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Quantifying the abundance and physicochemical properties of minerals using reflectance spectroradiometry in
the visible, near infrared and shortwave infrared (400-2500 nm) regions is an important tool in mineral explo-
ration. In this study, the reflectance spectra of drill cores from the world-class NAWS iron deposit located in the
Carajas Mineral Province, Brazil, were obtained. These spectra were validated using X-ray fluorescence (XRF)
geochemical analyses and thin sections. The reflectance spectra were collected using a FieldSpec 3
spectroradiometer (ASD, Boulder, Colorado, USA) in 10 drill cores. The mineralogy of the deposit is mainly
hematite, with lesser amounts of magnetite, goethite, quartz, kaolinite, gibbsite, smectite, talc, carbonate and
chlorite. The mineralogy of the iron deposit was extracted from the spectral data using the geometry (depth
and wavelength) of absorption features across the reflectance spectrum removed from the continuum. The depth
of the absorption features is proportional to the mineral abundance, and the wavelength is proportional to the
mineral chemical composition. The diagnostic absorption features of each mineral were used to determine the
mineral abundance and composition. The final products include the abundance of iron (hydro) oxide (11.6%
root-mean-square error [RMSE] Fe,03); abundance of aluminous clays (RMSE 6% Al,05); abundance of talc
(8% RMSE MgO); identification of clay type (kaolinite, montmorillonite or gibbsite); composition of carbonate
(dolomite vs. calcite); and composition of chlorite (Mg vs. Fe). The mineral abundance and composition results
provided an effective characterisation of the ore, protore and host rocks and showed variations within the ore
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body.
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1. Introduction

Reflectance spectroradiometry is a well-known and effective technique
for identifying the mineralogy of mineral deposits in the different stages of
mineral exploration, from prospection to production (Herrmann et al.,
2001; Ducart et al., 2006; Harraden et al., 2013; Dalm et al., 2014). Spectral
analyses of these deposits allows for a better understanding of mineralised
areas that can provide additional information on the spatial distribution
of minerals, assisting the identification of ore zones and associated
contaminants. Analysis of absorption bands due to electronic transi-
tions, vibrational modes, charge transfer, and other processes (e.g., see
Hunt, 1977) is used for the mineral identification.

In addition to mineralogical mapping, spectral analyses can quantify
the identified minerals, which may be performed by correlating spectral
data with independent data, such as X-ray fluorescence (XRF) (Clark
and Roush, 1984; Cudahy et al., 2009; Yang et al., 2011; Haest and
Cudahy, 2012; Sonntag et al., 2012; Dai et al., 2013). This mineralogical
characterisation could be affected by several factors, as for example, the

http://dx.doi.org/10.1016/j.oregeorev.2016.03.007
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number and type of materials present, the weight fractions, the grain
size of each material, and the viewing geometry (Clark and Roush,
1984). Quantitative analyses of the mineralogy of a rock through
reflectance spectroradiometry require the following assumptions:
(1) measured electromagnetic energy travels the same distance during
its trajectory from light source to sample and from sample to sensor
through a fixed measurement geometry (cf. Clark and Roush, 1984);
(2) absorption intensity of a particular mineral in relation to the back-
ground (usually considered the continuum of the spectrum) is a func-
tion of the absorption coefficient and abundance of a mineral; thus,
when the mineral is identified, its abundance may be determined by
the absorption intensity (Hunt and Ashley, 1979; Clark and Roush,
1984); (3) crystal chemistry of a particular mineral determines the
wavelength of its diagnostic absorption feature (cf. Hunt and
Salisbury, 1971; Clark et al., 1990; Cudahy and Ramanaidou, 1997);
and (4) scattering (crystal orientation, size/distribution/particle orien-
tation) is isotropic (cf. Adams and Filice, 1967; Clark and Roush, 1984;
Morris et al., 1985).
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The main goal of this study is to use reflectance spectroradiometry to
explore the N4AWS iron deposit located in the Carajas Mineral Province,
Par4, Brazil. For this purpose, a spectral study of nine drill holes distrib-
uted in three sections across the N4AWS deposit was conducted and the
results were integrated with geological and geochemical data collected
over the same section. The results were used to perform qualitative and
quantitative modelling of the mineralogy of the deposit.

1.1. Regional geology
The Carajas Mineral Province is located in the oldest part of the Am-
azonian Craton of Archean/Paleoproterozoic age (Gibbs et al., 1986;

Machado et al., 1991). The region is dominated by metamorphosed
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volcano-sedimentary sequences and granitoids formed between 2.76
and 2.68 Ga as well as by the Pium and Xingu Mesoarchean complexes
(Cordani et al., 1979; Tassinari, 1996; Santos, 2003; Santos et al., 2000,
2006; Tassinari and Macambira, 1999, 2004; Tassinari et al., 2000).
The province comprises the Mesoarchean granite-greenstone terranes
of Rio Maria South Domain, and the Neoarchean volcano-sedimentary
sequences and granitoids of Carajas North Domain (Tassinari, 1996;
Bizzi et al., 2003).

The tonalite-trondhjemite-granodiorite (TTG) terranes of the Xingu
complex (2.86 Ga; Silva et al., 1974) form the base of the volcano-
sedimentary sequence represented by the Itacailinas Supergroup.
Granites and mafic-ultramafic units with ages ranging from 2.76 to
2.74 Ga intrude these sequences (Fig. 1).
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Fig. 1. Location map of the Carajas Mineral Province (Rosiére et al., 2006) showing the major mineral deposits, including the iron deposits N1, N4 and N5 (Serra Norte), Serra Sul and Serra
Leste; I0CG deposits (Alemdo/Igarapé Bahia, Sossego, Cristalino); Cu—Au (W-Bi-Sn) deposits, such as Gamelera and Alvo 118; gold-platinum-palladium deposit of Serra Pelada; Azul

manganese deposit and Vermelho nickel deposit.
Adapted from Silva and Hagemann (2013).
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The Serra dos Carajas is an S-shaped hill composed of metamor-
phosed volcano-sedimentary rocks of the Grao Para group (2.7 Ga),
including the Carajas Formation that consists of jaspillites, which host
iron mineralisation (Fig. 1).

The Parauapebas Formation constitutes the base of the Grao Para
Group and is represented by basalts, basaltic andesites and basic to in-
termediate pyroclastic rocks in smaller amounts (Krymsky et al.,
2002; Lobato et al., 2005a; Meirelles et al., 1984), which occur concur-
rently beneath the Carajas Formation and reflect the contemporaneity
of the two formations (Beisiegel et al., 1973; Macambira, 2003). These
rocks are covered with banded iron formations (BIFs) and basic tuffs.

The Carajas Formation represents the intermediate portion of the
Grao Para Group (DOCEGEO, 1988) and contains layers and discontinu-
ous lenses of Jaspilites and iron ore intruded by sills and mafic dikes. The
Jaspilites have centimetre-thick intercalations of iron oxide, jasper and
chert and are heavily weathered, with textures and primary structures
preserved only at great depths. BIFs that include dolomite are also
found (Macambira and Schrank, 2002; Dalstra and Guedes, 2004) and
interpreted by Dalstra and Guedes (2004) as a carbonate facies of the
BIF; however, a hydrothermal origin for this carbonate was suggested
by Figueiredo e Silva et al. (2008).

The Igarapé Cigarra Formation is at the top of the Grao Para Group
and consists of mafic flows interlayered with tuffs followed by clastic
sedimentary rocks, such as sillites, phyllites and greywackes (Gibbs
et al., 1986; Macambira, 2003). The basalts with preserved igneous
textures are the most common lithotypes (Macambira, 2003). Contact
between this formation and the Carajas Formation is still uncertain,
although it may be stratigraphic or structural, which calls into doubt
their stratigraphic importance (Meirelles and Dardenne, 1991;
Lindenmayer et al., 2001).

Psammo-pelitic rocks, such as arenites, calcarenites, siltites and con-
glomerates of the Aguas Claras Formation, overlay the rocks of the Grio
Para Group (Fig. 1). The ages obtained from mafic dikes that cut these
sedimentary rocks indicate that the deposition of sediments occurred
at 2708 + 37 Ma (Mougeot, 1996).

