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ADULARIA ASSOCIATED WITH EPITHERMAL GOLD VEINS IN THE TAPAJÓS
MINERAL PROVINCE, PARÁ STATE, NORTHERN BRAZIL.

ANA M. DREHER*, SILVIO R. F. VLACH** & SÉRGIO L. MARTINI*

RESUMO ADULÁRIA ASSOCIADA A VEIOS EPITERMAIS DA PROVÍNCIA AURÍFERA DO TAPAJÓS, PARÁ, BRASIL. O feldspato
potássico da variedade adularia foi encontrado nos prospectos de ouro primário do Davi e do Joel, situados na área da Província Mineral do
Tapajós, sudoeste do Pará. Em ambas as ocorrências, a adularia preenche fraturas e cavidades intimamente associadas aos veios de quartzo
mineralizados, tendo como encaixantes rochas subvulcânicas máficas proterozóicas hidrotermalmente alteradas. A adularia constitui cristais
pequenos (l -4 mm), vermelhos ou róseos, de morfologia pseudo-ortorrômbica, tendo-se identificado o hábito Felsöbanya em cristais da localidade
do Joel. Análises de microssonda mostram que a adularia tem composição muito pura e próxima ao termo extremo KalSi3O8. Dados de difração
de raios-X indicam que o feldspato corresponde a tipo dominantemente triclínico com estado estrutural próximo ao do microclínio máximo. Este
alto grau de ordenamento é relativamente raro em adularia e pode ser atribuído à ação extensiva de fluidos tardios sobre cristais originalmente
metaestáveis e desordenados, cuja forma monoclínica primitiva permanece ainda preservada. O estudo de inclusões fluidas em cristais de quartzo
adjacentes a adularia mostra que os feldpatos formaram-se sob temperaturas de 240° - 320°C no Davi e de 220° -340°C no Joel. Os fluidos
aprisionados são isentos ou muito pobres em CO2 de modo geral pouco salinos. Os valores médios de salinidade são de 1,15 para o Davi e 0,43
para o Joel, excepcionalmente atingindo teores de até 11 eq. % em peso NaCl. Utilizando a presença da própria adularia como indicativa de
ebulição, é possível estimar uma profundidade de até l ,5 km para a formação da adularia e dos veios de quartzo associados. A presença de adularia
nos prospectos do Davi e Joel traz um importante reforço para a definição da tipologia do ouro do Tapajós, já que este feldspato constitui-se num
mineral típico dos depósitos epitermais da categoria adulária-sericita. A natureza epitermal dessas ocorrências pode também ser atestada por
outras feições, como por exemplo o caráter não-metamórfico das encaixantes dos veios e seu padrão de alteração hidrotermal; as texturas de
preenchimento de espaços abertos dos veios e a assembléia de minerais presentes; e a natureza rúptil da deformação impressa nos veios e
encaixantes. A composição dos fluidos em inclusões situa-se igualmente dentro dos limites admitidos para depósitos epitermais a adulária-sericita.
As temperaturas de formação dos veios de quartzo e adularia, por sua vez, pertencem a uma faixa de temperaturas elevadas em depósitos
epitermais, sugerindo que os prospectos do Davi e Joel correspondam a exposições de partes profundas e de mais alta temperatura dos respectivos
sistemas hidrotermais. Dois outros aspectos merecem ênfase em relação à definição de uma tipologia epitermal para a região do Tapajós. A idade
proterozóica é excepcionalmente antiga para este tipo de depósito, já que a maioria dos representantes no mundo são cenozóicos. Além disso, a
definição é interessante para prospecção pois o tipo tem potencial para gerar bulk deposits de grande tonelagem.
Palavras-chave: adularia, Província Mineral do Tapajós, ouro, tipologia, epitermal, depósitos a adulária-sericita.
ABSTRACT The potassium feldspar variety adularia was found in the Davi and Joel primary gold prospects located in the Tapajós Mineral
Province, southwestern Pará State, Brazil. In both areas adularia occupies fractures and vugs intimately associated with mineralized quartz veins
hosted by hydrothermally altered Proterozoic subvolcanic mafic rocks. Adularia constitutes small (1-4 mm) red to pink crystals of
pseudo-orthorhombic form. The Felsöbanya habit was identified in specimens from the Joel prospect. Microprobe analyses show that adularia
has a composition near to pure KalSi3O8. X-ray diffraction data indicate that the feldspars correspond to predominantly triclinic types with
structural state near that of maximum microcline. This high degree of ordering is relatively rare in adularia and may be attributed to the extensive
action of late fluids over originally metastable, disordered crystals whose primitive monoclinic form is still preserved. Fluid inclusion studies in
quartz crystals adjacent to adularia show that the feldspar formed under temperatures of 240° -320°C at Davi and 220° - 340°C at Joel. The trapped
fluids are poor in or devoid of CO2. Fluid salinity was low, averaging 1.15 at Davi and 0.43 at Joel, attaining exceptionally values up to 11 wt.%
NaCl equivalent. Considering that the presence of adularia is indicative of boiling, it is possible to estimate a maximum depth of 1.5 km for the
formation of adularia and the associated quartz veins. The presence of adularia in the Davi and Joel prospects is important in the definition of
the typology of primary gold of the Tapajós Province as this feldspar is a typical mineral of epithermal deposits of the adularia-sericite category.
Other features also point to the epithermal nature of the mentioned occurrences. These include the non-metamorphic character of the host rocks
and their hydrothermal alteration pattern; the open-space filling textures of the veins and their mineral assemblage; and the brittle nature of the
deformation imprinted in both veins and wallrocks. The composition of fluids in inclusions also lies within the limits admitted for adularia-sericite
epithermal deposits. The temperatures of formation of the adularia and quartz veins, in turn, belong to a high temperature rank in epithermal
deposits, suggesting that the Davi and Joel prospects correpond to exposures of the deeper, higher temperature sectors of their original
hydrothermal systems. Two other aspects should be emphasized concerning the definition of an epithermal typology for gold occurrences in the
Tapajós region. The Proterozoic age is an unusually old one for this type of deposit, as the majority of their representatives in the world are
Cenozoic; and the definition is interesting for gold exploration in connection with the potential for bulk-tonnage deposits.
Keywords: adularia, Tapajós Mineral Province, gold, typology, epithermal, adularia-sericite deposits.

