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ABSTRACT. Because density is a fundamental physical characteristic in mineral exploitation, the Brazilian
mining company Vale S/A constructed a test site to gather more precise data with the geophysical well log of
density. Understanding better the lithological units of three drilling holes at the Capanema Mine, Minas Gerais,
Brazil, was the primary goal of this calibration. In the study, geological contacts were compared between those
determined by caliper, temperature, natural gamma ray, density, neutron porosity, and sonic wireline logs and
those identified by descriptions of core samples. The primary goal of the research was to determine compositional
and textural variations in iron formations that were brought on by changes in the rock moisture and hardness.
The methodology showed satisfactory results in detecting the presence of clay and hydrated bodies and the
transition between friable and compact itabirites. The possibility of altering exploratory drilling meshes with
partial replacement of core sampling by rotary percussive boreholes was thus revealed by these results. With
this substitution, mineral exploration would be faster and less expensive with the use of well logs to support
subsurface geological interpretation.

Keywords: borehole logging, rock samples, iron minerals, compositional variations, textural changes.

INTRODUCTION to complete a job like this, GWL must be adjusted for
the effects of drilling mud, mud-cake, invasion, well

roughness etc. (Rashidi et al., 2009; Cannon, 2016).

The study area for this project was the Capanema
Mine, located in the central location of the Iron Quad-
rangle, in Minas Gerais State, Brazil (Figure 1). The
Itabira Group lithologies, represented by itabirite and
hematite rocks of the Caué Formation (Franco, 2003),
are where the mineralization in this mine takes place.
The poor thick layer of ore (PLO) that covers these
lithologies is known as the Itabira Group (Guimaraes

Regional geological mapping, aerial geophysical sur-
veys, and subsurface research are part of the indus-
try mineral prospecting process (Kearey et al., 2002).
According to this viewpoint, conventional subsurface
exploration through drilling wells yields geological
medium core samples (CS). Although it offers detailed
and localized information, this method is costly and
time-consuming (Darling, 2005; Oliveira et al., 2011).
Meanwhile, the geophysical well logs (GWL) are help-

ful, even though they employ indirect measurements,
the geophysical well logs (GWL) are helpful (Schon,
2011). Nevertheless, combining the two methodolo-
gies can result in more accurate data, taking less time
and spending less money (Liithi, 2001; Rider, 2002).
GWL offers several advantages to assist drilling data
in defining geological contacts, determining depths,
and conducting correlations between wells. However,

et al., 1986). According to Vaz de Melo and Seabra
(2000), the structural geology of the area is quite in-
tricate, having been folded by numerous generations
of deformational events that duplicated the layers and
altered their apparent thickness.

To shorten research time and save expenses, the
overall goal of this effort was to enhance iron ore ex-
ploration through the integration of CS and GWL
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Figure 1: The geographical location of the Iron Quadrangle in Minas Gerais State, highlighting the regional geological
outline and the Capanema Mine (dashed red circle). The iron formation units are black, making up the mountains that
define the structure: Curral at the north, Moeda, Itabirite at the west, Ouro Preto at the south, and Itabira at the east.
The other symbols show more lithological units (Spier et al., 2007).

data. It specifically aimed to find clay horizons, hy-
drated bodies, the boundary between friable and solid
itabirites, the thickness of the weathering layer, and
the strata most abundant in iron (Fe).

MATERIALS AND METHODS

The Brazilian Mining Company Vale constructed a test
siteinacontrolled environment (Figure 2) toconfidently
determine the petrophysical property of the geological
formations due to the need for accurate measurements
of density login the oreindustry and as part of this study
(Instituto de Pesquisas Tecnologicas (IPT), 2011). The
Capanema Mine demonstrated key characteristics to
develop this work by showcasing features that allow for
a systematic and controlled study (Figure 3).

