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Abstract

Precambrian magnesite occurrences hosted by metadolomites from the Orós belt, Ceará, Brazil, are part of a greenschist–amphibolite,
metavolcano-sedimentary terrain, dated at 1.8 Ga, cut by Meso- to Neoproterozoic Brasiliano granites and Neoproterozoic basic sills.
These rocks were affected by a shear zone between 580 and 500 Ma. The magnesite-bearing marbles can be grouped as medium-grained
(1–9 mm) at the Riacho Fundo ore deposit or sparry magnesite (1–15 cm) at the Cabeça de Negro ore deposit. The sparry magnesite
shows textural characteristics related to original sedimentary structures. Both types of magnesite-bearing marbles contain aqueous
and aqueous-carbonic fluid inclusions that yield homogenization temperatures between 170 and 370 �C. Applying a pressure correction,
these temperatures are compatible with the evolution from greenschist to amphibolite facies metamorphic conditions, as described in
previous work on the Orós region. It also agrees with data in specialized literature on the metamorphism of carbonate rocks. Fluid inclu-
sion distribution, composition, and physical-chemical characteristics suggest temperature increase, probably related to metamorphism on
these rocks. The medium-grained magnesite records partial contamination of CO2-rich inclusions by relict carbonaceous material (bitu-
men, hydrocarbons?) that favors, but does not confirm, a syngenetic sedimentary origin and could have caused the lowering of CO2 melt-
ing point in these inclusions. Therefore, though textural evidence points to a sedimentary-diagenetic model, fluid inclusions record
conditions of a metamorphic event.
� 2007 Elsevier Ltd. All rights reserved.
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Resumo

As ocorrências de magnesita pré-cambriana encaixadas em metadolomitos do cinturão Orós, Ceará, Brasil, fazem parte de um terreno
metavulcano-sedimentar de fácies xisto verde a anfibolito, com idade de 1,8 Ga, cortado por granitos meso a neoproterozóicos relacio-
nados ao Ciclo Brasiliano e sills básicos neoproterozóicos. O conjunto foi afetado por zonas de cisalhamento por volta de 580–500 Ma.
Os corpos de magnesita podem ser separados em dois grupos: magnesita de grão médio (1 a 9 mm) no depósito de Riacho Fundo e espá-
tica (1 a 15 cm) no depósito de Cabeça de Negro. A espática apresenta grande variação textural claramente relacionada a estruturas
originalmente sedimentares. Ambos os tipos de mármores magnesı́ticos possuem inclusões fluidas aquosas primárias e secundárias, além
de aquo-carbônicas, que apresentam temperaturas de homogeneização entre 170 e 370 �C. Com a correção de pressão essas temperaturas
são compatı́veis com condições metamórficas evoluindo da fácies xisto verde para anfibolito tal como descrito na região de Orós e na
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literatura especializada sobre metamorfismo de rochas carbonáticas. As caracterı́sticas fı́sico-quı́micas, composição e distribuição suge-
rem aumento de temperatura aparentemente ligado ao metamorfismo amplamente reconhecido dessas rochas. Na magnesita de grão
médio nota-se a contaminação parcial de inclusões ricas em CO2 por material carbônico reliquiar (betume, hidrocarboneto?) o que favo-
rece, embora não confirme, a hipótese singenética sedimentar e é também responsável pelo rebaixamento da temperatura de fusão do
CO2 das inclusões aquo-carbônicas. Portanto, embora existam evidências texturais relacionadas a um modelo genético sedimentar-
diagenético, as inclusões fluidas registram as condições do evento metamórfico.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Deposits of sparry and microcrystalline magnesite are
usually found associated with deformed and metamor-
phosed carbonate rocks, in which primary depositional
textures and structures are partially or no longer pre-
served. A controversy therefore arose, related to two
genetic models proposed for magnesite deposits. In the
syngenetic model, primary sedimentary deposits can be
formed by in situ chemical precipitation, which involves
deposition of microcrystalline or sparry magnesite, fol-
lowed by epigenesis (Morteani, 1989). The second model
involves deposition from hydrothermal fluids, in which
metasomatic replacement with introduction of Mg2+ in
a precursor carbonate creates sparry textures through
recrystallization (Dabitzias, 1980; Bone, 1983; Lugli
et al., 2002; Fernandez-Nieto et al., 2003). Fluid inclu-
sion studies may address these issues through the charac-
terization of physical–chemical conditions of the solution
associated with the minerals, but superimposed metamor-
phic processes on these magnesite lenses may have
destroyed evidence in the primary fluid.

