
Journal of South American Earth Sciences 114 (2022) 103688

Available online 1 January 2022
0895-9811/© 2022 Elsevier Ltd. All rights reserved.

A multi-method approach to constrain the age of eruption and 
post-depositional processes in a Lower Jurassic ignimbrite from the Marifil 
Volcanic Complex, eastern North Patagonian Massif 
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A B S T R A C T   

In the eastern North Patagonian Massif, the Marifil Volcanic Complex corresponds to an Early Jurassic magmatic 
event. In this study, we evaluate new geochronological and thermochronological data obtained from an 
ignimbrite of the complex. U–Pb zircon ages from the pumice fraction reveal a Concordia age of 184.4 ± 1.1 Ma. 
Conversely, U–Pb zircon ages from the whole-rock sample evidence a Concordia age of 190.4 ± 0.6 Ma. Fission 
track techniques were applied on the same whole-rock sample. Zircon fission track performed on the same 
zircon-crystals dated by U–Pb yielded an age of 172.5 ± 8.1 Ma, while apatite fission track evidenced a cooling 
age of 179.1 ± 13.5 Ma. Apatite and zircon crystals describe uniform morphologies with unaltered euhedral to 
subhedral grains and well-developed crystalline forms. The results suggest that the age of eruption and depo
sition of the ignimbrite is better explained by the pumice zircon age rather than the whole-rock zircon age. 
Inherited grain-ages and petrographic evidence support provenance from older, probably cogenetic, magmatic 
products. Fission track ages reflect a post-depositional process probably related to diagenetic mineral changes.   

1. Introduction 

During volcanic eruptions, lava, rock fragments, and gases are 
ejected to the Earth’s atmosphere and deposited on the surface. Within 
those materials, crystals formed in the magmatic reservoir can be found. 
A significant uncertainty resides when trying to establish how distant in 
time is the age of eruption from the age of crystallization of those 
crystals. The reliability of isotopic ages to constrain volcanic events 
depend, among other factors, on the applied dating method and the 
characteristics of the geological material under study. Nowadays, the 
U–Pb isotopic dating method, commonly applied on zircon crystals, al
lows performing punctual analyses in single grains (SHRIMP, LA-ICP- 
MS, among others). By applying this method on a spot of an entire 
grain and by reproducing it on a large number of crystals of the same 
sample, the quality, and precision of the outcoming result increase. 

Moreover, this particular methodology also allows to date multiple 
events in a single crystal grain (Simon et al., 2008; Storm et al., 2011; 
Fornelli et al., 2014; Cooper, 2015). The application of crystallization 
ages in terms of more specific priors, in addition to thermochronological 
data, is essential to present a well-constrained thermal history with a 
better focused time-temperature range (Gallagher, 2012). 

In Patagonia, southern south America (Fig. 1), the Chon Aike Silicic 
Large Igneous Province includes a large volume of mostly acidic volca
nic rocks, widely distributed (Pankhurst et al., 2011 and references 
therein). The Marifil Volcanic Complex (Malvicini and Llambías, 1974; 
Cortés, 1981; Busteros et al., 1998) belongs to the Chon Aike Province 
(Pankhurt et al., 1998, 2000) and has been included in the eastern 
domain of the Jurassic magmatism of the North Patagonian Massif 
(Zaffarana et al., 2020). It was considered as the first volcanic episode of 
the igneous province that occurred between 188 and 178 Ma (Pankhurst 
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Fig. 1. Outcrops of the Marifl Volcanic Complex in the eastern North Patagonian Massif (eastern domain in Zaffarana et al. 2020) showing known radiometric ages 
for each one. References a: Núñez et al. (1975); b: Valles (1978); c: Cortés (1981); d: Haller (1981); e: Rapela and Pankhurst (1993); f: Pankhurst and Rapela (1995); 
g: Genovese (1995); h: Busteros et al. (1998); i: Féraud et al. (1999); j: Franchi et al. (2001); k: Chernicoff et al. (2017); l: Strazzere et al. (2017); m: Strazzere et al. 
(2019); n: Pavón Pivetta et al. (2019); m: Pugliese et al. (2021); * this work. Modified from González et al. (2017). 
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et al., 2000). However, some previous ages (Rb–Sr, K–Ar) suggest an 
older age for the beginning of this magmatism, recently confirmed by 
U–Pb zircon ages (Núñez et al., 1975; Cortés, 1981; Genovese, 1995; 
Busteros et al., 1998; Strazzere et al., 2017, 2019; Pavón Pivetta et al., 
2019; Pugliese et al., 2021). Fig. 1 shows the outcrop’s distribution and 
published radiometric ages of the Mesozoic magmatism in the eastern 
North Patagonian Massif. In this work, we combine the mentioned 
dating-methods to constrain the age of a single volcanic event in the 
Lower Jurassic Marifil Volcanic Complex, and to improve the under
standing of its evolution in the Valcheta - Aguada Cecilio area (Figs. 1 
and 2). Petrography, DRX and whole-rock chemical data were used to 
approach a thorough interpretation of the geochronology and thermo
chronology data. 

