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Introduction

The Central Andes hosts the world�s
largest copper (El Teniente and Chu-
quicamata, Chile), silver (Cerro Rico
de Potosı́, Bolivia) and tin (Llallagua,
Bolivia) deposits, all of which are in
porphyry systems that form part of
the Cenozoic continental-margin mag-
matism of the Andes (Sillitoe, 1976,
1988). Both the regional metallogenic
zoning, with tin-silver in a back-arc
setting and copper more outboard,
and the role of slab-related fluids in
the generation of these systems remain
poorly understood. Here we present
boron concentration and first isotope
data on melt inclusions from quartz
phenocrysts from the large tin por-
phyry systems of Cerro Rico de Pot-
osi, Chorolque and Llallagua in
Bolivia, and the northern Chilean
copper porphyry of El Salvador
(Fig. 1). These porphyry systems have
experienced pervasive hydrothermal
alteration, such that melt inclusions
in quartz phenocrysts preserve the
only direct information on the mag-
matic history of fluid-mobile elements.
Melt inclusions are small droplets of
melt (now glassy or crystallized),
which became trapped during the

growth of their host mineral, and
micro-analysis of trace elements can
provide important insight into igneous
processes. Such studies on Central
Andean porphyry systems were car-
ried out by Dietrich et al. (2000),
Campos et al. (2002) and Davidson
et al. (2005). We here present the first
boron isotope study applied to melt
inclusions in porphyry systems. The
isotope composition of boron eventu-
ally allows to trace the source of
boron, and to enlarge the scale of
understanding of magmatic-hydro-
thermal ore formation.

Geological background

The Central Andean tin belt in the
Eastern Cordillera reaches from
southern Peru through Bolivia to
northern Argentina, and it consists
of a folded and thrusted basement of
Early Palaeozoic siliciclastic rocks
with more than 10 km thickness (Sem-
pere, 1995). Major tin deposits are
associated with Miocene porphyries
and their genetically related vein sys-
tems (Grant et al., 1980). The general
plate tectonic setting during the for-
mation of the Bolivian tin deposits is
characterized by a transition from flat
slab to normal subduction at 25–
15 Ma (James and Sacks, 1999). A
particular feature of the tin belt is
strongly peraluminous rhyodacitic
ash-flow tuffs, which are both coeval

to and younger than the porphyries
while all other Andean volcanic rocks
are of metaluminous composition
(Ericksen et al., 1990; Morgan et al.,
1998).
The Central Andean copper por-

phyry province in northern Chile con-
sists of several N-S trending sub-belts,
which record a progressive eastward
shift of the volcanic arc since the Early
Jurassic by some 200 km. The giant
copper porphyry systems of Chuqui-
camata, Escondida and El Salvador
formed between 41 and 31 Ma and are
related to a period of flat slab sub-
duction with porphyry emplacement
controlled by the more than 1000-km-
long N-S trending Domeyko conti-
nental strike-slip fault (James and
Sacks, 1999).
The subvolcanic dome of Cerro

Rico de Potosi in southern Bolivia
consists of 13.8-Ma-old dacitic to
rhyodacitic rocks (Zartman and
Cunningham, 1995) and hosts both
the world�s largest silver resource in its
epithermal superstructure and a major
tin resource in its deeper parts (Sillitoe
et al., 1975). Hydrothermal alteration
and mineralization occurred within
0.3 Ma of dome emplacement (Cunn-
ingham et al., 1996). Vuggy silica alter-
ation on top is underlain by a high
sulfidation lithocap with advanced
argillic alteration and sericitization.
The root of the system is domi-
nated by pervasive tourmalinization
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with cassiterite-pyrite stockworks and
veinlets.
Chorolque in southern Bolivia is a

16-Ma volcanic complex with a 1-km-
diameter vent, which is surrounded by
crystal- and pumice-rich rhyodacitic
tuffs. The vent hosts a major breccia
system (silicified volcanic and sedi-
mentary clasts) with tin mineralization
in veins and stockworks (Sillitoe et al.,
1975; Grant et al., 1979, 1980). The
hydrothermal system shows a concen-
tric zonation from tourmalinization
and silification in the centre to seric-
itization to distal propylitization in
the pyroclastic rocks.
The giant tin porphyry system of

