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Abstract

The Brazilian Tapajos gold province contains the first evidence of high-sulfidation gold mineralization in the Amazonian
Craton. The mineralization appears to be in large nested calderas. The Tapajés—Parima (or Ventuari-Tapajos) geological
province consists of a metamorphic, igneous, and sedimentary sequence formed during a 2.10 to 1.87 Ga ocean—continent
orogeny. The high-sulfidation mineralization with magmatic-hydrothermal alunite is related to hydrothermal breccias hosted in
a rhyolitic volcanic ring complex that contains granitic stocks ranging in age from 1.89 to 1.87 Ga. Cone-shaped hydrothermal
breccias, which flare upward, contain vuggy silica and have an overlying brecciated cap of massive silica; the deposits are
located in the uppermost part of a ring-structure volcanic cone. Drill cores of one of the hydrothermal breccias contain alunite,
natroalunite, pyrophyllite, andalusite, quartz, rutile, diaspore, woodhouseite—svanbergite, kaolinite, and pyrite along with
inclusions of enargite—luzonite, chalcopyrite, bornite, and covellite. The siliceous core of this alteration center is surrounded by
advanced argillic and argillic alteration zones that grade outward into large areas of propylitically altered rocks with sericitic
alteration assemblages at depth. Several occurrences and generations of alunite are observed. Alunite is disseminated in the
advanced argillic haloes that envelop massive and vuggy silica or that underlie the brecciated silica cap. Coarse-grained alunite
also occurs in branching veins and locally is partly replaced by a later generation of fine-grained alunite. Silicified hydrothermal
breccias associated with the alunite contain an estimated reserve of 30 tonnes of gold in rock that grades up to 4.5 g t~' Au.
Seven alunite samples gave *°Ar/*’Ar ages of 1.869 to 1.846 Ga, with various degrees of apparent minor Ar loss. Stable
isotopic data require a magmatic-hydrothermal origin for the alunite, typical for high-sulfidation mineralization. The 8°*S values
of most samples of alunite range from 14.0%o0 to 36.9%o. Sulfur isotopic alunite—pyrite and oxygen isotopic alunite SO4—OH
temperatures range from 130 to 420 °C. The 6Dy,0 and SISOHZO values for alunite-forming hydrothermal fluids suggest a
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predominance of magmatic water, with a small meteoric contribution. A rare sample of supergene alunite has a 6°*S value of
4.1%o and an *°Ar/*°Ar age of 51.3+0.1 Ma. Other than local foliation in the volcanic rocks and recrystallization of alunite near
faults, the mineralization and associated alteration appears to have been remarkably undisturbed by later metamorphism and by
supergene alteration. The Au mineralization was preserved because of burial by sediments and tuffs in taphrogenic basins that
probably developed shortly after mineralization and were probably first exhumed at about 60 Ma. Because high-sulfidation
mineralization forms at relatively shallow crustal levels, the discoveries in Tapajos province provide new perspectives for
mineral exploration for the Amazonian and perhaps for other Precambrian cratons.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (Thompson et al., 1986), and Neoproterozic terranes

(Dubé et al., 1998; Ayuso et al., in press). One highly

High-sulfidation epithermal mineralization
(Hedenquist et al., 2000) occurs in shallow crustal
environments that are readily affected by weathering
and rapid erosion. High-sulfidation mineral occurren-
ces are therefore typically preserved in Tertiar-
y—Quaternary terranes (Arribas, 1995) and rarely in

metamorphosed Paleoproterozoic deposit in Sweden
has been interpreted to be of the high-sulfidation type
(Hallberg, 1994), but well-preserved and unmetamor-
phosed examples older than Neoproterozoic have not
been documented previously.

Recent studies (Jacobi, 1999; Nunes et al., 2000;

Cretaceous (So et al., 1998; Nelson, 2000), Paleozoic Juliani et al., 2000) have revealed the existence of
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Fig. 1. Location of the Tapajos gold province and the main geochronological-tectonic provinces of the Amazonian Craton, according to Santos
et al. (2000). Location of Fig. 3 is outlined.
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several weakly deformed and unmetamorphosed high-
sulfidation mineralized systems in the Tapajos gold
province (Fig. 1) related to large caldera complexes.
These deposits are mineralized hydrothermal breccias
in small postcaldera composite ring volcanoes and
domes associated with epizonal porphyry intrusions.
In one of these occurrences, hydrothermal alteration
zoning is characterized by extensive silicification,
pyrophyllitization, and alunitization in and around
shallow hydrothermal breccias. The distal and deeper
alteration zones are propylitic and sericitic.

Gold, as well as enargite—luzonite and covellite, is
associated with these altered rocks. Silicified hydro-
thermal breccias associated with the alunite contain an
estimated reserve of 30 tonnes of gold in rock that
grades up to 4.5 g t ' Au. Occurrences such as these
may have been a source for alluvial and colluvial gold
deposits that, to 1997, had yielded ca. 205 tonnes
(official production; Faraco et al., 1997) or more than
820 tonnes (unofficial production; Santos et al., 2001)
of gold in more than 400 garimpos (small mining
operations undertaken by prospectors) in the Tapajos
gold province.

The Tapajoés province is still undergoing explora-
tion, and many details of the geology are not
understood. The stable-isotope systematics of alunite
have proved to be informative regarding the con-
ditions associated with hydrothermal activity (Rye et
al., 1992), and here, we describe the geological setting
of the occurrences and the associated mineralogy, Ar
isotopic age, and stable-isotopic geochemistry of
alunite from a single high-sulfidation occurrence, the
first such discovery in the Amazonian Craton. Despite
the poor quality of outcrops, due to the aggressive
tropical climate and dense rainforest, and the exis-
tence of few exploratory drillholes, the high-sulfida-
tion nature of the mineralization at Tapajos can be
clearly established.

2. Geological setting

The Tapajos gold province (Fig. 1) covers about
140,000 km? in the Amazonian Craton (Almeida et
al., 1981). A summary of major stratigraphic units and
their geochronology and tectonic setting is given in
Table 1 and Fig. 2. For more details, the reader is
referred to papers referenced in Table 1.

The Tapajos gold province was formed shortly
after the ~2.10—1.87 Ga Tapajés—Parima (Santos et
al., 2000) or Ventuari—Tapajos (Tassinari and Mac-
ambira, 1999) orogenic event, which produced a well-
dated sequence of metamorphic, igneous, and sedi-
mentary rocks. An oceanic—continental collisional
orogeny associated with eastward shallow-dipping
subduction at ~1.9 Ga resulted in the construction of
the Parauari magmatic arc (Santos et al., 2000, 2001),
followed by intermediate to acid volcanism of the Iriri
group (Table 1) and late- to postcollisional granitic
intrusions. The Iriri volcanic sequence, which is cut
by epizonal granitic porphyry stocks and dikes, hosts
the high-sulfidation mineral occurrences.

Mafic magmatic episodes occurred at about 1.89,
1.78, and 1.1 Ga, and minor lamprophyre dikes
have ages ranging from 514 to 134 Ma (Table I;
Quadros et al., 1999; Almeida et al., 2000; Bahia
and Quadros, 2000; Ferreira et al., 2000; Klein and
Vasquez, 2000; Vasquez and Klein, 2000; Santos et
al., 2001). As will be discussed, the apparent Ar
loss exhibited by some of the alunite age spectra
may have resulted from some of these younger
events.

Proterozoic taphrogenic basins containing fluvial
to shallow marine sequences of the Buiugu formation
overlie the volcanic rocks and coeval granites
(Bezerra, 1984; Faraco et al., 1997). Paleozoic and
Cenozoic sedimentary sequences covered much of the
Amazonian Craton. Miocene—Pliocene and Quater-
nary laterization events are recognized in the southern
Amazonian Craton (Faraco et al., 1997; Motta et al.,
2000). Recent alluvial and colluvial deposits, com-
monly containing placer gold, are the youngest units
in the region.

3. Analytical methods

Petrological, textural, and mineralogical studies
utilized transmitted and reflected light optical micro-
scopy. The mineralogy was investigated using a LEO
S440 scanning electron microscope, coupled to a
LINK ISIS L300 energy-dispersion microanalysis
(EDS) system, with a Pentafet SiLi detector, ATW II
ultrafine window, of 133 eV to 5.9 keV resolution and
20 kV acceleration voltage. The backscattered electron
images were acquired using a cobalt standard for



Table 1
Main geological units and geochronology of the Tapajos gold province
Geological units Lithology Age (Ga) Method Tectonic setting References
Phanerozoic cover Clastic sedimentary rocks, laterite, alluvia - - Intracratonic (6) (11)
Cachoeira Seca Subalkaline to tholeiitic olivine gabbro, 1.1924+0.012 SHRIMP U-Pb Intracratonic (7) (11)
intrusive suite diorite, troctolite, diabase 1.099+0.012 baddeleyite
Crepori diabase Tholeiitic augite diabase, olivine diabase 1.77840.009 SHRIMP U-Pb Intracratonic ©) (7) (11)
baddeleyite
Buiugu formation Feldspathic sandstone, sandstone, arkose, - - Taphrogenic basin (12)
conglomerate, argillite, siltite, acid tuffs
Maloquinha Granite Subvolcanic subalkaline to alkaline 1.877 to 1.864 SHRIMP U-Pb Postcollisional and (1) (2) 3) (6)
biotite-hornblende alkali-feldspar granite; zircon anorogenic
syenogranite, monzogranite and riebeckite-arfvedsonite, 1.880+0.009 Pb-Pb zircon 9) (11) (12)
micromonzonite with rapakivi texture evaporation
Moraes Almeida Alkaline rhyolites, ignimbrites 1.890 to 1.875 Pb—Pb zircon Postcollisional and 3)
formation evaporation anorogenic
Iriri group
Aruri formation Ash flow tuff, breccia, tuffaceous sandstone Late to ©) (7) (8)
postorogenic 9) (12)
Salustiano formation Rhyolitic, rhyodacitic and dacitic volcaniclastic rocks, 1.870+0.008 SHRIMP U-Pb Late to (2) (6) (7) (8)
and fayalite-hedenbergite rhyolite zircon postorogenic
1.888+0.002 Pb—Pb zircon ) (11) (12)
evaporation
Bom Jardim Andesite, dacite, trachyandesite, latite, with subordinate 1.893+0.005 Pb—Pb zircon Late- to ©) (7)
formation rhyolitic and basaltic flows and volcaniclastic rocks 1.88840.007 evaporation® postorogenic
Rosa de Maio and Calc-alkaline hornblende-biotite and biotite granites 1.883+0.004 SHRIMP U-Pb Late- to post-Parauari (10) (13)
Batalha granites zircon magmatic arc (II)
1.879+0.011 U-Pb zircon
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Ingarana intrusive suite

Parauari intrusive suite

Abacaxis and Sequeiro
formations

Creporizdo intrusive suite

Vila Riozinho formation

Cuit—Cuil complex

Jacareacanga group

Subalkaline olivine gabbro, augite gabbro, norite,
anorthosite, ferrosilite diabase

Porphyritic hornblende-biotite monzogranite,
granodiorite, syenogranite, tonalite

