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ABSTRACT
Massive hematite ore (MHO) is a special high-grade iron ore, used as lump ore in the process of obtaining
direct reduction iron (DRI). The influence of porosity on the reducibility of MHO from the Capitdo do Mato
Mine (Iron Quadrangle, Brazil) was investigated using optical and scanning electron microscopes on drill
core and open pit samples.
Hematite is the main component of the samples and occurs as granular qiy@afs), microplateg1 um)
and euhedral martite (10 to 30m). Quartz, maghemite, kenomagnetite and goethite are minor components.
Primary micropores (A to Lm) are associated with microplaty crystals that fill cavities between granular
hematite. Secondary micropores (A tauF) related to euhedral martite crystals, are the most important.
The total porosity of weathered samples, measured using nitrogen adsorption and mercury injection, attains
values up to 11%, whereas unweathered samples have a porosity less than 2.5%. Reducibility is strongly
enhanced by porosity, but inhibited by structure (bedding).

Key words: BIF, porosity, massive hematite ore, direct reduction iron, reducibility.

INTRODUCTION thermal decrepitation) and geological characteris-

tics (mineralogical composition and grain size of

For many years, iron ores were classified only by. . . .
. ; " N iron-oxide minerals, texture, structure, porosity and
their chemical composition. In addition to the;Eg .
permeability).

h lity of th fi i
content, the quality of the ore was defined by its Reducibility is defined as the measure of the

contents of , SiO;, Al,O3, and loss on igni- . . . .
P05, SOz, Al20s 9 rate at which a given iron ore or agglomerate will

tion (LOI). The steelmaking industry now requires . .
(Lon g y d reduce under arbitrary and fixed temperature and

additional data on physical properties (size-range, . .

. . Py prop ( g gas composition (Feinman and MacRae 1999). The
fines, mechanical strength), metallurgical proper-",. . . .
. . . . L direct reduction (DR) process, used to obtain the di-
ties (reducibility, swelling, clustering or sticking and

rect reduced iron (DRI), is defined as any process in
- o ~ which metallic iron is produced by the reduction of
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114 CESAR A.C. VARAJAO et al.

