
Vol.:(0123456789)

Contributions to Mineralogy and Petrology (2024) 179:35 
https://doi.org/10.1007/s00410-024-02115-2

ORIGINAL PAPER

Elastic thermobarometry on metapelites across the crustal section 
of the Famatinian Arc, Argentina

Emanuel Giovanini1,4  · Kenneth S. Befus1,5 · Juan E. Otamendi2 · Eber Cristofolini2 · Tomas Guerreiro2 · 
Miguel Cisneros3

Received: 12 October 2023 / Accepted: 27 February 2024 / Published online: 1 April 2024 
© The Author(s) 2024

Abstract
We applied elastic thermobarometry on garnet-bearing migmatites along two transects through the crustal section at Sierra 
Valle Fértil-La Huerta, Argentina. We performed quartz-in-garnet barometry and zircon-in-garnet thermometry on metape-
lites from different paleo-depths across the crustal section. Our work recovers entrapment pressures ranging from 240 to 1330 
MPa and entrapment temperatures between 691 and 1574 °C. The entrapment conditions are broadly consistent with antici-
pated pressures and temperatures along the crustal section derived previously using conventional, thermodynamic thermoba-
rometers. The quartz-in-garnet barometer reproduces those conventionally established entrapment conditions when samples 
only experienced conditions within the alpha-quartz stability field. Raman-derived pressures for samples that experienced 
beta-quartz reference conditions are commonly much higher than those established by conventional barometry. Samples that 
preserve compressive (positive) residual pressures best reproduce reference entrapment pressures. Entrapment temperatures 
show high variability and overestimation of temperature conditions compared to conventional results. These results indicate 
elastic thermobarometry over- or under-estimates crystallization conditions in rocks crystallized at high temperatures, as is 
common in the Famatinian Arc deep-crust. We suggest that modeling quartz behavior across the alpha–beta transition may 
present challenges, as does shape maturation, viscous deformation, and radiation damage in zircon.

Keywords Elastic thermobarometry · Famatinian Arc · Migmatites · Quartz-in-garnet barometry · Zircon-in-garnet 
thermometry

Introduction

Mountain building, tectonics, volcanic activity, and their 
associated hazards are produced by the imbalance of geo-
logic forces. Direct physical measurements of the responsi-
ble processes are impossible because they take place deep 
in the Earth’s subsurface. Our understanding of processes in 
these subsurface environments has relied on indirect meth-
ods like geophysical surveys, geochemical analyses, and 
geodynamics (Rawlinson et al. 2010; Li and Liebermann 
2014). Petrology and mineralogy provide additional records 
of subsurface processes that rely upon crystals as passive 
record keepers within these dynamic systems. Crystals pro-
vide valuable in-situ information because their textures and 
compositions respond to environmental changes like defor-
mation, pressure, and temperature (e.g., Kretz 1959; Ferry 
and Spear 1978; Spear et al. 1984; Essene 1989; Platt and 
Behr 2011; Lanari and Engi 2017).
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The estimation of pressure–temperature (P–T) conditions 
of rocks is fundamental for understanding petrologic and 
tectonic processes. Many thermometers and barometers have 
been developed to constrain the P–T conditions of mineral 
nucleation (e.g., Kretz 1959; Spear et al. 1990). Most ther-
mobarometers rely on the presumption of achieving local 
partition, net-transfer, chemical or isotopic equilibrium 
between a certain number of mineral phases to calculated 
P–T conditions (e.g., Selverstone and Spear 1985; Powell 
and Holland 1994, 2008; Pattison and Tinkham 2009). We 
refer to these methods as ‘conventional thermobarometry’ 
(e.g., Powell 1985; Powell and Holland 1994, 2008; Moe-
cher and Sharp 1999). Some examples of conventional 
approaches are stable isotope thermometry (e.g., Javoy 1977; 
Moecher and Sharp 1999; Valley 2001), cation-exchange 
thermobarometry (e.g., Ferry and Spear 1978; Tomkins et al. 
2007; Thomas et al. 2010), or trace elements thermometry 
(e.g., Zack et al. 2004; Ferry and Watson 2007; Spear et al. 
2012). However, recent advances have revealed that the 
nucleation and growth of certain mineral phases, such as 
garnet, may require overstepping of metamorphic reactions 
(e.g., Spear et al. 2014; Castro and Spear 2017; Spear and 
Wolfe 2019, 2020). As a result, equilibrium-based calcu-
lations reflect disequilibrium conditions during prograde 
metamorphism, underestimating the true peak conditions 
(e.g., Carlson 2002; Lanari and Engi 2017; Wolfe and Spear 
2018).

Technological advances in the field of spectroscopy 
have facilitated the development and application of ‘elas-
tic thermobarometry’ (e.g., Enami et al. 2007; Kohn 2014; 
Spear et al. 2014; Castro and Spear 2017; Angel et al. 
2017b; Spear and Wolfe 2020; Wolfe and Spear 2020; 
Kohn et al. 2023). Elastic thermobarometry only relies on 
the physical/elastic properties of minerals and attainment 

of mechanical equilibrium, and is independent of chemi-
cal and isotopic equilibrium requirements (Fig. 1). This 
technique takes advantage of the difference in the physi-
cal properties between a solid mineral inclusion and its 
host to calculate the pressure and temperature conditions 
during their nucleation (e.g., Adams et al. 1975; Angel 
et al. 2015b, 2017b; Cisneros and Befus 2020). Elastic 
thermobarometry was developed decades ago (Rosenfeld 
and Chase 1961), but its use has rapidly increased in the 
past decade because Raman spectroscopy now provides a 
relatively straightforward, low-cost approach to measuring 
residual pressures preserved by solid mineral inclusions 
(e.g., Nasdala et al. 2004; Enami et al. 2007; Enami 2012; 
Korsakov et al. 2020; Cizina et al. 2023; Gonzalez et al. 
2024). By combining the residual inclusion pressure with 
elastic models of an inclusion-host system, the conditions 
of entrapment can be calculated (e.g., Rosenfeld and Chase 
1961; Angel et al. 2015b; Mazzucchelli et al. 2021; Kohn 
et al. 2023). Some inclusion-host pairs have emerged as 
community favorites because of their demonstrated abil-
ity to accurately constrain P–T conditions (e.g., Ashley 
et al. 2014; Zhong et al. 2019). Foremost is quartz-in-
garnet, commonly abbreviated as QuiG in the literature, 
because it has been shown to be an excellent barometer 
through natural samples and synthetic experiments (e.g., 
Kohn 2014; Ashley et al. 2016; Castro and Spear 2017; 
Thomas and Spear 2018; Spear and Wolfe 2020; Wolfe and 
Spear 2020). Zircon-in-garnet (ZiG) has demonstrated effi-
cacy as a thermometer (Zhong et al. 2019; Campomenosi 
et al. 2021). However, both techniques exhibit limitations, 
highlighting the need for complementary information from 
other conventional methods to fully comprehend the entire 
evolution of the rock. These limitations include metam-
ictisation processes on zircon inclusions (Campomenosi 
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Fig. 1  Schematic P–T path of a crystalline inclusion-host system 
during cooling and exhumation from crystallization at location 1 to 
location 2 at the Earth’s surface. The mineral inclusion is subjected 

to overpressure because it remains confined inside the host mineral, 
creating a residual inclusion pressure
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et al. 2020), post-entrapment modifications like viscous 
relaxation and plastic yield (Zhong et al. 2020; Campome-
nosi et al. 2021, 2023), or non-ideal inclusions geometries 
(Mazzucchelli et al. 2018, 2019; Zhong et al. 2019, 2020).

