kimberlite 
intrusion, at least in some proportions.

FIGURE 11. Mineral distribution map computed by Mixture Tuned Matched Filtering (MTMF). The red, green, and blue 
pixels indicate pixels with an MF score > 0.1 and infeasibility < 1.5 for each spectra reference.

4. Discussion

Kimberlites are ultramafic rocks with low SiO2 
content when compared to granites. Since K, eTh, and 
eU concentrations increase with the rise of SiO2, low 
radiometric signatures on kimberlites are expected 
(Galbraith and Saunders 1983; Dickson and Scott 1997; 
Dentith and Mudge 2014). Similarly, sandstones of Piauí 
and Pedra de Fogo formations are essentially composed 
of quartz grains, which are poor in radioelements, such 
that low airborne radiometric signatures are also expected 
(Killeen et al. 2015). Therefore, the low radiometric 
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concentration of the study area can be explained by local 
geological settings.

Despite radiometric concentrations at the survey area being 
low, K concentrations seem to be present within the Redondão 
kimberlite crater in enough quantities to be distinct from 
surrounding terrain. Commonly, K concentrations at kimberlites 
are less than Th and U, such that low K concentrations 
at kimberlite regarding surrounding terrain are commonly 
expected (Ahrens et al. 1967; Kresten 1974; Paul et al. 1977; 
Mwenifumbo and Kjarsgaard 1999; Killeen et al. 2015). In order 
to be detected by airborne surveys, gamma-rays measured at 
K channel must come from some spatially distributed source(s) 
within Redondão kimberlite crater. In this sense, one can infer 
that some K-bearing minerals may be at kimberlite crater. 
However, the exact identification of this mineral depends on the 
field work. Here, some insight to explain the K concentration at 
Redondão kimberlite will be posed.

Based on the available geological information, the origin 
of K observed at airborne gamma-ray spectrometry can 
be attributed to two sources: external - that is, K-bearing 
minerals come from outside the kimberlite crater and, 
therefore, would not be related to kimberlitic magmatism or 
its alteration processes, or internal - K-bearing minerals are 
within the kimberlite crater, and they may be related kimberlitic 
magmatism or its alteration processes.

Researchers in soil sciences have demonstrated that 
gamma-ray spectrometry can be a useful tool for mapping 
important properties of soil, like clay content or grain size 
(Taylor et al. 2002; Rouze et al. 2017; Mello et al. 2021). Some 
of these works have reported that alluviums recently deposited 
along drainage channels may be rich in K- bearing minerals 
(e.g. K-feldspars) (Bierwirth 1996; Pickup and Marks 2000; 
Dent et al. 2013). Although this mechanism may be plausible 
to explain K concentration at KR intrusion, if this were the 
case, high K concentration would be expected along drainage 
channels both inside and outside the kimberlite crater. 

Alternatively, anomalous isotopic composition and high 
concentrations of natural elements relative to background 
values have been reported at Arkhangelskaya kimberlite pipe 
(Kiselev et al. 2017; Yakovlev 2020). In this case, geological 
and structural features of kimberlite pipe may have worked as 
a geochemical barrier, such that radioisotopes carried out by 
groundwater may have been deposited at kimberlite/host rocks 
contact zones, yielding a halo of high radiometric concentrations 
(Yakovlev 2020). Although this mechanism can only be 
investigated with field work, results reported here suggest that 
this mechanism cannot explain K concentrations at Redondão 
kimberlite crater because: i) this mechanism is markedly 
highlighted by U and Th high concentrations, which do not occur 
in the Redondão kimberlite area; ii) Even Arkhangelskaya pipe, 
halos of K concentration are not too evident in relation to Th 
and U halos; iii) K concentration at Redondão kimberlite crater 
has a filled circular shape, not a halo; iv) Yet it has not been 
investigated if gamma-ray associated with this mechanism can 
be detected by airborne surveys. At Arkhangelskaya kimberlite 
pipe, an airborne survey was not able to detect any radiometric 
contrast related to this mechanism (Yakovlev 2020).

Regarding internal origin, K-bearing minerals can be 
related to several factors, such as hydrothermal alteration, 
metasomatism, or compositional aspects (Afanasyev et 
al. 2014; Sparks 2013). In the first two cases, hydrothermal 
alteration and metasomatism processes do not seem to occur 

spatially distributed within intrusion (Kaminsky et al. 2009). 
Moreover, Fp values (< 1.0 x 10-2) within Redondão kimberlite 
crater support the absence of hydrothermal alteration, as Fp 
greater than 2.0 x 10-2 would be expected. On the other hand, 
the Fp increase curve may suggest some processing that can 
leave a K concentration. For the third case, it is possible that 
K concentration may be derived from clastic materials derived 
from kimberlitic rock or related to its emplacement.

Although clastic materials are composed predominantly 
of altered olivine crystalloclasts at Redondão kimberlite 
crater, chloritized phlogopite (sometimes only partially) 
laths occur in minor amounts within Redondão kimberlite, 
some of which are intergrown with olivine (Kaminsky et al. 
2009). Phlogopite is a mineral that can contain up to 9.33 
wt% K and can yield radiometric anomalies at micaceous 
kimberlites with up to 12% phlogopite (Kamara 1981; Dentith 
and Mudge 2014). In the Redondão kimberlite intrusion, 
SAM and MTMF maps suggest that phlogopite may be 
present at Redondão kimberlite crater, but radiometric 
signals observed at the K channel of the airborne gamma-
ray survey are unlikely to be due to only this mineral 
because sample rocks from Redondão kimberlite contain 
less than 2% of phlogopite (Kaminsky et al. 2009). Similarly, 
K-bearing minerals in the groundmass of a few lithoclastic 
and/or xenogeneic materials (e.g., chloritized mica laths, 
rare irregular fragments of altered crystalline schist and 
granitoids, and grains of feldspar) are also unlikely to produce 
meaningful radiometric concentration alone (Kaminsky et al. 
2009). Therefore, it is proposed that gamma-rays at the K 
channel may come from different sources within Redondão 
kimberlite crater, including minerals present in lithoclastic 
and xenogeneic materials and phlogopite. 

