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ARTICLE INFO ABSTRACT

Keywords: The magmatic record of the North Patagonian Batholith starts in Middle Jurassic times and rapidly grew in Early
Laccolith Cretaceous times, where it experienced its main building phase. Slightly after, in the Late Cretaceous, the North
Mylonites

Patagonian fold and thrust belt experienced its first contractional deformation pulse. The La Hoya Pluton is an
Upper Jurassic shallow intrusive body emplaced in the North Patagonian Andes in the proximities of the city of
Esquel in Argentina. Its excellent exposures, which bear magmatic and high- and low-temperature solid-state
deformation structures, are studied in this work through field, microstructural, and AMS studies. The initial
shape of the pluton could be envisaged as having a geometry compatible with coalescent laccoliths, given by the
presence of subhorizontal magmatic to solid-state foliations with associated E-W or N-S trending magmatic to
solid-state lineations. These magmatic structures, which bear a mild solid-state overprint, were probably formed
during progressive pluton cooling. Moreover, the nature of these structures suggests that the pluton cooled fast at
shallow crustal levels, indicating that they are probably related to its emplacement processes that started, at
least, in Late Jurassic times. Contrastingly, NW-SE and NE-SW trending high-angle subvertical fractures and low-
temperature mylonitic zones with steeply plunging lineations, which are compatible with an E-W shortening
direction, cut the previously formed subhorizontal magmatic structures. These compressive structures found in
the La Hoya Pluton were probably developed during the Late Cretaceous main stage of contractional deforma-
tion. The contractional deformation is constrained to have happened before the intrusion of undeformed basaltic
dikes crosscutting the mylonitized areas of the La Hoya Pluton. These dikes have an “°Ar-3%Ar age in plagioclase
of 42.15 + 0.40 Ma and geochemical features typical of volcanic arcs above a subduction zone. Their
geochemical signature is sensitive to the process of arc resumption after the Paleogene waning of arc activity, as
it is transitional between the alkaline-like signature of Pilcaniyeu Belt (~57.8-42; Paleocene-Eocene) and the
predominantly slab-derived magmas of El Maitén Belt (~37-19; Late Eocene-Early Miocene). These dikes
probably formed part of the early stages of the El Maitén Belt.

Anisotropy of magnetic susceptibility
Magmatic foliation

Contractional deformation

Arc magmatism

1. Introduction

The North Patagonian Batholith represents a magmatic record of
protracted Mesozoic-Cenozoic subduction between the South American
continent and the subducting ocean floor (Munizaga et al., 1988; Pan-
khurst et al., 1992, 1999; Rolando et al., 2002; Rapela et al., 2005;
Castro et al., 2011), characterized by a complex age distribution and

episodic construction. The earliest records of the North Patagonian
Batholith extend to Middle Jurassic times, and those ages, spanning a
broad range of about 20 Ma between ~150 and ~170 Ma, are mostly
represented in Bariloche area (41° 7.8” S, Castro et al., 2011). Batholith
construction is episodic, and the distribution of ages is complex. For
example, in the El Bolson — Esquel areas (42°-43° S), granites of Middle
Jurassic age are not represented, at least not with the available ages in
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the literature, which are mostly K-Ar or Rb-Sr (Fig. 1). There, the North
Patagonian Batholith has ages spanning from Late Jurassic to Early
Cretaceous (~161-98 Ma), although Late Cretaceous and even Eocene
ages were found in the Lago Puelo and Cholila areas (~37 and ~42 Ma,
Lizuain, 1980, Fig. 1). Apart from these ages, the predominant ages of
the North Patagonian Batholith in the area of Esquel and El Bolsén are
Early Cretaceous, well comprised within the main building phase of the
North Patagonian Batholith, which is constrained to be between 135 and
90 Ma (Pankhurst et al., 1999). Afterwards, brief periods of batholith
construction were recognized at 76 Ma and c. 40 Ma, until Early
Miocene times (c. 20 Ma) when another intense magmatic outburst took
place (Pankhurst et al., 1999).

Before the construction of the North Patagonian Batholith, a short-
lived NNW-SSE striking calc-alkaline batholith of Early Jurassic age
was intruded. It was baptized as Sub-Cordilleran Patagonian Batholith
(Gordon and Ort, 1993) or Subcordilleran Plutonic Belt (Haller et al.,
1999). The intrusion of the Subcordilleran belt represented the activity
of the subduction zone during with the Gondwana breakup stage
(Rapela et al., 2005). Granites of these ages are found in the El Bolsén —
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Esquel area, near Leleque and Epuyén, and to the east, in the broken
foreland area, c. 100 km to the east of Trevelin (Fig. 1).

Going back into time, intrusive rocks of Paleozoic age also crop out in
the North Patagonian Andes and in the broken foreland area (Fig. 1),
representing remnants of old magmatic arcs and collisional processes
(Pankhurst et al., 2006 and references therein, see Fig. 1). In relation to
what has been exposed above, intrusive rocks of different ages overlap in
the North Patagonian Andes and the broken foreland area between 42°
and 43° S. In this manner, the area enclosed in Fig. 1 appears as of great
interest to investigate in detail the geochronological aspects of this
arc-related magmatism.

The focus of this contribution is to study the deformation of the La
Hoya Pluton, an igneous body which had been considered as part of the
Subcordilleran Plutonic Belt, with a K-Ar whole rock age of 174 + 20 Ma
(Toubes and Spikermann, 1973). However, a recently obtained 403971
stepwise age in hornblende of 161.9 + 0.46 Ma, permitted to assign it to
the early stages of the North Patagonian Batholith (Fig. 1; Boltshauser
et al.,, 2019). In this work we perform a structural and anisotropy of
magnetic susceptibility (AMS) study of this pluton to constrain the
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Fig. 1. Regional geological map of the North Patagonian Andes, modified from Lizuain and Viera (2010), Orts et al. (2012) and Echaurren et al. (2017). The
compiled ages of intrusive and volcanic rocks are listed in Table 1-Appendix. LOFZ: Liquine-Ofqui fault zone.
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history of the early stages of Andean deformation in the southern end of
the Esquel range (Fig. 1). It is known that plutons are considered as
deformation markers, and AMS studies have proved to be an excellent
tool to track weak deformation, such as the one usually present in
granitic rocks (e.g., Archanjo et al., 1995, 2002; Saint Blanquat and
Tikoff, 1997; Ferré and Améglio, 2000; McNulty et al., 2000; Neves
et al., 2003; Zak et al., 2005; D’Eramo et al., 2006; Stevenson, 2009;
Somoza et al., 2015; Olivier et al., 2015; Nédélec and Bouchez, 2015;
Zaffarana et al., 2017). AMS studies have relevance in determination of
magmatic lineations, which generally are hard to measure in the field or
the laboratory using the microscope. Tectonic interpretations of the
susceptibility ellipsoid rely on that it corresponds to the strain ellipsoid
(e.g., Jelinek, 1981; Borradaile and Jackson, 2010). The three principal
axes of the anisotropy of the magnetic susceptibility ellipsoid (K; > Ky >
K3) define, when K; > Ky, a magnetic lineation parallel to K;, and a
magnetic foliation (when Ky > K3) as the plane containing K; and Ko,
with K3 being the pole to foliation. The typical relationship between the
anisotropy of the magnetic susceptibility ellipsoid and petrofabric shows
the magnetic lineation parallel to the structural lineation (stretching or
flow) and the magnetic foliation parallel to the structural foliation
(flattening or flow). Sometimes this relationship may be obliterated by
superposition of fabrics or by a particular mineral phase (e.g., Rochette
et al., 1992, 1999; Borradaile and Henry, 1997). Determining the min-
erals that dominate the magnetic signal is important when analyzing
AMS data.