Type-A alkaline to sub-alkaline granites of Paleoproterozoic age,
such as the Serra dos Carajas granite, intrude the Itacaitinas Supergroup
and have been dated at 1880 4+ 2 Ma (Machado et al., 1991; Fig. 1).
These granites are classified as oxidised magnetite-series rapakivi intru-
sions (Dall'Agnoll and de Oliveira, 2007).

The genesis of the iron ores of the Carajas Mineral Province as repre-
sented by the compact and friable hematite of the Carajas Formation is
widely discussed in the literature, and three models have been
proposed: supergene, hypogene and modified hypogene.

Tolbert et al. (1971) and Dardenne and Schobbenhaus (2001) pro-
posed that the iron oxide enrichment of the ore bodies was residual
and resulted from the supergene leaching of quartz and carbonate
caused by meteoric waters during the lateritic alteration of the iron
formations.

A different origin was proposed by Beisiegel et al. (1973), who sug-
gested a hypogene model for the compact hematites, which indicated
that hydrothermal fluids caused the metasomatic replacement of
quartz. For the friable hematite, the authors proposed supergene enrich-
ment. The role of hydrothermal fluids in iron mineralisation was also
suggested by Dalstra and Guedes (2004); Rosiére et al. (2004, 2005)
and Lobato et al. (2005a, 2005b). For Rosiére et al. (2004, 2005),
structural control was observed in these mineralisations because fluid
migration in these systems is controlled by areas of higher permeability,
thus explaining the location of the ore bodies in the hinge zone of the
Carajas synform.

The model advocated by Beisiegel et al. (1973) and Beukes et al.
(2002) proposed that the genesis of the ore was associated with the su-
pergene enrichment of areas previously altered by hypogene fluids,
thus allowing the development of extensive layers of friable hematite
in lateritic profiles that reach 500 m in depth. Tabular bodies of compact
hematite occurred in association with friable ore and predominantly in

the lower portion of the iron formation, whereas smaller lenticular bod-
ies predominated at the top of the sequence.

1.2. Lithotypes of the N4AWS deposit

The plateaus where the iron formations occur were mapped in detail
at a scale of 1:20,000. The mapping data are the product of the final
reports of the research conducted by Tolbert et al. (1971) and Resende
and A.LM. (1972)and updated from Macambira (2003 ), which focused
on the iron formations and their host rocks. Fig. 2 shows the geological
map of the NAWS deposit and is restricted to the plateau where the iron
formations occur.

During the description of the cores and detailed mapping, which was
performed by Vale S.A,, 14 lithotypes were discriminated (Fig. 3; Tables
6-1: most common lithotypes in Serra Norte and their main character-
istics; Assis, 2013), and the following six were described in the drill
cores analysed in this study.

Ore “canga” (OC): lateritic cover that forms on the ore outcrops in
situ. The thickness can reach over 20 m, and it has high Fe content and
relatively low contaminants, enabling its potential use as ore. The
main minerals are hematite and Goethite, with subordinate kaolinite.
This lithotype is an indicator of iron ore occurrences.

Chemical “canga” (CC): derived from the regolith of mafic rocks or
associated with mature and cemented colluvial deposits; also known
as barren lateritic cover. Composed of hematite, goethite, gibbsite,
kaolinite and talc.

Jaspilite (JP): banded iron formation composed of hematite and
quartz that can be found with centimetre- to millimetre-thick lamina-
tions or an anastomosing pattern. Occasionally, the laminations
alternate between mafic rock and jasper/chert. Breccias with jasper
fragments encompassed by a magnetite-rich matrix also occur,
commonly with veinlets of quartz and/or carbonate. Constant variation
in size between magnetite and martite crystals is observed. It represents
the protore in the region and has Fe content ranging between 20 and
40%.

Friable hematite (FH): iron ore with an average Fe content of 66%.
Highly friable and porous Jaspilite structure partially to totally obliterat-
ed because of silica leaching. Colour varies from shades of grey to
yellowish, which is associated with aluminum contamination. It is
composed mainly of hematite, with subordinate goethite.

Unweathered mafic (UM): basalts, gabbros and diabases that show
little to no weathering. Tuffs of pyroclastic rocks are also described but
rare. Mafic rocks are systematically chloritized and locally rich in talc.
Green to dark green, sometimes with typical volcanic structures, such
as tonsils filled with quartz, carbonates and chlorites and possibly
sulphides. These lithotypes occur either as flows or intruded in JPs in
the form of sills and dykes;

Semi-decomposed mafic (SDM): saprolite of mafic rocks with relicts
of the original protolith framework or total loss of the original structure.

2. Method
2.1. Sampling and spectral data measurement

The samples were collected from cores of nine drill holes over three
E-W trending sections across the N4WS deposit. Representative sam-
ples of 15 cm were collected every 2 m (1766 samples), and half of
each sample was separated for geochemical analysis (XRF). Certain
samples were selected to produce thin sections to validate the minerals
identified by spectral analysis. Magnetic susceptibility data obtained by
Ferreira (2014) were incorporated in this study.

The reflectance spectrum of the samples was measured using the
reflectance spectroradiometer FieldSpec3 Hi-Res® (ASD Inc., Boulder,
Colorado, USA; 5111 measurements). The measurements were
performed using the contact probe with the internal halogen lamp as
the light source. The acquisition window of the contact probe has an
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Fig. 2. Landsat 8 Operational Land Imager (OLI) image on the left showing the open pit of the N4 mine; the NAWS body is highlighted. On the right is the geological map of the NAWS body,
focusing on the lithotypes described in the Serra Norte plateaus (Tolbert et al., 1971; Resende and A.L.M., 1972; Macambira, 2003). The studied drill holes are shown on the map and
indicate the direction of the section.

Fig. 3. Main lithotypes of the project area. A) Ore “canga” (OC). B) Chemical “canga” (CC) on the left and semi-decomposed mafic (SDM) on the right. C) Unweathered mafic (UM) on the
left and jaspilite (JP) on the right. D) Friable hematite (FH). E) Details of the jaspilite (JP) banding showing intercalation of iron oxide and jasper bands.
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area of 1 cm?. The saved spectrum was the mean of 75 spectra measured
in the same area.

The device collects the spectra in three modules: one that covers
wavelengths from visible to near-infrared (VNIR: 350-1000 nm) and
two that cover the short-wave infrared (SWIR: 1000-2500 nm). The
sampling interval of the spectrometer is 1.4 nm in the VNIR and
2.0 nm in the SWIR, with a wavelength accuracy of +0.5 nm. The
spectral resolution is 3 nm in the VNIR and 8 nm in the SWIR. The
spectra collected by the spectral radiometer are converted from radia-
tion to reflectance using the Spectralon™ signal. Device calibration
was performed every 15 min during data collection. A 40 min warm
up of the spectroradiometer was carried out before the measurements.
The contact probe was cleaned after every measurement.

The quantitative analysis of spectral data is a technique that has been
utilized for a number of years. In general, studies using the technique to
quantify iron oxides of soils apply diffuse reflectance spectroscopy
(Fernandes et al., 2004; Carioca et al., 2011; Gongalves et al., 2012;
Jiang et al., 2013), whereas studies where the technique is used to quan-
tify the mineralogy of rock samples apply portable bi-directional reflec-
tance spectroscopy (e.g., ASD-Fieldspec PIMA; Yang et al., 2011;
Sonntag et al.,, 2012). Fernandes et al. (2009)suggested that laboratory
bi-directional reflectance spectroscopy is as useful as diffuse reflectance
spectroscopy to characterize soil iron oxides. Bi-directional reflectance
spectroscopy is also used by robotic systems (e.g., HyLogger System;
Cudahy et al., 2009), or by hyperspectral drill core scanners (Ross
et al., 2013). This study uses a portable reflectance spectroradiometer
(ASD FieldSpec) that includes two sensor heads for data collection: pis-
tol grip or contact probe. The pistol grip requires an external light source
for data collection; thus, the positioning configuration (distance, angle
and height) of the pistol grip (sensor), light source and sample should
be set for the specific measurements to be performed. The contact
probe has internal illumination, and the data are collected with the
probe in direct contact with the sample. The fixed geometry of illumina-
tion angle and sensor and the fixed distance between light source, sam-
ple and sensor makes the contact probe the most suitable sensor head
configuration for this study.

