
Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 444 
 
 
 
 
 
 
 
 
 
 

Magma Evolution of the Cerro Bayo 
Laccolith in the Chachahuén Volcanic 

Complex, Argentina 
Evolution av Cerro Bayo lakkolitens magma 
 i vulkankomplexet Chachahuén, Argentina 

 
 
 
 
 
 
 
 
 
 
 
 
 

Yang Sun 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

INSTITUTIONEN FÖR 
GEOVETENSKAPER 

 
D E P A R T M E N T  O F  E A R T H  S C I E N C E S  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Examensarbete vid Institutionen för geovetenskaper 
Degree Project at the Department of Earth Sciences 

ISSN 1650-6553 Nr 444 
 
 
 
 
 
 
 
 
 
 

Magma Evolution of the Cerro Bayo 
 Laccolith in the Chachahuén Volcanic 

 Complex, Argentina 
Evolution av Cerro Bayo lakkolitens magma 
 i vulkankomplexet Chachahuén, Argentina 

 
 
 
 
 
 
 
 
 
 
 
 
 

Yang Sun 



ISSN 1650-6553 

Copyright © Yang Sun 

Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), Uppsala, 2018 



Abstract
Magma Evolution of the Cerro Bayo Laccolith in the Chachahuén Volcanic Complex, Argentina 
Yang Sun 

The Chachahuén volcanic complex, with the Cerro Bayo laccolith as one of the largest intrusions, is part of 
back-arc Payenia volcanic province in western central Argentina. Laccoliths show potential for generating 
oil in sedimentary basins and producing ore deposits. It is crucial to put more effort into understanding the 
magma plumbing system beneath the Chachahuén volcanic complex, which the Cerro Bayo laccolith is part 
of. Thus this project present the first thermobarometric modelling for the Cerro Bayo laccolith and the 
Chachahuén volcanic complex. Several thermometers and barometers were applied to plagioclase, 
amphibole and clinopyroxene to understand magma evolution in the underlying plumbing system. 

The dacitic to rhyodacitic laccolith rocks from Cerro Bayo have porphyric textures with plagioclase in 
the form of both clots (glomerocrysts) and single crystals, amphibole and clinopyroxene as main 
phenocrysts, while enclaves are more mafic in composition and have equigranular textures. Plagioclase in 
the sample varies from andesine to labradorite with a composition of An22-An68, while the clinopyroxene 
can be classified into diopside to augite with cores (Mg#=76-84) and rims (Mg#62-72). Amphibole, varies 
from pargasite, ferropargasite to magesiohastingsite and hastingsite, which can be grouped into three 
groups according to the Mg#: low Mg# amphibole (Mg# = 40-51), medium Mg# amphibole (Mg# = 52-61) 
and high Mg# amphibole (Mg# = 62-78). Besides, most of the Fe-Ti oxides in the samples are 
titanomagnetite with Usp mol.% in the range of 0.04-0.54. 

Results from clinopyroxene-liquid thermobarometers suggest a crystallization depth of 44 to 51 km 
for clinopyroxene cores and a crystallization depth of 19 to 31 km for rims, of which the derived 
crystallization temperatures are in the range of 1144 to 1170 °C and 973 to 1002 °C respectively. On the 
other hand, different thermobarometers of amphibole give consistent results of crystallization temperatures 
and depths. According to the amphibole-liquid thermometer, low Mg# (Mg#= 40-51) amphiboles have the 
lowest crystallization temperature in the range of 898 to 931°C, while medium Mg# (Mg#=52-61) 
amphiboles have higher crystallization temperatures in the range of 951 to 972°C and high Mg# (Mg# = 
62-78) amphiboles have highest crystallization temperatures between 991 and 1013°C. The depth translated 
from pressure derived from amphibole-liquid barometers give a shallower crystallization depth range from 
19 to 30 km for low Mg# amphiboles, a deeper crystallization depth in the range of 22 to 39 km for high 
Mg# amphiboles and deepest crystallization depth range of 27 to 41 km for medium Mg# amphiboles. 
Moreover, a depth from 2 to 20 km could be gained from the plagioclase-liquid thermobarometry which 
crystallized at 883 to 910°C.  

It is worth to point out that crystallization depth of clinopyroxene cores is deeper than the Moho in the 
Chachahuén area, while crystallization depth and temperatures of clinopyroxene rims are consistent with 
those of high Mg# amphiboles. Consistent temperatures and depths are also found for crystallization of 
plagioclase and low Mg# amphiboles which intergrow with each other. Thus, a multi-level magma 
plumbing system began from below the Moho, with a mushy zone in the upper crust, could be suggested to 
exist beneath the Cerro Bayo laccolith. Evidence from both petrology and geochemistry also indicate 
fractional crystallization as well as processes of magma mixing and recharge during magma evolution.  

Keywords: Cerro Bayo laccolith, Chachahuén volcano, Thermobarometry, Plagioclase, Amphibole, 
Clinopyroxene 
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Populärvetenskaplig sammanfattning 
Evolution av Cerro Bayo lakkolitens magma i vulkankomplexet Chachahuén, Argentina 
Yang Sun 

En lakkolit är en grund magmaficka och en vanligt förekommande del av en vulkan, vilken kan bilda en 
länk mellan djupa magmatiska aktiviteter och vulkanutbrott. Forskning om kompositionen och bildandet 
av grunda magmafickor kan hjälpa till att öka förståelsen om geologiska faror och naturresurser. Vid 
Cerro Bayo exponeras en grund magmakammare vilken utgör en del av Chachahuén vulkankomplexet 
i Argentina. Det här projektet fokuserar på det magmatiska lagringssystemet och magmautvecklingen 
vid Cerro Bayo. 

Magmasammansättningen och magmakammarens förhållanden såsom tryck, temperatur och 
vattenhalt samt vattensystemets struktur är viktiga faktorer som styr magmatiska processer. För att förstå 
magmautvecklingen under Cerro Bayo inleddes projektet med en kompositionsanalys av bergprover och 
mineral. Därefter genomfördes termobarometrisk modellering för att bestämma temperatur- och 
tryckförhållandena för kristalliseringen av mineraler i det magmatiska systemet. 
Resultaten av modelleringen tyder på att ett magmatiskt rörsystem av flera nivåer existerar under Cerro 
Bayo lakkoliten. Det djupaste magmamagasinet ligger på 44-50 km och når upp till 22-41 km i nedre 
jordskorpan, medan de grunda reservoarerna av magma ligger på ett djup av 2-20 km i övre jordskorpan 
som slutligen når den grunda magmafickan. Vidare indikerar analysen av mineralstruktur och 
mineralkemi processer av fraktionerad kristallisering samt påfyllning och blandning av magma under 
magmautvecklingen. Magman genomgick fraktionerad kristallisering under rörelser uppåt från de 
djupaste magmakammarna. Magmans temperatur varierar från högre än 1100 ° C till ~ 900 ° C. 
Ansamlingar av magma fortsatte att fylla på magmamagasin i nedre och övre jordskorpan. Blandning 
av magma inträffade när en ansamling varmare magma rörde sig från nedre till övre 
jordskorpreservoarer och påverkade såväl migrering av magma som placeringen av Cerro Bayo 
lakkoliten 

Nyckelord: Cerro Bayo lakkolit, Chachahuén vulkan, termobarometri, plagioklas, amfibol, 
klinopyroxen 
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摘 要 

阿根廷 Chachahuén火山综合体 Cerro Bayo岩盘的岩浆演化研究 

孙 阳 

Chachahuén 火山综合体，包含其最大的侵入体 Cerro Bayo 岩盘，是位于阿根廷中西部

Payenia 弧后火山区的一部分。前人研究多着重于岩石学、地球化学和地层学方面，因而针对

下伏岩浆涌升系统的研究在该地区极具前瞻性，需要投入更多工作。本文首次尝试对

Chachahuén 火山复合体应用温压计进行研究，针对斜长石、角闪石和单斜辉石应用了不同的温

度计和压力计，以揭示下伏于 Cerro Bayo 岩盘的岩浆涌升系统中的岩浆演化。 
来自 Chachahuén 火山复合体 Cerro Bayo 岩盘的英安质-流纹英安质火成岩具有板状-似斑状

结构，其斑晶主要为单晶或聚合物形式存在的斜长石、角闪石及单斜辉石。此外，岩盘中还发

现具等粒结构的酸性捕虏体的存在。样品中斜长石（An=22-68）主要成分为中长石至拉长石.
单斜辉石主要为透辉石和普通辉石，常发育高镁值核部（Mg#=76-84）和低镁值环带（Mg#62-
72）。角闪石主要为韭闪石、铁韭闪石、镁绿钙闪石和绿钙闪石，可根据镁值进一步划分为三

个组：低镁值组（Mg# = 40-51），低镁值组（Mg# = 52-61）和高镁值组（Mg# = 62-71）。此

外，样品中的钛铁氧化物重要为钛磁铁矿（Usp%=0.04-0.54）。 
单斜辉石-熔体温压计的结果表明单斜辉石的核部和环带的结晶温度和深度有所差异：核

部具有较高的结晶温度（1144-1170 °C）和较深的结晶深度（44-50km），而环带具有较低的结

晶温度（973-1002 °C）和较浅的结晶深度（18-31 km）。与角闪石相关的不同温压计给出了类

似的结晶温度和压力，其中存在的微小差异均在误差范围内。因此本文将角闪石-熔体温压计

的结果作为最终结果，其显示低镁值角闪石具有较低结晶温度（898-931°C），中镁值角闪石

具较高结晶温度（951-972°C），而髙镁值角闪石具最高结晶温度（991-1013°C）。角闪石的

结晶深度特征有所不同：低镁值角闪石的结晶深度最浅（19-30km），髙镁值角闪石的结晶深

度较深（22-39 km），反而中镁值角闪石结晶深度最深（27-41 km）。斜长石-熔体温压计给出

的斜长石结晶温度和深度分别为 883-910°C 及 1-20km。 
值得一提的是单斜辉石核部的结晶深度位于研究区莫霍面之下。同时，单斜辉石的环带与

髙镁值角闪石具有相似的结晶温度和深度，而斜长石及共生的低镁值角闪石具有相似的结晶温

度。因此可以推测，Cerro Bayo 岩盘之下，发育一个自莫霍面之下开始的多层岩浆上涌系统。

而岩石学和地球化学的证据还表明在岩浆发育过程中岩浆分化结晶和岩浆重注和混合作用并存。

关键字：Cerro Bayo 岩盖，Chachahuén 火山，阿根廷，温压计，斜长石，角闪石，单斜辉石 
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1. Introduction
Laccoliths are concordant types of igneous intrusions and commonly occur with different sizes and 

compositions in volcanic complexes, such as the Pine Valley Mountains (Cook, 1957; Moore, 1972; 

Hurlow, 1998), the laccoliths in the Henry Mountains (Pollard and Johnson, 1973; Morgan et al., 2008; 

Wetmore et al., 2009; Horsman et al., 2016; Wilson et al., 2016; Morgan, 2018). Given their shallow-

level of intrusion, laccoliths may contain information that could connect magmatic processes from 

plutons to eruptions (Roni et al., 2014; Jerram and Bryan, 2015; Castro et al., 2016; Rocchi and 

Breitkreuz, 2017; Burchardt, 2018). Moreover, laccoliths themselves may be directly related to volcanic 

hazards (Hacker et al., 2014, 2017; Magee et al., 2017; Mattsson et al., 2018). Besides, the magmatism 

and emplacement of igneous intrusions, including laccoliths, into sedimentary basins, could also to play 

a role in the formation of hydrocarbon reservoirs (Holford et al., 2013; Schofield et al., 2016, 2017; 

Senger et al., 2017) and ore deposits (Witkind, 1973; Mutschler et al., 1997; Petronis et al., 2004). Thus, 

it is crucial to study laccoliths as well as the related magmatic process, due to their role in the magma 

plumbing system beneath volcanoes, but they are also meaningful for related volcanic hazards and 

exploration of genetically-linked nature resources.  

The Cerro Bayo laccolith, located in the eastern part of the Chachahuén volcanic complex, is one 

of the largest intrusions in the Chachahuén area. Since the 1960s, the stratigraphy and magmatic 

characteristics of the Chachahuén volcano have been studied as part of the Payenia volcanic province 

and the Neuquén basin (Holmberg, 1962; Pérez and Condat, 1996; Kay, 2001a; Kay and Copeland, 2006; 

Kay et al., 2006, 2013). According to the geochemical, geochronological and isotopic characteristic of 

volcanic rocks from the volcanic complex, Pérez and Condat (1996) suggested a stratigraphic 

framework of the Chachahuén volcano. Also, a late Miocene age and arc-like geochemistry as well as a 

transient shallow subduction zone beneath Chachahuén volcano have been suggested by Kay et al. 

(2006). Recently, Palma et al. (in prep.) present a new volcano stratigraphic scheme for the entire 

volcanic complex based on new field work and sampling. Many issues related to the magmatism, 

however, are left for us to solve for the underlying magmatic system of the Cerro Bayo laccolith and the 

Chachahuén volcano. The structure of the underlying magma plumbing system and the magma 

processes, e.g. magma fractional crystallization, recharge and mixing, have not been investigated from 

the mineral perspective. Moreover, the trigger to the emplacement of the Cerro Bayo laccolith is another 

issue that could be discussed.  

This project will, therefore, focus on constraining the magma storage depths and gaining a better 

understanding of the magma evolution. There are many igneous geothermometers and geobarometers 

(Anderson and Smith, 1995; Anderson, 1996; Anderson et al., 2008; Putirka et al., 1996, 2003a, 2003b; 

Putirka, 2005, 2008, 2016; Ridolfi et al., 2010; Ridolfi and Renzulli, 2012), mostly based on the 

regression relationships between mineral chemistry of various minerals (such as plagioclase, amphibole, 

and pyroxene) and experimental magmatic conditions (such as the pressure, temperature, oxygen 
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fugacity, and water content), which have widely applied and proved to be useful tools to reconstruct the 

magmatic plumbing system of volcanos in different tectonic setting (Dahren et al., 2012; Chadwick et 

al., 2013; Barker et al., 2015; Geiger et al., 2016a, 2016b; Jeffery et al., 2013; Nagasaki et al., 2017; 

Peters et al., 2017). This project employs thermobarometric modelling to estimate temperature and 

pressure from the mineral chemistry. Specifically, to begin with, whole rock compositions of samples 

from the Cerro Bayo laccolith will be analyzed. Also, thin sections will be examined to study the 

petrographic characteristics of phenocryst assemblages, such as textures, zonation, intergrowth and 

reaction features, in laccolith rocks and enclaves. Moreover, the geochemical composition of the main 

minerals will be analyzed by electron microprobe to trace magma and assess the magma evolution. On 

the basis of employing thermobarometric modelling, magma storage will be investigated. Finally, the 

framework of the magma plumbing system will be established by combination of magma process with 

magma storage and a magmatic model of pre-emplacement of the Cerro Bayo laccolith will be discussed. 

 



 

-3- 

2. Background 
2.1 Geological setting 
The Cerro Bayo laccolith with a peak elevation of 1741 m is located in the eastern part of the 

Chachahuén volcanic complex in the south of the Mendoza province, western central Argentina (Fig. 

1). The Chachahuén volcanic field is 200 km to the east of the border between Chile and Argentina and 

20 km to the north east of Rio Colorado. With a central valley, the topography of Chachahuén area is 

constraint by the mountains and the rivers flowing among them. Most mountains consist of eruptive 

volcanic products, while some of them are composed of intrusives. The Cerro Bayo laccolith is one of 

the biggest intrusions inside the Chachahuén volcanic complex (Fig. 2). Thus besides the central valley, 

subsectors of Co. Corrales (2046 m)-Co. Campanario (2047 m), Pto. La Cortaderita and Co Chachahuén 

(1985 m) could be divided from the main part of the Chachahuen area. Also, the subarea of Co. de la 

Gloria- Co. de los Caciques to the north of and Co. de la Cabeza to the north east of the Central valley 

as well as the subarea of Co. De las Vizcachas to the southwest of the Co. Corrales-Co. Campanario are 

also suggested to understand the topography of the area.  