The main stratiform magnesite ore deposits in the Orós
belt, northeastern Brazil (Torto, Alencar, and Cabeça de
Negro), are active, productive mines, whereas Riacho
Fundo and Malhada Vermelha are nonproductive ore
deposits (Fig. 1). Registered ore reserves are of
264,639,144 tons.

The magnesite bodies are part of a greenschist to amphib-
olite facies, metavolcano-sedimentary terrain. The enclosing
metasedimentary rocks comprise a metacarbonate sequence
with lenses of magnesite-bearing marbles that extend more
than 140 km (Parente et al., 1998a, 1998b). Magnesite-bear-
ing marbles are composed of medium-grained (1–9 mm) or
sparry (1–15 cm) magnesite. According to Parente et al.
(2004), the magnesite marbles are of sedimentary origin, hav-
ing undergone important diagenetic evolution before the
metamorphic event that took place during the Neoprotero-
zoic Brasiliano orogenic cycle.

The present fluid inclusion study was carried out in meta-
morphic samples from two magnesite deposits, Riacho Fun-
do (medium-grained magnesite) and Cabeça de Negro
(sparry magnesite). The aim was to define which solutions
are associated with the different magnesite ore deposits, as
well as to understand how they could relate to the magnesite
genetic controversy.
2. Geological setting

The magnesite ore deposits are hosted by the Orós Com-
plex, which is part of a Proterozoic foldbelt from the
Borborema Province, NE Brazil. It is a metavolcano-sedi-
mentary sequence, intruded by Meso- to Neoproterozoic
granites during the Brasiliano orogeny and basic to ultraba-
sic Neoproterozoic rocks. Metarhyolites intercalated with
the metasedimentary rocks yield an age of approximately
1.8 Ga (Sá, 1991; Van Schmus et al., 1995). The metasedi-
mentary rocks comprise mainly mudstones, represented by
aluminous schists, frequently intercalated with quartzites.
They are partially covered by evaporites and marine carbon-
ates composed of calcite, dolomite, magnesite-rich marbles,
and calc-silicate rocks. Feldspathic schists and meta-
graywackes superpose the latter (Fig. 1). Carbon and oxy-
gen isotope data from calcite and dolomite marbles
reported by Parente et al. (2004), despite some modification
during metamorphism, suggest that the deposition took
place in a confined or shallow marine environment. The vol-
cano-sedimentary sequence was deformed into narrow iso-
clinal folds, with vertical axial plane foliation and
subhorizontal stretching lineations, compatible with the
Brasiliano orogeny transpressive regime (Sá, 1991; Parente
and Arthaud, 1995). This sequence was metamorphosed
under greenschist to amphibolite facies conditions. Thermo-
barometric data in magnesite-bearing schists suggest a tem-
perature range between 443 and 507 �C for aluminous
schists with staurolite and between 436 and 485 �C for alu-
minous schists without staurolite, with pressures of nearly
3 kbar (Sá, 1991). Parente (1995) estimates metamorphic
conditions between 450 and 480 �C and 2–5 kbar using
tremolite–talc–dolomite–calcite–quartz and tremolite–
diopside–dolomite–quartz–calcite assemblages in the sparry
and medium-grained magnesite marbles, respectively.

