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Abstract. Cerro Rico de Potosi, Bolivia, is the world’s
largest silver deposit and has been mined since the six-
teenth century for silver, and for tin and zinc during the
twentieth century, together with by-product copper and
lead. The deposit consists primarily of veins that cut an
altered igneous body that we interpret to be a dacitic
volcanic dome and its underlying tuff ring and explosion
breccia. The deposit is compositionally and thermally
zoned, having a core of cassiterite, wolframite, bis-
muthinite, and arsenopyrite surrounded by a peripheral,
lower-temperature mineral assemblage consisting princi-
pally of sphalerite, galena, lead sulfosalt, and silver min-
erals. The low-temperature assemblage also was superim-
posed on the high-temperature assemblage in response to
cooling of the main hydrothermal system. Both the dacite
dome and the ore fluids were derived from a larger mag-
matic/hydrothermal source at depth. The dome was re-
peatedly fractured by recurrent movement on the fault
system that guided its initial emplacement. The dome was
extruded at 13.8 + 0.2 Ma (20), based on U-Th-Pb dating
of zircon. Mineralization and alteration occurred within
about 0.3my of dome emplacement, as indicated by a
*0Ar/*°Ar date of 13.76 + 0.10 Ma (lo) for sericite from
the pervasive quartz-sericite-pyrite alteration associated
with the main-stage, high-temperature, mineralization.
The last thermal event able to reset zircon fission tracks
occurred no later than 12.5 + 1.1 Ma (10), as indicated by
fission-tract dating. Minor sericite, and magmatic-steam
alunite veins, were episodically formed around 11 Ma and
between 8.3 and 5.7 Ma; the younger episodes occurring at
the time of extensional fracturing at Cerro Rico and wide-
spread volcanism in the adjacent Los Frailes volcanic
field. None of these younger events appear to be signific-
ant thermal/mineralizing events; the exceptionally flat
thermal release pattern of *°Ar from sericite and the
results of the fission-tract dating of zircon show that none
of the younger events was hot enough, and lasted long
enough, to cause significant loss of Ar or annealing of
zircon fission tracks. U-Th-Pb dating of zircon cores
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indicates a Precambrian progenitor for some zircons,
and REE analyses of dated samples of hydrothermally
altered dacite show the presence of a prominent
positive Eu anomaly, which constrains interpretations
of the origin and evolution of the magmatic/hydrothermal
system.

Cerro Rico de Potosi, Bolivia, has produced an estimated
30000 to 60000 tonnes of silver from high-grade Ag and
Ag-Sn veins, and it is estimated that at least that much
silver still remains (Miller and Singewald 1919; Bernstein
1987, 1989; Suttill 1988). The oxidized silver ores mined in
the sixteenth century had grades of as much as 30-40%
Ag (Omiste 1893). Silver mining reached a peak during
the sixteenth and seventeenth centuries, and Potosi
reportedly became the second most populous city in
the western world and was the site of the first mint in
the Americas. The Spaniards were only interested in
precious metals and any tin, copper, lead, and zinc
produced was used for amalgams to make utensils and
church bells (Berry 1939). Low silver prices about 1891
resulted in a change from mining silver to mining tin
(Evans 1940), and Potosi was mined almost exclusively
for tin from then until the tin market collapsed in 1985.
Gold is not known to be present in the deposit in recover-
able quantities.

Currently, Cerro Rico de Potosi is a hill honeycombed
with underground workings, some of which now host
small-scale mining operations, and many mine dumps,
two of which are being leached for Ag. Recent evaluations
indicate that Cerro Rico is pervasively mineralized and
contains about 442 million tonnes of disseminated ore
having an average grade of 106 g/tonne Ag and 0.1-0.18%
Sn; an additional 100 million tonnes of material of similar
grade is present in alluvium/colluvium and mine dumps
(Bernstein 1989).

Cerro Rico is situated within the Bolivian tin belt,
which extends throughout Bolivia from southernmost
Peru to northernmost Argentina. The many Sn deposits in
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this belt are associated with peraluminous igneous rocks,
mostly large granitic plutons in the northern part and
subvolcanic intrusions and volcanic domes in the central
and southern part (Ahlfeld 1967; Turneaure 1971;
Urquidi-Barrau 1989; Ericksen et al. 1990). Potosi is in the
central part of the tin belt, about 420 km southeast of La
Paz. It is in the Cordillera Oriental, east of the Altiplano
(Fig. 1), and just east of the Los Frailes volcanic field. Seen
from the city of Potosi, which it adjoins to the south,
Cerro Rico appears as a conical hill consisting of a red-
dish-brown (iron-oxide stained) silicified cap above slopes
of grayish-blue altered dacite covered with many mine
dumps.

Cerro Rico has been variously interpreted to be a stock,
subvolcanic intrusion, or a dome (Lindgren and Creveling
1928; Turneaure 1960a; Sillitoe et al. 1975; Francis et al.
1981). Isotopic dates for veins and altered wallrock range
from 18.7 to 7.5Ma, with alteration-related dates 14 to
12Ma (Grant et al. 1979; Schneider and Halls 1985;
Schneider 1987). The basement rocks are Ordovician clas-
tic sediments. The mushroom-shaped Cerro Rico igneous
body both cross-cuts and overlaps a percursor sequence of
heterolithic breccia and overlying dacitic tuff (Fig. 2). Be-
cause of the intense hydrothermal alteration, the Cerro
Rico dacite has previously not been directly dated. In this
study, we interpret the dacite to be a volcanic dome, that
the underlying breccia and tuff resulted from explosive
eruptions that preceded dome emplacement, and that the
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dome was extruded at 13.8 +0.2Ma and mimeralized
shortly thereafter. The dome is considered too young to be
a ring dome of the nearby Kari Kari caldera dated at
20.8 Ma, although it may have been intruded along part of
the caldera fracture system.

Previous major studies of Cerro Rico de Potosi include
Lindgren and Creveling (1928), Turneaure 1960a,b), Ah-
Ifeld and Schneider-Scherbina (1964), Sillitoe et al. (1975),
Grant et al. (1979), Francis et al. (1981), Sugaki et al
(1983), Schneider (1985), and Bernstein (1987, 1989).