The mapping of fabrics in plutons includes their classification in
magmatic and solid-state fabrics, mostly following the criteria of
Paterson et al. (1998). In magmatic fabrics, grain boundaries are mostly
straight, and quartz shows only weak undulose extinction. In the
sub-magmatic state described by Paterson et al. (1989) and Bouchez
et al. (1992), quartz grains have moderate undulose extinction, with the
formation of some incipient deformation bands, although no changes in
the shape of the grains is apparent. Biotite may show some bending and
feldspars are not strained, although myrmekites develop locally.
Solid-state deformation fabrics comprise high-temperature and
low-temperature solid-state deformation fabrics. High-temperature
deformation fabrics develop in the range of ~500-700 °C, that is,
near-solidus to subsolidus temperatures (Paterson et al., 1998). Primary
microstructures diagnostic of this type of fabric are chessboard subgrain
pattern in quartz (above 700 °C, Blumenfeld et al., 1986; Mainprice
et al., 1986), local development of myrmekites (Passchier and Trouw,
2005) and abundant flame perthites in K-feldspar (Pryer, 1993). Other
microstructures of this stage are the inversion of orthoclase to micro-
cline (Eggleton and Buseck, 1980) and undulose extinction in biotite.
Strong post-emplacement solid-state deformation, where recrystalliza-
tion of most minerals into small grains is common, though not complete,
show subgrains which may be organized in bands. Microstructures
include subgrains in quartz and incipient bulging and microfracturing in
feldspars. These processes occur at relatively low to medium tempera-
ture conditions (300-500 °C) and/or fast strain rates (Passchier and
Trouw, 2005; Vernon, 2000). Mylonites have S fabrics and are rich in
porphyroclasts which consist of variably rounded plagioclase and
orthoclase with textures indicating both brittle and crystal-plastic
behavior. These include fractures and micro-faults filled with mylonite
matrix minerals, undulatory extinction, bent grains and twins, glide
twinning, subgrains, and weakly to moderately developed, winged,
recrystallization mantles.

When applying the above-mentioned criteria, the La Hoya Pluton has
magmatic and tectonic fabrics, acquired during pluton cooling
(magmatic and high- and low-temperature conditions) and after, in low-
temperature conditions. The age of deformation can be constrained to
have occurred before the intrusion of the undeformed basaltic dikes
which intrude the La Hoya Pluton. These dikes, which had remained
undocumented in the literature, until now, are dated by the 40Ar-39Ar
stepwise method as Eocene.
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2. Geological framework

The La Hoya Pluton is a 25 km? stock intruded near 43° S, in the
southern end of the Esquel range in the North Patagonian Andes (Figs. 1
and 2). It is composed of two main facies, monzogranites and granodi-
orites, together with minor gabbroic and quartz-monzodioritic stocks
and dikes. This pluton was dated in 161.9 + 0.46 Ma by “°Ar-**Ar
stepwise heating in hornblende crystals; thus, this age allows its classi-
fication as the part of the early stages of the North Patagonian Batholith
(Boltshauser et al., 2019). This pluton had only a previous K-Ar age of
174 + 20 Ma (Toubes and Spikermann, 1973, Fig. 1).

The host rocks of the La Hoya Pluton are the late Paleozoic Esquel
and Valle Chico formations (Cazau, 1972; Gonzalez Bonorino, 1992).
These units crop out in the Esquel range and in the Cerro Excursion area
(Figs. 1 and 2). The Early Jurassic Piltriquitron Formation (Gonzalez
Bonorino, 1974; Lizuain, 1980) and the Early-Middle Jurassic Lago La
Plata Formation (Echaurren et al., 2017; Zaffarana et al., 2020) also host
La Hoya Pluton. The Lago La Plata Formation has U-Pb dating in zircon
age of 170.8 Ma =+ 1.9 Ma in the southern end of the Esquel range (Blesa,
2004, Fig. 1). Cretaceous volcanism is represented by the Divisadero
Group (Late Lower Cretaceous; Haller and Lapido, 1982; Echaurren
et al., 2017).

The intrusion of the Patagonian Batholith took place in Middle
Jurassic-Cenozoic times, with most of its outcrops located west of the
study area (Fig. 1, Bruce et al., 1991; Pankhurst et al., 1992; Pankhurst
and Hervé, 1994; Rolando et al., 2002; Castro et al., 2011). As was
mentioned in the introduction, the construction of the North Patagonian
Batholith was complex and occurred in different stages, and batholith
construction times are generally correlated with periods of orthogonal
convergence (Pankhurst et al., 1999). The construction of the Patago-
nian fold and thrust belt occurred in several stages as well; the early
phase of construction occurred in Late Cretaceous times (Orts et al.,
2012; Echaurren et al., 2016, 2017), slightly postdating the main con-
struction phase of the North Patagonian Batholith.

Paleocene-Eocene volcanism is represented by the ~57.8-42 Ma
Pilcaniyeu Belt, also known in the literature as Huitrera Formation
(Feruglio, 1949; Ramos et al., 1982; Rapela et al., 1988). The Pilcaniyeu
Belt comprises a bimodal volcanic association interbedded with conti-
nental deposits (Rapela et al., 1984, 1988) that crops out between 40°
and 44°S in the broken foreland zone, towards the east of the area of
study (Fig. 1). This volcanism was ascribed to the interruption of the
subduction zone took at 50-52 Ma until ~37 Ma due to the collision of
the Farallon-Aluk ridge with the South American border (Aragon et al.,
2011, 2013; Iannelli et al., 2020; Fernandez Paz et al., 2018). Although
the volcanism of the Pilcaniyeu Belt has slab-derived geochemical fea-
tures, their alkaline-like features are robust (Iannelli et al., 2017).

After the waning of arc volcanism represented by the Pilcaniyeu Belt,
the magmatic activity in the magmatic arc restarted, represented by the
Ventana Formation (Gonzalez Bonorino, 1974) that forms part of the El
Maitén Belt (~37-19 Ma; Rapela et al., 1988; lannelli et al., 2017;
Fernandez Paz et al. 2018, 2019; 2020, Fig. 1). The El Maitén Belt is a
Late Eocene-Early Miocene volcano-sedimentary sequence formed by
basaltic and andesitic lavas together with minor pyroclastic rocks,
interbedded with marine deposits in its upper part (Gonzalez Bonorino,
1974; Dalla Salda et al., 1981; Ramos et al., 1982; Rapela et al., 1988;
Bechis et al., 2014). The volcanic rocks within the El Maitén Belt are
calc-alkaline, with a change to tholeiitic compositions toward the upper
part of the unit (Rapela et al., 1984, 1988; Litvak et al., 2014; Iannelli
et al., 2017; Fernandez Paz et al. 2018, 2019; 2020).

Since Late Eocene times, an extensional period took place in the
Southern Central Andes (Charrier et al., 2002; Godoy et al., 1999; Jor-
dan et al., 2001; Radic et al., 2002), coevally with the extrusion of the El
Maitén Belt. Synextensional geochemical and structural features were
described for the volcanic rocks of this belt (Rapela et al., 1988; Giacosa
and Heredia, 2004; Bechis and Cristallini, 2006; Aragon et al., 2011;
Bechis et al., 2014; Fernandez Paz et al., 2018, 2019; 2020).
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Fig. 2. Geological map of the La Hoya Pluton and its host rock. Modified after Lizuain (2010) and Boltshauser et al. (2019). Exact location of the sites with structural
observations: ESQ1: 42.918 °S and 71.285 °W, PIL1: 42.907 °S and 71.287 °W, PIL2: 42.909 °S and 71.284 °W, LH11: 42.851 °S and 71.276 °W, LH13: 42.844 °S and

71.265 °W and LH36: 42.856 °S and 71.285 °W.

In Miocene times, a new contractional deformation stage occurred
(Giacosa and Heredia, 2004; Orts et al., 2012, 2015; Bechis et al., 2014;
Encinas et al., 2013, 2014; Echaurren et al., 2016, 2017) producing the
tectonic inversion of the El Maitén depocenters (Orts et al., 2012, 2015;
Echaurren et al., 2016; Fernandez Paz et al., 2018). The Miocene
contractional deformation phase was at least partly coeval with the
Miocene suites of the North Patagonian Batholith (e.g., Pankhurst et al.,
1999).