2.2. Analysis of spectral data

When light interacts with a mineral or rock, it is preferably absorbed
at certain wavelengths, whereas it is transmitted at other wavelengths.
Reflectance is defined as the ratio between the intensity of the light
reflected by the sample and intensity of the incident light (Van der
Meer, 2004). Electronic transition and charge transfer processes
(e.g., change in the electronic state of electrons bound to atoms or mol-
ecules) associated with transition metal ions such as Fe, Ti, Cr, etc. deter-
mine the position of the diagnostic spectral absorption features of
certain minerals in the VNIR regions to a large extent (Hunt, 1977;
Adams, 1974, 1975; Burns, 1993). Vibration processes related to H,0,
OH™ and COs also produce characteristic absorption features in the
SWIR region (Hunt, 1977).

The position, shape and depth of these absorption features are
controlled by the crystal structure and chemical composition of the

Continuum

1 Absorption depth

Reflectance (%)
O

Symmetry = A /A,
Inclination = Tg(q)

ﬁ Reflectance position (Red peak)
1

minerals. Therefore, variables that characterize these absorption
features (spectral parameters) can be directly correlated to the chemical
composition and crystal structure of the sample (Van der Meer, 2004).
The spectral parameters were obtained from the polynomial curve
that best fits the reflectance spectrum for which the continuum was re-
moved (Fig. 4). The polynomial fit approach to the spectral feature
smoothes out some of the effects of noise in the data and is not affected
by overall band shape (Cloutis et al., 1986). Mathematically, the
continuum removed spectrum is obtained by the following equation
(Clark et al., 2003):

Le(w) = L(w)/C1(w)

where L(w) is the reflectance spectrum, C;(w) is the continuum to
the reflectance spectrum and L.(w) is the continuum removed
spectrum.

The position of the absorption feature is defined as the wavelength
at which the absorption feature reaches the reflectance minimum of
the curve, and the position of a reflectance feature is defined as the
wavelength at which the feature reaches the reflectance maximum of
the curve. The depth of the absorption feature was calculated using
the method of Clark and Roush (1984) by subtracting the minimum
reflectance value of the polynomial curve from the reflectance value of
the continuum at the same wavelength and then dividing this value
by the reflectance of the continuum. When the absorption feature is
not present in the analysed spectrum, the depth value is equal or close
to zero, indicating the absence of the investigated mineral. The
asymmetry factor of the feature is defined by Van der Meer (2004) as
the ratio of the areas on the right and left of the wavelength of minimum
reflectance. The slope of a given region of the spectrum is calculated by
obtaining the slope of the line tangent to this region (Fig. 4).

Data were analysed using the commercial software “The Spectral
Geologist” (TSG Core™, CSIRO Earth Science and Resource Engineering
- CESRE - Division, Sydney, Australia), which was used to process the
spectral reflectance data, obtain the spectral parameters and extract
the mineral abundance, composition and crystallinity data. First, the
spectral parameters of individual absorption features, such as the
depth, wavelength or ratio between spectral bands (Table 1), were cal-
culated and then integrated to generate the abundance, composition
and crystallinity data of the minerals (Table 2). In addition to the
spectral parameters developed in this study, certain parameters were
based on those proposed by Haest and Cudahy (2012)and adapted to
the project.

Iron oxides produce characteristic absorption features in the VNIR
(Hunt and Ashley, 1979; Morris et al.,, 1985; Sherman and Waite,
1985; Cudahy and Ramanaidou, 1992, 1997). These absorption features
are caused by electronic processes involving Fe** bonded to an octahe-
dral site by oxygen ligands (hematite) or oxygen and hydroxyl ligands
(goethite). Electronic processes include the (1) transition of electrons
to an upper energy level within unfilled orbitals (crystal field absorp-
tion), (2) transfer of charge between metals and ligands (charge trans-
fer absorption), and (3) transitions resulting from the interaction
between adjacent Fe? " cations (Sherman and Waite, 1985). Goethite

Hematite Spectrum

7 /) Absorption position (iron eletronic absorption)
. A f 1 . ] A 1 . . " )
500 1000 1500 2000 2500
Wavelength (nm)

Fig. 4. Spectral parameters obtained from the mean spectra of each sample collected in this study.
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Algorithms for the extraction of spectral data (band ratio, absorption depth, minimum absorption wavelength, etc.) of individual absorption features.

Parameter  Function TSG core algorithm

600_700SL Identify Fe (hydro-)oxides PFIT: Continuum slope ranging between 600 and 740 nm

900D Identify and quantify Fe (hydro-)oxides PFIT: Depth of the continuum removed spectrum calculated using a fifth-degree polynomial from 750 to
1250 nm, with a focus ranging between 800 and 1020 nm

900Wvl Differentiate hematite-goethite PFIT: Wavelength of the continuum removed spectrum calculated using a fourth-degree polynomial
from 750 to 1050 nm, with a focus ranging between 800 and 1020 nm

N1650R Albedo PROFILE: Mean reflectance at 1650 4 100 nm

2160D2190 Differentiate kaolin-group minerals from other Al ARITH: (R2136 + R2188)/(R2241 + R2171)

phyllosilicates (e.g., aluminous smectite)

2200Dg Identify and quantify kaolinite PFIT: Depth of the continuum removed spectrum calculated using a twelfth-degree polynomial from
2230 to 2245 nm, with a focus ranging between 2200 and 2215 nm

2170SL Kaolinite crystallinity index ARITH: R2180/R2166

2200Ds Identify and quantify smectite PFIT: Depth of the continuum removed spectrum calculated using a tenth-degree polynomial from 2150
to 2267 nm, with a focus ranging between 2193 and 2225 nm

2260D Identify and quantify gibbsite PFIT: Depth of the continuum removed spectrum calculated using a twelfth-degree polynomial from
2115 to 2475 nm, with a focus ranging between 2235 and 2300 nm

1450D Identify gibbsite PFIT: Depth of the continuum removed spectrum calculated using a twelfth-degree polynomial from
1350 to 1710 nm, with a focus ranging between 1430 and 1467 nm

1400D Identify talc and kaolinite PFIT: Depth of the continuum removed spectrum calculated using an eighth-degree polynomial from
1380 to 1460 nm, with a focus ranging between 1390 and 1420 nm

2380D Identify talc ARITH: (R2365 + R2415)/(R2381 + R2390)

2310D Identify and quantify talc PFIT: Depth of the continuum removed spectrum calculated using a twelfth-degree polynomial from
2242 to 2342 nm, with a focus ranging between 2305 and 2320 nm

1500SL Identify Fe** ARITH: (R1650/R1350)

2250D Identify chlorite ARITH: (R2227 + R2275)/R2241 + R2259)

2335D Identify and quantify chlorite PFIT: Depth of the continuum removed spectrum calculated using a twelfth-degree polynomial from
2171 to 2439 nm, with a focus ranging between 2300 and 2379 nm

2335Wvl Chlorite composition PFIT: Wavelength of the continuum removed spectrum calculated using a tenth-order polynomial from
2272 to 2381 nm, with a focus ranging between 2310 and 2370 nm

2330D Identify and quantify carbonates PFIT: Depth of the continuum removed spectrum calculated using a tenth-order polynomial from 2250
to 2360 nm, with focus ranging between 2310 and 2345 nm

2330De Identify carbonates ARITH: (R2265 + R2349)/(R2316 + R2333)

2330Wvl Carbonate composition PFIT: Wavelength of the continuum removed spectrum calculated using a tenth-order polynomial from
2300 to 2360 nm

2330Asym Identify carbonates PFIT: Simetry of the continuum removed spectrum calculated using a eight-order polynomial from 2120

to 2370 nm, with focus ranging between 2235 and 2370 nm

and hematite have characteristic crystal field absorptions between 630
and 715 nm and 850-1000 nm and an absorption feature caused by
charge transfers between 480 and 550 nm (Fig. 5; Curtiss, 1985;
Morris et al., 1985). Hunt and Ashley (1979) observed that the abun-
dance of iron (hydro-)oxides is related to the depth of the absorption
generated by the crystal field between 850 and 1000 nm, which was
confirmed by Cudahy and Ramanaidou (1992). Haest and Cudahy
(2012) observed that the depth of this absorption feature is influenced
by the albedo of the sample; thus, two samples with the same amount
of iron may have different depths of absorption if one is darker than
the other.