INTRODUCTION Adularia is a variety of potassium feldspar
characterized by a pseudo-orthorhombic crystal form that occurs typi-
cally in low-temperature, hydrothermal environments (Smith 1974a).
Adularia is also known for the wide range of its optical and structural
properties, occasionally even in a single crystal. Its structural state may
vary from close to ordered maximum microcline to extremely disor-
dered high sanidine. Such diversity is dependent on the conditions of
crystallization and the thermal history following the crystallization of
the mineral (Czerný and Chapman 1984,1986)

One of the most common and at the same time most important
references to adularia is found in connection with epithermal precious-
and base-metal deposits, where the mineral occurs as a typical and
distinctive gangue phase of the so-called adularia-sericite deposit type
of Heald et al. (1987). In the other category of epithermal deposit
known as the acid-sulfate type, adularia is systematically absent

During recent geological fieldwork in the Tapajós Gold Province,
in southwestern Pará State, adularia was found in two primary gold
occurrences, namely the Davi and the Joel mining prospects. At both
sites, adularia occurs in fractures and late-stage cavities hosted by
hydrothermally altered mafic rocks and intimately associated to min-
eralized quartz veins. Other features exhibited by the gold-bearing
veins and their wallrocks strongly suggest that these occurrences are
epithermal in origin.

In addition to describing the Davi and Joel occurrences, this paper
presents the results of detailed studies, carried out on selected samples
of adularia that led to its identification and characterization in the two
above-mentioned prospects. These studies are based on morphologi-
cal, microprobe, X-ray and fluid inclusion data. The genesis of adularia
is discussed, and its significance in the definition of the typology of
gold deposits of the Tapajós Gold Province is emphasized.

Analytical Procedures Several adularia-bearing rock and vein
samples collected in the Davi and Joel prospects were examined with
the aid of a stereo microscope and also in thin sections under a
petrographic microscope. The three most representative adularia vein
samples were chosen for detailed microprobe, X-ray and fluid inclu-
sion studies.

Microprobe analyses were carried out on polished thin sections at
the Institute of Geosciences of the University of São Paulo. A com-
bined Jeol-JXA8600S / Noran-TN-5600 system was used, operating
under 15 kV and 20 nA, with a defocused 10 nm electronic beam.
Maximum counting integration times were 20 s for the major elements,
30 s for Na and 60 s for the remaining elements. Natural Asbestos
microcline (Si Kα, Al Kα, K Kα), Amelia albite (Na Kα), barite
(Ba Lα), paracelsian (Cs Lα), and synthetic hematite (Fe Kα)
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and anorthite (Ca Kα, Sr Lα) were used as standards. A Proza
matrix correction and data reduction program (e.g. Bastin et
al. 1984) provided by Noran was applied.

X-ray powder data were collected on a Phillips PW-1710 automated
diffraction system at the Polytechnic School of the University of São
Paulo. Samples were scanned from 10° to 80° (2θ) in 0.005° steps with
counting times of 1 s/step using monochromated CuKα radiation.
Metallic Si (a0= 5.43083 Å) admixtured during sample pulverization
was used as an internal standard in order to correct for equipment drift.
The corrected data patterns were indexed following data of Borg and
Smith (1969). Unit cell parameters were refined using the least squares
procedure of Burnham (1962) considering about 30 peaks for each
sample.