3. Methods

Microstructural observations were performed on a collection of 50
thin sections, with those from outcrops having visible tectonic foliation
being orientated according to planar and, whenever possible, linear
structures observed in the field. Nine AMS sites were collected, with a
total of 116 specimens (see Table 1). Sites were distributed along a road
that traverses the central part of the pluton covering an overall vertical
relief of ~900 m (Fig. 2). Access to the highest outcrops of the pluton is
difficult due to the high relief of the area (Fig. 3a), therefore the ob-
servations were made in key areas of the pluton, for example, enclave

swarm areas, and sectors showing mylonitic deformation.

Anisotropy of the magnetic susceptibility measurements were per-
formed by using a MFK1-B Kappabridge susceptibilimeter. Anisotropy of
the magnetic susceptibility ellipsoids (with principal axes K; > Kz > K3)
were calculated from a minimum of five specimens per site using matrix
averaging routines (Jelinek, 1978, 1981) with the programs ANISOFT
4.2 (Chadima and Jelinek, 2008).

Hysteresis curves and isothermal remanent magnetization-backfield
analyses were performed with an applied field up to 1.8 T using a
Lakeshore 7404 Vibrating Sample Magnetometer (VSM) at the Labo-
ratorio de Aplicaciones Efecto Mossbauer y Magnetismo (LAEMM) from
the Departamento de Fisica of the Universidad Nacional de La Plata,
Argentina. The nominal value of bulk magnetic susceptibility may give
an idea of the minerals that control the magnetic susceptibility. Bouchez
(2000) proposed that when magnetic susceptibility is higher than 4x
10~* SI, the magnetic susceptibility is mainly controlled by ferromag-
netic minerals (mainly magnetite), and the rock can be classified as
“ferromagnetic”, with multidomain (MD) magnetite dominating the
bulk susceptibility. However, in the samples that contain only magne-
tite, the diagram of Day et al. (1977), constructed with the hysteresis



C.B. Zaffarana et al.

Table 1
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AMS sites of the La Hoya Pluton and the Esquel/Valle Chico formations. Lat. and Long. are site latitude and longitude. Fabric records if the samples bear magmatic “M”
or low-temperature solid-state deformation “S”. N is the number of samples used in statistics. Km=(K; +K»+K3)/3 is the mean magnetic susceptibility (SI units). L is the
magnetic lineation (K;/K3); F is the magnetic foliation (K3/Kg); P is the degree of anisotropy (Jelinek, 1981); T=(InF — InL)/(InF + InL) is the Jelinek’s parameter
(Jelinek, 1981). K;, K, and K3 are mean AMS eigenvectors which represent the maximum, intermediate and minimum susceptibility intensities, respectively. Dec,
declination in degrees; Inc, inclination in degrees; Cla and C1b are the semiangles of the major and minor axes of the 95% confidence ellipse, respectively, calculated

by the bootstrap method.

Site Lat (°S) Lon subsite fabric Rock type Samples N Kaver Std. Pjmean  Tmean Lmean Fmean Pmean
W) type Error
LH5 —42.84 —71.263 all M+ S Gabbros H18, H19 12 8.29E-02 3.51E- 1.024 —0.407 1.016 1.007 1.023
samples 02
—42.84 —71.263  LH5 S Gabbros and qtz- H18 6 1.02E-01 1.31E- 1.035 -0.599  1.027 1.007 1.033
prolate monzodiorites 02
NP1 —42.93 —71.261 no M+ S Granodiorites E4, ES5, E6, 26 5.24E-02 1.71E- 1.022 —0.293 1.014 1.008 1.021
subsites E7, E8 02
LH4 —42.844  -71.265 no M+S Granodiorites H12, H13, 12 0.0302 1.89E- 1.028 -0.426  1.019 1.008 1.027
subsites H19 02
LH7 —42.846 -71.264 no M+ S Granodiorites H23, H25 9 1.82E-02 1.44E- 1.048 -0.072  1.026 1.022 1.048
subsites 02
LH8 —42.848  -71.265 all M+S Granodiorites H28, H29 13 1.41E-02 6.41E- 1.047 0.053 1.022 1.024 1.047
samples 03
—42.848 -71.265 LH8 S Granodiorites 6 1.73E-02 2.84E- 1.066 0.335 1.021 1.043 1.065
tectonic 03
LH18 —42.841 —71.266 all M+ S Monzogranites H63, H66 12 1.20E-02 3.79E- 1.032 —0.02 1.016 1.015 1.032
samples 03
—42.841 -71.266  LH18 S Monzogranites 5 0.0128 3.49E- 1.048 -0.19 1.028 1.019 1.048
tectonic 03
LH15 —42.852 -71.285 no M Monzogranites H54, H55 13 0.00322 1.44E- 1.048 0.794 1.004 1.039 1.044
subsites 03
LH14 —42.866 —71.279 all S Monzogranites H47, H48, 13 8.53E-03 7.71E- 1.017 0.11 1.008 1.009 1.017
samples H49, H52, 03
H53
—42.866 —71.279 LH14 S Monzogranites 6 1.02E-02 8.09E- 1.029 0.186 1.012 1.017 1.029
tectonic 03
LH1 —42.826 -71.255 no - Esquel/Valle Chico  H1, H3 6 0.000411  1.012 1.019 —-0.408 1.013 1.005 1.018
subsites formation (host
rocks)
Site subsite fabric Rock type Samples N K1d K1i Cla Clb Kad K2i C2a C2b K3d K3i C3a C3b
type
LH5 all M+ S Gabbros H18, H19 12 811 59.3 254 133 2336 278 395 142 3301 12 36.8 10.5
samples
LH5 S Gabbros and qtz- H18 6 68.8 66.4 22 10.3 259 233 434 12 167.4 3.7 415 9.7
prolate monzodiorites
NP1 no M+S Granodiorites E4, E5,E6, 26 26.2 8.2 186 11.7 2858 51.2 46,5 16.8 1226 376 463 121
subsites E7,E8
LH4 no M+ S Granodiorites H12, H13, 12 84.9 1.3 14.5 12.4 175.9 37 22.3 13.3 353.1 53 22.5 12.3
subsites H19
LH7 no M+S Granodiorites H23, H25 9 270.5 14 194 108 180.2 1.3 18.3 122 849 759 183 85
subsites
LH8 all M+ S Granodiorites H28, H29 13 2855 229 18 12.7 224 159 29.7 144 1442 616 282 126
samples
LH8 S Granodiorites 6 283.7 16.5 17.2 9.6 20.7 22.5 26.6 6.9 160.5 61.6 22.5 9.2
tectonic
LH18 all M+S Monzogranites H63, H66 12 1996 7.6 31.8 6.7 1044 338 447 158 300.7 551 44.6 158
samples
LH18 S Monzogranites 5 199.7 8.9 157 1 107.3 2.3 52.7 2.3 319.2 724 53 11
tectonic
LH15 no M Monzogranites H54, H55 13 1829 122 371 6.7 92.2 2.9 37.8 6.2 349 775 11.8 5.9
subsites
LH14  all M+ S Monzogranites H47, H48, 13 2984 567 231 17.2 744 253 492 185 1744 202 50.5 10.1
samples H49,H52,
H53
LH14 S Monzogranites 6 3049 585 141 126 763 221 429 12 175.4 21.3 437 5.6
tectonic
LH1 no - Esquel/Valle Chico  H1, H3 6 130.7 207 11.3 6.9 35.9 126 394 7.8 276.5 654 39.2 4.2
subsites formation (host
rocks)

parameters such as coercive force (Hc), saturation magnetization (Ms)
and remanent magnetization (Mr), together with the remanent coercive
force (Hcr) taken from backfield measurements, was constructed to es-
timate the domain state of magnetite.

