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ABSTRACT. Well logging is an effective tool for the investigations of the subsurface, especially
in the exploration of mineral deposits. This method was applied to five boreholes at the Tapira
Mining Complex in Minas Gerais state, Brazil, where phosphate is mined in the supergene
mantle of an alkaline-carbonatite intrusion. The objective of this study is to acquire bulk density
(gamma-gamma) and natural gamma data through geophysical well logging, processing and
analyzing them to define the intervals of interest for mining and comparing them with the
traditional density acquisition method. The equipment used included a probe for density and
natural gamma, a caliper and acoustic/optical televiewers; they provided measurements of
borehole density, radioactivity, diameter and visual details for analysis. Following the caliper
data, the boreholes were predominantly well preserved, which contributed to the measurements
of geophysical parameters. The density logs showed a compartmentalized pattern with three
well-defined intervals in the five boreholes, which were associated with weathering horizons.
The natural gamma logs also exhibited intervals with higher measurements related to the
boundaries between horizons. Televiewers allowed the observation of weathering effects along
some of the boreholes. Based on the data analysis, it was possible to delineate the mineralized
interval within the weathered mantle with density around 1.9 - 2.2 g/cm?® and correlate it among
all drill holes. Compared to the traditional laboratory analysis, geophysical logging proved to be
a more consistent and reliable method to measure density that is less susceptible to external
interferences.

Keywords: Wireline logging gamma-gamma density log mineral exploration agrominerals.

INTRODUCTION
Geophysics plays a crucial role in mining, especially in the exploration of mineral deposits, by

providing indirect data about the subsurface when direct methods are not easily applied (Silva

and Luiz, 1995; Mussett and Khan, 2000; Luiz, 2013). Geophysical logging consists of recording
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a geophysical parameter of the rock along a borehole, this technique is widely used in oil & gas
and can also be applied in mineral exploration. Wireline well logging probes can be used to
measure various physical properties, through mechanical, spontaneous, and induced
measurements. The method offers high-resolution measurements compared to direct methods
applied to drill core samples, provides results in less time, and also reduces uncertainty due to
being an in situ measurement (Ellis and Singer, 2008; Silva, 2010; Rider and Kennedy, 2011;
Nery, 2013; Reis et al., 2021).

Works related to coal exploration are the most common and yield results that meet the
optimization needs for deposit investigation (Kowalski and Fertl, 1977; Oliveira, 2005; Webber,
2008; Souza et al., 2010; Webber et al., 2013; Gasper et al., 2015; Horrocks et al., 2015; Gorelik
et al., 2019). In Brazil, geophysical logging has also been employed in exploratory activities for
iron ore, enhancing the efficiency of the process (Almeida, 2011; Fonseca, 2014; Pereira et al.,
2016a; Pereira et al., 2016b; Prieto, 2021). Logging data is already used in the prospecting of
uranium deposits (Howell et al., 1980; Penney et al., 2012; Hajnal et al., 2015; Carasco et al.,
2018), as well as in phosphate deposits (Wynn, 1996; Asfahani and Abdul-Hadi, 2001; Asfahani,
2002; Asfahani, 2019)

The Tapira Alkaline-Carbonatite Complex is an ultramafic alkaline-carbonatite intrusion
which is part of Alto Paranaiba Igneous Province (APIP), characterized by containing
phosphate-rich rocks (Gibson et al., 1995; Brod et al., 2004; Gomes, 2020). The Tapira Mining
Complex (TMC) is located in Tapira municipality, west of Minas Gerais State. TMC is among the
largest phosphate producers in Brazil for the production of fertilizers and mining is focused on
the supergene mantle, operating since the 1970s (Concei¢cdo and Bonotto, 2006; Conceicao et
al., 2022). In the current scenario, Brazil still depends on external production for its fertilizer
supply, therefore it becomes highly important to implement actions that optimize phosphate
production to meet this demand and reduce external dependence (Abram et al., 2011; 2016;
ANM, 2019; Brasil, 2021; 2023).

Bulk density is a critical component in mineral resource investigations as it enables the
estimation of mineralized volumes. The factors such as weathering, alteration type, lithology,
and ore mineral assemblage are associated with variations in density measurements (CIM,
2018; 2019). Subsurface investigations in the TMC are carried out through the lithological
description of drilling cores and the measurement of core sample density using the hydrostatic
balance method water displacement (Lipton, 2001; Lipton and Horton, 2014). However, this type
of procedure faces challenges due to the condition of the drill core samples. These samples are
generally unconsolidated, making it difficult to determine the rock density accurately and
potentially leading to results that are inconsistent with reality.