rials involved (Sikabin 1980). The worldwide DRI drothermal alteration, the primary sedimentary tex-
production has increased since 1970 and reacheuires may be partially or completely modified by re-
37.1 million metric tons in 1997 (MIDREX 1999) placement, resulting in a secondary porosity. Addi-
which represent roughly 5% of the world steel pro-tionally, considering that BIFs were exposed to var-
duction. The demand for DRI continues to increasaous climatic conditions throughout the geological
due to its multiple application in the steel indus- time, they may have undergone congruent (Melfi et
try, including electric arc and basic oxygen furnacesal. 1976) or incongruent (Ramanaidou et al. 1996)
(Kopfle 1999). dissolution, resulting in textural changes and forma-
The main world iron resources occur as bandedion of secondary porosity.
iron formation (BIF) deposited mainly between 2.5 The aim of this paper is to present results of
and 1.8 Ga (Klein and Beukes 1992). Mineralog-the investigation of the microporosity of a particu-
ically, the term BIF is used to differentiate the ox- lar BIF iron ore, known as “hematita compacta”
ide facies (James 1954) consisting dominantly of(massive hematite) from the Capitdo do Mato Mine,
hematite, magnetite and chert from siderite and sild{ron Quadrangle, Minas Gerais State, Brazil (Figure
icate facies. 1). This ore is used as lump ore to obtain direct re-
The iron content of BIFs can increase afterduction iron (DRI) and contains high proportion of
deposition either by replacement of gangue minerhematite and less than 2% of quartz.
als by goethite (Morris 1980) or their dissolution Dutta et al. (1972) and Xavier (1994) compare
by weathering under appropriate climatic conditionsmassive ore with other iron-ore types (friable, schis-
(Dorr 1964). The replacement of gangue mineralgose, brechia) and concluded that the high porosity
by hematite can be explained by hydrothermal alter-of friable ores is the main factor determining its bet-
ation (Gruner 1937, Guild 1953, Barley et al. 1999, ter reducibility, as also described by Leone et al.
Powell et al. 1999), metassomatism during meta{1981). On the other hand, Poveromo and Swanson
morphism (Dorr and Barbosa 1963, Dorr 1965), or(1999) state that the low porosity of massive iron
supergene enrichment followed by burial metamor-ore is due to the tight-packing of granular hematite.
phism (Morris 1980, 1985). In either case, if the Muniz et al. (1992) and Xavier (1994) determined
enrichment of iron in the primary deposit attains that reducibility of these ores depends on the crystal
appropriate values, the BIF is an ore for the steekize and its distribution within the ore, as well as on
industry. the nature of bedding. Thus, ores homogeneously-
The ideal iron ore for use in the DRI process textured, very fine-graine@< 10 wm) and lacking
should be porous in order to obtain rapid and subbedding are more easily reduced.
stantial reducibility (Poveromo and Swanson 1999).
In the furnace, the lump ore is submitted directly to LOCATION AND GEOLOGY OF THE
the injection of reducing gases, under high tempera- CAPITAO DO MATO MINE
ture(750°C), the rate of reduction depending on the The Capitdo do Mato Mine is located in the north-
interaction between the gases and the oxides. A cleawestern portion of the Iron Quadrangle, 15km South
evaluation of the extent and nature of the porosity inof Belo Horizonte, the capital of the Minas Gerais
iron ore will be in monitoring and understanding its State (Figure 1). The climate of the region is tropi-
behavior in the DRI process. cal, with dry winters and wet summers, and annual
Banded iron formations that underwent medi- mean rainfall of 17700 mm. The mine belongs to
um to high-grade metamorphic conditions have aMineracGes Brasileiras Reunidas S.A. — MBR, with
low porosity. Low-grade metamorphism and low production starting in 1997.
compaction rates may preserve a primary porosity.  This region is one of the world’s classic ge-
On the other hand, during metasomatism and hyelogical sites, contains one of the most important
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Fig. 1 — Location, geologic map (Marshak and Alkmim, 1989) and geologic section of the Capitdo do
Mato Mine (geology from Pomerene 1964), Iron Quadrangle, Minas Gerais State, Brazil.
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Brazilian iron ore reserves (40%), being responsi-non-hydrated, ranges from hard and dense to pow-
ble for 70% of country’s annual production (Table dery, and contains more than 66% Fe. According to
1). In the worldwide market Brazil contributes with the degree of packing of the hematite grains, the ore
32% of lump ore, of which the Iron Quadrangle is is classified into hard, friable (soft) and intermedi-
responsible for 29%. ate types. Soft hematite ore is commonly schistose
in the eastern portions of the Iron Quadrangle, and
contrast with the massive and granular ores from the
Annual production of iron ore and lump ore from west. The reserves of high-grade ore are in range be-
thelron Quadrangle, Brazil and World. (*) DNPM tween 100 and 400 million tons (Dorr 1965).
(1999); (**) Poveromo and Swanson (1999). The Capitdo do Mato Mine is located at the re-
verse flank of the Moeda syncline (Figure 1). Weath-

TABLE |

Iron Lump . . . .
Ore (*) | Ore (* ering of the BIF, which results mostly in the disso-
Iron Quadrangle] 145 545 lution of quartz, reaches only about 20m deep in the
Production Brazil 195 264 massive hematite ore-body (canga), but elsewhere it
108t World 850 5.82 can be followed to a deepth of 200m (Figure 2a).

The genesis of the massive hematite ore has
been subject of a long and deep controversy. The