 

Figure 1. The location of the Chachahuén volcano and the Cerro Bayo laccolith. The tectonics is derived from 
Sagripanti et al.(2015). 
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The Chachahuén volcano, which was emplaced at the northwestern edge of the Neuquén basin 

(Palma et al., in prep.), belongs to the back-arc Payenia volcanic province and is part of the transitional 

Andean Southern Volcanic Zone (Ramos and Folguera, 2011). Three stages including phases of rifting, 

subsidence and foreland development were suggested to explain the evolution of Neuquén basin since 

the late Triassic (Howell et al., 2005; Ramos and Folguera, 2011). During which marine and continental 

sedimentation occurred due to the relative sea-level changes of the Pacific Ocean. Plus the foreland 

formed due to uplift of the Andes, marine transgression of Atlantic ocean and later orogeny (Howell et 

al., 2005). Various marine and continental deposits are preserved due to the sedimentation of Neuquén 

basin. On the other hand, previous researchers suggested the tectonic evolution of Payenia volcanic 

province related to the shallow subduction of Nazca plate beneath the South American plate (Folguera 

et al., 2009; Kay et al., 2006, 2013; Muñoz B. and Stern, 1988; Ramos and Folguera, 2011). Moreover, 

the volcanism of Payenia volcanic province that began from the Miocene has had two main activity 

peaks (Gudnason et al., 2012; Kay et al., 2006). The early activity peak during the Miocene shows 

geochemical transitional from an intra-plate alkaline signature to an arc-like calc-alkaline signature 

(Gudnason et al., 2012; Kay, 2001b; Kay et al., 2006; Kay and Copeland, 2006; Ramos and Folguera, 

2011), while the later peak during the Pliocene-Holocene has intra-plate characteristics (Gudnason et 

al., 2012; Kay et al., 2006; Ramos and Folguera, 2011). Evidence from rock types and ages of samples 

from the Chachahuén volcanic complex provide evidence that the evolution of the volcano has 

undergone both of the two activity peaks (Kay et al., 2006; Palma et al., in prep.).  

2.2 Volcanic Stratigraphy of the Chachahuén volcano 
On the basis of the work by Holmberg (1962) and González Díaz (1979)’s on the stratigraphy, a 

sequence of seven volcanic units of the Chachahuén volcano complex on top of older Cretaceous 

Neuquén Group and beneath the Quaternary was suggested by Pérez and Condat (1996) according to 

the unconformities exist inside the entire complex. Kay (2001b) and Kay et al. (2006) gave a new 

stratigraphic view based on combination of new radiometric ages of samples and age-dating data from 

Pérez and Condat (1996) as well as the geochemical characteristics of their samples. Recently, Palma et 

al. (in prep.) proposed a newer stratigraphy for the Chachahuén volcanic complex, based on a systemic 

field study and previous research which linked the stratigraphic units to the evolution of major collapsed 

Chachahuén caldera. Besides the oldest Mesozoic and the youngest Quaternary sediments, all the strata 

inside the Chachahuén area are volcanism-related. On top of the Mesozoic stratum, there are the Early 

Miocene basalts; three volcanic units related to pre-, syn- and post-caldera volcanism; the Late Miocene 

basalts, the Quaternary volcanic strata and deposits (Palma et al., in prep.). Dykes and intrusions 

including the Cerro Bayo laccolith are grouped into the Post-caldera volcanism.  

The marine shales and limestones as well as sandstones of lower Cretaceous Agrio formation are 

only found in the south part of the Chachahuén area. While the Upper Neuquén Group is composed of 

continental deposits, which occur to the southeast of the Agrio formation and are also sporadiccally 
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distributed near Pto. La Cortaderita and Co. Chachahuén (Palma et al., in prep.; Pérez and Condat, 1996). 

The Early Miocene basalts, uncomfortably lying on top of the oldest Mesozoic volcanic strata of the 

Chachahuén volcanic complex, are alkali olivine basalts which show intra-plate signature (Kay and 

Copeland, 2006). The basalts are exposed mainly near Pto. Zuñiga and Pto. La Cortaderita (Palma et al. 

in prep.).  

 

Figure 2. Geological map and stratigraphic column of the Chachahuén volcano complex (after Palma et al., in 
prep.).  

A large-scale caldera-related eruption event was suggested by Palma et al. (in prep.) to interpret 

the formation of the dacitic ignimbrite in between the earlier felsic phase and the later andesitic phase. 

Thus, a stratigraphic framework was established to represent the evolution of the Chachahuén volcano: 

pre-caldera felsic phase, syn-caldera ignimbrite and post-caldera andesitic phase. The pre-caldera felsic 

phase, which is referred by Kay et al. (2006) as the Vizcachas Formation, mainly consists of 

orthopyroxene-bearing andesites to rhyodacites and lies on top of an erosional unconformity. They are 

exposed in the range of Co. De las vizcachas, central valley, and around the Cerro Bayo. Age-dating 

from Pérez and Condat (1996) and Kay et al. (2006) gave an age range of 7.9 to 7.0 Ma for this formation. 

The syn-caldera ignimbrite is mainly exposed in Co. Corrales, Co. Ureta and Co. Campanario as well 
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as close to Co. Bayo area (Palma et al. in prep.) and always between the older Vizachas Formation and 

subsequent andesitic phase. The K/Ar dating from Pérez and Condat (1996) gave 7.1 ± 0.4 Ma for the 

ignimbrite. The post-caldera phase was suggested to include all the eruptive and intrusive igneous rocks 

right above the dacitic ignimbrite. The eruptive products that can be observed in all the subsectors, aged 

from 6.9 ± 0.3 Ma to 5.6 ± 0.3 Ma according to Pérez and Condat (1996), and include the lower part of 

pyroclastic deposits and the upper part of massive lava flows (Palma et al., in prep.). The intrusive phase 

includes lots of dykes, sills and laccoliths, which were emplaced in previous strata (Palma et al., in prep.) 

and show similar characteristics in composition. Dykes with an average thickness of 6 m were found 

emplaced vertically and radially around and inside the central valley, while sills were found intruded 

into the Agrio formation. The laccoliths, one of which is the study target of this project, the Cerro Bayo 

laccolith, are massive in volume and contain mafic enclaves. The ages of those intrusive products are 

suggested to be in the range of 6.8 ± 0.3 to 6.4± 0.3 Ma by Palma et al. (in prep.).  

The thin mafic lava flows that unconformably cover the top of Co. Chachahuén are distinctively 

different in composition to the andesitic lava flows beneath, thus it was suggested to be a different and 

younger phase, according to the age of 4.85 ± 0.3 Ma (Kay et al., 2006; Palma et al., in prep.) 

Numerous products related to Quaternary volcanism are located mainly at the eastern and western 

edges of the Chachahuén area with limited activity scattered in the central valley (Fig. 2). Most of the 

Chachahuén area exposes Quaternary deposits related to erosion and sedimentation of the previous strata. 

2.3 The Cerro Bayo laccolith  
Several laccoliths, emplaced into previous strata and show clear contact boundaries, exposed in the 

Chachahuén volcanic field. Palma et al. (in prep.) argued these laccoliths are post-caldera and belong to 

the same unit as other intrusive products of the Chachahuén volcanic complex. The Cerro Bayo laccolith 

is one of these post-caldera intrusions in the Chachahuén volcanic complex, of which the age of is 6.7 

± 0.3 Ma (Kay et al., 2006). 

The exposure of the Cerro Bayo laccolith is constrained by sharp boundaries between the laccolith 

and the ignimbrite, which give us an outcrop with length of ca. 1000 m, width of ca. 700 m and height 

of ca. 200 m. Rocks that compose the Cerro Bayo laccolith are homogeneous dacite and rhyolitic dacite 

with porphyritic textures. Plagioclase and amphibole are the main phenocrysts, while the matrix consist 

mainly of cryptocrystalline to glassy plagioclase. Mafic enclaves are also found in the laccolith rock. 

Moreover, flow banding and deformation also could be observed in the internal parts of the laccolith.  
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3. Methods 
Sixty five block samples were collected from different parts of the Cerro Bayo laccolith during a field 

work. Seventeen representative samples were then selected and powdered for bulk-compositional 

analysis. Twenty-one thin sections were also made for analysis of petrography and mineral chemistry. 

Crystals of major minerals (feldspar, amphibole, pyroxene, Fe-Ti oxides) were selected and the 

composition of those crystals was analyzed by electron microprobe. Appropriate thermometers and 

barometers were employed based on the mineral chemistry. 

3.1 Whole-rock geochemistry 
A portable X-ray fluorescence (pXRF) spectrometer, Tracer 5i from BrukerTM, at the Geocentrum, 

Uppsala University was used to analyze the major oxides of billets of the laccolith samples. The pXRF 

was operated under the three phase mode Geoexploration with a spot size of 8 mm and 40 seconds for 

each phase. Ten measurements were done for one sample and a sample-standard bracketing calibration 

was done using five standards from the USGS. The enclaves of some billets were analyzed separately. 

The results are reported as ppm for major elements. The detection limits major elements Mg, Al, Si, P, 

K, Ca, Fe, Ti and Mn are 5000, 1360, 20000, 41, 57, 30, 30, 40 and 9 ppm respectively. 

3.2 Mineral chemistry 
The main characteristics of crystals and groundmass in 21 thin sections were observed under 

petrographic microscope and some crystals were then selected to do the compositional analysis. Carbon-

coating was done to all the analyzed thin sections to reduce the charge of the electron beam and protect 

the thin sections. 

The compositional analysis of feldspar, amphibole, pyroxene crystals and Fe-Ti oxides was done 

using a field emission Electron Probe Microanalyzer (EMPA), the JEOL JXA-8530F Hyperprobe at the 

Geocentrum, Uppsala University. The accelerating voltage was set as 15 kV and the beam current was 

set as 10 nA for the analyses. The counting times were 10 seconds for peak and 5 s on lower and upper 

background. Four spectrometers were used to analyze major elements: Na, Al, Si, and Mg on 

spectrometer 2; K, Ca, Ti and Ba on spectrometer 4; Fe, Ni, Mn and Cr on spectrometer 5 (Barker et al., 

2015).  

The beam diameter for analysis of feldspar was set as 5 μm and for amphibole was set as 1-3 μm, 

pyroxene and Fe-oxides were set as 1 μm. Precision of analysis was measured on Smithsonian Institute 

mineral standards. SiO2, Al2O3, MgO, and CaO have uncertainties of ≤1.5%, FeO and Na2O have 

uncertainties of ≤2.2%, while for elements with low concentration in the range of 0.2 to 1.5 wt.% have 

uncertainties of ≤10% (Barker et al., 2015).  

3.3 Thermobarometry 
The mineral assemblage of the Cerro Bayo laccolith and enclaves include plagioclase, amphibole, Fe-

Ti oxides, clinopyroxene and other accessory minerals, in which plagioclase, and amphibole are the 
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most abundant minerals. Thus, plagioclase-related and amphibole-related thermobarometers are the 

main methods that are used in this project. On the other hand, clinopyroxene-melt thermobarometry was 

also performed due to their distinctive characteristics in our samples. 

3.3.1 Clinopyroxene-liquid thermobarometry  
The history of pyroxene thermometers refers back to the 1960s when Davis and Boyd (1966) discussed 

the phase relations of Ca-rich and Mg-rich pyroxenes. Many discussions after that focused on the 

influence of crystallization pressure and temperature on the chemical composition and crystal structure 

of pyroxene (Bertolo et al., 1994; Dal Negro et al., 1982, 1989). More focus was also put on 

thermometric and barometric models for igneous pyroxenes as P-T conditions and crystal formation 

became an essential issue for study of magmatic systems, thus more new thermobarometric models were 

established from either only ortho-/clino-pyroxene compositions (Nimis, 1995; Nimis and Ulmer, 1998; 

Nimis and Taylor, 2000; Wood and Trigila, 2001) or based on equilibria between orthopyroxene-liquid 

(Beattie, 1993), clinopyroxene-liquid (Masotta et al., 2013; Putirka, 2008; Putirka et al., 1996, 2003b) 

or sub-solidus equilibria between ortho- and clino-pyroxene for various types of igneous rocks. These 

new thermobarometers have different application conditions and precision as they were formulated from 

experimental data with different temperature and pressure. 

Specifically for clinopyroxene, Nimis (1995) built a geobarometer for basaltic clinopyroxene only 

basing on the chemical composition and crystal structure, which has a Standard Errors of Estimate 

(SEE)=±2 kbar. The barometric model later was extended by Nimis and Ulmer (1998) into a barometer 

that could be applied to basic and ultrabasic clinopyroxenes in both anhydrous and hydrous magmatic 

systems. For the latter barometer, the SEE of simplified models for hydrous systems is ±1.75 kbar, while 

that of the model for both anhydrous and hydrous systems which needs temperature input is =±1.70kbar. 

The barometer and thermometer derived from Cr and enstatite content in clinopyroxene respectively 

were formulated by Nimis and Taylor (2000) for garnet peridotites, of which the SEE of pressure is ±2.3 

kbar and the SEE of temperature is ±30°C. Different from these only composition-dependent barometers 

and thermometers, Putirka et al. (1996) suggested a thermometer with SEE of ±27K basing on the 

equilibrium of jadeite-diopside/hedenbergite (Jd-DiHd) between clinopyroxene and melt as well as a 

temperature dependent barometer with SEE of ±1.4 kbar basing on Jd content of clinopyroxene and melt 

composition. Later, a H2O-dependent calibration of this thermobarometer was then expanded to hydrous 

systems (Putirka et al., 2003b), with SEE(T) of ±61°C (anhydrous)/ ±59°C (hydrous) and SEE(P) of 

±4.8kbar (anhydrous)/ ±5.0kbar (hydrous). After a review of thermobarometers above, Putirka (2008) 

suggested new calibrations with better precision for Nimis (1995) and Nimis & Taylor (2000) 

barometers as well as thermobarometers of Brey & Köhler (1990) and (Putirka et al., 1996, 2003b). Two 

new barometers were also suggested by Putirka (2008), one of which basing on Jd-liquid equilibrium 

(Eqn. 30) and the other (Eqn. 32c) based on Al-partitioning between clinopyroxene and melt. By doing 

global calibrations, a new model (Eqn. 31) of the Jd-liquid barometer was suggested, as well as two new 

thermometers, one of which (Eqn. 33) was based on Jd-DiHd exchange and the other (Eqn. 34) based 
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on clinopyroxene saturation. Masotta et al. (2013) updated a thermobarometric calibration for alkaline 

differentiated magmas, based on regression of referred datasets and experimental data.  

For all these clinopyroxene-related thermometers and barometers, the precision depends to a large 

extent on the quality of experiments and the coverage of rock types in the datasets compiled from the 

literature. Systematic errors exists in the barometer of Nimis (1995), while better precision could be 

gained by applying the Putirka et al. (1996)’s barometer to anhydrous systems and Putirka et al. 

(2003b)’s barometer to hydrous systems. The thermobarometer of Masotta et al. (2013) has better 

precision than all the above thermobarometers but only applies to magma within small range of 

compositions.  

According to the sub-alkaline magma series of the Chachahuén volcano complex and our felsic 

samples from the Cerro Bayo laccolith, the globally-calibrated thermometric model (Eqn. 31) with 

SEE=±30°C and the barometric model (Eqn. 33) of clinopyroxene (Putirka, 2008) were selected for the 

clinopyroxene in our samples. Calculation of clinopyroxene components was done on a 6 oxygen basis. 

As equilibrium of clinopyroxene and melt is the key point of application of the thermobarometer, it is 

mandatory to do the equilibrium test before any subsequent modeling.  

All the possible melts were selected to do the next equilibrium test which is done by plotting KD(Fe-

Mg) against Clinopyroxene Mg#×100. The Fe-Mg exchange coefficient of clinopyroxene and melt were 

suggested to be used to do the equilibrium test and pairs of clinopyroxene and melt fall into envelope of 

KD(Fe-Mg)=0.28±0.08 are accept to be in equilibrium (Putirka, 2008). Also the observed Clinopyroxene 

components are plotting against predicted Clinopyroxene components, most points of the matched result 

(EnFs and CaTs, Fig. 16c; DiHd, Fig. 16d) should fall in the ±0.10 envelope.  

