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ARTICLE INFO ABSTRACT

Better constrained pressure-temperature (P-T) histories of metamorphic complexes along the Andean continental
margin are important for understanding the late Paleozoic and Mesozoic tectonic evolution of the southwestern
margin of Gondwana. The Mejillones Metamorphic Complex of the northern Chilean Coastal Cordillera is
composed of two tectonic units, the Morro Mejillones and Morro Jorgifio blocks. These units are bound by the
NW-trending Caleta Herradura fault and show distinctly metamorphic ages and thermal evolution. The Morro
Mejillones block was metamorphosed at low pressure conditions (andalusite-sillimanite series) during the in-
trusion of tonalitic plutons at ca. 208 Ma, as indicated by available geochronological data. In contrast, the Morro
Jorgifo block comprises amphibolite-facies schists, gneisses and foliated metabasites with characteristic gar-
net-bearing mineral assemblages. For garnet-bearing pelitic gneisses, a clockwise P-T path has been determined
from pseudosection modelling in the MnNCKFMASHTO system. The proposed evolution is characterized by a
pressure increase from 7.5 to 8.5 kbar at increasing temperatures from 585 to 615 °C. Decompression to 6 kbar
followed, accompanied by heating to 630-640 °C. Electron microprobe Th-U-Pb in-situ dating of high-Y mon-
azite grains yielded a weighted average age of ca. 190 + 4 Ma, which is interpreted as the age of tectonic burial
of metamorphic rocks of the Morro Jorgifno tectonic unit. We infer that the block was buried to ~ 25 km depth
through contractional deformation of the continental edge in a subduction zone, likely linked to the docking of
the Mejillonia terrane. Rapid exhumation followed and the ensuing juxtaposition of both tectonic units was
controlled by Jurassic transtensional activity of the Atacama Fault System.
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The aforementioned late Paleozoic to Triassic tectonic evolution
was accompanied by episodes of supra-subduction zone magmatism

1. Introduction

The late Paleozoic to early Mesozoic geological evolution of northern
Chile is closely related to transient tectonic processes that acted along the
western Gondwana margin between the final stage of the assembly of
Pangea (ca. 320-280 Ma) and the onset of the supercontinent break—-up (Li
and Powell, 2001; Murphy et al., 2009). Petrotectonic associations in the
Argentine and Chilean Andes record an early to middle Permian sub-
duction-related orogenic phase (San Rafael phase of Llambias and Sato,
1995; Gregori and Benedini, 2013) followed by a regional middle Permian
to Triassic extensional orogenic collapse. The generalized extensional phase
continued until the Late Triassic, resulting in the development of widely
distributed NNW-SSE orientated extensional rift basins in Argentina and
Chile (Charrier, 1979; Uliana and Biddle, 1988; Mpodozis and Ramos,
1989; Sudrez and Bell, 1992). This major phase of lithospheric extension
along the convergent margin of South America was coeval with a period of
relatively slow plate convergence rates (Charrier et al., 2007).
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that occurred during discrete time interval — mostly recognized in the
high Andes — during Carboniferous, Permian, Lower Triassic and Upper
Triassic time (Munizaga et al., 2008; Tomlinson and Blanco, 2008;
Hervé et al., 2014; Maksaev et al., 2014; Del Rey et al., 2016; Pankhurst
et al.,, 2016). An apparent trench-ward migration of magmatism cul-
minated with emplacement of Upper Triassic-Lower Jurassic bimodal
igneous suites as exposed along the Coastal Cordillera (Vergara et al.,
1991; Gana, 1991; Villegas and Parada, 1993; Godoy and Lara, 1998;
Vésquez et al., 2011; Casquet et al., 2014; Escribano et al., 2013; Firth
et al., 2015). The original architecture of the late Paleozoic fore-arc
system was modified by Mesozoic extensional and contractional events
(Willner et al., 2011) and batholith construction.

Between latitudes 21°S and 24°S, the Proterozoic metamorphic
rocks at Sierra de Moreno (Fig. 1A) are intruded by early Ordovician
granitoids correlated with the Famatinian magmatism that occurred in
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Fig. 1. (A) Geological sketch map of the igneous and metamorphic outcrops in northern Chile (modified from Sernageomin, 2003 and Pankhurst et al., 2016). The dotted lines represent
the significant fault traces of the Atacama Fault System (AFS) and Domeyko Fault System (DFS). (B) Simplified geological map of the Mejillones Peninsula located north of the city of
Antofagasta. Pre-Late Jurassic lithological units are shown. Heavy line-work represents various generations of brittle and ductile faults belonging to the Atacama Fault System.
Abbreviations are: MF, Mejillones Fault; CHF, Caleta Herradura Fault. Numbers (in Ma, for those in boxes) refer to SHRIMP and LA-ICP-MS U-Pb zircon ages reported by Maksaev et al.
(2014), Morandé (2014), Casquet et al. (2014) and Pankhurst et al. (2016). Those in red are igneous crystallization ages. Asterisks point to metamorphic ages. Numbers in italic are the
main groups of detrital zircon ages in metasedimentary rocks; those in parentheses (younger detrital zircon ages) may be insignificant. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

northern Argentina (Pankhurst et al., 2016). Subsequent Carboniferous
and Permian magmatism was coeval with crustal deformation and high-
grade metamorphism of pelitic and basaltic protoliths. These resulting
metamorphic rocks crop out near the mouth of Rio Loa and in the Sierra
Limén Verde (Lucassen et al., 1999; Hervé et al., 2007; Lucassen et al.,
2011; Soto, 2013; Morandé, 2014; Pankhurst et al., 2016). Triassic and
Jurassic igneous and metamorphic events are also known in rocks from
Peninsula de Mejillones and Caleta Coloso (Lucassen and Franz, 1996;
Casquet et al., 2014).