Geologic setting

An east-west cross section through Cerro Rico de Potosi, near its
peak and based on centuries of mining and drilling data, shows the
major geologic relations (Fig. 2). The oldest rocks in the area are
black to gray, generally steeply dipping, Ordovician phyllites with
minor sandstone interbeds. A few kilometers east of Cerro Rico is
the resurgent dome of the 20.8 Ma Kari Kari caldera, which consists
mostly of garnet-bearing welded tuffs (Francis et al. 1981; Schneider
1985). In the vicinity of Cerro Rico is a sequence of tuffs, breccias,
and conglomerates that appear to be unique to the area and have
been collectively called the Cerro Rico Formation (Turneaure
1960a). The lithologic units that make up this sequence (Fig.2)
include the Pailaviri conglomerate, Venus breccia, and Caracoles
tuff (Evans 1940; Turneaure and Marvin 1947; Turneaure 1960a).
The basal Pailaviri conglomerate is combined with the overlying
Venus breccia in Fig. 2. The conglomerate contains rounded pebbles
of many lithologies including shale, quartzite, and igneous rock, and
correlates with similar strata as much as 10km away (Turneaure
1960a). The Venus breccia, which is up to 100m thick, contains
angular fragments of Ordovician phyllite and sparse dacite in a matrix
of tuff and small fragments of phyllite. The overlying Caracoles
tuff consists of locally reworked, well-bedded ash with interlayered
breccias. It is up to 300m thick and is cut by the central feeder dike
of the Cerro Rico dome; as shown in Fig. 2, the dome flares out-
ward over this tuff (Turneaure and Marvin 1947; Turneaure 1960a).
The Caracoles tuff contains sandy layers in which are plant fossils
that have been variously classified as being middle Tertiary to
Pliocene in age (Steinmann 1922; Briiggen 1934; Berry 1939).

The Cerro Rico dacite dome is a mushroom-shaped body measur-
ing 1700m by 1200m at the surface, narrowing to a 100-m-wide
dike, striking about N 12 W, at depth (Turneaure 1960a). The dacite
originally consisted of 3-5mm phenocrysts of quartz, plagioclase,
K-feldspar, and biotite in a fine-grained matrix of the same minerals.
It has been pervasively altered to a rock consisting of sericite,
kaolinite, chlorite, and primary and secondary quartz, and dis-
seminated pyrite, the typical assemblage of quartz-sericite-pyrite
(QSP) alteration. The silicified cap that makes up the uppermost
part of the conical hill consists essentially of residual and secondary
quartz. The siliceous cap contains prominent cavities after leached
feldspars and oxidized pyrite cubes and is thus similar in appearance
to the “vuggy silica” of acid sulfate deposits such as Summitville,
Colorado {Stoffregen 1987; Rye et al. 1992). However, it has import-
ant differences in that, rather than the vertical aspect vuggy silica
zones with their bordering, generally symmetrical, replacement
alunite-kaolinite zones of acid-sulfate systems, the cap subhorizon-
tally overlies, and is believed to be part of, the QSP-dominated ore
body that formed by adularia-sericite type alteration. The sub-
horizontal base of the cap is generally parallel to what is interpreted
to be the top of the dome and the cap has been leached by supergene
solutions resulting from oxidation of its contained pyrite.

Cerro Rico ore deposit

Most of the Cerro Rico ore has been mined from veins that vary in
width from a few tens of centimeters to several meters, although
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Fig. 2. East-west cross section through Cerro Rico de Potosi, Bolivia, showing principal veins and mine levels: locations of dated samples are
projected onto the plane of the section. Sample M3 is from mine level 16. Based on mine maps from Compaiiia Mineria del Sur (COMSUR)

workable veins have an average width of about a meter (Lindgren
and Creveling 1928). Shear zones consisting of swarms of veinlets
also have been mined. Sillitoe et al. (1975) described pervasive
microveinlets in the wallrock that they considered to represent
porphyry style mineralization. The veins cut the underlying Or-
dovician phyllites, as well as the conglomerates, breccias, and tuff of
the Cerro Rico Formation, and the Cerro Rico dacite dome (Fig. 2).
Most of the veins strike northeast and dip steeply. The upper part of
the dome contains a N 317 E-trending, 170-m-wide sheeted zone of
closely spaced, narrow veins; other groups of veins trend N 53"
E and N 6" E. Turneaure (1960a) presents a detailed description and
structural analysis of the Cerro Rico veins.

The veins have been mined over a vertical distance of about
1150 m, from the summit (4824 m) to the — 16 level (3674 m), which
is now flooded. The contact between the oxidized ore zone and the
underlying primary sulfide ore zone is irregular and is located about
300 m below the summit of Cerro Rico. The oxidized ores above the
Caracoles level (Fig. 3) had been largely mined out by the early part
of the twentieth century (Lindgren and Creveling 1928), with ore
only remaining in pillars, fill, and sections of the veins isolated by
cave-ins.

The Cerro Rico ores are spatially and temporally zoned (Tur-
ncaure 1960b). In the center, or core, of the deposit, high temper-
ature minerals including cassiterite, wolframite, bismuthinite, and
arsenopyrite were co-deposited. Surrounding the core, in the peri-
pheral parts of the deposit, a lower temperature assemblage includ-
ing sphalcrite, galena, Pb-sulfosalts, and Ag-minerals are predomi-
nant. The principal Ag minerals near the top of the vein system are
argentite, ruby silver, native silver, and supergene chlorargyrite,
whereas at depth, tetrahedrite is the most abundant Ag-bearing
mineral {Miller and Singewald 1919; Lindgren and Creveling 1928).
Repeated fracturing and multiple hydrothermal events are recorded
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Fig. 3. 2°°Pb/2*#U-2°"Pb/?*3U concordia diagram for zircon from
Cerro Rico de Potosi, Bolivia, that indicates an age of 13.8 + 0.2 Ma
for the emplacement of the volcanic dome. Color of zircon fractions
indicated by ellipse pattern (whire = colorless; black = yellow: stip-
pled = mixed)

by successive cross-cutting veins. Base-metal sulfides, Ag-bearing
minerals, and Pb-sulfosalts. are in paragenetically late associations
with earlier minerals or occur in veins cutting earlier high-temper-
ature veins in the core. Stannite and chalcopyrite are present be-
tween the high- and low-temperature assemblages (G. Steele, written
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Table 1. Descriptions and mine locations of analyzed samples from Cerro Rico de Potosi

M 1 Vein of hard, cream-colored, fine-grained alunite containing disseminated, euhedral pyrite crystals. Veins of sulfide minerals, including
pyrite, arsenopyrite, cadmium-rich tennantite, greenockite, sphalerite, ferroan tetrahedrite, and stannite, cut the alunite and are cut by alunite

veinlets. Pailaviri level O, main drift south

M 2 Vein of hard, cream-colored, fine-grained alunite about 0.5 m wide; contains spheres of clear, radiating alunite crystals. No sulfides

present. Pailaviri level O, main drift south, about 2 m north of M 1

M 3 Vein of hard, cream-colored, fine-grained alunite and woodhouseite containing disseminated sulfides, including pyrite and sphalerite.