Fluid inclusion data were obtained on double polished thin sections
using Linkam TMSG-600 and Chaixmeca MTM-85 heating-freezing
stages at the Institute of Geosciences of the University of Campinas.
A total of 68 measurements were made on quartz crystals adjacent to
adularia. Synthetic inclusions manufactured by Synflinc were chosen
for standards. No error was detected for ice melting experiments but
homogenization temperature measurements showed deviations of
±5°C above 100°C. Fluid salinities were obtained from freezing point
depression data using the tables of Bodnar (1993).

BRIEF GEOLOGY OF THE TAPAJÓS GOLD PROVINCE
The Tapajós Gold Province is located in the southwestern part of Pará
State, northern Brazil and comprises an area of about 90.000 km2. It
occupies the central portion of the southern half of the Amazon Craton,
which obtained stability by the end of the Lower Proterozoic (Schob-
benhaus et al. 1984).

The region is underlain by Precambrian rocks (Santos and Loguer-
cio 1984, Faraco et al. 1996), which can be conveniently divided into
three general age units (Fig. 1). The oldest one consists of Archean (?)
to Lower Proterozoic Cuiú-Cuiú gneisses and Parauari granitoids with
subordinated greenstones and unmetamorphosed Ingarana mafic intru-
sive bodies. The other unit comprises Middle Proterozoic, dominantly
felsic eruptives and related granites, historically ascribed to the
Uatumã Supergroup. The third and youngest unit is made up of a
Middle to Upper Proterozoic sedimentary sequence with localized
dolerite sills.

THE ADULARIA OCCURRENCES The Davi prospect lies in
the Bom Jardim River basin, located in the lower valley of the Crepori
River, near the center of the Tapajós Province (Fig. 1). Approximate
coordinates are 05° 46' 50" S and 57° 01' 05" W. Adularia found at
Davi comes from 20 m deep underground workings following a
gold-bearing quartz vein. The vein is hosted by mafic rocks ascribed
to the above-mentioned Ingarana unit, of Lower Proterozoic age
(Faraco et al. 1996). There are granitoids exposed near the prospect,
probably belonging to the Parauari suite, of Lower Proterozoic age as
well.

Material found in the surface workings of the Davi prospect include
mafic saprolites with preserved slickensides. Fresh rocks exposed
underground are petrographically characterized as quartz-diabases and
granophyric gabbros (Martini and Dreher 1996a) that belong to a
shallow, probably dike-like intrusion. These rocks, though fractured
and hydrothermally altered, are unmetamorphosed and in general
alteration has not been sufficiently strong to erase igneous textures.
Alteration comprises an assemblage of secondary minerals such as
chlorite, sericite, carbonate, epidote, leucoxene and pyrite, and may be
characterized as propyllitic.

Near the vein there is an alteration envelope, usually less than a few
meters thick, where the mafic protolith loses its original texture and
displays white calcite-rich patches, as well as veinlets and irregular
zones with reddish feldspar, including adularia and hematite-stained
albite. Rocks displaying the most intense alteration and strongest
cataclastic deformation in the envelope are either quartz-sericitic or
black rock types composed of chlorite, prehnite, albite, calcite, epidote
and sulfides.

The mineralized quartz vein strikes N 45° E and dips 70° SE. It is
up to half a meter thick and shows pinch out and disrupted portions in
both cross and longitudinal sections. The vein itself is an aggregate of
milky, comb-textured quartz affected by repeated cataclasis and brec-
ciation. Pyrite makes up to 10-15% of the vein, occurring in patches,
bands or disseminations. Galena, chalcopyrite, bornite and sphalerite
are present in lesser amount. Late calcite and prehnite veins are also
present. Adularia consitutes narrow veinlets (Fig. 2A), which usually
follow the contact between the quartz vein and the alteration envelope.

The Joel prospect is located about 12 km east of the Creporizão
village (Fig. 1), on the Transgarimpeira road. Local coordinates are 06°
50' 25" S and 56° 44' 05" W. Adularia specimens collected in this
prospect were also obtained from underground workings, more pre-
cisely from a narrow dike of diabase which hosts small gold-bearing
quartz veins and is worked to a depth of about 10 meters.

The dike is vertical, about 1 meter thick and strikes N 50° E. The
wallrock is a pink granite with subhorizontal friction striae along the
contacts. As in the case of the Davi prospect, both dike and granite
wallrocks are probably of Lower Proterozoic age.

Wherever fresh ou weakly altered, the diabase is clearly non-foli-
ated and distinctly porphyritic, showing white laths of labradoritic
plagioclase up to 1 cm in length, set in a black aphanitic mesostasis.
The alteration, also considered of propyllitic nature, affects mostly the
rock matrix and comprises chlorite, calcite, sericite, green biotite,
epidote and actinolite.