The dextral Orós shear zone is superimposed almost
synchronically onto the main metamorphic foliations of
the metavolcano-sedimentary rocks. This heterogeneous
ductile deformation is characterized by subvertical mylonit-
ic foliation, subhorizontal lineation, transposition of the
foliation parallel to the mylonitic fabric, C/S fabric surfaces,
and C’-type shear band cleavage planes that are more con-
spicuous in the ortho-derived rocks than in the metasedi-
mentary rocks. In carbonatic rocks, particularly magnesite
marbles, the following shear features are distinguished: (1)
sigmoidal structures in micro and mega-scales; (2) boudi-



Fig. 1. Location and regional geologic map of magnesite-bearing rocks in the Orós belt. Modified after Sá (1991) and Parente (1995).
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nage structures from micrometric to metric scales, where the
magnesite bodies hosted either by metadolomite (e.g., Ca-
beça de Negro Ore deposit) or by chlorite and talc-rich beds
(e.g., Riacho Fundo Ore deposit) are the less deformed
rocks, because magnesite is more resistant to deformation
than metadolomite, and the latter are more resistant than
the magnesian phyllosilicates; and (3) protomylonitic tex-
ture marked by subangular to subrounded magnesite por-
phyroclasts in a granoblastic mosaic of smaller magnesite
grains, related to dynamic recrystallization, as observed in
the studied samples (see number 5 in Fig. 4). The porphyro-
clasts are usually stretched, with sutured contacts, deforma-
tion bands, undulatory extinction, and extensional fissures.

Dating of the Borborema province shear zone indicates
Brasiliano ages and that the zone was active from 580 to
500 Ma according to 40Ar/39Ar data (Feraud et al., 1992).

2.1. Description of sparry magnesite ore deposits

Sparry magnesite ore deposits (Alencar, Malhada Ver-
melha, and Cabeça de Negro) are hosted by dolomite mar-
bles that locally contain lutecite, scapolite, and
pseudomorphic sulfate nodules after quartz, dissolution
breccias, and petal-shaped texture. This association indi-
cates deposition under evaporitic conditions. Transition
from sparry magnesite to dolomite marbles is usually grad-
ual and well defined, though it may become complex if a
mixture between these carbonate rocks is observed. This
observation may suggest either contemporaneous deposi-
tion or an incomplete replacement process. Sparry magne-
site veins may cut metadolomites as well.
Magnesite marbles show large textural variations,
including porphyroblastic, rosette, banded, and palisadic
textures. In spite of the metamorphic changes undergone
by these rocks, the banded and palisadic types are pre-
served sedimentary structures. Stromatolites and sub-
rounded concentric microfossils devoid of carapace and
with sizes from 200 to 300 lm are associated with banded
textures. Similar microfossils were described by Chaye
d’Albissin and Guillou (1985) as accumulated in an origi-
nally colloidal magnesite deposit and preserved as fossils
in magnesite crystals through diagenetic and metamorphic
processes.

Rock color ranges from white to light grey, dark grey,
and red. Sparry magnesite crystals (1–15 cm) are usually
subautomorphic and frequently deformed, showing forma-
tion of subgrain and comminution. Magnesite is the main
mineral phase associated with chlorite, talc, pyrite, and
iron oxides. Some magnesite layers are silica rich (up to
21%), with talc and chlorite, whereas others are rich in iron
oxides.

Magnesite in the Cabeça de Negro deposit is hosted by
metadolomites that display boudinage in both mega- and
microstructures. The magnesite-bearing marbles are the
most competent (less deformed) rocks. These lenses are
characterized by palisadic and rhythmic structures that
represent carbonate sedimentation. Such variations could
be linked to sea-level changes. Magnesite and metadolom-
ites enriched in iron oxide, aluminium silicate, and some-
times detrital zircon are also found in the deposit; these
features may represent freshwater inflow (Parente et al.,
2004).
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2.2. Description of medium-grained magnesite ore deposits

Medium-grained magnesite marbles occur in two
bodies, Riacho Fundo and Torto. This rock is relatively
more homogeneous in texture and color than the sparry
magnesite ore deposit. Magnesite crystals are usually
xenomorphic.