There are a number of outstanding questions with respect to the
proposed geodynamic models for the Chilean convergent margin of
Gondwana in Triassic times. For instance, such models have considered
that subduction has not occurred continuously, but rather, subduction
ceased prior to resumed subduction of the Phoenix Plate and onset of
Andean-type arc magmatism in the Early Jurassic (Charrier et al.,
2007). The implications of long-lived versus episodic subduction pro-
cesses along a single convergent margin affect our understanding of
paleogeography, crust-mantle interactions, supercontinent assembly,
and cessation/initiation of subduction zones. Further studies of the
metamorphic rocks and their P-T paths, coupled with precise geo-
chronology, are essential to understanding the evolution of the afore-
mentioned subduction setting and to detect changes in the configura-
tion of tectonic conditions. New data presented here for the Mejillones
Metamorphic Complex in northern Chile allow us to better constrain
Late Triassic to Early Jurassic crustal processes along the continental
edge of the convergent margin of South America. Based on electron

microprobe data, P-T pseudosection calculations, Th-U-Pb monazite
dating and previous U-Pb zircon geochronological data (Casquet et al.,
2014), we propose a model for the tectonic evolution of the Mejillones
Metamorphic Complex that involves fore-arc crustal attenuation and
subsequent crustal thickening close to the continental edge.

2. Geological context and the Mejillones Metamorphic Complex

During the latest Triassic, in northern Chile, silicic magmatism was
coeval with transitional continental-marine sedimentation within the
northwest—oriented El Profeta and Cifuncho rift basins (Suarez and Bell,
1992; Charrier et al., 2007; Escribano et al., 2013). These basin suc-
cessions contain fluvial and alluvial conglomeratic deposits along their
western flanks, overlain by platform turbidites and limestones with
basal intercalations of Upper Triassic tuffs (Cifuncho and Pan de Azicar
formations; Naranjo and Puig, 1984; Contreras et al., 2013). Along the
eastern flanks of the basins, clastic continental rocks overlain by
hemipelagic calcareous sedimentary successions were deposited in a
platform environment (El Profeta Formation; Chong and von
Hillebrandt, 1985; Marinovic et al., 1995). The rift basins evolved to
intra-arc or back-arc basins during the Jurassic (Tarapacd basin;
Vicente, 2006), coeval with the emplacement of voluminous succes-
sions of calc-alkaline basaltic andesites, andesites and thick coarse-
volcaniclastic successions of the La Negra Formation (Garcia, 1967;
Naranjo and Puig, 1984; Marinovic et al., 1995; Oliveros et al., 2007;
Parada et al., 2007). This interval of upper plate magmatism is thought
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to have occurred under transtension related to the Atacama Fault
System during southeast-directed oblique subduction of the Phoenix
plate (Hervé, 1987; Brown et al., 1993; Scheuber et al., 1994; Lucassen
and Franz, 1996; Scheuber and Gonzalez, 1999).

The Mejillones Metamorphic Complex crops out in the Mejillones
Peninsula of the northern Coastal Cordillera of Chile (Fig. 1B), and
constitutes rugged topography with peaks up to nearly 1000 m above
sea level. The complex is separated from the main coastline of the
continental margin through the partly exhumed latest Cenozoic Me-
jillones fore-arc basin, which, since middle Miocene-Pliocene times, has
been filled mainly with shallow-marine successions coeval with normal
faulting along steeply dipping graben-like structures (Hartley and
Jolley, 1995). The sedimentary successions were subsequently uplifted
since ca. 2 Ma (Clift and Hartley, 2007) and marine terraces are pre-
served on the top of the northern part of the peninsula at ~300 m
above sea level.

The Mejillones Metamorphic Complex comprises two isolated out-
crop areas of basement rocks, each with contrasting metamorphic fa-
cies. The two areas are bound by the NW-trending Caleta Herradura
Fault and the north-south-trending Mejillones Fault (cf. Damm et al.,
1990; Hervé et al., 2007; Cortés et al., 2007) (Fig. 1B). The northern
outcrop area at Morro Mejillones is composed mainly of low-grade
metaturbidites, delimited to the east by a roughly north-south-trending
belt of Late Triassic plutons (Cortés et al., 2007; Casquet et al., 2014). A
contact metamorphic aureole is superimposed on the low-grade meta-
turbidites, with biotite, andalusite-sillimanite, and K-feldspar-sillima-
nite zones, and gneissic components restricted to the contact with Late
Triassic granitoids (Baeza, 1984; Baeza and Pichowiak, 1988). The
metamorphic rocks show two phases of foliation and folding. So—S; is a
compositional banding represented by alternating thicker quartz-rich
and thinner biotite-rich layers. Folds are isoclinal and east-vergent.
Near the axial zone, a foliation (S,) overprints Sp—S;. Intersection
lineations are common. These metamorphic rocks are intruded by the
Morro Mejillones pluton, a N-S elongated coarse grained biotite-horn-
blende tonalite body dated at ca. 208 Ma (Casquet et al., 2014).