Llallagua in central Bolivia is hosted
by a rhyodacitic pipe-like intrusion
or diatreme of which the volcanic
superstructure has been eroded away.
Sericite-tourmaline alteration is wide-
spread. Stockworks and veins carry
the hydrothermal assemblage of
quartz-tourmaline-cassiterite-pyrrhotite ⁄
pyrite. K–Ar ages are around 22 Ma
(Grant et al., 1980), but the igneous
system may be as old as 40 Ma
(Kempe et al., 2008).
The El Salvador copper porphyry

system in northern Chile is one of the
best studied porphyry systems (Gus-
tafson and Hunt, 1975; Gustafson
et al., 2001). The multiphase mag-
matic evolution of El Salvador started
with barren rhyolitic ignimbrites
(�65–55 Ma) and rhyodacitic to rhy-
olitic domes (58–55 Ma (Cornejo
et al., 1997). A second magmatic cycle

(44–41 Ma) hosts the copper por-
phyry mineralization in a granodio-
ritic porphyry sequence. Stockwork
K-silicate alteration is widespread
with the assemblage of K-feldspar-
biotite-anhydrite-quartz and the ore
assemblage of chalcopyrite-bornite-
pyrite, followed by sericitic to intense
argillic alteration. The late magmatic
activity of the porphyry complex is
represented by potassic and argillic

altered porphyry dykes (Latite dykes,
41 Ma) with pervasive weak copper
mineralization.
The Bolivian tin porphyries have

eNd values of )5.3 to )10.7 (Lehmann
et al., 2000), and intrude a Palaeozoic
sedimentary sequence with largely
overlapping eNd values of )8 to )12
(Miller and Harris, 1989; Basu et al.,
1990). Their rare-earth element distri-
bution patterns, particularly for the
Cerro Rico de Potosi system, are steep
with a concave heavy REE pattern,
which suggests a garnet-bearing
source (Dietrich et al., 2000), proba-
bly near the base of thickened conti-
nental crust. The El Salvador intrusive
complex has eNd values of +2 to +4
(Maksaev, 1990) and less fractionated
REE patterns at lower REE levels,
compared to the Bolivian tin porphy-
ries (Dietrich, 1999).

Sample material

Magmatic quartz phenocrysts were
either hand-picked from crushed
bulk-rock samples or exposed by pol-
ishing from bulk-rock chips. The
quartz-hosted melt inclusions studied
have diameters between 10 and
100 lm with variable shapes. The
inclusions from Cerro Rico de Potosi
and Chorolque reveal a perfect nega-

Fig. 1 Major copper and tin porphyry deposits in northern Chile and Bolivia. Green
triangles: tin porphyry systems; red triangles: copper porphyry systems; small solid
triangles: Recent volcanic chain. Intrusive ages in brackets (Ma).

(A) (B)

(D)(C)

0 50 µm 0 50 µm

0 200 µm 0 50 µm

Fig. 2 Typical melt inclusions from the porphyry systems studied. A: Cerro Rico de
Potosi, Bolivia: negative-crystal shape, glassy with vapour bubble; B: Llallagua,
Bolivia: rounded to negative-crystal shape, glassy with vapour bubble. C and D
(enlargement): El Salvador, Chile: Most melt inclusions in copper porphyry systems
are opaque and affected by fluid overprint (see dark inclusion in C). Only some small
inclusions are glassy with a vapour bubble.
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tive crystal shape and are commonly
glass-clear with a shrinkage ⁄vapour
bubble (5–25% of the inclusion vol-
ume), whereas the inclusions from
Llallagua and El Salvador have more
rounded shapes and are mostly opa-
que. Some smaller melt inclusions
(£20 lm) are glassy and have a vapour
bubble. We selected only those non-
crystallized melt inclusions for analy-
sis (Fig. 2). Experimental data on
water and zircon solubility in felsic
melts, applied to the composition of
the melt inclusions, as well as the
phenocryst nature of the host quartz
with more than 50% groundmass of
the bulk rock suggest a depth of
entrapment of the melt inclusions,
i.e. formation of the quartz pheno-
crysts corresponding to a pressure of
more than 1 kb (Dietrich et al., 2000).
The quartz phenocrysts in the shal-