Pinkish siltstone, sandstone, claystone; quartz wackes

Metamorphosed porphyritic syeno- and
monzogranites, granodiorite, tonalite

Calc-alkaline to shoshonitic basaltic andesite,
basaltic trachyandesite, trachyte, rhyolite

Granodioritic to tonalitic gneisses, migmatite,
amphibolite enclaves

Phyllite, schist, metaturbidite, quartzite, metabasite,
BIF (low to medium metamorphic grade)

1.879 to 1.873

1.88740.003
1.898 to 1.880

1.883+0.002

1.900 to 1.895

1.974 to 1.957

1.968+0.019

2.000+0.004
1.998+0.003

2.033 to 2.005

2.125 to 2.098

SHRIMP U-Pb
zircon

Pb—Pb zircon
SHRIMP U-Pb
zircon

Pb-Pb zircon

U-Pb zircon

SHRIMP U-Pb
zircon

Pb-Pb zircon
evaporation
Pb-Pb zircon
evaporation

SHRIMP U-Pb

zircon

SHRIMP U-Pb
detrital zircon

Parauari arc
basic magmatism

Calc-alkaline
magmatic
arc (I)

Parauari fore-
and back-arc (IT)
basins
Late-magmatic
arc (I)

Calc-alkaline
magmatic
arc (I)
Calc-alkaline
magmatic
arc (I)
Trench basin

@) (1) an

() ©) () ®)
) (10)

(1 (12)
(6) (10) (11)

(59 (11) (12)

©)

©) (1) (®) )
(1) (12)

(6) (8) (10)

References: (1) Dall’Agnol et al. (1994), (2) Dall’Agnol et al. (1999), (3) Lamarao et al. (2002), (4) Quadros et al. (1999), (5) Ricci et al. (1999), (6) Almeida et al. (2000), (7) Bahia
and Quadros (2000), (8) Ferreira et al. (2000), (9) Klein and Vasquez (2000), (10) Santos et al. (2000), (11) Santos et al. (2001), (12) Vasquez and Klein (2000), (13) Juliani et al.

(2002).

? Age of intermediate-composition volcanic rocks of the base of the Iriri group. The rocks from the type locality of the Bom Jardim formation were not dated.
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High-sulfidation mineralization
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Fig. 2. Schematic stratigraphic column of the main units of the
Tapajos gold province (modified from Juliani et al., 2000).

calibration of the semiquantitative EDS analyses.
Analyses of alunite were obtained with JEOL JXA
8600 and CAMECA SX50 electron microprobes,

using 5 and 20 nA as sample current, 15 kV as
accelerating voltage, and a beam diameter of 10 to 20
um. The electron microprobe data for alunite are
given in Table 2. X-ray diffraction (XRD) identifica-
tions were made using a SIEMENS D-5000 diffrac-
tometer and Cu X-radiation. The hydrothermal
alteration minerals in drill-core samples were also
identified using an Integrated Spectronics G8630
PIMA (Portable Infrared Mineral Analyzer).

Alunite from surface and drill-core samples was
dated by the “°Ar/*’Ar incremental heating method
following procedures outlined by Snee (2002). The
alunite samples are both coarse- and fine-grained, and
some have minor (<1%) inclusions of fine-grained
pyrite, which was not removed. Eight to 12 mg of
each alunite sample were irradiated in quartz vials for
30 to 129 h at 1 MW in the central thimble of the U.S.
Geological Survey research reactor. Three of the
alunite samples were irradiated in vacuum-evacuated
capsules to capture potentially recoiled Ar isotopes.
Neutron flux during irradiation was monitored by
hornblende standard MMhb-1, which has a K—Ar age
of 523.1+1.7 Ma (Renne et al., 1998). After
irradiation, the evacuated quartz vials were opened
under vacuum, and the contents of the vial were
analyzed to determine whether any Ar had been
released from the sample during irradiation. No *°Ar
and 1 part in 500 *°Ar, even for fine-grained (~10-um
diameter) samples, were lost into the vacuum during
irradiation. Subsequently, the samples were progres-
sively degassed in a double-vacuum resistance fur-
nace in a series of 8 to 17 heating steps, each 30 min
long, to a maximum of 1350 °C; the majority of the
Ar was released between 550 and 725 °C, although
one sample released its Ar between 700 and 950 °C.
Apparent ages for each step were calculated using the
decay constants of Steiger and Jager (1977). The Ar
data and detailed analytical procedures are given in
Appendix A.

For stable-isotope analyses of alunite and pyrite,
pure separates were obtained by hand picking. The
5°*S and 6'®0 values of alunite SO, and the 8D and
5'%0 values of alunite OH were determined using the
sample preparation techniques described by Wasser-
man et al. (1992) and conventional mass-spectrometer
analyses. The sulfur isotopic composition of alunite
and pyrite was analyzed using continuous-flow
techniques. Stable-isotope data are reported in the o-
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Table 2
Representative electron microprobe compositions of alunite
Sample type wt.%  X1-16-9 X1-16-19 FV3-1-16

Az As As Ay As B,

K,0O 9.61 9.99 9.0l 10.07 633 748 782 837 994 687 728 3091 6.04 6.25
Na,O 092  0.61 .17 050 290 2.10 2.11 1.40 038 238 2.02 486 346 3.30
CaO 0.02  0.01 0.02 0.02 007 0.06 0.02  0.03 nd 0.05 0.03 009 0.12 0.10
SrO 024 017 024 033 0.11 0.05 0.12  0.11 0.06 027 012 nd 0.10 0.07
BaO 0.08 050 028 0.00 0.16 0.11 0.03 0.16 03l 0.07 0.05 nd. n.d. 0.10
ALO; 37.37 3597 36773 36.89 36.62 36.72 36.81 3581 36.16 36.68 3630 37.68 37.14 37.48
Fe, 05 0.09 0.08 0.18 0.01 n.d. n.d. 0.06  n.d. n.d. n.d. n.d. 0.02 0.12 0.10
SO, 38.10 37.77 37.67 3831 38.07 37.89 3834 38.00 37.84 3830 37.16 38.60 3837 3842
P,05 0.19 035 032 051 0.11 0.14 0.01 0.10  0.01 0.14 0.08 006 0.25 0.16
Si0, n.d. n.d. n.d. n.d. n.d. 0.02 0.01 0.03 nd. n.d 039  0.09 0.12 0.01
Total 86.62 8545 8562 86.64 8437 84.58 8533 84.01 8470 84.76 83.43 8531 8572 85.99
formula contents for XO /=2
K 0.853 0.890 0.806 0.881 0.564 0.668 0.693 0.746 0.893 0.607 0.655 0.343 0.529  0.550
Na 0.124 0.083 0.159 0.066 0.392 0.285 0284 0.190 0.052 0.320 0.276 0.648 0.461 0.442
Ca 0.001 0.001 0.002 0.001 0.005 0.004 0.001 0.002 0.000 0.004 0.002 0.007 0.009 0.007
Sr 0.010 0.007 0.010 0.013 0.004 0.002 0.005 0.004 0.002 0.011 0.005 0.000 0.004 0.003
Ba 0.002 0.014 0.008 0.000 0.004 0.003 0.001 0.004 0.009 0.002 0.001 0.000 0.000 0.003
Al 3.064 2960 3.034 2980 3.012 3.029 3.014 2948 3.001 2996 3.019 3.051 3.006 3.049
Fe 0.005 0.004 0.009 0.001 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.001 0.006 0.005
S 1.989 1979 1981 1970 1.994 1.991 1.998 1992 1999 1.992 1968 1991 1.977 1.990
P 0.011 0.021 0.019 0.030 0.006 0.008 0.001 0.006 0.001 0.008 0.005 0.003 0.015 0.009
Si 0.000  0.000 0.000 0.000 0.000 0.001 0.001  0.002 0.000 0.000 0.027 0.006 0.008  0.001
Total 6.059 5959 6.028 5942 5981 5.991 6.001 5.895 5957 5940 5958 6.050 6.015 @ 6.059

n.d.—not detected.

notation, as permil, relative to Cafion Diablo Troilite
(CDT) for sulfur, and Standard Mean Ocean Water
(SMOW) for oxygen and hydrogen. Analytical
uncertainty (20) is £0.2%0 for sulfur and oxygen,
and £3%o for hydrogen.

4. Results and analyses
4.1. Regional geological structures

The regional geological structures were identified
with TM-LANDSAT 5 digital images and aerial
RADAMBRASIL Project radar images. Regional
geological structures identified from remote-sensing
images within the Tapajos gold province are shown in
Fig. 3. In this figure, large circular structures are
identified and, with supporting geological studies, are
interpreted to be nested and overlapping calderas up to
20 km in diameter. Some of the calderas have smaller
circular structures that are related to small, dacitic to

rhyodacitic epizonal porphyry stocks. Other features
are interpreted to be intracaldera resurgent domes or
small composite volcanoes. Several semieroded post-
collapse rhyolitic volcanic vents or domes are present
along ring structures of some of the large calderas
(Fig. 3). Circular structures representing epizonal
stocks are also common in the caldera ring-structure
complexes. The geological map of the rectangular
area in Fig. 3 is shown in Fig. 4.

4.2. Geological setting of the high-sulfidation
mineralization

Three main volcanic-related sequences of the Iriri
group (Bom Jardim, Salustiano, and Aruri formations)
and a postcaldera volcanic unit, identified in this
study, overlie the syntectonic magmatic arc-related
Parauvari granites (Table 1; Figs. 3 and 4). The
volcanic stratigraphy of the Tapajos gold province is
not well established, and the correlation of these units
with caldera evolution is only beginning (Juliani et al.,



102 C. Juliani et al. / Chemical Geology 215 (2005) 95-125
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Salustiano and Aruri formations
Intracaldera deposits

Resurgent volcanic dome

Rhyolitic to rhyodacitic porphyry stocks

High-sulfidation mineralization
Faults and contacts

/DOO@OO

Basement of the volcanic sequence, mainly syncollisional Parauari granites

Precaldera outflow volcanic rocks, including intermediate-composition rocks of the Bom
Jardim formation and caldera-related acid-composition volcanic rocks and tuff deposits of the

Postcaldera composite ring volcanoes and possible domes

Late- to postcollisional epizonal Parauari granites

Fig. 3. PC1, TM-LANDSAT image with interpreted ring structures associated with the collapse of ash flow calderas and crosscutting circular
granite, granophyre, and porphyry intrusions. The interpretations are based on observations of rocks during geological mapping. The dashed

rectangle at the upper left delimits the area of Fig. 4.