This study aims to acquire, process and interpret geophysical logs, including density,
natural gamma, caliper, and imaging logs, from five boreholes in the Tapira Mining Complex.

Four geophysical probes were used, with the primary tool dedicated to acquiring bulk density
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and natural gamma logging, these two parameters are the most effective in investigating the
weathering mantle of the Tapira Alkaline-Carbonatite Complex and its phosphate-mineralized
horizon.

Density, natural gamma, and caliper data were collected in all boreholes, except for
televiewers. The density logs obtained were compared to laboratory density test results and
used to identify the mineralized weathering horizon with the assistance of caliper and natural
gamma logs. The logs enabled the determination of the economically significant interval for
phosphate mining as well as its spatial distribution, and compared to laboratory analyzes, the
results were more coherent and reliable.

The geophysical method was able to refine the delimitation of the mineralized interval and
reported notable differences in density compared to the traditional methodology. These
differences can impact directly on the evaluation of phosphate reserves. Therefore, geophysical
data can be applied to the ore volumes estimation and mine planning in a faster, safer, and more

reliable manner than traditional methods.

GEOLOGICAL SETTINGS
The Alto Paranaiba Igneous Province is an alkaline province located on the northeastern margin

of the Parana Basin and southwest portion of the Sado Francisco Craton (Gibson et al., 1995).
This province originated alkaline-carbonatite complexes from mafic-ultramafic and ultrapotassic
magmatic events that caused the formation of intrusive bodies in Neoproterozoic rocks, creating
dome-like structures. These complexes are located in the state of Goias and Minas Gerais and
are referred as Catalao |, Catalao Il, Serra Negra, Salitre, Araxa, and Tapira (Oliveira et al.,
2004; Gomes, 2020).

The Tapira Alkaline-Carbonatite Complex is the southern most complex in the province, and
its rocks have been dated by Sonoki and Garda (1988) to the Late Cretaceous, with ages
ranging from 87.2 to 85.6 Ma. The complex covers an approximate area of 35 km? in an elliptical
shape and is intruded into the rocks of the Canastra Group (Barbosa et al., 1970; Bezerra and
Brod, 2013). Among the rocks of the Tapira Complex, the bebedouritic series is predominant,
represented by two lithotypes from different intrusions in an association of serpentinized dunite,
carbonatite, syenite, metasomatic phlogopitite, and ultramafic-potassic dikes. The carbonatite
series, which is also present, is divided into five units that differ in composition, along with a
syenitic intrusion (Brod et al., 2013; Gomes, 2020).

Phosphate is the main ore mined in the Tapira Mining Complex, found in residual
concentrations in the lateritic cover with thickness from 70 to 120 m. The mineral group is
represented by apatite, which is important in this context because the development of the
general mineralization model is directly conditioned by the action of weathering. This factor is
increased by the centripetal drainage pattern and is concentrated in the complex because the

host rocks are more resistant (Bezerra and Brod, 2013). The phosphate deposits are normally
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associated with portions of evolved bebedourites, where the mining is concentrated.

The weathering process favors the formation of the thick lateritic cover, contributing to the
supergene enrichment of phosphate. In this model, weathering horizons are considered, which
differ from each other by the phosphate content, from bottom to top: fresh rock, saprolite poorly
concentrated in phosphate, a phosphatic horizon, a zone rich in TiO», and topmost a soil cover
(Figure 1) (Conceigado and Bonotto, 2006; Conceigao et al., 2022). TMC is the main phosphate
mining unit in Brazil, holding the first position in ore volume in the country and the second in the
world, and all this potential is directed towards the production of fertilizers (Abram et al., 2016).

ALCTERITE

ISALTERITE

~120m

SAPROLITE

FRESH ROCK

Figure 1: Schematic model of the lateritic profile of phosphate mineralization in the Tapira Mining
Complex. (Adapted from Conceigdo and Bonotto, 2006; Novaes, 2018).

METHODS
The geophysical data acquisition operation was carried out by a winch that pulls the probe up

through a cable which, in addition to supporting the probe, also transmits the parameter’'s
measurements to an interface that converts them into digital data that can be read by a
connected computer, allowing real-time monitoring of the recording. In this system, a pulley
positioned above the borehole is used to measure the depth metrically and determine the
acquisition speed (Ellis and Singer, 2008; Nery, 2013).