The Iron Quadrangle is located on the southerrearliest interpretations (Harder 1914, Harder and
part of the Sdo Francisco Craton (Almeida 1977).Chamberlin 1915, Sanders 1933) favored a syngenetic
The regional geology was (Figure 1) initially de- model, followed by hydrothermal (Guild 1953)
scribed by Harder and Chamberlin (1915) and suband synmetamorphic metasomatic models (Dorr
sequently reviewed by Dorr (1969), Marshak andand Barbosa 1963, Dorr 1965) models. New petro-
Alkmim (1989). Three geological units are rec- logical evidence (Varajao et al. 1997), points to-
ognized: (1) the Metamorphic Complexes, whichwards a gradational contact between MHO and the
consist of Archaean tonalite to granitic gneisses andhost BIFs. Moreover, previous researches on struc-
migmatites; (2) the Rio das Velhas Supergroup, dural data (Xavier 1994, Zavaglia 1996) described
greenstone belt rock sequence; and (3) the Mievidence of a sedimentary control based on the lens
nas Supergroup, which consists of Early Protero-shape of the ore bodies.
zoic, low-grade metamorphic metasedimentary for-
mations, including the here studied banded iron for-
mation, locally called itabirites.

After deposition, the Minas Supergroup under-Thirteen samples from the weathering profile ex-
went into large-scale synclines and anticlines extenposed in the open pit of the Capitdo do Mato mine,
sional deformation (Endo and Nalini 1992, Chemaleand 72 deep samples from drill-cores were collected
Jr. et al. 1994), and metamorphism under green{Figure 2b), 19 of which were selected to measure
schist facies conditions. During the Braziliano Cy- porosity. Before further steps, polished sections
cle (750-450m.y.) its eastern part was affected by avere described by means of an optical microscope
deformation due to compression (Marshak andand SEM. Bulk chemical analyses data were ob-
Alkmim 1989, Machado et al. 1992), under which tained by ICP and reducibility Midrex Linder Test
metamorphic facies reached the amphibolite facies{MLT) at 750°C performed at the MBR laboratories,
The studied ore samples were collected at the westccording ISO 11258.
ern side of the Iron Quadrangle, where metamorphic ~ Carbon-coated polished sections of ore were
facies is of the greenschist facies. examined under a scanning electron microscopy

The high-grade hematite ore was defined agPhilips 505) at the Centre for Microscopy and

MATERIALSAND METHODS

An. Acad. Bras. Cienc., (2002)74 (1)



MICROPOROSITY AND REDUCIBILITY OF MASSIVE HEMATITE ORE 117

Weathered

1300 BF L1300
1200 1 BIF 1200
Caué Formation
Phyllites
Batatal Formation
1100 1 1100

BIF
Caué Formation

®

Quartzites

Moeda
Formation

Fig. 2 — (a) Local geologic section of the Capitdo do Mato Mine, showing the massive hematite ore
intercepted by boreholes and (b) the localization of the samples chosen for porosity measurements.

Microanalysis, University of Western Australia — to 3.35 mm size-classes. The first class was used
CMM-UWA, using secondary and backscatteredin the DRI experiments and the determination of
electrons at 15 kV and 30 kV and a working distancethe porosity by mercury injection. The second was
ranging from 9.5 to 12 mm. Bulk chemical data of used for nitrogen desorption porosimetry, due to the
the samples were obtained by means of a JEOL JSMquipment limitations.
6400 EDS instrument at the CMM-UWA. The pore-size distribution was determined by
Bulk density (g/cm) was determined using the combining mercury porosimetry and nitrogen des-
kerosene method (Monnier et al. 1973). Porosityorption methods. The first involves the measure-
was determined by braking the samples with a hamment of the pressure required to force mercury into
mer to obtain one 9.5 to 31.5 mm and another 1.4he pores of a dry sample and its volume intruded

An. Acad. Bras. Cienc., (2002)74 (1)
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at each pressure. Assuming cylindrical pores, the RESULTS
relationship between pore diametér, (n nm) and
applied pressurdX in MPa) is given by the expres-
sion: Massive hematite is high-grade ore (Dorr 1965),
hard, granular, dense and more or less bedded (Fig-
D = —41Cycos6/ P ure 3 a,b). It has a very particular chemical compo-
sition, as at the Capitdo do Mato Mine, with 68% of

wherey is the surface tension of mercury aad Fe and less than 3% of quartz and other gangue min-
its contact angle with the solid material. Mercury €ra!s (Table Il). MHO breaks into irregular blocks
intrusion measurements were made with a 9310 mjcommonly with conchoidal fractures (Figure 3a).
cromeritics porosimeter at the Institute Nationale 1€ mineralogical composition of MHO
de la Recherche Agronomique — INRA, Orléans,is very specific. Hematite is the main component
France, that operates up to a maximum pressure gind occurs as granulat0 ,.m), microplaty crys-
200 MPa (Fiés and Bruand 1998). Valuesjoand ~ t@!s (1 ©m) and euhedral martite (10 to 30m)