Recent contributions to elastic thermobarometry have 
focused on the development of precise mineral elasticity 
models, advanced analytical instrumentation, and explor-
ing mineral host-inclusion pairs (e.g., Angel et al. 2015a, 
2017b, 2019; Campomenosi et al. 2018; Mazzucchelli et al. 
2019, 2021; Cisneros and Befus 2020; Gonzalez et al. 2021, 
2024; Kohn et al. 2023). Studies have also focused on test-
ing if elastic thermobarometry can constrain P–T conditions 
of crystallization in geological settings where conventional, 
equilibrium-based thermobarometers were not suitable (e.g., 
Castro and Spear 2017; Wolfe and Spear 2018, 2020; Barkoff 
et al. 2019; Spear and Wolfe 2019, 2020; Guo et al. 2021; 
Cisneros et al. 2022). To date, elastic thermobarometry has 
been shown to be reliable based on laboratory synthesis 
experiments of garnets around quartz, and reproducibility of 
known synthesis conditions (e. g., Thomas and Spear 2018; 
Bonazzi et al. 2019; Gonzalez et al. 2024). Studies that use 
natural samples have typically applied the technique over a 
restricted range of P–T conditions and host types: including, 
in diamond- or garnet-hosted inclusions (e.g., Angel et al. 
2015a; Gonzalez et al. 2019; Nestola et al. 2019; Alvaro 
et al. 2020), ultrahigh/high pressure metamorphic rocks from 
subduction zones (e.g., Ashley et al. 2014; Castro and Spear 
2017; Baldwin et al. 2021; Harvey et al. 2021; Cisneros 
et al. 2021; Wolfe et al. 2023), and orogenic terranes (e.g., 
Wolfe and Spear 2018, 2020; Wolfe et al. 2021; Kośmińska 
et al. 2022). Elastic thermobarometry (e.g., quartz-in-garnet 
barometry), remains largely untested across P/T domains 
where quartz exist within the beta stability field, and no stud-
ies have systematically analyzed the suitability of the tech-
nique across large-scale geologic systems, such as magmatic 
arcs that cover a wide range of P–T conditions. In this work 
we thus performed elastic thermobarometry on metapelitic 
rocks along two transects that span the full crustal section 
of the Famatinian Arc, preserved in the rugged mountains 
of Valle Fértil-La Huerta, Argentina (Tibaldi et al. 2013; 
Camilletti et al. 2020; Otamendi et al. 2020). We targeted 
garnet-bearing migmatites for quartz-in-garnet barometry 
(QuiG) and zircon-in-garnet thermometry (ZiG), and com-
pare our elastic thermobarometry results with reference P–T 
conditions established using conventional thermobarometry 
(Otamendi et al. 2008; Tibaldi et al. 2013; Mulcahy et al. 
2014; Camilletti et al. 2020). Zircon-in-garnet thermometry 
is unreliable in our samples because all zircons are overly 
softened by metamictisation. Quartz-in-garnet elastic ther-
mobarometry is broadly consistent with anticipated tem-
peratures and pressures across the crustal section, but we 
show that the technique becomes limited-to-inaccurate at 
high temperatures.

Geologic background

The Famatinian orogen in northwestern Argentina rep-
resents the fossil record of an Early Paleozoic subduc-
tion zone that bounded on the Iapetus oceanic margin of 
western Gondwana (Ducea et al. 2017; Rapela et al. 2018; 
Otamendi et al. 2020; Cornet et al. 2022; Fig. 2a). This 
magmatic belt and orogenic system preserves the entire 
evolution of a magmatic arc, called the Famatinian Arc. 
This segment is represented by an extensive plutonic-
volcanic belt that longitudinally extends 2000 km across 
western Argentina from southern Bolivia to northern 
Patagonia (20°–33° S) (Rapela et al. 2018; Otamendi et al. 
2020). The Famatinian Arc was an east-dipping subduc-
tion zone (29°–32° S) on the proto-Andean margin from 
the Late Cambrian to Middle Ordovician (495–466 Ma), 
with a magmatic peak at ~470 Ma (Ducea et al. 2017; 
Rapela et al. 2018; Escribano et al. 2022). The bulk of the 
arc crust was constructed and emplaced by magmatism 
over a period of 20 Ma. This magmatic activity ended 
around 466 Ma when the Cuyania-Precordillera conti-
nental microplate collided against the western margin of 
Gondwana (Thomas and Astini 1996; Astini and Dávila 
2004; Otamendi et al. 2009b; Ramos 2018).

As exposed over the Central Andean foreland, the 
modern stratigraphic and lithologic record of the Fam-
atinian Arc is complex and variable along its extent as 
it was affected by several major tectonic cycles after the 
Ordovician (Otamendi et al. 2009b, 2020). Along-strike 
exposures of the Famatinian Arc display a gradient of 
paleo-depths, which allow direct geologic observations 
of the arc’s evolution from its pre-Ordovician crust con-
figuration to its episode of arc magmatism, continental 
convergence, and its final orogenic collapse (Otamendi 
et al. 2020). In the north (20–28 °S), outcrops present a 
geographically dispersed, but locally thick, succession of 
shallow crustal and volcano-sedimentary successions that 
formed during the early stages of the magmatic arc (Ducea 
et al. 2017; Armas et al. 2018, 2021; Otamendi et al. 2020; 
Cornet et al. 2022). Deeper rocks, including the crystalline 
basement produced and modified by the Famatinian Arc, 
are exposed in the south (28–33 °S). Basement exposures 
occur as regional-scale batholiths intercalated with high-
grade metamorphic rocks (Otamendi et al. 2008; Tibaldi 
et al. 2013).

One of the most important outcrops of lower-middle 
crust basement exposure of the Famatinian Arc is located 
in a 120 × 30 km mountainous region called the Sierra 
Valle Fértil-La Huerta (Fig. 2b). Conventional thermo-
barometric estimates for crystallization conditions, geo-
physical studies, and petrological constraints have shown 
that the Sierra Valle Fértil-La Huerta is a continuous 
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exposure of the arc’s crustal section at paleodepths of 
15 to 40 km (Otamendi et al. 2008; Tibaldi et al. 2011, 
2013). Collisional tilting and deformation along the Valle 
Fértil shear zone in the west from the lower Ordovician to 
Devonian (~465–400 Ma) have resulted in modern expo-
sure of the crustal section, which now preserves a cross-
sectional view of primary igneous and metamorphic struc-
tures that decrease in the magnitude of exhumation from 
west to east (van Staal et al. 2011; Otamendi et al. 2012; 
Cristofolini et al. 2014). The Loma de Las Chacras block 
outcrops immediately to the west of the Valle Fértil shear 
zone, on the west side of the Sierra Valle Fértil-La Huerta 
range (Fig. 2b). The Loma de Las Chacras block is an 
exceptionally preserved part of the fore-arc outboard along 
the Famatinian Arc (Casquet et al. 2012). Overall, this 
igneous and metasedimentary complex was initially sub-
ducted to great depths (>45 km) during tectonic contrac-
tion around 465 Ma (Mulcahy et al. 2014). The block then 
detached in the subduction channel and was ultimately 

uplifted by tectonic extrusion from Silurian until lower 
Devonian (~435–407 Ma) (Mulcahy et al. 2014; Cristo-
folini et al. 2014).

The crustal section of the Famatinian Arc exposed in the 
Sierra Valle Fértil-La Huerta section is dominated by mag-
matic rocks interspersed by subordinate metasedimentary 
rocks (Otamendi et al. 2008, 2009b, 2012). There is no true 
stratigraphy preserved, however detailed mapping and geo-
chemical analyses have shown the system grades from mafic 
to silicic units with decreasing paleo-depth (Otamendi et al. 
2009b, 2012; Tibaldi et al. 2013; Walker et al. 2015; Camil-
letti et al. 2020, 2023). Past studies have revealed four major 
lithological units. A ~10-km-wide mafic unit dominantly 
composed of amphibole gabbronorites, and quartz-poor 
diorites occurs on the west and central area of Sierra Valle 
Fértil-La Huerta. Chilled mafic sills, dykes and enclaves 
intrude through the unit, and rare ultramafic-to-mafic bod-
ies (peridotite, olivine gabbronorite, anortosite) are also dis-
persed within the gabbronorites. Thermobarometry places 
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Fig. 2  a Simplified geologic map of northwestern Argentina showing 
the distribution of lithologic units associated with the Famatinian Arc 
evolution (modified from Otamendi et  al. 2020). b Simplified geo-
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used for quartz-in-garnet and zircon-in-garnet thermobarometry. Red 