The well logging campaign was carried out in five boreholes, previously drilled with a
diameter of 96.3 mm, within the Tapira Mining Complex, located approximately 400 km west of
Belo Horizonte, in the Tapira municipality. The operation at the mining complex was carried out
in boreholes with a depth from 50 to 120 m, using the standard procedure for wireline well
logging (Figure 2). Prior to the acquisition phase, all equipment underwent their respective
calibration processes at the Centro de Pesquisa em Geofisica Aplicada — Universidade Federal
do Rio de Janeiro (CPGA-UFRJ).
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Figure 2: Geological map of the Tapira Alkaline-Carbonatite Complex, showing the distribution of the
studied boreholes. (Adapted from Brod et al., 2013).

Four probes were used to measure five geophysical parameters, including: density
(gamma-gamma), the diameter of borehole (caliper) and the natural gamma, in addition to the
acoustic and optical images. The gamma-gamma log was the main point of analysis in all
boreholes and the caliper and natural gamma logs, as well as images from the televiewers were
used in a complementary mode to visualize the walls of the borehole. All the acquired logs
record cm by cm, thus providing a continuous record of rock parameters throughout the entire
logged interval.

The density log was carried out with the HDGS (High Density Gamma Probe), which uses
a radioactive source ('*’Cs) at the bottom of the probe to bombard the borehole wall with gamma
radiation. Some of these particles are reflected by geological material and captured by two
sensors on the tool. This interaction of gamma radiation is known as Compton scattering
(Almeida, 2011). This probe needs to be in contact with the rock to operate properly, so it has
an arm that pushes it laterally and presses it against the borehole wall.

The HRD (High Resolution Density) sensor is located closer to the Caesium-137 source
and is responsible for counting the radiation reflected laterally from the material closest to the
tool, while the LSD (Long Spacing Density) sensor counts the radiation reflected from further
distance. The relationship between counting and density is described by an exponential decay
equation:

N = Nye HPeX (1)
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where N is the count recorded by the sensor, Ny is the radiation count emitted by the source, u
is the mass absorption coefficient, p. is the electron density and x is the distance between the
source and the sensor (Ellis and Singer, 2008). As the count is converted to electron density by
the tool, this value is corrected to bulk density (p»sux) Using an equation that considers the atomic
number (Z) and atomic mass (4) of the atoms that make up the geological material (Webber,
2008).

Pe = Z-Pbulké 2)

Most geological materials exhibit a Z/A ratio close to 0.5, which implies p. - ppux. However,
elements like hydrogen, with Z/A ratio near 1, represent notable exceptions (Ellis and Singer,
2008). Thus, it remains appropriate to express p. as defined in Equation 2.

The natural gamma log is performed by the same probe that is responsible for density
measurement. The scintilometer embedded in the probe detects the natural radiation of the
rock, which is produced by the decay of the Uranium group (%*°U and 2%8U), Thorium (***Th), and
Potassium (*°K) (Bateman, 2015).

The three-arm caliper (3-Arm Caliper Probe — 3ACS) is a probe that records the variation
of the internal diameter along the borehole. The log generated by this probe allows integrity of
the borehole to be assessed and identifies potential problems such as caves or tight spots that
may interfere with other data.

One optical televiewer (OTV) and one acoustic televiewer (ATV) were used in some of the
boreholes investigated, both of which generate a 360° image of the borehole wall. The High
Resolution Optical Televiewer (Hi-OPTV) generates the real image of the borehole using a
camera. The High Resolution Acoustic Televiewer (HIRAT), on the other hand, generates the
image from the amplitude of the acoustic pulses emitted by the probe and reflected off the
borehole wall, with image acquisition dependent on probe being immersed in a liquid medium.
Both televiewers require the support of centering devices to remain stable in the center of the
borehole and to capture the image appropriately (Williams and Johnson, 2004).

During the data acquisition, core descriptions and the definition of the geological intervals
were conducted in parallel by geologists of the same team for the boreholes investigated through
well logging. These descriptions delineated the weathering horizons for each borehole
considering textural aspects, color variation, and the integrity of the samples.

The traditional hydrostatic balance method is currently employed at the Tapira Mining
Complex to obtain density values of core samples based on Archimedes' Principle, by
measuring their mass both outside and inside water and relating it with the displaced water
volume to find the density of the samples (Lipton, 2001). The core samples used in the density
tests are on average 14 cm in length and 67.4 mm in diameter. The samples are routinely
selected based on color, texture and mineralogical variations throughout the core and are

packed in PVC bags before testing.
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Eighty-five samples were selected for density determination through laboratory testing,
representing the total number of samples from all the boreholes addressed in this study. These
samples were selected based on the geological descriptions. Out of these, ten samples were
excluded as they did not meet the proper conditions for the application of the hydrostatic balance
method. However, this study considered only sixty-eight samples to ensure that the analysis
intervals were similar to those of the logs.

