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ABSTRACT. The Petite and Mercurio satellite plutons of the Patagonian Batholith intrude folded marine sedimentary 
successions and ophiolitic sequences within the Magallanes fold-and-thrust belt on Isla Capitán Aracena (~54° S), 
south of the Cenozoic transcurrent Magallanes-Fagnano Fault System. Their petrogenesis and tectonic significance 
were investigated through an integrated approach combining field observations, U-Pb zircon geochronology, whole-
rock geochemistry, mineral chemistry and thermobarometry. Zircons from three samples of hornblende-bearing 
diorite and quartz diorite yielded Turonian/Coniacian crystallisation ages (90±1 Ma). They display calc-alkaline, 
metaluminous compositions, enrichment in Light Rare Earth Elements, and negative Nb-Ta-Ti anomalies, consistent 
with subduction-modified mantle sources in continental magmatic arcs. The compositions of amphibole, classified as 
magnesio-hornblende and tschermakitic hornblende, record crystallisation temperatures of ~800-850 °C and pressures 
of ~3-3.5 kbar (~10 km depth) in moderately oxidizing, hydrous magmas. Collectively, these data suggest that the Petite 
pluton was derived from water-saturated basaltic-andesite magmas whose compositions evolved through clinopyroxene 
and plagioclase fractionation, promoting physicochemical conditions conducive to late co-crystallisation of labradorite-
andesine plagioclase and hornblende with pronounced Eu and Sr negative anomalies. The new data indicate that the 
oceanic remnants of the Rocas Verdes back-arc marginal basin were already buried at depths of approximately 10 km 
by ca. 90 Ma within a fold-and-thrust system developed during the underthrusting of continental crust.

Keywords: Fuegian Batholith, Rocas Verdes Basin, U-Pb zircon dating, Amphibole chemistry, Late Cretaceous magmatism.
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is among the longest-lived plutonic belts associated 
with subduction (Hervé et al., 2007a), recording 
the protracted magmatic evolution of the southern 
Andean margin. 

On Isla Capitán Aracena, map-scale satellite 
intrusions such as the Petite and Mercurio plutons 
crosscut the hinterland domain of the Magallanes 
fold-and-thrust belt, where the Upper Jurassic and 
Lower Cretaceous Capitán Aracena Ophiolitic 
Complex are tectonically juxtaposed with marine 
sedimentary successions of the Yaghan Formation 
(Fig. 1). The spatial relationship between these 
plutons and the deformed seafloor remnants of the 
Rocas Verdes Basin makes them ideal targets to 
investigate the crustal evolution associated with 
the tectonic inversion of back-arc marginal basins. 

This study investigates the petrogenesis and 
tectono-magmatic significance of the Petite and 
Mercurio plutons within the framework of Rocas 
Verdes Basin inversion, through an integrated 
approach combining field and petrographic 
observations, bulk-rock and mineral geochemistry, 
and geochronology, with a particular focus on 
amphibole compositional variations. Emphasis is 
placed on the study of amphibole and plagioclase 
chemical compositions that can be used as a 
geothermobarometers and as a proxy for water 
activity in the melt.

1. Introduction 

The Patagonian and Fuegian Andes are the 
southernmost segments of the Andean Cordillera, 
preserving a complex record of Mesozoic to 
Cenozoic magmatism and deformation associated 
with the opening and subsequent inversion of the 
Rocas Verdes Basin and the rise of the southern 
Andes (Dalziel, 1981; Pankhurst et al., 2000; Stern 
and de Wit, 2003; Hervé et al., 2007a; Calderón 
et al., 2013). These magmatic belts consist of a series 
of diachronous batholiths and back-arc ophiolitic 
complexes that developed in response to evolving 
subduction dynamics along the southwestern margin 
of Gondwana (Fig. 1).

The Rocas Verdes Basin represents a key 
Mesozoic back-arc extensional system developed 
along the southern Gondwana margin (Dalziel 
et al., 1974; Stern and de Wit, 2003; Calderón et al., 
2007). Its closure was linked to the opening of the 
Atlantic Ocean and global changes in tectonic plate 
configurations, involving Late Cretaceous tectonic 
emplacement of ophiolitic complexes and intrusion 
of satellite plutons to the east and north of the main 
axis of the Patagonian Batholith (Dalziel, 1981; 
Hervé et al., 2007a; Klepeis et al., 2010; Calderón 
et al., 2012). The Mesozoic-Cenozoic Patagonian 
Batholith (Fig. 1), which extends from 40° to 56° S, 

RESUMEN. Enterramiento tectónico asociado al cierre de la Cuenca Rocas Verdes: aportes a partir de plutones 
satélite del Turoniano/Coniaciano, Isla Capitán Aracena, Patagonia austral, Chile. Los plutones satélites Petite 
y Mercurio del Batolito Patagónico intruyen sucesiones sedimentarias marinas plegadas y secuencias ofiolíticas en la 
Isla Capitán Aracena (~54° S), en el dominio occidental de la faja plegada y corrida de Magallanes, al sur del sistema 
de falla transcurrente Magallanes-Fagnano. Su petrogénesis y significado tectónico fueron investigados mediante la 
combinación de observaciones de campo, geocronología U-Pb en circones, geoquímica de roca total, química mineral y 
termobarometría. Los circones de tres muestras entregaron edades de cristalización turonianas/coniacianas (90±1 Ma), y 
las rocas corresponden predominantemente a dioritas y cuarzodioritas de hornblenda. Presentan afinidad calcoalcalina, 
carácter metaluminoso, enriquecimiento en tierras raras livianas y anomalías negativas de Nb-Ta-Ti, consistentes con 
fuentes mantélicas modificadas por subducción en arcos magmáticos continentales. La composición de cristales de 
anfíbola, clasificada como magnesio-hornblenda y hornblenda tschermakítica, registra temperaturas de cristalización 
de ~800-850 °C y presiones de ~3-3,5 kbar (~10 km de profundidad) a partir de magmas hidratados y moderadamente 
oxidantes. En conjunto, estos datos sugieren que el plutón Petite derivó de magmas andesítico-basálticos saturados en 
agua, cuya composición evolucionó mediante fraccionamiento de clinopiroxeno y plagioclasa, promoviendo condiciones 
fisicoquímicas favorables para la co-cristalización de plagioclasa de tipo labradorita-andesina y hornblenda con anomalías 
negativas de Eu y Sr. Los nuevos datos indican que los remanentes oceánicos de la cuenca marginal Rocas Verdes ya se 
encontraban enterrados a profundidades de aproximadamente 10 km a los ca. 90 Ma, dentro de un sistema de pliegues 
y cabalgamientos desarrollado durante la subducción de corteza continental.

Palabras clave: Batolito Fueguino, Cuenca Rocas Verdes, Dataciones U-Pb en circón, Química de anfíbol, Magmatismo Cretácico tardío.
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2. Tectono-magmatic setting 

The geology of Isla Capitán Aracena was first 
described by Otzen (1987, unpublished report; 
compiled in the geological map of Chile by 
Sernageomin, 2003), who recognized exposures 
of metasedimentary basement rocks, ophiolitic 
complexes, and younger intrusive bodies. The 
protolith of the metasedimentary rocks were 

turbiditic successions of sandstones and mudstones. 
U-Pb detrital zircon ages from samples collected 
on the eastern side of the island (Fig. 1B) indicate 
a dominant Permian source signature with a more 
complex sedimentary provenance, involving 
Neoproterozoic and Mesoproterozoic sources and 
including a significant component of Grenville-
age zircons (Hervé et al., 2010). Overlying this 
metamorphic basement is the Tobífera Formation, 

FIG. 1. A. Simplified geological map of the southernmost Andes (modified from Sernageomin, 2003). Zircon U-Pb crystallisation ages 
are shown (red dots, mean values; data from Hervé et al., 2007a; Calderón et al., 2007; Klepeis et al., 2010; Torres García et al., 
2020; Muller et al., 2021; Velásquez et al., 2023). B. Geological map of Isla Capitán Aracena with the locations of samples that 
were collected from the Petite and Mercurio plutons (see location in A). MFFS: Magallanes-Fagnano Fault System. MFTB: 
Magallanes Fault-and-Thrust Belt. Jr: Jurassic. K: Cretaceous. LJr: Late Jurassic. EK: Early Cretaceous. Mioc: Miocene.
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an Upper Jurassic-Lower Cretaceous silicic volcanic 
succession dominated by subaqueous rhyolitic 
flows and pyroclastic deposits (Bruhn et al., 1978; 
Pankhurst et al., 2000). This succession records the 
onset of crustal extension and back-arc rifting in a 
supra-subduction setting, which led to the formation 
of the Rocas Verdes marginal basin (Dalziel et al., 
1974; Stern and de Wit, 2003; Calderón et al., 2007).