The southern outcrops at Morro Jorgifio (Fig. 1B) consist of tightly
folded schists, gneisses, amphibolites, and quartzites, intruded by
garnet-bearing leucogranite sheets (Fig. 2). Metamorphic rocks show a
penetrative S; compositional banding represented by alternating
thicker quartz-plagioclase-rich and thinner garnet-bearing biotite-rich
bands. Similar structures are preserved in cordierite-bearing schists and
gneisses, some with retrogressed porphyroblasts of garnet and retro-
grade white mica and chlorite. Folds are isoclinal and, near the axial
zone, show an overprinting foliation S,. Metabasites are fine—grained
with a penetrative foliation. Leucogranites are concordant or slightly
discordant to the external foliation and have been dated at ca. 180 Ma
(Casquet et al., 2014). A regional Barrovian-type metamorphic zoning
including biotite, garnet and kyanite zones has been described by Baeza
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and Pichowiak (1988), who estimated metamorphic peak P-T condi-
tions of 4-6 kbar and 400-600 °C. Based on petrogenetic grids for
amphibolites by Winkler (1976) and the stability field of relevant
phases, Damm et al. (1990) estimated that these P-T conditions ex-
ceeded 6 kbar and reached 600-700 °C. The bulk-rock geochemical
composition of the amphibolites has been interpreted to indicate that
their protoliths were tholeiitic basalts formed in a supra-subduction
zone setting (Damm et al., 1990).

The metamorphic rocks are delimited to the south by Lower Jurassic
(ca. 184 Ma) dioritic to gabbroic plutons of the Punta Tetas complex
(Cortés et al., 2007; Casquet et al., 2014) (Fig. 1B). These plutons crop
out at Morro Moreno and display magmatic and high temperature
metamorphic foliations. Similar rocks and structural features have been
recognized in the Bolfin metamorphic complex, at Caleta Coloso
(Fig. 1A), interpreted as the product of early Jurassic magmatic arc
metamorphism (Lucassen and Franz, 1996).

3. Methods

Chemical compositions of minerals were obtained on selected rock
samples from Morro Jorgifio using a CAMECA SX100 electron mi-
croprobe with 5 wavelength-dispersive spectrometers at Universitat
Stuttgart, Germany. Operating conditions were an accelerating voltage
of 15 kV, a beam current of 15 nA, a beam size of 7-10 pum or a focussed
beam (for very small crystals), and 20 s counting time on the peak and
on the background of each element. The respective standards used to
calibrate these analyses were wollastonite (Si, Ca), orthoclase (K), al-
bite (Na), rhodonite (Mn), synthetic Cr,O3 (Cr), synthetic TiO, (Ti),
hematite (Fe), baryte (Ba), synthetic MgO (Mg), synthetic Al,O3 (Al)
and synthetic NiO (Ni). The PaP correction procedure provided by
Cameca was applied. Analytical errors of the applied method were re-
ported by Massonne (2012). Representative data are reported in Tables
1 and 2; the chemical bulk compositions of rock samples, required for
the calculation of P-T pseudosections, were determined with a PHILIPS
PW 2400 X-ray fluorescence (XRF) spectrometer at Universitit Stuttgart
using glass discs prepared from rock powder and Spectromelt®. Results
on major oxide compositions are presented in Table 3.

Electron microprobe Th-U-Pb in-situ dating of monazite crystals in
biotite—garnet gneisses, considering a total of 36 spot analyses, was
carried out using the aforementioned Cameca SX100 electron microp-
robe. An accelerating voltage of 20 kV, a beam current of 200 nA, and a
spot size of 10 pym were chosen as operating conditions. We determined
concentrations of S (Ka), Th (Ma), P (Ka), U (M3), Ca (Ka), Pb (Ma), Y
(Lo, Si (Ko, La (La), Ce (La), Nd (LB), Sm (L), Gd (LP), Dy (LP), and
Pr (LP) applying natural and synthetic standards such as phosphates for
the determination of lanthanides (see, e.g. Massonne et al., 2007a). The
obtained apparent ages, with their 1o errors (solely based on counting
statistics), were used to define a relative probability age curve and

Fig. 2. Field photographs of different rocks of the Mejillones Metamorphic Complex at Morro Jorgifno. (A) Metapelitic schists intruded by leucogranite dykes. (B) Layered garnet-bearing

biotite gneiss.
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Table 2

Representative electron microprobe analyses (in wt%) of minerals in amphibolite (FO1140).

Tectonophysics 717 (2017) 383-398

Mineral Amphibole Biotite Plagioclase

Sio2 48.32 47.27 48.17 47.87 48.97 45.83 49.19 48.54 34.83 34.74 35.46 36.03 46.08 45.17 46.01
Al203 8.33 9.59 8.52 8.97 7.66 10.77 7.62 8.10 18.39 18.44 17.46 17.04 34.07 34.96 33.94
TiO2 0.61 0.66 0.51 0.56 0.51 0.84 0.44 0.47 2.29 2.55 1.71 1.91 - - 0.02
FeO 14.4 14.95 14.21 14.42 14.28 15.28 14.38 14.31 19.15 20.95 18.11 17.93 - - -
Fe203 - - - - - - - - - - - - 0.19 0.11 0.12
MgO 13.01 12.42 13.00 13.21 13.58 11.31 13.22 12.83 9.86 9.63 13.21 13.22 - - -
MnO 0.16 0.23 0.26 0.17 0.22 0.18 0.29 0.24 0.11 0.19 0.12 0.06 - - -
CaO 11.67 11.24 11.56 11.58 11.34 11.32 11.23 11.28 - - - 0.04 17.38 18.38 17.51
Na20 0.83 0.93 0.83 0.90 0.70 0.96 0.68 0.81 0.29 0.14 0.04 0.05 1.66 1.03 1.65
K20 0.22 0.34 0.22 0.16 0.19 0.44 0.2 0.25 9.03 8.79 8.12 8.50 0.01 - -
BaO 0.03 - 0.02 - 0.03 0.01 0.05 0.01 0.24 0.24 0.10 0.01 - 0.05 -
H20 2.08 2.08 2.08 2.09 2.09 2.05 2.09 2.07 3.89 3.92 3.94 3.96 - - -
Total 99.66 99.71 99.38 99.93 99.57 98.99 99.39 98.91 98.09 99.60 98.28 98.74 99.38 99.69 99.25
Cations