Vein has a selvage of pyrite-quartz-cassiterite. Mine level 16

M 4 Altered dacite porphyry containing kaolinite and sericite. Brac 4500 level, 4, 641N, 5, 540E

M 5 Altered dacite porphyry with red, oxidized groundmass and feldspars converted to kaolinite. San Francisco level, 4, 790N., 4, 800F

M 6 Altered dacite containing disseminated sericite and pyrite. M 6a is a recollected 100 kg sample. Pailaviri level 0, 5, 000N., S, 285E

M 7 Altered dacite containing disseminated pyrite. Pailaviri level 0, 5, 323N, 5, 241E

M 8 Altered dacite containing disseminated pyrite. Mine level 8, 5, 200N, 5, 195E

M 9 Altered dacite with feldspars converted to sericite. Caracoles level, 5, 010N, 5, 013E
M 10 Altered dacite with feldspars converted to sericite. Mine level 4, 5, 228N, 5, 248E

communication 1995), and are locally associated with cassiterite
(Turneaure 1960b). The zoning, including telescoping of the ore, is
similar to that at the Julcani, Peru deposit (Rye 1993; Deen et al.
1994).

Fluid inclusion data is scanty. Sugaki et al. (1983, 1988) reported
that fluid inclusions in quartz, associated with cassiterite, from the
Bolivar “2” vein on the Pailaviri level, have homogenization temper-
atures of 286-315°C and salinities of 13.5-13.0wt.% NaCl equival-
ent. These authors reported homogenization temperatures in quartz
with pyrite and chalcopyrite, from the Don Mauricio vein on the
same level, of 243-282°C and 4.7-11.7 wt.% NaCl equivalent. They
also reported homogenization temperatures in quartz from the
Utne-2 vein as 231-371°C, with salinities of 4.4-19.7 wt% NaCl
equivalent, and from the Utne-4 vein as 271-329 °C, with 9.2-9.5 wt.
percent equivalent NaCl; the mineral associations and sample loca-
tions of this latter data are not specified.

Tourmaline is reported to occur in the altered wall rock and rarely
in the veins (Turneaure 1960a). It is associated with cassiterite and
formed during the earliest stage of mineralization (Sugaki et al
1983). Tourmaline apparently is most abundant deep in the deposit,
as is boron (>2000 ppm in sample M 8).

Several generations of alunite veins are present, and those exposed
in the mine are generally described as being paragenetically late.
Lindgren and Creveling (1928) reported some alunite as being hypo-
gene based on its association with cassiterite. Samples of alunite
veins collected for geochronology, geochemistry, and stable isotope
determinations are described in Table 1 and their locations shown
on Fig. 2. The analyzed vein alunite is confirmed as being hypo-
gene, and both hand-sample examination and microprobe analyses
show it contains, and is cut by, minor quantities of pyrite,
arsenopyrite, cadmium-rich tennantite, greenockite, sphalerite,
ferroan tetrahedrite, and stannite (Robert Seal, written communica-
tion 1991). Additional evidence of the hypogene nature of the
alunite veins is given by stable isotope data for both alunite and
associated pyrite (Table 2). These data are typical of magmatic
steam alunites (Rye etal. 1992), which originate from bursts of
steam of evolved magmatic fluids. The isotopic compositions indic-
ating a magmatic steam origin are 6D values of — 69 and — 74%.
indicating a magmatic source for the fluids and 63*S values
typical of the bulk sulfur in the system (S values for the alunite
are 3.7 to 5.1%,. whereas those for pyrite are 1.9 to 2.8%,.) indicating
a lack of equilibrium between sulfur species and a SO, dominant
vapor phase in the system during alunite deposition. Unrelated,
late, secondary alunite veinlets are present in the oxidized ores
(Schneider 1985).

Table 2. Stable isotope analyses of alunite and pyrite in samples
M 1 and M 3, Cerro Rico de Potosi, Bolivia

M1 M3
52050, 8.0 12.4
6'%0oy 45 84
A'80s0, —on 3.5=290°C 4.0 =240°C
oD — 69 — 74
5*%Sso, 5.1 3.7
(534SPYldisseminaled) 1.9 28

® Temperature from Stoffregen et al. 1994

Geochronology

The age of volcanic activity and the timing and extent of
the multiple episodes of mineralization of Cerro Rico are
important factors in understanding the magmatic/
hydrothermal history of the deposit, an understanding
that should be of aid to mineral exploration in this part of
the Andes. The Cerro Rico dacite is pervasively altered,
and it has been additionally affected by supergene oxida-
tion down to about the Caracoles level (Fig.2); conse-
quently, previous K-Ar studies of the dacite and alunite
dated aspects of alteration, mineralization, and perhaps
supergene oxidation rather than the initial, dome-forming,
igneous activity. Previous reported ages range from 18.7—
7.5Ma. They include four sericitized whole rock K-Ar
determinations by Grant et al. (1979) of 13.6 + 0.4 Ma and
14.1 £ 0.3 Ma (the two are each averages of duplicate
argon analyses). These authors considered it unlikely that
the dacite was emplaced much more than 1my prior to
sericitic alteration. Schneider (1985) reported K-Ar ages
for 10 samples of alunite veins, ranging from 13.52-
10.35Ma; considering Ar and K analytical results, he
interpreted the one having the lowest error as 12.59 +
0.57Ma. He also reported K-Ar dates of about
18.7—18.5Ma from 2 samples of alunite veins from the
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Table 3. Major element and selected trace element analyses of altered dacite from Cerro Rico de Potosi. Major element data in wt.%. Trace

element data in (ppm)