The oceanic-type crust remnants of the Rocas 
Verdes Basin, including ophiolitic complexes and 
related sedimentary successions, are discontinuously 
exposed from 50° to 55° S (well exposed at Cordillera 
Sarmiento, Isla Capitán Aracena, and Isla Navarino; 
Fig. 1A). They include the Sarmiento, Capitán Aracena, 
and Tortuga ophiolitic complexes (cf. Calderón 
et al., 2013). The basin was filled by hemipelagic 
sedimentary rocks of the Upper Jurassic to Lower 
Cretaceous Yaghan and Zapata formations (Katz 
and Watters, 1966; Dott et al., 1977; Allen, 1982; 
Wilson, 1991; Fildani and Hessler, 2005). 

Closure of the Rocas Verdes Basin began during 
the Aptian-Albian, marking the onset of the Andean 
orogeny in southern South America (Dalziel, 1981; 
Hervé et al., 1984; Cunningham, 1993). Progressive 
tectonic oceanward underthrusting of the back-arc 
basin floor beneath the island arc continued until the 
Late Cretaceous, generating an accretionary wedge 
and fold-and-thrust belt (Hervé et al., 2007b; Klepeis 
et al., 2010; Fosdick et al., 2011; Calderón et al., 
2012; Betka et al., 2015; Torres Carbonell et al., 
2020; Muller et al., 2021; Gallardo et al., 2022); we 
refer to this here as the Magallanes fold-and-thrust 
belt. The transition from extensional to contractional 
tectonics was accompanied by migration of the arc 
towards the continent and renewed calc-alkaline 
magmatism (Hervé et al., 2007a; Torres Garcia et al., 
2020; Ramírez de Arellano et al., 2012). Subsequently, 
Late Cretaceous to Neogene arc magmatism in the 
Patagonian Batholith accompanied the development 
of the Magallanes-Austral Basin until the Miocene 
(Wilson, 1991; Fosdick et al., 2011; Gallardo et al., 
2022; Stevens Goddard et al., 2023). Since Miocene 
times, the convergent margin of South America has 
been affected by the subduction of oceanic ridges and 
the development of intraplate volcanism associated 
with asthenospheric windows (D’Orazio et al., 2001; 
Ramírez de Arellano et al., 2021).

This study focuses on the Petite and Mercurio 
plutons, located outside the eastern margin of the 
Patagonian Batholith, which intrude ophiolitic 
complexes within the internal zone of the Magallanes 

fold-and-thrust belt. Both record processes of arc 
magmatism during the tectonic inversion of the 
Rocas Verdes Basin and onset of Andean orogeny 
in southern Patagonia.

3. Analytical methods

Twenty-five samples were collected from the 
Petite and Mercurio plutons and studied through 
a polarising microscope. Polished thin sections for 
petrographic and in situ geochemical analysis were 
prepared by M. Schmelz at Universität Stuttgart. 

Zircon grains for U-Pb dating were separated 
from two samples of the Petite pluton and one of 
the Mercurio pluton using the standard procedures, 
including crushing, grinding, Wilfley Table separation, 
magnetic, and heavy liquid separation, at the 
commercial laboratory of Juan Vargas, Santiago. 
Reflected and transmitted light photomicrographs 
were prepared for all zircon grains, as were 
cathodoluminescence (CL) Scanning Electron 
Microscope (SEM) images. These CL images were 
used to decipher the internal structure of the sectioned 
grains and to ensure that the ~20µm SHRIMP spot 
was wholly within a single age component.

The U-Th-Pb analyses were made using a 
SHRIMP II at the Research School of Earth Sciences 
at The Australian National University, Canberra, 
following procedures given in Williams (1998, 
and references therein). Each analysis consisted 
of 6 scans through the mass range, with a Temora 
reference zircon grain analysed for every 3 unknown 
analyses. The data were reduced using the SQUID 
Excel Macro of Ludwig (2001). The Pb/U ratios 
were normalised relative to a value of 0.0668 for 
the Temora reference zircon, equivalent to an age of 
417 Ma (see Black et al., 2003). Uncertainties given 
for individual analyses (ratios and ages) are at the 
1σ level (see data in table 1). Tera and Wasserburg 
concordia plots, probability density plots with stacked 
histograms, and weighted mean age calculations were 
carried out using ISOPLOT/EX (Ludwig, 2003), the 
latter reported with 95% confidence limits.

The same three samples were analysed for 
whole-rock major and trace elements by fusion-
ICP-OES (Inductively Coupled Plasma Optical 
Emission Spectroscopy) and ICP-MS (Inductively 
Coupled Plasma-Mass Spectrometry) at Actlabs in 
Vancouver, Canada. All data presented in figures 
and text were recalculated on a volatile-free basis 
and are listed in table 2.
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TABLE 1. SUMMARY OF SHRIMP U-PB RESULTS FOR ZIRCONS OF THE PETITE PLUTON (FC1947, FC1944) AND OF THE MERCURIO PLUTON (FC1924). 

Sample Grain 
spot

U
(ppm)

Th 
(ppm) Th/U

206Pb* 
(ppm)

204Pb/
206Pb f206 %

Total Radiogenic Age (Ma)
238U/
206Pb ±

207Pb/
206Pb ±

206Pb/
238U ±

206Pb/
238U ±

Hornblende 
diorite (FC1947)  
53°55’15’’S  
71°31’50’’W

1.1 84 53 0.64 1.0 0.003285 1.34 70.08 1.35 0.0584 0.0030 0.01408 0.00028 90.13 1.76
2.1 147 68 0.46 1.8 0.000925 0.52 71.33 1.14 0.0519 0.0021 0.01395 0.00023 89.29 1.44
3.1 101 52 0.52 1.2 0.001165 1.62 70.44 1.25 0.0607 0.0032 0.01397 0.00026 89.41 1.63
4.1 206 93 0.45 2.6  - 0.52 68.09 0.98 0.0520 0.0018 0.01461 0.00021 93.50 1.36
5.1 159 80 0.50 1.9 0.001243 1.92 70.93 1.10 0.0631 0.0023 0.01383 0.00022 88.53 1.39
6.1 263 111 0.42 3.2 0.000486 0.97 69.68 0.94 0.0556 0.0016 0.01421 0.00020 90.96 1.24
7.1 81 42 0.52 1.0  - 1.30 70.27 1.38 0.0581 0.0032 0.01405 0.00028 89.92 1.79
8.1 107 50 0.47 1.3  - 0.95 72.07 1.28 0.0553 0.0026 0.01374 0.00025 87.99 1.59
9.1 157 124 0.79 1.9  - 0.85 69.80 1.09 0.0546 0.0021 0.01421 0.00022 90.93 1.43