Where more strongly altered, the diabase loses its porphyritic
appearance, acquires a greenish tint and develops a brecciated and
somewhat foliated structure. Its composition is dominated by sericite
and chlorite with lesser epidote and leucoxene. Phenocrysts are frag-
mented and completely serialized, being observed only under the
microscope. Sulfides like pyrite, sphalerite, chalcopyrite and galena
occur disseminated in places. More commonly, however, they are
concentrated in narrow veins and veinlets of deformed quartz. Gold
and silver occur both free and in association with the sulfides, accord-
ing to Bastos Leal and Tassinari (1994). Adularia in turn occurs in
aggregates of idiomorphic crystals, which along with quartz, occupies
late-stage fractures and centimetric drusy cavities observed in miner-
alized and more strongly altered portions of the diabase (Figs. 2B and
2C).
MORPHOLOGY AND OPTICAL FEATURES The adularia
found at the Davi prospect is red to dark red in colour and constitutes
veinlets a millimeter or so across that commonly follow the contacts
between the mineralized quartz vein and its mafic wallrock (Fig. 2A).
Adularia in these veinlets is in places associated with albite and is
altered to prehnite, calcite and chlorite. It also displays a turbid
appearance caused by strong impregnation by hematite and clay min-
erals. Adularia crystals are very small, attaining 1 mm in size at most.

The fine grain size and the strong alteration preclude precise identi-
fication of crystal forms in hand specimen. In thin section, however,
perfectly rhombic sections, characteristic of adularia, can be recog-
nized in crystals that grow towards the center of cavities (Fig. 2D).
Other features observed under the microscope are the irregular extinc-
tion pattern, more clearly perceived in larger crystals, and tiny areas
within the adularia crystals showing microcline-like cross-hatching.

The adularia of the Joel prospect is salmon pink to light pink in
colour. It constitutes well developed crystals, euhedral to subhedral in
shape and up to 4 millimeters across, which occupies along with quartz
fractures and vugs in the more altered and shattered zones of the host
diabase (Fig. 2B). Epidote, violet-blue fluorite, calcite and sulfides are
occasionally associated with adularia.

Inside the vugs it is possible to identify rhombohedric or pseudo-
orthorhombic crystals of the so-called Felsöbanya type (Figs. 2C and
3), one of the characteristic habits of adularia and formerly considered
as a typical morphology in occurrences associated with ore deposits
(Kalb 1924, apud Smith 1974b). Under the microscope the mineral
exhibits an apparently triclinic symmetry, is B(-) with a moderate 2V.
Its alteration to chlorite, epidote, carbonate and argillic-ferruginous
material is weaker than that of the Davi prospect. Moreover, adularia
from Joel displays internal crystal textures similar to but more con-
spicuous than those present in the Davi adularia, including microcline-
like cross-hatched domains and different sectors showing varying
extinction angles within the same crystal section (Figs. 2E and F).
CHEMICAL COMPOSITION Representative microprobe point
analyses results for the Davi and Joel adularia samples are displayed
in Table 1. The composition of all samples is in general quite close to
the ideal potassium feldspar end-member, with very low contents of
non-essential elements, a feature considered typical of adularia (Deer
etal. 197l.Czerný and Chapman 1984). BaO contents (0.10-0.50 wt.
%) are those expected for this mineral species. Ca, Sr and Cs are all
very near their detection limits (300 - 500 ppm) and Rb was not
detected in any of the samples even in careful wavelength scans. The
high stoichiometry of the adularia chemistry also precludes any major
contribution of other anions or aqueous, NH4 or B species that could
enter alkaline-feldspar structure and cause changes in the unit cell
dimensions (Kroll and Ribbe 1983, Czerný and Chapman 1984). The
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Figure 1 - Geology of the Tapajós Mineral Province showing location of the Davi and Joel prospect areas. Adapted from Schobbenhaus et al.
(1984) and Faraco et al. (1996).

Al/(K+Na+Ba) atomic ratios of all analyses are almost ideal and add
to exactly 1, except in the case of Ad-1.1, which has a slightly
metaluminous character.

Fe and Na contents are the only contrasting features observed
between the Davi and Joel adularia compositions. Samples from Davi
(Ad-1, see Table 1) are somewhat Fe-richer and Na-poorer, showing
molecular Or > 98. The Joel feldspars (Ad-2 and Ad-3) show very low
or undetected Fe contents and lower Or proportions, within the range
of 93-97. The Fe-rich nature of the Davi adularia correlates with the
strong iron staining pointed out previously, a feature that probably
resulted from interaction with late iron-rich, oxidizing fluids.