Sample ESQ54 from the basaltic dikes intruding the La Hoya Pluton
was analyzed by the “°Ar-**Ar method at the University of Nevada, Las
Vegas (USA) (see Table 2-Appendix and Supplementary Material). In

addition, whole-rock geochemical data of samples ESQ51 and ESQ54 of
the basaltic dikes were performed at the Acme Analytical Laboratories
(Acmelabs), Vancouver, Canada. Samples were analyzed with the 4B
code procedure. ICP-OES determined major and minor elements, and
trace elements (Ba, Cs, Ga, Hf, Nb, Rb, Sr, Ta, Th, U, V, Zr, Y and REESs)
by ICP-MS. In both cases, fusion with lithium metaborate/tetraborate
flux was conducted upon completion of rock powder dissolution. Data
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Table 2

Whole-rock geochemical data. Major oxides in wt % and trace elements in ppm.
Sample ESQ51 ESQ54
Latitude (S) and longitude 42°51'5.1" - 42°51'19.6" -

w) 71°16'35.8” 71°16'57.6"

SiOy 56.85 57.11
TiO, 0.99 0.96
Al,03 18.53 18.46
FeO 6.39 6.45
Fe,03 - -
MnO 0.105 0.117
MgO 3.92 3.70
CaO 7.51 7.53
NaO 4.06 4.003
K>,0 1.32 1.34
P05 0.28 0.29
Cry03 0.004 0.004
Total 100 100
LOI 3.3 4.1
U 0.8 0.7
Th 3.7 3.2
Zr 166.4 163.3
Hf 4.3 4.8
Ta 1.1 0.7
Nb 8.4 8.3
Y 20.6 20.4
Ba 352 447
Sr 493.6 1470.8
Rb 27.4 27.6
Ni 31 37
La 18.8 13.4
Ce 39.2 36.4
Pr 5.48 5.03
Nd 21.8 20
Sm 4.72 4.41
Eu 1.5 1.22
Gd 4.28 4.03
Tb 0.71 0.63
Dy 4.09 3.65
Ho 0.84 0.8
Er 2.24 2.28
Tm 0.38 0.33
Yb 2.29 2
Lu 0.35 0.33
Sc 16 15
Ga 19.4 18.1
FeO,/MgO 1.62 1.74
Ba/La 18.72 33.35
Ba/Ta 320 638.57
La/Sm 3.98 3.03
Sm/Yb 2.06 2.20
Eu/Eu* 1.01 0.88
La/Yb 8.20 6.7
Th/Hf 0.86 0.84
Ta/Th 0.29 0.21
Ta/Hf 0.25 0.18
La/Ta 17.09 19.14
Mg# 52.28 50.58
Nb/Zr 0.05 0.05
Ba/Nb 41.90 53.85

reduction was carried out using Igpetools (https://www.ugr.es/~fbea/
fbea/Software.html) in STATA programming language (Statacorp,
2014).

4. Results
4.1. Field observations and microstructures

The La Hoya Pluton is a concentrically zoned igneous body that
covers approximately 25 km?, with an excellent exposure (Fig. 3a). It has
a normal zonation pattern, with granodiorites and gabbro-tonalites in
the outer region, and monzogranites in the inner region. The presence of
myarolitic cavities, granophyric textures, and general fine-grained to
porphyritic textures confirm shallow emplacement conditions for this
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pluton, which intrudes volcanic rocks of nearly the same age (Early
Jurassic Piltriquitrén and Early-Middle Jurassic Lago La Plata forma-
tions) and low-grade Paleozoic metamorphic rocks (Esquel and Valle
Chico formations, Figs. 1 and 2).

In the Cerro Excursion area (ESQ1 site in Fig. 2), the Late Paleozoic
strata constitute an alternating series of sandstones and siltstones with
an S; parallel to bedding (Sp), and later this foliation (S; and Sp) is
deformed by a disjunctive crenulation cleavage (S2) (Fig. 3b and c). In
the area near Esquel city (sites PIL1 and PIL2 in Fig. 2) the Piltriquitrén
Formation is formed by a subvertical NE-SW alternation of sandstones
and mudstones, together with some matrix-supported breccias
(Fig. 3d-f).

The primary fabric of the La Hoya Pluton is magmatic, although
superimposed low-temperature deformation is practically ubiquitous in
the whole unit, as well as propylitic hydrothermal alteration in different
degrees (Fig. 4).

Petrographic observations on samples from the 8 AMS sites and from
other different observation sites (sites LH11, LH13, LH36, ESQ1, PIL1
and PIL2, their location is given in the caption of Fig. 2) were made to
gain insights into the petrofabric of these rocks. Microstructures within
the La Hoya Pluton formed before full-crystallization to low-
temperature solid-state deformation conditions. We classified micro-
textures in two categories: M and S fabrics. Fabric type M is magmatic
and sub-magmatic, formed previously to full-crystallization. Solid-state
deformation fabrics S comprise high-temperature and low-temperature
solid-state deformation fabrics, including mylonitic rocks.

In general, in the La Hoya Pluton fabrics which started in the
magmatic or sub-magmatic stage and evolved in solid-state conditions
with progressive cooling of the pluton (M + S), are more common than
pure M fabrics. The sole example of a pure M fabric was recorded in site
LH15, where the monzogranites show undeformed granophyric texture
(Fig. 4a). Magmatic fabrics are recorded in the enclave swarm areas
(sites LH4, LH8 and LH36), because the enclaves usually record the
original magmatic foliation, at least at outcrop scale. However, when
seen under the microscope, nearly all the samples analyzed from the La
Hoya Pluton show the typical association of high-temperature defor-
mation microstructures, given by myrmekites, microcline instead of
orthoclase and chessboard texture in quartz (Fig. 4b and c). When
observed, low-temperature solid-state deformation is incipient in most
samples from the La Hoya Pluton, as aggregates of small quartz and
feldspar subgrains that tend to be isolated while many mineral bound-
aries remain straight (Fig. 4b, ¢, f, i, j, k, 1). However, in some samples,
such as in the mylonites of site LH14, quartz and feldspar subgrains that
are interconnected in shear bands (Fig. 4e). Solid-state deformation in
the La Hoya Pluton seems to be aided by or related to hydrothermal
alteration, as solid-state deformation microtextures are present in the
samples where mafic minerals are replaced by chlorite, plagioclase is
altered to sericite and K-feldspar is replaced by clays (Fig. 4b—c, f-1).
Quartz frequently shows polygonal grain boundaries due to static
recrystallization or to textural coarsening (Higgins, 2011, Fig. 4g and h).

The hydrothermal alteration of the La Hoya Pluton has been
explained in two ways: either as part of the outer propylitic halo of the
Esquel low-sulfidation epithermal deposit, composed of chlorite, zoisite,
illite, calcite and quartz (Blesa, 2004); or as part of the regional
low-grade metamorphism that affected the Esquel region, which pro-
duced a very similar mineral assemblage (Aguirre et al., 1997; Vattuone
et al., 2001; Massaferro, 2000). Our observations of the intense alter-
ation in the deformed plutonic rocks indicate fluid circulation during
mylonitization, independently of the regional extension of this hydro-
thermal alteration.