The data obtained from well logging were interpreted and correlated with each other,
considering the variations of the logs, the lithological intervals, and the previously described
weathering horizons. In addition, the density logs were compared to the measurements obtained
from the recovered core sample tests conducted in the laboratory to analyze the difference

between the results produced by different methods in the same boreholes.

RESULTS

The logs generated during the data acquisition campaign totalized 1,351.07 m, encompassing
caliper, density, natural gamma, and acoustic and optical televiewers measurements. Of this
total, the caliper accounted for 379.90 m (28.1%), density for 370.59 m (27.4%), and natural
gamma for 365.59 m (27.1%). Additionally, ATV contributed 83.35 m (6.2%) and OTV 153.18 m
(11.3%) of the data acquired (Table 1).

Table 1: Data logging length and physical properties per borehole during the acquisition campaign.

Boreholes Caliper (m) Density (m) N. Gamma (m) ATV (m) OTV (m)

DH-1398 100.03 99.12 98.12 48.03

DH-1399 49.93 4912 48.12 46.29

DH-1400 122.97 122.23 121.23 33.00

DH-1402 57.93 52.00 51.00 53.93

DH-1403 49.04 48.12 47.12 37.06 18.22
TOTAL ACQUISITION (m) 379.90 370.59 365.59 83.35 153.18

The DH-1400 borehole presented the deepest logging measurements, with data exceeding
120 m in depth, followed by DH-1398, DH-1402, and DH-1399. The borehole with the shallowest
logging extent was DH-1403, which reached less than 51 m in depth (Figure 3).
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DH-1398

DH-1399

DH-1400

Figure 3: Logs from each borehole, including caliper, density, natural gamma, and optical / acoustic image

data, and their spatial distribution.
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Bulk density
The density logs, which were the primary focus of the data acquisition campaign, reveal a

systematic trend across the five boreholes, particularly in the deeper sections. At shallower
depths, density values typically remain below 2 g/cm?3, with an average of approximately 1.6
g/cm?3. An exception occurs in the DH-1403 log, where the recorded density averages 2 g/cm?®.

This upper section is characterized by relatively consistent readings with a gradual increase
in density with depth, occasionally interrupted by minor low-density peaks. A second interval
begins with an abrupt change from the upper pattern. In this region, the gamma-gamma logs
become more irregular, featuring numerous small peaks and at least one significant peak
reaching the highest density within this range. Densities slightly exceed 2 g/cm3, averaging
between 2.1 and 2.2 g/cm?, with maximum values approaching 3 g/cm?. Within this interval, the
highest density values are typically located near its top and base, while the central portion
exhibits lower densities, forming a concave trend.

The third interval, corresponding to the basal sections of the boreholes, is marked by
another abrupt change in behavior. This region contains the highest density measurements,
often approaching or exceeding 3 g/cm?, particularly in DH-1398 and DH-1403. In this interval,
the logs become highly irregular, with pronounced positive and negative excursions and an
overall trend of increasing density towards the base of the log. An exception is observed in DH-
1400, where the basal interval is more consistent and regular of higher values. Additionally, this

interval is notably thinner in DH-1402 compared to the other boreholes.

Caliper
The caliper logs display a clear trend where deeper sections exhibit less variation in diameter.

In these deeper zones, occurrences of breakouts or constrictions—indicated by sudden
diameter changes—are not common. The logs predominantly show a stable diameter near 100
mm, slightly larger (by approximately 4 mm) than the drilled diameter. However, borehole DH-
1400 deviates from this trend between the interval 55 and 65 m, where the caliper log indicates
significant fluctuations, peaking over 180 mm.

In the upper sections, the caliper logs are more irregular, with frequent abrupt diameter
increases. A characteristic "funnel-like" shape is evident near the surface, extending to depths
of 20-30 m. This feature is most pronounced in borehole DH-1400 and less prominent in DH-
1403.

Among the boreholes, DH-1400 shows the largest positive and negative variations in diameter.
In contrast, DH-1398 and DH-1402 maintain a more stable caliper log, even at shallower depths.
Despite these variations, the overall caliper behavior is consistent across the five boreholes,
reinforcing the reliability of the caliper log for interpreting other physical parameters, particularly

density, which is closely tied to the caliper data.

Braz. J. Geophys., 43, 2, 2025



10 Well Logging in Phosphate Mining, Tapira - MG

Natural gamma
The natural gamma logs exhibit significant variability, making it challenging to establish

consistent patterns throughout the boreholes. Boreholes DH-1398 and DH-1400 show
comparable behavior in their upper sections, recording radiation levels ranging from 230 to 470
APl in DH-1398 and 350 to 700 API in DH-1400. Both logs display minimal variation and a slight
increase in values at 41 m in DH-1398 and 31 m of depth in DH-1400. Below these depths,
significant variations emerge, reducing the correlation between the two logs.