The geological sections of the Capanema Mine are
based on the interpretation and chemical analysis of
samples from boreholes FD-28, FD-29 and FD-31.
This extensive database of the mine aids understand-
ing the regional context (Figure 4). With this knowl-
edge, data were integrated to evaluate significant GWL
changes in response to CS compositional and textural
changes. The caliper (CAL), temperature (TEMP),
natural gamma ray (GR), density (RHOB), neutron
porosity (NPHI) and sonic velocity (V) wireline logs
were utilized in the study. It is crucial to make it clear
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that the NPHI log has "pu” (porosity units) or "snu"
(signalneutral units) unitsin the figures presented in the
article. The highest counts in the variation of the NPHI
log in the "snu" unit denote lower hydrogen concentra-
tions and, as a result, lower porosities. The variation in
the mineralogical composition may be exhibiting inter-
valswith ahigher percentage of hydrated mineralsor the
presence of water in the rock porosity may be reflected
in this circumstance.. The logs were collected by the
Weatherford Company in open holes of thismine (Pena,
2013). Subsequently, the softwares WellCad (2014) and
MATLAB (2014) were used to process, plot and make
the interpretation of the logs.

RESULTS AND DISCUSSIONS

For the three wells, the chemical laboratory analysis of
CS roughly reveals Fe percentages of 40% and 60% up
to 80.0 m (Figure 5A). On the other hand, the content
of silica (S703) increases with a depth of over 30.0%
(Figure 5B), and the concentration of alumina (Al3O3)
decreases to less than 2.0% bellow 40.0m in wells FD-28
and FD-31 (Figure 5C). Therefore, all geological sec-
tions have a consistent pattern, with higher clay levels
at the top of the boreholes and lower clay levels below
20.0 m. This material, classified as a modified ferrug-
inous rock from 3.6 to 76.9 meters in depth, is known
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4.500 kg/cm3

(C)

BLOCK | DENSITY (kg/cm?) COMPOSITION
1 1.500 Sand, cement + water + styrofoam
2 2.500 1 type of iron ore+ crushed stone + cement + water
3 3.500 3 types of iron ores + crushed stone + cement + water
4 4.500 3 types of iron ores + cement + water

Figure 2: A) Tower in the test site to measure density log. B) Block positioning into the tower with a central hole
where GWL tools descend. C) Provision of the blocks with respective density, composition, and counting (IPT, 2011).

Figure 3: Location of boreholes FD28, FD29 and FD31 in the Capanema Mine. Dashed lines in blue indicate the po-
sition of the geological sections (Fonseca, 2014).
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Figure 4: Interpreted geological sections for boreholes FD-28, FD-29 and FD-31. The position of each borehole is high-

lighted in white in the section (Fonseca, 2014).

as weathered hematite in the area. It is a goethite or
hydrated hematite with high iron content (60% Fe; Fig-
urebA),low SiO; (Figure 5B), elevated levelsof contam-
inants like Al5O3 (Figure 5C), phosphorus (Figure 5D),
and high values of loss on ignition (PF) because of the
abundance of hydrated minerals (Figure 5E; Fonseca,
2014).

In each well, the particle size analysis showed a
coarser material below 100.0 m deep (Fig. 6A), with
a thinner material close to the surface (Figures 6B, C
and D). In these figures, the classification of G1 to G4
values indicates the percentage of materials retained in
different sieve size classifications, where G1>8.00 mm,
1.00<G2<8.00 mm, 0.15<G3<1.00 mm and G4<0.15
mm (Fonseca, 2014). For well FD-29, Figure 7, prepared
from Figure 6A, shows a linear increase of particle size
with depth described for the equation G1=1.3 x Depth-
8.7, different from the linear relationship G1=Depth,
also shown in this figure. Moreover, this figure also
shows, respectively, green, yellow, and blue circles for
three physical horizons of this well classified as friable
(IF), semi-compact (IS), and compact (IC) itabirites.
The grouping analysis k-means, which aims to parti-
tion n observations into k clusters, drew these circles,
wherein each observation belongs to the aggregate with
the nearest mean (MATLAB, 2014).