The identification of iron (hydro-)oxide in the spectrum was
performed using the slope of the spectral curve from 600 to 740 nm
(600_740SL, Table 1). The iron (hydro-)oxide has a positive slope in
this region of the spectrum because of absorption of crystal field from
630 to 715 nm (Fig. 5). The depth of the absorption feature from 850
to 1000 nm was calculated for the samples with the index
600_740SL > 0, was based on a fifth-degree polynomial, fitted to the
continuum removed spectrum from 750 to 1250 nm with a focus
ranging between 800 and 1020 nm (900D, Tables 1 and 2). To address
the influence of albedo, a spectral index was created based on the
mean reflectance at 1650 4+ 100 nm (N1650R, Table 1; Haest and
Cudahy, 2012).

The position of the absorption feature from 850 to 1000 nm in the
iron (hydro-)oxides is a function of its composition (Fig. 5; Townsend,
1987; Cudahy and Ramanaidou, 1997). Townsend (1987) observed
that the position of the feature varies from ~860 nm for pure hematite
samples to ~920 nm for pure goethite samples. These absorptions
were determined visually from spectra without continuum removal
and thus the actual position of the minimum is modified by a slope
effect related to the background continuum. Haest and Cudahy (2012)
observed that when this background slope effect is normalized out,

the wavelength position of hematite and goethite ranges from
~880 nm for pure hematite to ~960 nm for pure goethite. The wave-
length of the feature position was calculated from a fourth-degree poly-
nomial, fitted to the continuum removed reflectance spectrum from 750
to 1050 nm, with a focus ranging between 800 and 1020 nm (900Wvl,
Tables 1 and 2).

Hunt and Salisbury (1970) observed that a broad absorption feature
centred at 1100 nm has a depth proportional to the Fe?* content. The
abundance of Fe? ™ was obtained from the slope of the spectral curve
between 1350 and 1650 nm (1500SL, Table 4.1).

Phyllosilicates and carbonates have characteristic absorption fea-
tures in the SWIR region related to bonds between H,O molecules,
metal-OH and CO3". In this study, absorption features related to Al—OH
bonds, which occur in the kaolin-group minerals, smectite and gibbsite,
Mg—OH bonds, which occur in chlorites and talc, and CO3, which occurs
in carbonates, were used to extract estimates of the relative mineral
abundance and composition. The minerals containing Al—OH in their
structure have characteristic absorption features ranging between
2185 and 2210 nm in continuum removed spectra (Clark et al., 1990).
The depth of these absorption features was used in this study to
determine the abundance of these minerals. The various minerals that
have AI—OH in their structure were differentiated by the presence or
absence of characteristic absorption features between 2160 and
2350 nm in continuum removed spectra, and three parameters were
observed: abundance of kaolinite, abundance of smectite, and abun-
dance of gibbsite (Table 2). Some factors could complicate the relation
between absorption depth and mineral abundance, or between band
position and chemical composition. For example, additional Al—OH
minerals present in the same sample have absorptions in the same po-
sition. In consequence, they will affect the depth of the Al—OH absorp-
tion. The abundance of a specific aluminous phyllosilicate in samples
with a mixture of aluminous phyllosilicates cannot be accurately
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Table 2

Spectral products applied in this study to extract the mineral abundance and compositional data of the NAWS drill cores.

Name Detected minerals Base algorithm

Filters/masks

Correlation trend

Abundance of Fe-(hydro-) oxides Hematite, goethite 900D

900D 2 0.025
600_740SL>0

% Fe;03 = 130.83 x (900D) + 27.679
Accuracy: 11.6% Fe,05 total

Chlorite, kaolinite, gibbsite, Al-smectite,
talc and carbonate abundance = 0

Hematite-goethite distribution
Abundance of kaolinite

Hematite/goethite ratio 900Wvl
Kaolinite 2200Dg

600_740SL>0
2200Dk > 0.02
2160D2190 > 0.001

%Al,03 = 69.543 x (2200D) + 9.8152
Accuracy: 6% Al,03

Gibbsite, Al-smectite abundance = 0

Crystallinity of kaolinite Kaolinite

2170SL + 2200Dg  2200D > 0.02

2160D2190 > 0.001
Gibbsite, Al-smectite abundance = 0

Abundance of Al-smectite Al-smectite 2200Ds

2200Ds > 0.006

2160D2190 < 0.001
1400D > 0.0039
Gibbsite abundance = 0

Abundance of gibbsite (gib_abun) Gibbsite 2260D

Abundance of talc Talc 2310D

2260D > 0.009
1450>0.011
2310D > 0.02
1400D > 0.0039

%Al,03 = 139.67 x (2260D) + 7.1136
Accuracy =10% Al,03

%MgO = 24.354 x (2310D) + 3.7029
Accuracy: 8% MgO

2380D>1
Carbonate and chlorite abundance = 0

Abundance of chlorite Chlorite 2335D

2335D > 0.02

2250D>1
Gibbsite, carbonate and talc abundance = 0

Composition of chlorite Chlorite 2335Wvl

2335D > 0.02

2250D > 1
Gibbsite, carbonate and talc abundance = 0

Abundance of carbonate Calcite, dolomite 2330D

2330D > 0.007
2330De > 1.003

%MgO + %Ca0 = 74.948 « (2330D) + 1.6862
Accuracy: 7% (%MgO + %Ca0)

2330Asym > 1.11

2250D < 1.004

2380D <1

Chlorite and talc abund. = 0

Composition of carbonate Calcite, dolomite 2330Wvl

2330D 2 0.007

2330De > 1.003

2330Asym > 1.11

2250D < 1.004

2380D <1

Chlorite and talc abund. = 0

determined with the approach applied in this manuscript, which only
provides the abundance of the “spectrally” dominant phyllosilicate,
thus limiting the quantitative character of the result. To address this

Reflectance (stacked)

Hematite

400 600 800 1000 1200
Wavelength (nm)

Fig. 5. Reflectance spectra of hematite and goethite; the position of the absorption feature
of these minerals is highlighted.

issue, some filters were created to detect these mixtures, and then,
samples with mixtures were discarded.

Kaolin-group minerals have a dominant absorption feature set at
2208 + 3 nm in continuum removed spectra that is produced by
Al—OH bonds (Fig. 6; Crowley and Vergo, 1988; Clark et al., 1990;
Cudahy, 1997; Bishop et al., 2008). All kaolin-group minerals are
characterised by additional absorption features between 2160 and
2190 nm in continuum removed spectra, which are also produced by
Al—OH bonds (Clark et al., 1990; Cudahy, 1997). The distinction be-
tween the various minerals of this group is based on the position and
depth of these additional absorption features. Kaolinite has an absorp-
tion feature near 2160 nm in continuum removed spectra (Clark et al.,
1990; Cudahy, 1997) that is more pronounced in kaolinites with in-
creased crystallinity (structural order; Fig. 6). A ratio of four bands
was used to test the intensity of the absorption feature from 2160 to
2180 nm and differentiate the kaolin-group minerals from other alumi-
nous phyllosilicates (Cudahy et al., 2008; 2160D2190, Table 1) using the
condition 2160D2190 > 0.001. The kaolinite crystallinity was obtained
from the ratio of the reflectance at 2180 nm and 2166 nm plus the
depth of the absorption feature at 2208 nm (2170SL + 2200Dk,
Table 1 and Table 2; Senna et al., 2008). The term “kaolinite cristallinity”
is referred here as the estimation of octahedral vacancy (structural) dis-
order in kaolinite. The abundance of kaolinite was obtained from the
calculation of the depth of the absorption feature at 2208 nm using a
twelfth-degree polynomial fitted to the continuum removed spectrum
between 2130 and 2245 nm, with the focus ranging between 2200
and 2215 nm (2200Dk, Table 1 and Table 2; Haest and Cudahy, 2012).
Also, the algorithm discarded mixtures with Al-smectite and gibbsite.
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Fig. 6. Stacked reflectance spectra of the samples containing iron (hydro-)oxides, phyllosilicates and carbonate of the N4WS deposit, including kaolinite (F1495/014, F1012/130), Al
smectite (F1115/025), gibbsite (F1515/22), talc (F1515/194), chlorite (F1115/092, F1398/144), dolomite (F1515/231) and calcite (F1398/090). All samples contain iron (hydro-)oxides.