3.3.2 Amphibole-related thermobarometry 
Amphiboles show a wide range of chemical composition and different structures which can be used to 

model the pressure and temperature conditions of magmatic systems. Previous researchers built 

thermometers and barometers for igneous rocks depending on different aspects of amphibole 

composition, equilibrium between amphibole and melt or equilibrium between amphibole and 

plagioclase.  

Amphibole-only thermobarometers are based on only the relationships between amphibole 

composition and pressure-temperature conditions. Ti content in amphibole was used as a thermometer 

by Helz (1973) on mafic basalts, while Otten (1984) suggested the Ti-in-hornblende thermometer should 

only be used under certain conditions. Féménias et al. (2006) also used a simple function between 

temperature and Ti content in amphibole as a pressure independent thermometer on the basis of Helz 

(1973). On the other hand, Al content in amphibole was firstly used as a barometer for different 

amphiboles in various pressure and temperature conditions (Anderson and Smith, 1995; Hammarstrom 

and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989; Thomas, 1990). Besides, Ernst and 

Liu (1998) suggested a semi-quantitative thermobarometer for calcic amphiboles from MORB on the 

basis of Al content and Ti content. Previous models require coexistence of specific mineral assemblages 
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and pressure-temperature conditions to be fulfilled for their application. Therefore, Ridolfi et al. (2010) 

made a new barometric Al-in amphibole calibration based on experimental and literature data for calc-

alkaline magmas. A thermometer and a hydrometer were also suggested by Ridolfi et al. (2010) 

depending only on the composition of amphibole. Ridolfi and Renzulli (2012) made several new 

calibrations for barometers and thermometers, which expands the thermobarometric application to calcic 

amphiboles in both calc-alkaline and alkaline magmas in a larger range of pressure and temperature 

conditions. On the basis of Larocque and Canil (2010)’s formulation and more experimental data, 

Krawczynski et al. (2012) also made a new barometric calibration basing on the AlIV (apfu of Al 

occupied in the tetrahedral T-sites) content of amphibole.  

Moreover, amphibole-plagioclase equilibrium was also used by previous researchers as 

thermobarometers for plagioclase coexisting with amphibole. Blundy and Holland (1990) formulated a 

pressure dependent thermometer, basing on AlIV of calcic amphiboles and coexisting plagioclase, which 

requires for quartz be in the mineral assemblage. The revision of this thermometer by (Blundy and 

Holland, 1990) gives calibrations for two equilibrium reactions, which can be applied more broadly to 

magmatic systems of various pressure-temperature conditions. Anderson (1996) claimed that the 

calibration of Blundy and Holland (1990) for the second reaction has higher precision than  that of the 

first reaction. Molina et al. (2015) reviewed amphibole-plagioclase thermobarometers and gave new 

barometers based on Al-Si partitioning of calcic amphibole and coexisting plagioclase pairs, which need 

crystallization temperatures as input.  

The equilibrium between amphibole and liquid is another test that could be used to establish 

thermobarometers, as partition coefficients of some major elements such as Na, Al, Mg, Ti tend to have 

good correlations with pressure-temperature conditions (Molina et al., 2015; Putirka, 2016). Thus 

Molina et al. (2015) provided a pressure independent liquid-only thermometer and a pressure 

independent amphibole-liquid thermometer, which are suggested to be used as the temperature input of 

the Al-Si partitioning barometer. The former is based on the fractions of Ca, Al and Mg in liquid, and 

the latter is based on not only these fractions but also the Mg partition coefficient between amphibole 

and liquid. Putirka (2016) also formulated a liquid-only thermometer and several pressure independent 

amphibole-liquid thermometers basing on Na-partitioning, Ti-partitioning and the Na-K exchange 

coefficient respectively. For barometers, Putirka (2016) distinguished hydrous and anhydrous systems, 

thus two hydrous barometers and one anhydrous barometer were suggested based on the partition 

coefficients of Na and Al.  

The amphiboles in our samples are all calcic and some of them intergrow with plagioclase, 

therefore amphibole-only thermobarometers from Ridolfi et al. (2010) and Ridolfi & Renzulli (2012), 

the amphibole-liquid thermometer and amphibole-plagioclase barometer of Molina et al. (2015) as well 

as amphibole-liquid thermobarometers from Putirka (2016) were all tried in this project to compare 

results. For these thermometers and barometers, the calculation of amphibole formulae were all done 
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basing on 23 oxygens, of which a process of 13eCNK normalization was done in Ridolfi et al. (2010), 

Ridolfi & Renzulli (2012) and Molina et al. (2015)’s methods.  

Amphibole-only thermobarometers of Ridolfi et al. (2010) and Ridolfi & Renzulli (2012) do not 

need melt input and are only derived from the chemical composition of amphiboles. Based on a function 

between Al content and pressure, the barometer of Ridolfi et al. (2010) does not request input of content 

of other elements. However, the calculations of ∆NNO, log[fO2] and H2Omelt need input of concentration 

of other elements. The Eqn. P1d of Ridolfi & Renzulli (2012) was chosen as the suitable model for 

pressure and the Eqn. 2 was used for temperature estimation.  

Molina et al. (2015) provided two different thermometers to calculate temperature. Liquid-only 

thermometer only needs liquid composition and give a precision in the range of ±37 to ±42°C. 

Amphibole-liquid thermometer needs both input of amphibole composition and liquid compositions and 

give a precision in the range of ±35 to ±45°C. Barometer of Molina et al. (2015) need input of 

composition amphibole and plagioclase which are in pairs as well as temperature which could be derived 

from the liquid-only thermometer or amphibole-liquid thermometer. The uncertainty of pressure 

estimates is in the range of ±1.5 to ±2.3 kbar. Here temperature estimates from the amphibole-liquid 

thermometer were used as the input parameters for the amphibole-plagioclase barometer. Compositions 

of coexisting plagioclase for related amphibole were collected to be input parameters of the amphibole-

plagioclase barometer of Molina et al. (2015), while whole rock data from pXRF for our samples and 

whole rock data of samples from the Chachahuén volcano (Kay et al., 2006) were tried for the 

amphibole-liquid thermobarometers of Putirka (2016) to gain the nominal melt for amphibole-melt 

equilibrium. Like for clinopyroxene, Putirka (2016) also suggested to use the Fe-Mg exchange 

coefficient KD(Mg-Fe) between amphibole and the liquid to do the equilibrium test, of which the 

equilibrium envelope is KD(Mg-Fe)=0.28±0.11.  

3.3.3 Plagioclase-liquid thermobarometry 
Feldspar is one of the most common igneous mineral groups and crystallizes over a wide range of 

pressure and temperature. Therefore, much effort had been made since the early twentieth century to 

link feldspar composition to crystallization conditions of magmatic systems (e.g. Barth, 1934). Besides 

two-feldspar thermometers, thermometers and barometers based on plagioclase-liquid equilibrium were 

commonly used for modelling magma evolution. Since the first plagioclase-melt thermometer was 

established by Kudo and Weill (1970), considerable progress in thermobarometry has been achieved 

(Ariskin and Barmina, 1990; Danyushevsky et al., 1997; Ghiorso et al., 2002; Housh and Luhr, 1991; 

Sugawara, 2001). Putirka (2005, 2008) made reviews of previous thermobarometers and suggested new 

calibrations on the basis of experimental data for various conditions, of which some could be used for 

both hydrous and anhydrous systems. The new thermometric calibration (Eqn. 24a, Putirka 2008) based 

on global regression for the Putirka (2005) model are H2O-dependent and has higher precision. Thus, 

the thermometer (Eqn. 24a) and the barometer (Eqn. 25a) from Putirka (2008) were also applied in this 

project. The parameter used to check for equilibrium is the An-Ab exchange coefficient KD(An-Ab), of 
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which the equilibrium envelope is KD(An-Ab)= 0.28±0.11 and KD(An-Ab)= 0.10±0.05 for conditions 

of T>1050°C  and T<1050°C  respectively. 

3.3.4 Hygrometry and oxygen fugacity 
Water content and oxygen fugacity are also crucial for magma evolution and there are no data for water 

content from direct measurements in this project, the hygrometer of Ridolfi et al. (2010) for the 

amphibole was applied to all the amphibole compositions respectively to calculate the water content of 

the equilibrium melt. Also, the method from Ridolfi et al. (2010) was used to estimate the oxygen 

fugacity for the magmatic system. Thus, these results were used as input parameters of the liquid-related 

thermobarometers when it was necessary.  
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4. Petrography & Geochemistry 
4.1 Petrography 
Rocks from the Cerro Bayo laccolith are grey to greenish grey and porphyritic (Fig. 3). Plagioclase, 

amphibole, magnetite and pyroxene crystals are the dominant phenocrysts that can be identified in the 

specimens, while the groundmass that has a similar mineral composition of microlites (Fig. 3). Usually, 

these rocks have vesicles, which account for <1% to 5% of the rock mass. 

Also, enclaves are found in some samples (often <10 cm long, about 3 cm wide and 2-4 cm in 

height) with dark grey color (Fig. 3). The boundaries between enclaves and laccolith rocks are quite 

distinct in both rock specimens and thin sections (Fig. 3), as the crystals in enclaves are fine grained and 

the groundmass of laccolith rock is microlitic. These enclaves show more equigranular textures and have 

medium grains (~1 mm) of plagioclase, amphibole and pyroxene.  

 

Figure 3. Examples of typical hand specimens and thin sections from the Cerro Bayo laccolith. a) Sample CB30; 
grey groundmass with white plagioclase crystals and clots and amphibole grains. Some plagioclase phenocrysts 
have amphibole cores. b) Sample CB22 with enclave in the left part. c) Sample CB19 with enclave in the right 
part. d) Porphyritic texture in CB-38-14. e) Oriented amphibole crystals in CB17. Some amphibole crystals and 
clots are intergrown with plagioclase crystals. f) Groundmass of CB 39, made up of plagioclase crystals less than 
100 μm long and the orientation of plagioclase show characteristics of flow. g) Boundary between enclave and 
laccolith rock in sample CB-39 (the brown line). The white lines show oriented microlitic feldspar grains in the 
groundmass. h) Microcrystalline texture in the enclave in CB-19. Plagioclase and amphibole are the main minerals 
in the enclave. i) Microcrystalline texture in enclave containing big plagioclase clots in CB22. 
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4.1.1 Laccolith rock 
Plagioclase phenocrysts in clots and single crystals are grey to white grey in hand specimen and account 

for 25-30% of the rock area. The size of plagioclase clots are commonly 3-5 mm wide but sometimes 

with a maximum more than 10 mm wide, while single crystals of plagioclase (1-3 mm) are also often 

found floating in the groundmass (Fig. 4).  

 

Figure 4. Characteristics of feldspar in thin sections from the Cerro Bayo Laccolith. a) Single plagioclase crystal 
with zoning and twinning (XPL) in CB10A-14. b) Big clots of plagioclase (XPL) in CB10A-03. c) Medium size 
plagioclase clots with first order yellow interference color (XPL) in CB14-03. d) Medium size plagioclase clots. 
e) Single plagioclase crystal (XPL) in CB30-14. f) Single plagioclase crystal with reaction inclusion inside the 
crystal and sieve reaction rim in CB42-14. g) Single plagioclase crystal with resorbed rim (XPL) in CB48-06. h) 
Intergrowth of plagioclase and amphibole (PPL) in CB17-14, big clots of plagioclase with amphibole cores. i) 
Intergrowth of amphibole clots and plagioclase clots (BSE) in CB17-14.  

Typically, plagioclase phenocrysts, no matter whether they are single crystals or crystals in clots, 

are characterized by zonation and twinning including carlsbad twinning, albite twinning, carlsbad-albite 

twinning. The clots are usually aggregates of several small euhedral to subhedral crystals with different 

extinction orientations (Fig. 4). Some clots contain crystals that are intergrown perpendicular to each 

other, while some clots exist as accumulation of crystals with clear boundaries between each other (Fig. 

4b). On the other hand, most single crystals of plagioclase are medium in size and euhedral. Large 

euhedral single plagioclase crystals and clots even bigger than 1 cm and with zoning, however, can also 

be observed in some thin sections (Fig. 4a, b). Most of the zonation shows growth bands that are subtle 
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transitions or separated by dissolution surfaces (Fig. 4a), which mostly occur due to resorption of 

plagioclase. Trapped small angular melt inclusions occur on some dissolution surfaces (Fig. 4f). 

Resorption textures, including dissolution surfaces and sieve textures (Fig. 4g) could be identified 

both in single plagioclase phenocrysts and clots. Resorbed crystals always have a wide inner resorbed 

rim zone and thinner outer pristine rim. Irregular fractures often break the plagioclase crystals and are 

commonly filled by brownish secondary minerals. The fractures may be related to magma flow during 

emplacement and these filling materials may be related to post-magmatic activities. Moreover, the 

intergrowth of plagioclase and amphibole grains is another phenomena often observed (Fig. 4h, 4i).  

 
Figure 5. Characteristics of amphibole in thin sections from the Cerro Bayo Laccolith. a) Big grains of amphibole 
crystal in F1-1. b) Amphibole clots in CB17. c) Amphibole crystal with twinning and cleavage in CB39. d) BSE 
photo of amphibole grains with zoning in CB17. e) Cleavage of Amphibole crystal. f) Amphibole crystal with 
reaction rim and intergrow with Fe-oxides in CB10A. g) Amphibole crystal intergrow with titanite in CB50. h) 
Amphibole with apatite inclusions and reaction rim. i) Amphibole with magnetite inclusions in CB19.  

Elongated amphibole grains are common (5-8% or the rock mass), of which the alignment in some 

samples is thought to be evidence for the flow of the magma in the magma chamber (Fig. 5). Under the 

microscope, amphibole crystals are characterized by light green color (PPL) and elongated shape. 

Twinning is common and cleavage (~120 °) is easy to identify for some amphibole crystals. Also, small 

crystals of amphibole form clots of different shapes and orientation. Titanite grains are found next to 

amphibole crystals, while Fe-oxides exist as cores or inclusions of amphibole crystals. Fine grains of 

Fe-oxides are also found in the reaction rims of some amphibole crystals (Fig. 5f). The coexistence of 
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fresh amphibole crystals and amphibole pseudomorphs could also be found in some thin sections. Zircon 

is another accessory mineral that is often found in the core of amphibole crystals. Also, some apatite 

and Fe-oxides exist as inclusions of amphibole crystals. Like feldspar, amphibole also shows zonation, 

with round or irregular cores and regular overgrowth rims. 

 

Figure 6. Characteristics of Fe-Ti oxides in thin sections from the Cerro Bayo Laccolith. a) Magnetite crystal with 
cleavage in CB50. b) Magnetite clots in CB10A. c) Magnetite clots in CB19. d) Intergrowth of magnetite with 
limonite in CB30. e) Intergrowth of magnetite with apatite in CB10B. f) Zircon beside magnetite in CB17. 

 

 
Figure 7. Characteristics of pyroxene and accessory minerals in thin sections from the Cerro Bayo Laccolith. a) 
Big pyroxene crystal with fractures and rim in CB28. b) Pyroxene crystal with pink interference color in CB38. c) 
Pyroxene crystal with blue interference color and rim in CB50. d) Titanite crystals accompany by amphibole. e) 
Intergrowth of titanite with amphibole, magnetite and plagioclase. f) Calcite filled in vesicles in CB30. 

Most Fe-Ti oxides are too small (~100 μm) to be identified in hand samples, but could be easily 

observed both in groundmass and enclaves under the microscope or the electron microprobe. Like 
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amphibole, Fe-oxides are also found in single crystals and clots. Intergrowths of Fe-Ti oxides with 

apatite or zircon are quite common (Fig. 6e, f).  