dashed lines indicate the central and southern transects made during 
the sample collection. Pressure isopleths for paleodepth of the Sierra 
Valle Fértil–La Huerta are shown based on previous studies (Ota-
mendi et al. 2008; Tibaldi et al. 2013; Camilletti et al. 2020)
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the “mafic” rocks at 700–800 MPa and 850–900 °C, indi-
cating that these rocks represent the deepest portion of the 
arc (Otamendi et al. 2010, 2016; Tibaldi et al. 2013; Fig. 3). 
Up section, an intermediate unit composed of heterogene-
ous bodies of amphibole- and biotite-bearing tonalites and 
diorites stretches along the central region of the Sierra Valle 
Fértil-La Huerta. Its thickness varies, but generally narrows 
from ~20 km in the south to ~10 km in the north (Otamendi 
et al. 2009a; Camilletti et al. 2020, 2023). The intermedi-
ate unit is sometimes intruded by syn-plutonic leucogranitic 
dikes and preserves magmatic enclaves and metasedimentary 
xenoliths (Camilletti et al. 2020). A silicic unit composed of 
batholith-scale granodiorites, monzogranites, and leucogran-
ites occurs adjacent to the eastern boundary of Sierra Valle 
Fértil –La Huerta and overlays the intermediate unit. The 
silicic unit is characterized by N-S-trending aligned plutons, 
which exhibit either inequigranular texture or porphyritic 
K-feldspar texture. Silicic plutonic rocks contain variable 
amounts of dioritic and gabbroic enclaves and dykes, as 
well as migmatite xenoliths (Ducea et al. 2017; Camilletti 
et al. 2020, 2023). Finally, a discontinuous metasedimentary 
unit composed of garnet-sillimanite- and cordierite-bearing 
migmatites, with subordinate amounts of marble, occurs as 
decameter-to-kilometer-long lenses throughout the lower 

portions of the crustal section. These metasedimentary 
rocks are derived from greywacke, pelitic, and calcsilicate 
protoliths that were metamorphosed under granulite-facies 
metamorphism at 450–750 MPa and 600–900 °C (Otamendi 
et al. 2008; Tibaldi et al. 2011, 2013; Fig. 3).

Sample location and descriptions

Although the vast volumetric majority of the Sierra Valle 
Fértil-La Huerta consists of intrusive igneous rocks we sam-
pled metapelitic and metagraywacke migmatites because 
they provide the most established targets for elastic ther-
mobarometry. We collected 12 samples across two cross-
sections: one transect crosses the center of the Sierra Valle 
Fértil (“Central Transect”), and the second transect in the 
south crosses through Sierra La Huerta and Sierra Loma de 
las Chacras (“Southern Transect”) (Figs. 2b and 3).

The migmatites typically preserve discrete mesosomes 
and leucosomes of variable thickness (Table  1; Fig. 4a 
and b). Leucosomes show a granoblastic texture, with 
the leucogranitic composition dominated by quartz, pla-
gioclase, K-feldspar and variable amounts of cordierite 
and garnet. The mesosomes most commonly present a 
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granolepidoblastic texture that consists of quartz, pla-
gioclase and biotite with variable amounts of sillimanite, 
cordierite, garnet, and Fe-Ti oxides. Migmatite bodies were 
classified into three main subtypes based on their mineral 
assemblages: (1) cordierite-bearing migmatites, (2) cordier-
ite-garnet-sillimanite-bearing migmatites and (3) garnet-sil-
limanite-bearing migmatites (Otamendi et al. 2008; Tibaldi 
et al. 2013). The classification reflects the stratigraphic posi-
tion as garnet-sillimanite-bearing migmatites prevail at deep 
crustal levels whereas cordierite-bearing migmatites prevail 
in the shallow crust.

Along the western border of the Sierra Valle Fértil-La 
Huerta, the crustal section is affected by significant deforma-
tion occurring as ductile-fragile strained and sheared fabrics 
produced by several mylonitic belts. Outcrops of the mig-
matites inside these belts present variable strain with perva-
sive mylonitic fabrics. Mylonites contain garnet and quartz-
feldspar porphyroclasts set within a fine-grained matrix of 
biotite, quartz, plagioclase, muscovite and sillimanite. For 
this study, only samples with a low degree of deformation 
have been selected.

The Sierra Loma de Las Chacras, located on the west 
side of the Valle Fértil shear zone, preserves high-pressure 
metapelitic rocks. These rocks are not genetically related 
to the Sierra Valle Fértil-La Huerta metasedimentary unit 

and are instead tectonically juxtaposed on the southwestern 
margin of Sierra La Huerta through the Valle Fértil shear 
zone (Mulcahy et al. 2014; Cristofolini et al. 2014). Metape-
lites from Sierra Loma de Las Chacras consist of deformed 
metamorphic rocks in amphibolite to granulite facies. Mig-
matites constitute most of the outcrops and are interspersed 
with layers of ortho-amphibolite and schist. Migmatites have 
a well-defined foliation caused by the segregation of leu-
cosomes and mesosomes. The leucosomes consist of quartz, 
K-feldspar, plagioclase, and garnet. The mesosomes contain 
garnet, kyanite, plagioclase, biotite, and quartz.

Garnets from Sierra Valle Fértil-La Huerta and Sierra 
Loma de Las Chacras occur as euhedral to subhedral por-
phyroblasts, ranging from 0.5 to 20 mm across (Fig. 4c 
and d). Solid inclusions in garnets from Sierra Valle 
Fértil-La Huerta are scarce, only occurring in sparse vol-
umetric quantities of the garnet (<25%). When present, 
inclusions are quartz, zircon, biotite, amphibole, silliman-
ite, monazite, and rutile. In Sierra Loma de Las Chacras, 
the garnets are poikiloblastic with high concentrations of 
quartz, zircon, and amphibole inclusions. Inclusions do 
not present preferred orientation in any samples. Among 
the suite of observed inclusions hosted in the garnet, only 
quartz and zircon were suitable for elastic thermobarom-
etry. Quartz inclusions are 10–500 µm across and can be 

Table 1  Sample locations, rock type, mineralogy, and reference P–T conditions for the samples used in this study

a Mineral abbreviations following Whitney and Evans (2010)
b Reference pressures (MPa) and temperatures (°C) from conventional thermobarometry based on Otamendi et al. (2008), Tibaldi et al. (2011, 
2013), Mulcahy et al. (2014) and Camilletti et al. (2020)

Sample Location Latitude Longitude Rock type Mineralogya Reference P condi-
tions (MPa)b

Reference T 
conditions (°C)b

EOT-35 Q. Otarola −30.7077 −67.6611 Grt-bearing migmatite Qz + Pl + Grt + Sill + Kfs (Ap-
Zrn-Mag-Ser)

800 ± 55 840 ± 40

EOT-9 Q. Otarola −30.7180 −67.6091 Grt-bearing migmatite Qz + Pl + Grt + Bt + Ms + Kfs 
± Sill (Ap-Zrn-Rt-Ser)

670 ± 50 810 ± 20

ELJ-3 Q. Las Juntas −30.7156 −67.5843 Grt-bearing migmatite Qz + Pl + Grt + Bt + Ms + Kfs 
± Sill (Ap-Zrn-Rt-Mag)

660 ± 50 800 ± 20

ELJ-5 Q. Las Juntas −30.6840 −67.5584 Grt-bearing migmatite Qz + Pl + Grt + Bt + Ms + Kfs 
± Sill (Ap-Zrn-Rt-Mag)

655 ± 45 790 ± 40

ECH-5 Q. Chavez −30.8643 −67.5490 Crd-Grt-bearing migmatite Qz + Pl + Crd + Grt + Bt + Kfs 
± Sill (Ap-Zrn-Ser)

750 ± 50 820 ± 30

ECH-9 Q. Chavez −30.8165 −67.5014 Crd-Grt-bearing migmatite Qz + Pl + Crd + Grt + Bt + Kfs 
± Sill (Zrn-Rt-Ser)

600 ± 50 790 ± 20

EUZ-1 Uzno −30.5773 −67.5697 Crd-bearing migmatite Qz + Pl + Crd + Bt + Kfs ± Grt 
(Zrn-Rt-Mag-Ser)

550 ± 100 700 ± 50

QPU-5 Q. Puesto −31.3193 −67.3229 Grt-bearing migmatite Qz + Pl + Grt + Bt + Kfs
(Zrn-Ap-Mag-Ser)

700 ± 40 800 ± 20

MPU-5 Q. Puesto −31.1604 −67.4466 Grt-bearing migmatite Qz + Pl + Grt + Bt + Kfs
(Zrn-Ap-Mag-Ser-Chl)

695 ± 35 815 ± 25

MLC-4 Q. Las Chacras −31.2009 −67.4650 Grt-bearing migmatite Qz + Pl + Grt + Bt + Kfs
(Zrn-Ap-Rt-Ser)

785 ± 55 820 ± 30

ECHR-3 Loma de las Chacras −31.2658 −67.5142 Grt-bearing migmatite Qz + Pl + Grt + Ms + Bt + Kfs 
(Zrn-Ap-Rt-Ser)

1150 ± 50 805 ± 55

ECHR-5 Loma de las Chacras −31.2845 −67.5285 Grt amphibolite Amph + Pl + Qz + Grt
(Ttn-Rt-Zrn)

1240 ± 60 680 ± 40
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found in garnet cores and rims. The morphologies of the 
quartz inclusions vary greatly, occurring as polyhedrons, 
round ovoids, or irregular shapes. Zircon inclusions occur 
as elongate ovoid grains ranging from 10 to 60 µm in 
length. Sometimes they occur in clusters but they are 
always randomly oriented.