6 were 0.484 N m* and 130, respectively, which formed after magnetite. Quartz, maghemite, keno-
yield pore volume V distribution with equivalent di- Magnetite (intermediate phase between magnetite
ameters between 6.2nm ané2m. Measurements 2nd maghemite; Morris 1980, 1985) and goethite
were made in duplicate on about 15g of material, &'€ Minor components.

The nitrogen desorption method was applied The alternation between hematite rich layers
to samples 1.4 to 3.35 mm in size. This methog@nd martitized magnetite-hematite layers (mm to
involves the determination of the desorption branch®™) IS frequent (Figure 3b) and it defines the bed-
of the nitrogen isotherm, used to relate the amount ofiNg (%), which coincides with a metamorphic fo-
nitrogen lost in a desorption step to the average siz#ation St (Endo and Nalini 1992, Chemale Jr. etal.
of pores emptied in the step. A pore loses its liquid 1994, Alkmim and Marshak 1998). Quartz grains

adsorbate, called the core of the pore, at a particula®® locally present along the <.:ontact between .these
relative pressure/po, related to the core radius)( layers and may also be occasionally abundant in the

MAsSIVE HEMATITE ORE

by the Kelvin equation (Sills et al. 1973): hematite layers but were not observed in the marti-
tized magnetite-hematite layers.
RT p 2). cosh In general, the hematite crystals are sub-
v In 0 =T, parallel to the bedding ¢$and schistosity (§ (Fig-

ure 3c), but are discordant near and at the axial zone
whereR is the gas constant, is the absolute tem- of folds, where the Sbecomes oblique toSFig-
perature) is the surface tension, aMds the molar  ure 3d). The recrystallization of granular hematite
volume of liquid nitrogen. After the evaporation of into platy crystals (10 mm), locally formed mm to
the core bulk liquid, a layer of adsorbed nitrogencm thick layers parallel toSor S,. Normally, mi-
remains on the wall of the pore. This layer becomesroplaty hematite (1 mm) is euhedral, non-oriented
thinner by successively lowering the pressure. Theand occurs between granular hematite.
total amount of gas desorbed in each step (core +  Textural relationships, observed under micro-
wall layer) was measured by the BJH method, in-scope, show that magnetite occurs in two varieties.
corporated into a Gemini ll1 2375 V5.00 equipment, The most common is homogeneously equigranular
at the Soil Science and Plant Nutrition Department(10 mm) and parallel t&y = S;. The less com-
(UWA). The results yield pore equivalent diametersmon is euhedral (10 to 32m) and parallel to &
between 0.2 and 20nm. Measurements were madgs a rule, magnetite crystals are partially or totally
on about 3.5g of material. martitized (Figures 3c and 3e). Partially martitized

An. Acad. Bras. Cienc., (2002)74 (1)
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TABLE Il

Average chemical composition of 21 samples from the
Capitdo do Mato Mine used for porosity measurements.

Fe P205 A|203 SIOZ MnO, | LOI
Average| 68.30| 0.041| 0.64 | 0.73| 0.02 | 0.66
o 0.90 | 0.034| 0.47 | 0.47 | 0.012 | 0.78

crystals often contain a core of kenomagnetite (Fig-gular, due the replacement of magnetite by hematite
ure 3f), rarely maghemite and locally goethite (Fig- (Figure 3h). Euhedral martite also contains rounded
ure 39). and irregular pore€l wm), which seem to be inter-

At least two generations of quartz were identi- connected (Figures 4 a,b). The micropores asso-
fied. The first (5 to 1Qum) is parallel toSp = S1, ciated with nonoriented hexagonal microplaty
and interpreted as recrystallized during metamorhematite occur within intragranular spaces between
phism (Figure 3e). The second is remobilized intogranular hematite. Their size range from A tath
veins (wm to mm wide), where the quartz grains (5 (Figures 4 c,d) and they also seen to be intercon-
to 30 um) are associated with microplaty hematite nected. However, the intragranular spaces them-
(< 1 um) and a haematitic-goethitic matrix. selves are not interconnected.