Not so many pyroxene crystals were found in the thin sections. Fractures commonly exist in the 

crystals of pyroxene. Fine grains of pyroxene could be found both in the groundmass of the laccolith 

rocks and enclaves (Fig. 7). Rare large pyroxene crystals always have thin rims.  

The groundmass is typically glassy (hyaline), but microcrystalline textures also exist in some 

samples (Fig. 3). Besides apatite and zircon, allotriomorphic calcite, which is believed to be formed by 

post-magmatic hydrothermal activities (Venturelli et al., 1993; Voltaggio et al., 1997), is another 

important accessory mineral, as most of the calcite fills vesicles. 

4.1.2 Enclaves 
Enclaves are round and usually several centimeters in size, which are darker than the laccolith rocks and 

show different sizes but similar mineral populations. Typically, they have fine-grain equigraular textures, 

mainly composed of fine-grained plagioclase and amphibole grains. Commonly, these elongated 

plagioclase grains are ~100-150 μm long and ~50 μm wide, while some larger plagioclase crystals with 

resorption textures such as sieve-textures could also be found inside these enclaves. Amphiboles in the 

enclave show similar textures to those in the laccolith rocks. Some pyroxene crystals could be found in 

the enclaves as well (Fig. 3h). 

4.2 Whole rock chemistry 
Our samples from the Cerro Bayo laccolith and some samples of Kay et al. (2006) from the entire 

volcanic complex were plotted in a TAS diagram (Fig. 8). As shown in the diagram, the geochemistry 

indicate rocks of calc-alkaline series.  

Pre-Caldera products (Vizachas Fm.) are dacites to with SiO2 content in the range of 63.5-71.3 wt.% 

and depleted in Ta (Fig. 8a, b). The syn-Caldara ignimbrites are andesites to dacites with SiO2 content 

in the range of 60.9-66.1 wt.% and depleted in Ta (Fig. 8c). The post-Caldara flows and intrusions vary 

in composition from mafic to felsic and also depleted in (Fig. 8d). Post-Caldara dykes and intrusions are 

basaltic andesites to dacites which show various compositions with SiO2 content in the range of 52.6-

68.8 wt.%. The younger products are basaltic trachy-trachyandesites with SiO2 content in the range of 

48.3-56.1 wt.%.  

The data of samples from the laccolith were obtained from the portable XRF. Those laccolith rocks 

would mostly be classified as dacite (with SiO2 content in the range of 64.9-68.8 wt.%) according to the 

TAS classification (Fig. 8a). The enclaves are commonly dacitic with lower SiO2 content around 64 

wt.%, except one trachy-basaltic enclave.  Other major oxides show linear correlations with SiO2 (Fig. 

9), of which FeO, MgO, CaO, TiO2, Al2O3, P2O5, and MnO show negative trends while Na2O and K2O 

show positive trends. 
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Figure 8. Chemical composition of samples from the Chachahuén volcanic complex. a) Total alkali vs. silica (TAS) 
classification scheme of bulk composition. Spider diagram of trace elements of typical samples from b) pre-
Caldera volcanics, c) syn-Caldera ignimbrite, d) post-Caldera basalts and e) post-Caldera intrutions, in which 
normalization values are from Sun and McDonough (1989). Besides samples from this project, all the other data 
are from Kay et al. (2006).  
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Figure 9. Harker diagram of samples from the Chachahuén volcanic complex and this project. a-i) Content of 
Fe2O3, MgO, CaO, TiO2, Al2O3, P2O5, MnO, Na2O and K2O versus SiO2. Besides samples from this project, all 
the other samples are from Kay et al. (2006). 

4.3 Mineral chemistry 
Compositional data were acquired for feldspar, amphibole, pyroxene crystals as well as Fe-Ti oxides 

from 12 thin sections by EPMA. 1269 spot analyses of feldspar in total were gained from individual 

phenocrysts and clots in the laccolith rocks as well as microcrysts in enclaves of some samples, of which 

779 spots are from 22 profiles. Besides, that 285 points were analyzed from 203 amphibole phenocrysts 

and microcrysts, plus 67 Fe-Ti oxides and 23 pyroxene spots were also analyzed. 

4.3.1 Feldspar 
The analysis results of some representative feldspar crystals were collected and compositional data were 

recalculated to apfu (atoms per formula unit) with 8 oxygen to use the Or-Ab-An ternary classification 

(Fig. 10a). Frequency of An% (anorthite content) and frequency of Or% (orthorite content) were plotted 

for plagioclase and alkali feldspar respectively (Fig 10b, c).  

Plagioclase exists most as single phenocrysts or clots of small crystals, with composition range 

from An22 to An68 with a median of An40 (Fig. 10b). Thus, most of the plagioclase crystals locate in the 

field of andesine and labradorite (Fig. 10a). A few alkali feldspar analyses exist as reaction rims on some 

plagioclase crystals, most of which are sanidine with composition in the range of Or36 to Or68. 

Moreover, Fe content and An% from profiles were plotted against distance (in μm) from core to 

rim, as the changes of Fe content and An% along the profiles could be used to analyze the characteristics 
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of magmatic melt (Fig. 11). A base line of An40 with segments divided by sudden increase or sharp drops 

can be identified in those profiles. Most of the sudden increase in An content coincides with dissolution 

surfaces, of which major dissolution surfaces often show an increase in An by 7-25 mol.% and minor 

dissolution surfaces often show an increase by 3-7 An mol.%. Dissolution surfaces could be 

distinguished by the contrast of interference color or wavy surfaces occur as boundaries between 

segments of plagioclase crystals, some of which show increasing Fe content (Fig. 11). Commonly, the 

segments separated by dissolution surfaces showed normal, oscillatory or reverse zoning. Segments of 

normal zonation often with a sum of An decreasing by 6 to 25 mol.% occurs after major dissolution 

surfaces. Segments of oscillatory zoning show slight changes of An often less than 3 mol.% and often 

begin with minor dissolution surfaces and end with a ~3-8 mol.% drop in An content. Segments of 

compositional reverse zonation begin with a smooth transition from previous segments of the crystal at 

relatively low An% and end with a sharp drop in An of ~5-13 mol.%.  

 

Figure 10. Chemical composition of feldspars from the Cerro Bayo laccolith. a) Ternary phase diagram of the 
feldspars. b) Frequency of anorthite content in plagioclase in the range of 28 to 68. c) Frequency of orthoclase 
content in K-feldspar in the range of 36 to 68. 

 

Typically, large crystals contain a combination of all three zonation types (Fig. 11a) with clear 

surfaces that separate different segments. Some small single crystals have an unzoned core and growth 

bands made of oscillatory zoning segments with different An contents (Fig. 11c). Small single crystals 

may also show normal zoned and oscillatory zoned segments (Fig. 11e). Crystals in clots often have 

similar size with these small- to medium-size single crystals and show similar characteristics with them.  

On the other hand, those fine-sieve textures exist both in laccolith rocks and enclaves, including 

reaction rims and inclusion rings, alkali feldspar rims and dramatic increases in Fe content. Rim bands 

that grow after the sieve textures and at the edge of the crystals have higher An contents than the inner 

parts of the same crystals (Fig. 11b). 
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Figure 11. Core-to rim profile of plagioclase from laccolith rocks with Fe content and An% againt distance (in 
μm). a) A big single crystal (~3×5cm) with clear zonations in sample CB10. b) A small crystal with quite 
homogeneous core and reaction rim from a clot in sample CB19. c) A small single crystal with disolution surfaces 
in sample CB39. d)A medium-size crystal with zonation in Sample CB19. e) A small crystal with zonation and 
disolution surfaces in sample CB22. f)A small single crystal with resorption inclution in sample CB48. g) A small 
crystal with normal and oscillatory zonations in sample CB50. h) A oscillatory-zoning crystal in a clot in sample 
CB10. i) a plagioclase with segments of normal zoning in sample CB50. 
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Figure 11 continued.  

4.3.2 Amphibole  
Similar to feldspar, analyses of amphibole were also re-calculated. The recalculation was done by 23 

oxygen methods and classification scheme of IMA 2012 (Hawthorne et al., 2012). The amphiboles were 

classified based on the apfu of Si in total, the ratio of Mg/(Mg+Fe2+), apfu of Ca in the B site, apfu of 

Na and K in the A site, apfu of Ti in total as well as VIAl and Fe3+. The amphiboles are all calcic 

amphiboles and vary from pargasite, ferropargasite to magnesiohastingsite and hastingsite (Fig. 12a-d). 

Some of the amphibole contain higher Ti content, thus they are classified as Ti-rich pargasite, Ti-rich 

ferropargasite, and Ti-rich magnesiohastingsite.  

Three populations of amphibole could be identified (Fig. 12e) according to different Mg number 

(Mg#): low Mg# amphiboles with Mg# in the range of 40-51 and a median of 45; medium amphiboles 

with Mg# in the range of 52-61 and a median of 56; and high Mg# amphiboles with Mg# in the range 

of 62-78 and a median of 71. Low Mg# amphiboles show a higher content of MnO and a lower content 

of Na2O, TiO2, Al2O3 and CaO, while high Mg# amphiboles show a lower content of MnO and a higher 

content of TiO2, Al2O3 and CaO.  

Some of the amphiboles show zonation and variation between cores and rims. Most of the zoned 

amphiboles share similar charateristics with the the analyzed profile (Fig. 13): lower Mg # can be found 

in the core (Mg#= 51-53), while the amphibole rims have high Mg# (Mg#= 63-73). Also, the core is 

lower in Al2O3 and the rim which has higher Al2O3 content. 
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Figure 12. Chemical composition of amphiboles from the Cerro Bayo laccolith. a-d)Classification of amphiboles 
by IMA 2012 (Hawthorne et al., 2012). e) Frequency of Mg#×100 in amphibole in the range of 40-78. f-h) Major 
element (MnO, TiO2 and Al2O3) variation diagrams for amphibole agains Mg#×100. 
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Figure 13. Core-to rim profile of amphibole with Mg#×100 and Al2O3 content against distance(in μm).  

4.3.3 Clinopyroxene 
The analysis results of pyroxene are presented in Fig. 14, for which the recalculation of the chemical 

formula was based on 6 anions. All the pyroxene analyzed are clinopyroxene (diospide-augite): two 

populations of which can be identified by the Mg# (Fig. 14a, b). The composition of clinopyroxene 

cores (with Mg# in the range of 76-84) varies between Wo42-46En44-58Fs9-19, while that of rims and small 

clinopyroxene grains (with Mg# in the range of 62-72) varies between Wo43-47En34-41Fs15-20. 

Clinopyroxene cores show higher contents of Cr2O3 and lower MnO contents than Clinopyroxene rims 

and small grains. 

 

Figure 14. Chemical composition of pyroxene from the Cerro Bayo laccolith. a) A ternary clinocomposition plot. 
b) A histagram plot show the frequency distribution agains Mg# of clinopyroxene. c) Cr2O3 content and d) MnO 
content of clinopyroxene against Mg#×100. The diamons represent cores of clinopyroxene and the trangles 
reperent rims as well as small grains of clinopyroxe. 

4.3.4 Fe-Ti oxides 
Titanomagnetite is the most abundant phase of Fe-Ti oxides in our samples (Fig. 15a). The CaO, Cr2O3, 

V2O3 and NiO content vary slightly in the range of 0-0.57%, 0-0.26%, 0.08-0.26% and 0-0.09% 
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respectively. The X(Usp) (ulvöspinel) of titanomagnetite are in the range of 0.04-0.54 mol.% with an 

average of 0.12 mol.%. While the content of Al2O3 and MgO show an increasing trend as the X(Usp) 

increases. On the other hand, only a few Ilmenite-Magnetite pairs are observed.  

 

Figure 15. Chemical compositions of Fe-Ti Oxides in samples from the Cerro Bayo laccolith. a) Ternary 
classification of analysed oxides minerals. b) and c) Al2O3 and MgO content against mol.% Usp of 
tatinomegnetites. 
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5. Thermobarometry Modelling 
It is critical to establish a pressure-temperature model for the magma plumbing system using suitable 

thermometers and barometers, as the storage depths of magma can be detected by applied suitable 

thermobarometers. As for liquid–related thermobarometers, an equilibrium melt (liquid) needs to be 

selected as input. Thus whole-rock data from the Cerro Bayo laccolith (this project) as well as from the 

entire Chachahuén volcano complex (Kay et al., 2006) were used as possible melts for feldspar, 

amphibole, and clinopyroxene when necessary.  

5.1 Clinopyroxene-liquid thermobarometry 
As obvious differences in Mg# exist between clinopyroxene cores and rims in our samples, therefore 

equilibrium tests were done by coupling with two different melts from Kay et al. (2006) for 

clinopyroxene cores and rims respectively (Fig. 16a).  

 

Figure 16. The equilibrium test applied to clinopyroxene after Putirka (2008). a) Clinopyroxene Mg#×100 against 
whole rock Mg#×100. b) KD(Fe-Mg) against Clinopyroxene Mg#×100. c) Observed against predicted 
Clinopyroxene components EnFs and CaTs. d) Observed against predicted Clinopyroxene DiHd. 

For clinopyroxene cores with Mg#×100 in the range of 76-84, whole rock data from sample DR22 

(Mg#=55.4) from Kay et al. (2006) was selected and 10 out of 11 points fall within the ± 0.10 envelope 

(Fig. 16b), and within the ±0.10 envelopes for clinopyroxene components.  
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For clinopyroxene rims and small grains with Mg#×100 in the range of 62-72, whole rock data 

from sample DRC09a (Mg#=36.4, Kay et al., 2006) was selected. All the results fall in the ±0.10 

envelope of diagram of KD(Fe-Mg) against clinopyroxene Mg#×100 (Fig. 16b) as well as the diagrams 

of observed and predicted clinopyroxene components (Fig. 16c, d). 

 

Figure 17. The thermobarometric results for clinopyroxene after Putirka (2008).  

The results from these two equations give us pressures in the range of 11.9 to 13.8 kbar for the 

clinopyroxene cores and pressures between 5.1 to 8.6 kbar for the clinopyroxene rims and small crystals. 

The uncertainty for the pressure is ±2.9 kbar and that of the temperature is ±42°C.  

Corresponding depths give clinopyroxene cores crystalized from 43 to 50 km and clinopyroxene 

rims and small grains crystalized from 19 to 31 km. It is notable that the crystallization depth of 

clinopyroxene cores is deeper than the Moho of this area (around 40 km; Tassara et al., 2006; Yuan et 

al., 2006)) while the crystallization depth of clinopyroxene rims is at least 10 km shallower than the 

Moho. On the other hand, the derived temperatures for cores are in the range of 1144 to 1169 °C, which 

are ~150°C  higher than those of rims (973 to 1002 °C, Fig. 17).  

5.2 Amphibole-related thermobarometry 
5.2.1 Amphibole-only thermobarometry after Ridolfi et al. (2010) and Ridolfi & Renzulli 

(2012) 
Almost all the pressure and temperature estimates from Ridolfi et al. (2010)’s models fall into the 

field constrained by the maximum thermal stability curve and the upper amphibole stability limit (Fig. 

18a). The pressure estimates are in the range of 3.4 to 9.8 kbar with a median of 4.4 kbar and the 

temperature estimates are in the ranges of 923 to 1068 °C .  
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Figure 18. The thermobarometric results for amphibole after after Ridolfi et al. (2010) and Ridolfi & Renzulli 
(2012). a) Pressure-temperature diagram. b) log[fO2]-temperature diagram. c) Temperature-H2Omelt diagram. 

Pressure estimates after Ridolfi & Renzulli (2012) are in the range from 4.9 to 12.2 kbar. The results 

of pressure after Ridolfi & Renzulli (2012) show relative higher values than that of Ridolfi et al. (2010) 

with estimates in the range of 3.4 to 9.8 kbar. The results of temperature are in the range of 936.7 to 

1048 °C  which almost overlap with those results from Ridolfi et al. (2010). The precision of Ridolfi et 

al. (2010) for pressures and temperatures are ±22 °C  and ±0.54 kbar (±54MPa) respectively, while those 

of Ridolfi & Renzulli (2012) are ±23.5 °C  and ±1.41kbar (±141 MPa). 