low subvolcanic systems of Cerro
Rico de Potosi and Chorolque are
much less affected by fluid overprint
than is the case for the quartz crystals
from the diatreme environment of
Llallagua. The deeper copper por-
phyry environment of El Salvador
has closely spaced fluid inclusion trails
across quartz phenocrysts, which have
modified extensively the melt inclusion
inventory. We intensively searched
several Chilean copper porphyry sys-
tems (Los Pelambres, Chuquicamata,
El Salvador, Mantos Blancos) for
quartz-hosted melt inclusions unaf-
fected by such fluid overprint, but
could find such material only in late-
and post-ore dykes and stocks. The
only melt inclusions large enough for
microanalytical work were detected in
latitic post-ore dykes from El Salva-
dor.

Analytical techniques

The quartz phenocrysts were polished
until individual melt inclusions were
exposed at the sample surface. Major
elements and some trace elements
were measured by a combination of
electron and proton microprobe anal-
ysis. Routine electron microprobe
analysis was performed with a Cam-
eca SX 100 in Clausthal (20 kV,
20 nA; alkalies by defocused beam
and 15 kV, 10 nA). Proton-induced
X-ray emission analysis (PIXE) was
performed in Heidelberg (2.5 MeV,
calibration by a number of NIST
and natural glass reference materials),

as described by Traxel et al. (1995)
and Wallianos et al. (1999).
We used the Cameca ims 6f SIMS

in Potsdam to conduct in situ analyses
of the boron contained within indi-
vidual melt inclusions. The analyses
used a nominal )12.5 kV, filtered
16O), and a 30 nA primary beam,
which was focused to a �30 lm diam-
eter spot on the sample�s surface.
Secondary ions ejected from the sam-
ple during the sputtering process were
accelerated through a+10 kV extrac-
tion field. We operated the mass
spectrometer with 25 V energy band-
pass and at a mass resolution of
M ⁄ DM � 1600, which is sufficient to
eliminate all significant isobaric
molecular interferences. Data collec-
tion consisted of either 40 or 80 cycles
of the mass sequence: 5.75 back-
ground (0.1 s), 10B (20 s), 11B (10 s),
30Si (2 s), 41K (2 s) and 41.25 back-
ground (0.1 s). Because of excessively

high count rates it was necessary to
apply a 40 V energy offset to both the
Si and K peaks. A single analysis
required between 31 and 61 min of
data acquisition. Instrument calibra-
tion employed the NIST SRM610
synthetic glass, which contains
356 lg g)1 B (Pearce et al., 1997) and
which has a boron isotopic composi-
tion of d11B = )1.05& (Kasemann
et al., 2001).
The external reproducibility of the

d11B data, based on repeat measure-
ments of the glass reference material,
was �±3&. There is an instrumental
mass fractionation for boron isotope
analysis of natural basaltic to rhyo-
litic glasses. Rosner et al. (2008) iden-
tified an average 3.4& difference
between the NIST glasses (SRM 610
and 612) and melt inclusions. The
same study also gives a revised boron
isotopic composition of )0.66& for
SRM 610. Therefore, we corrected
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our original analytical data, acquired
before the study of Rosner et al.
(2008), by a constant factor of )3&
(Table 1).

Results

Our boron concentration and recon-
naissance isotope data are given in
Table 1 and are plotted along with
some reference data in Fig. 3. The
boron isotope data of the melt inclu-
sions from El Salvador in Chile have a
wide range from )7 to +12& d11B,
which overlaps the reference fields for
oceanic crust and pelagic sediments,
and for Andean volcanic-arc rocks.
This wide range is displayed not only
by different quartz samples, but also
by different melt inclusions within the
same quartz crystal (sample E10 a and
b). The boron isotope data from the
Bolivian tin porphyries range from
)16 to )7& d11B, and overlap with
the reference field for the Palaeozoic
metamorphic basement of the Central
Andes (Kasemann et al., 2000), and
the global estimate for average conti-
nental crust of )13 to )8& (Chaussi-
don and Albarède, 1992).