STRUCTURAL STATE Representative partial X-ray diffraction
patterns of the sampled adularia from the Tapajós region are presented
in figure 4. The well defined ( 1 3 1 )  and ( 1 3 1 )  diffraction peaks
exhibited by the three samples clearly indicate a predominantly triclinic
feldspar symetry. Sample Ad-1 has a typical homogeneous maximum

microcline pattern, with a triclinicity (A = 12.5*(d| 3, -d] 3,) close to
1.0, as defined by Goldsmith and Laves (1954). Samples_Ad-2 and
Ad-3 have instead broadened and less intense (131) and (131) peaks,
with a lower mean triclinicity of about 0.75-0.85. This indicates the
predominance of non-homogeneous, triclinic feldspars but the pres-
ence of minor monoclinic domains within them can not be ruled out.
A well established method for alkali feldspar structural state analy-
sis takes into account the Al-Si atomic distributions within the non-
equivalent T1O, T2O, Tjm and T2m tetrahedral sites, which build the
four-membered TO4 rings of a triclinic feldspar framework (e.g. Blasi
and Blasi 1994). Completely disordered structures have Al and Si
equally distributed on the T sites, as for high sanidine. Ordering
promotes the preferential migration of Al and Si to the T1 and T2 sites,
respectively, because the former are more closely bonded to the large
(K, Na) sites. T1 and T2 sites are equivalent in their respective Al and
Si average content in monoclinic feldspar and orthoclase has all Al
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Figure 2 - Photographs and photomicrographs of adularia from the Tapajós region. (A) Veinlets of adularia (light grey) lining a small quartz
vein from the Davi prospect. Scale bar is 1 cm long. (B) Altered diabase (dark grey) containing veins and vuggy cavities infilled with adularia
and quartz (light grey). Samples from the Joel prospect. (C) Coarse adularia crystals in a cavity showing the typical pseudo-orthorhombic
crystal form known as the Felsöbanya-type morphology. Sample from the Joel prospect. Scale is 1 cm long. (D) Rhombic crystals of adularia
(ad) projecting into a cavity formed in the core of a veinlet. Adularia is dark due to strong hematite staining. The inner part of the cavity is filled
with prehnite (pr). Sample from the Davi prospect. Plane-polarized light. Scale is 1 mm long.(E) Aggregate of idiomorphic quartz (qz) and
adularia (ad) crystals grown between fragments of strongly altered diabase. Sample from the Joel prospect. Crossed polarizers. Scale is 1 mm
long. (F) Large adularia (ad) crystals showing complex extinction and twinning patterns. Sample from the Joel prospect. Crossed polarizers.
Scale is 1 mm long.

within the T1 sites. Further ordering promotes the differentiation of the
T1 sites into T1O and T1m, with the Al atoms in this case migrating
preferentially to T1O, and the structure becoming triclinic. Maximum
ordering is attained when Al is fully within T1O, and the other T sites
containing only Si atoms, as for maximum microcline.

The average Al occupancies (t,o, t,m) of the T1O and T,m sites are
thus a good measure of the ordering state of a potassium feldspar
structure. These parameters were computed for the Tapajós adularia
samples on the basis of a triclinic unit cell refined dimensions, using
both the b - c and y*- α* plots and the equations derived by Kroll and
Ribbe (1983). The results are presented in table 2 and figure 5.

In all the three adularia samples Al atoms are highly ordered into
the T1O sites. Sample Ad-1 from the Davi area (Table 2), with the most
homogeneous triclinic diffraction pattern, has t1O very close to the
maximum value permitted which is 1. Samples Ad-2 and Ad-3 from
Joel present values of 0.94 and 0.96, respectively. These numbers are
somewhat lower than those of Ad-1, but even so within the range of
highly ordered structures.

Samples Ad-2 and Ad-3 plot both near the maximum microcline
corner (MM) of the b-c quadrilateral, respectively in and outside de
limiting line (Fig. 5). The Davi sample Ad-1, on the other hand, is
somewhat atypical for an Or-rich feldspar as there is a large departure
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towards more Ab-rich compositions in that diagram. This can result
from both chemical and strain effects.

The diffractometric and chemical data herein presented do no
support a significant Na+ content in sample Ad-1. Besides Na+ substi-
tuting for K+ within the alkali-feldspar series, B3+ substituting for A13+

into tetrahedral sites is the only known element that could result in such
a departure, as experimentally demonstrated for high sanidine (see
Smith 1974a and references therein), but again there is not a major
evidence for that. Microprobe results show very stoichiometric atomic
proportions as stated in the previous section. Only one analytical point
(sample Ad-1.1, Table 1) depicts a significant but very low Al defi-
ciency, which should be attributed to analytical deviations rather than
to a significant B3+ content.

Disregarding compositional effects, the observed deviations should
be related to some sort of contrasting strain state. The possible effects
of strain on the feldspar lattice of the Tapajós samples can be analyzed
by computing the "Strain Index" (SI, %) defined by Kroll and Ribbe
(1987) on the basis of the a, b and c cell dimensions. Unstrained
alkali-feldspars have SI close to 0, while strained Or-rich feldspars
have SI>0 and strained Ab-rich ones have SI<0. Despite being very
rich in the Or end member, the relatively Na-richer samples from the
Joel prospect have a low SI value of about -3 (sample Ad-2) and a high
value of about -7 percent (sample Ad-3), the latter plotting outside the
b-c quadrilateral limits (Fig. 5). The Davi sample (Ad-1) shows a
contrasting positive but low SI value of about +3 percent. Most of the
strain evaluation methods like the one applied here have inherent
limitations as extensively discussed by Kroll and Ribbe (1987) and
Blasi and Blasi (1994). Despite this, it is suggested that contrasting
strain should be the major factor on the observed lattice parameter
deviations. It should be also added that wether such a difference could
explain or not the large deviation of the Davi sample is a theme beyond
the scope of the present study.