Water content and oxygen fugacity 

The calculated log[fO2] are located along the NNO line (Fig. 18b), while most the calculated 

H2Omelt are between the maximum thermal stability line and the lower limit line with a few outliers 

located outside the maximum thermal stability line (Fig. 18c).  

For high Mg# amphiboles, H2Omelt estimates are in the range of 5.3-7.0% with a median of 6.2% 

and the ∆NNO estimates are between 0.1 and 1.0 with a median of 0.6 (Fig. 18b, c and Table 2). For 

medium Mg# amphiboles, H2Omelt estimates are in the range of 5.0-8.3% with a median of 6.9% and the 

∆NNO estimates are between -0.5 and 0.2 with a median of -0.2. For low Mg# amphiboles, H2Omelt are 

in the range of 5.0-7.6% with a median of 5.7% and the ∆NNO estimates are between -0.9 and 0.2 with 

a median of -0.6. As the errors of H2Omelt, and ∆NNO are ±0.41% and ±0.22 log unit, gaps not only exist 

in H2Omelt, but also in oxygen fugacity. 
Table 1. H2Omelt and ∆NNO estimates from amphiboles after Ridolfi et al. (2010) 
H2Omelt (%) Median  Min  Max  ∆NNO  Median Min Max 

Ridolfi et al. (2010)   

Low Mg# Amp, Mg#=40-50 (Melt III) 5.7  5.0  7.6    -0.6  -0.9 0.2 

Medium Mg# Amp, Mg#=51-61 (Melt II) 6.9  5.0  8.3    -0.2  -0.5 0.2 

High Mg# Amp, Mg#=62-78 (Melt I) 6.2  5.3  7.0    0.6  0.1 1.0 

SiO2-52%

SiO2-63%
SiO2-70%

SiO2-76%

0.4km

1.5km

3.3km

3.6km

7.3km

0

1

2

3

4

5

6

7

8

9

10

11

12

13

550 650 750 850 950 1050 1150

P 
[k

ba
r]

T [°C]

Ridolfi et al.(2010)

P1d (MPa)Ridolfi &
Renzulli(2012)

a)

550

650

750

850

950

1050

1150

2 3 4 5 6 7 8 9 10 11

T
 (°

C
)

H2Omelt (wt.%)

c)

-14

-13

-12

-11

-10

-9

-8

700 800 900 1000 1100 1200

lo
gf

O
2

T (°C)

b)



 

-29- 

5.2.2 Amphibole-related thermobarometry after Molina et al.(2015) 

 

Figure 19. The results of amphibole-related thermobarometry after Molina et al.(2015). a) hisgogram of temperure 
devried from amphibole-only thermometers. b) Pressure and temperature estimates of amphiboles with plagioclase 
pairs. 

The temperature estimates from the amphibole-liquid thermometer are in the range of 839 to 

1019°C  with median of 876°C  (Fig. 19a, uncertainty of ±45°C ). Sixty-one out of 281 amphibole points 

were from amphibole-plagioclase pairs, which were used to calculate pressures. Pressure estimates are 

in the range of 4.7 to 11.7 kbar with an median of 8.4 kbar (Fig. 19b, uncertainty of±2.3 kbar), which 

corresponds to 17 to 43 km in depth. 

5.2.3 Amphibole-liquid thermobarometry after Putirka (2016) 
Amphibole-liquid thermobarometry after Putirka (2016) needs input of amphibole composition and melt 

composition. There is no melt from our whole rock datasets that were in equilibrium with all the three 

groups of amphiboles. Thus, three different melt were selected to match with these amphiboles 

respectively. Whole rock compositions of CB42 (Mg#=21.5, this project), DR21 (Mg#=25.9, Kay et al., 

2006) and DRC09a (Mg#=36.4, Kay et al., 2006) show the best match with Low Mg# amphibole 

(Mg#=40-50), medium Mg# amphiboles (Mg#=51-61) and high Mg# amphiboles (Mg#=61-78) 

respectively (Fig. 20a), as all the data points of KD(Fe-Mg) fall within the equilibrium envelope (KD(Fe-

Mg) in the range of 0.28±0.11). It is noteworthy that the melt selected for Group 3 amphibole, DRC09a, 

is the same melt selected for cores of clinopyroxene.  

According to Putirka (2016) Eqn. 4b and Eqn. 7a have higher precision (±23°C  for temperature 

and ±1.6 kbar for pressures respectively), thus these two equations were selected to calculate the 

crystallization pressure and temperature respectively for our system. The pressure estimates of the low 

Mg# amphibole group (Mg#=40-50) are in the range of 4.9 to 8.2 kbar with a median of 6.6 kbar, the 

pressure estimates of medium Mg# amphibole group vary between 7.3 to 11.2 kbar with a median of 

9.1 kbar, while the pressure estimates of high Mg# amphibole are in the range of 6.3 to 10.9 kbar with 

a median of 8.3 kbar. Those pressures translate to depths in the range of 18 to 30 km (median of 23 km), 
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27 to 41 km (median of 33 km) and 23 to 40 km (median of 30 km). As a result, low Mg# amphiboles 

show shallower crystallization depths than the other two groups of amphiboles overall.  

 

Figure 20. The equilibrium test and thermobarometric results for amphibole after Putirka (2016). a) The KD(Fe-
Mg) equilibrium test and b) the pressure and temperature estimates of amphiboles. The amphiboles were regrouped 
into three populations: low Mg# amphiboles (Mg# =40 -50), medium Mg# amphiboles (Mg# = 51 – 61) and high 
Mg# amphiboles (Mg# = 61 - 78).  

The temperature estimates of low Mg# amphiboles are between 898 and 933 °C  (median of 912°C ), 

while those of medium Mg# and high Mg# amphiboles change in the range of 952 to 972°C  (median of 

965°C ) and 990 to 1012°C  (median of 1002°C ) respectively.  

5.2.4 Temperatures of amphibole crystallization 
When comparing the results from different thermometers, differences but also consistency exist. In 

general, results derived from Ridolfi & Renzulli (2012) show the highest median temperature and a 

unimodal distribution. While results from the other three thermometers show wider multimodal 

distributions and lower median temperatures (Table 1, Fig. 21). If we regroup the results according to 

the Mg# of the amphiboles, it is easier to compare those results, especially the medians. 

 
Table 2 Comparison of temperature estimates from different amphibole –related thermometers 
Temperature estimates(°C) Median Min Max   Median Min Max 

 Ridolfi et al. (2010), SEE=±22°C   Ridolfi & Renzulli (2012) SEE=±23.5°C  
 948 923 1068   995.8 936.5 1047.9 
Low Mg# Amp (Mg#=40-50) 945 923 1013   994.8 936.5 1047.9 
Medium Mg# Amp Mg#=51-61 1002 956 1040   986.5 952.8 1046.9 
High Mg# Amp Mg#=62-78 1040 993 1068   1007.1 966.9 1036.6 

 Molina et al. (2015), SEE=±42-45°C   Putirka(2016), SEE=±23°C  
 909 839 1019   912 898 1013 
Low Mg# Amp (Mg#=40-50) 909 898 918   910 898 931 
Medium Mg# Amp Mg#=51-61 909 856 1019   965 951 972 
High Mg# Amp Mg#=62-78 896 839 996   1003 991 1013 
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Results from Ridolfi et al. (2010) show similar patterns to results from Putirka (2016), as the 

temperature estimates of the three groups are consistent and the results of high Mg# amphiboles are 

highest, those of medium Mg# amphiboles are lower and those of low Mg# amphiboles are lowest (Fig. 

21, Table 1). On average, temperature estimates from Ridolfi et al. (2010) are about 30 °C higher than 

those of Putirka (2016) for all the three groups. Besides, temperature estimates for the low Mg# 

amphiboles after the plagioclase-amphibole thermometer of Molina et al. (2015) and the amphibole-

liquid thermometer of Putirka (2016) are in the same range. On the other hand, temperature estimates 

for three group amphiboles from Ridolfi & Renzulli (2012) overlap.  

 

Figure 21. The histograms of amphibole temperatures from different thermometers. a)Temperature estimates after 
Ridolfi et al. (2010). b) Temperature estimates after Ridolfi & Renzulli (2012). c) Temperature estimates after 
Molina et al. (2015) d)Temperature estimates after Putirka (2016).  

The errors of temperature estimates from Ridolfi et al. (2010), Ridolfi & Renzulli (2012), Molina 

et al. (2015) and Putirka (2016) are ±22°C , ±23.5°C , ±42-45°C  and ±23°C  respectively. Thus the 

temperature estimates from those thermometers are reliable, as they are similar. 
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5.3 Plagioclase-liquid thermobarometry 
Equilibrium tests were done for all the analysed plagioclase points coupled with the whole rock data 

sets also used for clinopyroxene and amphibole.  

 

 

Figure 22. The equilibrium tests applied to plagioclase after Putirka (2008). a) 1000×Anplag×Abliq versus 
1000×Abplag×Anliq. b) KD(Ab-An) against temperatures. 

The condition for equilibrium suggested by Putirka (2008) is that plagioclase-melt couples fall into 

the envelope of KD(Ab-An)=0.10±0.05, as the temperature estimates of plagioclase are lower than 

1050 °C  (Fig. 22b). Whole rock composition of sample CB42 (SiO2 wt.% = 68.8%) is the most suitable 

melt for plagioclase, as 97% of the data fall in to the equilibrium envelope which is the best melt for 

equilibrium of low Mg# amphiboles.  

 
Figure 23. The thermobarometric results for plagioclase Putirka (2008). Histograms of a) Temperature estimates 
and b) pressure estimates. c) Temperature estimates against pressure extimates of plagioclase. 
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Both temperature estimates and pressure estimates have unimodal distributions (Fig. 23a and b). 

The pressure estimates are in the range of 0.5 to 6.2 kbar with a median of 3.5 kbar, which corresponds 

to 2 to 23 km (median of 13 km) in depth. Temperature estimates are in the range of 883 to 911 °C  with 

a median of 891 °C . The precision of the estimates of pressure and temperature are ±36 °C  and ±2.47 

kbar respectively. 
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6. Discussion 
To reveal the magmatic processes and magma storage system beneath the Cerro Bayo laccolith, I 

examine petrographic and geochemical evidence for magma evolution such as fractional crystallization, 

magma mixing and recharge in this chapter. Also, I combine the thermobarometric results of 

clinopyroxene, amphibole and plagioclase from the laccolith samples to discuss the magma plumbing 

system. 

6.1 Magmatic processes 
6.1.1 Fractional crystallization 

In this project, four melts were coupled to reach equilibrium with different populations of 

clinopyroxene, amphibole and plagioclase in the thermobarometric modelling after Putirka (2008), 

Molina et al. (2015) and Putirka (2016). A mafic melt (Melt 0) with SiO2
melt of 48.1 wt.% is in 

equilibrium with clinopyroxene cores; an intermediate melt (Melt I) with SiO2
melt of 56.7 wt.% is in 

equilibrium with clinopyroxene rims and high Mg# amphiboles; another intermediate melt (Melt II) 

with SiO2
melt of 57.9 wt.% is in equilibrium with medium Mg# amphiboles, and the felsic melt (Melt III) 

with SiO2
melt of 68.7 wt.% is in equilibrium with low Mg# amphiboles and plagioclase. The bulk SiO2 

content of the laccolith rocks are in the range of 64.9-68.2 wt.% with an average of 67.9 wt.%, which 

are quite close to Melt III and have higher silica content than Melt 0, I and II. Thus, a process of 

fractional crystallization before the emplacement of the laccolith could be assumed. 

Normal zonation of clinopyroxene and plagioclase 

Normally-zoned clinopyroxene with decreasing of Mg# from core (Mg#=76-84) to rim (Mg#=62-

72) indicates a fractional crystallization history for clinopyroxene (Fig. 7a-c). The phenomenon that 

plagioclase show complicated zonation and a wide range of An% (An28-An68) also gives evidence for 

fractionation. 

Different crystallization places, however, can be assumed for these different population of minerals. 

Clinopyroxene cores are in equilibrium with the mafic Melt 0 (SiO2
melt = 48.1 wt.%), while 

clinopyroxene rims and high Mg# amphiboles share the same equilibrium with the intermediate Melt I 

(SiO2
melt = 56.7 wt.%). It indicates a probable link between Melt 0 (SiO2

melt = 48.1 wt.%) and Melt I 

(SiO2
melt = 56.7 wt.%). Although the Melt II (SiO2

melt = 57.9 wt.%), which is in equilibrium with the 

medium Mg# amphiboles shows similar silica content with the Melt I (SiO2
melt = 56.7 wt.%), a more 

complicated story could be suggested for medium Mg# amphiboles, because they are not in equilibrium 

with the Melt I (SiO2
melt = 57.9 wt.%). Thus, Melt II may also come from a magma that has undergone 

a slightly different evolution process. On the other hand, a similar fractional path could be suggested for 

low Mg# amphiboles (Mg#=40-50) and most plagioclases as they were both in equilibrium with Melt 

III (SiO2
melt = 68.7 wt.%) and some of the low Mg# amphiboles are intergrown with plagioclase.  
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6.1.2 Magma recharge and mixing 
Various patterns of zonation in plagioclase as well as two different types of resorption (i.e. dissolution 

surface and sieve textures), were found in plagioclase of the laccolith rocks. Many amphiboles show 

reaction rims that even breakdown to pseudomorphs, while a few amphibole crystals have reverse 

zonation. The existence of these textures as well as the compositional differences and the existence of 

enclaves show us disequilibrium exist during the magma evolution process of the Cerro Bayo laccolith. 

This disequilibrium, however, may be caused by different mechanisms, such as magma recharge or 

mixing. 

Zonation and resorption of plagioclase 

Those dissolution surfaces in plagioclase with a sudden increase in An% (e.g. profile CB10A-FL04, Fig. 

11a) which occur with increasing Fe content, as Ruprecht & Wörner (2007) and Streck (2008) suggest, 

could indicate a recharge process of more mafic magma. Sieve-texture resorption zones (e.g. profile 

CB19-FL01, Fig. 11b) occur with a sharp drop of An%, but often with subsequent overgrow of higher 

An% zones. Besides, the fine sieve-texture in some thin sections, the plagioclase rims change to alkali 

feldspar. Thus, those sieve-textured resorption zones could indicate recharge of a more mafic magma 

into the system. 

The complicated zoning patterns are often a combination of normal, oscillatory and reverse zoning 

in these plagioclase crystals. For example, three continuous normal zoning segments occur in profile 

CB50-FL04 (Fig. 11i). While the profile of CB22-FL01 (Fig. 11e) begins with normal zoning after a 

dissolution surface with a sharp increase of An% and is followed by a segment of oscillatory zoning and 

two segments of reverse zoning. 

Ustunisik et al. (2014) linked normal zonation of plagioclase to isobaric crystallization in magma 

chambers. On the other hand, reverse zonation of plagioclase in our samples show two types of 

correlation with Fe content. Some reverse zoning occurs with increasing Fe content as well (e.g. profile 

CB19-FL02, Fig. 11d ), which Ruprecht & Wörner (2007) suggest to be a result of mixing with more 

mafic magma. While other reverse zoning occurs with constant Fe content and could be caused by 

increasing in temperature (Streck, 2008). For the latter scenario, the increasing temperature may be due 

to self-mixing of a convective magma body which was heated from below (Couch et al. 2001). During 

the mixing process, crystals are exposed to temperature changes in the magma chamber. Moreover, the 

change in An of the oscillatory zoning segments in our samples is less than ~3 mol. % and often longer 

than ~100 μm (e.g. profiles CB39-FL02, Fig. 11c). They show some similarities with the Low 

Amplitude Oscillation (amplitude ≤ 2 mol.% An, ≤ 5μm ) suggested by Ginibre et al. (2002) with the 

oscillation caused by kinetic effects but some are separated by dissolution surfaces (e.g. profile CB30-

FL02, Fig. 11g). Ustunisik et al. (2014) use a large magma chamber with convection under polybaric 

and isothermal conditions to interpret oscillatory zoning. As most oscillatory zoning segments in our 

samples show connection with dissolution surfaces, it is possible that those segments are related to 

magma convection opposed to kinetic effects (Ginibre et al., 2002, 2007).  
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Populations and breakdown of amphibole 

The breakdown rims of amphiboles in our samples could be caused by disequilibrium conditions 

associated with temperature and compositional changes due to magma mixing, as they coexist with fresh 

amphiboles and fine-sieve textures in plagioclase. Common interpretations of reaction rims of 

amphiboles is that they formed during pre-eruptive ascent under conditions of decompression 

(Rutherford and Devine, 2003). Disequilibrium conditions caused by magma mixing, however, are also 

suggested to explain reaction rims (Browne and Gardner, 2006; Streck, 2008).  