The presence of clastic materials may also explain some of 
the results derived from ASTER data. As seen in the previous 
section, spectral indices from VNIR-SWIR and TIR scenes 
suggest a little region where Fe-bearing mafic silicate minerals 
may be present within Redondão kimberlite intrusion. Among 
the spectral signatures that have been analyzed, SAM maps 
suggest that chlorite and diopside spectral signatures may be 
one of the minerals present in the aforementioned small region.

Both chlorite and diopside have absorption features at 
0.66 µm, but only chlorite has absorption features at 0.88 
µm. Whereas the feature at 0.66 µm is related to Fe3+, 0.88 
µm feature may indicate Fe3+ electronic transition processing 
(Bishop 2019). As Redondão kimberlite is an intrusion 
deepest weathered, 0.66 µm may be related to Fe present in 
diopside and/or chlorite, whereas 0.88 µm may be related to 
ultramafic mineral weathered, for instance, Fe contained in 
chlorite freshly weathered. Alternatively, Fe hydroxyl/oxide at 
groundmass of few lithoclastic also contributes to explaining 
these absorption features in the visible region. At the TIR 
region, a strongly blue-shade as viewed in the small region 
suggests that spectral features in this area may be related 
to the fundamental molecular vibration modes of Si - O 
components into mafic minerals (e.g., diopside and/or chlorite) 
(Salisbury and D’Aria 1992; Guha and Kumar 2016; Ninomiya 
and Fu 2019). However, because TIR spectral indices yield 
low resolution images, it is recommended that new studies 
be conducted to investigate these TIR spectral features that 
occur at Redondão kimberlite intrusion.

In addition to absorption features at visible and thermal 
regions, absorption features at 2.26 µm and 2.33 µm have given 
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rock spectra and the fact that Redondão kimberlite is a deeply 
weathered crater likely affected the more accurate recognition 
of these minerals.

3 - The spectral signatures of chlorite, diopside, phlogopite 
may be derived from clastic materials and products derived 
from weathered ultramafic minerals, but new studies are 
recommended to improve the distribution and abundance of 
these minerals. These new studies may include hyperspectral 
sensor images and rock-spectra data.
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us some interesting insights. It is known that these features in 
short infrared regions are related to OH vibrational modes (Hunt 
1977; Hunt 1979; Hunt and Evarts 1981; Goetz and Rowan 
1981; Bishop 2019). The 2.26 µm absorption may suggest the 
presence of Al3+, whereas the 2.33 µm absorption features may 
indicate Mg3+ (Hunt 1979; Bishop 2019). Both 2.26 µm and 2.33 
µm absorption features seen at endmember #1 and #3 are 
shallower than the reference spectra of chlorite and phlogopite, 
respectively, but 2.26 µm feature is sharper for endmember 
#3 than phlogopite. These differences between endmembers 
derive directly from images and reference spectra from spectral 
libraries are expected because laboratory spectra are collected 
in specific conditions that may not reflect real environments 
(Guha et al. 2012; Guha et al. 2015). However, the fact that 
the 2.26 µm feature is sharpness for endmember #3 may 
indicate some hydration process may lead to Al concentration 
at Redondão kimberlite intrusion. Although this hypothesis is 
consistent because Redondão kimberlite is a deeply weathered 
crater, it can only be validated through fieldwork. In this sense, 
it is recommended that new studies may collect rock spectra to 
investigate this question.

Spectral differences between endmember and reference 
spectra may have contributed to reduced SAM and MTFM 
performance. Additionally, these performances may have been 
reduced due to the fact that Redondão kimberlite is a strongly 
weathered crater, which hampers the identification of minerals 
because soil mixture becomes a more problematic effect. 
Even so, the good match between endmembers and reference 
(chlorite, diopside, and phlogopite) spectra shows that the ASA 
approach may be successfully applied on multispectral data, 
as demonstrated in previous works (Van der Meer 1995; Van 
der Meer and De Jong 2000; Rowan and Mars 2003; Pal et al. 
2011), even this approach is more suitable for hyperspectral 
images. In this sense, further research may investigate how 
hyperspectral sensor images and rock-spectra may improve 
the sub-pixel classification method and aim to identify other 
minerals at Redondão kimberlite intrusion.

5. Conclusions

This study was conducted to infer the presence of 
minerals in the Redondão Kimberlite (Redondão kimberlite) 
crater from interpretations of airborne gamma-ray 
spectrometry (AGRS) data and the Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER). 
Using different kind of processing techniques (e.g., K, eTh, 
and eU concentration maps, K/eTh, K/eU, and eU/eTh ratio 
maps, K image inverse map, profile analysis for radiometric 
data; and spectral indexes and mineral distribution and 
abundance maps for ASTER data), the findings interpreted 
and reported in this study allow the statement of the 
following conclusions:

1 - Although the survey area is composed of lithologies 
marked by low radiometric signatures, K concentrations within 
Redondão kimberlite intrusion are high enough to be distinct 
from the surroundings. The sources of K concentrations are 
unclear, but they are probably composed of different minerals, 
and phlogopite may be one of them.

2 - At least three spectral signatures of endmembers 
extracted from ASTER images suggested chlorite, diopside, 
and phlogopite minerals may be present within Redondão 
kimberlite crater and its surroundings. However, the lack of 
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