2000, 2003). Results to date indicate that the lower
unit (Bom Jardim formation) is composed mainly of
precaldera andesitic and dacitic flow and tuff deposits.
The middle unit includes the Salustiano and Aruri
formations, which consist of ash flow tuffs, rhyolitic
flows, and rhyolitic epiclastic volcanics associated

with the caldera formation. Postcaldera volcanism is
represented by small rhyolitic composite ring volca-
noes with radiating lava flows and welded tuffs, and
by domes (Figs. 3 and 4), which host high-sulfidation
epithermal mineral occurrences. Intracaldera deposits
are silicified ash flow tuffs, epiclastic tuffs, arenites,
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| Postcaldera composite ring volcanoes and domes with hydrothermal explosive breccia
! bodies

| ntracaldera deposits and Tertiary and Quaternary alluvial and colluvial deposits
¢ Rhyolitic and rhyodacitic porphyry stocks
Caldera-related outflow deposit of Aruri and Salustiano formations
_: Precaldera hyaloclastites
Precaldera intermediate-composition volcanic rocks and tuffs of Bom Jardim formation
Late- to postcollisional Parauari granites
. Basement, composed mainly of syncollisional granodiorites of the Parauari intrusive suite
™ Faults

/ Ring and radial fractures associated with hydrothermal explosive breccia, stock, and granite
intrusions or minor faults and fractured zones.

Fig. 4. Geological map of the exploration area. (A)—(B) is the line of cross-section shown in Fig. 5. The arrow indicates the volcanic structure
with high-sulfidation mineralization shown in Fig. 6, and the black star shows the location of the high-sulfidation gold deposit.

and mudstones. Granophyric dacitic to rhyolitic A diagrammatic cross-section essential to under-
epizonal stocks and dikes crosscut the volcano- standing the geological framework of a typical high-
sedimentary sequence. sulfidation mineral occurrence in the Tapajos gold
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province is shown in Fig. 5, which includes the
location of some colluvial and placer gold deposits.
The important units in this cross-section are discussed
below.

4.2.1. Basement

The basement for the volcanic and volcaniclastic
rocks of the Iriri group is well exposed at the
southern part of the Jatoba shear zone (Figs. 3 and
4), where the supracrustal rocks are almost com-
pletely eroded. The basement is represented by
syncollisional calc-alkaline batholithic granitic
bodies of the ~1.9 Ga Parauari intrusive suite (Santos
et al., 2000, 2001). Light pink to gray biotite- and
hornblende-bearing foliated granodiorite predomi-

Eroded volcano .« ..o
surface . High-sulfidation
* Au mineralization

g

Postcaldera composite ring volcano

Rhyolitic to rhyodacitic porphyry stocks

Parauari granites

- suite

N Epizonal granites of late- to postcollisional

nates, with subordinate monzogranite and tonalite.
These rocks are medium- to fine-grained, equigranular
to porphyritic, and are intruded by aplite, diabase, and
gabbroic dikes.

4.2.2. Precaldera volcanism

Precaldera volcanism is represented by the Bom
Jardim formation (~1.89 Ga; Table 1), which overlies
the granitic basement, and consists predominantly of
calc-alkaline andesite and dacite, commonly porphyr-
itic, and volcaniclastic rocks. Rhyolitic lavas and
tuffs, amygdaloidal basalt, and trachyte flows are also
present. Basaltic or andesitic intrusive hydrothermal
breccias occur locally. This formation appears to
represent the eroded remains of precollapse clustered

Silica cap

50m:

/ Shear zones

/" Quartz veins

K  Alkali metasomatism zone

Caldera-related acid volcanic and volcaniclastic
- rocks of the Aruri and Salustiano formations

Precaldera andesite, basalt, rhyolite, and tuffs S Sericitic alteration zone

P Propylitic alteration zone

A Argillic and advanced argillic
alteration zone

Granodioritic basement of the Parauari intrusive Au Colluvial, alluvial, and

lode gold deposits

Fig. 5. Interpreted geological cross-section along (A)—(B) of Fig. 4, showing the location of the high-sulfidation gold mineralization and of
garimpos (small mining operations in colluvial and alluvial deposits undertaken by prospectors).
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stratovolcanoes associated with back-arc rifts related
to the Parauari subduction.

4.2.3. Caldera-related volcanism

The caldera-forming deposits are represented by
large intracaldera and outflow sheets of ash flow tuffs
and acid volcanic rocks of the Salustiano and Aruri
formations (1.89—1.87 Ga; Table 1), which overly the
Bom Jardim formation. The volcaniclastic rocks are
composed of rhyolitic ash flow tuffs, crystal tuffs,
welded tuffs, lapilli stones, and volcanic agglomer-
ates, with minor dacitic ash flow tuffs. The rhyolites
have an aphanitic or vitreous matrix and, commonly,
amygdules and flow structures. Flows of hyaloclastite
and epiclastic volcanic rocks are also present.

4.2.4. Intracaldera deposits

The basal intracaldera deposits are composed
mainly of ash flow tuffs, volcanic flow breccias and
agglomerates, and minor rhyolite flows, hyaloclas-
tites, epiclastic tuffs, arkoses, and arenites. This
sequence grades upward into feldspathic and lithic
sandstones with abundant beds of arkose and siltstone,
and with minor conglomerate, sedimentary breccia,
and mudstone. Chert and carbonaceous- and sulfide-
rich layers are locally present. The sedimentary
structures and lithotypes indicate a depositional
environment in part related to alluvial and lacustrine
settings.

4.2.5. Postcaldera volcanism

The postcaldera volcanic units, which host the
high-sulfidation mineral occurrences, occur as vents
along rings (Fig. 4) and within calderas (Fig. 3). Few
of these volcanic structures were studied, and the
rocks are poorly exposed, which makes it difficult to
classify them. A few exploration drillholes in one of
these volcanic ring structures showed interbedded
acid- and intermediate-composition flows, and welded
tuffs, which indicate a similarity to composite
volcanoes. However, the landforms of other of these
structures are similar to those of ring and intracaldera
resurgent domes.

The volcanic sequence contains, at the base,
discontinuous massive or banded fine-grained dacite
and dacitic tuff flows. These rocks are overlain by
layered rhyolitic tuffs, rhyolitic to dacitic lapilli tuffs,
lapilli stones, welded tuffs, ash flow tuffs, and

pyroclastic breccias. Ellipsoidal dacite bombs with
trachytic textures were observed in the rhyolitic tuff
pile. Annular and radial fractures are associated with
upward-flaring cone-shaped bodies of hydrothermal
breccias that have an intensely flow-oriented matrix
and rounded fragments. The tuffs close to the
hydrothermal breccias have been hydraulically frac-
tured. On top of the semieroded volcanic cones, the
explosive hydrothermal breccia bodies are covered
by a massive hematite-rich and vuggy silica cap,
which is cut by explosive breccias. The inner breccia
bodies contain intensely silicified rocks and massive
and vuggy silica.

4.2.6. Granitic plutons and granophyric stocks

Massive, hololeucocratic to leucocratic, coarse-
grained, porphyritic hornblende-biotite monzogranite
stocks, and dikes crosscut the basement (Fig. 4) and
intrude the Bom Jardim and Salustiano formations,
but do not cut the upper volcanic rocks. These
granitic rocks are coeval with caldera-related vol-
canism and are correlated with the late-orogenic
Paravari magmatism, similar to the ~1.88 Ga
Batalha and Rosa de Maio granites (Table 1; Santos
et al.,, 2000, 2001; Juliani et al., 2002). These
granitic rocks have granophyric textures, indicating
shallow emplacement. Rhyolitic to rhyodacitic epi-
zonal granophyric stocks related to hydrothermal
systems crosscut the volcanics, tuffs, intracaldera
sedimentary rocks, and the monzogranites. Some of
the granophyres exhibit strong fragmental features
and a flow-oriented matrix, suggesting a genetic
relationship with the explosive hydrothermal brec-
cias of ring volcanic cones.

4.2.7. Late porphyry dikes

Meter-thick dikes of fine-grained rhyodacitic por-
phyry crosscut all volcanic units. The dikes are related
to high-sulfidation mineralization in ring vents and
have a dark red color mainly attributable to potassic
alteration. These hypabyssal intrusions probably are
emplaced mainly along ring and radial structures of
the calderas.

4.3. Hydrothermal alteration

A brecciated siliceous zone interpreted to be a
silica cap was initially recognized from surface
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Fig. 6. Geological map of one of the Tapajos high-sulfidation
occurrences, showing the location of drillholes.
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exposures of the hydrothermal breccias. Studies of
samples from trenches and five holes (Fig. 6)
drilled in and near the siliceous cap permitted
three-dimensional reconstruction of the siliceous
and related alteration as shown diagrammatically
in Fig. 7.

4.3.1. Silicification and hematitization

The silica cap overlying the hydrothermal
breccia on a ring volcano contains vuggy (Fig.
8a), massive to layered bodies of siliceous rock
formed by acid leaching and silicification of
breccias and ash flow tuffs. At depth, the inner
alteration zones consist of massive and vuggy silica
enclosed in a quartz—alunite zone closely associated
with the hydrothermal breccias at shallow levels of
the volcanic structure. Commonly, vugs have druse
relicts and are filled by quartz containing very
small aqueous fluid inclusions. These siliceous
rocks consist of microcrystalline quartz and contain
hematite + pyrophyllite+alunite +sulfides and relict
feldspar crystals. Hematite occurs only near the
surface, where it replaced sulfides and infilled
fractures. The silica cap is cut by silicified hydro-
thermal explosion breccias with fragments of tuff,
silicified rhyolite, red ‘chalcedony’, and siliceous
rock cemented by microcrystalline quartz and fine-
grained hematite. Centimeter-thick irregular veins of
milky quartz with subordinate pyrophyllite cut the
silica cap.

Massive and vuggy silica

alteration zone with alunite
= - ;ﬁ"'én;

Argillic and advanced
argillic alteration zones

Propylitic

Sericitic
alteration zone

Fig. 7. Schematic reconstruction, based on studies of surface and drillhole samples, of the alteration zones of a typical Tapajos high-sulfidation

mineral occurrence in ring-structure volcanic rocks.
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A,-type
alunite

Fig. 8. Macroscopic features of the silica cap and alunite types from shallow and deep zones: (a) hematite-rich siliceous rock from the silica cap;
(b) A;-type fine-grained, strongly foliated alunite; (c) A;-type coarse-grained branching alunite from veins (dark lines show the crystal outlines);
(d) As-type coarse-grained alunite replaced by As-type fine-grained foliated alunite (dashed lines show the outlines of coarse-grained alunite
crystals); (e, f) macroscopic features of the alunite types from deeper zones: (e) B;-type fine-grained, foliated alunite associated with pyrite that
envelopes microcrystalline quartz; (f) Bs-type coarse-grained alunite veins that replace fissure-controlled pyrite-rich zones.

4.3.2. Advanced argillic alteration with quartz and
alunite

Quartz—alunite alteration assemblages have a strong
correlation to hydrothermal breccia bodies, are con-
centrated mainly under the silica cap, and form an
envelope around the massive and vuggy silica. Near
the siliceous zones, welded tuffs were strongly
alunitized and cut by coarse-grained alunite veins.
Alunite decreases progressively away from the hydro-
thermal breccias, as pyrophyllite increases, until

alunite disappears approximately 200 m from the
breccias. The alunitized zones also decrease with
increasing depth, although alunite was identified down
to 230 m. In the shallowest alunite occurrences, under
the silica cap, five varieties of alunite are identified:
(A)) red to pinkish colored, fine-grained, strongly
oriented alunite, which completely replaced the
preexisting rock (Fig. 8b); (A;) red coarse-grained
alunite from deformed veins; (As) pinkish, rose, or red
undeformed alunite with branching crystals up to 4 cm
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long that grew toward the vein center (Fig. 8c,d); (A4)
rose or red, medium- to fine-grained, randomly
orientated alunite, which replaced the (As) alunite
and filled open spaces between the branchings; (As)
white, rose, or red, fine-grained, strongly orientated
alunite, which appears in the central parts of veins and
replaced the branching alunite crystals (Fig. 8d).