Moreover, along with the phenomenon we discussed above that the three melts in equilibrium with 

three groups of amphibole show differences in chemical composition, water content and oxygen fugacity, 

the temperature estimates of amphiboles are different as well. Medium Mg# amphiboles have a median 

crystallization temperature of 965 °C, which is ~60 °C higher than those of low Mg# amphiboles and 

~40 °C lower than those of high Mg# amphiboles. Even if we consider the ranges of temperature 

estimates, temperature differences between groups are still higher than the SEEs of the thermometer 

(±42°C). Thus we could conclude that those three groups of amphiboles formed at different temperatures 

and mixed with each other during subsequent magma mixing. On the other hand, a sharp rise in Mg# 

from core to rim was found in the amphibole profile (Fig. 13). Temperature estimates of the core with 

medium Mg# are lower than those of the rim with higher Mg#, thus it could be assumed that a hotter 

magma could get evolved into the system after the early low-Al core crystallized. Besides, no medium 

Mg# amphiboles and high Mg# amphibole were found intergrown with plagioclase. One possibility is 

that the magma mixing of medium Mg# amphiboles and high Mg# amphiboles occurred before they 

met low Mg# amphiboles and plagioclase.  

Co-magmatic enclaves 

Both mafic and felsic enclaves exist in our samples, which indicate an open-system crystallization. 

Most of the enclaves in the samples are quite felsic and show slightly lower silica composition than the 

laccolith rocks, except the enclave in sample CB07 which show trachy-basaltic composition (50.5 wt.% 

SiO2; Fig 8). Along with the difference in geochemistry, the enclaves show breakdown of amphiboles 

and some of the enclaves show sieve-textures in plagioclase (e.g. enclaves in CB07, Fig. 11h). Thus, the 

lower silica content and the breakdown of amphibole and reaction rims of plagioclase can indicate a 

process of magma recharge or mixing. 

6.1.3 Mush zone 
As discussed above, magma recharge, mixing, and convention could be indicated by the complicated 

zonation of plagioclase in the laccolith rocks. However, different plagioclase crystals go through various 

histories of magma mixing and recharge, as these crystals have different profiles.  Also, it could be 

assumed that episodic magma recharge occurred in the crystallization process of plagioclase, as multiple 

dissolution surfaces exist in some profiles of plagioclase (e.g. profile CB10A-FL04, Fig. 11a). Besides, 

large amount of plagioclases exist as clots and some plagioclases are intergrown with low Mg# 

amphiboles. The plagioclase crystals in clots often have oscillatory zoning or no zonation (profile 
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CB10B-FL01, Fig. 11h) but show no specific orientation. With these characteristics, a clustered crystal 

framework could be assumed for plagioclase and low Mg# amphibole of the laccolith, which is believed 

to be evidence of crystal mushes (Jerram et al., 2003; Ridley et al., 2006; Rudge et al., 2008).  

Moreover, the rocks from the Cerro Bayo laccolith have quite homogeneous composition and high 

crystallinities, as the major phenocrysts (i.e. plagioclase and amphibole) account for ~30-38 % of the 

rock volume. Huber et al. (2012) suggested a reactivated crystal mushy derived from upper crustal 

reservoirs with high crystallinities (>~50 vol.% crystals) to interpret the formation of crystal-rich dacites, 

in which the system reach homogeneous due to long term convective stirring. Similar crystal mushy 

could be also be assumed for the plagioclase in this project, as the samples show similar composition 

and crystallinity with the crystal-rich dacites. On the other hand, stirring by convection could occur in 

the mushy magma chamber when the crystallinity of the system is lower than ~45% (Bachmann and 

Bergantz, 2008a, 2008b). Thus, it could be assumed from the characteristics of plagioclase that in the 

mushy system convective magma may pick up the crystals from time to time. For example, some 

oscillatory zoning segments such as the adjacent two oscillation in profile CB30-FL02 (Fig. 11g) show 

different An (~35% and ~40%), which may indicate the magma reservoir was not completely 

homogenous.  

6.2 Magma storage 
Combining the thermobarometric results of clinopyroxene, amphibole and plagioclase, we could get a 

general picture of the magma plumbing system beneath the Cerro Bayo laccolith. A multi-level magma 

system could be derived from different pressure and temperature estimates from thermobarometers of 

these minerals as well as different populations of the same mineral such as amphibole and clinopyroxene 

(Fig. 25). 

6.2.1 Multiple-level magmatic system 
The pressure estimates and depths translated from barometers of different minerals in our samples are 

summarized in Table 3. Three main levels of major crystallization can be indicated by the clinopyroxene, 

amphibole and plagioclase (Fig. 25), as the majority of clinopyroxene cores, amphibole and plagioclase 

crystallized at depth of ~47, ~25 and ~11 km respectively. We can assume the depth of Moho of our 

study area to be at about ~40 km (Tassara et al., 2006; Yuan et al., 2006). Thus, the crystallization depth 

estimates of clinopyroxene cores are between 44 and 51 km, which indicates magmatic activity began 

below the Moho. On the other hand, magma storage continued from the lower crust to upper crust, 

predicted by the crystallization depth of amphibole (from 20 to 41km) and plagioclase (1 to 21 km).  

In more detail, crystallization depth of the three groups of amphibole overlap with each other, 

which also overlap with the crystallization depth of clinopyroxene rims (19 to 32 km). Multi-level 

crystallization and storage could be indicated by them, however, as the major crystallization depth of 

them are different. High Mg# amphiboles show a median crystallization depth of ~30 km, medium Mg# 
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amphiboles indicate a median crystallization depth of ~33 km and the majority of low Mg# amphibole 

(low Mg#) crystallized at shallower depth of ~23 km.  
Table 3 Pressure estimates and depths translated from barometers of different minerals 

 Pressure (kbar)  Depth (km) 
 Median Min Max  Median Min Max 

Clinopyroxene, Putirka(2008), SEE=±2.9 kbar   
 8.5 5.1 13.8  31 19 50 
Cpx Core (Mg#=76-84) 12.9 11.9 13.8  47 43 50 
Cpx Rim (Mg#=62-72) 7.4 5.1 8.6  27 19 31 

Plagioclase, Putirka(2008), SEE=±2.47 kbar   
 3.5 0.5 6.2  13 2 23 

Amphibole, Putirka(2016), SEE=±1.6 kbar   

 6.6 4.9 11.2  24 18 41 
Low Mg# Amp (Mg#=40-50) 6.4 4.9 8.2  23 18 30 
Medium Mg# Amp Mg#=51-61 9.1 7.3 11.2  33 27 41 
High Mg# Amp Mg#=62-78 8.3 6.3 10.9  30 23 40 

Amphibole-plagioclase, Molina el al. (2015), SEE=±1.5 kbar     
Low Mg# Amp (Mg#=40-50) 8.4 4.7 10.8  31 17 40 

According to the depth translated from the pressures of plagioclase and those amphibole that 

intergrown with them, a mush zone could be assumed to exist in the upper crust at depth of ~6-28km 

(Fig. 24).  

6.2.2 Pre-emplacement magmatism 
On the basis of previous discussion, I suggest a model for pre-emplacement of the Cerro Bayo 

laccolith. The magma reservoir in upper mantle was filled with a mafic magma (Melt 0, SiO2
melt = 48.1 

wt.%) and clinopyroxene crystallized at 1144-1169 °C. The mafic Melt 0 (SiO2
melt = 48.1 wt.%) then 

underwent a fractional crystallization and ascended to shallow-level magma chamber (~30 km) where 

the rims of clinopyroxene and high Mg# amphiboles formed at lower temperatures of 973-1013 °C and 

in equilibrium with Melt I (SiO2
melt = 56.7 wt.%). On the other hand, a magma pocket at lower crust 

(~34 km) was injected with derived intermediate Melt II (SiO2
melt = 57.9 wt.%) at its initial state with 

the crystallization of medium Mg# amphiboles at lower temperature in the range of 951-972°C. The 

cooler Melt II (SiO2
melt = 57.9 wt.%) probably ascended from the deeper magma chamber to the 

shallower magma chamber and mixed with Melt I (SiO2
melt = 56.7 wt.%) there. This explains why some 

medium Mg# amphiboles got high Mg# rims during the process of magma mixing or recharge and re-

equilibrium. 

Moreover, the magma maybe also evolved to a felsic magma (Melt III, SiO2
melt = 68.7 wt.%) of 

883-931 °C and then was filled into a magma chamber at depth ~12-23 km where low Mg# amphibole 

and plagioclase crystallized. Long residence times allowed large plagioclase crystals to grow and 

magma convection to occur in the magma chamber, which could be indicated by the oscillatory zoning, 

reverse zoning with constant Fe content, and intergrowth of amphibole and plagioclase. Periodic 

recharge of magma prevented cooling of the magma chamber.  
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Figure 24. Conceptual profile of the magma plumbing system beneath the Cerro Bayo Laccolith.  

Small amounts of mafic magma injected into the magma chamber and caused the formation of 

sieve-textured plagioclase, which were overgrown by high-An rim. When the Melt I (SiO2
melt = 56.7 

wt.%) ascended and injected into the shallow magma reservoir, which maybe also caused overheating 

and the breakdown rims of low Mg# amphibole, the rejuvenation of crystal mushes might occur. The 

bulk SiO2 content of the laccolith rocks are in the range of 64.9-68.2 wt.% with an average of 67.9 wt.%, 

which overlaps with Melt III (SiO2
melt = 68.7 wt.%) and higher than Melt 0 (SiO2

melt = 48.1 wt.%), I 

(SiO2
melt = 56.7 wt.%) and II (SiO2

melt = 57.9 wt.%). Thus, the emplacement of the Cerro Bayo laccolith 

could have occurred after the mixing of Melt I (SiO2
melt = 56.7 wt.%) and Melt III (SiO2

melt = 68.7 wt.%), 

during which the magma would have collected clots and crystals from the mush zone to intrude into the 

laccolith at shallower level near the surface.  
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7. Conclusions
Depending on the petrologic and geochemical analysis of samples from the Cerro Bayo laccolith, 

appropriate thermobarometers were applied to different populations of mineral phenocrysts to 

reconstruct magma plumbing system beneath the Cerro Bayo laccolith.  

(1) The porphyritic laccolith rock and equigraular co-magmatic enclaves have similar mineral 

assemblages, of which the main phases are plagioclase, amphibole, titanomagnetite, and clinopyroxene. 

Zonation and resorption are the main characteristics of plagioclase, while amphiboles have breakdown 

rims and pseudomorphs. Clinopyroxene show different ranges of Mg# in cores and rims.  

(2) The different thermobarometers for amphiboles yield similar results, which also are consistent 

with the results of thermobarometers of plagioclase and clinopyroxene. Four melts from mafic to felsic 

were indicated by mineral-melt thermobarometers to be in equilibrium with different populations of the 

phenocrysts. A multi-level magma plumbing system from upper mantle to upper crust was also indicated 

from the thermobarometric modelling. 

(3) The pre-emplacement magmatism began below Moho, where mafic magma (Melt 0, SiO2
melt = 

48.1 wt.%) crystallized clinopyroxene. The fractional crystallization after the magma ascended to lower 

crust caused the formation of lower Mg# clinopyroxene rims and high Mg# amphiboles at lower 

temperatures. The lower crust also hosted intermediate melt as well as a shallower magma chamber in 

the upper crust reservoir filled with felsic magma produced by fractionation as magma moved from the 

upper mantle to the crust. 

(4) Mixing between different melts can explain the resorption of plagioclase and amphibole as well 

as mafic enclaves, of which differences in both temperature and chemical composition effect the mixing 

products. Magma recharge in the upper crust magma chamber maintains the temperature of the system. 

This project aimed to understand the magma evolution in the plumbing system beneath the Cerro 

Bayo laccolith in the Chachahuén volcanic complex. The thermobarometric modelling gave reasonable 

results and can link the mineral textures to pre-emplacement magmatic process and give a first sight of 

the magmatic system in the Cerro Bayo cryptodome. More focus, however, could be put on the residence 

time of mineral populations in the magma chamber(s). Also, research on other intrusive and volcanic 

products in the entire volcanic complex by thermobarometric modelling and regional comparison would 

be useful to reconstruct the plumbing system of the Chachahuén volcanic complex. 



 

-41- 

Acknowledgements 
I would like to show my sincere gratitude to my supervisor Abigail Barker. The thesis was done with 

her expert instruction, insightful criticism and academic suggestions. She spent so much time on reading 

though each part of my thesis and discussing with me on every important issue. Also, her constant 

encouragement and guidance help me to get through every hard moment in the completion of the entire 

thesis. 

I wish to greatly thank my co-supervisor Steffi Burchardt who introduced this project and always 

provide impressive discussions as well as useful suggestions to me. The organization of weekly meeting 

by her gave me a great way for to gain enough material and ideas about the study area. 

I want to thank Swedish Institute Study Scholarships (SISS) to offer me the opportunity to study at 

Uppsala University by providing the funding for my project and my living here. Also thank you Yan 

Wang, who works at SISS, for giving me lots of advice to adapt to the life in a new country. 

Further, I would like to thank Einar, Tobias, Erika, Emma from the VIPS workshop and Haochen, 

Elin and Weronika from the Geochemistry workgroup, the meetings with them helped me a lot on 

studying new knowledge.  

Also, Emil is thanked for helping me to translate the popular science to Swedish.  

 



 

-42- 

References 
Anderson, J.L. (1996). Status of thermobarometry in granitic batholiths. Earth Environ. Sci. Trans. R. 
Soc. Edinb. 87, 125–138. https://doi.org/10.1017/S0263593300006544 

Anderson, J.L., Barth, A.P., Wooden, J.L., Mazdab, F. (2008). Thermometers and Thermobarometers 
in Granitic Systems. Rev. Mineral. Geochem. 69, 121–142. https://doi.org/10.2138/rmg.2008.69.4 

Anderson, J.L., Smith, D.R. (1995). The effects of temperature and fO₂ on the Al-in-hornblende 
barometer. Am. Mineral. 80, 549–559. https://doi.org/10.2138/am-1995-5-615 

Ariskin, A.A., Barmina, G.S. (1990). Equilibria thermometry between plagioclases and basalt or 
andesite magmas. Geochem Intern 27, 129–134. 

Bachmann, O., Bergantz, G. (2008)a. The Magma Reservoirs That Feed Supereruptions. Elements 4, 
17–21. https://doi.org/10.2113/GSELEMENTS.4.1.17 

Bachmann, O., Bergantz, G.W. (2008)b. Deciphering Magma Chamber Dynamics from Styles of 
Compositional Zoning in Large Silicic Ash Flow Sheets. Rev. Mineral. Geochem. 69, 651–674. 
https://doi.org/10.2138/rmg.2008.69.17 

Barker, A.K., Troll, V.R., Carracedo, J.C., Nicholls, P.A. (2015). The magma plumbing system for the 
1971 Teneguía eruption on La Palma, Canary Islands. Contrib. Mineral. Petrol. 170, 54. 
https://doi.org/10.1007/s00410-015-1207-7 

Barth, T.F.W. (1934). Temperatures in lavas and magmas and a new geological thermometer. Naturen; 
() 6, 187–162. 

Beattie, P. (1993). Olivine-melt and orthopyroxene-melt equilibria. Contrib. Mineral. Petrol. 115, 103–
111. https://doi.org/10.1007/BF00712982 

Bertolo, S., Nimis, P., Dal Negro, A. (1994). Low-Ca augite from experimental alkali basalt at 18 kbar; 
structural variation near the miscibility gap. Am. Mineral. 79, 668–674. 

