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Abstract
Substitution of chlorine for hydroxyls in calcium amphiboles has been widely documented, but the 

effect of this substitution on thermal stability is not known. Experimental reversal data are presented 
here comparing the upper-thermal stability of amphiboles formed in the ferro-pargasite and ferro-chloro-
pargasite bulk compositions. Experiments were made over the range of 550–900 °C and 0.5–3 kbar 
at oxygen fugacities of log(fO2) of –0.3 to +0.5 relative to Co-CoO. Electron microprobe analysis of 
amphiboles made from the ferro-pargasite bulk composition were found to be ferro-pargasite, while 
those made from the ferro-chloro-pargasite bulk composition were low in A-site Na and Cl and were 
better classified as Cl-bearing ferro-ferri-hornblende. Although the differences between desired and 
observed amphibole compositions complicate the comparison of their thermal stabilities, it can be 
deduced that the Cl-bearing amphibole has a steeper dP/dT slope and, above 1 kbar, a lower thermal 
stability than ferro-pargasite. Thermodynamic analysis of the Cl-bearing amphibole was also done to 
extract thermochemical data for the Cl end-member amphibole ferro-chloro-hornblende [Ca2(Fe4Al)
(AlSi7)O22Cl2 = Fe-Cl-Horn] that are consistent with the thermodynamic database of Holland and Pow-
ell (2011). Using an ideal-activity expression and estimated values for the heat capacity (CP = 1.106 
+ 8.9156 × 10–5(T, K) – 11 218.3/T2 – 5.9548/T0.5; kJ/K·mol) and volume (283.0 ± 1.5 cm3/mol) for 
Fe-Cl-Horn, the derived values for ΔHf° and S° are –10 842.6 ± 10.3 kJ/mol and 618.8 ± 11.1 J/K·mol, 
respectively. The implication of this work is that (1) chlorine appears to lower the thermal stability 
of a given calcium amphibole in contrast to the marked increase in thermal stabilities caused by fluo-
rine, and (2) thermochemical data such as those derived in this study allow absolute concentrations 
of chloride salts to be calculated in metasomatic paleobrines, as illustrated for the Bamble sector of 
southern Norway reported in the literature.
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Introduction
Chlorine substitution into calcium amphiboles is well docu-

mented throughout various geological settings, such as in oceanic 
crust (Vanko 1986; Kendrick et al. 2015, 2022), metamorphic 
shear zones (Kullerud 1996; Johnson et al. 2004), metamor-
phosed iron formations (Henry and Daigle 2018), geothermal 
systems (Enami et al. 1992; Marks et al. 2010), and even martian 
meteorites (Giesting and Filiberto 2016; Martínez et al. 2023). 
What is largely unknown is the effect that chlorine has on the 
upper-thermal stability of calcium amphiboles. This stands in 
contrast to a relatively rich history of experimental studies on 
F-bearing amphibole synthesis and stability (e.g., Bowen and 
Schairer 1935; Comeforo and Kohn 1954; Holloway and Ford 
1975; Gilbert et al. 2018; Graham and Navrotsky 1986; Robert 
et al. 1989; Raudsepp et al. 1991; Jenkins and Hawthorne 1995; 
Pavlovich and Jenkins 2003). With a growing interest in the 
use of halogens to monitor geological processes ranging from 
seawater–ocean-crust interactions (e.g., Barnes and Cisneros 
2012; Kendrick et al. 2022) and crustal shear-zone metasomatism 

(Kusebauch et al. 2015) to mantle metasomatism (Frezzotti et 
al. 2010; Selverstone and Sharp 2011) and the formation of 
economic deposits (Yardley and Bodnar 2014), there is a need 
to understand how the incorporation of Cl into calcium amphi-
boles might affect their stability, particularly relative to the OH-
equivalent amphibole. This information would be of interest in 
understanding the depth to which Cl could be transported in, for 
example, the mafic portion of subducting lithosphere. It would 
also be of considerable interest in understanding whether Cl 
substitution for OH in amphibole might stabilize the amphibole 
to sufficiently high temperatures to allow Cl-rich amphibole to 
be stable at solidus temperatures and, therefore, form directly 
from a silicate melt, as occurs when F substitutes for OH in 
phlogopite (e.g., Sun et al. 2022).

Essentially all amphiboles that have been documented with 
significant Cl contents are calcium amphiboles. Giesting and 
Filiberto (2016) did a thorough literature review of terrestrial and 
martian meteorites and found the most common Cl-rich amphi-
boles to be ferro-pargasite [NaCa2(Fe4Al)(Al2Si6)O22(OH,Cl)2] and 
potassic-hastingsite [KCa2(Fe4Fe3+)(Al2Si6)O22(OH,Cl)2], with less 
common reports of ferro-edenite [NaCa2Fe5(AlSi7)O22(OH,Cl)2], 
ferro-hornblende [Ca2(Fe4Al)(AlSi7)O22(OH,Cl)2], and ferro-