Field number M4 MS5S M6 M7 M 8 M9 M 10
Lab. number W-255616 W-255617 W-255618 W-255619 W-255620 W-256090 W-256091
Si0, 70.6 76.4 62.4 67.8 69.8 69.3 66.5
Al,O4 17.9 6.96 13.1 14.1 15.0 154 13.5
FeTO; 0.51 9.61 10.8 6.42 5.91 245 7.69
MgO 0.25 < 0.10 0.36 0.39 0.40 0.20 0.23
CaO 0.04 0.08 0.03 0.04 0.05 0.10 0.04
Na,O <0.15 <0.15 <0.15 < 0.15 0.22 <0.15 < 0.15
K,;O 375 0.12 3.54 3.82 0.50 3.52 3.32
TiO, 0.65 0.64 043 0.53 0.54 0.55 0.53
P,Os 0.49 0.51 0.25 0.44 0.40 0.44 0.33
MnO 0.02 < 0.01 0.01 0.02 < 0.01 0.02 0.04
LOI 925°C 442 4.06 8.36 5.67 3.93 6.64 7.52
Sc 438 2.33 3.16 3.65 349 3.86 4.19
Cr 5.7 8.6 6.5 5.7 114 7.7 231
Co 3.64 0.53 5.35 1.79 1.88 3.61 6.21
Zn 559.0 259 893.0 171.0 348.0 1690.0 207.0
As 2.61 490.0 368.0 386.0 274.0 109.0 384.0
Rb 379.0 12.9 293.0 311.0 371 295.0 323.0
Sr 790.0 3430.0 559.0 363.0 49.0 100.0 84.0
Zr 160.0 210.0 104.0 149.0 175.0 161.0 146.0
Mo <4.0 <4.0 < 6.0 <40 <40 < 6.0 4.5
Ag < 0.5 50.0 30 1.0 <05 <05 <05
Be 7.0 3.0 3.0 5.0 3.0 30 20
Bi < 10.0 <100 20.0 10.0 < 100 < 10.0 < 100
Ga 50.0 50.0 50.0 50.0 70.0 80.0 50.0
Ge < 10.0 20.0 < 10.0 < 10.0 100.0 20.0 < 10.0
Sn < 10.0 50.0 100.0 200.0 150.0 70.0 100.0
W < 20.0 20.0 30.0 <200 30.0 <200 <200
Sb 32.5 68.7 27.0 233 7.72 8.03 17.3
Cs 58.6 217 14.05 12.92 1.51 11.91 11.06
Ba 33100 315.0 534.0 770.0 54.0 527.0 281.0
La 100.0 105.3 66.1 88.8 82.7 89.3 82.5
Ce 171.0 180.0 1144 151.0 138.7 1524 143.2
Nd 59.4 61.1 39.3 49.6 46.5 53. 49.5
Sm 10.32 10.46 6.87 8.80 7.87 9.06 8.41
Eu 1.80 1.89 2.30 3.26 4.79 340 3.80
Tb 0.771 0.765 0.439 0.548 0.510 0.746 0.593
Yb 1.10 091 0.46 0.48 0.66 0.84 0.71
Lu 0.135 0.112 0.063 0.064 0.093 0.096 0.101
Hf 5.01 5.76 3.57 428 4.02 4.60 4.46
Ta 3.58 3.87 2.76 295 2.70 3.09 3.03
Au < 0.003 0.010 0.015 0.023 < 0.007 < 0.009 < 0.008
Th 238 271 16.7 20.0 19.2 219 20.0
U 9.87 11.10 8.41 8.66 7.47 9.1 8.42

Major element data by XRF, D.F. Siems and I.E. Taggart, analysts. Most trace element data by instrumental neutron activation analysis,
J. Grossman, analyst; Ag, Be, Bi, Ga, Ge, Sn, and W by ICP optical spectroscopy, R.T. Hopkins, analyst

oxidized upper part of the orebody, and a zircon fission-
track date of 12.0 4+ 0.4 Ma. The Japan International Co-
operation Agency (1985) reported a sericite age of
12.8 + 0.6 Ma from the orebody, and Ueno and Sugaki
(1984) reported an age on alunite of 7.5 + 1.2 Ma. Grant
et al. (1979) estimated a minimum age of 12.0 + 0.2 Ma for
the dacite and mineralization based on dating of a rhyolite
ash-flow tuff (Huakachi Formation) that overlies the
northern part of the Cerro Rico dome and which contains
mineralized fragments of the dacite.

The samples collected for the present study are de-
scribed in Table 1, their locations are plotted on Fig. 2,
and major and selected trace element analyses are given in
Table 3. Of these, sample M 6a was a special 100kg

sample of sericitized dacite that was collected from the
high-temperature core to provide sufficient zircon for
both U-Th-Pb and fission-track dating as well as sericite
for K-Ar dating. Following the conventions of the indi-
vidual laboratories, uncertainties are given as 2 standard
deviations (20) for the U-Th-Pb ages, and as 1 standard
deviation (1g) for the K-Ar, Ar-Ar, and fission track ages.

U-Th-Pb dating
U-Th-Pb dating of zircon was used to establish the time of

crystallization of the Cerro Rico dacite as well as to
provide information about the source rocks of the magma.
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Table 4. U-Th-Pb isotopic ages of zircon from Cerro Rico de Potosi, Bolivia

Sample Concentration (ppm) Age (Ma)?

number U Th Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 208Pb/232Th
M4 1112.3 510.7 3.626 182 +0.2 185+ 0.3 64 +5 173 +0.2
M 5-1 1146.2 464.3 5.195 20.6 £ 0.3 214103 108 + 12 184 + 04
M 5-2! 1347.5 760.1 4417 154 +£ 0.1 155+ 0.1 33+7 153 +0.2
M 5-3¢ 1262.0 453.8 3.963 149 £ 0.2 150 +03 28+ 9 145 + 0.6
M 6° 1368.7 618.3 12.11 329 +02 553+03 1178 + 14 264 +0.5
M 6a-1° 1183.7 285.8 2.906 153+ 0.2 155+ 0.2 41 +7 153 +0.2
M 6a-2° 956.4 - 2334 145 + 0.1 14.6 + 0.1 265 -

M 6a-3* 922.1 401.8 2.081 138 £ 0.2 13.8 £ 0.3 22+6 140+ 0.3
M 6a-4° 7922 608.3 3.136 23.0+ 06 237+ 0.6 91 + 10 19.8 £ 0.5
M 6a-5° 27725 206.5 10.92 143 + 04 144+ 0.5 39 +18 59429°
M 6a-6° 1852.0 271.5 6.790 193 + 0.2 197+ 0.2 72+9 222+ 1.3
M 6a-72 1217.0 230.8 3.693 18.1 + 0.1 191 +0.1 150 + 4 289 1+ 0.2
M 6a-8’ 1354.7 - 3.920 158 £0.2 16.0 +0.2 47+ 8 -

M 6a-9® 765.6 156.7 2.525 211+ 02 256 +03 480 + 4 236103
M 6a-10° 549.1 56.0 1.933 144 + 03 188 + 04 620 + 15 217 +12
M 6a-11° 276.9 354 1.981 145+05 192 +£0.6 657 + 22 164 +£20
M7 1131.0 536.1 4.595 223402 238 +0.2 178 + 6 187+0.3
M3 666.7 384.4 2.641 227105 250+ 0.5 257 +9 216 £ 0.5

Decay constants; 2*8U = 1.55125x 1071 y =1, 23%U = 9.8485 x 107 "0y~ 1, 232Th = 49375 x 107! y~1; 238U/235U = [37.88.

® Ages corrected for blank and common Pb; errors are 2 standard errors in millions of years. Isotopic composition of common lead is assumed
to be 2°*Pb:2°°Pb: 2°"Pb: ?°%Pb = 1:18.78:15.68:39.07 as determined on a coexisting pyrite from sample M-6a.