The Riacho Fundo deposit is an irregular lens that com-
prises a pinch-and-swell megastructure partially deformed
by a ductile shear zone. Light-grey metadolomites, bio-
tite-phlogopite-tremolite schists, and scapolite-bearing
calc-silicate rocks enclose it.

Magnesite marbles display a predominant fine to med-
ium granular texture (1–8 mm) and white color, with grey
stains marking the presence of silicate minerals. Slight tex-
tural/structural variations occur locally, such as concentric
structures, 3–6 mm in diameter, immersed in a talc–chlorite
matrix, or extensional and shear veins filled with 1 cm pris-
matic and translucent magnesite crystals, forming symmet-
ric comb structures. The latter also occurs in a talc–chlorite
host.

Fine to medium granular marbles display granoblastic
to allotriomorphic textures essentially composed of magne-
site. Accessory minerals include talc, chlorite, and pyrite.
The magnesite crystals are usually deformed, 0.02–8 mm
in size. The largest crystals have sutured borders, undula-
tory extinction, deformational bands, and subgrain recrys-
tallization. These features are clouded by roughly oriented
or randomly distributed dark inclusions (organic matter-
like?). Conversely, the small crystals are usually pure, with
straight or slightly curved borders and triple junctions.
Therefore, the largest crystals likely are synmetamorphic,
whereas the small, more abundant ones are possibly the
product of dynamic recrystallization.

3. Fluid inclusions

3.1. Samples and techniques

For fluid inclusion studies, 22 doubly polished sections
of metadolomites, sparry, and medium-grained magnesites
were prepared, including different textural and structural
types. However, only one magnesite sample from the Ria-
cho Fundo (medium-grained) and one from the Cabeça de
Negro (sparry) deposits contain fluid inclusions with
appropriate size, transparency, and quantity for detailed
studies. No suitable inclusions were found in metadolomite
samples. Petrographic studies were used for determination
and classification of the several fluid inclusion types, subse-
quently characterized by microthermometric runs and
Raman spectroscopy. The latter technique used a Dilor
Raman multichannel spectrometer from the Physics Insti-
tute of the Universidade Federal de Minas Gerais. A Chaix
Meca freezing–heating stage, calibrated at CO2 and H2O
triple points and by the final melting temperatures of
Merck standards (135, 200, 306, and 398 �C), was used to
collect microthermometric data. Estimated precision for
the measurements is nearly 0.2 �C, and accuracy
is ± 0.5 �C at temperatures up to 135 �C, steadily increas-
ing to up to 12 �C at temperatures of 398 �C. To compare
and confirm the obtained microthermometric data, inde-
pendent runs were carried out in another Chaix Meca stage
at the Universidade Federal do Rio Grande do Sul (Porto
Alegre), as well as in an USGS stage at CNEN (Comissão
Nacional de Energia Nuclear), Belo Horizonte, with con-
sistent results. Bodnar (2003) equations of state were used
for salinities calculations, determined from ice-melting tem-
peratures, and from clathrate dissolution. Brown and
Lamb (1986) data were used with the aid of MacFlincor
software (Brown and Hagemann, 1994).

3.2. Medium-grained magnesite from the Riacho Fundo
deposit

In the Riacho Fundo deposit, medium-grained meta-
morphic magnesite presents successive growth zones with
solid and fluid inclusions. Some inclusions display a regular
distribution of the zones (Fig. 2). Zone 1 is clear, without
solid or fluid inclusions. Zone 2 is thin, consisting of pri-
mary aqueous two-phase inclusions, with polygonal
shapes, sizes up to 30 lm, and walls parallel to the growth
zones. Eventual one-phase aqueous inclusions may occur,
associated with aqueous two-phase inclusions. These inclu-
sions probably result from metastable conditions or neck-
ing down. Zone 3 is a large central band, showing round
to oval dolomite solid inclusions, as determined by Raman
spectrometry. These inclusions are locally associated with
three-phase aqueous-carbonic fluid inclusions. The size
and shape of the cavities may vary to up to 30 lm. The dis-
tribution of these inclusions is roughly parallel to the mag-
nesite growth bands, suggesting a primary genetic
classification. Finally, the thin band with aqueous two-
phase inclusions (Zone 2) and the clear zone without solid
or fluid inclusions (Zone 1) repeat. In nearby crystals, there
are rough trails of round, secondary, aqueous, two-phase
fluid inclusions that cut across magnesite and show signs
of necking down. The aqueous two-phase fluid inclusions
also can be found in other sharper trails that cross-cut sev-
eral crystals with the same characteristics, of secondary
later origin.