10.1 142 114 0.80 1.8 0.001162 0.39 68.89 1.10 0.0510 0.0021 0.01446 0.00024 92.55 1.50
11.1 68 31 0.46 0.8  - 2.62 71.78 1.50 0.0686 0.0050 0.01357 0.00030 86.86 1.90
12.1 121 60 0.50 1.4  - 1.04 73.68 1.25 0.0559 0.0025 0.01343 0.00023 86.01 1.47
13.1 450 344 0.76 5.5 0.000531 0.44 70.40 0.87 0.0513 0.0018 0.01414 0.00018 90.52 1.13
14.1 91 50 0.55 1.1 0.002063 1.37 68.76 1.28 0.0587 0.0028 0.01434 0.00027 91.81 1.73
15.1 151 129 0.86 1.8 0.001344 1.51 70.45 1.13 0.0598 0.0025 0.01398 0.00023 89.50 1.46
16.1 93 52 0.56 1.2 0.003159 1.77 69.60 1.30 0.0618 0.0030 0.01411 0.00027 90.34 1.71
16.2 494 39 0.08 6.5  - 0.33 65.45 0.78 0.0506 0.0011 0.01523 0.00018 97.43 1.16

Hornblende quartz 
diorite (FC1944)   
53°58’49’’S 
71°29’31’’W

1.1 101 54 0.53 1.2 0.000003 1.64 70.15 1.34 0.0608 0.0031 0.01400 0.00030 89.80 1.70
2.1 78 39 0.50 1.0 0.004313 1.92 68.96 1.44 0.0631 0.0046 0.01420 0.00030 91.00 2.00
3.1 114 83 0.73 1.4 - 0.49 71.82 1.22 0.0517 0.0025 0.01390 0.00020 88.70 1.50
4.1 77 38 0.50 1.0 0.001259 1.78 69.40 1.33 0.0620 0.0030 0.01420 0.00030 90.60 1.80
5.1 63 25 0.40 0.7 - 1.09 72.25 1.52 0.0564 0.0035 0.01370 0.00030 87.70 1.90
6.1 114 53 0.46 1.4 0.002206 1.12 71.69 1.22 0.0567 0.0024 0.01380 0.00020 88.30 1.50
7.1 226 112 0.50 2.7 0.000785 0.91 70.74 0.98 0.0550 0.0018 0.01400 0.00020 89.70 1.30
8.1 157 113 0.72 1.9 - 0.37 70.27 1.08 0.0508 0.0033 0.01420 0.00020 90.80 1.40
9.1 173 69 0.40 2.0 0.000534 1.31 72.91 1.21 0.0581 0.0021 0.01350 0.00020 86.70 1.40

10.1 334 111 0.33 3.8 - 0.12 74.01 0.98 0.0487 0.0014 0.01350 0.00020 86.40 1.10
11.1 165 122 0.74 2.0 0.000584 0.56 71.19 1.08 0.0523 0.0020 0.01400 0.00020 89.40 1.40
12.1 82 43 0.53 1.0 - 1.65 72.08 1.39 0.0609 0.0038 0.01360 0.00030 87.40 1.70
13.1 138 105 0.76 1.6 - 0.52 72.17 1.16 0.0519 0.0021 0.01380 0.00020 88.30 1.40
14.1 107 81 0.76 1.3 0.000021 0.78 70.19 1.19 0.0540 0.0025 0.01410 0.00020 90.50 1.60
15.1 96 35 0.37 1.2 - 0.89 70.98 1.28 0.0548 0.0027 0.01400 0.00030 89.40 1.60
16.1 329 128 0.39 4.0 - 0.55 70.27 0.90 0.0522 0.0014 0.01420 0.00020 90.60 1.20
17.1 81 34 0.43 1.0 - 1.66 72.08 1.42 0.0610 0.0032 0.01360 0.00030 87.30 1.70
18.1 129 78 0.61 1.6 0.001191 0.69 69.96 1.15 0.0533 0.0022 0.01420 0.00020 90.90 1.50
19.1 85 45 0.53 1.0 0.002069 1.46 70.71 1.33 0.0594 0.0029 0.01390 0.00030 89.20 1.70
20.1 197 91 0.46 2.4 - 0.88 69.82 1.01 0.0548 0.0018 0.01420 0.00020 90.90 1.30
21.1 193 91 0.47 2.3 - 0.34 70.82 1.03 0.0505 0.0018 0.01410 0.00020 90.10 1.30
22.1 88 52 0.59 1.1 0.000117 1.08 71.24 1.33 0.0564 0.0028 0.01390 0.00030 88.90 1.70

Hornblende-biotite 
tonalite (FC1924)    
54°16’44’’S  
71°15’16’’W

1.1 186 57 0.31 2.3 0.001340 1.04 70.40 1.13 0.0560 0.0022 0.01406 0.00023 89.99 1.45
2.1 253 186 0.74 3.2 0.001161 1.24 68.79 0.97 0.0577 0.0018 0.01436 0.00021 91.89 1.31
3.1 232 66 0.29 2.8 0.000509 0.41 70.11 0.97 0.0511 0.0016 0.01421 0.00020 90.93 1.27
4.1 263 103 0.39 3.1 0.000400 0.40 71.98 0.98 0.0509 0.0015 0.01384 0.00019 88.59 1.21
5.1 248 92 0.37 3.0  - 0.44 71.73 0.98 0.0513 0.0016 0.01388 0.00019 88.86 1.23
6.1 88 15 0.17 1.1 0.003994 1.77 69.81 1.32 0.0619 0.0047 0.01407 0.00028 90.07 1.79
7.1 276 135 0.49 3.3 0.000069 0.68 72.75 1.00 0.0532 0.0019 0.01365 0.00019 87.42 1.21
8.1 220 49 0.22 2.7 0.000339 0.45 71.05 1.02 0.0514 0.0017 0.01401 0.00020 89.70 1.30
9.1 268 55 0.20 3.3 0.001051 0.48 70.17 0.95 0.0516 0.0015 0.01418 0.00019 90.78 1.24

10.1 194 53 0.27 2.4 0.000822 0.92 70.43 1.03 0.0551 0.0019 0.01407 0.00021 90.05 1.33
11.1 224 56 0.25 2.7  - 0.72 72.24 1.03 0.0535 0.0017 0.01374 0.00020 87.99 1.26
12.1 296 102 0.34 3.5 0.000004 0.63 71.98 0.96 0.0528 0.0015 0.01380 0.00019 88.38 1.19
13.1 262 72 0.27 3.2 0.001046 0.63 71.25 0.96 0.0528 0.0015 0.01395 0.00019 89.29 1.21
14.1 232 73 0.31 2.8  - 0.41 72.54 1.01 0.0510 0.0016 0.01373 0.00019 87.90 1.23
14.2 166 50 0.30 2.0 0.001739 1.07 70.07 1.14 0.0563 0.0020 0.01412 0.00023 90.37 1.48
15.1 274 65 0.24 3.3 0.001245 0.77 71.96 1.22 0.0539 0.0015 0.01379 0.00024 88.28 1.50
15.2 131 49 0.37 1.5  - 1.27 73.59 1.19 0.0578 0.0023 0.01342 0.00022 85.91 1.40
16.1 1552 440 0.28 18.8 0.000061 0.15 70.25 0.79 0.0491 0.0006 0.01421 0.00016 90.98 1.02
16.2 172 58 0.34 2.0 0.000184 0.71 72.23 1.15 0.0534 0.0019 0.01375 0.00022 88.01 1.41
17.1 161 47 0.29 2.0 0.001485 0.93 70.79 1.07 0.0552 0.0024 0.01399 0.00022 89.59 1.38
18.1 186 61 0.33 2.2 0.000233 1.46 73.10 1.07 0.0593 0.0019 0.01348 0.00020 86.31 1.28
19.1 233 84 0.36 2.8 0.001072 1.63 71.55 0.99 0.0607 0.0035 0.01375 0.00020 88.02 1.28
20.1 333 132 0.40 4.1 0.000261 1.96 69.58 0.88 0.0634 0.0028 0.01409 0.00019 90.19 1.19
21.1 270 96 0.36 3.3 0.001129 2.18 70.49 0.94 0.0651 0.0038 0.01388 0.00020 88.85 1.26
22.1 203 53 0.26 2.5 0.001420 1.93 69.52 0.99 0.0631 0.0030 0.01411 0.00021 90.31 1.33

Notes: 
1. Uncertainties given at the one 1s level.
2. Error in Temora reference zircon calibration was 0.28% for the analytical session. (not included in above errors but required when comparing data from different mounts).
3. f206 % denotes the percentage of 206Pb that is common Pb.
4. Correction for common Pb for the U/Pb data has been made using the measured 238U/206Pb and 207Pb/206Pb ratios following Tera and Wasserburg (1972) as outlined in Williams (1998).
5. Data in italics not included in final age calculations.
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TABLE 2. BULK-ROCK MAJOR AND TRACE ELEMENT COMPOSITION OF ROCKS FROM 
THE PETITE AND MERCURIO PLUTONS.