In the deeper intervals, radiation levels generally decrease. In DH-1398, values drop below
100 API, with the log becoming nearly uniform below 55 m. Conversely, DH-1400 exhibits
alternating high and low values throughout its deeper sections. Both logs feature prominent
radiation peaks, exceeding 2600 API at 52 m in DH-1398 and 111 m in DH-1400.

The natural gamma log for DH-1402 displays similar upper-interval behavior but with
considerably higher radiation levels, exceeding 1000 API. Its maximum peak, exceeding 5300
API, occurs at a depth of 26 m, closer to the surface, similar to DH-1398. In the deeper sections,
the log alternates between high and low radiation levels, maintaining significant variability.
Overall, DH-1402 presents the highest readings among the five analyzed boreholes.

The logs from boreholes DH-1399 and DH-1403, corresponding to shallower intervals, lack
well-defined patterns. They maintain average values of approximately 360 APl and 400 API,
respectively, with radiation peaks interspersed throughout. Both logs record maximum values

around 1000 API, indicating less variability compared to the deeper boreholes.

Televiewers
Optical images were acquired for boreholes DH-1398, DH-1402, and DH-1403, while acoustic

images were obtained from DH-1399 and DH-1403. The imaging tools provided limited data
compared to other logs due to technical constraints. The acoustic televiewer (ATV) requires
immersion in fluid to operate, while the optical televiewer (OTV) needs good conditions of
visibility, which was impaired by the high turbidity of the borehole fluid. To enhance data
interpretation for borehole DH-1403, a composite log combining both image types was created.
The imaging tools corroborated caliper log findings by highlighting areas of increased
borehole diameter. The OTV, which captures the borehole wall's texture and roughness,
corroborated these features. However, the optical images did not provide enough detail to define
the boundaries of the weathered profile or to identify well-defined structures such as fractures,
faults, cementation coefficient clearly.
The ATV, in contrast, produced images that also captured wall roughness and data amplitude
variations, with color contrast indicating transit time variations due to the rock matrix and fluids.
These images revealed a gradual tonal shift, transitioning from darker to lighter shades toward
the borehole bottoms. In DH-1399, this gradation was interrupted by a sudden tonal change at

41.3 m of depth. Additionally, the ATV identified structures or textures represented as sinusoidal
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patterns, which were more frequently observed at greater depths, providing valuable insight into

subsurface conditions.

Core samples
The geological description defined the weathering horizons for each borehole and classified the

parent rock as bebedourite for all boreholes. Subsequently, core samples were selected from
several depths in each borehole for density testing. The sampling range defined in this study
encompassed all weathering horizons in boreholes DH-1398 and DH-1400, including aloterite,
isalterite, saprolite, and fresh rock. Borehole DH-1399 comprised samples of isalterite, saprolite
and fresh rock, but no aloterite was collected. Borehole DH-1402 reached only aloterite and
isalterite samples, whereas DH-1403 provided samples of isalterite and fresh rock.

The laboratory density measurements obtained indicate a regular increase in density with
depth (Table 2). The average density for the aloterite was 1.44 g/cm?; for the isalterite, it was
1.72 g/cm?; and the saprolite recorded an average density of 2.01 g/cm3, while fresh rock
exhibited an average density of 2.58 g/cm?®. Only four samples displayed densities higher than
3 g/cm?, all of which were selected from the fresh rock. Some samples exhibit low values at

deeper points, such as the sample at 58.63 m, which shows a density of 1.07 g/cm?.

Table 2: Laboratory bulk density measurements of core samples, positioned within their respective
weathering horizons as defined by the geological description.