Mylonitic strips are frequent, generally subvertical, formed in fine-to
medium-grained monzogranites from La Hoya Pluton, and have NW-SE
strike (N320°, site LH13 and N350°, site LH11), or NE-SW strike (N41°
strike in site LH36; Fig. 1b; Fig. 5a-i). Undeformed basaltic dikes intrude
the mylonites of site LH13 (Fig. 5a). Mylonites are a few decameter
broad zones of inhomogeneous deformation consisting of numerous
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La'Hoya Pluton

Site ESQ1

Esquel / Valle Chico fms,

Site PIL1 T
Piltriquitron Fm.; PI!’[I’IQUIU‘OH Ei

sandstones and siltstones ) B SitePILZ 3

Site PIL2  Piltriquitron Fm.
; NE-SW strike, subvertical

Fig. 3. Outcrops of the La Hoya Pluton and its host rocks. a) Regional view from the point signaled in Fig. 2 of the Esquel range, with the La Hoya Pluton showing a
subhorizontal magmatic foliation (dipping gently (10°) to the SE), a flat roof, and some stopping or diking processes at the top of the intrusion. b-c) Esquel and Valle
Chico formations near the Cerro Excursion area (site ESQ1 in Fig. 2). So compositional foliation given by sandstones and siltstones parallel to the S; surface; they are
cut by S, axial planes d) Piltriquitron Formation at site PIL1 in Fig. 2 with a compositional foliation S, parallel to the S; foliation, the sequence is defined by an
alternating series of sandstones and siltstones, subvertical and with a strike of Az. 240°. e) Piltriquitrén Formation at site PIL2 (Fig. 2), showing the same attitude than
in site PIL1. f) Detail of the matrix-supported breccias of site PIL2, having clasts of granitic composition.
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Fig. 4. Petrographic features of the AMS sites of the La Hoya Pluton. a)
Magmatic texture at site LH15, where the granophyric texture is unaltered. b)
and c) High-temperature solid-state deformation at site LH8, where myrmekitic
lobes are observed in plagioclase, as well as low-temperature deformation given
by quartz and feldspar subgrains. d) Detail of polygonal grain boundaries in
quartz in a sample from site LH14. e) Subgrains of quartz and feldspar orga-
nized in bands in the mylonites from site LH14. Polygonal grain boudaries in
the quartz grains as well. f) Quartz and plagioclase with modified grain
boundaries by bulging and dynamic recrystallization in site LH18. g) Modified
magmatic fabric in site LH8, where plagioclase, K-feldspar and quartz form
subgrains due to dynamic recrystallization. h) Polygonal grain boundaries in
quartz and plagicoclase in site LH7. i-j) Quartz and plagioclase with strongly
modified grain boundaries due to dynamic recrystallization in site LH4. k)
Indented grain boundaries in site NP1 due to grain boundary migration pro-
cesses. 1) Low-temperature grain boundary migration and dynamic recrystalli-
zation in plagioclase and quartz in sample LH5. Mineral abbreviations after
\L\Ihitney and Evans (2010).

centimetric to metric wide, steeply dipping, mylonitic shears separating
wider zones of relatively undeformed monzogranites (Fig. 5b and c). The
main mylonitic foliation consists of submillimetric thick alternating
layers and lenses of polycrystalline quartz ribbons, very fine-grained
feldspar-rich layers, and biotite-rich (+magnetite) layers. Mineral line-
ations are steeply plunging in site LH13 (Fig. 5d, f), but lineation plunges
65° towards the north in site LH11 (Fig. 5g). Shear sense could be
determined, in some cases, due to the presence of Riedel shear faults. For
example, in the case of the mylonites of site LH36, an reverse sense of
shear was observed (Fig. 5e).

A 1m wide fault zone is observed at site LH11 with an attitude of
215°/63° whose reverse kinematics was determined by Riedel shear
zones (Fig. 5i). This fault zone, marked in green in Fig. 5h and i,
crosscuts two different previous sets of structures. The first one is
defined by the planes of subhorizontal attitude, which are cut, in turn,
by the second set of structures given by high-angle fracture zones
(marked in blue in Fig. 5h), which are related with the mylonites
described above (scheme in Fig. 5g). At site LH11, the subhorizontal
structures are recorded by M + S fabrics, and the second set of struc-
tures, the vertical ones, bear microstructures of S type, recording only
microstructures of low-temperature solid-state conditions (Fig. 5h).

Sites LH4 and LHS8 from the granodiorites belong to two enclave
swarm areas (Fig. 6a—c). In site LH8, the enclaves appear flattened
(Fig. 6a), defining a shallowly dipping magmatic foliation plane. The
whole enclave swarm is traversed by late aplitic veins rich in quartz,
which in sectors have a brecciated texture (Fig. 6a). In site LH4, the
enclaves are more rounded (Fig. 6b). In both sites, the enclaves show
diffuse borders with their host and are rich in acicular amphibole
(Fig. 6¢).

4.2. Mean susceptibility and minerals controlling the AMS fabric of the La
Hoya pluton

Mean susceptibility in the La Hoya Pluton is 8.29 x1072 SI for the
gabbros, 2.87 x 1072 for the granodiorites, and 7.92 x 10~° for the
monzogranites. The sandstones of the Esquel Fm. have a mean Km of
4.11 x 104 SI (Table 1). Bulk susceptibility values in most of the sam-
ples of the La Hoya Pluton, higher than 4 x 10~* SI, suggest that the AMS
signal is dominated by magnetite. This is corroborated in the hysteresis
loops of Fig. 7a and b, in the IRM and backfield curves of Fig. 7c, and d.
However, some interesting things can be remarked, such as the influence
of paramagnetic minerals in the monzogranites represented by sample
H5, which show a tendency towards no saturation in the hysteresis loop
of Fig. 7a, but a remanence controlled by magnetite (shown by the
saturation tendency in the IRM and backfield curves, Fig. 7c and d).
Hematite is present in two samples, in the monzogranites represented by
sample H8 and in the gabbros and quartz-monzodiorites represented by
sample H22. Those samples tend to no saturation in the hysteresis loop
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Fig. 5. Mylonitic rocks in La Hoya
Pluton. a) Subvertical mylonitic rocks
in the monzogranites at site LH13
intruded by undeformed Eocene
basaltic dikes. b) Detail of the sub-
vertical mylonites of site LH13 boun-
ded by  undeformed biotitic
monzogranites. c¢) Detail of the sinuous
contact between the mylonitized and
the relatively undeformed mon-
zogranite at site LH13. d) Steeply dip-
ping stretching lineation at site LH13.
e) Reverse high-angle fault in the
monzogranites at site LH36, the
reverse sense of shear was inferred
from the Riedel shear faults f) and g)
schemes of the mylonites of site LH13
(f) and LH11 (g). h) Roadcut showing
shallowly dipping faults (marked in
red) being cut by high-angle faults
(marked in blue), and both sets of
structures are cut by areverse fault
(green). i) Detail of the reverse fault
shown in h, with Riedel shear faults
showing the inverse sense of shear.
(For interpretation of the references to
colour in this figure legend, the reader
is referred to the Web version of this
article.)
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Fig. 6. Enclave swarms in La Hoya Pluton. a) At site LH8 showing the shallowly dipping magmatic foliation defined by the elongated mafic microgranular enclaves
(MME). Late aplitic dikes and breccias rich in quartz and K-feldspar intrude the enclave swarm. b) Enclave swarm developed in the granodiorites at site LH4, the
orientation of the magmatic foliation is not so evident in this site. ¢) Detail of the acicular amphibole in the enclaves of site LH4.

of Fig. 7a, and in the IRM and backfield curves as well (Fig. 7c and d).

In the diagram of Day et al. (1977) all samples showed that they are
composed of multidomain to pseudo-single domain magnetite (MD and
PSD magnetite, respectively, Fig. 7e), allowing for standard interpreta-
tion of results. Therefore, the magnetic lineation is the maximum
eigenvector (K;) of the magnetic susceptibility tensor, and the magnetic
foliation pole is the minimum eigenvector (Ks).

10

4.3. Anisotropy of magnetic susceptibility data and correlation with field
measurements

AMS orientations agree well with field measurements. A description
of the AMS data from La Hoya Pluton and its host rock is presented in the
following paragraphs, ordered by lithology.
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Fig. 7. Rock magnetic studies performed in some samples of the La Hoya Pluton. a) and b) Hysteresis cycles c¢) IRM curves d) Backfield curves e) Diagram of Day et al.
(1977) for the samples whose magnetic signal is governed by magnetite. The different facies of the La Hoya Pluton have multidomain (MD) to pseudosingle (PSD)

domain magnetite. Samples H22 and H8, which have hematite, were not plotted in this diagram.