The main absorption features of these minerals are highlighted.

The aluminous smectites do not have the additional absorption
features between 2160 and 2190 nm that occur in the kaolinite-group
minerals (Fig. 6; Clark et al., 1990), and they typically contain structural
water (deep and asymmetric sharp absorption at 1910 nm). Aluminous
smectite and kaolinite-group minerals were distinguished using the
following condition: 2160D2190 < 0.001 (Table 1). To obtain the
abundance of aluminous smectite, the depth of the absorption feature
at 2208 nm, which is also present in kaolinite, was calculated. The absorp-
tion feature was calculated using a tenth-degree polynomial fitted to the
spectral curve removed from the continuum between 2150 and 2267 nm,
with a focus between 2193 and 2225 nm (2200Ds, Tables 1 and 2). Also,
the algorithm discarded mixtures with kaolinite and gibbsite.

Gibbsite has a strong characteristic absorption feature near 2268 nm
and three less prominent absorption features at 1452, 1521 and
1549 nm in continuum removed spectra (Fig. 6; Clark et al., 1990).
The abundance of gibbsite was obtained from the calculation of the
depth of the absorption feature at 2268 nm using a twelfth-degree poly-
nomial fitted to the continuum removed spectrum between 2115 and
2475 nm, with the focus between 2235 and 2300 nm (2260D, Tables 1

and 2). The gibbsite was identified using the following condition:
1450D > 0.011 and 2260D > 0.009. Also, the algorithm did not accept
mixtures with kaolinite and Al-smectite.

The Mg—OH bonds present in talc produce a characteristic absorp-
tion feature near 2310 nm and 2380 nm and a minor absorption feature
at 2290 nm in continuum removed spectra (Fig. 6; Clark et al., 1990). In
addition to these features, talc has the hydroxyl absorption feature at
1400 nm, which is also present in the other phyllosilicates. The
abundance of talc was obtained from the depth of the absorption feature
at 2310 nm calculated using a twelfth-degree polynomial fitted to the
continuum removed spectrum from 2242 to 2342 nm, with a focus
ranging between 2305 and 2320 nm (2310D, Tables 1 and 2). To obtain
this parameter, the algorithm used the depth of the features at 2380 and
1400 nm (2380D, 1400D, Table 1) to distinguish talc from carbonates
and chlorite (Fig. 6).

These minerals also absorb near 2310 nm. Also, the algorithm did
not accept mixtures with chlorite and carbonate. Thus, the
conditions were 2380D > 1, 1400D > 0.0039, carbonate and chlorite
abundance =0.
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Chlorite has two characteristic absorption features, with one from
2240 to 2256 nm and the other from 2320 to 2360 nm in continuum re-
moved spectra, related to Fe—OH and Mg—OH bonds, respectively
(Hunt and Salisbury, 1970). The absorption associated with Fe—OH
bonds (near ~2251 nm) distinguishes chlorite from talc and carbonates.
These minerals also contain Mg—OH and/or CO3 absorbing at wave-
lengths near the main absorption feature of chlorite located from 2320
to 2350 nm in continuum removed spectra (Fig. 6; Gaffey, 1986a;
Clark et al., 1990). The position of this absorption feature varies with
the composition, ranging from 2320 nm for magnesian chlorites to
2350 nm for ferrous chlorites in continuum removed spectra (Hunt
and Salisbury, 1970). The abundance of chlorite was obtained by calcu-
lating the depth using a twelfth-degree polynomial fitted to the contin-
uum removed spectrum from 2171 to 2439 nm, with a focus ranging
between 2300 and 2379 nm (2335D, Tables 1 and 2). The composition
of the chlorite was calculated using a twelfth-degree polynomial fitted
to the continuum removed spectrum from 2272 to 2381 nm, with a
focus ranging between 2310 and 2370 nm (2335Wvl, Table 1 and
Table 2). The algorithm used to obtain these parameters employed the
depth of the absorption feature at 2251 nm (2250D, Table 1) to distin-
guish chlorite from talc and carbonates. Additionally, the algorithm
discarded mixtures with talc, carbonate and gibbsite because this
mineral has similar absorption features to chlorite. Thus, the conditions
necessary to execute the algorithm were 2250D > 1 and abundance of
talc, carbonate and gibbsite = 0.

The vibrations of CO%™ ions produce strong absorption features from
2500 to 2550 nm and 2300-2350 nm and minor absorption features
from 2120 to 2160 nm, 1970-2000 nm and 1850-1870 nm in continu-
um removed spectra (Fig. 6; Gaffey, 1986b; Clark et al., 1990). The
position of these features varies with the composition, ranging from
~2315 nm for dolomite to ~2350 nm for calcite (Gaffey, 1986a). The
abundance of carbonates in the samples was assessed from the depth
of a tenth-degree polynomial fitted to the continuum removed spec-
trum from 2250 to 2360 nm, with a focus ranging between 2310 and
2345 nm (2330D, Tables 1 and 2). The composition of carbonates was
calculated from a tenth-degree polynomial fitted to the continuum re-
moved spectrum from 2250 to 2360 nm, with a focus ranging between
2310 and 2345 nm (2330Wvl, Tables 1 and 2). Both the abundance and
composition of carbonates were calculated only for samples that had no
chlorite and/or talc. These minerals also absorb from 2300 to 2350 nm,
the same region of the main absorption feature of carbonates used for
calculations; however, they also have other diagnostic absorption
features (Clark et al,, 1990; Post and Noble, 1993; Bishop et al., 2008).
Chlorite, for example, has a diagnostic absorption feature at ~2255 nm,
which is identified by the parameter 2250D (Table 1). Talc has an extra
absorption feature at ~2380 nm, which is identified by the parameter
2380D (Table 1). Therefore, the conditions to calculate the spectral
parameters of the carbonates were 2380D < 1, 2250D < 1.004, talc and
chlorite abundance = 0. In addition to these conditions, the strong
asymmetry and the minimum depth of the 2330 nm feature were also
considered (2330Asym > 1.11 and 2330D > 1.003, Table 2).

2.3. Validation and analysis of spectral data

2.3.1. Abundance of iron (hydro-)oxides

The iron (hydro-)oxide abundance algorithm (900D, Table 1) was
compared to the %Fe,03 from the XRF analyses of the drill cores. The
depth of the absorption feature at ~900 nm (900D, Table 1) is signifi-
cantly correlated with the XRF data despite the large observed scatter-
ing. A first-order polynomial was used for the correlation, which had a
root-mean-square error (RMSE) of 11.6% Fe,0s. (Fig. 7; 2007 samples).
The samples were filtered for the correlation, and only pure hematite
spectra were selected for the correlation. Samples of hematite mixed
with other Fe-bearing mineral, like chlorite, were discarded. Samples
of minerals that have no iron, like kaolinite, also influence the 900D
parameter and were also discarded. To better understand what is

causing this influence, the albedo (N1650R) of these samples were com-
pared to the 900D feature and the % Fe,Os from the XRF analyses
(Fig. 8A and B). Fig. 8A shows that impure spectra, especially those
mixed with kaolinite, have higher albedo than pure spectra. Although
most of them have low % Fe,03, the 900D parameter of these samples
are in the same range of samples with higher % Fe,03. However, the
depth of the 900 nm absorption feature should be proportional to the
% Fe,03. Haest and Cudahy (2012) observed that the depth of the
~900 nm absorption feature is correlated to the albedo, so abundance
values were underestimated in darker samples and overestimated in
lighter samples. This can be explained by a combination of grain size
variations and the effect of opaque minerals, reducing the length of
the actual path taken by electromagnetic energy, decreasing the interac-
tion/absorption of specific minerals (Clark and Roush, 1984). Conse-
quently, samples mixed with bright minerals, like kaolinite, gibbsite,
Al-smectite and carbonate will have their 900D overestimated and
will not show a good correlation to Fe;05 from XRF.