Sample FC1947 FC1944 FC1924

Lithology Hornblende diorite Hornblende quartz 
diorite

Hornblende-biotite 
tonalite

Major oxides (wt%)

SiO2 48.5 54.5 63.3
TiO2 0.8 0.9 0.4
Al2O3 19.7 18.6 17.9
FeO 9.3 7.9 3.5
MnO 0.2 0.2 0.1
MgO 3.7 3.3 2.1
CaO 10.5 8.3 6.0
Na2O 3.2 3.3 4.2
K2O 0.8 1.5 1.1
P2O5 0.4 0.3 0.1
LOI 0.5 0.4 0.7
Total 98.7 100.0 99.0

Trace elements (ppm)

Ga 22.0 19.0 17.0
Rb 16.0 38.0 33.0
Sr 707.0 604.0 708.0
Y 22.7 24.9 10.6
Zr 43.0 82.0 81.0
Nb 4.0 5.5 2.9
Ba 359.0 526.0 573.0
La 16.7 15.1 7.3
Ce 36.2 35.9 15.3
Pr 4.6 4.6 1.9
Nd 19.5 19.9 8.2
Sm 4.4 4.5 1.8
Eu 1.4 1.4 0.6
Tb 0.7 0.7 0.3
Gd 4.1 4.3 1.7
Dy 4.1 4.3 1.8
Ho 0.8 0.8 0.4
Er 2.3 2.5 1.0
Tm 0.3 0.4 0.2
Yb 2.3 2.6 1.2
Lu 0.4 0.4 0.2
Hf 1.5 2.4 2.5
Ta 0.3 0.5 0.3
Th 2.3 4.6 2.1
U 0.7 2.0 0.9
Sr/Y 31.1 24.3 66.8
La/Yb 7.2 5.9 6.2
La/Sm 3.8 3.3 4.0
Sm/Yb 1.9 1.8 1.6
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Major element compositions of amphibole, 
plagioclase, biotite, titanite, K-feldspar, and ilmenite 
from sample FC1947 (hornblende diorite) were 
determined at the Institut für Mineralogie und 
Kristallchemie, Universität Stuttgart, using a Cameca 
SX100 scanning electron microprobe. Operating 
conditions were set at 15 kV acceleration voltage and 
15 nA beam current for all analyses. Representative 
electron probe microanalysis (EPMA) data are 
reported in table 3. 

Trace element compositions of amphibole were 
determined by laser ablation (LA-ICP-MS) at Institut 

für Mineralogie und Kristallchemie at the Universität 
Stuttgart, using an Agilent 7700 ICP-MS coupled 
to a Teledyne CETAC LSX-213 laser equipment. 
At 213 nm, the maximum laser energy is 4 mJ (pulse 
length <5 ns) at a spot diameter of 200 µm. Laser 
excitation was carried out at 50% energy with a spot 
diameter of 50 µm and a laser pulse frequency of 
10 Hz. The data acquisition was performed using the 
Agilent MassHunter software (version B.01.01). Each 
analysis comprised the acquisition of background ion 
intensities (gas-blank) for roughly 25 s, followed by 
laser irradiation of the sample spot for roughly 60 s. 

TABLE 3. REPRESENTATIVE MAJOR ELEMENT COMPOSITION (WT%) OF MINERALS IN HORNBLENDE 
DIORITE SAMPLE OF THE PETITE PLUTON (FC1947).

Mineral Amphibole Biotite Titanite

Sample FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947

Point# 18 19 20 23 15 24 25 26 22 34 40 44

comment core core core core rim rim rim rim

SiO2 44.34 43.53 44.22 43.42 43.81 44.87 44.35 43.75 36.45 36.15 30.10 29.68

TiO2 1.85 1.92 1.73 2.24 1.25 2.12 2.09 1.77 3.99 3.28 37.64 38.01

Al2O3 9.38 9.84 9.35 10.53 10.07 9.36 9.53 9.53 14.93 14.89 1.26 1.11

FeO 16.90 16.97 16.67 15.00 17.55 14.15 15.20 17.42 15.28 17.23 1.29 1.06

MnO 0.67 0.57 0.62 0.63 0.55 0.70 0.57 0.73 0.32 0.35 0.14 0.18

MgO 11.02 10.86 11.22 11.95 10.64 12.89 11.72 10.74 13.82 13.73 0.02 0.00

CaO 11.70 11.86 11.79 12.10 11.98 11.84 11.76 11.80 0.17 0.12 27.60 27.51

Na2O 1.22 1.17 1.20 1.25 1.03 1.35 1.24 1.19 0.10 0.16 0.00 0.00

K2O 0.81 0.78 0.81 0.85 1.02 0.62 0.65 0.86 9.25 9.41 0.00 0.00

BaO 0.03 0.06 0.06 0.09 0.04 0.04 0.09 0.06 0.58 0.28 - -

Sum 97.91 97.56 97.67 98.06 97.94 97.92 97.20 97.85 94.88 95.60 98.06 97.56

Mineral Plagioclase K-feldspar Ilmenite

Sample FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947 FC1947

Point# 16 21 32 38 14 17 28 29 30 37 31 36

comment inclusion inslusion inclusion inclusion

SiO2 54.62 51.03 52.71 54.52 55.77 56.56 54.89 54.55 55.55 54.44 63.47 0.00

TiO2 0.01 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 49.55

Al2O3 28.76 30.59 29.87 28.29 27.66 26.88 28.22 28.76 27.72 28.50 18.37 0.00

FeO 0.17 0.23 0.12 0.28 0.06 0.18 0.06 0.06 0.11 0.13 0.07 38.16

MnO 0.02 0.00 0.06 0.00 0.02 0.07 0.00 0.00 0.00 0.02 0.05 12.52

MgO 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.02 0.00 0.16

CaO 10.91 13.52 12.51 10.84 9.89 9.46 11.06 11.25 10.31 11.00 0.01 0.00

Na2O 5.58 3.99 4.49 5.70 6.24 6.42 5.62 5.52 6.01 5.42 0.42 0.00

K2O 0.12 0.06 0.05 0.09 0.14 0.19 0.11 0.08 0.09 0.08 15.73 -

BaO 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.04 0.00 1.11 -

Sum 100.20 99.45 99.82 99.73 99.82 99.75 99.97 100.21 99.83 99.61 99.23 100.38
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Background-corrected individual ion intensities were 
integrated over a selected appropriate interval of the 
ablation time profile and divided by the integral of 
the corrected intensity of the selected isotope of the 
internal reference element. The software used for 
calibration and data evaluation was developed by 
J. Opitz (Massonne et al., 2013). DLH7 and DLH8 
glasses (P&H Developments Ltd.), as well as NIST 
SRM 612 and NIST SRM 610 glasses were used as 
standards. Relative elemental concentrations were 
calculated from the abundance of the corresponding 
isotope assuming natural isotope distribution and an 
individual calibration factor determined under the same 
experimental conditions. The silicon concentration, as 
calculated from the 29Si isotope, was used as internal 
standard and set to the value obtained by EMPA. All 
LA-ICP-MS data are shown in table 4. 

4. Results

4.1. Field relations and petrography

The Petite and Mercurio plutons intrude the 
hinterland domain of the Magallanes fold-and-thrust 
belt, where tectonic slices of ophiolitic complexes and 
marine sedimentary rocks are juxtaposed (Fig. 1A). The 
Petite pluton is located north of a reverse fault, here 
referred to as the Aracena Thrust, whereas the Mercurio 
pluton lies to the south of this structure (Fig. 1B). 
These dioritic to tonalitic bodies are locally deformed 
satellite plutons outside the main exposure belt of the 
Patagonian Batholith (Otzen, 1987). 