Analytical methods

We prepared 200-μm-thick sections and grain mounts 
using ~60 handpicked garnets from each sample, and then 
identified ~10 quartz and zircon inclusions hosted in those 
garnets. We performed Raman analyses of quartz and 

ELJ-3

Grt

Grt

Zrn 0.3 mm0.3 mm

EOT-9

Grt

Qz

Bt

Pl

0.2 mm0.2 mm

Sill

(a)(a) (b)(b)

(d)(d)(c)(c)

Fig. 4  a-b Field photographs of a typical garnet-bearing migmatites 
(Sample EOT-9) and b cordierite-garnet-bearing migmatites (Sample 
ECH-5) from Sierra Valle Fértil-La Huerta. These metapelitic rocks 
are predominantly metatexites with discreet mesosomes and leu-

cosomes of variable thickness. c Photomicrograph of a garnet grain 
mount showing euhedral and anhedral crystals. d Photomicrograph of 
garnet-bearing migmatite showing a subhedral garnet porphyroblast
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zircon inclusions on two different instruments: a confocal 
Thermoscientific DXR at Baylor University and WiTec 
Alpha 300R instrument at Rutgers University. Analyses at 
Baylor University were done with a 532 nm laser, a high-
resolution grating with 1800 lines  mm–1, a 200 μm confo-
cal aperture, and a 25 μm pinhole slit width. We used a 
laser power of 4 mW and 50× objective to focus the beam 
on the inclusion with a spatial resolution of 0.7 μm. The 
spectral resolution is 1.2  cm–1 and the instrumental preci-
sion in the peak position determination is about 1  cm–1. 
Analyses at Rutgers University were conducted with a 
532 nm laser, a high-resolution grating with 1800 lines 
 mm–1, a 100× objective, and a 200 μm confocal aperture. 
This instrument has a spatial resolution of 0.1 μm and a 
spectral resolution of 0.6  cm–1 with a variable laser power 
that was set at 5 mW.

To avoid non-elastic stress modifications, we only tar-
geted quartz and zircon inclusions that were isolated from 
one another and more than three times their radial distance 
from other inclusions, grain boundaries, and other defects 
(e.g., Angel et al. 2015b; Campomenosi et al. 2018; Mazzuc-
chelli et al. 2019; Gonzalez et al. 2021). The beam was tar-
geted near the center of inclusions to minimize the spectral 
effects produced by geometry and crystallographic orienta-
tion or anisotropy (Mazzucchelli et al. 2018). Zircons were 

analyzed in both core and rim positions to detect possible 
heterogeneity caused by oscillatory zoning (e.g., Campome-
nosi et al. 2020).

All Raman spectral data were fit using PeakFit 4.12 to 
identify band maxima and minimize analytical uncertainty 
(SYSTAT Software Inc). First a linear background subtrac-
tion was applied. Pseudo-Voigt functions were used to fit the 
quartz 128, 206, and 464  cm–1 bands, whereas Voigt models 
were used to fit the curvature of zircon bands at 201, 213, 
224, 356, 438, 975, and 1008  cm–1 (Yuan and Mayanovic 
2017; Cizina et al. 2023). For clarity, we use ‘band’ and 
‘peak’ synonymously throughout. We then measured the 
peak position, full widths at half maximum (FWHM), and 
intensities on each Raman band (Fig. 5). The statistical 
uncertainty of the fitting functions varies with the width and 
intensity of the Raman peaks, and the instrumental uncer-
tainty. Therefore, the resulting uncertainty of the 128 and 
464  cm–1 bands for quartz are lower than 0.1  cm–1, and the 
206  cm–1 peak has an uncertainty of ~0.2  cm–1. For zircon 
the resulting uncertainty is lower than 0.2  cm–1 for all peaks.

The Raman frequency shift (Δω = ωinc − ωref) for quartz 
bands was determined relative to unstrained Herkimer 
quartz. Herkimer quartz is a hydrothermal quartz that 
occurs in limestones cavities in Herkimer County, NY, and 
is commonly used as reference standard for quartz studies 
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Fig. 5  Raman spectra of target quartz and zircon inclusions 
(orange), showing Raman frequency shift relative to Raman spectra 
of unstrained standard crystals (blue). a Photomicrograph of quartz 

inclusion in garnet with polyhedron shape (Sample ELJ-3). b Photo-
micrograph of zircon inclusions in garnet with ovoidal shapes (Sam-
ple QPU-5) (color figure online)
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because of its undeformed crystal structure and homogene-
ous composition (Dunn and Fisher 1954; O’Reilly and Par-
nell 1999). Zircon bands were measured relative to NMNH 
117288-3 zircon standard acquired from the Smithsonian 
Institution. These quartz and zircon crystal standards were 
measured several times throughout each analytical session 
to constrain instrumental drift (Cizina et al. 2023). Instru-
mental drift was observed and subsequently corrected 
using a time-dependent linear drift correction applied to 
the reference peak position for both Herkimer quartz and 
NMNH 117288-3 zircon (Supplementary File—Table S1 
and Table S3).

We used Raman frequency shifts in quartz and zircon 
to calculate inclusion pressure (Pinc) following two estab-
lished methods. In the first method, Pinc was calculated using 
pressure-dependent Raman shift calibrated by hydrostatic 
diamond anvil cell experiments (e.g., Ashley et al. 2014; 
Castro and Spear 2017; Wolfe and Spear 2018, 2020; Zhong 
et al. 2019; Spear and Wolfe 2019, 2020; Cisneros et al. 
2021). For quartz inclusions, we used the pressure-depend-
ent calibration of the 464, 208, and 128  cm−1 bands from 
Schmidt and Ziemann (2000). For zircon inclusions, we 
used the hydrostatic pressure-dependent calibration of the 
1008, 975, and 456  cm−1 bands established by Zhong et al. 
(2019). We also calculated Pinc using a second numerical, 
theoretical approach that relies upon the minerals’ Grüneisen 
tensors and Raman shifts using the Strainman software fol-
lowing Angel et al. (2019). After the strain was calculated, 
the mean stress and inclusion pressure (Pinc = −(2σ1 + σ3)/3) 
were then calculated using the EntraPT software, which 
converts strains into mean stress by applying an elasticity 
tensor at ambient P–T for quartz and zircon (Mazzucchelli 
et al. 2021). All Pinc were calculated by accounting for 
residual strain components at ambient temperature (Angel 
et al. 2019). We report Pinc from both approaches to best 
constrain entrapment conditions (strains methods have “S” 
superscript and hydrostatic calibrations approach have an 
“H” superscript).

To constrain the variability of elastic properties caused 
by the specific solid solution in the host mineral we ana-
lyzed garnet compositions using the Cameca SX Five elec-
tron microprobe at Texas A&M University. In each sample 
collected across the Sierra Valle Fértil-La Huerta approxi-
mately 5–10 garnets were analyzed. All microprobe analy-
ses were conducted using 20 nA beam current with 15 keV 
accelerating voltage and a 3 μm spot diameter. Elements 
were counted for 20 s on peak and 10 s on background. Na 
was measured first in the sequence. A ZAF correction was 
applied during each analysis.

To calculate entrapment pressure and temperatures we 
used the Solid Inclusion Calculator MATLAB script by Cis-
neros and Befus (2020). This script uses a one-dimensional 
elastic model derived by Angel et al. (2017a) to calculate 

molar volume changes and entrapment conditions, based on 
the following equation:

where (V/Vtrap)inc and (V/Vtrap)host are the molar volume ratios 
of the entrapped inclusion and the host at ambient conditions 
(V) and at initial conditions (Vtrap). (Vtrap/Vfoot)inc is the ratio 
of the inclusion molar volume at entrapment conditions and 
at ambient temperature along the inclusion-host equilibrium 
path (Angel et al. 2017b; Cisneros and Befus 2020). Ghost, 
Pext, and Pinc are the shear modulus of the host, the ambient 
pressure, and the inclusion pressure at ambient conditions, 
respectively. The entrapment conditions are determined by 
iteratively adjusting the molar volume of both phases at 
entrapment conditions (Vtrap) until both sides of the equa-
tion are equal.