The low correlation obtained in this study may be because of un-
identified spectral mixing and/or lack of pure spectra. Also, the spectra
were obtained directly from half cut samples of drill core, while XRF
data were obtained for pulverized samples of the corresponding other
half. Therefore the sample used for infrared analysis might not be fully
representative of the sample used for XRF, which will increase the
RMSE when correlating XRF results against element predictions from
infrared mineralogy.

To understand the spectral behaviour of the different analysed rocks,
the samples in Fig. 7 were plotted according to the type of rock (jaspilite,
hematite, basalt, etc.). The colour for each lithotype matches the same
pattern used in the geological description in several studies performed
in Carajas to facilitate data integration. The graph shows that the differ-
ent lithotypes were grouped into two domains. Jaspilite has an interme-
diate Fe,O5 percentage (40 to 65%) and exhibited 900D parameter
values ranging from 0.05 to 0.38. Friable hematite represents the main
ore in the deposit, with high Fe,03 percentage (>90%) and exhibited
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Fig. 7. Correlation between the iron (hydro-)oxide (900D) abundance algorithm and %
Fe,03 of the XRF analyses for spectra with only iron (hydro-)oxide; the regression curve
is shown. Number of samples: 2007. The samples are coloured according to the type of
rock. CC: chemical canga; FH: friable hematite; JP: jaspilite; SDM: semi-decomposed
mafic; OC: ore canga; UM: mafic rock. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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900D parameter values >0.38. Thus, in addition to providing an
estimate of the Fe,053 content in the sample, the spectral analysis can
differentiate ore from other rocks of the deposit.

2.3.2. Composition of the iron (hydro-)oxides (hematite-goethite)

The accuracy of the algorithm that determines the hematite-
goethite distribution (Table 2) was validated using the loss on ignition
(LOI) data of the samples (goethite dehydrates to hematite in the 260
to 425 °C temperature range; Strezov et al., 2010).

Because the LOI measured for heating to 1000 °C is affected by a
number of minerals (goethite, Al—OH clays and organic and inorganic
carbon (carbonates)), only the samples with low Al,03, CaO and MgO
content and high Fe,03; (CaO < 1%, MgO < 1%, Al,05 < 2.5% and
Fe,03 > 55%) content were used to validate the goethite-hematite distri-
bution algorithm. These samples showed low correlation between the
values of the algorithm and LOI results, with clustering near the hema-
tite wavelengths (Fig. 9; 1285 samples). The goethite samples showed
high LOI values (~8%) and absorption wavelengths longer than
890 nm, whereas the samples richest in hematite showed low LOI
values (~2%) and absorption wavelengths shorter than <890 nm.
Fig. 9 clearly shows the predominance of hematite in the N4WS deposit,
explaining the low correlation.

2.3.3. Abundance of aluminous clays

The accuracy of the 2200DK and 2260D algorithms (Table 1) in mea-
suring the amount of kaolinite and gibbsite, respectively, was evaluated
using the percentage of Al,03 of the XRF analyses of drill cores.

The 2200DK spectral parameter showed moderate linear correlation
compared with the percentage of Al,O3 and had an RMSE value of 6.0%
Al,O3 (Fig. 10A; 788 samples). These samples with identified kaolinite
were plot in a SiO, versus Al,03 graph (Fig. 10B). Most of them
(~75%) plot along the line towards pure kaolinite composition (46.6%
Si0, and 39.5% Al,05), showing the absence of others Al- and Si-
bearing minerals on most correlated samples. Some samples (~20%)
plot between the kaolinite line and the SiO- axis, showing SiO, enrich-
ment, probably caused by quartz and/or chlorite mixture. About 5% of
samples plot between the kaolinite line and the Al,05 axis, showing alu-
minum enrichment, probably caused by gibbsite mixture. The 2200DK
parameter was filtered with masks to avoid mixtures with gibbsite,
Al-smectite and chlorite. Petrographic studies showed that some of

these minerals are still present in filtered kaolinite samples in such
low amounts that they do not generate diagnostic absorption features
in the spectra. The samples with unidentified spectral mixtures de-
crease the correlation between the kaolinite abundance and the %Al,0s.

The algorithm 2260D showed a low linear correlation with a higher
RMSE of 10.4% Al,03 (Fig. 10C). The samples with identified gibbsite
were plot in a SiO-, versus Al,03 graph (Fig. 10D). About 98% of the sam-
ples plot along the zero SiO, line, showing absence of other Al-bearing
minerals in these samples. The accuracy is within the error range of 5
to 10% reported by Zhang et al. (2001) in the quantification of clays
using absorption features related to clays in the SWIR.

The Al-smectite abundance algorithm cannot be correlated with the
percentage of Al,O3; measured in the XRF because of the small depth of
the absorption feature at ~2200 nm (2200DS) in most of the analysed
samples.

2.3.4. Abundance and composition of chlorite

The chlorite (2335D) abundance algorithm was correlated with the
percentage of Fe,03 + MgO obtained in the XRF analyses. Spectra
with other Mg bearing minerals (talc, carbonate) are discarded by
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Fig. 9. Correlation between the distribution of goethite-hematite (900Wvl) and loss on
ignition (LOI) at 1000 °C for samples with XRF analyses falling within the following
limits: CaO < 1%, MgO < 1%, Al,05 < 2.5% and Fe > 55%. Number of samples: 1285.
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filtering. The abundance of chlorite (2335D) did not show a significant
linear correlation with the percentage of Fe,03 + MgO. However, all
the identified chlorites are from the metamorphism of the mafic rocks
of the N4WS deposit. Therefore, an increase in the abundance of chlorite
is not necessarily related to the iron and magnesium enrichment of the
mafic rocks.

The composition of chlorite, obtained by the parameter 2335Wvl,
was correlated with the sMg0O/%MgO + %Fe,03 of the XRF analyses
(Fig. 11). Samples with the longest wavelength of the 2335 nm absorp-
tion feature show a lower percentage of MgO and higher of Fe,03 in the
XRF analyses. Samples with the shortest wavelengths of the 2335 nm
feature show a greater percentage of MgO in the analyses. The

Frequency

2324 2331

2338
Chlorite composition (2335Wvl)

histogram also shows that Mg-chlorites predominate in the N4WS
deposit samples.

2.3.5. Abundance of talc

The absorption feature at ~2310 nm (2310D) used in the talc
abundance algorithm was correlated with the MgO obtained in the
XRF analyses of the drill cores (Fig. 12; 242 samples). The 2310D algo-
rithm showed a low correlation with the ¥MgO of the XRF analyses,
which had an RMSE value of 7.9% MgO. Certain samples with high
%MgO in the XRF analyses had a low depth of the absorption feature
at ~2310 nm (2310D). The heterogeneous distribution of talc in the
samples makes it difficult to obtain spectra representing the chemical

2345

Fig. 11. Histogram of the chlorite composition obtained by the 2335Wvl algorithm. The histogram bars are coloured according to the #MgO/%MgO + %Fe,05 obtained by the XRF analyses
of the samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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composition of the entire sample; thus, spectra were obtained from
regions with distinct talc concentrations in the same sample, affecting
the correlation.

2.3.6. Abundance and composition of carbonates

The carbonate abundance algorithm was validated using the sum of
the percentage of CaO and MgO obtained in the XRF analyses. The depth
of the absorption feature at ~2330 nm (2330D) in the carbonates
showed a low correlation with the %Ca0 + %MgO, and it had an RMSE
value of 6.8% CaO + MgO (Fig. 13A; 70 samples). However, the small
number of samples with carbonates hinders the correlation of these
data.

The carbonate composition algorithm was validated using the %CaO
and %MgO data from the XRF analyses. The %Ca0 and %MgO of the sam-
ples with carbonate are shown in Fig. 13B and coloured according to the
wavelength of the 2330 nm feature (Composition of carbonates,
Table 2). The line in Fig. 13B (%Ca0 = 1.6 x %MgO) represents the line
at which the dolomite samples with ideal composition (CaMg(C0s),)
should be located to comply with the stoichiometric ratios between
the percentages of Ca and Mg because the molar mass of Ca is 1.6
times greater than that of Mg. Samples located along this line have an
absorption feature related to CO3~ (2330Wvl) between 2321 and
2330 nm (blue to green, Fig. 13B), indicating dolomitic carbonates
with more MgO (Gaffey, 1986a; Clark et al., 1990), which is consistent
with the geochemical data obtained with XRF. Samples above the
dolomite line have a 2330 nm feature at higher wavelengths ranging
between 2330 and 2343 nm, indicating calcitic carbonates poor in mag-
nesium, (Gaffey, 1986a; Clark et al., 1990), which is consistent with the
%Ca0 increase determined by the XRF analyses.