Discussion

The positive B isotope data of the El
Salvador melt inclusions up to 12&
require a source enriched in 11B rela-
tive to mantle or MORB, which have
boron isotope values between )10 and
0& (Spivack and Edmond, 1987; Is-
hikawa and Nakamura, 1993; Chau-
ssidon and Marty, 1995; Ryan et al.,
1995). We interpret the positive B
isotope data as reflecting a �seawater�
signature, likely related to devolatil-
ization of seawater-altered subducted
rocks. Altered oceanic crust is known
to have a wide compositional range
both in terms of boron abundance and
boron isotopic composition, i.e. d11B
values of )4 to +25& (Smith et al.,
1995). Bulk-rock boron isotope data
from the Recent Central Andean vol-
canic front have a much smaller var-
iation range of +2 to +4& (n = 8),
and their boron budget also appears
to be controlled by slab-derived fluids
(Rosner et al., 2003), while boron
isotope data on melt inclusions in
ignimbrites from the �10 Ma to Re-
cent Altiplano-Puna Volcanic com-
plex in NW Argentina reflect a
dominantly crustal boron source with

a minor contribution from the sub-
duction environment (Schmitt et al.,
2002). The variable up to very heavy
boron isotope signature of the El
Salvador system is unusual for arc
volcanism, and may indicate the
involvement of a serpentinized mantle
wedge enriched in heavy boron from
forearc fluids. At erosive margins, 11B-
rich forearc serpentinite slivers could
be dragged down to the root zone of
arc magmatism and then release heavy
boron on serpentine breakdown (Ben-
ton et al., 2001; Tonarini et al., 2007).
We cannot exclude that boron was

lost from the El Salvador system
during magmatic fractionation and
possible fluid-melt separation. How-
ever, such processes, including dehy-
dration reactions during subduction,
would produce a shift towards more

negative delta B values in the melt
fraction because of the preference of
heavy B for hydrous fluids (Hervig
et al., 2002). The pre-degassing melt
of the El Salvador system would
therefore have an even more positive
boron isotope composition than mea-
sured in the melt inclusions.
Boron loss during fluid-melt sepa-

ration may also have affected the
elemental boron abundances. How-
ever, the low B abundance in the melt
inclusions from El Salvador, where
tourmalinization is not observed, and
the high B abundance in the melt
inclusions of the Bolivian tin porphy-
ries, where pervasive tourmalinization
is typical, strongly support for the
assumption that the initial magmatic
boron abundance at El Salvador was
significantly lower than in the Bolivian
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tin porphyries. Post-entrapment alter-
ation probably did not affect the
boron signature of the melt inclusions,
as can be deduced from systematic
correlation trends between boron and
a number of trace elements in melt
inclusions and bulk rock samples from
the Bolivian tin belt (Lehmann et al.,
2000).
Figure 4 compares the neodymium

and boron isotope compositions of
the studied porphyry systems with
selected reference data. The eNd range
of +2 to +4 for El Salvador is
typical of Cenozoic copper porphyry
systems in Chile (Maksaev, 1990),
and is commonly explained as a
mantle signature. No combination of
crustal- and mantle-derived boron
can explain the positive d11B range
in the El Salvador melt inclusions,
implying that an input of heavy B
from the subducted, seawater-altered
oceanic plate must be involved. Con-
trastingly, the negative d11B data
from the Bolivian tin porphyries coin-
cide with the boron isotope composi-
tion of the Central Andean basement.
The same similarity is observed in the
neodymium isotope composition of
tin porphyries and regional continen-
tal crust (Lehmann et al., 2000). The
boron isotope composition of these
porphyries could be influenced by
11B-depleted fluids from the deep
slab, which may result from boron
isotope fractionation during progres-
sive dehydration (Rosner et al., 2003).
However, given the high abundance
of boron in the melt inclusions from
the tin porphyry systems and the
fluid-mobile behaviour of boron dur-
ing dehydration, i.e. early boron loss
from the subduction environment,
this deep slab contribution must be
small.
Figure 5 compares bulk-rock and