Molar volumes of almandine, spessartine, and pyrope 
were calculated using thermodynamic properties from Hol-
land and Powell (2011) and Milani et al. (2017). Grossular 
molar volumes were calculated using the thermodynamic 
properties from Milani et al. (2017). Shear moduli for garnet 
end-members were derived from the following references: 
almandine and pyrope (Wang and Ji 2001), spessartine (Bass 
1995), and grossular (Isaak et al. 1992). We accommodated 
garnet solid solution using a linear mixing of molar vol-
umes and shear moduli of the garnet end-members. Quartz 
molar volumes were calculated using Angel et al. (2017a) 
thermodynamic properties and curved-boundary approach. 
Zircon molar volumes were calculated using thermodynamic 
properties from Bass (1995) and Ehlers et al. (2022). We 
emphasize that the presence of radioactive trace elements 
like Hf, U, Th, and Y can damage the structure of zircon 
and change its elastic properties (e.g., Zhang et al. 2000; 
Campomenosi et al. 2020).

Elastic thermobarometry relies upon the volume change 
between the host and inclusion based on a given temperature 
or pressure. Thus, an independent pressure or temperature 
estimate is needed to calculate the unknown entrapment var-
iable. The P–T conditions of nucleation for the Sierra Valle 
Fértil-La Huerta and Sierra Loma de las Chacras have been 
carefully established in past studies which used an array of 
conventional thermodynamic thermobarometry techniques 
(Otamendi et al. 2008; Tibaldi et al. 2013; Mulcahy et al. 
2014; Camilletti et al. 2023). We targeted our fieldwork 
so our samples were collected from the same outcrops 
where conventional thermodynamic thermobarometry was 
previously applied. In context of the geotherm and lithos-
tatic gradient of the paleoarc, our spatial reproduction of 
sampling thus ensures the comparisons we use are far less 
than the ~50 °C and ~25 MPa uncertainty of temperatures 
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and pressures established by conventional thermobarom-
etry. Our goal was not direct comparison at the hand sample 
scale, however, we acknowledge that such a comparative 
study would provide interesting insight into the effectiveness 
of both techniques.

Results

The garnets in metasedimentary rocks from Sierra Valle 
Fértil-La Huerta show a similar composition across the 
entire crust section, averaging  Alm62±4Py27±7Spes7±6Gros4±2 
(Supplementary File—Table S5 and Fig. S1). Garnets from 
ELJ-3 and ELJ-5 migmatites are uniquely enriched in MnO, 
and their composition is roughly  Alm40Py15Spes41Gros4. For 
Sierra Loma de Las Chacras garnets we used compositions 
measured by Mulcahy et al. (2014) (ECHR-5—Amphibo-
lite garnet is  Alm54Py10Spes4Gros32 and ECHR-3—Villar-
can Gneiss garnet is  Alm69Py21Spes6Gros4). All garnets 
are compositionally uniform from the core to the rim, with 
only slight compositional variations observed in the outer-
most rim of rare crystals. Because inclusions were gener-
ally located close to garnet cores the slight compositional 
changes in the outermost layer were disregarded in this 
study.

Quartz‑in‑garnet barometry

Despite the relatively low abundance of quartz inclusions 
in the garnets, a total of 132 quartz inclusions from Sierra 
Valle Fértil-La Huerta and 18 quartz inclusions from Sierra 
Loma de las Chacras were analyzed via Raman spectros-
copy (Supplementary File—Table S2). In rocks from Sierra 
Valle Fértil-La Huerta the Raman shift variability is con-
siderable. Peak positions of the 128 (Δω128), 206 (Δω206), 
and 464  cm−1 (Δω464) bands shift towards lower or higher 
wavenumbers relative to an unstrained Herkimer quartz ref-
erence. In most Sierra Valle Fértil-La Huerta samples the 
magnitude of the Raman shift also varies significantly even 
among inclusions hosted within crystals from the same hand 
sample. Quartz inclusions typically display negative shifts 
ranging from 0 to −4.8  cm−1 for Δω464, 0 to −16.9  cm−1 
for Δω206, and 0 to −4.9  cm−1 for Δω128 (Figs. 7 and 8). 
The ELJ-3 and ELJ-5 samples are the exception as their 
bands produce more consistent frequency shifts, ranging 
from −1.4 to 1.4  cm−1 for Δω464, −2.9 to 5  cm−1 for Δω206, 
and −1.6 to 0.9  cm−1 for Δω128. Band shifts and variability 
are most consistent in samples from the Sierra Loma de las 
Chacras. They range from −0.6 to 1.9  cm−1 for Δω464 band, 
−0.6 to 7.6  cm−1 for Δω206 band, and −1.2 to 1.3  cm−1 for 
Δω128 band. Importantly, samples from Sierra Loma de las 
Chacras predominantly display positive values.

Inclusion pressures (Pinc) calculated using hydrostatic 
calibrations for the 128, 206, and 464  cm−1 bands across 
southern and central crustal sections yield values of −526 to 
187 MPa, −360 to 263 MPa, and −516 to 205 MPa, respec-
tively. In most cases there are significant discrepancies 
between Pinc values calculated using the Δω128, Δω206 and 
Δω464 shifts (Supplementary File—Fig. S2). Such discrep-
ancies cause a single inclusion to produce variable entrap-
ment pressures calculated using either approach (Figs. 6 and 
7). It is also important to highlight that shift direction plays 
a crucial role, with negative shifts producing negative Pinc 
values and positive shifts yielding positive Pinc values. 

Strain components also provide valuable information 
on the stress field around the inclusions. Quartz, character-
ized by its rhombohedral structure, exhibits two symmetry-
independent strains: ε1 = ε2 representing the strain along 
the a and b axes of the unit cell, and ε3 along the c-axis 
(Bonazzi et al. 2019). Raman frequency shifts relate to 
those strains, thus enabling their conversion into inclusion 
pressure. A positive volume strain indicates the presence 
of a tensile stress field, whereas a negative volume strain 
suggests the influence of a compressive stress field. Most 
quartz inclusions in garnets from Sierra Valle Fértil-La 
Huerta exist under a tensile stress field. Those in the Loma 
de las Chacras exist under a compressive stress field (Fig. 8). 
Quartz inclusions with large negative shifts exhibit positive 
volume strains that exceed 0.005. In addition, these inclu-
sions present positive ε1 + ε2 strain components with large 
uncertainties. The ε3 component also presents considerable 
uncertainties, and the magnitude varies across negative and 
positive values. In contrast, quartz inclusions with a positive 
frequency shift generally exhibit negative strain volumes, 
with some positive values lower than 0.002. The ε1 + ε2 and 
ε3 strain components of these inclusions tend to be negative 
and present low uncertainty.

Variability and uncertainty in the strain components can 
produce significant uncertainties encountered in the subse-
quent calculation of entrapment pressures. The elastic model 
used for entrapment pressure (Ptrap) calculations is strictly 
applied to spherical inclusions that are under isotropic strain 
(Angel et al. 2017a, b). Therefore, it is crucial to constrain 
the anisotropy of inclusions to evaluate the reliability of the 
entrapment calculation. We used the concept of elastic strain 
anisotropy defined by Gonzalez et al. (2019) to constrain the 
stress field around each inclusion:

where A is a measure of the elastic strain anisotropy. An 
inclusion under isotropic strains would have an elastic strain 
anisotropy near zero because the a and c axes of the quartz 
crystalline structure are equal in magnitude (A ~ 0). The 
larger the absolute value of the elastic strain anisotropy 

(2)A =
�1 + �2

2
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value, the bigger the strain difference between the axes. Elas-
tic strain anisotropy values smaller than ±0.001 are com-
monly assumed to best represent isotropic strain. Despite 
purposefully selecting inclusions with spherical shape and 
spatial isolation, only 15 of the 150 quartz inclusions meet 
the criteria of being under an isotropic strain field. By arbi-
trary expanding the elastic isotropy-anisotropy threshold to 
±0.003 we included an additional 30 inclusions (Fig. 8). 
These 45 inclusions should be best for thermobarometry. 
The remaining 70% of the inclusions present elastic strain 
anisotropy values ranging from −0.0198 to 0.020 and extend 
far outside the threshold for isotropic strain. Those inclu-
sions should overestimate or underestimate Pinc thus creat-
ing discrepancies in thermobarometric results. Specifically, 
inclusions with negative elastic strain anisotropy will pro-
duce isomekes that overestimate Ptrap, whereas inclusions 

with positive elastic strain anisotropy produce isomekes that 
underestimate Ptrap (Gonzalez et al. 2019).