® Age strongly dependent on choice of common Pb. Samples are: ! Yellow crystals; 2Clear crystals; *Yellow, elongate crystals; *“Tips of yellow,
elongate crystals; >Yellow, equant crystals; *Abraded core of single yellow, equant crystal; 'Clear, elongate crystals; ®Clear, equant crystals;
9Abraded core of single clear, equant crystal; Other samples were not differentiated on basis of color or elongation. For additional analytical

data, see Zartman and Cunningham (1995)

Elaboration of this aspect of the investigation and a more
detailed description of the analytical procedure appears in
Zartman and Cunningham (1995). A summary of the
U-Th-Pb isotopic data is given in Table 4 and plotted on
a concordia diagram in Fig. 3.

The dacite contains a morphologically heterogeneous
population of zircons with distinct variations in color
from brownish-yellow to colorless, and a range in elonga-
tion from equant to greater than 10:1. Initial results
obtained on bulk fractions of zircon from 4 samples of
dacite (samples M 4, M 5, M 7, and M 8 (Table 4); stippled
ellipses in Fig.3) revealed the presence of a significant
component of inherited, or relict, zircon, most likely as
older cores that were overgrown by younger rims during

" the crystallization of the dacite magma. The dispersion of
-data on the concordia diagram indicates at least two ages
of inherited zircon. Two additional analyses of yellow
zircon (sample M 5, Table 4; solid ellipses in Fig. 3) further
identify mixing between zircon that crystallized with the
dacite and inherited zircon having an approximate age of
200 Ma. Colorless zircon from a fifth sample, M 6, con-
tained a large proportion of the older inherited zircon,
which could be extrapolated to an age of about 1.7 Ga.

In order to determine more precisely the crystallization,
or emplacement, age of the dacite, it was deemed neces-
sary to analyze selected fractions from a considerably
larger sample. For this purpose, several milligrams of
zircon were obtained from the 100-kg sample collected
from the same locality as sample M 6 (hereafter referred to
as sample M 6a). Based on variations in size, shape, and
color, 9 fractions of sample M 6a zircons, weighing be-
tween 0.5 and 0.1 mg, were hand picked and analyzed

(Table 4; Fig.3). Previous studies have shown that the
elongation of zircon crystals can be used to enhance or
reduce the amount of the inherited component in a com-
posite zircon crystal (Zartman et al. 1995). The more
elongate the zircon, the less the amount of the inherited
component, and crystals having a length-to-width ratio of
greater than 6:1 indicate little or no such inheritance.
Analysis of tips broken from the most elongate yellow
crystals yielded the youngest U-Pb age of 13.8 + 0.2 Ma,
which we take as the best estimation of the crystallization
age for the dacite.

To provide additional information about the age of the
inherited components, two colorless and two yellow equa-
nt single crystals of zircon were abraded to remove rims, if
present, and the remaining cores were analyzed (Table 4,
Fig.3). One of the yellow zircons revealed that it had
crystallized entirely within the dacite magma, confirming
the ~14 Ma age obtained previously. The other yellow
zircon did have an inherited component, which, together
with the other analyzed yellow fractions, gave a concordia
upper intercept age of 191 + 40 Ma. The cores of the
colorless zircon also had inherited components suggestive
of either an Archean age or postcrystallization distur-
bance of their isotopic systems (Zartman and Cunning-
ham 1995).

K—Ar and “°Ar/*Ar dating

Eight samples of vein alunite, sericitized whole rock, and
sericite separates were analyzed by conventional K-Ar
techniques. Sample descriptions are in Table 1, sample
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Table 5. K-Ar analytical data, Cerro Rico de Potosi, Bolivia

Sample Material K,O **Ar *0AT Age

number dated (%) moles/gram (%) (Ma + 10)
M la Alunite 1078  9.7971x10° ' 719 63+02
M 1b Alunite 10.62  9.7241x 10711 628 6.4 +02
M2 Alunite 1072 87499 x 107" 658 57402
M3 Alunite 468 56210x 10711 145 83405
M 4 Whole 271 285317x 10711 46 73406

rock

M6 Sericite 893 1.72536x 1071 529 134404
M9 Sericite 737 1.11448x 107" 333 105+ 04
M 10 Sericite 823 1.3238x107'° 713 111 +04

Values for constants used in calculating ages are as follows:
OK2, =0581x 10" 10yr 1 Ay =4962x 10710 yr 1AK/K =
1.167 x 10™* The decay constants used for K and the abundance
ratio *°Ar/K,,, are those adopted by the International Union of
Geological Sciences Subcommission on Geochronology (Steiger and
Jager 1977)

locations are plotted on Fig. 2, and the analytical data are
in Table 5. Sericite from sample M 6a was selected for
“OAr/*°Ar dating to define the timing of the main stage
alteration and associated mineralization. The analytical
data for this sample are given in Table 6, and the apparent
ages are plotted as a function of thermal release of *°Ar in
Fig.4. An *°Ar/*®Ar versus *?Ar/*°Ar isochron plot is
shown in Fig. 5. These are the first *°Ar/>*°Ar determina-
tions reported for Cerro Rico. The precision of the cal-
culated age is the estimated analytical uncertainty in the
measurement of the argon isotopes, radiogenic “°Ar yield,
and K,O concentrations. Sample M 4 sericite is located
above samples M1 and M 2 (Fig.2) which give similar
ages and may reflect local resetting. Samples M 9 and
M 10 have slightly lower K, values which may refiect the
presence of a minor contaminant such as quartz.

Fission-track dating

Fission-track studies of zircons from sample M 6a were
made to investigate the thermal history of the Cerro Rico
dome by the annealing of fission tracks. The zircons for
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Fig. 4. High-precision, high-accuracy *°Ar/*°Ar age spectra from
sample M 6a sericite. Eight heating stages are shown as horizontal
bars. Plateau release age is 13.76 + 0.10 Ma
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Fig. 5. *°Ar/*®Ar versus 3°Ar/*¢Ar isochron diagram for sample
M 6a sericite. Isochron age is 13.8 + 0.1 Ma

this study were from the same sample M 6a that was used
for the U-Th-Pb isotopic studies, and the K-Ar and
*0Ar/*°Ar dating. The fission-track data give a date of
12.5 + 1.1 Ma (Table 7).

