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Cl incorporation into successively zoned amphiboles from the
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ABSTRACT

Amphibole from alkali granites in the Ramnes cauldron in the Oslo rift was altered
hydrothermally by corrosion and growth through multiple events of fluid circulation. The
alteration developed successive zones of amphibole at the crystal margins, resulting in a
(1) brownish ferro-edenitic hornblende core (FE), (2) deep bluish-green hastingsitic horn-
blende zone (HH), and (3) light-greenish Fe-rich actinolite rim (FA). The edenitic core
preserves the original igneous amphibole composition. The Cl content of amphibole strong-
ly increases from the FE (0.78–0.82 wt%) to the HH zone (2.07–2.96 wt%) and abruptly
decreases in the FA rim (0.01–0.36 wt%). In the Cl-rich HH amphibole zone, amphibole
has characteristically high Cl content [2.96 wt%, 0.82 atoms per formula unit (apfu)] and
high concentrations in both [4]Al (1.73 apfu) and A-site occupancy (0.86 apfu) with a large
K/(Na 1 K) value of 0.47.

Both [4]Al and A-site occupancy increase systematically with positive correlation with
Cl content throughout the three amphibole zones. On the other hand, Fe21 content is not
so simply correlated to the Cl content. Based on crystal structure considerations on Cl-rich
amphiboles, the cation substitutions are illustrated by structural (geometrical) constraints
for [4]Al and by a chemical constraint for Fe21. These contributions for Cl incorporation
are expressed empirically by ln(Cl/OH)amp 5 ln(Cl/OH)fluid 1 A·[4]Al·Fe21/RT 1 B/RT, where
A and B are constant. [4]Al·Fe21 vs. ln(Cl/OH) plots of the three distinct amphibole zones
suggest different fluid conditions in chemistry and temperature for the three zones. The
zoning was developed through two stages of hydrothermal alteration. In the early hydro-
thermal event, a saline and high-temperature fluid altered the original hornblende (FE) to
the Cl-rich HH zone. Late stage alteration by a high Fe/Cl and relatively low-temperature
fluid partially over-printed the FA zone at the crystal margin.

INTRODUCTION

Cl in magma and the post-magmatic fluids plays an
important role in devolatilization of magma, hydrother-
mal alteration, and ore genesis. Cl is strongly partitioned
into fluid relative to coexisting melt or solid phases and
can affect the solubility of specific metals and transport
them as metal-chloride complex in hydrothermal fluids
(Kilinc and Burnham 1972; Burnham and Ohmoto 1980;
Shinohara et al. 1989). The Cl content of hydrous min-
erals such as amphibole, mica, and apatite is expected to
reflect coexisting fluid composition (Nedachi 1980; Chi-
vas 1981; Munoz 1984; Vanko 1986; Morrison 1991; En-
ami et al. 1992). Cl-rich amphiboles (Cl $1.5 wt%) have
been described from hydrothermally altered rocks and
metamorphic rocks (Dick and Robinson 1979; Ito and
Anderson 1983; Vanko 1986; Suwa et al. 1987; Morrison
1991; Enami et al. 1992).

On account of the larger ionic radius of Cl relative to
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those of OH and F, previous reports have focused on the
correlations between Cl incorporation and the cationic
substitutions in amphiboles. Volfinger et al. (1985) sug-
gested a large structural effect on expansion of the octa-
hedral strip by substitution of Cl for the hydroxyl sites in
micas and also amphiboles. Ito and Anderson (1983) and
Suwa et al. (1987) indicated that Cl content in amphiboles
is correlated positively with the contents of Al in tetra-
hedral sites and Fe21 in octahedral sites. Vanko (1986)
suggested that structural controls between Cl incorpora-
tion and Fe substitution into octahedral sites are not ef-
fective, but Cl content of amphibole varies as a function
of the Cl activity of the coexisting hydrothermal fluid.
Enami et al. (1992) argued that the Cl content of amphi-
bole increases with increasing chlorinity of the coexisting
fluid in Cl-poor environments, but that on the other hand,
the crystal-chemical controls become more important in
the Cl-rich fluid conditions of the Salton Sea geothermal
system. There the Cl content strongly depends on octa-
hedral Fe21 and A-site occupancy.

Morrison (1991) found a relatively large Mg-Cl avoid-
ance for Cl-poor amphiboles yet weak Mg-Cl avoidance