Si 6.97 6.81 6.95 6.86 7.01 6.70 7.07 7.03 2.69 2.66 2.70 2.73 2.13 2.09 2.13
Alt 1.03 1.19 1.05 1.14 0.99 1.30 0.93 0.97 1.31 1.34 1.30 1.27 1.86 1.91 1.85
Ti 0.07 0.07 0.06 0.06 0.06 0.09 0.05 0.05 0.13 0.15 0.10 0.11 - - -
Alo 0.38 0.43 0.40 0.37 0.31 0.55 0.36 0.42 0.36 0.32 0.26 0.25 - - -
Fe3 + 0.64 0.83 0.69 0.82 0.85 0.67 0.79 0.67 = - - - 0.01 - -
Fe2 + 1.10 0.97 1.03 0.91 0.86 1.20 0.94 1.06 1.24 1.34 1.15 1.13 - - -
Mg 2.80 2.67 2.80 2.82 2.90 2.46 2.83 2.77 1.13 1.10 1.50 1.49 - - -
Mn 0.02 0.03 0.03 0.02 0.03 0.02 0.04 0.03 0.01 0.01 0.01 - - - -

Ca 1.80 1.73 1.79 1.78 1.74 1.77 1.73 1.75 - - - - 0.86 0.91 0.87
Na 0.23 0.26 0.23 0.25 0.20 0.27 0.19 0.23 0.04 0.02 0.01 0.01 0.15 0.09 0.15
K 0.04 0.06 0.04 0.03 0.03 0.08 0.04 0.05 0.89 0.86 0.79 0.82 - - -

Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 - - - - -
Components

xAl - - - - - - - - 0.18 0.16 0.13 0.12 - - -
Anorthite - - - - - - - - - - - - 0.85 0.91 0.85
Albite - - - - - - - - - - - - 0.15 0.09 0.15
Orthoclase - - - - - - - - - - - - 0.00 0.00 0.00

Structural formulae and various parameters (mainly molar fractions X of end member components) were calculated using the CALCMIN software (Brandelik, 2009) as follows: amphibole,
O = 23, cations = 13, without Ca, Na and K, stoichiometric estimation of Fe®*; for biotite, feldspar, and chlorite, see Table 1.

Table 3
Bulk-rock compositions of garnet-gneiss and amphibolite.

Composition FO1139 FO1140
(in wt%) Garnet-gneiss Amphibolite
Sio2 66.60 49.98
Al203 15.62 18.60
TiO2 0.86 1.16
Fe203 5.73 10.48
MnO 0.07 0.18
MgO 2.36 6.78
CaO 4.20 10.32
Na20 1.78 0.94
K20 1.95 0.90
P205 0.04 0.09
Total 99.21 99.43

frequency histogram using the Isoplot/Ex (3.41d) macro of Ludwig
(2006). Monazite Th-U-Pb weighted average ages have been calculated
with 95% confidence (20 internal; see Table 4).

4. Petrography and mineral chemistry

A thin-section study of the sampled metamorphic rocks confirms
previous observations and lithological descriptions. In the northern
segment at Morro Mejillones we recognize the occurrence of low-grade
metaturbidites in the chlorite zone, and schists and gneisses with a
higher-grade metamorphic overprint, in the andalusite and sillimanite
zones. In the Morro Jorgino segment, from which Barrovian-type mi-
neral zones have been described (Baeza and Pichowiak, 1988), no
kyanite was identified in the samples we examined. For a detailed study
we selected a garnet-biotite gneiss (sample FO1139) because it contains

fresh garnet up to several mm in diameter, and a fine-grained foliated
amphibolite (sample FO1140) interleaved with gneisses.

Sample FO1139 is a fine-grained (200-700 um) banded biotite-
garnet gneiss characterized by the mineral assemblage: biotite—
garnet—plagioclase—quartz—ilmenite + white mica = chlorite (mostly
retrograde). Monazite, zircon, tourmaline, and apatite are accessory
phases. Mineral inclusions in garnet are dominantly quartz, plagioclase,
biotite, tourmaline, rare white mica and chlorite. Mineral associations
and textures indicate that the protolith of this rock was a pelitic sedi-
ment.

Garnet (~2 vol%) occurs as clusters of up to 10 mm in mesocratic
bands elongated with the predominant foliation (Fig. 3A-B). It shows
irregular rims, surrounded by laths of biotite and plagioclase,
and is fairly homogeneous and almandine-rich (X, = 0.62-0.71;
Xpyr = 0.09-0.14; Xgros = 0.09-0.21; Xgpes = 0.03-0.16) (Table 1).
However there is a conspicuous change in the grossular and spessartine
components from core to rim (Fig. 4).

Biotite occurs as fine-grained crystals with decussate texture in
mica-rich layers or as isolated crystals in quartz—feldspar rich bands.
On the basis of 11 oxygen atoms in the structural formula, the biotite
composition is defined by the following parameters: Al"V = 1.29-1.35
per formula unit (pfu), AI'! = 0.30-0.37 pfu, Ti"* = 0.09-0.17 pfu; and
Xre = Fe/(Fe + Mg) = 0.43-0.52. Plagioclase occurs preferentially in
leuco and mesocratic bands, with a polygonal granoblastic texture
displaying a homogeneous bytownite composition of X, = 0.80-0.86.
The polygonal texture of plagioclase suggests annealing and textural
recovery of the rock after deformation. Ilmenite is relatively rich in
MnO (~ 4.5 wt%). Retrograde chlorite replacing biotite shows variable
composition with Xg. = 0.51-0.70.