The Petite pluton, exposed at Seno Petite in the 
northern part of the island (Figs. 1B and 2A), consists 
of hornblende-bearing diorites and quartz diorites. 
At outcrop scale it exhibits flow banding characterized 
by segregated leucocratic layers (Fig. 2B), orientated 
parallel to the local direction of magmatic flow, 
probably controlled by tectonic stresses associated 
with pluton emplacement. The Mercurio pluton, 
cropping out near Seno Mercurio (Fig. 1B), comprises 
hornblende-biotite tonalite containing centimetric 
microdiorite enclaves and late aplitic veins. Two 
samples from Petite pluton (FC1947 and FC1944) 
and one sample from the Mercurio pluton (FC1924) 
were selected for geochronological and geochemical 
analyses. Samples are briefly described below.

Sample FC1947 (Fig. 2C, D) is a medium- to fine-
grained diorite with inequigranular and interlocking 
textures, locally displaying intrafasciculate, poikilitic, 

and adcumulate features. The primary mineral 
assemblage consists of plagioclase (55%), hornblende 
(30%), biotite (10%), and quartz (5%). Plagioclase is 
typically unzoned and mostly unaltered, occurring as 
subhedral tabular crystals with dominant polysynthetic 
twinning, both in the matrix and as inclusions 
within hornblende. Hornblende is subhedral, with 
prismatic to massive habits and greenish to yellowish 
pleochroism. Biotite is subhedral, while interstitial 
quartz exhibits undulose extinction. Accessory phases 
include titanite and zircon. Opaque minerals account 
for ~5% of the rock. Secondary minerals (~5%) 
include chlorite, epidote, and actinolite, mainly 
replacing hornblende and biotite.

Sample FC1944 (Fig. 2E) is a medium- to fine-
grained quartz diorite with inequigranular, interlocking, 
and poikilitic textures showing adcumulate features. 
The primary mineral assemblage consists of plagioclase 
(55%), hornblende (25%), biotite (10%), and quartz 
(10%). Plagioclase occurs as subhedral orientated 
tabular crystals with dominant polysynthetic and 
Carlsbad twinning. Hornblende is typically subhedral 
with a prismatic habit and greenish to yellowish 
pleochroism. Biotite occurs as anhedral brown flakes, 
while quartz is anhedral, interstitial, and exhibits 
undulose extinction. Accessory phases include 
titanite and zircon. Opaque minerals account for 
~5% of the rock. Secondary minerals (~5%) include 
chlorite, epidote, and actinolite, mainly replacing 
hornblende and biotite. 

Both samples display comparable petrographic 
features and share a similar distribution of minor 
and alteration phases. Accessory minerals are 
represented by titanite and zircon, while opaque phases 
account for approximately 5% of the rocks. Titanite 
commonly occurs as inclusions within hornblende 
or along fractures, whereas fine magnetite-ilmenite 
intergrowths are typically observed at amphibole-
plagioclase interfaces, highlighting consistent late- to 
post-magmatic processes in both samples.

Sample FC1924 from the Mercurio pluton 
(Fig. 2F) is a medium- to fine-grained tonalite with 
inequigranular, interlocking, and locally poikilitic 
textures. The primary mineral assemblage consists 
of plagioclase (40%), hornblende (30%), quartz 
(20%), biotite (5%), and K-feldspar (5%). Plagioclase 
occurs as subhedral tabular crystals with dominant 
polysynthetic and subordinate Carlsbad twinning. 
Hornblende is subhedral to locally euhedral, displaying 
prismatic habits. Quartz and K-feldspar are mostly 
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TABLE 4. TRACE ELEMENT COMPOSITIONS (PPM) OF AMPHIBOLE IN HORNBLENDE DIORITE SAMPLE 
OF THE PETITE PLUTON (FC1947).

Analysis FC1947-a FC1947-b FC1947-c FC1947-d FC1947-e FC1947-f FC1947-g FC1947-h

Al 55,833.2 56,172.5 60,363.5 56,855.0 57,665.0 60,066.5 60,066.5 60,356.7

Si 195,331.9 197,580.3 207,474.0 209,417.9 196,119.5 203,362.9 203,362.9 200,335.2

Si 192,949.0 197,590.0 206,226.0 201,322.0 199,320.0 208,980.0 208,980.0 203,640.0

P 101.1 27.6 155.0 125.9 118.6 135.6 135.6 75.3

K 4,581.1 5,316.1 5,391.9 5,651.2 5,126.2 6,482.7 6,482.7 9,404.3

Ca 75,811.0 78,315.3 87,969.3 81,138.5 80,335.9 83,790.8 83,790.8 93,147.5

Ca 76,602.5 79,784.0 87,550.9 80,512.1 81,667.8 85,654.7 85,654.7 96,252.5

Sc 93.4 54.1 97.9 53.4 89.8 105.9 105.9 65.2

Ti 11,118.7 10,547.8 13,607.4 9,796.2 12,040.5 16,758.4 16,758.4 8,957.0

V 363.5 342.4 372.3 358.8 360.6 414.4 414.4 510.8

Cr 19.5 5.8 3.5 6.0 8.7 4.7 4.7 2.9

Ni 14.3 13.5 13.4 16.0 12.2 13.1 13.1 14.3

Rb 1.9 2.8 2.9 2.6 2.1 2.7 2.7 4.5

Sr 83.1 99.0 105.8 92.1 120.8 121.7 121.7 59.5

Y 109.0 57.3 100.2 58.5 90.9 134.1 134.1 31.8

Zr 114.0 96.5 118.3 105.4 99.9 139.9 139.9 40.4

Zr 113.9 90.4 114.5 106.9 98.3 144.2 144.2 39.5

Nb 12.6 9.9 14.1 9.9 11.7 19.3 19.3 3.4

Cs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ba 167.5 171.6 216.9 186.6 189.0 271.9 271.9 136.9

La 23.2 15.8 18.3 15.1 14.7 22.8 22.8 14.9

Ce 65.8 56.7 68.6 54.0 55.1 86.9 86.9 40.5

Pr 11.0 9.4 12.8 9.5 10.3 16.3 16.3 5.7

Nd 64.3 51.8 70.9 51.6 59.9 98.4 98.4 27.6

Sm 19.4 13.5 23.0 14.0 19.0 28.9 28.9 6.1

Eu 3.9 3.1 4.1 3.1 3.9 4.7 4.7 2.0

Eu 3.9 2.9 4.1 2.8 3.9 4.8 4.8 2.1

Gd 20.6 11.4 22.0 13.4 19.0 28.7 28.7 6.3

Tb 3.1 1.9 3.4 2.0 3.1 4.5 4.5 1.0

Dy 21.0 11.9 21.6 13.2 20.2 31.5 31.5 6.4

Ho 4.3 2.6 4.4 2.4 4.0 6.8 6.8 1.5

Er 12.7 7.8 13.5 8.4 11.8 20.6 20.6 4.7

Tm 2.0 1.1 1.9 1.1 1.9 2.9 2.9 0.7

Yb 11.6 7.6 11.8 7.9 11.4 18.4 18.4 4.6

Lu 1.7 1.1 1.5 1.3 1.6 2.5 2.5 0.8

Hf 5.2 4.9 6.2 5.6 5.2 8.0 8.0 3.3

Ta 0.5 0.5 0.5 0.6 0.6 0.9 0.9 0.1

Th 0.7 0.3 0.2 0.1 0.3 0.4 0.4 0.2

U 0.47 0.05 0.03 0.02 0.05 0.06 0.06 0.03
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anhedral and interstitial, while biotite occurs as 
subhedral brown flakes. Secondary minerals (~5%) 
include chlorite, epidote, and actinolite, replacing 

ferromagnesian phases, whereas feldspars are altered 
to clay minerals. Opaque minerals account for ~5% 
of the rock. 