The data above indicative of a near maximum microcline structural
state for the adularia of the two Tapajós prospects differ from data
obtained in the majority of the studies carried out to date (e.g. Gubser
and Laves 1967, Czerný and Chapman 1984). These studies show that
most examined adularia have disordered monoclinic or low- to mod-
erately-ordered triclinic structures. Data for selected samples from
some well-known hydrothermal vein deposits examined by Czerný
and Chapman (1986) and Dong and Morrison (1995) are also plotted
in figure 5 for comparison. They indicate clearly that adularia spans a
wide range of structural states covering from disordered to maximum
ordered end-members. Strongly ordered triclinic varieties as in the case
of Tapajós are relatively rare but have been found in quartz veins from
the tungsten deposit of Xihuashan, China, and in amygdules in basalts
form the locality of Kearsarge in the Michigan Copper District, USA.

FLUID INCLUSION DATA Fluid inclusions were analized in
order to determine temperatures and composition of fluids as well as

FELSÖBANYA ZILLERTAL
Figure 3 - The "Felsöbanya " and "Zillertal" types of crystal morphol-
ogy characteristic ofadularia (extracted from Smith 1974b).

to estimate the depth-pressure range for the growth of the adularia
veins. All measurements were obtained from quartz crystals adjacent
to adularia.

The least deformed quartz crystals were selected among samples
available from the Davi workings. Although the crystals always exhibit
a small degree of deformation, some contain inclusions of appropriate
size (5 to 25 µm) to the experiments that can be recognized as primary
and pseudosecondary, following criteria of Roedder (1984). They are
two-phase (water-vapour), mostly liquid-rich inclusions that occur in
clusters and along planes of healed microfractures. Some vapour-rich
inclusions were also found coexisting with liquid-rich inclusions in
one of the clusters. According to Bodnar et al. (1985), this feature may
indicate entrapment from boiling fluids.

Liquid-rich inclusions from the Davi prospect homogenized over
the range of 240° to 320°C (Fig. 6a). The vapour-rich inclusions
decrepitated on heating. Secondary inclusions were not analyzed due
to their extremely small size. During freezing experiments, neither
melting of solid CO2 nor nucleation of CO2 clathrates were observed.
Freezing point depression measurements indicated the presence of
dilute fluids with very low salinity, ranging from 0.35 to 5.71 wt. %
NaCl eq., and averaging 1.15 wt. % NaCl eq.(Fig. 6b).

From the Joel area, perfectly idiomorphic and undeformed quartz
crystals occurring along with adularia in cavities were selected. These
crystals display two-phase (water-vapour), liquid-rich inclusions up to
10-15 urn in size. Most of them are primary, growth-zone inclusions
that showed homogenization temperatures of 220° to 340°C (Fig. 6a).
CO2 was also not detected in the trapped fluids. The majority of the
salinity values were found to be lower than at Davi, varying from 0.18
to 1.40 wt. % NaCl eq. with an average of 0.43 wt. % NaCl eq. Some
salinity results obtained from pseudosecondary inclusions were higher,
attaining 9 - 11 wt. % NaCl eq. (Fig. 6b).

As mentioned, vapour-rich inclusions found associated with liquid-
rich inclusions in one of the Davi samples are suggestive of boiling.
However, it is not a widespread characteristic and cannot be considered
as a definitive proof of boiling. Taking into account that the occurrence
of adularia as an open space filling is admitted as a mineralogical
indicator of boiling (Browne 1978, Henley 1985), the homogenization
temperatures indicated above can be considered identical to the trap-
ping temperatures and do not require pressure correction. Conse-
quently, the hydrostatic pressure and the related depth of deposition
can be estimated directly from the diagram for boiling solutions
containing water and 0 to 5 wt. % NaCl of Haas (1971). Taking the
temperature bracket of 230° to 330°C, an interval of 30 to 120 bars for
the hydrostatic pressure is obtained. This is consistent with a depth of
400 to 1,500 m for the formation of the adularia veins of the Davi and
Joel prospects. However, it should be noted that the presence of small
amounts of dissolved CO2 in the fluid, not usually detected by normal
microthermometric studies (Bodnar et al. 1985), may affect these
values, by lowering salinity and also increasing the depth-pressure
estimates presented above.

COMMENTS ON THE ORIGIN OF ADULARIA Perfectly
rhombic sections are identified in adularia of the Davi prospect, and
feldspars with the crystal habit known as Felsobanya are observed in
cavities of samples from the Joel area (Figs. 2C and 2D). These are
morphological features that Czerný and Chapman (1986) consider
typical of monoclinic adularia. Internal optical features in crystals such
as variable or sector extinction patterns would also be indicative of
crystallization in a disordered state, according to Akizuki and Suna-
gawa (1978).