Investigations of CO2 and CH4 were performed with
Raman microspectroscopy. At least one aqueous liquid
inclusion bears traces of CO2 and N2; only CO2 was
detected in aqueous-carbonic inclusions, and CH4 or N2

were not detected in these inclusions.
Another type of inclusion is partially or totally filled

with a black opaque viscous material, sometimes associated
with solid round dolomite inclusions. Its shape is usually
round, with small clear aqueous appendices (Fig. 3). It
probably corresponds to the organic matter clouds (car-
bon). The black phase is usually smaller than 5 lm, and
its composition could not be determined by Raman micro-
spectrometry because of the high fluorescence of this phase,
which completely hinders the Raman signal (Pironon,



Fig. 2. Magnesite crystal (right) showing a succession of three metamorphic growth zones with different fluid inclusion types represented on left side. Zone
1: clear band devoid of fluid inclusions; Zone 2: one- and two-phase aqueous fluid inclusions; orthogonal lines represent growth bands; Zone 3: aqueous-
carbonic fluid inclusions with and without dolomite (dol) as accidental solid inclusion (modified from Parente et al., 2004).
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1991). This phenomenon is characteristic of hydrocarbon-
rich inclusions (Kerkhof, 1988), not of carbon-rich ones,
which display peaks at 1300 and 1580 cm�1 (Ronchi and
Bény, 1997), or of graphite, which has two sharp peaks
at 1582 and 140 cm�1 (McMillan, 1989). Had the inclu-
sions been greater than 15 lm, their composition could
have been determined by infrared microspectrometry, but
such was not the case (Pironon et al., 1991). Evidence of
their viscous consistency was determined during Raman
spectrometry, when the passage of laser rays created a hole
that spontaneously closed after a few weeks. This develop-
ment may suggest the presence of bitumen in the
inclusions.
Fig. 3. (A) Round solid dolomite (dol) inclusion associated with a black
phase, probably organic matter, and a thin, clear aqueous component. (B)
Black opaque inclusions with clear aqueous appendices. Note the presence
of a small secondary aqueous fluid inclusion trail and one-phase and two-
phase aqueous inclusions associated with the black inclusions (modified
from Parente et al., 2004).
All primary or secondary fluid inclusions are located in
metamorphic magnesite crystals. In addition, very small
(<5 lm), aqueous, one-phase and two-phase inclusions
compose sharply contrasting secondary trails.
3.3. Sparry magnesite from the Cabeça de Negro deposit

Fluid inclusions in sparry magnesite are similar to those
described in the Riacho Fundo deposit but with different
proportions. Aqueous inclusions are predominant in the
Riacho Fundo deposit, whereas in the Cabeça de Negro
deposit, aqueous-carbonic, three-phase inclusions are the
most common. Fig. 4 displays the typical mode of occur-
rence of these inclusions: a longitudinal trail with aque-
ous-carbonic, three-phase inclusions (1) that terminates
within a single crystal. These are probably pseudo-second-
Fig. 4. Fluid-inclusion types from the Cabeça de Negro sparry deposit: (1)
pseudo-secondary aqueous-carbonic inclusions; (2) magnesite inclusion-
free growth band; (3) primary aqueous two-phase fluid inclusions; (4)
translucent, fine, and white, inclusion-free magnesite; (5) fine, white and
translucent, fluid-inclusion free magnesite (modified from Parente et al.,
2004).
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ary inclusions (Roedder, 1984). In the crystal immediately
above, two zones occur: a clear, fluid-inclusion free
growth zone (2) and other zones with aqueous, two-phase
fluid inclusions showing negative crystal shapes with ran-
dom distribution; these are probably primary inclusions
(3). Along the trail in Fig. 4, tiny (<2 lm) cavities occur
(4) transverse to the tabular magnesite crystal. These are
aqueous, one- or two-phase secondary inclusions. A fine,
white, translucent, fluid-inclusion free magnesite also
occurs (5), a product of dynamic recrystallization, proba-
bly linked to the shear zone. Usually there are a few dolo-
mite solid inclusions and no hydrocarbons.
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3.4. Microthermometry on the Riacho Fundo deposit