FIG. 2. A. Field photo of the group working on the Petite pluton. B. Medium-grained hornblende diorite of the Petite pluton showing 
compositional banding with preferred orientation of leucocratic segregations bands. C-F. Photomicrographs of representative 
areas of samples illustrating the variety of mineral assemblages and textures of analysed samples. Amp: amphibole, Bt: biotite, 
Pl: plagioclase.
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of 90.0±0.8 Ma. This age constrains the dominant 
period of igneous zircon crystallisation.

Hornblende quartz diorite (sample FC1944). 
The zircons are mostly equant to subequant, blocky, 
euhedral crystals with multifaceted pyramidal outlines. 
A few grains have irregular inclusions and cavities, 
and some appear to have been hydrothermally altered 
with pitted or mottled exterior surfaces. The grains 
are generally around ~100 to ~300 µm in diameter, 
but range to at least 350-400 µm in length. The CL 
images show dominantly sector zoning from centre to 
rim. In places there is more irregular zoning, mainly 
associated with the cavities. 

Twenty-two grains were analysed. U is low to 
moderate ranging from ~65 to ~225 ppm with grains 
10 and 16 higher at ~330 ppm. Th is consistently 
lower, between ~25 and 130 ppm, with Th/U ratios 
in the range ~0.35 to ~0.76. All areas analysed plot 
close to or within uncertainty of the Tera-Wasserburg 
concordia. However, they show an asymmetric 
distribution on a probability density plot of calculated 
radiogenic 206Pb/238U ages, with a tail to the younger 
age side. Nevertheless, a weighted mean for all 22 
analyses has no excess scatter (MSWD=1.1), giving 
a 206Pb/238U age of 89.2±0.6 Ma (i.e., they are all 
within analytical uncertainty). The areas analysed 
on grains 9 and 10 (Fig. 3A) are slightly younger 
and it is possible that these areas have lost a small 
amount of radiogenic Pb. Both of those spots are 
close to imperfections in their respective grains. If 
these two analyses are excluded, the weighted mean 
206Pb/238U age is 89.6±0.7 Ma (MSWD=0.6). This 
age is considered the better estimate for the sector 
zoned igneous zircon crystallisation, albeit within 
uncertainty of the overall weighted mean calculation.

Hornblende-biotite tonalite (sample FC1924). 
The zircons are mostly elongate to subequant, 
euhedral grains, with pyramidal terminations; some 
with multifaceted terminations. A few irregularly 
shaped grains are present; for example, grains 2, 
17, and others not analysed. A prominent feature 
of grain 1 is the presence of a ~50-80 µm diameter 
sulphide inclusion. The grains range to at least 450 
µm in length with many around ~200-350 µm. The 
CL images show predominantly oscillatory zoned 
interiors, often from centre to rim. In some grains 
there are homogeneous central areas enclosed within 
oscillatory zoned outer areas. Grain 16 (Fig. 3A) is 
anomalous with one end showing simple oscillatory 
zoning, whilst the other is U rich and has an irregular 
dark CL response.

4.2. Zircon geochronology

A summary of the new SHRIMP U-Pb zircon age 
determinations is presented in table 1. Representative 
cathodoluminescence (CL) images and Tera-
Wasserburg concordia and probability density plots 
are shown in figure 3. 

Hornblende diorite (sample FC1947). The zircons 
are equant to elongate, lozenge shaped, blocky grains 
many with pyramidal terminations. Whilst the grains 
are generally euhedral in shape, the surfaces are often 
weakly mottled or slightly irregular which is likely 
the result of a post-primary igneous crystallisation, 
hydrothermal fluid affecting the grains. The grains 
are mostly clear under transmitted light but have 
some inclusions and irregular cavities (see grains 
1 and 3 in figure 3A). The grains are around 150-
350 µm in length/diameter. The CL images show 
sector zoning, often from centre to rim. There are 
some irregularly zoned grains; grain 4 (see figure 
3A) has a darker outer area that encloses the lower 
U central component. Grains 14 and 16 (not shown) 
appear to have offset, possible inherited central areas 
enclosed within the dominant sector zoned igneous 
component.

Seventeen areas were analysed on 16 zircon grains. 
Th and U contents are generally low to moderate, 
although somewhat variable: U is mostly between 
~70 and ~160 ppm but does range to higher values of 
~450 ppm and ~494 ppm in analyses 13.1 and 16.2 
respectively (central component to grain 16). The 
Th/U ratios are in the range ~0.40 to ~0.80, which 
is consistent with those for normal crustal igneous 
zircon. The suspected inherited area analysed in 
grain 16 gives an older 206Pb/238U age of ~97 Ma 
(16.2), apparently recording the presence of earlier 
zircon crystallisation. Overall, the areas analysed 
contain small amounts of common Pb and plot 
above the Tera-Wasserburg concordia curve. The 
probability density plot of radiogenic 206Pb/238U 
ages (Fig. 3B) shows a dominant simple bell-shaped 
distribution, with the older area analysed on grain 
16 being a clear outlier. The area analysed on grain 
4 is also at the older end of that distribution with a 
206Pb/238U age of ~93.5 Ma. The areas analysed on 
grains 11 and 12 are slightly younger at ~87 Ma 
and ~86 Ma respectively; although due to the low U, 
the analysis of grain 11 is not as well constrained as 
others. Overall, a weighted mean for the 14 analyses 
forming the dominant bell-shaped grouping has no 
excess scatter (MSWD=0.9), giving a 206Pb/238U age 
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FIG. 3. A. Cathodoluminescence images of dated zircons showing their morphologies and internal structures. B-D. Weighted SHRIMP 
U-Pb zircon data. Tera-Wasserburg concordia (error ellipses at 1σ) and probability density plots for (B) FC1947 (Hornblende 
diorite), (C) FC1944 (Hornblende quartz diorite), and (D) FC1924 (Hornblende-biotite tonalite). MSWD: Mean Square 
Weighted Deviation.
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Twenty-five areas were analysed on 22 zircon 
grains. Analysis 16.1 of the dark CL end has 
anomalously high U at ~1550 ppm. All other areas 
analysed have moderate U concentrations between 
~130 and ~330 ppm, with grain 6 notably lower at 
~90 ppm. The Th values are generally low and the 
Th/U ratios also mostly low between ~0.15 and ~0.50, 
with the area analysed on grain 2 higher at ~0.74. The 
25 areas analysed are mostly dominated by radiogenic 
Pb and plot close to the Tera-Wasserburg concordia. 
The homogeneous CL central areas analysed on 
grains 14, 15, and 16 record similar 206Pb/238U ages 
to the oscillatory zoned outer areas. The probability 
density plot of radiogenic 206Pb/238U ages shows a 
slightly dispersed bell-shaped distribution, with a 
slight tail on the younger age side. The analysis of 
the central area to grain 15 (15.2; Fig. 3A) yields 
a younger 206Pb/238U age of ~86 Ma and the area 
analysed is considered to have lost some radiogenic Pb. 
The same is similarly interpreted for the younger 
analysis of grain 18 at ~86 Ma. A weighted mean 
for the remaining 23 analyses has no excess scatter 
(MSWD=0.9). giving a 206Pb/238U age of 89.4±0.5 Ma 
and this constrains the dominant period of igneous 
zircon crystallisation.

In summary, the three preferred crystallisation 
age estimates of these samples overlap within 
analytical error. If they are regarded as registering 
coeval emplacement within a single magmatic 
episode, their weighted mean age of 89.6±0.4 Ma 
can be conservatively reported as 90±1 Ma. This age 
is indistinguishable from the age of the Turonian-
Coniacian boundary at 89.8±0.3 Ma (International 
Chronostratigraphic Chart v2024/12).

4.3. Bulk-rock major and trace element composition

The hornblende-bearing diorite and quartz diorite 
from the Petite pluton have low SiO2 of 48.5 and 
54.8 wt%, respectively and moderate Mg# (42-43; 
calculated as molar Mg/(Mg+Fe)×100). Whereas 
the hornblende-biotite tonalite from the Mercurio 
pluton has higher SiO2 content (63.4 wt%) also with 
moderate Mg# (52). 

