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Second boiling effects on the Al-content of hornblende rims from an exhumed Cretaceous 
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absTRaCT

High-resolution transects across amphiboles from the layered mafic-felsic Halfmoon Pluton sug-
gest that amphibole compositions in the outermost ~40 µm of grains analyzed fluctuate in response 
to P-T-PH2O conditions during the final stages of pluton emplacement and crystallization. Detailed 
transects (~10–15 µm point spacing) across 15 crystals from six representative rock types within the 
compositionally stratified Halfmoon Pluton revealed that in almost all crystals Altot increased over at 
least the outer 40 µm, coupled with a decrease in temperature and Ti-content. P-T estimates for Half-
moon Pluton amphiboles using the Al-in-hornblende geobarometer and the hornblende-plagioclase 
geothermometer are consistent with upper crustal emplacement depths. Amphibole Altot within the 
core and midsections is controlled by the temperature-dependent edenite and Ti-Tschermak exchanges, 
and is interpreted to reflect the influence of repeated injections of hot mafic magma into the magma 
reservoir during crystallization. Increases in Altot at all amphibole rims arise from a notable increase 
in VIAl and small increases in IVAl, indicating that, unlike the core and midsections that exhibit a 
strong temperature dependence, rim-Altot is a function of the pressure-dependent Al-Tschermak ex-
change. Pressure estimates calculated for amphibole rims record a rim-ward increase in P equivalent 
to between 0.2 and 1.9 kbar, which corresponds to increases in depth of crystallization of 0.7 and 6.7 
km, respectively. This observed increase in pressure at the rims of all amphibole grains analyzed is 
not consistent with increasing lithostatic pressure as a result of pluton burial, but to an increase in 
PH2O in response to second boiling, a common process during late-stage crystallization of H2O-rich 
intermediate-silicic magmas. The presence of water escape structures throughout the pluton, and the 
predominance of biotite-rich mafic enclaves that commonly contain amygdules toward the inferred 
top of the magmatic “stratigraphy” provide further evidence to support the process of second boiling. 
These results indicate that caution is required in choosing suitable analytical sites when applying 
the Al-in-hornblende geobarometer, particularly within plutonic bodies where there is evidence for 
vesiculation and water escape structures, as the outer rim compositions of amphiboles may not be a 
function of lithostatic pressure alone.

Keywords: Amphibole, granite, Al-in-hornblende, geobarometry, geothermometry, second boiling

inTRoduCTion

Use of the Al-in-hornblende geobarometer has remained 
controversial since it was first proposed by Hammarstrom and 
Zen (1986), because intensive variables other than pressure 
(i.e., temperature, magma composition, exsolved hydrous fluid 
composition, oxygen fugacity) are also known to exert some 
control on amphibole compositions (Blundy and Holland 1990; 
Anderson and Smith 1995; Scaillet and Evans 1999) and the P-T 
effects are not easily determined. Despite these uncertainties, 
pressure estimates obtained using the Al-in-hornblende geoba-
rometer are widely applied to several magmatic and tectonic 
problems, including restoration of tilted crustal sections, deter-
mination of magma chamber depth beneath volcanic systems, 
tectonic ascent rates and, most commonly, depth of batholith 

emplacement (Ague 1997; Anderson 1996; Tulloch and Challis 
2000; Bachl et al. 2001; Barnes et al. 2001; Stein and Dietl 2001; 
Bachmann and Dungan 2002; Asrat et al. 2004; Janousek et al. 
2004; Zhang et al. 2006; Anderson et al. 2008; Deering 2009, 
among many others).

Compositional variations within minerals from volcanic 
and plutonic rocks provide insights into changing magmatic 
processes and conditions within evolving magma chambers 
that cannot be determined through fieldwork and whole-rock 
geochemistry. Mineral compositions reflect magma composition 
and conditions at the time of crystallization, and, therefore, varia-
tions in crystal chemistry can provide information regarding the 
depth of emplacement, and the chemical and thermal evolution 
of a magma chamber. Amphibole, in particular, is an excellent 
indicator of the intensive variables that governed the formation 
of the melt in which it grew, as its composition is strongly af-
fected by intensive variables including P, T, fO2, and fH2O. The * E-mail: r.turnbull@gns.cri.nz