At depth, fine- to medium-grained alunite is
typically associated with silicified hydrothermal
breccia matrix and zones of vuggy or massive
silica containing disseminated sulfides. Three types
of alunite were observed: (B;) medium- to fine-
grained, oriented alunite (Fig. 8e) associated with
pyrite and woodhouseite—svanbergite (Fig. 9a,b);
(B,) coarse-grained unoriented alunite with minor
pyrite in veins with diffuse contacts; (B;) coarse-
grained alunite that cuts pervasive pyrite zones
(Fig. 8f). All of these alunite types may be crosscut

=
r’!

o

Alunite
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by kaolinite- and pyrophyllite-rich veins, some of
which contain andalusite replaced by pyrophyllite
or ‘sericite’, diaspore, and kaolinite. Small enargite—
luzonite inclusions in pyrite were identified (Fig.
9c,d), as well as chalcopyrite, bornite, covellite, and
small grains of native copper and silver, galena,
and sphalerite. Native gold occurs in the pyrophyl-
litic matrix and as fine inclusions in covellite. The
Au contents in silica zones are up to 4.5 g t!
(ppm). Within small shear zones, foliated alunite
that recrystallized around fine-grained pyrite crystals
displays local slickenside structures. EDS analyses
of woodhouseite—svanbergite (Fig. 9b) show Sr, Ca,
S, and P contents similar to those in the minerals
described by Stoffregen and Alpers (1987) in the
high-sulfidation epithermal deposit of Summitville
(USA) and the Cu-porphyry of La Escondida
(Chile).
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Fig. 9. SEM backscattered-electron images and the corresponding EDS spectra of minor minerals associated with the advanced argillic alteration

with alunite.
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4.3.3. Advanced argillic alteration

Advanced argillic alteration assemblages are
mainly observed in and around the hydrothermal
breccia bodies. Within this alteration zone, incipient
silicification with associated sulfides was followed by
brecciation, pyrophyllitization, and late crystallization
of kaolinite—illite and hematite near the surface. The
advanced argillic alteration occurs as either a per-
vasive or fissure-filling assemblage of pyrophyllite+
quartz+pyrite+andalusite+diaspore+rutile. Wood-
houseite—svanbergite, tourmaline, fluorite, and hem-
atite are also present. The andalusite crystals are
euhedral to anhedral, fractured, and partly pyrophyl-
litized and kaolinitized, with associated diaspore. The
pyrophyllite andalusite+quartz assemblage indicates
temperatures greater than 330 °C for the advanced
argillic alteration (Hemley et al., 1980). A decreasing
temperature of hydrothermal fluids is indicated by
the diasporetpyrophyllitet+kaolinite association,
which locally replaced andalusite in the advanced
argillic alteration. Locally, pyrophyllite is replaced
by ’sericite’. In some parts of this alteration zone,
early silicification was not observed, and the rock is
composed of microcrystalline pyrophyllite with
diaspore, rutile, and hematite, locally with andalusite
and fine-grained corundum crystals.

4.3.4. Intermediate argillic alteration

The intermediate argillic alteration assemblages
occur in outcrops close to an eroded body of
hydrothermal breccias. In drill cores, the alteration
typically forms veins in the pyrophyllitized and
alunitized rocks, or forms centimeter-thick zones
within the sericitic alteration. The intermediate
argillic alteration is characterized by the presence
of kaolinite, locally with dickite, ‘sericite’, chlorite,
and feldspar remnants. In addition, this alteration
type is observed as thin veins with outer margins of
‘sericite’ in rocks that underwent propylitic alter-
ation, especially in the deeper levels of the hydro-
thermal breccias. These veins are more abundant in
the deeper sericitic zone, where they increase in
volume and acquire a more pervasive style in
proximity to the zones of advanced argillic alteration.

4.3.5. Sericitic alteration
Weak fissure-controlled sericitic alteration was
generally superimposed on the propylitic alteration.

Pervasive sericitization is most conspicuous in the
deeper outer alteration halo around the hydro-
thermal breccias and underlies the advanced argillic
zone. Silicification zones are commonly linked to
this alteration zone. The rocks most affected are the
ash flow tuffs, which show strong replacement by
‘sericite’, with subordinate clay minerals. Rhyolitic
ash flow tuffs at the base of the ring volcanic
structure were altered in selective pervasive style,
with partial sericitization of the felsic matrix, clasts,
and feldspar phenocrysts, with associated fine-
grained zeolites. Alunite-, pyrophyllite- and pyrite-
bearing zones are present locally, and pyrophyllitic
or kaolinite veins are common within sericitic
zones.

4.3.6. Propylitic alteration

Propylitization occurred in deeper parts of the ring
volcano, especially in the dacitic rocks. The inter-
mediate and acid rocks of the Bom Jardim and
Salustiano formations are also propylitized in areas
farther from the ring volcanic centers, thus indicating
that the external alteration halo is predominantly
propylitic.

The propylitization style is generally pervasive but
is locally of a fissure-filling type, controlled by the
igneous or volcaniclastic layering in deeper zones, or
by volcanic brecciation. The typical assemblage is
chlorite+epidotetcarbonate+feldspar+-‘sericite’+
quartzt pyrite.

The hydrothermal breccias beneath the advanced
argillic alteration zones are propylitized, have a
pyrite-rich matrix, and commonly show the effects
of sericitization or pyrophyllitization in thin fis-
sures. Toward the top of the volcanic vent, the
volume and thickness of the micaceous veins
increase, as do small discontinuous veins that
contain alunite+pyrite rather than the sulfide
assemblage.

4.3.7. Alkali metasomatism

Alkali metasomatism was recognized in the
granites, granophyres, and porphyries of the ring-
structure volcanic complexes (Fig. 4). This alter-
ation is pervasive and similar to the one described
by Corréa-Silva et al. (2000) and Juliani et al.
(2002) in the Batalha gold-mineralized granite in
the Tapajos gold province. The early alteration was
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Na metasomatism, characterized by irregular and
discontinuous albite crystallization on magmatic
plagioclase and perthitic K-feldspar rims. As Na
metasomatism decreased, K metasomatism increased;
the latter is characterized by microcline, accompa-
nied by green biotite, which replaced magmatic
biotite and amphibole. The hydrothermal microcline
occupies intercrystal spaces, surrounds the igneous
feldspars and quartz, and shows corrosion textures
defined by concave inner contacts and irregular
shredded rims. Commonly, irregular coalescent veins
of microcline, not following the crystallographic
orientation of the older feldspars, almost completely
replace plagioclase and K-feldspar. The hydrothermal
feldspars are cloudy under the microscope and
macroscopically are reddish due to the presence of
hematite microcrysts. Hydrothermal quartz, tourma-
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line, and fluorite are ubiquitous as disseminated
grains and in veins with carbonates. In the granitic
rocks, propylitic and sericitic alteration are younger
than the K metasomatism.

4.4. Postmineralization metamorphism

Very little is known about the details of regional
and thermal metamorphism in the Tapajos gold
province. Postmineralization tectonic events were
largely associated with the development of taphro-
genic and intracratonic basins after the conclusions
of the Parauari magmatic arc evolution (Table 1). A
possible reason for the preservation of the Tapajos
high-sulfidation mineralization from erosion and
weathering could be the generation of shallow
pull-apart basins in NW-trending shear zones in a
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Fig. 10. Plots of electron microprobe data showing the Na and K contents per formula unit (pfu) in the different types of Tapajos alunite. (a)
Coarse-grained alunite crystals (A; type) with recrystallized rims partly replaced and enclosed by fine-grained foliated alunite (As type) and B, -
type medium- and fine-grained alunite. (b) Coarse-grained As-type alunite crystals. (c) Fine- to medium-grained alunite crystals (A4 type) partly
replaced by fine-grained alunite (As type). Photomicrographs are with transmitted light, crossed polars, larger photo side=3.5 mm.
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retroarc environment related to the Parauari mag-
matic arc evolution (Juliani et al., 2003). In general,
the volcanic and igneous rocks appear remarkably
unmetamorphosed. Near the vicinities of the high-
sulfidation mineralization areas, volcanic and intru-
sive rocks may be locally deformed along brittle or
brittle—ductile shear zones. ‘Sericite’ appears in acid
rocks and chlorite+ ‘sericite’ *epidote+zeolite occur
in mafic rocks, but how much of these assemblages
are related to regional metamorphism or later
hydrothermal alteration is unknown. The general
lack of schistosity in the volcanic and igneous host
rocks, except along shear zones, and the sporadic
occurrence of zeolites suggest that the caldera
complex region was probably affected by no more
than a very low-grade metamorphism after mineral-
ization. As discussed below, postmineralization
metamorphism had little affect on the texture,
chemistry, and isotopic composition of alunite in
the hydrothermal alteration.

4.5. Chemical composition of alunite

Representative microprobe analyses of alunite
from deep- (Bi-type) and shallow-level (As-, Ay-,
As-type) samples of the ring-volcano structure are
presented in Table 2. The alunite-group mineral
formulae calculated on the basis of XO4,=2 (Jambor,
1999) have atomic K ranging from 0.95 to 0.32, and
atomic Na from 0.66 to 0.04, and in local occurrences,
the mineral contains up to 0.04 atoms Fe’', 0.06
atoms P, and 0.03 atoms Sr per formula unit. Thus, the
compositional range extends from alunite to natroa-
lunite. The electron microprobe analyses of the alunite
indicate an absence of Pb and, in wt.%, up to 0.07 As,
0.09 Cu, 0.19 Zn, 0.04 Cl, and 2.02 F. Deep-level,
medium-grained (B;-type) crystals typically corre-
spond to natroalunite with the highest analyzed Na
content. Fine-grained (B;-type) crystals, which are
strongly oriented along the hydrothermal conduit and
partly replace the preexistent crystals, are relatively

Table 3
Summary of *°Ar/*’Ar age spectrum results for alunite
Sample # Alunite Event Apparent Type of Age Comment
type age (Ma)
FV3-1-11° B, Mineralization 1867 +2 Weighted Near plateau defined by 83.6%
mean of released °Ar; Tpa=1871 Ma
X1-16-18 As Mineralization 1869 +2 Maximum Apparent Ar loss with age rising
from 1750 to 1869 Ma
FV3-1-25 Bs T 1858 +2 Plateau Plateau defined by 62.3% of released *°Ar;
apparent Ar loss, age rises to 1862 +4 Ma
FV3-2-7 B, Cooling 1857 +2 Maximum Apparent Ar loss with age rising from
1721 to 1857 Ma
X1-16-F* As and (or) 1853 +3 Plateau Plateau defined by 85.3% of released *°Ar
X1-16-G Aj thermal 1851 +2 Weighted Near plateau defined by 43% of
mean released >°Ar; Tpa=1854 Ma
FV3-1-16 (2) B, resetting 1846 +2 Plateau Plateau defined by 62% of released *°Ar;
apparent Ar loss, age rises to 1850 Ma
FV3-1-16* (1) B, 1834 +17 Plateau Plateau defined by 93.7% of released **Ar;
large error due to low *°Ar abundance;
apparent Ar loss, age rises to 1853 Ma
FV3-1-12 Shearing 1805 +2 Maximum Apparent Ar loss with age rising
from 1184 to 1805 Ma
FV3-3-3 Supergene/ 51.3 £0.1 Weighted Excess Ar; near plateau in saddle defined by

climatic effects

mean 46.3% of released >°Ar; isochron reflects
mixing of three or more Ar reservoirs

X in sample number refers to surface sample; FV in sample number refers to core sample.