Under high magnification, polished sections Many of the micropores are weathering fea-
of the studied sampes reveal that non-oriented mitures due to dissolution (Figure 4e) or associated
croplaty hematite and euhedral martite contain abunwith goethite (Figure 4f). They are interconnected,
dant micropores, which also occur in the weatheredsery irregular and range in size from A to z&n.
facies, but mainly in fractures. Combined data from electron and optical mi-

The massive nature and the small size of crys-croscopy provided considerable insight into the na-
tals of the ore inhibited a good impregnation. There-ture of the porosity. However, due to lacking of
fore, during polishing some crystals were pulled-contrast, the samples images could not be analyzed
out, leading to afalse porosity (Figure 3c). However,in appropriate software to evaluate the total porosity
SEM images of rock fragments provided a good tooland pore size distribution.
for obtaining and understanding the nature of the mi-

cropores.
P Porosity DATA

The total porosity (N desorption + Hg injection)
plotted against bulk density of MHO samples
Scanning electron images of MHO samples showis shown in Figure 5a. Samples with higher density
two classes of pore-size: micropores (from A tohave lower total porosity.
75 um) and macropore&> 75 um). The micro- The fresh or slightly weathered samples have
pores are associated with primary microplatya porosity less than 2%, whereas in weathered sam-
hematite, secondary euhedral martite and goethiteples can reach 11%. These values are similar to
The macropores occur in weathered samples, fraghose obtained by Dutta et al. (1972) for Indian iron
tures and shear zones. Macropores were not theres, in which the porosity ranges between 3.5% and
subject of this study. 7.1%.
Micropores associated with euhedral martite A comparison between the values of pore vol-
vary in size from A to severgtm. Some are trian- ume obtained from nitrogen desorptiofD <

NATURE OF PORES
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<

Fig. 3 — (a) Sample of hematite ore massive; (b) reflected natural light micrograph of massive hematite ore, showing the alternation
between martite-rich and martite/hematite-layers layers reflecting beddig (€3 reflected natural light micrograph of massive
hematite ore, showing the alternation between matrtite-rich layers (mm to cm) and martite/hematite-rich layers; (d) reflected natural
light micrograph showing the contact between a martite-rich and hematite layers, and the presence of some quartz crystals; (e) SEM
micrograph showing the contact between a martite rich layer and a martite/hematite lgyandShematite crystals slightly and
discordantly orientated ¢$; (f) SEM micrograph showing martitized magnetite with cores of kenomagnetite; (g) SEM micrograph,
backscattered electrons image, showing of martitised magnetite with cores of goethite; (h) SEM micrograph showing triangular

micropores in an euhedral martite crystal.

200A) with the total porosity (Figure 5b), indicates netite/martite, paths for fluid penetration (Lagoeiro
that in slightly weathered samples (total porosity1998). The martitization is here interpreted as due to
< 2.5%) small pores account for to 80% of the total weathering and, thus, the pores inside the martitized
porosity. However, in more weathered samples, thenagnetite as a secondary feature.

volume of small pores is less significant, account for The micropores that resulted from weathering,

less than 20% of the total porosity. in spite of being well interconnected, are of minor
importance, because they are limited to the bound-
POROSITY AND REDUCIBILITY aries of fractures. Thus, the massive character is the

The reducibility of MHO as compared to total poros- Main feature of the MHO.

ity (Figure 5¢) clearly shows that the studied samples 1 N€ micropores in association with microplaty
comprise two populations. One is narrowly groupednematite are not interconnected and must be
about a porosity < 2.5% and excellent and has afonsidered as a metamorphic feature. They were
excellent reducibility (96 to 97%). The other popu- formed under greenschist facies conditions to which
lation is widely scattered and its porosity correlatestn€ western part of the Iron Quadrangle underwent,
positively with reducibility, by which low porosity @nd where the Capitao do Mato Mine is located.
(2.5%) samples have a low reducibility (90%), and rhese pores, unlike those discussed above, should
samples with higher porosity (10%) have an excel-0€ interpreted as primary.