CO2 melting temperatures in medium-grained magne-
site samples were mainly around �56.6 �C, though some
inclusions display CO2 melting temperatures lower than
�56.6 �C, mostly �59.0 �C. These temperatures suggest
the presence of other volatiles, such as CH4, unfortunately
not detected by Raman analysis (Fig. 5). It was not possi-
ble to observe the temperature of clathrate dissolution and
thus obtain true salinity values for the aqueous phase of
these inclusions. Homogenization temperatures of the
CO2 phase into liquid state ranged 27–28 �C. During heat-
ing, a major proportion of the fluid inclusions decrepitat-
ed. Three fluid inclusions displayed total homogenization
temperature in the range of 350–360 �C, one at 210 �C,
and another at 160 �C.

Traces of CO2 were detected by Raman spectrometry
in some aqueous inclusions, but these inclusions do not
show a visible phase change at �56.6 �C or clathrate for-
mation. Final ice melting temperatures from �3.0 to �5.8
and �12.6 to �15.4 were distributed between two groups
(Table 1) with different salinities: one with nearly 7 wt%
NaCl equiv. (primary aqueous inclusions), and another
with 17.5 wt% NaCl equiv. (secondary aqueous inclu-
sions). Homogenization temperatures (Fig. 6) ranged
from 290 to 360 �C, with a concentration around 340–
360 �C (14 runs out of 32). The arithmetic mean is
353 �C for the high-salinity secondary inclusions and
Fig. 5. Histogram of CO2 melting temperatures. T
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Fig. 6. Histogram of total homogenization into liquid state of the two-
phase aqueous fluid inclusions.

Fig. 7. Homogenization temperature–salinity plot for primary and
secondary two-phase aqueous fluid inclusions from the Riacho Fundo
and the Cabeça de Negro magnesite deposits. Low-salinity inclusions are
interpreted as primary and parallel to the growth zones, whereas the group
with the higher salinity corresponds to inclusions in secondary trails. Some
inclusions were not clearly linked to either growth zones or trails and thus
could not be classified as primary or secondary. Their homogenization
temperature data are included in Fig. 6.
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283 �C for the low-salinity primary inclusions. No good
correlation exists between salinity and homogenization
temperatures for these inclusions. Fig. 7 displays the two
groups of inclusions, separated according to their salinity:
Inclusions with lower salinity and parallel to growth lines
are primary, whereas those with high salinity located in
trails are secondary.

3.5. Microthermometry on the Cabeça de Negro deposit

CO2 melting temperatures are lower than �56.6 �C,
mostly distributed around �57 and �59 �C (Fig. 5). These
temperatures indicate that the carbonic phase is not pure.
CO2-phase homogenization into liquid state ranged from
17 to 29 �C. Clathrate dissolution was easily observed
between 2.0� and 9.5 �C, implying a salinity range from 2
to 6 wt% NaCl equiv. Due to decrepitation, usually
between 310 and 330 �C, only four total homogenization
temperatures were obtained from the aqueous-carbonic
fluid inclusions: three around 242 �C and one at 289 �C.