Borehole FD-28 reached a maximum depth of 360.0
m, whose geological description shows a shallow land-
fill of 20.0 m, passing for goethite hematite up to 21.0
m, followed by an ocher sericite phyllite up to 37.0 and
a friable goethite itabirite up to 77.0 m. From there,
it goes to the end of the borehole composed of friable
itabirites with diverse levels of compactness and pro-
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gressively lower levels of iron (Figure 4). The logs GR,
RHOB, TEMP and CALrecorded the first 98.0 m of this
borehole (Figure 8 shows only the first 40.0m). The GR
log shows low range values that indicate a reduction in
the presence of clay up to 27.0 m, with the material in-
creasing up to 33.0 m (dashed red rectangle in Figure 8).
In Figure 9, at a depth of 51.0 m, the average value of
the measured RHOB changes from 3.0 g/cm3 to 3.5 and
4.0 g/cm3, which can be explained by the iron content
increase between 47.0 and 77.0 m, particularly in the
range that starts at 56.3 m, which assumes a peak con-
centration (red arrow in Figure 9, which shows only the
depth between 48 to 56 m). The CALlogalsoshowsare-
duction in the borehole diameter below 51.0 m, showing
atransition to a more consistent material (blue arrow in
Figure 9, which shows only the depth between 48 to 56
m). However, from 77.0 m, a considerable reduction in
the contents of Fe is noticed without declines in RHOB
values, decreasing the porosity caused by increased com-
pression (not shown in this work). Although it is notice-
ablein chemical analysis and geological description, the
transition from weathered material tosiliceous itabirite
isnot evident in the logs. The GR log suggests the pres-
enceof claysinitabirites throughout thelogged interval,
supported by the results of the chemical analysis with
alumina results above 1.5%, within a depth up to 107.0
m, which is the main kaolinite clay mineral.

Borehole FD-29 reached a depth of 252.9 m, whose
geological description indicated a landfill until 12.0 m,
getting a friable itabirite below this and evolving to a
compact itabirite at 60.0 m (Figure 4). Throughout the
hole, itabirites proved to be slightly hydrated with vari-
ations in particle size and compactness, initially brittle
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Figure 5: Chemical analysis of samples from wells FD-28, FD-29, and FD-31: (A) Fe, (B) SiO2, (C) Al2Os, (D) P, and

(E) loss on ignition (Fonseca, 2014).
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Figure 6: Particle size analysis in wells FD-29 and FD-31 with (A) G1>8.00 mm; (B) 1.00<G2<8.00 mm; (C)
0.15<G3<1.00 mm and (D) G4<0.15 mm (Fonseca, 2014).
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Figure 7: Graph of particle size of the dispersion curve of the thick interval (G1) in borehole FD-29 versus depth, in-
dicating increased compaction with depth and showing the subdivision in groups of friable (IF), semi-compact (IS) and
compact (IC) itabirites (Fonseca, 2014).
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Figure 8: GR log registering the mafic intrusive at a depth between 27.0 and 33.0 m in borehole FD-28. The RHOB,
TEMP and CAL logs are also shown on the subsequent tracks (Fonseca, 2014).

Braz. J. Geophys., 41, 1, 2023



CARRASQUILLA AND FONSECA DD

FD-28 Capanema Mine
GR . Depth RHOB . NPHI Vp , TEMP . CAL
] °API 100 (M) o arlce 50 snu 3000 1000 MIs  so00 216 °C 2120 mm 39
Vps Didmetro
Vi Vp 0 mm 200

£0.0

i
s
|
‘,l\»n.. P D RN

)

§4.0

J
)

: “ e

{

Figure 9: Log details in FD-28 borehole. GR, RHOB, NPHI, V,,, TEMP and CAL logs shown from left to right. The
arrows show changes in the RHOB (red) and CAL (blue) logs at 51.0m (Fonseca, 2014).

compact with clay intercalations (left side of Figure 10).
It is possible to see a difference of around 4.0 m between
the core sample and the log because the range at approx-
imately 6.0 m describes a sericite phyllite zone, repre-
senting an altered mafic rock intrusion. The measure-
ment of the GR, RHOB, NPHI, Vp, TEMP and CAL
logs got to 133.0 m in this wellbore. On the right side of
Figure 10, the GR log shows a sharp drop in the shali-
ness around 10.0 m, coincident with the morerectilinear
pattern of the RHOB curve, which can reflect the con-
tact between the landfill and itabirite. In B, the GR
log shows a shaly peak, which coincides with collapses
in the borehole, showing a larger diameter measured by
the CAL login C. In D, the decrease in NPHI coincides
with a drop point in the RHOB log and a high concen-
tration of clay in the landfill, as shown by the GR log.
On the other hand, the CS of this hole is depicted on the
left of Figure 11 at depths ranging from 19.0 to 28.30
m, displaying an increase in compression in itabirite ore
at a depth of 26.0 m, making the CS more cylindrical.
Details of the GR log are shown to the right of this fig-
ure, followed by the NPHI and RHOB logs. The RHOB
increased to a depth of 26.0 m (Figure 11; dashed red
arrow and blue circle) and the NPHI log showed a cor-
responding decline in porosity. Figure 12 displays the
final lithological description alongside the details of the
GR, RHOB, NPHI, Vp, TEMP and CAL logs, from left
to right. The RHOB log increases, and the NPHI and
CAL logs decrease at 63.0 m depth (Break 1). A new
NPHI fall and increased RHOB logs occur at 75.0 me-
ters (Break 2). The water table changes the RHOB logs
around 85.0 m below this, and also picks up the TEMP
log, as shown by the inverted delta.