4.3.1. Monzogranites

A magmatic fabric is recognized in the monzogranites of site LH15
(Figs. 4a and 8a). There, P and Km are not correlated, so the deformation
of the rocks controls the moderate anisotropy degree (Pj = 1.048;
Table 1, Fig. 8a). The AMS ellipsoids of the monzogranites of this site are
mostly oblate, as T = 0.794, and the magmatic foliation is better defined
than the magmatic lineation. The subhorizontal magmatic foliation
belongs to a highly differentiated monzogranite with an undeformed
granophyric texture.

In the two remaining monzogranite sites, LH18 (Figs. 4f and 8b) and
LH14 (Fig. 4d and e; 8c), the fabrics are magmatic and tectonic, as

11

deformation started in the magmatic state, and progressed in solid-state
conditions. In these sites, the specimens showing the highest P values
can be separated into a different ellipsoid with S fabrics. No direct
correlation is seen in the P vs. Km graph, suggesting that magnetite
content is not responsible for the increasing deformation degree of the
rocks. The M + S and the filtered S ellipsoids from both sites are triaxial,
as T values are low; thus, magmatic and tectonic foliations and linea-
tions are well defined. The filtered S-type ellipsoids are coaxial with the
foliations and lineations found in the M + S-type ellipsoids (Fig. 8b and
o).

In site LH18 from the monzogranites, the tectonic foliation is
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Fig. 8. AMS ellipsoid for the 9 sites of the La Hoya Pluton and the Esquel/Valle Chico formations. The P vs. Km and T vs. P graphs for the individual samples are also

shown. Equal area projection in geographic coordinate system.

subhorizontal, with a shallowly plunging ~ N-S lineation. In contrast, in
the mylonites from site LH14 from the monzogranites, the tectonic
foliation is subvertical, with a steeply dipping lineation. In site LH14, the
tectonic foliation determined with the ASM method partly coincides
with the strike of the brittle structures seen in the field, where the
foliation has an E-W strike and a dip of 60° towards the south.

4.3.2. Gabbros, monzodiorites and granodiorites

In the gabbroic and monzodioritic site LH5, fabrics are described as
M + S-type because quartz shows incipient dynamic recrystallization
(Fig. 41). In this site, the specimens showing the highest P values are
those which are more prolate (“site LH5 prolate”, Table 1, Fig. 8d). The
magnetic ellipsoid of this site is prolate, and the individual samples are
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strongly prolate as well. However, the positive correlation of P and Km
suggests that magnetite is responsible for the increasing P of the indi-
vidual samples of the site (Fig. 8d), in concordance with the hysteresis
cycle of these rocks (Fig. 7a), which shows that magnetite is responsible
for the AMS signal. Therefore, the better-defined lineation found in the
samples with higher P is not interpreted as of tectonic origin, because
the positive correlation of Km and P suggests that P is controlled by
magnetite instead of by fabric strength. In site LH5 from the gabbros and
quartz-monzodiorites, the better-defined lineation, given by the speci-
mens recording the highest P-value that are more strongly prolate, is
subvertical (Fig. 8d).

In the granodiorites, four sites were determined (Table 1; Fig. 8e-h).
All sites, NP1, LH7 LH4, and LH8, have M + S-type fabrics, as
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deformation started in the magmatic and continued in the tectonic stage
(Fig. 4b and c and 4h-k).

In site NP1, a negative correlation between Km and P is seen
(Fig. 8e), and in site LH7, no correlation between Km and Pj is found
(Fig. 8f) suggesting that the anisotropy degree is governed by the in-
tensity of deformation. However, in both sites, specimens with higher P
are mostly triaxial, as P and T do not show any correlation. Therefore,
fabrics obtained with and without filtering the specimens with the
highest P values are mostly the same, and magnetic foliations and lin-
eations are well defined. Site NP1 from the granodiorites has a sub-
vertical foliation plane of NNE-SSE strike, and a NNE trending, shallowly
plunging lineation. In the field, a conspicuous tectonic foliation plane of
NE-SW strike and subvertical inclination was seen, which coincides with
the orientation of the magnetic foliation seen with the AMS method.

In contrast, in site LH4, taken from an enclave swarm area (Fig. 6b
and c), there is a positive correlation between Km and P, thus suggesting
that magnetite is governing the anisotropy degree of these rocks
(Fig. 8g). The AMS ellipsoid is mostly prolate, both at the specimen and
at the site level; therefore, the magnetic lineation is better defined than
the magnetic foliation plane.

Site LH8 from the granodiorites belongs to an enclave swarm
(Fig. 6a), and there, too, a positive correlation between Km and P is
found (Fig. 8h). The fact that the specimens with higher P are more
strongly oblate, instead of prolate, suggests that the ductile deformation
of the rocks controls the anisotropy degree, as the mafic microgranular
enclaves seen in the field are oblate as well (Fig. 6a). The high-
temperature deformation microstructures seen in this site, given by
myrmekites and inversion of orthoclase to microcline and chessboard
quartz (Fig. 4b and c), suggest that this deformation started in the
magmatic, and lasted throughout the post-magmatic stage. The plane
defined by the solid-state deformation is shallowly dipping, and the
horizontal lineation has an E-W strike. In the field, the attitude of the
plane defined by the oblate enclaves was taken; it bears an attitude of
170°/50°, partly coinciding with the data obtained with the AMS
method.

Site LH7 from the granodiorites, together with sites LH4 and LH8
from enclave swarm areas, have subhorizontal to shallowly dipping
foliation planes, and E-W trending, shallowly plunging lineations
(Fig. 8g-h). It is essential to mention that lineation was better defined in
site LH4 (Fig. 8g), where it is horizontal, with a well-defined E-W strike.

4.3.3. Host rock: Esquel and Valle Chico formations

The host rocks belonging to the Esquel and Valle Chico formations
were drilled in site LH1 (Fig. 2), where they are represented by massive
metasandstones rich in quartz and bearing an SO parallel to an S1 low-
grade metamorphic foliation of Az 75° strike and a shallow dip (10°-
30° towards the SE). The magnetic susceptibility of these rocks is low, is
4.11x 10~* SI (Fig. 8i). The magnetic ellipsoid is triaxial, and no direct
relationship was found between the anisotropy degree and mean sus-
ceptibility values of the individual samples. The magnetic foliation co-
incides with the bedding plane measured in the field. However, K1 is
well grouped, indicating pencil structures associated to an early defor-
mation stage (Ramsay and Huber, 1983; Parés and van der Pluijm,
2002).

4.4. “°Ar-*°Ar age and geochemistry of the intruding basaltic dikes

Subvertical basaltic dikes with sharp boundaries intrude the La Hoya
Pluton (Fig. 4a; 9a), and they are not affected by the solid-state defor-
mation affecting the La Hoya Pluton, nor by the regional propylitic
alteration. The field relations and the freshness of the basaltic dikes
would suggest a recent age of emplacement. These dikes crop out with
only one direction exposed, so it was impossible to measure the strike in
many of them. They have variable widths, ranging from 1 to 10 m. They
are dark brown rocks, with porphyritic texture (20% of clinopyroxene
phenocrysts). Cataphyllary erosion is a common feature of these
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intrusives (Fig. 9b). The groundmass presents intergranular to sub-
ophytic texture; it is composed of plagioclase (50%), clinopyroxene
(35%), olivine is replaced by iddingsite (10%) and opaque minerals
(5%) (Fig. 9¢). In contrast with all the plutonic facies of the La Hoya
Pluton, these basaltic dikes do not show traces of the hydrothermal
alteration that affects the whole pluton.