2.4. Spatial analysis of the spectral parameters

2.4.1. Spectral characterisation of the lithotypes mapped in NAWS

The spectral parameters obtained by the algorithms in Table 2 were
used for the in-depth spatial analysis of the nine drill cores. The mineral
abundance, crystallinity and composition data obtained from the
spectra, geochemical analyses (XRF) and the magnetic susceptibility
were used to characterize the lithotypes described and determine
areas with similar chemical composition and mineralogy. The spectral
characteristics observed are described below.

OC: abundance of iron (hydro-)oxides (900D) in OC varies between
0.1 and 0.3 and is similar to the variation observed in jaspilites. Howev-
er, the presence of gibbsite, identified by the 2260D algorithm allows its
differentiation from JP and FH. The geochemical data show that this
lithotype has higher %Al,03 (XRF) than JP, which is consistent with

W% MgO (XRF)
1

RMSE = 7.9 %MgO

T T T T
0.1 0.2 0.3 0.4 0.5
Talc abundance (2310D)

Fig. 12. Correlation between the abundance of talc obtained by spectral analysis of the
samples (algorithm 2310D) and %¥MgO obtained by XRF analysis. The line shows the
linear function that best fits the data. Number of samples: 242.
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Fig. 13. A) Correlation between carbonate (2330D) abundance and %Ca0O + %MgO of the
XRF analyses. The line shows the linear function that best fits the data. Number of
samples: 70. B) %CaO vs. ¥MgO measured by XRF for the samples with carbonate
identified through the reflectance spectrum by the 2330D algorithm. The samples are
coloured according to the wavelength of the absorption feature at 2330 nm, which was
obtained by the 2330Wvl algorithm. Number of samples: 70. (For interpretation of the
references to colour in this figure legend, the reader is referred to the online version of
this chapter.)

the identification of gibbsite in the spectra (Fig. 15, interval of
45-65 m and Fig. 16, interval of 0-20 m);

CC: similar to the OC, CC has an iron (hydro-)oxide (900D)
abundance similar to the JP. The abundance of gibbsite, identified by
the 2260D algorithm, is greater than that of OC as well as the %Al,05
(XRF). Certain spectra obtained for the regolith of the mafic rock
indicate the presence of talc (Fig. 15, interval of 0-45 m);

JP: The spectral parameters differentiated JP in four domains, name-
ly: hematite-rich JP (JP(H)), hematite-goethite-rich JP (JP(HG)), JP with
talc (JP(T)) and JP with carbonate (JP(C)). The abundance of iron
(hydro-)oxides (900D) is similar in the four domains and varies propor-
tionally to the total %Fe,05 (XRF; Figs. 15 and 16).

The HG distribution obtained by the 900Wvl algorithm (Table 2)
was able to differentiate JP(H) and JP(HG). The JP(H) showed 900Wvl
values ranging between 872 and 890 nm, which were lower than the
values found in JP(HG) (Fig. 15, interval of 140-330 m and Fig. 16,
interval of 215-255 m). The increased 900Wvl in JP was related to an in-
creased supergene alteration because JP near the surface has the higher
values of 900Wvl (Fig. 15) as well as to the proximity of brecciated
zones (interval between 360 and 530 m Fig. 15). Goethite and magne-
tite, most likely of hydrothermal origin, were found near breccias,
such as those described in the study of Lobato et al. (2005b). These
changes on the 900Wvl position can be due hematite goethite mixtures,
however, the 900WvI-LOI crossplot shows no samples with 900Wvl
towards 950 and LOI towards 8-10, so there are probably no goethite
rich samples present at this deposit in Carajas. Therefore, the changes
on the 900WvlI position also can be due the grain size, grain shape, ori-
entation, packing density, matrix composition (Adams and Filice, 1967;



E.M.G. Prado et al. / Ore Geology Reviews 78 (2016) 101-119 113

Sherman, 1985; Sherman et al., 1982; Morris et al., 1985; Singer and
Roush, 1985) and mixtures with other minerals that have absorption
features near to 900Wvl position, like magnetite.

The JP(C) domain can be differentiated from other domains by the
carbonate abundance algorithm 2330D (Table 2; Fig. 15, intervals of
390-400 m and 475-530 m, and Fig. 16, interval of 280-310 m). The
samples from this domain had a 2330D index that is superior to all
other lithotypes as well as the %Ca0 (XRF) and %MgO (XRF). In the
JP(C) domain, the identification of talc was also possible in certain sam-
ples through the 2310D algorithm. The magnetic susceptibility in this
domain was higher than in the others, reaching 0.75 (SI unit). Some
samples of the JP(C) domain were analysed under a microscope,
which confirmed the presence of carbonate and talc. These minerals
fill the veinlets of brecciated jaspilite and disseminated in the jasper
bands, replacing the primary mineralogy consisting of quartz and hema-
tite. In addition, most of the samples from this domain have
porphyrotopes of magnetite in transition to hematite (Fig. 14F).

The samples from JP(C) zones have a large number of veins filled by
carbonates and several brecciated regions (Fig. 14A). Although the
entire interval has been described as JP in the recording of the core,
these brecciated regions had already been detected during previous
recording. However, the areas abundant in talc, which surround the car-
bonate areas, had not been detected during recording of the core be-
cause of the difficulty of visually identifying talc in JPs. The same
relationship was observed in other drill cores, where the intervals of
JP(C) are surrounded by intervals of JP(T). The appearance of talc in
JP(T) intervals may be related to a distal hydrothermal alteration of
JPs promoted by the fluids involved in the carbonate veining/brecciating
of the JP(C) domain. These brecciated JP intervals can be correlated with
the hydrothermalised areas described in Lobato et al. (2005b, 2008);
Rosiére et al. (2006) and Figueiredo e Silva et al. (2008); Figueiredo e
Silva et al,, 2011).

FH: The abundance of iron (hydro-)oxides found by the 900D algo-
rithm in the FH is greater than the abundance found in the OC and in
the JP, with the 900D index ranging from 0.25 to 0.5. The FH has a
large variation in the 900D index, however the %Fe,05 varies little.
Therefore, this variation on the 900D index is not due a variation on
the hematite abundance of the samples but probably due changes on
grain size, grain shape, orientation, packing density and matrix compo-
sition of these samples (Adams and Filice, 1967; Sherman et al., 1982;
Morris et al., 1985; Sherman, 1985; Singer and Roush, 1985). Similar
to the JPs, the distribution of hematite-goethite (900Wvl) can be used
to distinguish FH in hematite (H) and hematite-goethite (HG). The FH
has 900Wvl index values ranging between 872 and 890 nm, lower
than the values found in FH with the highest 900Wvl index (HG;
Fig. 16, interval of 20-190 m).

UM and SDM: Fresh or semi-altered mafic rocks are characterised by
the presence of chlorite and/or kaolinite and identified by the 2335D
and 2200 K algorithms, respectively. These spectral parameters allowed
their differentiation in two domains, namely: mafic rock with chlorite
predominance (M(Cl)) and mafic rock with kaolinite predominance
(M(K)). The intervals more abundant in chlorite (M(Cl)) are correlated
with UM (Fig. 15, interval of 535-560 m, and Fig. 16, interval of 330-
350 m). An analysis of the sections of this unit showed that chlorite is
the most abundant alteration mineral in the mafic rocks (Fig. 14H and
I). According to Zucchetti (2007), a portion of the chlorite crystals was
formed by submarine hydrothermal alteration and recrystallised during
regional metamorphism. Subsequently, a new generation of chlorite
formed during the hydrothermal alteration to chlorite + hematite.
The composition of chlorite identified by the 2335Wvl algorithm in
these domains can be used to distinguish intervals where Fe-chlorites
are predominant from intervals where Mg-chlorites are predominant.
The variation in chlorite composition may be the result of supergene al-
terations of mafic rocks; however, Zucchetti (2007) proposed that there
is a compositional variation in hydrothermal chlorites, with the Mg-
chlorites associated with oxidising hydrothermal fluids that promote

the crystallisation of hydrothermal hematite together with chlorite.
The M(K) domain is correlated with SDM (Fig. 15, interval of 100-
140 m) because the appearance of kaolinite indicates a greater degree
of supergene alteration of the mafic rocks. The kaolinite crystallinity, ob-
tained by the parameter 2170SL, can be used to distinguish intervals in
the M(K) domain with a predominance of low crystallinity kaolinites,
associated with fault zones or fractures.