Rare mineral inclusions in garnet are (1) plagioclase with
Xan = 0.26-0.27, (2) white mica with 72-82 mol% muscovite compo-
nent, Si contents ranging from 3.06-3.12 pfu and Mg = 0.20-0.40 pfu,
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Table 4 (continued)

#35 #36 #37 #38 #39 #40 #41 #42 #43 #44 #45

#34

Grain N°

0.03
0.01
1.01

0.04
0.01
1.01

0.04
0.00
1.00

0.05
0.00
1.00

0.03
0.01
1.00

0.03
0.00
0.99

0.04
0.00
0.99

0.05
0.00
1.00

0.05
0.00
1.00

0.04
0.00
1.00

0.04
0.01
0.98

0.04
0.01
0.99

Th

177.02
8.5

177.52
7.53

190.93
7.89

198.51
6.79

190.21
9.09

174.01
9.01

182.88
8.83

193.4
6.97

196.83
6.78

195.71
7.46

200.76
7.35

184.31
7.5

AGE
1o

390
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and (3) chlorite characterized by variable compositions with
Xpe = 0.57-0.85.

Sample FO1140 is a fine-grained (50-600 pm) banded biotite am-
phibolite in which amphibole, biotite, plagioclase and quartz occur in
apparent textural equilibrium (Fig. 3C). Apatite and ilmenite are ac-
cessory phases. Because of the fine-grained assemblage and the
well-defined foliation we suggest that the protolith of this rock was
either a fine-grained mafic igneous rock (ferro-basalt, see Table 3) or a
mafic volcaniclastic sediment.

Amphibole occurs as inclusion—free subhedral crystals, and together
with the biotite, defines the foliation. The composition of amphibole is
that of a magnesiohornblende characterized by Si = 6.70-7.07 pfu;
Al"Y = 0.93-1.30 pfu; Xpe = 0.22-0.32; Ti = 0.05-0.07; and
Na = 0.19-0.27 pfu (Table 2). Subhedral crystals of biotite are in
contact with amphibole and plagioclase. The composition of the
biotite is similar to those occurring in the metapelitic gneiss:
Al = 1.21-1.35 pfu, Al"! = 0.23-0.36 pfu; Xpe = 0.41-0.52, and
Ti"! = 0.09-0.15 pfu. Plagioclase occurs as interstitial granoblastic ag-
gregates located between amphibole, biotite and quartz and has a re-
latively ~ homogeneous  bytownite-anorthite =~ composition  of
Xan = 0.83-0.91.

5. Pseudosection modelling and P-T constraints

To constrain the metamorphic P-T path of the Mejillones
Metamorphic Complex a P-T pseudosection was calculated for the
garnet-bearing biotite-gneiss sample F01139 (Table 3). This sample was
selected because it exhibits compositionally zoned garnet porphyro-
blasts (Fig. 4) and allows us to hypothesize that at least three meta-
morphic stages are recorded for the high-grade recrystallization of this
metapelite.

The minimum Gibbs energy for an average bulk-rock composition
was calculated for a net of P-T conditions with the computer program
package PERPLE X (Connolly, 1990). Calculations were undertaken in
the system Mn-Na-Ti-Ca-K-Fe-Mg-Al-SiO-H-O for the P-T range
3-10 kbar and 500-650 °C. We used the thermodynamic data set of
Holland and Powell (1998) (updated 2002) for minerals and aqueous
fluid. The following solid-solution models (see Powell and Holland,
1999; Massonne, 2010), being compatible with this data set, were se-
lected: Gt(HP) for garnet, TiBio(HP) for biotite, Opx(HP) for ortho-
pyroxene, Chl(HP) for chlorite, IIGkPy for ilmenite, MtUI(A) for spinel,
St(HP) for staurolite, Pheng(HP) for white mica, Mica(M) for para-
gonite, Ctd(HP) for chloritoid, hCrd for cordierite, feldspar for feld-
spars, Ep(HP) for epidote, GITrTsPg for amphibole and Omph(HP) for
clinopyroxene. The selection of amphibole and clinopyroxene models,
amongst a number of various models for these minerals have been
discussed by Massonne (2012). The maximum value for the molar
fraction of muscovite in the model Mica(M) is 0.5 (see Massonne,
2010). The same parameter has been used for the paragonite compo-
nent in model Pheng(HP). Migmatites were not seen in the visited
outcrops and so a thermodynamic solution model for melt was not
considered.

The assumed initial composition for the studied rock had to be
slightly modified (Table 3) to fit the 11-component system. The CaO
content was reduced according to the bulk-rock phosphorus content,
assuming that these elements are bound to apatite (which is more
abundant than monazite). Oxygen contents of 0.039 wt% were selected
corresponding to 10% Fe® ™ of the total iron (see Massonne et al.,
2007b). The water content was set to 4 wt%, to guarantee a free hy-
drous fluid phase for the P-T range of the pseudosection. The final
pseudosection was redrawn by smoothing curves as demonstrated by
Connolly (2005).