Similar to the Riacho Fundo deposit, aqueous inclu-
sions can be separated into two groups in relation to their
final ice-melting temperatures: one from �3.0 to �6.6 �C
and another from �12.6 to �14.8 �C (Table 1), which are
also equivalent to two salinity groups: low-salinity primary
inclusions and high-salinity secondary inclusions (Fig. 7).
In the Riacho Fundo deposit, the total homogenization
temperatures of primary inclusions are variable, whereas
the values for secondary inclusions tend to concentrate
near higher values (>300 �C). In the Cabeça de Negro
deposit, homogenization temperatures are the same for
both types of inclusions, with lower values than those
observed in the Riacho Fundo samples. Mean salinity is
8.0 wt% NaCl equiv. for primary inclusions and 18 wt%
NaCl equiv. for secondary inclusions.

4. Discussion and conclusions

The study of fluid inclusions in magnesite is uncommon
because usually inclusions are too small or of secondary nat-
ure. For example, Bone (1983) suggests that temperature is
the major control of two distinctive magnesite morphologies
at Rum Jungle, Australia. Rhombohedral magnesite recrys-
tallized in association with aqueous, saturated fluid inclu-
sions that display homogenization temperatures, mostly
lower than 150 �C. Tabular magnesite, in contrast, formed
by recrystallization at higher temperatures, probably during
late-stage diagenesis of what was likely a primary magnesite.
Fernandez-Nieto et al. (2003) study magnesite in a non-
metamorphic, Late Ordovician dolomite formation in Spain
and exclusively describe aqueous, two-phase fluid inclusions
with no CO2. Homogenization temperatures for these inclu-
sions vary from 100 to 150 �C, with salinities ranging from
18.8 to 22.2 wt% NaCl equiv. in the Mg–Fe carbonates.
Metasomatic hydrothermal replacement of a dolomite
protolith resulted from the interaction between hot (100–
150 �C) and saline (20 wt% NaCl equiv.), iron-rich hydro-
thermal fluids and marine carbonates. Velasco et al. (1987)
study Paleozoic magnesite deposits at Eugui, Spain, and find
two-phase fluid inclusions with liquid hydrocarbon and high
contents of CH4 in a low- to very low-grade metamorphic
setting. Homogenization temperatures ranged between 140
and 300 �C, and the freezing point depression was not
observed. The genetic model proposed by these authors
involved an early Mg concentration (syndiagenetic dolomiti-
zation) during sedimentation and the formation of magne-
site under diagenetic conditions, at low pressure and
temperatures around 150 �C. Fluid inclusion data were com-
patible with low- to very low-grade metamorphic conditions.
Lugli et al. (2002) describe the contribution from sedimen-
tary, hydrothermal, and metasomatic sources to magnesite
from the Upper Triassic Burano evaporites. Aqueous and
saturated fluid inclusions were observed only in hydrother-
mal, vein-filling sparry magnesite, with total homogeniza-
tion temperatures between 120 and 318 �C and salinity
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around 30 wt% NaCl equiv. No CO2 was described. The
presence of micro-inclusions of Ca-bearing minerals was
considered a result of replacement of a dolomite precursor.
Metamorphic reactions were probably the fluid source.

Magnesite-rich marbles result from several periods of
deformation and reequilibration and may contain a wide
range of fluids with different compositions and origins
formed at different times (Guedes et al., 2002). The charac-
teristics of related fluids change over the duration of the
metamorphic event, which involves recrystallization,
renewed dissolution, and/or precipitation of new mineral
assemblages (Winter, 2001). As observed in magnesite from
Orós, primary, pseudo-secondary, and secondary fluid
inclusions represent the only direct, though incomplete,
evidence of these many phases (Roedder, 1984). A pure
limestone (CaCO3), when submitted to metamorphism,
gradually undergoes recrystallization, forming larger cal-
cite crystals in response to rising temperatures and finally
becoming a marble (Miyashiro, 1973). However, magnesite
in siliceous carbonate sediments is completely consumed
during metamorphism. Only if magnesite is present in
excess can it be preserved during higher-grade regional
metamorphism (Winkler, 1979). The distribution, composi-
tion, and physical–chemical characteristics of the aqueous
and aqueous-carbonic inclusions in the studied samples
from the Riacho Fundo and Cabeça de Negro (Fig. 7)
deposits are compatible with the evolution of the metamor-
phic processes on magnesite.