melt-inclusion boron data from the
copper and tin porphyry systems with
titanium (relatively compatible and
fluid-immobile), which is a proxy for
magmatic evolution in felsic systems.
The bulk-rock boron abundances are
controlled by hydrothermal overprint
(large variations in boron contents at
relatively constant Ti levels). The high
bulk-rock B abundances in the Boliv-
ian porphyry systems reflect their
pervasive tourmaline alteration, also
seen in boron abundances of several
thousand p.p.m. B in fluid inclusions
(Müller et al., 2001).

The �seawater� signature in the
boron isotope composition of the melt
inclusions from El Salvador is proba-
bly also expressed by the highly oxi-
dized character of the magmatic-
hydrothermal system, where abundant
anhydrite ±magnetite formed during
early potassic alteration, typical of
copper porphyries (Gustafson and
Hunt, 1975). Magmatic anhydrite is
reported from other copper porphyry
systems (Barth and Dorais, 2000;
Audétat et al., 2004). A high oxida-
tion state is required in the early
evolution of copper porphyry systems
in order to allow efficient transfer of
chalcophile elements from the hy-
drated mantle wedge into arc magmas
(Mungall, 2002). The influence of a
seawater-derived slab fluid is not vis-
ible in the Bolivian tin systems, which
appear to be dominated by intracru-
stal partial melts. The boron enrich-
ment in the melt inclusions likely
reflects pelitic source rocks of the
igneous system. Average pelitic rocks
have about 100 p.p.m. B, compared

with bulk continental crust with about
10 p.p.m. B (Taylor and McLennan,
1995). A pelitic (and carbonaceous)
source could also explain the more
reduced nature of the magmatic-
hydrothermal tin porphyry systems
as recorded both by the lack of
magmatic magnetite (Lehmann et al.,
1990) and occurrence of early hydro-
thermal pyrrhotite (Kelly and Turne-
aure, 1970). A reduced magmatic and
hydrothermal system seems to be
required for both efficient tin enrich-
ment during magmatic fractionation
and high tin solubility in aqueous fluid
systems (Lehmann, 1990). The signif-
icant distinction in boron isotope
composition between the copper
and tin porphyries reflects these
fundamentally different metallogenic
settings.
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Secular boron isotope variations in the
continental crust: an ion microprobe
study. Earth Planet. Sci. Lett., 108, 229–
241.

Chaussidon, M. and Marty, B., 1995.
Primitive boron isotope composition of
the mantle. Science, 269, 383–386.

Cornejo, P., Tosdal, R.M., Mpodozis,
N.C., Tomlinson, A.J., Rivera, O. and
Fanning, C.M., 1997. El Salvador, Chile,
porphyry copper deposit revisited: geo-
logic and geochronologic framework.
Internat. Geol. Rev., 39, 22–54.

Cunningham, C.G., Zartman, R.E.,
McKee, E.H., Rye, R.O., Naeser, C.W.,
Sanjines, O.V., Ericksen, G.E. and Ta-
vera, F.V., 1996. The age and thermal
history of Cerro Rico de Potosi. Miner.
Deposita, 31, 374–385.

Davidson, P., Kamenetsky, V., Cooke,
D.R., Frikken, P., Ryan, C., van Ach-
terbergh, E., Mernagh, T., Skarmeta, J.,
Serrano, L. and Vargas, R., 2005.
Megmatic precursors of hydrothermal
fluids at the Rı́o Blanco Cu-Mo deposit,
Chile: Links to silicate magmas and
metal transport. Econ. Geol., 100, 963–
978.