24.2. Correlation of spectral parameters in 2D

After performing a spectral characterisation of the lithotypes de-
scribed in drill cores, a two dimensional (2D) analysis was performed
in which the spectral domains were correlated along the profile.
Fig. 17 shows one of the interpreted profiles. To facilitate the correlation,
boreholes that were not analysed in this study were added to the profile
(analysed boreholes are highlighted in Fig. 17).

The spectral domains showed good correlations in the profile and
helped to identify areas that were not distinguished in previous litho-
logical correlations. The ease of identifying intervals of brecciated JP
(JP(C)) and JP(T), facilitated determining the spatial distribution of
these intervals in the profile. These intervals predominated at the base
of the analysed cores, indicating that the brecciation related to carbon-
ation/talcification of JPs occurred near the basal basalt of the cores.
The JP(T) surround the brecciated JP(C), illustrating the relationship be-
tween talcification with brecciation and carbonation of JPs.

The hydrothermal hypogene model for the iron mineralisation of the
Carajas Mineral Province proposed in Lobato et al. (2005b, 2008);
Rosiére et al. (2006) and Figueiredo e Silva et al. (2008); Rosiére et al.,
2005) suggests that JPs richer in iron are found in brecciated zones
that experienced leaching of silica and crystallisation of magnetite,
hematite, goethite, chlorite, talc and sulphides. However, the brecciated
JP found in the JP(C) and JP(T) zones had an abundance of iron (hydro-
Joxide determined by spectral analysis (900D/1650R algorithm) and
%Fe,03 obtained by geochemical analysis similar to non-brecciated JPs.
The JPs from the N4WS deposit, which is richer in iron, were strongly
weathered, and represented by FH.

The correlation of spectral domains was also used to detail the
contact between the OC and FH. The presence of clay minerals and
increased abundance of goethite are characteristics of the OC that can
be accurately identified by analysing the spectra, which can be used to
differentiate OC from FH. Detailing the contact between these units is im-
portant for mine planning, because the identification and quantification
of clay minerals, such as gibbsite and kaolinite, affect ore processing.

3. Conclusion

This study showed that reflectance spectroradiometry in the VNIR-
SWIR regions can be used to characterize and evaluate the mineral
distribution of an iron deposit. The main minerals found in the N4AWS
iron deposit were identified, including the ore mineralogy. Petrograph-
ical studies validate all the minerals identified by reflectance
spectroradiometry. The algorithms developed to estimate the
abundance and composition of minerals from the spectra data were
validated using independent geochemical and LOI data. The error of
spectral mineral abundance parameters, based on the correlation be-
tween elemental composition derived from infrared mineral estimates
and XRF determined element concentrations, ranges between 6 and
11.6%. It cannot replace the geochemical analysis, but it can be useful
as a quick estimation of the iron content and certain minerals associated
with the deposit. The iron content obtained by these spectral parame-
ters can be used for an expedited analysis of iron concentration and con-
taminant abundance of the ore. Hillier (2000) showed that quantitative
analyses using the XRD results of clays and other minerals in sandstones
and other rock samples in general are capable of producing results with
4 3% accuracy and a confidence level of 95%. These routine analyses
with XRD, however, require significant time for sample preparation
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jaspe+tlc

Fig. 14. A) Photo of brecciated jaspilite with carbonate veinlets (JP(C)). B) Photo of the brecciated jaspilite section (JP(C)) in transmitted light; in detail, veinlets filled with carbonate and
quartz; crossed nicols. C) Photo of jaspilite with jasper bands replaced by carbonate in the transmitted light; crossed nicols. D) Photo of jaspilite with talc in the jasper bands section in
transmitted light; crossed nicols. E) Jaspilite with veinlets filled with talc and carbonate. F) Photo of jaspilite with pseudomorphs of magnetite in reflected light. G) Photo of the section
in reflected light of the photo detail in D), showing a veinlet filled by hematite. H) Photo of the fresh mafic (UM) section in transmitted light showing the preserved igneous texture;

parallel nicols. I) Photo detail of H) with crossed nicols. Highlighted is a plagioclase crystal and matrix being altered to chlorite. hem, hematite; tlc, talc; cb, carbonate; qz, quartz; pl,
plagioclase; and cl, chlorite.
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Fig. 15. Results of mineral abundance and composition analyses using the reflectance spectroscopy data for the F1515 drill core. The geochemical analysis of certain elements obtained by
XRF, magnetic susceptibility and lithotypes described during the recording of the cores are also shown. The scatter plots show variations in mineral abundance as a function of depth.
Certain diagrams are coloured in accordance with the changes in the composition of these minerals. The colour bars in the diagrams of abundance of iron (hydro-)oxides, chlorite and
carbonate show the wavelength in nm of the absorption feature of these minerals. The diagram of abundance of kaolinite is coloured according to the crystallinity of kaolinite. The
intervals that have similar mineralogical characteristics were grouped into the same colour horizons. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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and data collection, and problems may still arise (e.g., preferential
orientation, different smectite mixtures, etc.).

This study also shows that there are several limiting factors for the
application of quantitative spectral parameters, as mineral complexity,
heterogeneous mineral distribution on samples, mineral mixtures,
mineral abundance below the detection limit of the technique, and
others related to macro and micro physical properties of materials.

The analysis of the spectral parameters were capable of identifying
the ore, protore and host rocks of the N4WS iron deposit described
during the core recording, besides other new observations derived
exclusively from the spectral data. Some of these observations are
described below:

1. Minerals that had not been described before were identified in these
rock types, such as the talc identified in some JP samples;

2. Zones with different physical properties that are difficult to differenti-
ate on core logging were distinguished; e.g., zones with hematite were
differentiated using the 900Wvl algorithm (hematite-goethite

distribution), where zones with similar position of the ~900 nm
absorption feature were individualized. Although the majority of sam-
ples (>90%) have 900Wvl position of hematite, the position shifts
some nanometers on certain core intervals.

3. Zones with higher oxide content were differentiated in the JP and FH
intervals;

4. Zones with carbonate were differentiated in the JP intervals;

. Chlorite composition was identified in the basalt intervals;

6. Basalts and semi-decomposed mafic were differentiated by the
kaolin content obtained using the kaolinite abundance algorithm.

w

This study shows that quantitative spectral analysis is a very useful
method of summarizing and presenting relevant mineral information
from a large spectral data set obtained in drill cores. Therefore, quick
spectral analyses of drill cores are of great value because they can easily
generate information required by geoscientists for the mineralogical
characterisation of geological environments. In addition, the universal ap-
plicability of these spectral algorithms is becoming realized because
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Fig. 17. Lithological section interpreted from the N4AWS deposit running through the N4W-1515, N4W-1012, N4AW-1051 and N4W-1065 cores (Fig. 2). The lithotypes were correlated
according to the spectral domains, which represent compositional variations of the mapped lithologies. The unidentified cores were added to facilitate interpretation, and they only
show the lithology. The dotted lines indicate possible faults. CC: chemical canga; OC: ore canga; FH: friable hematite; FH(HG): friable hematite with greater abundance of goethite; FH
(H): friable hematite with lower abundance of goethite; JP: jaspilite; JP(H): hematite-rich jaspilite; JP(HG): jaspilite with goethite; JP(C): jaspilite with carbonate; JP(T): jaspilite with
talc; DM: decomposed mafic; SDM: semi-decomposed mafic; UM: unweathered mafic; M(CL): mafic with chlorite; M(K): mafic with kaolinite.

validation studies such as the study presented here have been performed
using different spectral systems in different geological environments.
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