Quartz inclusions produce a wide range of entrapment 
pressures ranging from 240 to 1330 MPa (Ptrap

S) and 480 
to 1270 MPa (Ptrap-464

H). Although those estimates largely 
overlap the hydrostatic and strain tensor approaches do 
produce significant differences. The most pronounced dis-
parities arise from inclusions with large negative shifts and 
can result in entrapment pressures that differ by more than 
600 MPa. Elastic strain anisotropy plays an important role 
constraining the accuracy of the entrapment calculations. 
Entrapment pressures are most reliably reproduced by 
inclusions with the least anisotropy. The range of entrap-
ment pressures reduces to 540 to 1120 MPa (Ptrap

S) and 560 
to 1115 MPa (Ptrap-464

H) when only the most isotropic 15 
inclusions are selected. When examined individually the 
hydrostatic and the strain tensor approaches best match in 
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isotropic to near-isotropic inclusions, producing differences 
of <100 MPa (see whisker plots in Fig. 9). An example of 
the effect of inclusion isotropy can be demonstrated using 
EUZ-1 (Supplementary File—Table S2), which is known 
to have reached peak metamorphic conditions between 650 
to 750 °C and 500 to 550 MPa (e.g., conventional thermo-
barometry from Tibaldi et al. 2013). An excellent match is 
produced using an inclusion with an isotropic strain (A ~ 0), 
with Ptrap-464

H of 561 MPa and Ptrap
S of 544 MPa (R3). On 

the other hand, an inclusion with a highly negative elastic 
anisotropy of −0.0086 produces a Ptrap-464

H of 779 MPa and 
Ptrap-464

S of 899 MPa, overestimating entrapment pressure 
(B2). Another inclusion has a highly positive elastic anisot-
ropy of 0.016, which calculated Ptrap-464

H of 494 MPa and 
Ptrap

S of 196 MPa, both underestimating entrapment pres-
sure (R2).

Failed Zircon‑in‑garnet thermometry

Zircon inclusions are abundant in garnets from Sierra 
Valle Fértil-La Huerta but rare in samples from Sierra 
Loma de las Chacras. A total of 63 zircon inclusions in 
garnets from the central transect of Sierra Valle Fértil-
La Huerta were analyzed via Raman spectroscopy (Sup-
plementary File—Table S4). Before estimating the inclu-
sion pressure for each inclusion, we followed the protocol 
described by Campomenosi et al. (2020) to estimate the 
degree of radiation damage in the zircon crystals. The 
metamictisation, or self-radiation damage, in zircon can 
induce structural changes. Relative to pristine, undamaged 
crystals, radiation-damaged crystals exhibit Raman peaks 
that shift toward lower wavenumbers and broader peak 
widths (Binvignat et al. 2018; Campomenosi et al. 2020). 
To constrain the radiation damage in zircon, we measured 
the peak center and peak width in terms of full-width at 
half maximum (FWHM) for the 1008  cm–1 band. Inclu-
sions produce FWHM predominantly between 4.1 and 
10.6  cm–1, with an average FWHM of 7.7  cm–1. Moreover, 
the amount of radiation damage in a zircon crystal can be 
estimated by calculating the accumulation radiation doses, 
also known as α-dose. This parameter defined by Nasdala 
et al. (2001), is directly proportional to the concentration 
of U and Th and the age of the rocks. Almost all the zircon 
from Sierra Valle Fértil-La Huerta presents a FWHM of 

the 1008  cm−1 peak >4  cm−1. Using data from previous 
chronologic studies in zircons from Sierra Valle Fértil-La 
Huerta (e.g., Ducea et al. 2017; Rapela et al. 2018; Cornet 
et al. 2022), we estimated accumulation radiation doses 
ranging from 40 ×  1016 to 110 ×  1016  mg−1 for zircons 
with ages between 440 and 480 Ma. These α-dose values 
correspond to FWHM in the 1008  cm−1 peak ranging up 
to 14  cm−1, as observed here. Therefore, we conclude all 
the zircons measured in this study are metamict. However, 
we decided to explore the extent of inclusion pressure and 
the influence of radiation damage. We caution readers that 
the zircon-in-garnet results from this work cannot be used 
for quantitative temperature constraints.

Raman frequency shift was calculated for 201, 213, 224, 
356, 438, 975, and 1008  cm–1 bands relative to unstrained 
zircon reference (NMNH 117288-3) (Supplementary File—
Table S4). In most Sierra Valle Fértil-La Huerta samples the 
magnitude of the Raman shift varies significantly among 
inclusions from the same sample. Residual pressure (Pinc) 
calculated using each inclusion’s frequency shifts produce 
a wide range of values from 520 to 149 MPa (Fig. 10). Zir-
con residual pressures (Pinc) was calculated by account-
ing for residual strain components at ambient temperature 
(Angel et al. 2019; Stangarone et al. 2019) and applying 
hydrostatic calibrations specific to 1008, 975, and 438  cm−1 
bands (Zhong et al. 2019). All inclusions exhibit positive 
Pinc values, but some variability is observed when com-
paring the two methods. When employing the hydrostatic 
method (Pinc

H), there are significant dissimilarities between 
Pinc values calculated using the Δω1008, Δω975 and Δω438 
shifts. Generally, Δω1008 and Δω975 calculations aligned 
whereas the Δω438 shifts exhibit further variability with 
differences exceeding 600 MPa. Moreover, the Δω1008 and 
Δω975 calculations are consistent with results from the strain 
components method (Pinc

S). Using those bands, we find no 
significant differences between these two calculation meth-
ods for most inclusions. Consequently, the calculated entrap-
ment temperatures differ by <100 °C between hydrostatic 
and strain components methods. Zircon is characterized by 
its tetragonal structure, and similar to quartz, exhibits two 
symmetry-independent strains: ε1 = ε2 and ε3 (Stangarone 
et al. 2019). All but 5 zircon inclusions exist under compres-
sive stress, primarily characterized by negative ε1 + ε2 and 
ε3 components. Following Gonzalez et al. (2019), 22 zircon 
inclusions present isotropic strain (A = ±0.001). There is no 
correlation between inclusion pressure variability, radiation 
damage, and elastic anisotropy strain. Calculated entrapment 
temperatures from the zircon inclusions exhibit extreme 
variability. Strain components and 1008  cm−1 band hydro-
static calibration yield values from 691 to 1574 °C and 746 
to 1581 °C, respectively. These results consistently exceed 
the estimations from conventional thermobarometry by 
>100 °C, and some permissible ranges even exceed 1000 °C. 

Fig. 7  Continuing presentation from Fig.  6, now presenting the 
Southern transect. Relative location of each sample is indicated in a 
schematic reconstruction of the Famatinian Arc crustal section show-
ing the distribution of the different lithological units. Raincloud dia-
grams compare Pinc results from hydrostatic and strain components 
methods. Maximum and minimum Pinc are indicated with colored 
isomekes lines. The colored points indicate entrapment pressures 
constrained with previous temperature estimates from conventional 
thermobarometry (gray and blue stars) (color figure online)

◂
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For example, EUZ-1 inclusions display a wide range of 
entrapment temperatures ranging from 623 to 1550 °C, in 
contrast to the 650 °C from previous studies.

Discussion

The Sierra Valle Fértil-La Huerta section provides an ideal 
testing ground to evaluate the effectiveness of elastic ther-
mobarometry in comparison to conventional thermobaro-
metric methods. Our large-scale comparison reveals differ-
ences between methods. Elastic thermobarometry commonly 
underestimates or overestimates entrapment pressures or 
temperatures established by conventional thermobarometry 
(Figs. 7, 8, and 12). The mismatch holds true even when 
using only our most suitable isotropic inclusions. Entrap-
ment pressures tend to differ by >100 MPa on isotropic 
inclusions, which increases to >200 MPa for anisotropic 
inclusions. Entrapment temperatures also exhibit a similar 
behavior, with high variability and overestimation of tem-
peratures compared to conventional results.