Table l - Representative microprobe analyses of adularia from the
Tapajós region. Ad-1 = red adularia samples from Davi; Ad2 - pink
adulana samples from Joel; Ad-3 = salmon pink adulana samples
from Joel.
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Figure 4 - X-ray partial diffraction pattern showing the 1 3 1 + 1 3 1
peak configurations of representative samples of adularia from the
Tapajós region. Ad-1 = red adularia from the Davi prospect, Ad-2 =
pink sample from Joel, Ad-3 = salmon pink adularia from Joel.

Table 2 - Unit-cell lattice parameters, regression errors andAl occu-
pancies (tjo) within TjO sites of adularia from the Tapajós region
Samples Ad-1, -2, -3 as in figure 4. Al occupancies computed from
equations of Kroll and Ribbe (1983).

  

12.92     12.94     12.96     12.98     13.00     13.02     13.04
b

Figure 5 - Plot of b versus c lattice parameters for the topologically
triclinic K-feldspar region: maximum microcline (MM) and high-
sanidine (HS) end members are from Kroll and Ribbe (1983). Repre-
sentative samples Ad-1, -2 and -3 as in Figure 4 plotted as filled circles
with bars for regression errors. Empty circles are for adularia from
some well known hydrothermal vein deposits studied by Czerný and
Chapman (1986). Dotted area encompasses data for a large number
of adularia samples from Queensland, Australia, examined by Dong
and Morrison (1995).

However, the diffractometric data demonstrate that the adularia
specimens here investigated are structurally ordered, displaying unit
cell dimensions similar to those of maximum microcline. This is
interpreted (e.g. Gubser and Laves 1967) as a result of metastable
crystallization of a disordered, monoclinic feldspar followed by a
process of ordering controlled mainly by the thermal regime after
crystallization. The alternative hypothesis of the direct crystallization
of adularia as a triclinic phase is unsustainable in view of the evidence
of preservation of morphological monoclinic features in the feldspars
of Tapajós.

A high rate of nucleation and crystal growth under low temperatures
is the most accepted explanation for the generation of a metastable
feldspar, according to Laves (1952) and Dong and Morrison (1995).
This could be achieved by means of a sudden decompression of fluids,
triggered perhaps by tectonic activity or hydraulic fracturing with
formation of breccias, fractures and cavities in rocks. Decompression
in hydrothermal systems is usually accompanied by boiling, and this
mechanism is frequently referred to as one of the most important and
efficient processes in the deposition not only of adularia and other
gangue minerals but of the ore as well (Henley 1985).

Adiabatic boiling induces fast cooling of the fluid due to vapour
escape from the fluid. The chemical changes the fluid undergoes
include a raise in pH caused by the partitioning of volatiles preferen-
tially into the steam phase and an increase in concentration of non-
volatile constituents that remain in the liquid phase as a result of the
separation of steam (Fournier 1985). These factors promote supersatu-
ration, which results in the sudden precipitation of silica, sulfides and
precious metals, along with metastable potassium-rich feldspar, pref-
erentially in fractures and as filling material between breccia frag-
ments.

200 250 300 350

Temperature of Homogenization (°C)

B

Salinity (wt.% NaCI eq.)
Figure 6 - (A) Temperature of homogenization and (B) salinity data
for fluid inclusions in quartz adjacent to adularia from the Davi and
Joel prospects.

The advanced degree of ordering attained by the adularia of the
Tapajós region after crystallization probably bears some relation with
an extensive action of late fluids. This is supported by studies of Czerný
and Chapman (1986) at various hydrothermal settings, which indicate
that the most ordered varieties of adularia are invariably altered and
substituted by secondary minerals. The action of late fluids on feld-
spars of the occurrences of the Tapajós region is unequivocal and
particularly intense in the case of the Davi prospect. It may be verified
through the substitution of feldspar by chlorite, calcite, epidote,
prehnite and ferruginous-clayey material.

IMPLICATIONS FOR GOLD METALLOGENY IN THE TA-
PAJÓS PROVINCE Primary gold of the Tapajós Province occurs
generally in quartz veins, although disseminations and stockworks
have also been reported (Faraco et al. 1996). Wallrocks are mainly
gneisses and Lower Proterozoic granites but gold showings hosted by
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Middle Proterozoic volcanic rocks and associated granites are also
quite widespread. An epithermal / epizonal model (Martini and Dreher
1996a, b) with deposits genetically related to the younger granites has
been suggested for the bulk of the mineralization (Robert 1996). The
model would apply to typical volcanic-hosted epithermal veins as well
as to veins occurring in the older granites and gneisses, already raised
to epizonal conditions by the time of gold mineralization. It would also
include possible porphyry-type occurrences located inside the gold-re-
lated intrusions (Coutinho et al. 1997). Mesothermal veins associated
with ductile deformation have been considered uncommon in the
Tapajós region (Robert 1996, Santos 1996, 1997). Gold occurrences
in quartz veins hosted by mafic rocks such as those of the Davi and
Joel prospects have generally been compared with mesothermal veins
(Bastos Leal and Tassinari 1994, Coutinho 1996). Santos et al. (1997),
in turn, using a Pb/Pb age of 1.83 Ga obtained from sulfides, relate the
mineralization at Davi to the regional heating associated with the
Middle Proterozoic magmatism.