The somewhat U-shaped age spectrum of sample ESQ54, and lower
initial and final radiogenic yields are compatible with the presence of
excess argon in the sample (Fig. 9d). As no isochron or plateau age could
be obtained, the minimum age (42.15 + 0.40 Ma, Eocene) on the age
spectrum (see Table 2-Appendix) should be considered as the age of the
sample, due to the excess argon assumption which would render the age
to be older than its true age.

Geochemical results from samples ESQ51 and ESQ54 show 56-57%
SiO9, 1.32-1.34% K50, 4.03-4.06% Nay0, and an Mg # of between 50
and 52 (anhydrous base, loss on ignition (LOI) contents between 3.3 and
4.1; Table 2). On the TAS diagram, rocks are classified as dacites, close to
andesites (Le Bas et al., 1986, Fig. 10a).

Chondrite-normalized rare earth element (REE) patterns of the
samples are moderately enriched in light REEs and have a flat REEs slope
((La/Sm)y = 1.89-2.48and (La/Yb)y = 4.55-5.57; Table 2; Fig. 10b).
Samples do not show negative Eu anomalies (Eu/Eu* = 0.88-1.01;
Table 2, Fig. 10b). The Primordial Mantle normalized pattern of the
samples bears enrichment in Rb, Sr, K, Ba, Th, U, La and Ce, and
depletion in Nb, Ta, Ti, Dy, Y, and Lu (Fig. 10c), showing a remarkable
Ta-Nb depletion. Trace element ratios of Ba/Nb > 40, Ta/Hf > 0.15 and
La/Nb > 1 are typical of subduction environments, although the La/Ta
< 25 ratio is more typical of intraplate settings (Table 2).

5. Discussion

5.1. Comparison between the eocene basaltic dikes from esquel and the
Pilcaniyeu and El Maitén belts

The Eocene age of the basaltic dikes at Esquel of 42.15 + 0.40 Ma
places them between the Paleocene-Eocene Pilcaniyeu Belt (Rapela
et al., 1988; Aragon et al., 2011; Iannelli et al., 2017), and the Late
Eocene-Early Miocene El Maitén Belt (Rapela et al., 1988; Iannelli et al.,
2017; Fernandez Paz et al., 2018). As excess argon was inferred to be
present in the sample, producing an age anomalously old, we believe
that it is more probable that the basaltic dikes of Esquel belong to the
early stages of the El Maitén Belt, than to the final stages of the Pilca-
niyeu Belt. It must be considered that the basal deposits of the El Maitén
belt were dated in 37 + 0.7-0.5 Ma at only 20-25 km west of the study
area by Fernandez Paz et al. (2018) (Fig. 1).

An integration of the geochemical features of the Eocene dikes within
a more regional analysis that includes the Pilcaniyeu and the El Maitén
belts is helpful to contextualize these newly found rocks from Esquel.
The analysis shown here suggests that the Eocene dikes from Esquel
show geochemical features transitional between both volcanic belts. In
the multielemental diagram of Fig. 10c, they have Nb and Ta throughs,
like the El Maitén Belt. They are subalkaline in the TAS diagram, like the
El Maitén Belt (Fig. 10a), but they have La/Ta<25 like the Pilcaniyeu
Belt, which is typical of intraplate environments (Fig. 10d). In the Ba/La
vs. Th/La, in the Nb/Zr vs. Ba/Nb and the Th/Hf vs. Ta/Hf diagrams, the
Eocene dikes from Esquel show intermediate characteristics between
both belts (Fig. 10e-g). We conclude that these dikes have characteris-
tics compatible with subduction-derived magmas, but they have some
features typical of extensional magmatism as well.

5.2. Deformation in the La Hoya pluton

The La Hoya intrusive body is an upper crustal, flattened pluton
whose geometry can be envisaged as a combination of laccolith bodies
which, with successive snapshots, evolve towards a piston-like bysma-
lith (a cylindrical, fault-bounded, piston-like laccolith, Horsman et al.,
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Fig. 9. Eocene basaltic dikes intruding the La Hoya Pluton. a) General view of the subvertical dikes with irregular borders and cataphyllary erosion. b) Detail of the
cataphyllary erosion. ¢) Thin section showing olivine, clinopyroxene and plagioclase phenocrysts. Mineral abbreviation following Whitney and Evans (2010). d)
“OAr-3%Ar plateau age from single mineral grains of plagioclase from the basaltic dikes.

2010, Figs. 3a and 11a). This is because the original magmatic foliation,
at the emplacement level, is flat or shallowly dipping (Figs. 3a and 8a).
The roof of the intrusion, well preserved in the Cordén de Esquel, is flat
(Fig. 4a). The host rock at the top of the intrusion (the Esquel/Valle
Chico formations in site LH1; Fig. 8i), shows an S0//S1 low-grade
metamorphic foliation of subhorizontal attitude. At the roofs and sides
of the intrusion, the margins of the growing magma chamber were
removed via stoping or diking (Fig. 3a). The magmatic foliation pre-
served in site LH15, with an unmodified granophyric texture (Fig. 4a), is
also subhorizontal (Fig. 8a), probably reflecting its closeness to the
pluton roof.

The emplacement of the La Hoya Pluton took place in the Late
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Jurassic, at 161.9 + 0.46 Ma Ma (Boltshauser et al., 2019), during a time
of tectonic quiescence before the first deformational event of the North
Patagonian fold and thrust belt (Somoza and Zaffarana, 2008; Orts et al.,
2012; Echaurren et al., 2016, 2017, Fig. 11b). The shallow crustal level
of emplacement of the La Hoya Pluton, which implies fast cooling rates,
probably preserved the evidence of emplacement as multiple magma
pulses, despite the pervasive regional deformation which overprinted
the originally magmatic fabric patterns of this pluton in some localities.
The amalgamation of the La Hoya Pluton as resulting from different
pulses is suggested by its broad compositional range comprised by
gabbros, tonalites, granodiorites and monzogranites. The presence of
enclave swarms (Fig. 6a-c) also corroborates the amalgamated and
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progressive assemblage of this intrusion as distinct magma pulses. The
shallowly dipping magmatic foliation found in the enclave swarms
(Fig. 6a; 8g-h) suggests that the La Hoya Pluton experienced sub-
horizontal magma flow, as enclave swarms are usually interpreted as
conduit feeders, thus original directions of magma flow (Tobisch et al.,
1997; Collins et al., 2006). Therefore, the La Hoya Pluton would have
had subhorizontal conduits, such as the tube-shaped subhorizontal
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conduits described as feeders of the laccoliths and bysmaliths from the
Henry Mountains by Horsman et al. (2010). Besides, the presence of
prolate AMS ellipsoids with steeply plunging lineations in the case of site
LHS5 from the gabbros and quartz-monzodiorites (Fig. 8d) could point to
directions of subvertical magma flow.

The integrated study of field and AMS data together with the
deformation microstructures provide timing relationships between
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structures found in the La Hoya Pluton, where two different sets of
penetrative solid-state structures were recognized. On one side, the
presence of shallowly dipping foliation planes could be ascribed to the
expression of emplacement conditions, developing during pluton cool-
ing. The associated tectonic lineations, especially in the sites showing a
well-developed low-temperature solid-state deformation, are horizontal,
having either N-S (site NP1, LH18) or E-W strike (site LH7, LH4, LH8).
These directions coincide with the maximum length of the intrusion
(N-S) and with the perpendicular direction (E-W) (Fig. 11a). A similar
pattern of subhorizontal magmatic and solid-state fabrics was found by
Horsman et al. (2010) in the Maiden Creek upper crustal intrusion in the
Henry Mountains, USA. The plutons analyzed by the latter authors were
emplaced after the peak of the Laramide orogeny during an extensional
regime, in Middle to Late Eocene times (from 30 Ma to 21 Ma, Nelson
et al., 1992).