Table 6. *°Ar/*°Ar analytical data from sample M 6a sericite, Cerro Rico de Potosi, Bolivia

Temp “C OArP7Ar TAr/*Ar A/ AT pay-Ve 3OAr Age (Ma =+ 1o)
550 2.561 46x107° T4x 107 91.2 31x107% 13.8 +0.11
650 2518 1.7x 1072 6.8x1074 91.7 1.1x107* 13.6 +0.14
700 2.796 41x1074 1.6x1073 82.4 28x%x1073 137+ 0.22
750 3.679 44x107° 49 %1073 60.2 30x107¢ 13.1 +0.60
850 4734 37x107° 8.1 x 1073 49.1 25x107* 138 + 1.06
950 4.881 20x 1072 79%x 1073 52.2 1.5x 1074 15.1 +1.29

1100 2.627 81x107? 1.7x1073 80.9 5.4x1074 12.6 + 1.00

1400 4.103 3.0x1072 1.1x 1072 26.8 20x1073 6.5+ 6.17

The J-value for all analyses is 0.003297. Reactor corrections: (*°Ar/*"Ar), = 0.00027, *°Ar/*7Ar), = 0.00067, (*°Ar/*°Ar), = 9.100x 102,
The laboratory sample (93Y0090) was irradiated in the US Geological Survey TRIGA reactor (Denver, Colorado) for 16 h and the radiation
flux was monitored using the Taylor Creek Rhyolite sanidine standard with an age of 27.92 Ma. The sample was heated by an induction coil
with one-half hour heating steps and monitored by optical fiber thermocouple. Sample handling techniques and correction for Ca- and
K-derived isotopes used in the Menlo Park laboratory are described by Dalrymple and Lanphere (1971, 1974). Isotopic analyses were made

using a 60" sector, 15.2-cm-radius, Nier-type mass spectrometer
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Table 8. Summary of Cerro Rico de Potosi dates from this study

Sample Material ~ ps® pi® Age
number dated (Ma = 10)
M 6a Zircon 3.86 10.5 125 £ 1.1
(DF-6443) (1073) (610)

2 ps, tracks/cm? fossil, x10° (number of tracks counted).

b pi, tracks/cm? induced, x 10% (number of tracks counted). 8 zircon
grains; sample passed chi square test at 5% (external detector runs);
muscovite dosimeter (SRM 962) density = 1.07 x 10° t/cm?; 2697
tracks counted

Discussion

The succession of volcanic strata in the vicinity of Cerro
Rico de Potosi records a sequence of events that are
interpreted to result from the eruption that culminated in
a volcanic dome. The Pailaviri conglomerate is inter-
preted to be a basal lag conglomerate upon which the
dome-related volcanic edifice was constructed. The Venus
breccia (Fig.2) consists of crudely horizontally bedded,
fragments of the country rock as well as fragments of
dacite that are interpreted to be from the solidified cara-
pace of the dacitic magma, in a tuffaceous and com-
minuted country rock matrix. This breccia resulted from
explosive activity and is interpreted as being caused by
local phreatomagmatic explosions as the rising dacitic
magma interacted with the ground water. This explosive
activity released pressure and resulted in the rapid ves-
iculation of the volatile-rich top of the magma. This pro-
cess recurred episodically yielding the well-bedded, locally
cross-bedded, largely airfall, Caracoles tuff, forming a tuff
ring over the Venus breccia. The plant-bearing lacustrine
deposits present in the Caracoles tuff are interpreted to be
local accumulations in an ephemeral lake that formed
within the tuff ring. The largely devolatilized magma was
then extruded out of the vent, flared outward over the tuff,
and formed the Cerro Rico volcanic dome. Flow lines and
guench textures are not apparent because of the annealing
due to the heat in a dome this large, together with the
effects of alteration and surface erosion. The sequence of
events is similar to those related to dome explacement
elsewhere in Bolivia (Cunningham et al. 1991a,b; Colum-
ba and Cunningham 1993; Pinto-Vasquez 1993). It is
difficult to measure the amount of erosion that has taken
place, but several lines of evidence suggest it has been not
more than a few hundred meters. Nevertheless, erosion
has been enough to modify the original dome morpho-
logy, changing it from a dome to a conical peak, but not
sufficient to remove the silica cap that is interpreted to
have formed at the top of the dome by hydrothermal
processes shortly after the dome was extruded. Further-
more, the position of the ground surface at 12.0 + 0.2 Ma
is marked by the base of the Huakachi Formation ash-
flow tuffs where they overlie the Cerro Rico Formation
(Grant et al. 1979; Francis et al. 1981).

The geochronological data reported in this study, which
are summarized in Table 8 and are shown graphically in
Fig. 6, constrain the timing and thermal history of dome
emplacement, alteration, and mineralization. The Cerro

Method/Sample  Material dated Age (Ma)

U-Pb

M 6a Zircon 13.8 + 0.2 (20)
“Ar/*Ar

M 6a Sericite 13.76 + 0.10 (10)
K-Ar

M la Alunite 63+02(0)
M 1b Alunite 6.4+ 0.2 (lo)
M2 Alunite 5.7+ 02 (1o)
M3 Alunite 8.3+ 0.5 (o)
M4 Sericitized whole rock 7.3+ 06 (lo)
M 6a Sericite 134404 (10)
M9 Sericite 10.5 + 0.4 (1)
M 10 Sericite 11.1 £ 0.4 (10)
Fission track

M 6a Zircon 125 + 1.1 (1o)

14 13 12 N 10 9 8 7 6 Ma

M 6  +-U-Pb zircon

M6  m%Ar/°Ar sericite
M6 ——K-Ar sericite

M6 +—————Fission track zircon

M 10 —e—iK-Ar sericite

Mg +—— K-Ar sericite

M3 ——K-Ar alunite
M4 K-Ar sericitized whole rock r—e~—

M 1B K-Ar alunite —~

M 1A K-Ar alunite +=

M 2 K-Ar alunite —e—
== Dome formation

+ Main stage alteration and mineralization
Partial resetting of fission tracks?

——2nd stage alteration (and mineralization?)

Epi§odic alteration and mineralization
during eruption of Los Frailes tuffs

Fig. 6. Geochronology of Cerro Rico de Potosi, Bolivia

Rico dome was localized by a generally north-trending
fault system, which was interpreted by Francis et al. (1981)
to be a caldera ring fracture related to the Kari Kari
caldera, whereas Bernstein and Harrington (1988)
considered it to be a regional fault related to an anti-
clinal flexure. Although a caldera-related fracture could
locally coincide with a regional fracture, recurrent move-
ment of a regional nature is likely since the dome is
7 my younger than the caldera, and the dome was repeat-
edly fractured by recurrent fault movement over an
additional 7 my.

Shortly after the dome was extruded at 13.8 + 0.2 Ma, it
was fractured by renewed movement on the fault system
and a large, metal-bearing, hydrothermal system depos-
ited ore and gangue minerals in the veins and caused
pervasive alteration of the dacite. As a result, the dome
was altered to a quartz-sericite-pyrite assemblage having
a silicified cap. Although the paragenesis is complicated in
detail by repeated cross-cutting events and variations in
paragenetic relations attesting to recurrent episodes of
mineralization and alteration, metal zoning at the scale of
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the deposit suggests that there was only one major ore-
forming event, and that this hydrothermal/mineralization
event formed essentially all of the ore. The hydrothermal
system was thermally and compositionally zoned, result-
ing in the deposition of a high-temperature mineral as-
semblage in the core and a lower-temperature mineral
assemblage in the periphery. As the hydrothermal system
cooled and collapsed, some of the lower temperature
minerals characteristic of the peripheral zone were para-
genetically superimposed, or telescoped, on higher tem-
perature minerals of the core. The telescoped zoning
pattern is similar to that observed at Julcani, southern
Peru, where mineralization has been shown to be the
result of mixing of high-level, evolved, magmatic fluids
with meteoric water (Deen et al. 1994).