lent reducibility (94 to 96%). The occurrence of MHO reducibility values from the Capitdo do

these two populations suggests that porosity is nofato Mine are similar to t-hose from the neighbor
the only factor that control the reducibility. Mutuca and Tamandua mines (Xavier 1994, Zava-

glia 1996), respectively of 91.6% and 94.5660=
2.87%). The minimum acceptable value of MHO

. . ) _lump ore in DRI is 90% (Xavier 1994).

The micropores associated with euhedral magnetite In previous researches, the comparison be-
gréms were interpreted a'ls due to a copgruent dISSQ\'Neen porosity and reducibility was always made on
lution of the kenomagnetite cores leading to Skeleta“riable ores, in which porosity can reach 30% (Dutta
martite, and therefore, a microporosity (Varajao etet al. 1972) even 35% (Varajdo et al. 2000). The
al. 1996). However the presence of goethite in SOM§, porosity (0.3 to 11%) and the two porosityre-
cores of martitized magnetite suggests an 'ntermeélucibility populations of the MHO (Figure 5¢) needs

diate step in the weathering of magnetite (Morr'sadditional factors other than porosity to explain its
1980, 1985). On the other hand, the transformay

. . ) ’ high reducibility.
tion of magnetite into martite requires a volume re-

) . ) Textural variations, structure (bedding, schis-
.duc'gon of about. 8.4% (I?aws et al 1968), result- tosity) and porosity are geological factors that also
ing in the formation of microfractures at the mag-

DISCUSSION
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122 CESAR A.C. VARAJAO et al.

Fig. 4—(aandb) SEM micrographs showing rounded micropores associated with an euhedral martite crystal, (d and €) SEM micrographs
showing micropores in non-orientated microplaty hematite; (f) SEM micrograph showing micropores in dissolution cavity, partially

filled by secondary goethite; (g) SEM micrograph showing micropores associated with goethite.
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between total porosity (%) and the pore volume obtained by nitrogen deso¢ptien2004) (%); (c)
comparison between porosity (%) and reducibility (%) of bedded and non-bedded MHO.

influence reducibility (Muniz et al. 1992, Xavier CONCLUSION

1994). Considering the dominant small crystal SizeThe study of the microporosity of MHO from the

of the MHO_from the (_:ap|te_10 do Mato Mine, an im- Capitdo do Mato Mine reveals that unweathered ma-
portant additional variable is the presence or the ab-

. ) , terials has a low porosity (less than 2.5%), but in
sence of bedding. In fact, adding the “bedding fac- . . .
) . ) weathered samples it may reach 11%. Lithologi-

tor” to compare porosity x reducibility (Figure 5c),

o o cally the MHO can exhibit more or less well defined
indicates thatthe best reducibility values (96 to 97%)bedding due tothe alternating martite and hematite-

result mostly from non bedded samples, which cor-

i , rich layers. The pores in MHO are mainly due to
respond to the first population. On the other hand . .
the presence of euhedral martite and to microplaty

Z]amglesc[))reser;tn:jgtz (;Leear an V\(;e”geﬁln?%beadcgr?%ematite. Additional pores are due to weathering.
ostly correspon second poptilation and in Reducibility of MHO for DRI is highly depen-

which the reducibility depends on porosity. Thesedent on porosity of the bedded samples. However,

results illustrate the importance of both porosity and . . .
fruct beddi the reducibility of MHO samples without bedding were only slightly porous,
structure (bedding) on the reducibility o ' yet exhibited excellent reducibility.
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These results are very useful for the exploita-Palavras-chave: BIF, porosidade, hematita compacta, re-
tion of the Capitdo do Mato Mine and other simi- dug&o direta, redutibilidade.
lar mines, allowing the prediction of ore behavior
during DRI production and provide a basis for ore REFERENCES
blending based on the knowledge of the physical and
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