The V), log, on the other hand, reaches a low value
of 2000.0 m/sec when it reaches 80.0 m, increasing the
acoustic wave transit time. All of this behavior was ex-
plained as a zone of itabirites transitioning from friable
to semi-compact to compact below 75.0 m (Figure 12),

with varying degrees of compression. Below 100.0 m,
RHOB, NPHI and V), log details show an increase in
density, a decrease in porosity, an increase in compres-
sion and a subsequent increase in the V,,, likely due to a
risein the concentration ofiron minerals (Figure 13). As
a result, the B level exhibits a transition zone-like pat-
tern of little NPHI growth, decreased RHOB, increased
compression and increasing V), log. In the presence of
hematite horizons with high iron content, for example,
the compression/porosity factor was more important
than therock chemical composition, which differed from
the situation in another borehole under study (Fonseca,
2014).

Only 70.0mofthelogs were measured in the borehole
FD-31, but with the existence of CS. It passed through
a landfill up to a depth of 12.0 m, and from this point
up to a depth of 18.9 m; PLO was discovered with only
tone variations (left side of Figure 14). Around 22.3
meters down, a red clayey PLO changed into a sandy
yellow goethite hematite. From this point, the compo-
sition gradually changed to friable goethite hematite at
45.0m, then to friable goethiteitabirite at 76.5 m, which
gradually changed toacompactsiliceousitabirite. Since
all the sections up to this depth are shallow and weath-
ered, goethite, kaolinite and gypsum are abundant and
typically found in hydrated environments (Figure 4).
The laboratory analysis supported this interpretation,
which shows high concentrations of Fe, Si02 and A1203
at this depth (Figure 5). A decrease in Fe and an in-
crease in Si02 contents, both goethite, can also be used
to identify the hematite to itabirite transition (Figure
5). The variationsin the RHOB and CAL logsup to 12.0
m of well FD-31 show the shallow landfill, interpreted
as the change from a sandy to a clayey horizon of the
PLO (right of Figure 14). The presence of clays likely
due to mineralogical modifications causes a decrease in
the RHOB and an increase in the CAL logs. Still, there
is also a decrease in porosity and an increase in density

Braz. J. Geophys., 41, 1, 2023
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Figure 10: Details on the logs of borehole FD-29: (A) sharp fall in shaliness at 10.0 m, coinciding with the most recti-
linear pattern of the RHOB log, reflecting the contact landfill-itabirite; (B) peak of shaliness coincident with the collapse
in the borehole walls registered on the CAL log in (C); (D) decrease in porosity recorded in the NPHI log, coinciding
with a drop in density (RHOB log) and increased concentration of clay in the landfill (GR log) (Fonseca, 2014).
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Figure 11: At the left, drill core for the borehole FD-29 between 19.0 and 28.3 m depth, showing increased compact-
ness of the itabiritite ore at around 26.0 m, with cores proving to be more cylindrical. The right part of the figure shows
the GR, RHOB and NPHI logs, where it is observed an increase in the density level slightly above 26.0 m depth corre-
lated with a decrease in the NPHI log (Fonseca, 2014).
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Figure 12: GR, RHOB, NPHI, Vp, TEMP and CAL, logs of the borehole FD-29, together with the lithology and its
description. From 63.0 m depth, an increase in the RHOB log is recognized, showing reductions in the NPHI and CAL
logs (Break 1). At 75.0 m, there is a new fall in the NPHI log and an increase in the RHOB log (Break 2). The inverted
delta with little change in the CAL log at around 85.0 m was interpreted as the Water table, also observed in the TEMP
log. The Vp shows an increase toward the bottom of the borehole, interpreted as a transition zone of itabirites with dif-
ferent degrees of compactness, friable up to 63.0 m, semi-compact and compact from 70.0 m to the end (Fonseca, 2014).
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because of the increased concentration of iron minerals (Fonseca, 2014).
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due to the lack of soluble elements (red arrows in Fig-
ure 14), as seen in the GR, RHOB and NPHI logs. The
PLO, identified as a clay layer with variable porosity
and density in the GR, RHOB and NPHI logs, is desig-
nated for the 12.0 to 18.9 meters depth range. Smaller
porosities may have altered the NPHI logs due to water
in the pores or higher concentrations of hydrated min-
erals. The variationsin the RHOB, NPHI and CAL logs
indicate a more porous horizon with potential voids in
the 18.9 -22.3 m depth range. The RHOB log does not
show a grade from PLO to goethite hematite below 22.3
m. Nevertheless, the GR log shows a progressive drop
in the clay concentration.