Dietrich, A., 1999. Metallogenie, Geoche-
mie und Schmelzeinschluss-Untersuchun-
gen von tin porphyry und copper porphyry
Lagerstätten in den zentralen Anden
(Bolivien, Chile), PhD thesis. Technical
University of Clausthal.

Dietrich, A., Lehmann, B. and Wallianos,
N.A., 2000. Bulk rock and melt inclusion

geochemistry of Bolivian tin porphyry
systems. Econ. Geol., 95, 313–326.

Ericksen, G.E., Luedke, R.G., Smith, R.L.,
Koeppen, R.P. and Urquidi, B.F., 1990.
Peraluminous igenous rocks of the
Bolivian tin belt. Episodes, 13, 3–8.

Grant, J.N., Halls, C., Avila, W. and
Snelling, N.J., 1979. K–Ar ages of igne-
ous rocks and mineralization in part of
the Bolivian tin belt. Econ. Geol., 74,
838–851.

Grant, J.N., Halls, C., Sheppard, S.M.F.
and Avila, W., 1980. Evolution of the
porphyry tin deposits of Bolivia. In:
Granitic magmatism and related mineral-
ization (S. Ishihara, ed.). Mining
Geology, Special Issue, 8, 151–173.

Gustafson, L.B. and Hunt, J.P., 1975. The
porphyry copper deposit at El Salvador,
Chile. Econ. Geol., 70, 857–912.

Gustafson, L.B., Orquera, W., McWil-
liams, M., Castro, M., Olivares, O.,
Rojas, G., Maluenda, J. and Mendez,
M., 2001. Multiple centers of minerali-
zation in the Indio Muerto District, El
Salvador, Chile. Econ. Geol., 96, 325–
350.

Hervig, R.L., Moore, G.M., Williams,
L.B., Peacock, S.M., Holloway, J.R. and
Roggensack, K., 2002. Isotopic and ele-
mental partitioning of boron between
hydrous fluid and silicate melt. Am.
Mineral., 87, 769–774.

Ishikawa, T. and Nakamura, E., 1993.
Boron isotope systematics of marine
sediments. Earth Planet. Sci. Lett., 117,
567–580.

James, D.E. and Sacks, I.S., 1999. Ceno-
zoic formation of the Central Andes: a
geophysical perspective. In: Geology and
ore deposits of the Central Andes (B.J.
Skinner, ed.), pp. 1–25. Special Publica-
tion 7, Society of Economic Geologists,
Boulder.

Kasemann, S., Erzinger, J. and Franz, G.,
2000. Boron recycling in the continental
crust of the Central Andes from the
Palaeozoic to Mesozoic, NW Argentina.
Contrib. Mineral. Petrol., 140, 328–343.

Kasemann, S., Meixner, A., Rocholl, A.,
Vennemann, T., Rosner, M., Schmitt, A.
and Wiedenbeck, M., 2001. Boron and
oxygen isotope composition of Certified
Reference Materials NIST SRM
610 ⁄612 and reference materials JB-2
and JR-2. Geostandards Newslett., 25,
405–416.

Kelly, W.C. and Turneaure, F.S., 1970.
Mineralogy, paragenesis and geother-
mometry of the tin and tungsten deposits
of the Eastern Andes. Econ. Geol., 65,
609–680.

Kempe, U., Lehmann, B., Wolf, D., Ro-
dionov, N., Bombach, K., Schwengfel-
der, U. and Dietrich, A., 2008. U-Pb
SHRIMP geochronology of Th-poor
hydrothermal monazite: an example
from the Llallagua tin-porphyry deposit,

Bolivia. Geochim. Cosmochim. Acta, 72,
4352–4366.

Lehmann, B., 1990. Metallogeny of tin.
Springer, Heidelberg, Berlin, New York.

Lehmann, B., Ishihara, S., Michel, H.,
Miller, J., Rapela, C., Sanchez, A., Tistl,
M. and Winkelmann, L., 1990. The
Bolivian tin province and regional tin
distribution in the Central Andes: a
reassessment. Econ. Geol., 85, 1044–
1058.

Lehmann, B., Dietrich, A., Heinhorst, J.,
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