P-T conditions were mainly derived from the contouring of the P-T
pseudosection with isopleths for various chemical and modal para-
meters, such as the molar fraction of pyrope and grossular component
in garnet or the modal content of garnet in the corresponding rock. The
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Fig. 3. Photomicrographs of different rocks of the Mejillones Metamorphic Complex. (A) and (B) elongated garnet porphyroblasts in quartz-plagioclase bearing band in sample FO1139.
(C) Coexisting plagioclase, hornblende and biotite in amphibolites (sample FO1140). (D) Cordierite porphyroblasts with distinctive sector zoning and poikiloblastic texture (sample

FO1138).

pressure error of this method, which is strongly based on the chemical
analyses of garnet and mica, was estimated to be = 10% of the quoted
value (e.g., Massonne, 2012; Massonne et al., 2013). These errors for
the quotation of an early metamorphic stage can be higher as an
equilibration of the entire bulk-rock is likely for the peak metamorphic
event. In addition, a temperature error of 5% of the given temperature
should be considered (approximately = 30 °C).

The prograde garnet zonation in the pelitic gneiss (Fig. 4) allows the
recovery of a significant portion of the P-T history of rocks with the
common mineral assemblage garnet-biotite—plagioclase-quartz—ilme-
nite. Fig. 5 shows the P-T pseudosection for sample FO1139 with
predicted mineral assemblages. Fig. 6 displays contour lines of constant
molar fractions of pyrope, almandine, spessartine and grossular, the
weight percent of H,O in solids and garnet abundance in volume per-
cent; the intersections of relevant isopleths are also indicated for geo-
thermobarometric constraints.

The intersection of the isopleths for the molar fractions of garnet
components in the core of large garnet crystals (Xpy, = 0.102;
Xgros = 0.208) constrain the P-T conditions at the onset of garnet
growth at 580-590 °C and 7.5-7.9 kbar. The intersection of the iso-
pleths for the garnet middle-zone composition (core composition in
smaller crystals; Xpy, = 0.138; Xgros = 0.187) indicates a prograde
evolution involving a burial from 7.5-7.9 to 8.3-8.6 kbar with con-
temporaneous heating to 610-620 °C. The external rim composition of
garnet and the intersection of corresponding isopleths (Xpy, = 0.155;
Xagros = 0.087) constrain the P-T conditions during the late stage of
garnet equilibration at 5.8-6.2 kbar and 630-640 °C.

6. Electron microprobe Th-U-Pb monazite geochronology

The electron microprobe allows a high spatial resolution which is
advantageous for Th-U-Pb dating of monazite, an accessory phase

identified in the garnet-bearing gneiss sample FO1139 using the back-
scattered electron detector. Monazite grains (30-80 pm) occur enclosed
in plagioclase and/or in biotite, or at the contact between both phases
(Fig. 7A-B).

The analyzed grains have Ce contents ranging from 0.37 to 0.41 pfu,
and both La and Nd contents from 0.16-0.20 pfu. They can be classified
as monazite-(Ce) (cf. Linthout, 2007). The Y,03 and ThO, contents in
the analyzed grains are rather constant, varying between 2.1 and 3.0 wt
%, and between 2.8 and 5.75 wt%, respectively (Table 4). Although
some analyzed monazite grains are texturally homogeneous, other
grains show domains with slightly different grey tones in back-scattered
electron images (Fig. 7C), probably reflecting internal compositional
variations.

The majority of spot ages for monazite yielded a population of Late
Triassic-Early Jurassic Th-U-Pb ages, varying between 210 and
170 Ma (Fig. 8), with no systematic correspondence between the
compositional variations of the grains and their calculated age. The
weighted average age of 36 in-situ analyses, calculated with a con-
fidence level of 95%, is 190 = 4 Ma.

7. Discussion

The petrological investigation of garnet-bearing gneisses from the
Morro Jorgiiio tectonic unit resulted in an Early Jurassic Barrovian-type
P-T-time trajectory during metamorphism, with peak pressure condi-
tions of ~8-9 kbar and peak temperatures of ~610-630 °C. Our find-
ings provide new constraints on the tectonic evolution of the northern
Chilean Gondwana margin. Specifically the results confirm that rocks
from Morro Jorgino formed at significantly higher pressures than an-
dalusite— and or sillimanite-bearing rocks at Morro Mejillones, which
crystallized below 5 kbar (cf. Pattison, 1992), linked to contact meta-
morphism at ca. 208 Ma (Casquet et al., 2014). In this work we propose
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Fig. 4. X-ray compositional maps for Fe, Mg, Mn and Ca of garnets from pelitic gneiss sample FO1139. Red and orange colors in compositional maps represent relatively high
concentration. Lowest concentrations are indicated by blue colors. Zoning profiles and their location in X-ray compositional maps of garnets are indicated. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

that both outcrop areas represent two genetically distinctive tectonic
units formed at different times and metamorphic conditions, subse-
quently juxtaposed by the NW-trending Caleta Herradura fault. In the
following section, we present a synthesis of the geological, petrological,
and geochronological data from the Mejillones Peninsula to discuss
diachronous tectonic processes and new constraints on the geodynamic
evolution of the continental margin of Gondwana.

7.1. P-T-time paths and metamorphic processes

We first consider rocks from the Morro Jorgino tectonic unit. The
phase diagram calculation for the garnet-biotite gneiss, with a visually
estimated amount of garnet of ~2 vol%, predicts a clockwise P-T-time
trajectory with a succession of three stages (M) during metamorphism:
M1, 7.5-7.9 kbar and 580-590 °C; M2, 8.3-8.6 kbar and 610-620 °C;
and M3, 5.8-6.2 kbar and 630-640 °C (Fig. 9).