Clear, fluid inclusion-free crystals, such as those in Figs.
2 and 4, usually indicate slow, steady growth conditions
during different processes, such as metamorphic recrystalli-
zation. The presence of remnant, solid dolomite micro-
inclusions, whether associated with CO2, hydrocarbon, or
bitumen or not, results from either replacement or a change
in fluid composition, likely heterogeneous. The preserva-
tion of sedimentary structures such as stromatolites and
bitumen is not uncommon (Dutkiewicz et al., 2003; Munz
et al., 1995), though any high-hydrocarbon organic matter
originally present likely decomposes a few single volatiles
such as CH4 during metamorphism. Overall, the three
major volatiles present in low- to medium-grade metamor-
phic rocks are H2O, CO2, and CH4, in decreasing order of
abundance, but N2 or H2S may also be abundant (Roed-
der, 1984; Winter, 2001).

According to Spear (1993), progressive metamorphism
of the SiO2–CaO–MgO system can generate H2O and
CO2. These fluids, in equilibrium with carbonate rocks
during metamorphism, can be nearly pure or constitute
a mixture of both components in any proportion. In addi-
tion, H2O and CO2-bearing fluids can coexist in different
parts of the same terrain during the same metamorphic
event (Ferry and Burt, 1986). These interpretations reflect
observations of fluid inclusions in magnesite from the
Orós belt.

Data on the distribution of total homogenization tem-
peratures obtained from aqueous inclusions (Figs. 6 and
7) show that temperatures in the Riacho Fundo are higher
than in the Cabeça de Negro ore deposit. This difference
is probably due to the different metamorphic degrees
attained locally for each ore deposit. The vertical correla-
tion observed in primary fluid inclusions from Riacho
Fundo suggests either temperature changes or a pressure
drop. Considering the geological setting of these samples,
it seems reasonable to relate the data to metamorphic
heating and subsequent fluid devolatilization, reequilibra-
tion, dissolution, and/or precipitation related to the meta-
morphic process. Likewise, the increasing homogenization
temperatures and salinity observed from the aqueous pri-
mary to the secondary inclusions (Fig. 7), and subse-
quently the CO2 appearance, are consistent with a
change from low to high metamorphic grade (Roedder,
1984).

If the pressure estimated by Parente (1995) is taken into
account, using information from Roedder (1984, p. 262),
homogenization temperatures of the aqueous inclusions
should be corrected by adding at least 170 �C, yielding data
compatible with greenschist to amphibolite facies, as well
as consistent with data from Sá (1991).

Sometimes aqueous-carbonic inclusions with lower CO2

melting temperatures (e.g. �60 and �59 �C) are locally
associated with solid accidental dolomite inclusions and
organic material (bitumen?). According to Tucker (1991),
there is a color change toward black during methane
(CH4) generation with increasing temperature and organic
metamorphic grade. In this case, it seems reasonable to
suppose that the aqueous-carbonic fluid inclusions could
have been contaminated by methane during metamor-
phism, which would explain the irregular distribution of
pure and volatile-rich CO2 inclusions verified during mic-
rothermometric runs.

The presence of organic matter-bearing inclusions,
probably hydrocarbon metamorphosed to bitumen, rein-
forces the syngenetic sedimentary genetic model in a mar-
ine evaporitic context, as proposed by Parente et al.
(1998a,b, 2004). Dutkiewicz et al. (2003) note that in a suit-
able geological environment, relicts of aromatic com-
pounds and bitumen, formed at low temperatures early in
the burial history, can survive temperatures of up to
350 �C. Homogenization temperatures between 170 and
370 �C relate to the metamorphic process that recrystal-
lized the primary sedimentary magnesite.

Nevertheless, the identification of volatiles such as CH4

by Raman spectrometry in aqueous carbonic inclusions
remains problematic. This limitation is probably due to
the small number of analyzed fluid inclusions.
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