In the La Hoya Pluton, sites with subhorizontal foliations developed
under solid-state conditions, and show high- and low-temperature solid-
state deformation microstructures. Myrmekites, microcline instead of
orthoclase and chessboard texture in quartz represent the high-
temperature solid-state deformation microstructures in the sites of La
Hoya Pluton bearing subhorizontal magnetic foliation planes, whereas
low-temperature deformation microstructures are represented by ag-
gregates of quartz and feldspar subgrains which are not still organized in
subgrain bands. In summary, subhorizontal fabrics in the La Hoya Pluton
developed progressively during cooling and emplacement, first in the
magmatic stage and later during high- and low-temperature solid-state
conditions. In sites LH8 and LH18, the AMS ellipsoids can be separated
into AMS ellipsoids recording a higher and a lower deformation rate.
When this separation is made, the M + S and the S ellipsoids still record
the same axes Kj, K and Ks orientations (Table 1, Fig. 8b, h).

If the La Hoya Pluton was deformed in solid-state conditions during
cooling, then this deformation should have happened in Late Jurassic
times, because fast cooling conditions are inferred from the shallow
emplacement level of this pluton.

The main deformational stages in the 41°-44° S sector of the North
Patagonian Andes were recognized by several studies and are summa-
rized in Fig. 11b (Giacosa and Heredia, 2004; Somoza and Zaffarana,
2008; Orts et al., 2012, 2015; Encinas et al., 2013, 2014; Bechis et al.,
2014; Savignano et al., 2016; Echaurren et al., 2016, 2017; Zaffarana
et al., 2018). The first contractional stage occurring in Late Cretaceous
times inverted the Jurassic-Lower Cretaceous half-graben systems,
reactivating the western Canado6n Asfalto rift border ca. 500 km away
from the trench, at a time of arc foreland expansion. In this context, we
infer that the original magmatic fabrics of the La Hoya Pluton were
modified by regional deformation affecting the North Patagonian Andes.
Thus, the presence of subvertical foliation planes in sites LH14, together
with the mylonites recorded in sites LH13, LH11 and LH36, as well as
the steeply plunging lineations of these deformed rocks, suggest that
they represent tear faults, compatible with the E-W compressive tectonic
regime prevailing since Late Cretaceous times (Echaurren et al., 2016,
2017 and references therein). The presence of solid-state vertical and
intermediate lineations, together with the predominance of subvertical
oblate ellipsoids (Fig. 5f and g) is compatible with a local transpressive
strike-slip regime (Fossen et al., 1994; Tikoff and Greene, 1997; Fossen
and Tikoff, 1998; Saint Blanquat et al., 1998). A transpressive defor-
mation regime was also described in Late Cretaceous times (110-80 Ma),
compatible with the development of low-grade shear zones in the North
Patagonian Andes by Oriolo et al. (2019).

The E-W trending, horizontal shortening direction inferred from the
fabric observed in the Valle Chico Fm. and the subvertical S fabrics of La
Hoya Pluton is compatible with a layer parallel shortening, which is an
expression of compressive strain that occurs parallel to bedding surfaces
(e.g., Weil and Yonkee, 2012). These solid-state deformational micro-
structures may represent layer-parallel shortening structures, even
though this kind of structures were initially described in sedimentary
rocks, such as shales and red beds (Weil and Yonkee, 2012) and not in

17

Journal of South American Earth Sciences 104 (2020) 102791

plutonic rocks. However, it has also been described in gneisses and
granulites (Kisters et al., 1996). Layer-parallel shortening deformation is
typical of early strain and stress patterns in many orogenic belts (e.g.,
Geiser and Engelder, 1983; Geiser, 1988; Mitra, 1994; Gray and Sta-
matakos, 1997; Hogan and Dunne, 2001; Ong et al., 2007; Weil and
Yonkee, 2012).

Neogene shortening in the North Patagonian Andes has been esti-
mated as 11 km in a 217.65 km length section, representing only a
3.78% of the initial length (Echaurren et al., 2016). This shortening is
considerably lower than in the Central Andes to the north (Ramos et al.,
2004; Oncken et al., 2006). However, Echaurren et al. (2016) suggested
that this is considered a minimum shortening, given that essential sec-
tors of the profile could not be observed in detail. It is possible that the
compressive tectonic deformation structures in the Late Jurassic La
Hoya Pluton may have been produced by some layer-parallel deforma-
tion absorbed by the pluton during the early stages of deformation of the
fold and thrust belt.

After the Late Cretaceous deformational stage, the Pilcaniyeu Belt
was extruded, representing a flare-up magmatic event coinciding with
the collision of the Farallon-Aluk ridge with the South American border
(Aragon et al., 2011, 2013; Iannelli et al., 2020). The magmatic and
solid-state deformation described in the La Hoya Pluton occurred before
the intrusion of the Eocene undeformed basaltic dikes (Fig. 8a—c; 10b).
Interestingly, the importance of the Late Cretaceous contractional
deformation stage was also highlighted by water isotope studies in the
Patagonian Andes, which postulate that their topography was as high as
nowadays since at least Paleocene times, and most probably since the
Late Cretaceous (Colwyn et al., 2019). Even though we do not discuss
their paleo-altitude data, our structural and AMS data are consistent
with an early Cenozoic extensional regime and magmatism before
Neogene contraction (Colwyn et al., 2019).

The reverse NE-SW trending faults found in site LH11 (Fig. 5h and i)
which crosscut the structures formed during the ~E-W directed Creta-
ceous contraction, are not compatible with the strain ascribed to Late
Cretaceous times (Fig. 10a). These faults would belong to a much
younger compressive stage, as they crosscut the structures formed dur-
ing the previous, Late Cretaceous event (field evidence shown in Fig. 5h
and i). These faults could have been formed during the second defor-
mational stage of the North Patagonian fold and thrust belt, which
occurred since Miocene times due to the growth of the North Patagonian
fold-thrust belt (Fig. 10b; Bilmes et al., 2013; Echaurren et al., 2016;
D’Elia et al., 2020). Similar NE-SW trending thrusts are seen in the
northern part of the Esquel range, in the area between Esquel and
Leleque in Fig. 1 and had been mapped previously by Lizuain and Viera
(2010) and by Orts et al. (2012).

6. Conclusions

The AMS and structural study of the La Hoya Pluton reveals that it
records magmatic and solid-state deformation textures that are
compatible with the deformational stages of this sector of the North
Patagonian Andes.

The La Hoya Pluton registers subhorizontal magmatic foliations and
shallowly dipping, flattened enclave swarms, which suggest that the
pluton was formed by several amalgamated pulses. The La Hoya Pluton
was emplaced in Late Jurassic times during a period of relative tectonic
quiescence along the Southern Gondwana margin. The subhorizontal
magmatic fabrics were partially overprinted by subparallel solid-state
deformational fabrics, which developed during fast pluton cooling in
Late Jurassic times. Later, NE and NW trending high-angle fractures and
mylonites developed, reflecting an E-W shortening direction active in
Late Cretaceous times. These mylonites were developed under low-
temperature solid-state conditions, and the combination of oblate sub-
vertical magnetic ellipsoids with subvertical lineations is compatible
with a transpressive deformational regime. This compressive stress field
described here probably took place during the Late Cretaceous
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deformation stage, which resulted in the deformation of the North
Patagonian fold and thrust belt.

These deformational events occurred before the intrusion of the
Eocene basaltic dikes, which have an *°Ar-*°Ar crystallization age in
plagioclase of 42.15 + 0.40 Ma and which were ascribed to the early
stages of the El Maitén Belt. These dikes have geochemical features
coherent with the transition from the alkaline-like geochemical signa-
ture with limited slab influence of the Pilcaniyeu Belt to the slab-derived
calc-alkaline magmas of the El Maitén Belt.

Finally, a NE-SW trending fault with intermediate inclination to-
wards the SW, and a reverse sense of shear was ascribed to the Miocene
deformational stage in the North Patagonian fold and thrust belt. Their
relationship with the undeformed Eocene basaltic dikes could not be
observed in the field.
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