The minimum amount of time between dome extrusion
and subsequent alteration/mineralization would be the
amount of time it took for the dome to solidify. The sharp
contacts of the veins and the through-going nature of the
veins indicate the dome had sufficiently hardened to sus-
tain fracturing.

The *°Ar/*°Ar and fission-track dates place constraints
on both the maximum amount of time it could have taken
for the major part of the ore deposit to form and the
maximum time/temperature parameters of any sub-
sequent thermal events. Sample M 6a was collected from
the high-temperature core of the deposit. The argon clos-
ure temperature of muscovite and sericite is affected chief-
ly by temperature but also to a small extent by cooling
rate, being higher for fast cooling and lower for slow
cooling (Dodson 1973). Detailed thermochronological
studies of muscovite by Snee et al. (1988) have indicated
muscovite closure temperatures of ~325°C during rapid
cooling or as low as ~270°C during slow cooling or
extended reheating. The sericite in sample M 6a is fine-
grained, generally ~0.04 mm, and the pure sample ana-
lyzed was a 60-120 mesh (0.25-0.125 mm)} fraction, so the
analyzed grains were generally composite grains. This
small grain size would increase the sensitivity to thermal
diffusion because there would be less distance for Ar to
diffuse and greater edge area. The major Ar release tem-
peratures (Table 6 and Fig. 4) were low, with over 40% Ar
released at 550 °C and about 85% released by 700 °C. This
relatively low-temperature release from fine-grained seri-
cite strongly indicates that there was no significant pro-
longed heating, or reheating associated with subsequent
hydrothermal events after 13.76 + 0.10 Ma, and that the
main ore-forming event was a very short-lived event. It
also confirms that the magmatic steam alunites, although
perhaps as hot as 400 °C, were localized, brief bursts. The
zircon fission track date of 12.5 + 1.1 Ma indicates there
was no significant heating (>240°C for > 10* years;
Hurford 1986; Naeser 1979) after this date, although the
slightly younger zircon date may record the waning of the
major hydrothermal system. The two samples of sericite
(M9 and M10) that give ages of about 11 Ma are inter-
preted to represent a possible localized event that was not
large enough to cause significant resetting. The maximum
amount of time between volcanic dome extrusion and the
formation of sericite during main-stage, high-temperature
alteration/mineralization is calculated from the difference
and analytical uncertainties between the ages of dome

emplacement and sericitic alteration. Accordingly, for
138 +02Ma — 13.76 + 0.20Ma = 0.04 + 028 my (all
uncertainties given here as 2¢ values and 20,, =
2(61 + 63)'?), a maximum difference of ~0.3my is de-
rived at approximately the 95% confidence level.

The dome was repeatedly fractured as the fault system
that initially guided the magma emplacement was episodi-
cally reactivated, both during the major mineralization
event and during subsequent minor mineralization/altera-
tion events. Such recurrent fault activity is indicated by
cross-cutting vein relations and by K-Ar dates on younger
sericite and alunite. The data suggest these events took
place about 11 Ma, and then episodically from 8.3 to
5.7 Ma, the latter being the time of major volcanic activity
in the adjacent Los Frailes volcanic field.

The stable isotope systematics of the alunites as well as
those of the associated pyrite are typical of magmatic
steam alunites that form in extensional environments usu-
ally at the end stages of hydrothermal systems (Rye et al.
1992; Rye 1993). The distinguishing stable isotope charac-
teristics of these alunites are 0D values indicating a mag-
matic source for the fluids and 6**S values typical of the
bulk sulfur in the system. Such alunites have been recog-
nized as fracture fillings at Marysvale, Utah, Cactus, Cali-
fornia, and Red Mountain, near Lake City, Colorado.
They apparently formed intermittently during mineraliz-
ation at El Indio, Chile (Raymond Jannes, oral commun-
ication 1994). Such alunites are believed to be related to
bursts of evolved magmatic steam that escape during
decompression of the magma. The magmatic steam
travels so rapidly that the sulfur species (chiefly SO,) in
the magmatic vapor plume does not have time to reach
1sotopic equilibrium prior to precipitation of alunite (Rye
1993). The fluids flow so fast along extensional fractures
that commonly even oxygen isotope equilibrium between
SO, and OH in the precipitated alunite is not obtained.
The fractionation of oxygen between SO, and OH is
temperature dependent and the isotope data for samples
M1 and M3 indicate temperatures of 290 and 240 °C.
These are minimum temperatures, however, because of
the possible oxygen isotope disequilibrium in the fluids
during their ascent (Rye et al. 1992). Many magmatic
steam alunites are believed to have formed near 400 °C,
near the upper limit of alunite stability (Hemley et al.
1969). The process by which SO, is oxidized to SO, * is
not understood but is believed to be related to the loss of
H, in the vapor phase and cooling.

The aforementioned constraints from the *°Ar/*°Ar
dated sericite corroborates the interpretation that the
moderately high-temperature alunite veins were formed
essentially instantaneously. The formation of these
alunites about 7my after main stage mineralization at
Cerro Rico de Potosi requires a younger magma at depth
whose evolved fluids were released episodically by sudden
decompression. The relation of these young alunites at
Cerro Rico de Potosi to possible mineralization at depth
has not been fully explored.

Geochronology provides information that is useful for
exploration and resource assessment. Precious metal min-
eralization in volcanic domes is generally associated with
either acid sulfate or adularia-sericite alteration (Heald
et al. 1987). In many cases, mineralization follows soon



after dome extrusion, reflecting a relation to the same
magmatic/hydrothermal system at depth. Examples in-
clude Kori Kollo-La Joya, Bolivia, where the age of vol-
canism, sericite alteration, and mineralization is indistin-
guishable (Redwood 1987, Columba and Cunningham
1993), and Julcani, Peru, where volcanic domes, acid-sul-
fate alteration, and related mineralization occurred within
a span of 0.5my (Noble and Silberman 1984; Deen et al.
1994). Large adularia-sericite hydrothermal systems in
volcanic domes form silicified caps because silica released
by the alteration process (Meyer and Hemley 1967) gener-
ally moves upward and outward into cooler zones where
it is deposited. Such caps are useful exploration guides.