The major oxide compositions of the three 
analysed samples are subalkaline in composition. 
In the K₂O-SiO₂ diagram (Fig. 4A; Ewart, 1982), 
the samples plot within the medium-K calc-alkaline 
field. They also plot within the metaluminous 
compositional field (Aluminium Saturation Index of 

0.78-0.94), consistent with I-type granitoids typically 
associated with continental arcs settings. For regional 
comparison, data from Cretaceous plutonic rocks of 
the South Patagonian Batholith reported by Hervé 
et al. (2007a), are also plotted in figure 4.

The primitive mantle normalized trace-element 
diagram (Fig. 4B; Palme and O’Neill, 2014) shows 
a strong enrichment in large-ion lithophile elements 
(LILE) such as Ba, Rb, Sr, and K relative to high 
field strength elements (HFSE) including Nb, Ta, Zr, 
and Ti. The samples display moderate Ti depletion. 
Chondrite-normalized rare earth element (REE) 
patterns (Fig. 4C; Palme and O’Neill, 2014) indicate 
enrichment in light REE (LREE) relative to heavy 
REE (HREE), with (La/Yb)N = 5.9-7.2, comparable 
to compositions reported for coeval granitoids of 
the South Patagonian Batholith. The tonalite of the 
Mercurio pluton exhibits lower total REE contents 
and a subtle positive Eu anomaly, the Petite pluton 
samples show slightly higher REE concentrations 
and negligible negative Eu anomalies.

4.4. Mineral major and trace element composition

Major oxides in minerals from the Petite pluton 
diorite (sample FC1947), including amphibole, 
plagioclase, biotite, K-feldspar, titanite, and 
ilmenite, were analysed (see results in table 3). Some 
amphibole grains were selected for in situ analysis 
of trace element and REE concentrations, which are 
presented in table 4. Chemical composition diagrams 
are shown in figure 5.

Amphibole crystals are characterised by Ca 
contents in the B site of 1.82-1.93 atoms per formula 
unit (a.p.f.u.), whereas Na and K in the A site generally 
range from 0.46 to 0.51 a.p.f.u. Ti contents vary 
between 0.14 and 0.25 a.p.f.u., with Si ~6.5 and 
Mg# values between 0.60 and 0.72. According to 
the classification of Locock (2014; Fig. 5A) these 
compositions correspond to magnesio-hornblende 
and tschermakite. Total Al contents (Altot) range from 
1.60 to 1.82 a.p.f.u. 

Chondrite-normalised REE patterns in amphibole 
crystals (Fig. 5B) are nearly flat to slightly convex 
upward, showing minor LREE enrichment with 
(La/Sm)N=0.78-1.20 and (Gd/Yb)N=1.12-1.41, 
together with a consistent negative Eu anomaly 
(Eu/Eu*=0.5-0.8). The chondrite-normalised trace-
element compositions (Fig. 5C) show Nb-Ta, Sr, Zr, 
and Ti negative anomalies.
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Plagioclase crystals are predominantly labradorite 
to andesine (An60-44 mol%) and with negligible K₂O 
contents of 0.05-0.19 wt%. Plagioclase inclusions 
within the amphibole are labradorite. Biotite is 
characterized by SiO₂ contents of ~36 wt%, TiO₂ = 
3-4 wt%, and Fe# (Fe²⁺/(Fe²⁺+Mg)) ≤ 0.5. Titanite 
displays compositional zoning, with Fe-rich rims and 
Mn-rich cores. Ilmenite is characterised by Mn (0.21 
wt%), Ti (0.19 wt%), and Fe (0.51 wt%). 

5. Discussion

5.1. Thermobarometry and hygrometry

Amphiboles are stable over a wide range of 
pressures and temperatures (e.g., Hammarstrom 
and Zen, 1986; Davidson et al., 2007), making them 
reliable indicators for the geothermobarometric 
constraints in subduction-related magmatic systems. 

FIG. 4. Bulk-rock and trace element geochemistry of the Petite 
and Mercurio plutons. The grey field is the data from 
Hervé et al. (2007a). A. K2O-SiO2 diagram (Ewart, 1982). 
B-C. Diagrams of bulk-rock trace and REEs normalized 
to primitive mantle and chondrite, respectively (Palme 
and O’Neill, 2014).

FIG. 5. Amphibole major and trace element covariation plots 
for sample FC1947 (Petite pluton). A. Amphibole 
classification after Locock (2014) and Leake et al. (1997). 
B-C. Chondrite-normalized REE and incompatible 
element patterns, respectively. Normalization values are 
from Palme and O’Neill, 2014. 
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In a first approximation, application of the 
edenite-richterite thermometer (Holland and 
Blundy, 1994) yields temperatures between 801 
and 863 °C (±40 °C). Consistently, the application 
of the Putirka (2016) thermometer (developed 
with experimental data) yields temperatures 
between 802 and 857 °C (±30 °C). The initial 
crystallisation temperature of a typical dioritic 
magma is ~1100 °C but it can extend to 800 °C 
and slightly lower temperatures in more evolved, 
hydrous magmas (Pietranik et al., 2009). 

The dependence of AlVI in hornblende on 
pressure is well established (e.g., Hammarstrom 
and Zen, 1986; Schmidt, 1993, Mutch et al., 2016; 
Putirka, 2016). Applying the quadratic AlVI pressure 
relationship proposed by Mutch et al. (2016), the 
data from hornblende in diorites yield pressures 
of 3.2-3.4 kbar. The revised Hammarstrom and 
Zen (1986) calibration of Putirka (2016) produces 
consistent estimates of 3.1 and 3.4 kbar, reinforcing 
these pressure constraints, corresponding to hornblende 
crystallisation at approximately 10 km depth. 

The compositional variations in magmatic 
amphiboles commonly reflect changes in 
physicochemical parameters such as temperature, 
pressure, melt water content, and oxygen fugacity 
(Polzunenkov, 2018). The water content of the silicate 
melt in thermodynamic equilibrium with amphibole 
was estimated using the amphibole hygrometer 
calibration of Ridolfi and Renzulli (2012), indicating 
a range from 6.0 to 6.5 wt% H2O. Ridolfi and Renzulli 
(2012) also developed empirical calibrations relative 
to the Ni-NiO (NNO) buffer (ΔNNO; O’Neill and 
Pownceby, 1993) for Mg-rich calcic amphiboles 
(Mg/(Mg+Fe²⁺) > 0.5), allowing the estimation of 
relative oxygen fugacity (ƒO2) in log units from Mg#. 
The hornblende crystals analysed in this study yield 
ΔNNO values between -0.12 and +0.58, indicating 
moderately oxidizing crystallisation conditions, 
comparable to those typical of calc-alkaline magmas 
(Carmichael, 1991; Martel et al., 1999; Behrens and 
Gaillard, 2006).

The pressure-temperature estimates and moderately 
oxidizing and hydrous conditions are consistent 
with compositional, textural and geochemical 
evidence indicating near-solidus crystallisation of 
dioritic magma batches at mid-crustal levels with 
nearly simultaneous crystallisation of plagioclase 
and hornblende.

5.2. Magma sources and crystallisation processes 

The Turonian/Coniacian Petite and Mercurio plutons 
are mainly composed of diorite, quartz diorite, and 
tonalite, comprising hornblende (commonly poikilitic) 
and subordinate biotite, titanite, apatite, zircon, and 
magnetite-ilmenite pairs. Despite their relatively 
low SiO2 contents (49-55 wt%), samples from Petite 
pluton display low Mg# (42-43), comparable to more 
felsic rocks of the South Patagonian Batholith and 
even lower than the tonalite from the Mercurio pluton 
(63 wt% SiO2; Mg#=52). The trace element bulk-rock 
composition of the diorite-tonalite suites, including 
Nb-Ta and Ti negative anomalies, are characteristic 
of arc magmas in subduction zone settings.