? Breakseal-encapsulated.
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Table 4

Summary of stable-isotope data for alunite and coexisting pyrite and argon age data for alunite

Location ~ Sample Depth Mineral ~ Alunite  dD 5% 8]80504 5"%00n S isotope  SO,—OH OArPOAr
(m) type (o) (%oo)  (%o0) (%o) (7, °O (T, °O (age, Ma)®

Surface X1-16-9A Surface  Alunite  Aj —55 369 167 11.2 140° 150

Surface X1-16-9B Surface  Alunite  As —52 19.6 13.9 10.2 270° 270

Surface X1-16/G Surface  Alunite  Aj 382 130° 1851 +2

Surface X1-16/F Surface  Alunite  As 14.3 420° 1853 £3

Surface X1-16-18 Surface  Alunite  Aj 26.7 133 7.4 250° 130 1869 +2

Surface X1-16-19 Surface  Alunite Az —43 25.7 11.8 6.8 210 170

Surface X1-29-1 Surface  Pyrite 1.0

DDH 1 FV3-01-16  70.9 Alunite B, 18.2 1846 +2

DDH 1 FV3-01-16  70.9 Pyrite —-1.2 300

DDH 1 FV3-1-11 55.1 Alunite B, 15.8 1867 +2

DDH 1 FV3-1-11 55.1 Pyrite —6.3 260

DDH 1 FV3-1-12 58.2 Alunite  Recryst 12.4 1805 +2

DDH 1 FV3-1-17 71.8 Alunite B, 17.4

DDH 1 FV3-1-17 71.8 Pyrite 0.1 330

DDH 1 FV3-1-17 71.8 Alunite B, 16.0

DDH 1 FV3-1-17 71.8 Pyrite —1.5 320

DDH 1 FV3-1-25 129.8 Alunite  Bj 14.0 420° 1858 +2

DDH 1 FV3-1-34 184.2 Alunite By 16.4

DDH 1 FV3-1-34 184.2 Pyrite —-32 290

DDH 2 FV3-2-9 145.5 Alunite B, 21.6

DDH 2 FV3-2-9 145.5 Pyrite —-1.2 250

DDH 2 FV3-2-7 127.8 Alunite B, 21.4 280° 1857 +2

DDH 3 FV3-3-3 66.7 Alunite  Super 4.1 51.3 £0.1

DDH 3 FV3-3-3 66.7 Pyrite —-13

DDH 3 FV3-3-18 171.1 Alunite B, 19.4

DDH 3 FV3-3-18 171.1 Pyrite 1.7 320

DDH 3 FV3-3-19 184.5 Alunite B, 19.6

DDH 3 FV3-3-19 184.5 Pyrite 1.0 310

Abbreviations: DDH—drillhole; recryst—recrystallized; super—supergene.

? Appendix A.
® Assumed 834Spy=1.0.

enriched in K (Fig. 9a). The composition of red,
coarse-grained branching crystals (As-type) from
veins in alunitized rocks below and around the silica
cap is that of alunite, with rim crystals slightly more
sodic (Fig. 10a). This coarse-grained alunite type is
replaced by oriented fine-grained alunite (As-type)
(Fig. 10a). Rose-colored branching crystals of Az-type
alunite in the same hydrothermal alteration zone show
decreases in their Na and K contents from the cores
toward the rims (Fig. 10b). This As-type natroalunite
is replaced by medium- to fine-grained alunite (Ay4-
type), which is slightly more K-rich (Fig. 10c). These
A4-type crystals are cut and replaced by veins
composed of relatively more sodic fine-grained
crystals (As; Fig. 10c), which are strongly oriented

along the vein. However, the As-type alunite may also
have K enrichment towards the rims in red-colored
alunite samples (Fig. 10a).

The relationships among alunite composition,
hydrothermal fluid evolution, and deformational
events are not understood well, but the data indicate
a systematic decrease of Na and increase of K
contents in the later crystallization stages and in the
later fine-grained alunite generations that replaced the
coarse-grained alunite. This Na—K zonation could be
an indication of decreasing temperature of the hydro-
thermal system (Stoffregen and Cygan, 1990; Stof-
fregen et al.,, 2000). The branching alunite in veins
(As-type) occurs only at shallow levels, whereas fine-
grained natroalunite (B-type) occurs in deeper zones,
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suggesting decreasing temperature from the bottom to
the top. However, as discussed in Section 4.7 on
stable isotopes, localized pulses of relatively hotter
hydrothermal fluids might be indicated by crystal-
lization of branching natroalunite (As-type) in veins
under the silica cap, and by the later fine-grained
alunite of the As-type.

4.6. Ar-Ar dating of alunite

A summary of *°Ar/°Ar age spectra for alunite
samples is given in Appendix A, and the interpreta-
tion in terms of geological processes is presented in
Table 3. These ages are also shown with stable-
isotope data in Table 4. Fig. 11 includes results for
eight of the nine alunite spectra analyzed from the
Tapajos gold prospect. Seven of these spectra yield
plateaus or high-temperature maximum ages that fall
between 1869+2 Ma (high-temperature age for
sample X1-16-18) and 1846+£2 Ma (plateau age for
sample FV3-1-16), and show variable amounts of
apparent “’Ar loss in the lower temperature steps.
Detailed discussion of Ar retention for these samples
is given in a companion paper (Landis et al., this
volume). As discussed in that paper, the cluster of

ages is interpreted to represent formation of the
magmatic-hydrothermal alunite in the high-sulfidation
deposit at ~1869 Ma. The younger apparent ages,
ranging down to 1846 Ma, are interpreted to reflect
various degrees of postcrystallization resetting, which
resulted from prolonged thermal activity in the region
after 1869 Ma. The possibility that multiple periods of
alunite formation may have occurred is not excluded,
but it is unlikely that a high-sulfidation mineralization
event existed for the entire 20 my period.

Also shown in Fig. 11 is the age spectrum for
alunite sample FV3-1-12, which occurs within
small shear zones and displays slickenside struc-
tures that indicate clearly its deformation and
recrystallization by younger tectonic activity. The
age spectrum exhibits an increase in apparent ages
with increasing release temperature, a pattern
characteristic of apparent “°Ar loss. This mixing
of younger Ar in the lower temperature steps with
older Ar in higher temperature steps is interpreted
to be a result of later tectonic and thermal activity
of unknown age.

Figs. 12 and 13 are the age spectrum and isochron
diagrams, respectively, for FV3-3-3 alunite. The age
spectrum has the classic U-shaped character attribut-
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Fig. 11. Composite *°Ar/*’Ar age spectrum diagram showing age spectra of eight magmatic-hydrothermal alunite samples from the Tapajos gold
province. Plateaus or high-temperature release ages for seven of these spectra lie between 1869+2 and 1846+2 Ma. Interpreted age of high-
sulfidation system is 1869 Ma; younger ages reflect extended cooling or partial resetting of the Ar systematics between 1869 and 1846 Ma.
Apparent Ar loss in lower temperature release steps may be due to younger structural or thermal activity. Age spectrum showing apparent Ar
loss from 1194 to 1805 Ma is for a deformed alunite and reflects younger structural and thermal activity that locally affected the deposit. Details

of interpretation are discussed in Landis et al. (this volume).
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Fig. 12. The *°Ar/*°Ar age-spectrum diagram for supergene alunite sample FV3-3-3. The U-shaped spectrum is typical for a sample containing
excess ‘’Ar. Despite the presence of excess Ar, the apparent age of two temperature steps comprising 46.3% of the total released *°Ar is
51.3%£0.1 Ma and is interpreted to be the maximum age for the formation of the supergene alunite.

reservoir to be incorporated from Ar released from
older country rocks during the processes that formed
this supergene alunite.

able to incorporation of excess *°Ar. Despite the
presence of this excess Ar, more than 46% of the *°Ar
released in two temperature steps defines an apparent
age of 51.3+0.1 Ma, interpreted to represent the
maximum estimate for the age of formation through
supergene processes. The isochron diagram confirms
this apparent age and shows that a second component
of radiogenic Ar with a Proterozoic signature is
present in the sample. We interpret this older Ar

4.7. Stable isotopic data

The stable-isotope studies reported here are
preliminary and are limited in scope. They are
designed to determine the kinds of alunite present at
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Fig. 13. **Ar*°Ar vs. * Ar/*®Ar isochron diagram for supergene alunite samples. Data for 11 temperature steps are bracketed by two reference
isochrons with ages of 51 and 1800 Ma. The distribution of data indicates two reservoirs of radiogenic Ar with apparent ages of approximately
51 Ma and Proterozoic ages. Isochron analysis supports the interpretation that the formation age of supergene alunite is <51 Ma, and that minor

excess Ar released from host rocks during their weathering was incorporated.
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Tapajos and to verify the presence of magmatic-
hydrothermal alunite in the hydrothermal alteration
associated with high-sulfidation mineralization. In
Table 4, the 5°*S values of alunite range from 4.1%o
to 38.2%o, and values for coexisting pyrite range
from —6.3%0 to 1.7%o. All except two &6°*S alunite
values are greater than 14.3%o. The exceptions are
(1) a sample from shallow depth (FV3-3-3; Table 4),
which has a 6**S value of 4.1%0 and an Ar age of
51 Ma, and which is obviously supergene; (2) a
recrystallized sample with a value of 12.4%o, also
from a shallow depth in a drillhole (FV3-1-12; Table
4). This sample has lost Ar and has an age of 1805
Ma. Sulfur-isotope exchange may occur in sulfate
minerals during recrystallization in the presence of
sulfur-bearing fluids, and the &*S value of this
sample may not be primary.
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All aspects of the stable-isotope data are typical of
classical magmatic-hydrothermal alunite observed in
studies of many high-sulfidation-type ore deposits,
including Summitville, Colorado (Bethke et al., this
volume); Julcani, Peru (Deen, 1990); Rodalquilar,
Spain (Arribas et al., 1995); Lepanto, Phillipines
(Hedenquist et al., 1998); Pierina, Peru (Fifarek and
Rye, this volume); and Tambo, Chile (Deyell et al.,
this volume). The large 5°*S values of all primary
hydrothermal alunite require a magmatic-hydrother-
mal origin (Rye et al., 1992; Arribas, 1995). This type
of alunite forms from sulfuric acid created during the
disproportionation of SO, during the condensation of
a cooling magmatic vapor plume that arises from the
brittle—ductile transition beginning at about 400 °C
(Rye, 1993; Fournier, 1999). The large &**S values
result from equilibration of aqueous sulfate with H,S
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Fig. 14. The 6°*S values of alunite and coexisting pyrite in surface and drillhole samples of alunite from the silica cap, with an assumed &°*S
value of 1.0%o for pyrite that has been removed by oxidation. Temperatures are based on calculations using the empirical equations of Ohmoto
and Rye (1979) and Ohmoto and Lasaga (1982). The shaded rectangle represents a reasonable value, based on the lever rule, for the 5>*S of the
bulk sulfur in the hydrothermal fluids prior to their ascent from the brittle—ductile transition. The implied reduced (H,S/SO3 >1) nature of the
starting fluids, as shown by the position of the shaded rectangle, is reflected by the fact that, for the dataset as a whole, most of the change in
S is in the alunite. Locally, however, as indicated by the B; samples, the change in 6**S is greater in pyrite, thus indicating a shift to fluids
with H,S/S03~ of <1 as H,SO, was formed from the disproportionation of SO, at the site of alunite crystallization. Samples are arranged by

type and calculated temperature.
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in the parent fluids whose H,S/SO; ™ was initially >1
(Rye, 1993).