Blundy, J.D., Holland, T.J.B. (1990). Calcic amphibole equilibria and a new amphibole-plagioclase 
geothermometer. Contrib. Mineral. Petrol. 104, 208–224. https://doi.org/10.1007/BF00306444 

Brey, G.P., Köhler, T. (1990). Geothermobarometry in Four-phase Lherzolites II. New 
Thermobarometers, and Practical Assessment of Existing Thermobarometers. J. Petrol. 31, 1353–1378. 
https://doi.org/10.1093/petrology/31.6.1353 

Browne, B.L., Gardner, J.E. (2006). The influence of magma ascent path on the texture, mineralogy, 
and formation of hornblende reaction rims. Earth Planet. Sci. Lett. 246, 161–176. 
https://doi.org/10.1016/j.epsl.2006.05.006 

Burchardt, S. (2018). Chapter 1 - Introduction to Volcanic and Igneous Plumbing Systems—Developing 
a Discipline and Common Concepts, in: Volcanic and Igneous Plumbing Systems. Elsevier, pp. 1–12. 
https://doi.org/10.1016/B978-0-12-809749-6.00001-7 

Castro, J.M., Cordonnier, B., Schipper, C.I., Tuffen, H., Baumann, T.S., Feisel, Y. (2016). Rapid 
laccolith intrusion driven by explosive volcanic eruption. Nat. Commun. 7, 13585. 
https://doi.org/10.1038/ncomms13585 



-43- 

Chadwick, J.P., Troll, V.R., Waight, T.E., Zwan, F.M. van der, Schwarzkopf, L.M. (2013). Petrology 
and geochemistry of igneous inclusions in recent Merapi deposits: a window into the sub-volcanic 
plumbing system. Contrib. Mineral. Petrol. 165, 259–282. https://doi.org/10.1007/s00410-012-0808-7 

Cook, E.F. (1957). Geology of the Pine Valley Mountains, Utah. Utah Geol. Mineral. Surv. Bulletin 58, 
111. 

Couch, S., Sparks, R.S.J., Carroll, M.R. (2001). Mineral disequilibrium in lavas explained by convective 
self-mixing in open magma chambers. Nature 411, 1037–1039. https://doi.org/10.1038/35082540 

Dahren, B., Troll, V.R., Andersson, U.B., Chadwick, J.P., Gardner, M.F., Jaxybulatov, K., Koulakov, I. 
(2012). Magma plumbing beneath Anak Krakatau volcano, Indonesia: evidence for multiple magma 
storage regions. Contrib. Mineral. Petrol. 163, 631–651. https://doi.org/10.1007/s00410-011-0690-8 

Dal Negro, A., Carbonin, S., Molin, G.M., Cundari, A., Piccirillo, E.M. (1982). Intracrystalline Cation 
Distribution in Natural Clinopyroxenes of Tholeiitic, Transitional, and Alkaline Basaltic Rocks, in: 
Advances in Physical Geochemistry, Advances in Physical Geochemistry. Springer, New York, NY, pp. 
117–150. https://doi.org/10.1007/978-1-4612-5683-0_3 

Dal Negro, A., Manoli, S., Secco, L., Piccirillo, E.M. (1989). Megacrystic clinopyroxenes from Victoria 
(Australia): crystal chemical comparisons of pyroxenes from high and low pressure regimes. Eur. J. 
Mineral. 105–122. https://doi.org/10.1127/ejm/01/1/0105 

Danyushevsky, L.V., Carroll, M.R., Falloon, T.J. (1997). Origin of high-An plagioclase in Tongan high-
Ca boninites: implications for plagioclase melt equilibria at low P (H∼ 2O). Can. Mineral. 35, 313–326. 

Davis, B.T.C., Boyd, F.R. (1966). The join Mg2Si2O6‐CaMgSi2O6 at 30 kilobars pressure and its 
application to pyroxenes from kimberlites. J. Geophys. Res. 71, 3567–3576. 
https://doi.org/10.1029/JZ071i014p03567 

Ernst, W.G., Liu, J. (1998). Experimental phase-equilibrium study of Al- and Ti-contents of calcic 
amphibole in MORB—A semiquantitative thermobarometer. Am. Mineral. 83, 952–969. 
https://doi.org/10.2138/am-1998-9-1004 

Féménias, O., Mercier, J.-C.C., Nkono, C., Diot, H., Berza, T., Tatu, M., Demaiffe, D. (2006). Calcic 
amphibole growth and compositions in calc-alkaline magmas: Evidence from the Motru Dike Swarm 
(Southern Carpathians, Romania). Am. Mineral. 91, 73–81. https://doi.org/10.2138/am.2006.1869 

Folguera, A., Naranjo, J.A., Orihashi, Y., Sumino, H., Nagao, K., Polanco, E., Ramos, V.A. (2009). 
Retroarc volcanism in the northern San Rafael Block (34°–35°30′S), southern Central Andes: 
Occurrence, age, and tectonic setting. J. Volcanol. Geotherm. Res. 186, 169–185. 
https://doi.org/10.1016/j.jvolgeores.2009.06.012 

Geiger, H., Barker, A.K., Troll, V.R. (2016)a. Locating the depth of magma supply for volcanic 
eruptions, insights from Mt. Cameroon. Sci. Rep. 6, 33629. https://doi.org/10.1038/srep33629 

Geiger, H., Mattsson, T., Deegan, F.M., Troll, V.R., Burchardt, S., Gudmundsson, Ó., Tryggvason, A., 
Krumbholz, M., Harris, C. (2016)b. Magma plumbing for the 2014-2015 Holuhraun eruption, Iceland: 
MAGMA PLUMBING FOR HOLUHRAUN. Geochem. Geophys. Geosystems 17, 2953–2968. 
https://doi.org/10.1002/2016GC006317 

Ghiorso, M.S., Hirschmann, M.M., Reiners, P.W., Kress, V.C. (2002). The pMELTS: A revision of 
MELTS for improved calculation of phase relations and major element partitioning related to partial 
melting of the mantle to 3 GPa. Geochem. Geophys. Geosystems 3, 1–35. 
https://doi.org/10.1029/2001GC000217 



 

-44- 

Ginibre, C., Kronz, A., Wörner, G. (2002). High-resolution quantitative imaging of plagioclase 
composition using accumulated backscattered electron images: new constraints on oscillatory zoning. 
Contrib. Mineral. Petrol. 142, 436–448. https://doi.org/10.1007/s004100100298 

Ginibre, C., Wörner, G., Kronz, A. (2007). Crystal Zoning as an Archive for Magma Evolution. 
Elements 3, 261–266. https://doi.org/10.2113/gselements.3.4.261 

González Díaz, E.F. (1979). Descripción Geológica de la Hoja 31 d, La Matancilla. Servicio Geológico 
Nacional. 

Gudnason, J., Holm, P.M., Søager, N., Llambías, E.J. (2012). Geochronology of the late Pliocene to 
recent volcanic activity in the Payenia back-arc volcanic province, Mendoza Argentina. J. South Am. 
Earth Sci. 37, 191–201. https://doi.org/10.1016/j.jsames.2012.02.003 

Hacker, D.B., Biek, R.F., Rowley, P.D. (2014). Catastrophic emplacement of the gigantic Markagunt 
gravity slide, southwest Utah (USA): Implications for hazards associated with sector collapse of 
volcanic fields. Geology 42, 943–946. https://doi.org/10.1130/G35896.1 

Hacker, D.B., Rowley, P.D., Biek, R.F. (2017). Catastrophic Collapse Features in Volcanic Terrains: 
Styles and Links to Subvolcanic Magma Systems, in: SpringerLink, Advances in Volcanology. Springer, 
Berlin, Heidelberg, pp. 1–34. https://doi.org/10.1007/11157_2017_1001 

Hammarstrom, J.M., Zen, E. (1986). Aluminum in hornblende: an empirical igneous geobarometer. Am. 
Mineral. 71, 17. 

Hawthorne, F.C., Oberti, R., Harlow, G.E., Maresch, W.V., Martin, R.F., Schumacher, J.C., Welch, 
M.D. (2012). Nomenclature of the amphibole supergroup. Am. Mineral. 97, 2031–2048. 
https://doi.org/10.2138/am.2012.4276 

Helz, R.T. (1973). Phase Relations of Basalts in their Melting Range at PH2O = 5 kb as a Function of 
Oxygen FugacityPart I. Mafic Phases. J. Petrol. 14, 249–302. 
https://doi.org/10.1093/petrology/14.2.249 

Holford, S., Schofield, N., Jackson, C.-L., Magee, C., Green, P., Duddy, I. (2013). Impacts of igneous 
intrusions on source reservoir potential in prospective sedimentary basins along the western Australian 
continental margin. 

Hollister, L.S., Grissom, G.C., Peters, E.K., Stowell, H.H., Sisson, V.B. (1987). Confirmation of the 
empirical correlation of Al in hornblende with pressure of solidification of calc-alkaline plutons. Am. 
Mineral. 72, 231–239. 

Holmberg, E. (1962). Descripción geológica de la hoja 32-d, Chachahuén, Provincias de Neuquén y 
Mendoza. Dir. Nac. Geol. Min. Bol. 91, 1–72. 

Horsman, E., Broda, R.J., Gwyn, N.Z., Maurer, E.A., Thornton, E.D., Ward, M.T. (2016). Progressive 
Construction of Laccolithic Intrusive Centers: Henry Mountains, Utah, U.S.A, in: SpringerLink, 
Advances in Volcanology. Springer, Berlin, Heidelberg, pp. 1–21. 
https://doi.org/10.1007/11157_2016_18 

Housh, T.B., Luhr, J.F. (1991). Plagioclase-melt equilibria in hydrous systems. Am. Mineral. 76, 477–
492. 

Howell, J.A., Schwarz, E., Spalletti, L.A., Veiga, G.D. (2005). The Neuquén Basin: an overview. Geol. 
Soc. Lond. Spec. Publ. 252, 1–14. https://doi.org/10.1144/GSL.SP.2005.252.01.01 



-45- 

Huber, C., Bachmann, O., Dufek, J. (2012). Crystal-poor versus crystal-rich ignimbrites: A competition 
between stirring and reactivation. Geology 40, 115–118. https://doi.org/10.1130/G32425.1 

Hurlow, H.A. (1998). The geology of the central Virgin River basin, southwestern Utah, and its relation 
to ground-water conditions. Utah Geological Survey. 

Jeffery, A.J., Gertisser, R., Troll, V.R., Jolis, E.M., Dahren, B., Harris, C., Tindle, A.G., Preece, K., 
O’Driscoll, B., Humaida, H., Chadwick, J.P. (2013). The pre-eruptive magma plumbing system of the 
2007–2008 dome-forming eruption of Kelut volcano, East Java, Indonesia. Contrib. Mineral. Petrol. 
166, 275–308. https://doi.org/10.1007/s00410-013-0875-4 

Jerram, D.A., Bryan, S.E. (2015). Plumbing Systems of Shallow Level Intrusive Complexes, in: 
SpringerLink, Advances in Volcanology. Springer, Berlin, Heidelberg, pp. 1–22. 
https://doi.org/10.1007/11157_2015_8 

Jerram, D.A., Cheadle, M.J., Philpotts, A.R. (2003). Quantifying the Building Blocks of Igneous Rocks: 
Are Clustered Crystal Frameworks the Foundation? J. Petrol. 44, 2033–2051. 
https://doi.org/10.1093/petrology/egg069 

Johnson, M.C., Rutherford, M.J. (1989). Experimental calibration of the aluminum-in-hornblende 
geobarometer with application to Long Valley caldera (California) volcanic rocks. Geology 17, 837–
841. https://doi.org/10.1130/0091-7613(1989)017<0837:ECOTAI>2.3.CO;2 

Kay, S.M. (2001)a. Tertiary to recent magmatism and tectonics of the Neuquén basin between 36° 05′ 
and 38° S latitude. Report to Repsol/YPF. (210pp). 

Kay, S.M. (2001)b. Central Andean ore deposits linked to evolving shallow subduction systems and 
thickening crust. GSA Today 11, 4–9. 

Kay, S.M., Copeland, P. (2006). Early to middle Miocene backarc magmas of the Neuquén Basin: 
Geochemical consequences of slab shallowing and the westward drift of South America, in: Special 
Paper 407: Evolution of an Andean Margin: A Tectonic and Magmatic View from the Andes to the 
Neuquén Basin (35°-39°S Lat). Geological Society of America, pp. 185–213. 
https://doi.org/10.1130/2006.2407(09) 

Kay, S.M., Jones, H.A., Kay, R.W. (2013). Origin of Tertiary to Recent EM- and subduction-like 
chemical and isotopic signatures in Auca Mahuida region (37°–38°S) and other Patagonian plateau lavas. 
Contrib. Mineral. Petrol. 166, 165–192. https://doi.org/10.1007/s00410-013-0870-9 

Kay, S.M., Mancilla, O., Copeland, P. (2006). Evolution of the late Miocene Chachahuén volcanic 
complex at 37°S over a transient shallow subduction zone under the Neuquén Andes, in: Special Paper 
407: Evolution of an Andean Margin: A Tectonic and Magmatic View from the Andes to the Neuquén 
Basin (35°-39°S Lat). Geological Society of America, pp. 215–246. 
https://doi.org/10.1130/2006.2407(10) 

Krawczynski, M.J., Grove, T.L., Behrens, H. (2012). Amphibole stability in primitive arc magmas: 
effects of temperature, H<Subscript>2</Subscript>O content, and oxygen fugacity. Contrib. Mineral. 
Petrol. 164, 317–339. https://doi.org/10.1007/s00410-012-0740-x 

Kudo, A.M., Weill, D.F. (1970). An igneous plagioclase thermometer. Contrib. Mineral. Petrol. 25, 52–
65. https://doi.org/10.1007/BF00383062

Larocque, J., Canil, D. (2010). The role of amphibole in the evolution of arc magmas and crust: the case 
from the Jurassic Bonanza arc section, Vancouver Island, Canada. Contrib. Mineral. Petrol. 159, 475–
492. https://doi.org/10.1007/s00410-009-0436-z 



 

-46- 

Magee, C., Bastow, I.D., van Wyk de Vries, B., Jackson, C.A.-L., Hetherington, R., Hagos, M., Hoggett, 
M. (2017). Structure and dynamics of surface uplift induced by incremental sill emplacement. Geology 
45, 431–434. https://doi.org/10.1130/G38839.1 

Masotta, M., Mollo, S., Freda, C., Gaeta, M., Moore, G. (2013). Clinopyroxene–liquid thermometers 
and barometers specific to alkaline differentiated magmas. Contrib. Mineral. Petrol. 166, 1545–1561. 
https://doi.org/10.1007/s00410-013-0927-9 

Mattsson, T., Burchardt, S., Almqvist, B.S.G., Ronchin, E. (2018). Syn-Emplacement Fracturing in the 
Sandfell Laccolith, Eastern Iceland—Implications for Rhyolite Intrusion Growth and Volcanic Hazards. 
Front. Earth Sci. 6. https://doi.org/10.3389/feart.2018.00005 

Molina, J.F., Moreno, J.A., Castro, A., Rodríguez, C., Fershtater, G.B. (2015). Calcic amphibole 
thermobarometry in metamorphic and igneous rocks: New calibrations based on plagioclase/amphibole 
Al-Si partitioning and amphibole/liquid Mg partitioning. Lithos 232, 286–305. 
https://doi.org/10.1016/j.lithos.2015.06.027 

Moore, R.T. (1972). Geology of the Virgin and Beaverdam Mountains, Arizona, in: The Arizona Bureau 
of Mines. Bulletin 186. University of Arizona, p. 65. 