Samples from the Petite pluton are characterized 
by high LREE contents and absence of Eu anomalies 
whereas the sample from the Mercurio pluton displays 
a low total REE content with a small positive Eu 
anomaly. This relationship suggests a particular case 
of plagioclase fractionation/accumulation. It is well 
accepted that Eu negative anomalies are related to 
plagioclase fractionation, which would be expected 
for intermediate to felsic magmas. However, the 
absence of Eu anomaly can be attributed either to 
no fractionation or to accumulation of plagioclase 
after fractionation, both of which would be consistent 
with the high Sr concentration (>600 ppm) and Sr/Y 
ratios (>20) in the analysed samples. 

Although it is generally expected that rocks 
with more evolved or felsic compositions contain 
higher concentrations of LREE due to fractionation 
of ferromagnesian minerals (with low partition 
coefficients for LREE), the hornblende-biotite 
tonalite from Mercurio pluton presents a lower 
LREE concentration than Petite pluton samples. 
This suggests that the two plutons record coeval yet 
compositionally distinct magmatic reservoirs at depth. 
Accordingly, the diorites of the Petite pluton cannot 
be considered parental to the Mercurio tonalite by 
simple line of descent. 

Textural and compositional evidence in the 
hornblende diorite from the Petite pluton, such as 
the occurrence of labradorite plagioclase inclusions 
within hornblende which in turn exhibits negative Eu 
anomalies (0.50-0.74), supports early crystallisation of 
plagioclase and subsequent amphibole and plagioclase 
co-crystallisation. The combination of low Mg# 
together with variable low Eu/Eu* ratios in hornblende 
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further suggests that the parental magmas of the 
diorite formed at depth by extraction of pyroxene, 
with involvement of plagioclase during early stages 
of differentiation. Compared with hornblendites and 
granitoids of the Fuegian Patagonian Batholith (Torres 
García et al., 2020), the diorites of the Petite pluton 
could have been produced by crystal accumulation 
from partially evolved magmas, reflecting advanced 
melt differentiation rather than direct derivation 
from primitive mantle-like sources as in the case 
of the hornblendites (Torres García et al., 2020; 
Fig. 6). Hornblendites with interstitial plagioclase 
are characteristic of lower crustal conditions (Torres 
García et al., 2020), whereas co-crystallisation of 
hornblende and plagioclase, as observed in the Petite 
pluton, seems to be more common at mid- and upper 
crustal levels. 

In this sense, the absence of Eu anomaly in 
samples from the Petite pluton and the subtle 
positive Eu anomaly of the Mercurio pluton are 
best interpreted as resulting from late plagioclase 
accumulation following earlier fractionation, rather 
than from non‑fractionation. Likewise, the lack of 
correlation between SiO2 and Mg#, together with the 
variable enrichment in REE (with the same pattern 
shape), can be likely interpreted as due to variable 
ferromagnesian accumulation during late stages of 
crystallisation rather than a signal inherited from 
parental magmas or from the source. 

5.3. Tectonic implications 

The Turonian/Coniacian crystallisation ages of the 
Petite and Mercurio plutons correlate with regional 
geochronological data reported in plutonic rocks of 
the South Patagonian and Fuegian batholiths (see 
figure 1A; Hervé et al., 2007a; Klepeis et al., 2010; 
Velásquez et al., 2023). They could be considered 
part of the Beagle Plutonic Complex (~115-80 Ma; 
sensu Hervé et al., 1984), which in its type locality 
(Isla Navarino; Fig. 1A) intrudes sedimentary rocks 
and ophiolitic complexes of the Rocas Verdes Basin, 
as is the case of the Castores Plutonic Complex of 
pre- to syn-tectonic gabbroic to tonalitic plutons 
emplaced at ca. 90-87 Ma (Velásquez et al., 2023). 

The emplacement of the Petite and Mercurio plutons 
locally constrains the minimum age of deformation 
within an accretionary wedge developed during 
tectonic underthrusting associated with the closure of 
the Rocas Verdes marginal basin (Fig. 7). In the study 
area (Isla Capitán Aracena), which lies within the 
Scotia Plate south of the Magallanes-Fagnano Fault 
System, the exposed accretionary sequences consist 
of thrust and folded basalts and turbidites, with the 
development of penetrative cleavage in zones proximal 
to fold hinges (Otzen, 1987, and field observations 
from Seno Mercurio). In contrast, north of the fault 
system, the fold-and-thrust belt is characterized by 
rocks exhibiting brittle-ductile deformation and well-

FIG. 6.  Si (a.p.f.u) vs Na+K (a.p.f.u) in Ca amphibole diagram. Modified from Torres García et al. (2020), including their compositional 
database of amphiboles other than for FC1947. 
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developed mylonitic shear zones, formed at depths 
of ~20 km under low-to-intermediate temperature 
conditions (Galaz et al., 2005; Hervé et al., 2007b; 
Calderón et al., 2012; Muller et al., 2021). These 
rocks are intruded by ~80 Ma plutons emplaced at 
depths of ~12 km (Calderón et al., 2007; Muller et al., 
2021), indicating that arc magmatism persisted for 
~10 Myr in the hinterland of the Magallanes fold-
and-thrust belt. However, the duration of magmatism 
overall spans approximately 25 Myr, between 100 
and 75 Ma, based on the geochronological record of 
plutonic complexes from the Cordillera Sarmiento, the 
Estrecho de Magallanes, the Cordillera Darwin, and 
Isla Navarino (see figure 1A; Calderón et al., 2007; 
Hervé et al., 2007a; Klepeis et al., 2010; Fosdick et al.,                                                                                       
2011; Muller et al., 2021; Velásquez et al., 2023).

We propose that tectonic transport towards 
the continent and progressive deformation of the 
detached island-arc and oceanic (ophiolitic) remnants 
were accommodated by folding and thrusting along 
the interface between the arc-ophiolite assemblage 
and the continental margin (Fig. 7). This tectonic 
evolution ultimately led to crustal thickening and 
flexural loading of the foreland, giving rise to the 
development of the Magallanes-Austral foreland basin. 

6. Concluding remarks

The integrated petrological, geochemical, 
and geochronological dataset demonstrates that 
the Petite and Mercurio satellite plutons record 
Turonian/Coniacian arc magmatism during the 
closure of the Rocas Verdes back-arc basin within 
the hinterland of the Magallanes fold-and-thrust belt. 
Thermobarometric estimates indicate near-solidus 
crystallisation of hydrous dioritic magmas at shallow 
crustal levels (~10 km) under moderately oxidizing, 
water-rich conditions, consistent with calc-alkaline 
arc environments. Bulk-rock geochemistry, including 
LILE enrichment and negative Nb-Ta-Ti anomalies, 
indicates their derivation from a metasomatized 
mantle wedge modified by slab-derived fluids and/
or melts, while contrasting REE signatures and 
mineralogical evidence reveal the presence of coeval 
yet compositionally distinct magma reservoirs. 
The Petite and Mercurio plutons are interpreted to 
have formed by variable degrees of plagioclase and 
ferromagnesian phases accumulation from relatively 
evolved magmas.

U-Pb zircon crystallisation ages (ca. 90 Ma) 
constrain the timing of deformation within an 

FIG. 7. Schematic reconstruction model for the origin and crustal emplacement of the Petite and Mercurio plutons during the Late 
Cretaceous stages of Rocas Verdes marginal-basin closure. MASH: Melting, Assimilation, Storage, and Homogenisation.
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accretionary wedge, indicating that oceanic and 
arc-derived crustal fragments of the Rocas Verdes 
basin were already tectonically buried and deformed 
at mid-crustal depths by Turonian/Coniacian times. 
These results highlight the temporal and spatial 
overlap between arc magmatism and contractional 
deformation during basin inversion, supporting a 
model of progressive closure driven by tectonic 
underthrusting of continental crust. The coupled 
tectono-magmatic evolution documented here 
ultimately led to crustal thickening, flexural loading, 
and the onset of the Magallanes-Austral foreland 
basin, providing new constraints on the timing and 
mechanisms of back-arc basin closure and tectonic 
emplacement of ophiolitic complexes along the 
southwestern Gondwana margin.
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