The record of the prograde P-T-time path, after the breakdown and
disappearance of chlorite, is mirrored by core and middle zone com-
positions of larger garnets (Fig. 4). At either M1 or M2, the internal
domains of garnets should have been in equilibrium with biotite with
Xre ranging between 0.37 and 0.42, thus predicting a Mg-richer com-
position than analyzed (X between 0.43 and 0.51, Fig. 8). In addition,

calculated minor phases at M1 and M2, such as epidote, white mica and
rutile (Figs. 5&9), are not or rarely preserved in the rock. Evidently,
the studied mineral assemblage, and their compositions, are related to
stage M3, where diagnostic major phases like biotite with X, > 0.43
and accessory ilmenite, are predicted by the calculations. It is thus
apparent that only the internal domains of the garnet (< 1 vol%. of the
analyzed sample) resisted the varying physiochemical conditions en
route to M3. This interpretation is consistent with resorption textures,
compositional zoning and decreasing mode of garnets from 5.5 vol% to
1.7 vol% (Figs. 4 & 6F), resulting from chemical dissolution and further
re—precipitation at newly formed rims of garnet along the derived de-
compression trajectory (Fig. 9). After M3, partial chemical homo-
genization of biotite continued during the retrograde path at tem-
perature of ca. 500 °C (biotite with Xg. near 0.5; Fig. 9). The
decompression path shown by the clockwise P-T-time evolution of
Fig. 9 is preferred because the garnet-biotite gneisses are interleaved
with cordierite-bearing rocks (Fig. 4C). Cordierite is a common phase in
metapelites and forms at relatively low-pressure conditions (< 6 kbar;
cf. Spear et al., 1999), consistent with the P-T pseudosection of sample
FO1139, which predicts cordierite to occur below 5 kbar. In addition,
the lack of staurolite in the rock also supports the proposed retrograde
path.
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Fig. 5. Calculated P-T pseudosection for the garnet-bearing pelitic gneiss (sample FO1139). The procedures for the P-T pseudosection calculation are indicated in the text. Mineral
abbreviations are: Ab: albite; Am: amphibole; And: andalusite; Bt: biotite; Cd: cordierite; Ch: chlorite; Cp: clinopyroxene; Ep: epidote; Gt: garnet; Ilm: ilmenite; Ky: kyanite; Mt: magnetite;
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Fig. 6. Simplified P-T compositional space

showing the contours of garnet components ex-
pressed as molar fractions of A) almandine, B)
pyrope, C) spessartine and D) grossular. Also
shown are contour lines for E) weight percent of
H,O in solids and F) abundance of garnet in vo-
lume percent. The intersections of the isopleths
for relevant contents of pyrope and grossular
components analyzed with the electron microp-
robe, representative of the three metamorphic
stages (M1, M2, M3), are also shown.
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7.2. Age of metamorphism

Based on SHRIMP U-Pb analysis of metamorphic zircon over-
growths (with Th/U < 0.06) in sample FO1139, two marked age peaks
at 205-215 and 180-195 Ma are interpreted by Casquet et al. (2014) as
the ages of high-grade metamorphism (Triassic) and a younger thermal
isotopic perturbation during the intrusion of Lower Jurassic granitoids
(Jurassic). A similarly aged thermal history is corroborated by electron
microprobe monazite Th-U-Pb ages, with data ranging between 210 and
170 Ma. However, based on these closely timed zircon U-Pb ages alone,
we cannot distinguish between two possible monazite generations. In
contrast, our monazite analyses point to a single population, based on
the relatively chemically homogeneous compositions and invariant ages
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resulting in a MSWD value of 2.1 (Table 2 and Fig. 8). Moreover, this
age population is characterized by Y,Os; contents above 2 wt%.
Massonne (2014, 2016) argued that such high Y contents point to
monazite growth before garnet. In the opposite case, Y would be stored
in garnet and monazite growth after garnet would no longer be satu-
rated with Y. Thus, such monazite typically shows Y,03 contents sig-
nificantly below 1 wt% (Massonne, 2014, 2016). As K-Ar dating of
biotite and hornblende in metamorphic rocks from the Mejillones Me-
tamorphic Complex point to the aforementioned influence of Jurassic
intrusive events on the metamorphic rocks (Basei et al., 1996; Lucassen
et al., 2000) as well, we conclude that peak and retrograde meta-
morphism (M2, M3) occurred just after 190 = 4 Ma.
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Fig. 7. Back-scattered electron (BSE) images showing some of the analyzed grains of monazite and their textural relation with (A) crystals of biotite (partly chloritized) and (B)
plagioclase-rich domains, in the garnet-bearing gneiss (sample FO1139). The BSE of analyzed grains is shown in C).

7.3. Tectonic evolution As such, our findings elucidate the timing and metamorphic conditions
on Mesozoic orogenic processes operating at the northern Chilean
The Late Triassic to Early Jurassic metamorphism of pelitic sedi- Gondwana margin. The disclosed P-T-time trajectory is that of a
ments and mafic rocks of the Morro Jorgifo tectonic unit, buried to Barrovian-type metamorphism, which at its type locality (Scotland;
crustal depths of ~ 25 km, represents a previously unrecognized event. Barrow, 1893) is associated with crustal thickening at the roots of an
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Fig. 8. (A) Probability density plot for all ages obtained on monazite crystals analyzed. (B) Weighted average ages, bars with 20 error calculated for the monazite age populations in
pelitic garnet-bearing gneiss FO1139.
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Fig. 9. Simplified P-T compositional for sample space showing the stability field of key
mineral phases and the determined P-T-time metamorphic path of sample FO1139.
Warm subduction-zone P-T trajectories and high heat-flow geotherm (Clark and
Ringwood, 1964; Ernst, 2005, 2010) are indicated. Boxes in different metamorphic stages
(M1, M2 and M3) indicate the assumed error for the P-T conditions estimated in this
study. Abbreviations are the same than in Fig. 5.