DH-1398 DH-1399 DH-1400 DH-1402 DH-1403
Depth Bulk densit . Depth Bulk densit . Depth Bulk densit . Depth Bulk densit . Depth Bulk densit .
(rﬁ) (glcm?) Y Horizon (n':) (glem?) Y Horizon (mp) (glem?) Y Horizon (r:) (glem?) Y Horizon (n':) (glem?) Y Horizon
3.5 1.27 4.75 1.56 ? 0.31 1.16 0.48 1.4 > 8.26 1.88
121 1.26 02 9.24 1.7 2 8.13 1.25 é—’ 3.54 1.56 o (147 1.89
13.3 1.27 § 24.23 1.78 % 12.68 1.23 '_'cg' 18.81 2.12 ) 14.62 1.65
23.2 1.33 = 28.5 1.89 > 19.19 1.42 & 29.8 1.86 7 16.73 1.7 _
26.7 1.5 37.27 2.27 @ 24.1 1.45 40.94 1.9 e 18.91 1.67 ?_,
32 1.52 39.33 1.94 T |29.78 1.57 49.58 2.33 : 22.29 1.55 §
37.6 1.63 43.12 1.78 S [33.67 1.46 o 26.05 1.5 =
42.6 1.89 g", 48.68 1.83 ® [37.27 1.26 2 28.22 1.17
47.3 1.64 E 51.71 3.51 39.18 1.55 % 30.53 2.04
52.4 1.36 & |52.67 2.38 47.95 1.29 W 33.53 2.25
60.1 1.68 54.83 1.9 58.63 1.07 35.65 21
65.7 245 78.15 1.68
74.2 1.55 ® 84.88 1.79 Q
976 146 | B 9213 159 | ©
99.3  2.65 E 98.93  1.84 S
99.8 2.74 ) 111.58 2.3 )
102.8 3.08 12135 2.75
103.5 2.63 127.68  1.99

INTERPRETATION OF WELL LOG DATA
The caliper logs exhibit consistent diameter measurements, indicating no expressive alterations

in the borehole walls. However, a gradual widening toward the surface is evident, likely caused

by the final stages of drilling, where the removal of casing rods enlarges the borehole's upper

Braz. J. Geophys., 43, 2, 2025



12 Well Logging in Phosphate Mining, Tapira - MG

section. Positive diameter peaks reflect wall breakouts, which compromise borehole integrity
and interfere with logs like density. Negative peaks, less frequent and occurring only in DH-1400
and DH-1402, indicate constrictions. These anomalies, with variations ranging from 7% to 18%,
are concentrated in the upper regions, usually corresponding to the aloterite, due to the more
unconsolidated material of the weathering mantle. In contrast, deeper sections, consisting of

less weathered rock (saprolite and fresh rock), exhibit better geological stability (Figure 4).

Depth | DH-1398 | DH-1399 | DH-1400 | DH-1402 | DH-1403
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Figure 4: Caliper logs. The gray bands indicate zones where the borehole walls exhibited alterations.
Positives shifts indicate breakouts and negatives express wall constrictions.

Natural gamma logs reveal significant variability, which is typical of areas characterized by
high geological complexity such as areas formed by igneous intrusions. Positive radioactivity
peaks are related to zones with mineral accumulations containing isotopes of U, Th, and K.

Comparison between gamma and density logs, particularly in DH-1398, DH-1400, and DH-1402,
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suggests a correlation surface marked by abrupt changes at the transition between upper and
intermediate horizons (Figure 5). These characteristics are similar to the geochemical analyses
of radionuclides conducted by Conceicdo and Bonotto (2006) on samples taken from all

weathering horizons as well as fresh rock.
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Figure 5: Natural gamma logs. The main shifts in trends are indicated by horizontal red lines.

The density logs delineate three main zones based on weathering horizons. The uppermost
zone, the aloterite, with densities around 1.5 g/cm?, reflecting highly porous and weathered zone
characterized by lighter element concentration. The intermediate zone, the isalterite, with
densities around 2.2 g/cm?® as a result of less altered and with denser element concentration.
This zone hosts secondary phosphate mineralization and is the target of mining activities. At
greater depths, the logs record densities between 2.6 and 3.2 g/cm?, characteristic of fresh or
minimally altered rock, with low porosity and preserved protolith features (Figure 6).

Negative density peaks, prevalent in the aloterite, usually correspond to positive caliper
peaks. These occur because density tool sensors lose contact with the rock during wall
breakouts, causing abrupt drops in readings. These intervals require attention during density log

analysis to avoid interference with the interpretation.

Braz. J. Geophys., 43, 2, 2025



14 Well Logging in Phosphate Mining, Tapira - MG

BASE (55.70 m) p

[200m_|

A
E
o
o
~
[
w
[’2]
<
om

Figure 6: Density logs with their compartmentalization highlighted and exemplified by core samples. The

The images generated by the OTV highlighted the visual homogeneity of the rock, which is
linked to the weathering process, especially at shallower depths where the images could be
captured. In contrast, the ATV images revealed how the rock becomes progressively less
affected by weathering with increasing depth. Lighter tones correspond to less altered rocks,
where acoustic waves return more easily. This characteristic becomes more pronounced in the

images as the depth increases (Figure 7). The vertical features in the images are attributed to
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marks left by the caliper arms operated prior to the televiewer survey.