Dating mineralizing episodes at Cerro Rico has explo-
ration significance for the Los Frailes volcanic field, which
covers a large area within the tin belt, just to the west of
Cerro Rico (Fig.1). The volcanic field consists chiefly of
a sequence of peraluminous ash-flow tuffs, up to 800m
thick, that was erupted between 8 and 5 Ma from several
sources (Evernden et al. 1977; Schneider 1985; Ericksen
etal. 1990). Most of the ore at Cerro Rico, as well as that
of other major metalliferous deposits in the central part of
the Bolivian tin belt, is older than the Los Frailes ash-flow
tuffs, suggesting similar deposits might exist beneath the
ash-flow tuffs of the volcanic field. The Los Frailes tuffs
contain anomalous concentrations of tin as well as wide-
spread wood-tin and uranium occurrences. Ericksen et al.
(1990) have suggested that the eruptive centers that were
the sources of the tuffs may have intrusions with asso-
ciated tin veins.

Both the dacitic magma and the metal-bearing hydro-
thermal solutions at Cerro Rico were clearly related to
a larger magmatic/hydrothermal system at depth. The
sources of the magma and metals, and the processes that
they have been affected by, may be deduced both from
rare earth element (REE) data as well as the Precambrian
ancestry of zircon shown by U-Th-Pb isotopic systematics
of this study. Five of the seven rock samples show chon-
drite-normalized REE patterns with LREE enrichment
(high Lay/Yby ratio) and a significant Eu enrichment
(Table 3, Fig. 7) in marked contrast to other igneous rocks
in the tin belt that have negative Eu anomalies (G. Erick-
sen and R. Luedke unpublished data). The exceptions,
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Fig. 7. Chondrite-normalized rare earth element (REE) plot of ana-
lyzed samples
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samples M4 and M35, are at the highest elevations in the
dome and may reflect either inhomogeneity in the mag-
matic/hydrothermal system, effects of oxidation, or the
overprint of younger hydrothermal systems (M 4 has been
dated at 7.3 Ma and is located approximately above the
similar-age magmatic-steam vein alunites). Because the
dacite is extensively altered, the Eu enrichment could have
been inherited from the REE concentration in the dacitic
magma, the REE concentration in the hydrothermal
fluids, or both; although, based on a comparison with
REE patterns of fresh rocks from other deposits in the tin
belt, it is probably due to the hydrothermal fluids. Eu can
be concentrated several ways. One way is that plagioclase
feldspars that concentrated Eu from their parent magma
during crystallization (Graf 1977) and settled in the base
of a nearby magma chamber, which then solidified, could
serve as a source of Eu-enriched fluids. A possible candid-
ate is the pluton that underlies the adjacent Kari Kari
caldera. An alternative source of LREE enriched fluids
with a high Fu content is deep-crust, tonalite-tron-
dhjemite rocks of Precambrian age (Weaver and Tarney
1981; Tarney and Jones 1994) that could be involved in
the subduction zone; these rocks, with their REE concen-
trations, may ultimately have been derived from mafic
sources (Bau 1991; Rollinson 1994).

Tin is effectively transported in hydrothermal solutions
under conditions similar to those that enhance Eu™?
solubility. It appears that tin may have been transported
in a hydrothermal solution, together with Eu*?, with the
peraluminous magmas under the reduced conditions of
the black phyllites (Lehmann 1990,1994). Deposition
would be due to a decrease in temperature, increase in Ph,
or increase in oxygen fugacity such as by a redox reaction
by coupled precipitation with sulfides or mixing with
meteoric waters (Wilson and Eugster 1990).

The abundance of tin at Cerro Rico and elsewhere in
the tin belt provides additional insight into the sources of
the peraluminous igneous rocks with which the tin depos-
its are associated. Tin is present in deposits ranging in age
from Middle Triassic to late Tertiary, suggesting that tin
was episodically remobilized in this metallogenic prov-
ince. Metasedimentary rocks might have been a source
of high-alumina, low-oxygen fugacity, ilmenite-series
magma that underwent fractional crystallization and for-
med the igneous rocks of the tin belt (Ishihara 1977; Halls
and Schneider 1988; Avila-Salinas 1990; Lehmann 1990,
1994; and Aitcheson et al. 1995). In the Precambrian
craton to the east, large tin deposits, such as those in
the Rondénia and Mapuera districts of Brazil, (Ljunggren
1964; Thorman and Drew 1988), have ages similar to
the Precambrian ages for some of the inherited zircons
described in this report. Tin-bearing granoblastic to
gneissic lithic inclusions, which have been found in
the Morococala volcanic field within the tin belt about
200km north of Cerro Rico (Ericksen et al. 1990),
might have come from such rocks. Another possible tin
source might have been Precambrian remobilized tin
placers (alluvial concentrates) along the edge of the
craton (Ljunggren 1964; Schneider and Lehmann 1977).
Such Precambrian rocks might have been sources for
both tin and enriched Eu as well as the inherited Precam-
brian zircon.
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Conclusions

Cerro Rico de Potosi, the world’s largest silver deposit,
formed in what 1s interpreted to be a dacite volcanic
dome, shortly after the dome was extruded. It is a zoned
ore deposit having a high temperature Sn-W-Bi core
surrounded by a lower temperature Ag-Pb-Zn mineral
assemblage that was superimposed, or telescoped, on
the core as the hydrothermal system waned. U-Th-Pb
dating of the tips of elongate zircon crystals show
the dome was extruded at 13.8 + 0.2 Ma. This is believed
to be the youngest volcanic rock to be studied in such
detail by the U-Pb zircon technique. Pervasive quartz-
sericite-pyrite alteration accompanied mineralization
and formed a silica cap on the dome, part of which still
remains. *°Ar/*°Ar dating of sericite from deep within
the core indicates main stage alteration at Cerro Rico
occurred at 13.76 + 0.1 Ma, essentially immediately
after the dome was extruded and hardened. The excep-
tionally flat Ar release pattern shows there was no signifi-
cant heating afterwards. Fission track dating of zircons
from the same sample gives a date of 12.5 + 1.1 Ma that
corroborates the *°Ar/*°Ar data and provides addi-
tional insight into the waning of the hydrothermal system.
Subsequent hydrothermal events, including bursts of
magmatic steam, about 11Ma and between 8.3 and
5.7Ma were not hot enough for enough time to be
significant thermal events.

U-Th-Pb isotopes and a positive Eu anomaly provide
information about possible sources of magma, hydrother-
mal fluids, and metals, as well as the processes involved in
concentrating them. Both the Cerro Rico volcanic dome
and the ore deposit were formed from a larger magmatic-
hydrothermal system at depth and the geochronological
data document the close temporal association of the mag-
matic and hydrothermal systems. U-Th-Pb dating of zir-
con crystals indicates the presence of a component dated
at 1.7 Ga, indicating a Precambrian heritage and thus the
probable influence of the western edge of the Precambrian
craton in magma generation.
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