The presence of adularia in gold occurrences of the Tapajós region,
previously suggested in a report on the Davi prospect (Martini and
Dreher 1996a) and confirmed in the present work, represents an
important contribution towards a more precise definition of the typo-
logy of gold deposits of this mineral province. In fact, adularia consti-
tutes a critical and characteristic mineral of veins of the so-called
adularia-sericite epithermal category of Heald et al. (1987), also re-
ferred to as low sulfidation type deposits by Sillitoe (1993). In the
alternative acid-sulfate, or high sulfidation group of epithermal depos-
its adularia is always absent.

In adularia-sericite gold deposits, adularia occurs typically in vein-
lets and cavities associated with the mineralized quartz veins, a char-
acteristic identified in the Davi and Joel prospects. Other minerals
present such as sphalerite, galena, calcite, epidote, chlorite, prehnite,
albite and fluorite are also more frequently found in adularia-sericite
than in acid-sulfate deposits. At Joel, the wallrock alteration is in
accordance with the pattern indicated by Heald et al. (1987), showing
a zone of intense sericitization adjacent to the veins, which grades
outwards to a propyllitic zone. The Davi prospect exhibits a more
complex picture, involving albitized portions and calcite plus prehnite
veinlet zones near the vein, which nevertheless is also represented in
epithermal deposits of the adularia-sericite type (Siems 1991).

Other aspects formerly mentioned in this text reinforce the charac-
terization of the epithermal nature of the two gold occurrences under
scope. These aspects include the shallow emplacement of the veins, as
indicated by the open-space filling textures of the quartz-adularia
veins; the non-metamorphic nature of the vein wallrocks; and the
evidence of brittle deformation as expressed by friction striae and
strong fracturing and brecciation exhibited by wallrocks and or min-
eralized veins.

Fluid inclusions data, although restricted to inclusions in quartz
adjacent to adularia, show that the trapped fluids are either CO2-free
or possibly contain only small amounts of CO2. This is in agreement
with the characteristics of fluid inclusions from epithermal environ-

ments (Bodnar et al. 1985). The salinity values were found to be low
in general, averaging 1.15 wt. % NaCl eq. for Davi and 0.43 wt. %
NaCl eq. for Joel, with exceptional values of up to 9-11 % NaCl. These
numbers are within the range of 0 to 13 wt. % NaCl eq. of composition
of epithermal adularia-sericite deposits (Heald et al. 1987).

Important reviews on epithermal deposits (Heald et al. 1987, Silli-
toe 1989, 1993, White and Hedenquist 1990, 1995) demonstrate that
mineral deposition in these systems occurred mostly between 100° and
320°C. Investigation of active geothermal fields, considered as pre-
sent-day analogous to ancient epithermal systems, indicates that altera-
tion minerals such as adularia are formed up to least 350°C (Henley
and Ellis 1983, Henley 1991). Thus, homogenization data of 220° to
340°C obtained in the present study belong to the upper range of
temperatures found in epithermal deposits. This may indicate that
adularia and associated mineralization at Davi and Joel correspond to
deep epithermal occurrences, i.e., both prospects probably represent
exposures of rocks found in deeper and higher temperature portions of
the related hydrothermal systems. In favour of this possibility are the
following points: a) the veins are hosted by subvolcanic instead of
volcanic rocks where the classic epithermal deposits are commonly
found; b) the veins contain crystalline quartz associated with adularia,
and do not show the colloform or chalcedonic textures typical of
shallower zones in epithermal deposits (Morrison et al. 1990); c) the
paleodepths of up to 1.5 km estimated from fluid inclusion data indicate
that the Davi and Joel gold-adularia occurrences represent relatively
deep levels of epithermal hydrothermal activity, as depth limits of such
systems are admittedly of the order of 1-2 km (Hedenquist and
Lowenstern 1994).

Two other aspects are worth emphasizing with respect to the
typology of the gold mineralization of Tapajós as characterized here.
The first one is that the hosting epizonal setting is of Proterozoic age.
This is quite unusual as epithermals are mostly found in Cenozoic
environments, and reinforces the thesis that this kind of deposit may
be present wherever conditions for their generation and preservation
occurred in the geological record (e.g. Henley 1991). The second
aspect refers to the importance of this type of mineralization for the
mining industry, as epithermal deposits are considered highly favor-
able exploration targets due to their potential for generating bulk
tonnage gold deposits.
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