Braz. J. Geophys., 43, 2, 2025




Paula et al. 15

DH-1398 E DH-1399
Depth| OTV : E Depth| ATV
1m:200m E 1m:200m —

|°
A

BASE (13.10 m) p
BASE (09.90 m) p

i
=
i

e
A e d
[

\.r
b
B
| :
.
i
1
4

- —
» TOP (36.10 m)

E
o
©
@
=
S
=
A

RN L

" 7
A R R

 rsrsToTTEEEEEs -.,_n.*; e

PN

e - =

BASE (45.10 m) p

Figure 7: Image logs of boreholes DH-1398 and DH-1399 compared to the drill core samples.
Homogeneity is observed in the OTV of DH-1398, while the variation in weathering intensity is evident in
the ATV of DH-1399.

DISCUSSION

Delineation and correlation of the phosphate zone
The boundaries established from the core descriptions were correlated with the gamma-gamma

logs aiming to identify the isalterite (the phosphate mineralized horizon) using geophysical data
and considering the three common intervals observed in the acquired logs. In this context, it was
observed that there was predominantly no exact match between the two methods for
establishing the mineralized interval, with discrepancies reaching up to 20 m in the position of
the horizon boundaries.

The well logging approach helps to reduce subjectivity, as it focuses solely on the analysis
of numerical values expressed in the logs, which present trends and variations directly linked to
the rock's characteristics such as mineralogical assemblage, density and porosity. As seen in
the images generated by the OTV, the homogeneity of the core samples can hinder the
boundaries between weathering horizons, possibly leading to misinterpretations and potentially
reducing the thickness of the main horizon of exploration.

Based on this, it is proposed that the isalterite corresponds to the intermediate interval
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observed in the geophysical logging acquisitions (Figure 8). Within this horizon, density
measurements typically range between 1.9 and 2.2 g/cm?3, displaying a normal distribution.
Positive and negative anomalous values are associated with concentrations of heavier minerals
(such as magnetite) or with silicified intervals, respectively.

The natural gamma logs are also useful for this determination, as the accumulation of
radionuclides described by Concei¢cao and Bonotto (2006) coincides with the boundary between
the aloterite and isalterite horizons. High values in the natural gamma logs can thus be
correlated with the characteristic pattern shifts observed in the density logs. In boreholes where
the weathering mantle is more developed, the natural gamma log in the aloterite tends to show
lower and less variable readings. This characteristic is associated with the intense leaching
process to which the horizon has been subjected. This process removes micaceous minerals

from the aloterite, directly influencing natural radiation readings.
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Figure 8: Delimitation of the isalterite based on density logs compared with boundaries defined by
traditional geological description.
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In a comparative analysis between the natural gamma and density logs in borehole DH-
1398, it is observed that the aloterite is less dense and less radioactive. In contrast, starting from
the isalterite, the density and the natural gamma increase and show significant variation,
marking the boundary between the horizons at 40.33 m. However, the beginning of the isalterite
is not explicitly apparent in a visual analysis of the core, considering both the geophysically
determined boundary and the one established through geological description at 29 m (Figure
9). In this case, the geological description considers 11 m of geological material as mineable;
however, this interval does not exhibit physical characteristics consistent with the isalterite as
determined by geophysical logging.
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Figure 9: Natural gamma and density logs indicating the boundary between aloterite and isalterite in the
borehole DH-1398. The blue horizontal line represents the boundary defined by the geological description,
while the red horizontal line marks the division based on the correlation of the logs.

With these data integrated into the analysis of density measurements across all logs, a
correlation was established between the logs to delineate the mineralized interval (Figure 10).
This study does not include detailed geological-structural mapping; therefore, the proposed
correlation is based only on the variation in thickness of the interval of interest and its spatial

distribution across the TMC.
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Figure 10: Correlation of the isalterite horizon based on interpretation of well logs following a SW-NE
section across the Tapira Mining Complex.

Well logging data compared to Laboratory measurements
In addition to the lithological description, the geological material underwent density

measurements using the hydrostatic weighting method (Lipton and Horton, 2014). When
comparing the data obtained from well logging with the traditional methodology, it was observed
that the measurements from the geophysical method were predominantly higher, with
differences exceeding 1 g/cm?®. This difference can be observed across all horizons; however,
DH-1402 is an exception, as the average trend of the density logs and laboratory measurements

are almost the same (Figure 11).
The most notable region is in the lower part of DH-1398, an interval where weathering is

less intense and shows the greatest difference among all the investigated boreholes. This
notable discrepancy is primarily attributed to factors such as the integrity of the core samples

and the subjectivity inherent to the laboratory methodology.
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Figure 11: Comparison of density estimates derived from the hydrostatic method and geophysical logging.
The estimates obtained using the traditional method were interpolated and presented as logs.