Morgan, S. (2018). Chapter 6 - Pascal’s Principle, a Simple Model to Explain the Emplacement of 
Laccoliths and Some Mid-crustal Plutons, in: Burchardt, S. (Ed.), Volcanic and Igneous Plumbing 
Systems. Elsevier, pp. 139–165. https://doi.org/10.1016/B978-0-12-809749-6.00006-6 

Morgan, S., Stanik, A., Horsman, E., Tikoff, B., de Saint Blanquat, M., Habert, G. (2008). Emplacement 
of multiple magma sheets and wall rock deformation: Trachyte Mesa intrusion, Henry Mountains, Utah. 
J. Struct. Geol. 30, 491–512. https://doi.org/10.1016/j.jsg.2008.01.005 

Muñoz B., J., Stern, C.R. (1988). The quaternary volcanic belt of the southern continental margin of 
South America: Transverse structural and petrochemical variations across the segment between 38°S 
and 39°S. J. South Am. Earth Sci. 1, 147–161. https://doi.org/10.1016/0895-9811(88)90032-6 

Mutschler, F.E., Larson, E.E., Ross, M.L. (1997). Potential for alkaline igneous rock-related gold 
deposits in the Colorado Plateau laccolithic centers. US Geol. Surv. Bull. 2158, 233–252. 

Nagasaki, S., Ishibashi, H., Suwa, Y., Yasuda, A., Hokanishi, N., Ohkura, T., Takemura, K. (2017). 
Magma reservoir conditions beneath Tsurumi volcano, SW Japan: Evidence from amphibole 
thermobarometry and seismicity. Lithos 278–281, 153–165. 
https://doi.org/10.1016/j.lithos.2017.01.011 

Nimis, P. (1995). A clinopyroxene geobarometer for basaltic systems based on crystal-structure 
modeling. Contrib. Mineral. Petrol. 121, 115–125. https://doi.org/10.1007/s004100050093 

Nimis, P., Taylor, W.R. (2000). Single clinopyroxene thermobarometry for garnet peridotites. Part I. 
Calibration and testing of a Cr-in-Cpx barometer and an enstatite-in-Cpx thermometer. Contrib. Mineral. 
Petrol. 139, 541–554. https://doi.org/10.1007/s004100000156 

Nimis, P., Ulmer, P. (1998). Clinopyroxene geobarometry of magmatic rocks Part 1: An expanded 
structural geobarometer for anhydrous and hydrous, basic and ultrabasic systems. Contrib. Mineral. 
Petrol. 133, 122–135. https://doi.org/10.1007/s004100050442 

Otten, M.T. (1984). The origin of brown hornblende in the Artfjället gabbro and dolerites. Contrib. 
Mineral. Petrol. 86, 189–199. https://doi.org/10.1007/BF00381846 



-47- 

Palma, O., Burchardt, S., Galland, O., Schmiedel, T., Jerram, D., Mair, K., Héctor A. Leanza. (in prep). 
Structure and evolution of the shallow plumbing system of a back-arc volcano – The case of Chachahuén 
Volcano, Argentina. 

Pérez, M.A., Condat, P. (1996). Geología de La Sierra de Chachahuén, Área CNQ-23, Puelen, Geólogos 
Asociados. SA, internal report to YPF. 

Peters, S.T.M., Troll, V.R., Weis, F.A., Dallai, L., Chadwick, J.P., Schulz, B. (2017). Amphibole 
megacrysts as a probe into the deep plumbing system of Merapi volcano, Central Java, Indonesia. 
Contrib. Mineral. Petrol. 172, 16. https://doi.org/10.1007/s00410-017-1338-0 

Petronis, M.S., Hacker, D.B., Holm, D.K., Geissman, J.W., Harlan, S.S. (2004). Magmatic flow paths 
and palaeomagnetism of the Miocene Stoddard Mountain laccolith, Iron Axis region, Southwestern Utah, 
USA. Geol. Soc. Lond. Spec. Publ. 238, 251–283. https://doi.org/10.1144/GSL.SP.2004.238.01.16 

Pollard, D.D., Johnson, A.M. (1973). Mechanics of growth of some laccolithic intrusions in the Henry 
mountains, Utah, II: Bending and failure of overburden layers and sill formation. Tectonophysics 18, 
311–354. https://doi.org/10.1016/0040-1951(73)90051-6 

Putirka, K.D. (2016). Amphibole thermometers and barometers for igneous systems and some 
implications for eruption mechanisms of felsic magmas at arc volcanoes. Am. Mineral. 101, 841–858. 
https://doi.org/10.2138/am-2016-5506 

Putirka, K.D. (2008). Thermometers and Barometers for Volcanic Systems. Rev. Mineral. Geochem. 69, 
61–120. https://doi.org/10.2138/rmg.2008.69.3 

Putirka, K.D. (2005). Igneous thermometers and barometers based on plagioclase + liquid equilibria: 
Tests of some existing models and new calibrations. Am. Mineral. 90, 336–346. 
https://doi.org/10.2138/am.2005.1449 

Putirka, K.D., Johnson, M., Kinzler, R., Longhi, J., Walker, D. (1996). Thermobarometry of mafic 
igneous rocks based on clinopyroxene-liquid equilibria, 0–30 kbar. Contrib. Mineral. Petrol. 123, 92–
108. https://doi.org/10.1007/s004100050145 

Putirka, K.D., Mikaelian, H., Ryerson, F., Shaw, H. (2003)a. New clinopyroxene-liquid 
thermobarometers for mafic, evolved, and volatile-bearing lava compositions, with applications to lavas 
from Tibet and the Snake River Plain, Idaho. Am. Mineral. 88, 1542–1554. https://doi.org/10.2138/am-
2003-1017 

Putirka, K.D., Ryerson, F.J., Mikaelian, H. (2003)b. New igneous thermobarometers for mafic and 
evolved lava compositions, based on clinopyroxene+ liquid equilibria. Am. Mineral. 88, 1542–1554. 

Ramos, V.A., Folguera, A. (2011). Payenia volcanic province in the Southern Andes: An appraisal of 
an exceptional Quaternary tectonic setting. J. Volcanol. Geotherm. Res.
 201, 53–64. https://doi.org/10.1016/j.jvolgeores.2010.09.008 

Ridley, W.I., Perfit, M.R., Smith, M.C., Fornari, D.J. (2006). Magmatic processes in developing oceanic 
crust revealed in a cumulate xenolith collected at the East Pacific Rise, 9°50′N: EPR CUMULATE 
XENOLITH. Geochem. Geophys. Geosystems 7, n/a-n/a. https://doi.org/10.1029/2006GC001316 

Ridolfi, F., Renzulli, A. (2012). Calcic amphiboles in calc-alkaline and alkaline magmas: 
thermobarometric and chemometric empirical equations valid up to 1,130°C and 2.2 GPa. Contrib. 
Mineral. Petrol. 163, 877–895. https://doi.org/10.1007/s00410-011-0704-6 



-48- 

Ridolfi, F., Renzulli, A., Puerini, M. (2010). Stability and chemical equilibrium of amphibole in calc-
alkaline magmas: an overview, new thermobarometric formulations and application to subduction-
related volcanoes. Contrib. Mineral. Petrol. 160, 45–66. https://doi.org/10.1007/s00410-009-0465-7 

Rocchi, S., Breitkreuz, C. (2017). Physical Geology of Shallow-Level Magmatic Systems—An 
Introduction, in: SpringerLink, Advances in Volcanology. Springer, Berlin, Heidelberg, pp. 1–10. 
https://doi.org/10.1007/11157_2017_32 

Roni, E., Westerman, D.S., Dini, A., Stevenson, C., Rocchi, S. (2014). Feeding and growth of a dyke–
laccolith system (Elba Island, Italy) from AMS and mineral fabric data. J. Geol. Soc. 171, 413–424. 
https://doi.org/10.1144/jgs2013-019 

Rudge, J.F., Holness, M.B., Smith, G.C. (2008). Quantitative textural analysis of packings of elongate 
crystals. Contrib. Mineral. Petrol. 156, 413–429. https://doi.org/10.1007/s00410-008-0293-1 

Ruprecht, P., Wörner, G. (2007). Variable regimes in magma systems documented in plagioclase zoning 
patterns: El Misti stratovolcano and Andahua monogenetic cones. J. Volcanol. Geotherm. Res. 165, 
142–162. https://doi.org/10.1016/j.jvolgeores.2007.06.002 

Rutherford, M.J., Devine, J.D. (2003). Magmatic Conditions and Magma Ascent as Indicated by 
Hornblende Phase Equilibria and Reactions in the 1995–2002 Soufrière Hills Magma. J. Petrol. 44, 
1433–1453. https://doi.org/10.1093/petrology/44.8.1433 

Sagripanti, L., Aguirre-Urreta, B., Folguera, A., Ramos, V.A. (2015). The Neocomian of Chachahuén 
(Mendoza, Argentina): evidence of a broken foreland associated with the Payenia flat-slab. Geol. Soc. 
Lond. Spec. Publ. 399, 203–219. https://doi.org/10.1144/SP399.9 

Schofield, N., Holford, S., Millett, J., Brown, D., Jolley, D., Passey, S.R., Muirhead, D., Grove, C., 
Magee, C., Murray, J., Hole, M., Jackson, C.A.-L., Stevenson, C. (2017). Regional magma plumbing 
and emplacement mechanisms of the Faroe-Shetland Sill Complex: implications for magma transport 
and petroleum systems within sedimentary basins. Basin Res. 29, 41–63. 
https://doi.org/10.1111/bre.12164 

Schofield, N., Jerram, D.A., Holford, S., Archer, S., Mark, N., Hartley, A., Howell, J., Muirhead, D., 
Green, P., Hutton, D., Stevenson, C. (2016). Sills in Sedimentary Basins and Petroleum Systems, in: 
SpringerLink, Advances in Volcanology. Springer, Berlin, Heidelberg, pp. 1–22. 
https://doi.org/10.1007/11157_2015_17 

Senger, K., Millett, J., Planke, S., Ogata, K., Eide, C.H., Festøy, M., Galland, O., Jerram, D.A. (2017). 
Effects of igneous intrusions on the petroleum system: a review. First Break 35, 47–56. 
https://doi.org/10.3997/1365-2397.2017011 

Streck, M.J. (2008). Mineral Textures and Zoning as Evidence for Open System Processes. Rev. Mineral. 
Geochem. 69, 595–622. https://doi.org/10.2138/rmg.2008.69.15 

Sugawara, T. (2001). Ferric iron partitioning between plagioclase and silicate liquid: thermodynamics 
and petrological applications. Contrib. Mineral. Petrol. 141, 659–686. 
https://doi.org/10.1007/s004100100267 

Sun, S.–., McDonough, W.F. (1989). Chemical and isotopic systematics of oceanic basalts: implications 
for mantle composition and processes. Geol. Soc. Lond. Spec. Publ. 42, 313–345. 
https://doi.org/10.1144/GSL.SP.1989.042.01.19 

Tassara, A., Götze, H.-J., Schmidt, S., Hackney, R. (2006). Three-dimensional density model of the 
Nazca plate and the Andean continental margin. J. Geophys. Res. Solid Earth 111. 
https://doi.org/10.1029/2005JB003976 



-49- 

Thomas, W.M. (1990). The aluminium content of hornblende in calc-alkaline granitic rocks : A 
mineralogic barometer calibrated experimentally to 12 kbars. Fluid-Miner. Interact. Tribute HP Eugster 
59–63. 

Ustunisik, G., Kilinc, A., Nielsen, R.L. (2014). New insights into the processes controlling 
compositional zoning in plagioclase. Lithos 200–201, 80–93. 
https://doi.org/10.1016/j.lithos.2014.03.021 

Venturelli, G., Salvioli-Mariani, E., Toscani, L., Barbieri, M., Gorgoni, C. (1993). Post-magmatic 
apatite + hematite + carbonate assemblage in the Jumilla lamproites. A fluid inclusion and isotope study. 
Lithos 30, 139–150. https://doi.org/10.1016/0024-4937(93)90012-2 

Voltaggio, M., Barbieri, M., Branca, M., Castorina, F., Taddeucci, A., Tecce, F., Tuccimei, P., Turi, B., 
Vesica, P. (1997. Calcite in fractures in a volcanic environment (Vulcano Island, Italy): contribution of 
geochronological and isotopic studies to volcanotectonics. J. Volcanol. Geotherm. Res. 75, 271–282. 
https://doi.org/10.1016/S0377-0273(96)00019-4 

Wetmore, P.H., Connor, C.B., Kruse, S.E., Callihan, S., Pignotta, G., Stremtan, C., Burke, A. (2009). 
Geometry of the Trachyte Mesa intrusion, Henry Mountains, Utah: Implications for the emplacement 
of small melt volumes into the upper crust: GEOMETRY OF THE TRACHYTE MESA INTRUSION. 
Geochem. Geophys. Geosystems 10, n/a-n/a. https://doi.org/10.1029/2009GC002469 

Wilson, P.I.R., McCaffrey, K.J.W., Wilson, R.W., Jarvis, I., Holdsworth, R.E. (2016). Deformation 
structures associated with the Trachyte Mesa intrusion, Henry Mountains, Utah: Implications for sill 
and laccolith emplacement mechanisms. J. Struct. Geol. 87, 30–46. 
https://doi.org/10.1016/j.jsg.2016.04.001 

Witkind, I.J. (1973). Igneous rocks and related mineral deposits of the Barker Quadrangle, Little Belt 
Mountains, Montana (No. 2330–7102). US Govt. Print. Off.,. 

Wood, B.J., Trigila, R. (2001). Experimental determination of aluminous clinopyroxene–melt partition 
coefficients for potassic liquids, with application to the evolution of the Roman province potassic 
magmas. Chem. Geol. 172, 213–223. https://doi.org/10.1016/S0009-2541(00)00259-X 

Yuan, X., Asch, G., Bataille, K., Bock, G., Bohm, M., Echtler, H., Kind, R., Oncken, O., Wölbern, I. 
(2006). Deep seismic images of the Southern Andes, in: Special Paper 407: Evolution of an Andean 
Margin: A Tectonic and Magmatic View from the Andes to the Neuquén Basin (35°-39°S Lat). 
Geological Society of America, pp. 61–72. https://doi.org/10.1130/2006.2407(03) 



-50- 

Appendix I Thermobarometers applied in this project 
Equation Errors 

Putirka (2008) 

Clinopyroxene-melt thermobarometers 
T(°C): Eqn 33 
P(kbar):Eqn 31 

SEE=±45 °C  
SEE=±2.9 kbar 

Feldspar-melt thermobarometer 
T(°C): Eqn 24a 
P(kbar):Eqn 25a 
%H2O: Eqn 25b 

SEE=±36 °C  
SEE=±2.47 kbar 
SEE=±1.1 wt.% H2O 

Ridolfi et al. (2010) 

Amphibole-only thermobarometer 

T(°C): Eqn 1: 
P(MPa):Eqn 4: 
%H2Omelt: Eqn 3 
∆NNO: Eqn 2 
%SiO2

melt: Eqn 5 

SEE=±22 °C  
SEE=±54 MPa 
SEE=±0.41 wt.% H2O 
SEE=±0.22 log unit 
SEE=±3.6 wt.% 

Ridolfi & Renzulli (2012) 

Amphibole-only thermobarometer 

T(°C): Eqn 2 
P(MPa):Eqn 1d 
∆NNO: Eqn 3 
%H2Omelt: Eqn 4 
%SiO2

melt: Eqn 5 

SEE=±23.5°C 
SEE=±141 MPa 
SEE=±0.37 log unit 
SEE=±0.78 wt.% H2O 
SEE=±1.25 wt.% 

Molina et al. (2015) 

Liquid-only thermometer 
T(°C) SEE=±37 °C  - ±42 °C 
Amp-liquid Mg partitioning thermometer 
T(°C) SEE=±35 °C  - ±45°C 

Plag-Amp Al-Si partitioning barometer 
P(kbar) SEE=±1.5 kbar- ±2.3kbar 

Putirka (2016) 

Amphibole-liquid thermobarometer 
T(°C): Eqn 4a 
P(kbar): Eqn 7a 
%SiO2

melt: Eqn 10 

SEE=±23 °C  
SEE=±1.6 kbar 
SEE=±3.6 wt.% 
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