orogenic belt during the collision and accretion of crustal fragments and
island arcs along the continental margin of Laurentia (Grampian or-
ogeny; Dewey and Ryan, 1990). Formerly, the basement rocks in the
Mejillones Peninsula and those at the mouth of Rio Loa (Fig. 1A) have
been considered as being part of the Mejillonia terrane (Baeza, 1984),
which has been interpreted as having formed elsewhere and tectoni-
cally displaced along transform faults since Late Triassic time (Ramos,
1988). Ramos (2009) postulated that the Mejillonia terrane docked
against the continental margin in Paleozoic times. However, a recent
geochronological study by Casquet et al. (2014) considered emplace-
ment of Mejillonia transcurrent terrane a Mesozoic event. We propose
that widespread Triassic continental extension in a retreating or sta-
tionary subduction zone (cf. Charrier et al., 2007) would have pro-
moted the formation of thermally softened continental crust with fault-
bounded crustal slivers (cf. Thompson et al., 2001). Such slivers, par-
tially or fully detached from the continent, can subsequently interact to
form small collisional and/or transpressional orogens in a supra-sub-
duction zone (cf. Maloney et al., 2011; Calderén et al., 2012; Kato and
Godoy, 2015).

The tectonic evolution of the Mejillones Metamorphic Complex is
summarized in a schematic reconstruction model of the relevant con-
tinental margin (Fig. 10). The deposition of the original sedimentary
successions was preceded by the final stage of the Pangea assembly and
the Permian San Rafael orogeny, likely related to flat subduction dy-
namics (Tomlinson et al., 2012). Triassic sedimentation near the con-
tinental edge (Casquet et al., 2014) followed the post-middle Permian
extensional orogenic collapse, and thus was coeval with widespread
continental extension. Rifting caused the development of partitioned
basins, some with episodic events of thoeliitic basaltic magmatism and
development of drifted continental slivers (Mejillonia terrane) near the
continental edge of a supra-subduction zone setting (Fig. 10A).
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Fig. 10. Schematic east-west paleogeographic and tectonic reconstruction of the
Gondwana margin at the latitude of Mejillones based on data and interpretations sum-
marized in the text. (A) 240-220 Ma, generalized depositional environment of the sedi-
mentary protoliths of the Mejillones Metamorphic Complex in a suspected marginal basin
located near the continental edge; (B) 220-190 Ma, closure of the marginal basin, tectonic
underthrusting of the Mejillonia terrane and crustal thickening at the continental edge of
a subduction setting.

The tectonic burial of rocks from the Morro Mejillones unit occurred
before the intrusion of the latest Triassic plutons (ca. 208 Ma) at
shallow crustal depths (up to 12 km), as indicated by andalusite- and
sillimanite-bearing contact metamorphic rocks (Fig. 10B). Plutonism
was coeval with volcanism in the rift-basins and relative sea-level rise.
At the same time, the burial of metasedimentary rocks of the Morro
Jorgifio tectonic unit started linked probably to the tectonic under-
thrusting of the Mejillonia terrane (Fig. 10B). This burial reached lower
crustal depths (~25km), following a relatively “warm” geotherm of
~ 25 °C/km (Fig. 9) as would be expected in the forearc-arc transition of
a convergent margin and/or during subduction of a still warm oceanic
slab (cf. Peacock, 1996) (Fig. 10B). This process was finalized before ca.
190 Ma. The Barrovian-type decompression path for the Morro Jorgiiio
tectonic unit encompassed a minimum exhumation of ~10-15km
linked to rapid extensional unroofing of deeply buried crustal rocks
(Fig. 9). The extensional event was probably related to transtensional
deformation (Hervé, 1987; Scheuber et al., 1994) coeval with the un-
derplating of mantle-derived mafic magmas of the Punta Tetas Com-
plex. Mafic magmatism was accompanied by high-grade metamorphism
(magmatic arc metamorphism of Lucassen and Franz, 1996) and crustal
partial melting as signalized by anatectic leucogranite dikes intruding
the Morro Jorgifno unit at ca. 180 Ma.
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8. Conclusions

Based on detailed petrography, P-T pseudosection modelling of
garnet-bearing gneisses and Th-U-Pb in situ dating of monazite, we
identify new evidence for Late Triassic and Early Jurassic orogenic
processes acting along the convergent margin of Gondwana in northern
Chile. The Morro Mejillones and Morro Jorgifio tectonic units of the
Mejillones Metamorphic Complex show distinct metamorphic ages and
thermal evolution. The Morro Mejillones tectonic unit was metamor-
phosed at low pressure conditions (andalusite-sillimanite series) during
the intrusion of tonalitic plutons at ca. 208 Ma (cf. Casquet et al., 2014).
Separately, the Morro Jorgino tectonic unit underwent a Barrovian-type
P-T-time history characterized by burial under epidote-amphibolite
facies conditions (up to ~8-9 kbar and ~600-630 °C). Prograde me-
tamorphism in the Morro Jorgino block followed an elevated geotherm
during crustal thickening near the continental edge of a supra-sub-
duction zone setting, linked probably to the docking of the Mejillonia
terrane. After ca. 190 Ma, metamorphic rocks of the Morro Jorgifio
block experienced a late thermal overprint and rapid decompression
path reaching amphibolite facies conditions (~6.0 kbar and 635 °C),
coeval with the emplacement of Early Jurassic (ca. 184 Ma) plutons, in
response to the extensional tectonic regime in a nascent arc environ-
ment. These processes preceded the Jurassic tectonic juxtaposition of
both tectonic units through the Caleta Herradura fault, a NW-trending
branch of the Atacama Fault System.
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