As the analyzed material is part of a weathering mantle, the core samples obtained through
drilling are predominantly unconsolidated or intact due to a cementation process, which directly
impacts laboratory analysis (Figure 12). During the testing process, the samples must be
enclosed in plastic material, which also traps air along with the solid material. This inclusion of
air affects the sample's density, causing the values to decrease. Another case of interference
occurs when the samples selected for analysis are from an interval of intense cementation. This
process, commonly associated with silica, helps preserve the integrity of the samples; however,

it skews the density measurements.
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Figure 12: Unconsolidated sample cores characteristic of aloterite and isalterite. The image represents
the interval 29 - 39 m of the borehole DH-1400.

The fact that well logging is an in-situ application implies that measurements are taken
under natural moisture conditions and higher confining pressure compared to tests conducted
on core samples. At greater depths, rocks are subjected to increased loads due to the overlying
geological material. As a result, their volume may decrease, leading to an increase in density.
Regarding moisture, samples tend to lose water in their way from removal of the drill hole and
the density test, especially those rich in clays and clay minerals that have fissures.
Consequently, these samples are not under confining pressure and are typically less moist than
the rock in its natural state.

In addition to the preservation state of the samples, subjectivity also contributes to data
alteration, as the geologist selecting the samples for analyses often tends to choose the most
intact ones. However, the integrity of such samples can be associated with the presence of more
competent material that has been less affected by weathering processes. The influence of the
individual conducting the laboratory analysis is also evident in the results from samples obtained
at greater depths, which are consequently more intact due to reduced weathering effects. These
cases highlight that this type of approach is more susceptible to errors associated with human
bias, further compromising the reliability of the data.

Thus, both factors reduce the reliability of laboratory-obtained density data, as they are

highly susceptible to external influences. Notably, there is an inconsistency in the density values
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for upper portions, which sometimes approach to 1 g/cm? (the density of water), as well as a
marked difference in deeper horizons between the two methodologies. Geophysical logging,
using the probe properly calibrated, shows that density measurements are more reliable
considering the nature, state and composition of the geological material.

The data acquisition time and resolution are also important in this comparison. Density
logging is conducted at an average speed of 4 m/min, meaning that logging a 100-meter
borehole can only take approximately 25 to 30 min to be fully performed. This efficiency allows
data to be acquired for 2 or 3 boreholes in a single workday, factoring in the time required for
equipment setup, in contrast to laboratory measurements which require about a week to analyze
a whole core. In addition to the time, wireline well logging provides measurements at every
centimeter of rock, which is a stark contrast to laboratory measurements, typically taken at
irregular intervals ranging from 1 to 15 m between sampling points, resulting in a core with
considerable gaps between the selected samples. The deepest borehole in this study, the DH-
1400, for example, displays 21 density tests, contrasting with more than 12,000 geophysical

readings.

CONCLUSIONS
Bulk density is crucial data for mineral exploration, and when this information is provided reliably

and with minimal interference, it becomes even more valuable for mining companies. Based on
the density measurements obtained through well logging in the five investigated boreholes, the
method showed excellent performance in determining the physical property of the phosphate-
rich rocks of the Tapira Alkaline-Carbonatite Complex.

Compared to the traditional method based on Archimedes’ principle, the geophysical
logging results provided higher-resolution measurements that were predominantly superior and
more consistent. Since sampling is hindered by the condition of the drill cores and subjective
factors in sample choice and preparation, the hydrostatic balance method struggles more to
eliminate external influences in the data and requires more time to achieve results. In addition,
the acquisition of geophysical data occurs in-situ and in a significantly shorter time, with the
possibility of being monitored in real-time during the data collection process.

The gamma-gamma density logs also enabled the delineation of the interval where mining
operations occur at the TMC, highlighted by a range of 1.9 - 2.2 g/cm?, which had considerable
differences in both the thickness and depths of its boundaries compared to the geological
description. In contrast to an empirical methodology of observing drill cores, the geophysical
method proposes this delineation based on physical rock properties, such as density and natural
radiation. With higher resolution, greater data reliability, and reduced subjectivity, the
understanding of the compartmentalization of the weathering profile in the alkaline-carbonatite
complex becomes even clearer. Thus, density data obtained through geophysical logging,

complemented by other physical and chemical properties of the rocks, can serve as a powerful
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alternative for both mineral resource estimation and mine planning, while also contributing to

optimization in the exploration process.
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