Another characteristic of magmatic-hydrothermal
alunite is that the sulfur-isotope fractionations
between alunite and pyrite give reasonable deposi-
tional temperatures, reflecting isotopic equilibrium
between parental aqueous sulfur species (Rye et al.,
1992; Rye, this volume). Fig. 14 summarizes ther-
mometry data (Table 4) based on sulfur isotopic
fractionations in coexisting alunite and pyrite from the
surface and drillholes, using the experimental data of
Ohmoto and Lasaga (1982), and in samples in which
pyrite is oxidized, an assumed value of 1.0%c for
coexisting pyrite. The surface samples are from the
silica cap, whose pyrite generally has been oxidized,
but one pyrite sample (X1-29-1) from the cap has a
8**S value of 1%o. The 6°*S values of most pyrite at
Tapajos range from 1.7%o to —1.3%o. Thus, for pyrite
removed by oxidation, a 6**S value of 1%o can
reasonably be assumed to be typical of the average
value in the calculation of alunite—pyrite sulfur-
isotope temperatures in Table 4. As an example of
the uncertainty in calculated temperatures using this
assumption, a +2%o change in the §**S value for
pyrite would result in temperatures of 130 to 180 °C
instead of the 140 °C shown in Table 4 for sample X1-
16-9A. Furthermore, use of an assumed value of 1%o
for pyrite gives alunite—pyrite temperatures that are in
excellent agreement with temperatures determined
from the SO4~OH oxygen-isotope fractionations in
alunite (Table 4). The calculated sulfur isotopic
temperatures range from 420 to 130 °C, with the
lowest temperature from the surface in the silica cap.
The sulfur isotopic temperatures (Table 4; Fig. 14) are
consistent with magmatic-hydrothermal alteration in
other high-sulfidation systems. The high temperatures
for some of the samples are also consistent with the
occurrence of andalusite in the alteration assemblages
(Hemley et al., 1980).

The sulfur and oxygen isotopic temperatures are
consistent with primary hydrothermal alteration tem-
peratures that have not been affected by post-ore
metamorphism. The lack of post-ore metamorphic
effects on the sulfur-isotope data of pyrite and alunite
is consistent with the lack of recrystallization in most
samples. It has long been known that stable-isotope
exchange in minerals by diffusion is slow, and that
sulfur-isotope exchange in ore minerals requires that

they be recrystallized in the presence of a sulfur-
bearing fluid (cf., Ohmoto and Rye, 1979; Casadevall
and Rye, 1980; Whelan et al., 1984; Seal et al., 2001).
Resetting of sulfur-isotope compositions of hydro-
thermal sulfates during regional metamorphism is
probably rare below greenschist grade. In some
instances at Tapajos, the finer-grained (and later)
alunite records higher isotope temperatures than those
of the coarse alunite it crosscuts. As discussed below,
this feature is likely related to temperature fluctuations
of the fluids in a dynamic hydrothermal system rather
than to the effects of isotopic exchange during
metamorphism.

The 'S values of primary alunite range from
15.8%0 to 38.2%0, and values for coexisting pyrite
range from —6.3%o to 1.7%o (Table 4). Thus, the range
of 6**S values for primary magmatic-hydrothermal
alunite is larger than the range for pyrite. Such sulfur-
isotope systematics are a characteristic of this type of
alunite and reflect the initial reduced (H,S/SO; >1)
nature of the fluids as a result of their equilibration
with crystalline rocks below the brittle—ductile tran-
sition in crustal level (Rye, 1993, this volume).
Application of the lever rule to the data in Fig. 14
suggests that the 5°*Ssg of the fluids prior to the start
of alteration may have been about 5%o.

The surface Aj-type, coarse-grained alunite is
isotopically heavy and gives sulfur isotopic temper-
atures of about 130-250 °C. This alunite is cut by As-
type fine-grained isotopically light alunite that yields a
temperature of 270-420 °C (Fig. 14), thus suggesting
the occurrence of major fluctuations at shallow levels
in the temperature of the magmatic vapor plume that
gave rise to the alteration.

The drillhole samples correspond to B;-type
medium- to fine-grained isotopically light alunite
whose sulfur isotopic temperatures are about 260—
330 °C, to Bj-type coarse-grained, isotopically
heavier alunite whose derived temperatures are 250—
320 °C, and to Bs;-type coarse-grained isotopically
light alunite with a temperature of 420 °C (Fig. 14).
Thus, fluctuations of the temperature of the vapor
plume in deeper levels of the system are also
suggested. This fluctuation in the temperature of the
fluids during magmatic-hydrothermal alteration is
consistent with the occurrences of hydrothermal
breccias at Tapajos and reflects the dynamic nature
of the hydrothermal system. The recognition of these
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Fig. 15. Plots of the 84S, 8'%00p, and 6180504 values (a), and the 6 D, 5800, and 6180304 values (b) of alunite. In (a), the tie lines between
solid and open symbols represent &' SOSOA,OH values with temperatures calculated from the experimental curve of Stoffregen et al. (1994). The
shaded polygon is the field predicted for 8**S, 6'*0¢yy, and 6180304 values of magmatic-hydrothermal alunite in isotopic equilibrium with a
fluid (solid circle) of 61801{20:6 and 6° 452525 at temperatures of 400 to 150 °C and H,S/SO,=1 to 8 (Rye et al., 1992). The range of 5>*S values
for pyrite is shown in dashed rectangle. In (b), the compositions of the parental alunite fluids are calculated using the temperatures in (a) based
on the empirical fractionations of Stoffregen et al. (1994) and the sulfur-isotope temperatures, which are similar to the A'SOSOH)H temperatures
for the same samples shown in (a). Values and equation of the shaded polygon, SASF, are the supergene alunite SO, reference field of Rye et al.
(1992). Other references are primary magmatic water, PMW (Taylor, 1968); volcanic water, VW (Giggenbach, 1997); meteoric water line,
MWL (Craig, 1961); and Kaolinite Line (Savin and Epstein, 1970).

temperature variations also argues strongly against a
significant postmineralization metamorphic effect in
the deposit.

The pyrite associated with the Bj-type alunite
shows the lowest 6°*S values, as well as a greater
range of values (1.7%o0 to —6.3%0) than does alunite
(15.8%0 to 21.6%0). These systematics indicate that
locally H,S/SO7~ was <I. This change in the
oxidation state of the fluids is also typical of
magmatic-hydrothermal alunite and is due to the
formation of copious amounts of H,SO, during
disproportionation of SO, (Rye, this volume; Bethke
et al., this volume).

The 6D, 6**S, and 6180504 and 6'%0¢y values of
alunite are summarized in Fig. 15. In Fig. 15a, the
6°*S versus 8180504 values fall in or near the
reference for magmatic-hydrothermal alunite assum-
ing a 6**Ssg of 5 and H,S/SO, between 1 and 8.
Values that fall below the reference indicate minor
mixing of magmatic fluids with meteoric water,
such as observed at Summitville (Bethke et al., this
volume).

All of the AISOSOFOH fractionations (Fig. 15a)
give geologically reasonable temperatures. These
fractionations commonly give disequilibrium values
because of retrograde exchange on the OH site (Rye
et al.,, 1990; Rye, this volume; Bethke et al., this
volume). The fact that these fractionations give such
reasonable temperatures probably reflects the low
temperature of deposition of the shallow samples.
Although minor Ar loss occurred in some alunite
samples during regional metamorphism, later reset-
ting of AISOSO4_OH fractionations is not considered
very likely.

The 86D values (Fig. 15b) are near those of the
primary magmatic water (PMW) reference of Taylor
(1968) and the volcanic water (VW) reference of
Giggenbach (1997), and are typical of magmatic
fluids in high-sulfidation systems (Rye et al., 1992;
Arribas, 1995; Hedenquist et al., 1998). The §'*0y.,0
values are lower than those of typical magmatic water
regardless of 6D value. This difference is also typical
of fluids for magmatic-hydrothermal alunite and likely
reflects mixing of magmatic fluids with meteoric
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water (Rye et al., 1992; Rye, 1993; Bethke et al., this
volume).

5. Discussion

The general geological, mineralogical, and stable
isotopic characteristics of the sulfur-bearing minerals
described here for the Tapajos gold province are similar
to those observed in many younger high-sulfidation ore
deposits, such as the Tertiary Yanacocha gold district in
Peru (Harvey et al., 1999), the Miocene Summitville
deposit in Colorado, USA (Stoffregen, 1987; Rye,
1993; Bethke et al., this volume), the Miocene Lepanto
deposit, Philippines (Hedenquist et al., 1998), the
Miocene Rodalquilar deposit, Spain (Arribas et al.,
1995), as well as the Late Proterozoic Hope Brook
mine in Canada (Dubé¢ et al., 1998). The 1.869+0.002
Ga age of the magmatic-hydrothermal alunite associ-
ated with the Tapajos high-sulfidation mineralization is
consistent with a cogenetic origin with the host
volcanic and igneous rocks.

There is little evidence of postmineralization
regional metamorphism of the host rock Iriri group
in the Tapajos gold province. Mineralization occurred
at the end of the Parauari orogeny, and the major
structural events that followed were likely largely
related to the development of taphrogenic and intra-
cratonic basins. The depth of burial of the Tapajos
mineral occurrences in these basins is not known.
Observations on the country rocks of the high-
sulfidation mineralization indicate no more than
zeolite-facies to low greenschist-facies regional meta-
morphism. The postmineralization regional deforma-
tion seems to have been responsible only for weak
local foliation in epiclastic volcanic rocks. The effect
of possible regional metamorphism is not observed in
the hydrothermal mineral paragenesis. The foliation of
alunite is restricted locally to N-S and NW-SE faults,
where alunite also displays slickenside structures and
is recrystallized.