Although the precise comparison of elastic and con-
ventional thermobarometry at specific sites is hampered 
by lack of data from the exact same hand samples, elastic 
thermobarometry does approximate the general expecta-
tions for P–T conditions when considering the full Sierra 
Valle Fértil-La Huerta section (Fig. 9). The highest pres-
sures are found in rocks located in the western and central 
areas, the most mafic areas that represent the deepest parts 

of the crustal section. The lowest pressures are observed in 
rocks in the eastern, upper crustal silicic unit. Moreover, our 
samples collected at similar paleo-depths along the separate 
central and southern transects produce similar entrapment 
pressures. For instance, the central ELJ-3 and the south-
ern MPU-5 samples are both located within the transitional 
zone between the mafic and intermediate units, and Raman 
barometry indicates that both formed at similar pressures 
(1087 ± 41 and 1097 ± 67 MPa, respectively). Elastic ther-
mobarometry best reproduces results from conventional 
thermobarometry in the two samples from the relatively low-
temperature, high-pressure rocks from Sierra Loma de las 
Chacras (Fig. 9). Las Chacras block is a small forearc sec-
tion of the Famatianian arc that was under-trusted beneath 
the plutonic column (>45 km) by collisional convergence, 
but tectonically extruded during orogenic collapse (Cristo-
folini et al. 2014; Mulcahy et al. 2014). Conventional ther-
mobarometry results predict PT conditions of 650–850 °C 
and 900–1300 MPa (Mulcahy et al. 2014). Our Raman data 
suggest entrapment pressures from 780 to 1307 MPa.

Factors affecting residual pressure

Elastic thermobarometry does not well reproduce estimates 
from conventional thermobarometry in the Sierra Valle 
Fértil-La Huerta, but it provides similar results at Sierra 
Loma de Las Chacras. We believe that our results from 
Sierra Valle Fértil-La Huerta and Loma de Las Chacras pro-
vide an opportunity to assess geologic processes that may 

0

Elastic anisotropy (x10-3)

Tensile

± 0.001

± 0.003

Compressive 
0

1-1-3-5

-5

-10

-10

-15 5302-

5

10

10

15

20

25

15 20

Vo
lu

m
e 

st
ra

in
 (x

10
-3
)

EOT-35

Central transect

Southern transect

EOT-9

ECH-5

ELJ-3

ECH-9

ELJ-5

EUZ-1

QPU-5

MPU-5

MLC-4

ECHR-3

ECHR-5

Fig. 8  Comparison between elastic anisotropy and volume strain. 
Green and yellow domains show the threshold of ±0.001 and ±0.003 
for isotropic inclusions. Inclusions with positive volume strain are 

under tensile stress whereas inclusions with negative volume strain 
are under compressive stress (color figure online)



Contributions to Mineralogy and Petrology (2024) 179:35 Page 15 of 24 35

modify P–T estimates deduced from elastic thermobarome-
try. In the following discussion, we explore mechanisms that 
may have modified the elastic fidelity of the host-inclusion 
systems in the Sierra Valle Fértil-La Huerta and Sierra Loma 
de Las Chacras. We acknowledge that this list is not exhaus-
tive, and was chosen to present the most likely alteration 
factors for quartz and zircon inclusions that operated specifi-
cally during the evolution of the Famatinian Arc.

Negative inclusion pressure and hydrostatic calibration

Empirical investigations exploring the formation and main-
tenance of negative inclusion pressures do not provide 
insight because they do not exist. Hydrostatic Raman cali-
brations were one of first methods employed to estimate the 
pressure preserved by inclusions in host minerals. Schmidt 

and Ziemann (2000) studied the in-situ Raman frequency 
shift of quartz under hydrostatic pressure using a diamond-
anvil cell. Based on experimental data, Schmidt and Zie-
mann (2000) developed calibrated equations that established 
the relationship between increasing pressure and frequency 
shift for the 128, 206, and 464  cm−1 bands. These hydro-
static calibrations covered a range of pressures between 
0.1 and 2100 MPa at 23 °C. Increasing pressure creates 
a shift toward higher wavenumbers for each Raman band. 
Consequently, these hydrostatic calibration equations are 
only constrained for inclusions that are immersed under a 
compressive hydrostatic stress field, and present a positive 
frequency shift.

Negative frequency shift is observed in >80% of the 
inclusions analyzed in this study. We have no calibra-
tion for negative shifts because hydrostatic experiments 
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on minerals under tensile condition have never been con-
ducted. Following Kouketsu et al. (2014), we estimated 
inclusion pressure by extrapolating the hydrostatic cali-
bration equation from Schmidt and Ziemann (2000) into 
the negative range, obtaining negative inclusion pressures. 
Kouketsu et al. (2014) found that the negative extrapola-
tion successfully reproduces expected pressures for the 
majority of the experimental samples. Some negative 
frequency shifts in the 206 and 128  cm−1 bands did not 
match. However in our samples negative Pinc from the 
rare isotropic quartz inclusions always reproduces Pinc 
obtained using the strain tensor method, to within 25 MPa. 
This indicates that the extrapolated hydrostatic equations, 
even when applied to negative frequency shifts, likely 
recover entrapment pressures. Like Kouketsu et al. (2014), 
intrasample Pinc is less consistent using the 206  cm−1 band. 
Other bands tend to be consistent to within 100 MPa. 
Therefore, the hydrostatic method as applied to isotropic 
spherical inclusions inside an isotropic host offers a rea-
sonable approximation for estimating inclusion pressure 

despite calibrations not extending to negative pressures. 
Nonetheless, we recognize that until an equation is specifi-
cally calibrated for negative Raman shift, the result should 
be treated with caution and always compared to another 
method to verify their accuracy.

Quartz alpha–beta transition and tensile strain

The α–β phase transition may significantly limit quartz-in-
garnet elastic thermobarometry at high temperatures. The 
α–β transition represents the change from low rhombohe-
dral, α-quartz to high-temperature, hexagonal β-quartz. At 
0.1 MPa this transition occurs at approximately 573 °C, 
and the slope of the transition increases linearly at a rate 
of 0.255 °C  MPa−1 (Schmidt and Ziemann 2000; Johnson 
et al. 2021). This phase transition introduces large non-linear 
variations in mineral volume and density. When transition-
ing from α-quartz to β-quartz, there is ~0.63% volumetric 
expansion and linear anisotropic extensional strains of 0.24 
and 0.14% along the principal a (ε1 + ε2) and c (ε3) axis, 
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respectively (Carpenter et al. 1998; Johnson et al. 2021). 
These changes are expected to be reversible. Quantifying 
the P–T–V behavior of quartz during this phase transi-
tion is complicated because of the structural phase change 
and the development of spontaneous strains (Angel et al. 
2017a; Gonzalez et al. 2024). Recent elastic models have 
incorporated these variations, but there are still significant 
uncertainties in entrapment calculations, primarily deriv-
ing from the unusual behavior of elastic properties such as 
compressibility and thermal expansivity (Cesare et al. 2021; 
Mazzucchelli et al. 2021).

Conventional thermobarometry at Sierra Valle Fértil-
La Huerta suggests that peak metamorphic conditions in 
metapelites reached or exceeded the α–β quartz phase tran-
sition. Many samples likely reached the stability field of 
β-quartz. Samples with reference, conventional P–T condi-
tions within the β-quartz field exhibit the highest variabil-
ity and the most negative strains. These samples produce 
entrapment pressures with >200 MPa differences relative 
to conventional thermobarometry values (Supplementary 
File—Figs. S3, S4, and S5).

Previous studies on high-temperature quartz-in-garnet 
have attributed the large negative shift to drastic quartz vol-
ume reduction during the retrograde transition from β to 
α during cooling and exhumation (Nishiyama and Aikawa 
2011; Kouketsu et al. 2014). The volume decrease induces 
tensile stress within the quartz inclusions, resulting in a 
pronounced negative ∆ω. The mechanisms underlying the 
formation of these stretched inclusions remain poorly under-
stood. One potential explanation is the adhesion of the inclu-
sion to the surrounding host, driven by nature’s tendency to 
minimize surface energies (Ashley et al. 2015). However, 
the specific forces at play at the inclusion-host boundary and 
the bonding mechanism that securely attaches quartz to the 
adjacent garnet remain unknown. Nevertheless, it is evident 
that some form of bonding or adhesion must take place, as 
detachment of quartz from the garnet wall during exhuma-
tion would lead to the absence of a Raman frequency shift 
and the creation of a void space within the inclusion, obser-
vations that are not commonly reported in the literature.