However, the CALlogreveals that the smaller diam-
eters without asperities or breaking points are a more
robust material (black arrow in Figure 14). Onthe other
hand, variations in the V,,, NPHI, TEMP and CAL logs
at 24.0mdepth arelinked to achange in porosity and are
taken to indicate the presence of the Water table (blue
arrow in Figure 14). Below that, the GWL does not ex-
hibit notable changes, moving to clayey levels with im-
proved borehole wall stability. The RHOB log displays
a "saw" pattern between 36.0 and 43.0 m, increasing
from 2.5 to 2.9 g/cm3 because of an iron-richer interval
(not shown). It then provides a drop that may indi-
cate the change to the goethite itabirites described at
45.0 m. According to the geological description, a gray
siliceous itabirite abruptly contacts another ocher and
clay itabirite at 70.0 m.

The results of this study also point to potential
changesin the drilling mesh, including a partial replace-
ment of CS boreholes with rotary-percussive (RP) bore-
holes monitored with GWL. Considering a geological
section with three drilled boreholes as an illustration,
we can say that, in this situation, a central borehole
with RP could be inserted with both CS ends serving
as a guide for the geological interpretation. Figure 15
illustrates a drilling program for exploratory purposes
in a specific and well-known geological setting, such as
the Capanema Mine. From around 21 holes, 13 will be
drilled with CS and 8 with RP, allhavinga GWL. AnRP
borehole generates an economy in relation to a CS bore-
hole as it costs 35% less. A time consideration exists in
addition to the cost reduction because a CS takes much
longer to be completed than an RP borehole. The com-
plexity of the geology and the level of detail needed for
the project are two factors that affect all these changes.

CONCLUSIONS

To increase the use of geophysical well logs in mineral
prospecting, the Brazilian mining company Vale S/A
constructed a test site to calibrate these methods, espe-
cially the density log, whose measured property is sig-
nificant for exploitation. Thus, three Capanema Mine
boreholes were chosen to benefit from this initiative
and advance this work. The study primary goal was to
demonstrate the value of a joint interpretation of core
sampledataandlogsinthedelimitationofironores. The

Braz. J. Geophys., 41, 1, 2023

results show the importance of this method for locating
the transition between friable and compact itabirites,
defining lithological interfaces, detecting clay horizons,
estimating the thickness of weathering layers and iden-
tifying hydrated materials. In general, the impact of
increasing compression with depth on the density log
measurements was more significant than the reduction
in the content of heavy iron-rich minerals below 90 m
depth during the analysis of itabirites. At this depth,
the density log value changes from 2.80t03.24gr/cm3
and the sonic log average value increases from 2000 to
7000 m/sec, indicating thisfact. Thisstudy offersessen-
tial subsidies to improve methodologies applied for iron
ores prospecting. It helpsreduceresearch time and costs
associated with mineral exploration when it issuggested
tochange the drilling mesh by substituting more rotary-
percussive boreholes for core sample perforations, but
always using geophysical well logs in both cases to sup-
port the geological interpretation of the subsurface.
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Figure 14: Borehole FD-31: (A) CS showing transitions between landfill to PLO (18.9 m) and PLO to yellow goethite
hematite (22.3 m). (B) Well logs from left to right: GR, RHOB, NPHI, V,,, TEMP and CAL. The red arrows indicate
the transition between landfill and PLO, the black arrow indicates the transition between PLO to goethite hematite,
and the blue arrow indicates the water table (Fonseca, 2014).
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