This shearing reflects a postmineralization tectonic
activity, as is indicated by the disturbed Ar and the
sulfur isotopic systematics in a single sample (FV3-1-
12) at Tapajos. This younger tectonic activity could be
related to the 1.86—1.52 Ga Rio Negro or 1.76-1.47
Ga Rondonia-Juruena orogenesis (Fig. 1). Despite
possible diverse postmineralization orogenetic events

described in the southwestern part of the Tapajos gold
province and the Amazonian Craton (Tassinari and
Macambira, 1999; Santos et al., 2000), there is no
evidence that regional metamorphism affected the
texture, primary chemical and isotopic compositions,
or Ar age of most of the alunite.

A possible reason for the preservation of the Tapajos
high-sulfidation mineralization from erosion and
weathering could be the generation of shallow pull-
apart basins in NW-trending shear zones in a retroarc
environment related to the Parauari magmatic arc
evolution (Juliani et al., 2003). Rapid burial by fluvial
and shallow marine sediments favored preservation
from the early weathering and erosion, and preserva-
tion was also favored by the tectonic stability of the
Tapajos gold province after the Parauari event. Later
events had little effect on Ar retention in alunite.

To our knowledge, andalusite has not been
described in unmetamorphosed Tertiary high-sulfida-
tion deposits. Advanced argillic alteration with anda-
lusite has been reported at the Upper Cretaceous
Chelopech gold deposit, Bulgaria (Andrew, 2002), at
the latest Triassic to Middle Jurassic Limonite Creek
area, British Columbia (Deyell et al., 2000), at the
Paleozoic Brewer mine (Lu et al., 1992), at the
Precambrian or lower Paleozoic Mi Vida porphyry
Cu deposit in Argentina (Koukharsky and Mirre,
1976), and at the Late Proterozoic Hope Brook mine
in Canada (Dubé et al., 1998). Andalusite in some of
these deposits occurs at depths below those of a typical
epithermal environment (Dubé¢ et al., 1998; Deyell et
al., 2000; Andrew, 2002). However, in the Tapajos
high-sulfidation deposit, the occurrence of andalusite
close to the silica cap suggests that the mineral formed
instead of kaolinite because of the excess silica and
relatively high temperatures (about 350-400 °C), as
predicted by Hemley et al. (1980). These conditions are
consistent with the high sulfur-isotope temperatures for
some samples of alunite (Fig. 14).

The high-sulfidation mineralization is closely
related to calc-alkaline granite, granophyre, and por-
phyry intrusions, which show high-temperature alkali
metasomatism overprinted by propylitic and sericitic
alteration similar to those described in the Batalha
granite in the Tapajos gold province (Juliani et al.,
2002). The Batalha granite is gold-mineralized, and
among the characteristics that its hydrothermal system
shares with porphyry Cu—Au deposits are extensive
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potassic alteration, a high halogen content in biotite,
and a base-metal-gold association (Juliani et al., 2002).
These characteristics suggest that the Tapajos high-
sulfidation Au mineralization might be genetically
linked to Cu—Au porphyry mineralization as proposed
by Sillitoe (1973, 1991), Davidson and Mpodozis
(1991), Hedenquist and Lowenstern (1994), and
Hedenquist et al. (1998) in studies of more recent but
similar tectonic settings. In this context, colluvial and
alluvial gold deposits associated with quartz veins
hosted by hydrothermalized porphyry and granophyric
intrusions, which occur in the high-sulfidation miner-
alization region (Fig. 5), could be associated with Cu—
Au porphyry and low-sulfidation mineralization styles.

There seems to have been remarkably little super-
gene alteration of the Tapajos occurrences. Only one
sample of supergene alunite (Table 3) has been
discovered, and it formed at 51.3+0.1 Ma, probably
by unroofing of the deposit during the early Tertiary
period of widespread laterization in the southern
Amazonian Craton (Faraco et al., 1997; Motta et al.,
2000). The erosion of the large areas of the volcanic
sequence, which potentially contained epithermal Au
deposits similar to that described in this paper, could
have been responsible for concentration of gold in
alluvial and colluvial deposits, which have been mined
extensively in the Tapajos gold province.

6. Conclusions

The high-sulfidation deposit in the Tapajos gold
province is the first Paleoproterozoic occurrence
discovered in the Amazonian Craton. The geological
setting, the nature of the host rocks, the alteration
mineralogy, the spatial relationship of the hydrothermal
zones, the age of mineralization, and stable isotopic
characteristics unequivocally demonstrate that the
deposit resulted from high-sulfidation mineralization
processes. This unexpected preservation of high-
sulfidation occurrences opens new perspectives for
precious- and base-metal prospecting, not only in the
Amazonian Craton, but also in other old cratonic
terranes.

The Tapajoés high-sulfidation mineral occurrence,
which contains magmatic-hydrothermal alunite that
gives a **Ar/*?Ar age of 1.869+0.002 Ga, is related to
composite ring volcanoes associated with an inter-

preted large ash flow caldera complex. The Tapajos
occurrence consists of zones of intense silicification
associated with hydrothermal breccia bodies that are
covered by a hematite-rich siliceous rock interpreted to
be a silica cap. Near the surface, the breccias were
affected by strong advanced argillic alteration, repre-
sented by pyrophyllite, quartz, pyrite, andalusite,
diaspore, rutile, and woodhouseite—svanbergite, which
envelopes alunite-rich zones with inner massive or
vuggy silica, that characterize strong acid leaching. Ore
minerals related to advanced argillic alteration are
pyrite, covellite, bornite, enargite—luzonite, galena,
chalcopyrite, sphalerite, native silver, copper, and gold.
The advanced argillic alteration grades downward and
especially outward to intermediate argillic, sericitic,
and propylitic alteration. Several generations of alunite
occurred over a temperature range from about 130 to
420 °C. The high temperatures indicated by some
alunite and pyrite sulfur isotopic fractionations and by
alunite SO4- and OH-site oxygen isotopic fractiona-
tions are consistent with the occurrence of andalusite in
the alteration assemblages. Limited shearing resulted in
local recrystallization and loss of Ar from alunite, but in
general the high-sulfidation deposit seems to have been
remarkably undisturbed by postmineralization tectonic
or supergene events.
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Temp (°C) OArg 3 Arg BArg 3 A1/ POAra, 3 Arg/PAra, % Rad % Arg Agezxerror (Ma)
XI1-16-18, A3-type alunite (first generation), coarse-grained

Total-gas date: 1843+2 Ma; no plateau; 7, =1869+2 Ma; J=0.031207, 0.1%; weight 9.7 mg

550 4.2549 0.08103 0.00045 2.5 450 98.8 4.8 175042
600 0.47634 0.0093 0.00010 2.5 231 97.3 0.5 1728+9
650 15.145 0.27174 0.00055 5.0 2470 99.8 16.1 1818+2
675 24.572 0.43128 0.00125 5.7 1960 99.7 25.6 184342
725 47.602 0.82307 0.00320 15.2 3922 99.9 48.8 186142
775 3.8563 0.06620 0.00046 42 602 99.1 39 1869+2
850 0.1285 0.0023 0.00007 0.78 26 82.7 0.1 1816161
1300 0.0124 0.0009 0.00007 0.44 5.4 21.0 0.1 673124
XI1-16/G, A3-type alunite (first generation), coarse-grained

Total-gas date: 1848+2 Ma; no plateau; weighted-mean date=1851+2 Ma; J=0.031368, 0.1%; weight 10.3 mg

600 0.0429 0.0023 0.00037 2.47 15.5 0.3 0.1 822146
700 55.375 0.97529 0.00120 1.46 1189 2.1 33.1 184542
800" 19.291 0.33867 0.00084 5.60 2258 43 11.5 184942
850%™ 26.824 0.47098 0.00110 7.86 3364 3.7 16.0 184942
900" 11.533 0.20219 0.00090 30.0 6740 4.0 6.9 1850+2
950" 46.561 0.81387 0.00331 66.2 16277 6.9 27.6 185442
1000% 7.2928 0.12750 0.00146 48.7 4250 24.1 43 1854+2
1025 0.6850 0.0134 0.00025 6.25 334 12.1 0.5 1728+17
1050 0.1504 0.0030 0.00006 0.86 423 3.1 0.1 1721423
1075 0.0150 0.0014 0.00003 1.50 71.5 2.9 0.0 514+6
X1-16/F, As-type alunite (second generation), fine-grained

Total-gas date: 1835 +4 Ma; plateau date=1853+3 Ma; J=0.007257, 0.12%; weight 11.3 mg

250b 0.0091 0.0017 0.0013 0.45 0.56 1.0 0.2 70+8
300 0.0503 0.0008 0.0001 0.16 1.20 21.1 0.1 703432
400 0.0016 0.00006 0.00001 0.03 0.17 1.5 0.0 301£56
450 0.0012 0.00008 0.00001 0.03 0.22 1.1 0.0 197+30
450 0.0180 0.0004 0.00002 0.05 0.81 12.4 0.0 572+11
500 0.0628 0.0006 0.00006 0.15 1.56 35.2 0.1 1011459
550 0.3015 0.0018 0.00005 0.13 4.66 72.9 0.2 1449412
550 1.1762 0.0059 0.00005 0.12 13.72 90.3 0.6 1615+14
575 3.7452 0.0167 0.00007 0.18 43.95 97.1 1.8 174345
600 21.728 0.09414 0.00043 0.52 115 98.9 10.4 17757
625 1.5509 0.00679 0.00008 0.17 14.45 91.8 0.7 176342
650" 48.764 0.19753 0.00127 1.2 186 99.4 21.7 185242
675" 71.107 0.28732 0.00095 0.86 261 99.5 31.6 1855+4
725" 71918 0.29140 0.00143 0.75 153 99.2 32.0 1852+2
800 0.7200 0.0031 0.00005 0.04 2.67 67.9 0.3 1794+ 14
950 0.0217 0.0006 0.00003 0.03 0.63 7.8 0.1 451+5
1200 0.0030 0.0007 0.00007 0.11 1.20 1.7 0.1 5349
FV3-1-16, B;-type alunite (first generation), medium- to fine-grained, first analysis

Total-gas date: 1820+ 11 Ma; plateau date=1834+3 Ma; J=0.007257, 0.12%; weight 8.3 mg

250b —0.0005 0.00061 0.00067 0.32 0.29 —0.1 0.2 —12480
450 0.0051 0.0001 0.00004 0.57 1.86 19.9 0.0 472479
525 0.0358 0.0002 0.00001 0.17 4.0 66.1 0.1 1374+31
600 2.9703 0.0154 0.00003 0.38 195 99.2 5.0 162349
6757 48.016 0.20660 0.00000 nd 413 99.7 67.9 182749
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Temp (°C) YA 3 Arg BAre 3B ArcPCAr, 39 Arg/*0Ara, % Rad % Arg Age+error (Ma)
700" 16.450 0.0694 0.00016 2.29 992 99.9 22.8 1850+15
7257 2.1660 0.0091 0.00000 nd 101 98.8 3.0 1853426
750 0.2368 0.0010 0.00002 1.0 52 97.7 0.3 1804+21
800 0.3434 0.0017 0.00000 nd 16.8 91.9 0.6 1682+11
950 0.0118 0.0004 0.00003 0.60 7.2 422 0.1 398181
1150 0.0250 0.0003 0.00002 0.33 5.5 57.7 0.1 818496
1350 0.0419 0.0002 0.00001 0.01 0.19 13.5 0.1 1883+30
FV3-1-16, B;-type alunite (first generation), medium- to fine-grained,; second analysis