Shape maturation on quartz inclusions

Diffusion-controlled shape maturation is a well-recognized 
phenomenon that occurs in fluid and melt inclusions at high 
temperatures (Gualda et al. 2012; Pamukcu et al. 2015). 
Previous studies have discovered that solid mineral inclu-
sions can undergo similar modifications, creating shapes that 
reduce the overall interphase energy between the host and 
the inclusion (Toriumi 1979; Okamoto and Michibayashi 
2005). These shape modifications have been observed on 
garnet-hosted quartz inclusions in metamorphic rocks at 
granulite facies (T > 650 °C) (Cesare et al. 2021). Shape 

maturation acts to transform elongate irregular polycrystal-
line inclusions into increasingly polyhedral shapes, passing 
through stages of “necking down” as temperature increases 
(Cesare et al. 2021). In the Sierra Valle Fértil-La Huerta 
samples, quartz inclusions exhibit a wide range of morphol-
ogies, including highly irregular shapes, rounded ovoids, and 
perfect polyhedrons. We find that frequency shift variability 
correlates with the shape variations. Polyhedral inclusions 
present the most pronounced negative frequency shifts, and 
subsequently the most negative Pinc and high elastic aniso-
tropies. Ovoid shapes present positive to low negative fre-
quency shift values, with Pinc ~ 0 and near isotropic behavior 
(Fig. 11).

Shape maturation is expected to reset the elastic equilib-
rium of the mineral inclusion. Therefore, the residual pres-
sure recorded through elastic barometry in a matured inclu-
sion does not reflect the pressure at the time of entrapment, 
but rather the conditions when shape modification ceased 
in response to decreasing temperature (Zhong et al. 2020; 
Cesare et al. 2021). Following these criteria, we recalculated 
the entrapment pressure of the Sierra Valle Fértil-La Huerta 
and Sierra Loma de las Chacras samples at 650 °C instead 
of 700–800 °C, and found that the pressure estimates much 
better recover previous results established by conventional 
thermobarometry (Fig. 12). Improved correlation at lower 
temperatures suggests that elastic thermobarometry may rely 
upon a viscoelastic “closure temperature” analogous to those 
adopted in diffusion and geochronology studies.

Post‑entrapment viscous and plastic modifications

Temperature also plays an important role enhancing viscous 
creep and plastic yield processes. Mechanical modification 
of the host phase would complicate elastic thermobarometry 
because the modifications may generate differential stresses 
or allow inclusions to relax (Zhang 1998; Zhong et al. 2020). 
Viscous creep depends on the P–T path of the rocks, gar-
net composition, and timescale (Zhong et al. 2020). In high 
grade metamorphic environments, viscous creep of the gar-
net hosts may partially reset the inclusion pressures on time-
scales of ~1 million years (Zhong et al. 2020). Moreover, 
partial or complete plastic relaxation of stresses around the 
inclusion can occur at temperatures above 650 °C, similarly 
on timescales of ~1 million years (Zhong et al. 2020; Cam-
pomenosi et al. 2021).

Such million-year timescales coincide with those of 
crystallization and mountain building, and thus could 
explain the variability in inclusion pressure in samples 
from Sierra Valle Fértil-La Huerta. Previous studies on 
Sierra Valle Fértil-La Huerta metapelites demonstrated 
that the rocks were subjected >700 °C for at least 4 million 
years (Otamendi et al. 2008; Tibaldi et al. 2011, 2013). 
Metapelites within the mafic unit experienced significantly 
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higher temperatures than metapelites hosted within the 
silicic unit at shallower depths. Therefore, cross-arc tem-
perature variations could explain the variability in the 
inclusion pressure, especially on samples from greater 
paleodepths and those nearer mafic igneous bodies. Vis-
cous relaxation of garnet likely occurred in Sierra Valle 

Fértil-La Huerta. The viscous relaxation can explain both 
the variability of residual pressures and the tendency of 
the inclusions to have strain components near hydrostatic. 
Mechanisms can also work in concert. Viscous relaxation 
of host and shape maturation of inclusion could combine 
to reset the inclusions.

500 600 700 800 900

0

200

400

600

800

1000

1200

P inc
 = 45 MPa

P inc =
 -410 MPa P

inc  = -615 MPa

1400

Temperature (°C)

)aP
M(erusserP

Hydrostatic method

Strain components

P inc
 = -85 MPa

α-quart
z

(a)(a) (b)(b)

(d)(d)(c)(c)

20 μm20 μm 20 μm20 μm

20 μm20 μm20 μm20 μm

β-q
uart

z

EOT-35

Fig. 11  Isomekes from EOT-35 sample with photomicrographs of 
the corresponding quartz inclusions. a and b Photomicrographs of 
polycrystalline irregular-shaped inclusions with “necking down” mor-
phologies. c and d Photomicrographs of polyhedral quartz inclusions 
in cross (c) and plane polarized light (d) showing the characteristic 

stress-induced birefringence halo in the surrounding host. Quartz 
inclusions with positive Pinc exhibit irregular shapes (a and b) and 
inclusions with pronounced negative Pinc show polyhedral shapes (c 
and d)

Hydrostatic

Strain

0

200

Tibaldi et al. (2013)

Mulcahy 
et al. (2014)

400

600

800

1000

1200

1400

E
nt

ra
pm

en
t P

re
ss

ur
e 

(M
Pa

)

EOT-35

Loma de las Chacras Sierra Valle Fertil - La Huerta

EOT-9
ECH-5 ELJ-3

ECH-9
ELJ-5

EUZ-1
QPU-5

MPU-5MLC-4ECHR-3
ECHR-5

Samples

Fig. 12  Whisker plot showing the distribution of calculated entrapment pressures for all the samples from Sierra Valle Fértil-La Huerta and 
Sierra Loma de las Chacras at a closure temperature of 650 °C



Contributions to Mineralogy and Petrology (2024) 179:35 Page 19 of 24 35

Geodynamic evolution of Sierra Valle Fértil‑La 
Huerta

Using our new elastic thermobarometry results we sum-
marize the P–T–t path of quartz and zircon inclusions in 
the context of the geodynamic evolution of Sierra Valle 
Fértil-La Huerta (Fig. 13). During the process of arc build-
up from 491 to 474 Ma metasedimentary rocks from the 
pre-existing crust underwent a significant metamorphic pro-
grade, reaching granulite facies approximately 2 Ma after the 
magmatic peak of the arc at ~474 Ma (Otamendi et al. 2008, 
2020; Cristofolini et al. 2012; Ducea et al. 2017; Cornet 
et al. 2022). During this period, quartz and zircon inclu-
sions were entrapped by garnet nucleation and growth, at 
temperatures ranging from 550 to 650 °C and pressures of 
400 to 500 MPa. Zircon inclusions were entrapped isolated 
euhedral crystals whereas quartz inclusions were primar-
ily entrapped as polycrystalline irregular grains. Quartz and 
zircon inclusions were subjected to a compressive stress field 
during that interval.

The intense magmatism led to an isobaric heating of 
metasedimentary rocks reaching the metamorphic peak 
conditions with temperatures between 800 and 870 °C and 
pressures between 500 and 800 MPa at ~464 Ma (Gallien 
et al. 2012; Ducea et al. 2017). During this isobaric interval 
quartz inclusions underwent shape maturation towards per-
fect polyhedral inclusions. Quartz underwent volume expan-
sion in response to the transition from α to β quartz (e.g., 
Cesare et al. 2021). Moreover, partial resetting of residual 
strain in quartz and zircon inclusion might have occurred 

because of viscous creep and plastic relaxation in the host 
garnet (Zhong et al. 2020).

With the beginning of the continental-to-arc collision 
the arc began to shut down (Cristofolini et al. 2014; Ota-
mendi et al. 2020). Metasedimentary rocks followed an 
anticlockwise metamorphic P–T–t path that ended with a 
period of isobaric cooling, as inferred from mineral reac-
tion textures and computed P–T pseudosections and dia-
grams (Otamendi et al. 2008; Gallien et al. 2012). The 
episode of cooling was slow and lasted ~10 Ma. During 
this phase the rocks crossed the α–β quartz phase transi-
tion again, causing quartz inclusions to contract. Contrac-
tion created a tensile stress field around the inclusions. The 
slow cooling rate may have contributed to the preservation 
of this tensile stress within the inclusions. Post-collisional 
deformation events from 437 to 409 Ma produced shear 
zones and tilted the entire arc, resulting in the exhuma-
tion and cooling of the entire crustal section (Cristofolini 
et al. 2014).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 024- 02115-2.
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Fig. 13  Schematic P–T–t path 
of metasedimentary rock at 
Sierra Valle Fértil-La Huerta 
along with the evolution of 
quartz inclusions. t0: Entrap-
ment of quartz inclusions by 
garnet nucleation at growth. 
Quartz inclusions are poly-
crystalline irregular crystals. 
t1: Metapelites reach metamor-
phic peak. Quartz inclusions 
underwent a volumetric expan-
sion and shape maturation. t2: 
Isobaric cooling of metapelites 
with quartz inclusions under a 
volumetric contraction
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