Total-gas date: 1808+2 Ma; plateau date=1846+2 Ma; J=0.031319, 0.1%; weight 10.4 mg

500 11.063 0.23061 0.00084 1.68 461 98.7 14.3 1655+2
550 9.8095 0.18067 0.00024 3.00 2258 99.8 11.2 179242
575 10.154 0.18280 0.00035 8.75 4570 99.9 11.3 1818+2
600" 53.307 0.93741 0.00143 4.90 3232 99.8 58.0 184542
625" 3.6651 0.06420 0.00033 2.54 494 99.0 4.0 1850+2
650 0.5555 0.0102 0.00015 5.00 340 98.5 0.6 1796+ 14
675 0.1151 0.0021 0.00004 4.00 212 96.5 0.1 1794+13
700 0.1297 0.0025 0.00006 6.00 252 96.9 0.2 1734+ 14
750 0.1248 0.0028 0.00008 1.60 56 89.2 0.2 1580415
1000 0.0146 0.0034 0.00010 1.67 57 46.9 0.2 227+42
FV3-1-11, B;-type alunite (first generation), fine-grained cement

Total-gas date: 1842+2 Ma; weighted-mean date=1867+2 Ma; J=0.029713, 0.1%; weight 11.6 mg

250b 0.0632 0.0056 0.00358 0.71 1.10 4.1 0.1 523+13
400 0.0346 0.0018 0.00008 0.12 2.72 14.6 0.0 798+31
500 0.36830 0.0093 0.00007 0.14 19.3 72.2 0.2 1408+3
550 6.0797 0.1549 0.00179 1.90 165 95.6 34 1395+12
575 29.146 0.50582 0.00163 291 903 99.4 11.0 180042
600 4.0921 0.06904 0.00020 0.30 103 95.4 1.5 183242
625" 141.73 2.3243 0.00824 6.87 1937 99.7 50.5 1865+2
650" 2.8361 0.04676 0.00018 0.11 28.1 85.2 1.0 1859+2
675" 88.623 1.4466 0.00537 3.03 817 99.4 31.4 1871+2
700" 1.9878 0.0326 0.00024 0.67 90.7 94.9 0.7 1863+4
725 0.1046 0.0021 0.00003 0.06 3.96 40.0 0.0 1638+23
800 0.0041 0.0003 0.00005 0.07 2.52 1.9 0.0 643+43
1200 0.0019 0.0007 0.00005 0.07 0.92 0.9 0.0 143+23
FV3-2-7, B>-type alunite (second generation), coarse-grained

Total-gas date: 1828+2 Ma; no plateau; 7,,,=1857+2 Ma; J=0.031300, 0.1%; weight 11.7 mg

500 0.1026 0.0023 0.00032 2.13 153 69.4 0.1 1579429
550 13.234 0.25955 0.00063 3.32 1366 99.6 11.1 172143
600 62.696 1.11194 0.00020 20 111000 99.9 47.4 1835+2
650 48.138 0.84323 0.00118 5.90 4216 99.9 359 1849+2
675 3.5697 0.0623 0.00014 2.80 1246 99.6 2.7 1853+5
700 3.436 0.05975 0.00013 1.62 747 99.3 2.5 185742
800 0.4113 0.0077 0.00005 0.71 110 95.0 0.3 1771£10
1250 0.0290 0.0013 0.00008 4.00 67.0 84.2 0.1 932491
FV3-1-25, B;-type alunite (third generation), coarse-grained

Total-gas date: 184242 Ma; plateau date=1858+2 Ma; J=0.031310, 0.1%; weight 9.9 mg

500 0.0437 0.0011 0.00035 3.89 5.95 434 0.0 1434433
550 1.5847 0.03564 0.00027 3.86 509 98.6 1.5 157443
575 35.587 0.63959 0.00040 222 3553 99.8 27.3 182042

(continued on next page)
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Temp (°C) AR 3 Arg BArq 38 ArcyPCAra 3 Ar/POAra, % Rad % Arg Age-+error (Ma)
600 10.867 0.19055 0.00005 0.83 3176 99.8 8.1 1848+2

625 0.2147 0.0038 0.00004 2.00 190 97.7 0.2 1838+16

650" 17.616 0.30732 0.00048 9.60 6146 99.9 13.1 1854+3

675" 64.373 1.1186 0.00237 39.5 18643 99.9 474 1859+2

700” 2.456 0.04256 0.00014 2.80 851 99.4 1.8 1862+4

750 0.2786 0.0051 0.00007 0.64 463 89.6 0.2 1800413

1000 0.0745 0.0020 0.00009 1.00 222 745 0.1 1394+16

FV3-1-12, Alunite, fine-grained, recrystallized in small shear zone
Total-gas date: 171242 Ma; no plateau; 7,,x=1805+2 Ma; J=0.030540, 0.1%; weight 9.6 mg

450 0.0196 0.0009 0.00006 0.38 5.44 29.8 0.0 948+ 15
525 0.0334 0.0014 0.00005 0.62 17.5 57.5 0.1 984146
550 1.2173 0.04009 0.00006 1.50 1002 98.9 1.9 1184+1
600 32.469 0.67332 0.00027 3.86 9619 99.9 32.7 163342
625 66.445 1.2228 0.00046 1.92 5095 99.9 59.4 1765+2
650 4.0219 0.07140 0.00003 0.43 1020 99.5 35 1805+2
675 2.1886 0.03902 0.00008 1.60 780 99.3 1.9 1800+2
800 0.3920 0.0074 0.00009 0.82 67.8 92.3 0.4 172847
1200 0.0160 0.0036 0.00013 1.44 39.7 36.6 0.2 23119

FV3-3-3, Alunite, fine-grained, supergene
Total-gas date: 99.44+0.4 Ma; weighted-mean date=51.3+0.1 Ma; J=0.031170, 0.1%; weight 11.9 mg

400 0.0023 0.0005 0.00014 2.0 7.0 10.4 0.0 244+62
450 0.0334 0.0059 0.00029 1.4 28 34.5 0.2 293+15
500 0.0505 0.0182 0.00014 2.8 363 77.0 0.7 15012
525 0.10659 0.08247 0.00006 1.0 1374 84.3 3.0 71£2
550 0.46165 0.47654 bd bd 5295 93.8 17.5 53.7£0.1
575W 0.50682 0.54896 bd bd 13724 96.9 20.1 51.2+0.1
600" 0.66374 0.71565 bd bd 23855 97.6 26.2 51.4%0.1
625 1.0437 0.82427 bd bd 9159 96.8 30.2 69.8+0.3
650 0.0992 0.0073 0.00004 1.0 183 89.9 0.3 636+3
700 0.3797 0.0110 0.00010 33 366 97.4 0.4 1320+7
1000 1.6138 0.03995 0.00033 1.9 235 92.3 1.5 1470+2

*Abundance of *’Ary (radiogenic *°Ar), *Arg (K-derived *°Ar), and *®Arq, (Cl-derived **Ar) is measured in volts and calculated to five
decimal places. Voltage may be converted to moles using 1.160x 10~ "2 mol Ar per volt signal. The “F” value can be directly calculated from the
data on the table. All isotopic abundances were corrected for mass discrimination by calculating the *°Ar/*®Ar ratio of aliquants of atmospheric
Ar pipetted from a fixed pipette on the extraction line; the ratio during this experiment was 298.9, which was corrected to 295.5 to account for
mass discrimination. Final isotopic abundances were corrected for all interfering isotopes of Ar including atmospheric Ar. The *’Ar and *°Ar,
which are produced during irradiation, are radioactive and their abundances were corrected for radioactive decay. Abundances of interfering
isotopes from K and Ca were calculated from reactor production ratios determined by irradiating and analyzing pure CaF, and K,SOy; the
K,S0,4 was degassed in a vacuum furnace prior to irradiation to release extraneous Ar. Corrections for Cl-derived 36Ar were determined using
the method of Roddick (1983). Production ratios for this experiment are available in Snee (2002).

@Apparent ages and associated errors were calculated from analytical data, then rounded using associated analytical errors. Apparent ages of
each fraction include the error in J value (0.1%), which was calculated from the reproducibility of splits of the Ar from several standards.
Apparent ages were calculated using decay constants of Steiger and Jager (1977). All apparent age errors are cited at 1 sigma. Uncertainties in
the calculations for apparent age of individual fractions were calculated using the equations of Dalrymple et al. (1981).

PFraction included in plateau date. Plateaus determined according to the method of Fleck et al. (1977).

WFraction included in weighted-mean date.

* Alunite (99% pure) was picked from vein material collected from three surface samples (X numbers) and from six drill-core samples (FV
numbers). Each alunite was ground to 250—125 pm and cleaned with reagent-grade acetone, alcohol, and deionized water and air-dried. Eight to
12 mg of each alunite was wrapped in an Al foil. Two aliquants of alunite, FV3-1-16, were irradiated in two different irradiation packages and
analyzed twice. Seven of the 10 samples were encapsulated in silica-glass vials with other samples and flux standards adjacent to each unknown.
Three of the 10 samples were each encapsulated alone in “break-seal” silica-glass vials and evacuated to better than 10~® torr; for these 3, the
neutron-flux standards were enclosed in adjacent silica vials. One of the two aliquants of sample FV3-1-16 was irradiated in a “break-seal” vial;
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Notes to Appendix A (continued):

the other was irradiated the other way. The standard for this experiment is hornblende MMhb-1 with percent K=1.555, “°Arg=1.624x 10" mol
¢! (Samson and Alexander, 1987), and K—Ar age=523.1£2.6 Ma (Renne et al., 1998). For irradiation, an aluminum canister was loaded with
the silica vials and irradiated in three different irradiation packages; one contained FV3-1-16 in a “break-seal” vial, and it was irradiated for 30 h
in the TRIGA reactor at the U.S.G.S. in Denver, CO. Subsequently, eight additional alunite samples were irradiated for 129 h in a second
package to acquire more optimal “°Arp/*’Arg ratios. This second package also contained a “break-seal” vial. A third irradiation for 30 h
contained one alunite sample in a “break-seal” vial. The alunite and standards were analyzed in the Denver Argon Laboratory of the U.S.G.S.
using a Mass Analyser Products 215 rare-gas mass spectrometer on a Faraday-cup collector. The vacuum-encapsulated vials were loaded into
the extraction system and baked at 250 °C before the vacuum seal was broken on line, and the released gas was analyzed to determine whether
any Ar had been recoiled from the sample during irradiation. These analyzed fractions are indicated as the 250b step in the above table. All
alunite samples were heated in a double-vacuum low-blank resistance furnace for 20 min, in a series of 8 to 17 steps, to a maximum of 1350 °C,
and analyzed using the standard stepwise heating technique described by Snee (2002). Each standard was degassed to release Ar in a single step
at 1250 °C. For every Ar measurement, 4OAr, ¥Ar, 3Ar, 37Ar, and 3°Ar are measured. Detection limit was 2x 1077 mol of Ar.
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