Considering the wide range of ages covered by all the volcanic cen
tres of the extensive Marifil Volcanic Complex (Fig. 1), we believe that 
their integration for regional interpretations should be performed very 
carefully, after the individual analysis of each centre in particular. 
Therefore, the results and interpretations of this study are exclusive for 
the sampled pyroclastic bed and the effusive centre where it belongs. 

However, considering that the construction of the Marifil Volcanic 
Complex occurred through a succession of recurrent single volcanic 
events over time, some general assumptions can be drawn for the acidic 
Jurassic magmatism in the North Patagonian Massif. 

2. Geological setting 

The geology of the Valcheta-Aguada Cecilio area (Fig. 2) consists of 
four main lithological groups: 1) Paleozoic rocks, 2) Early Jurassic 
igneous and sedimentary rocks, 3) Late Cretaceous to Paleogene sedi
mentary and volcanic rocks, and 4) Neogene to Quaternary deposits. 

2.1. Paleozoic rocks 

Paleozoic rocks comprise metamorphic, igneous, and sedimentary 

rocks widely distributed in the area (Fig. 2). 
The Nahuel Niyeu Formation (Caminos, 1983) is a low-metamorphic 

grade unit integrated mainly by metasandstones and phyllites with 
minor intercalations of metaigneous rocks (Chernicoff and Caminos, 
1996; Giacosa, 1999; Caminos et al., 2001; Greco et al., 2015, 2017). 
Sedimentary and igneous protoliths of the Nahuel Niyeu Formation 
yield Cambrian maximum depositional and crystallization ages (Pan
khurst et al., 2006; Rapalini et al., 2013; Greco et al., 2015, 2017). Be
tween Valcheta and Aguada Cecilio, the Nahuel Niyeu Formation 
exhibits a complex structure, probably developed during three evolu
tionary stages: early and late Paleozoic, and post-Early Jurassic to 
pre-Late Cretaceous (Giacosa, 1999; Greco et al., 2015, 2017, 2018). 

Muscovite-biotite-bearing granitic plutons and dykes, and tonalitic 
plutons intrude the Nahuel Niyeu Formation in the area (Núñez et al., 
1975; Caminos et al., 2001; López de Luchi et al., 2008; Gozalvez, 
2009a, 2010; Rapalini et al., 2013). Ar–Ar and K–Ar cooling ages range 
from Ordovician to Silurian (López de Luchi et al., 2008; Gozalvez, 
2009a; Rapalini et al., 2013; Martínez Dopico et al., 2017), as previously 
suggested by Núñez et al. (1975) and Caminos et al. (2001). 

A deformed sedimentary sequence assigned to the Silurian-Devonian 
Sierra Grande Formation unconformably covers the Nahuel Niyeu For
mation (Sesana, 1968; Methol and Sesana, 1972; Núñez et al., 1975; 
Chernicoff and Caminos, 1996; Caminos et al., 2001; von Gosen, 2003). 
It is composed of arenites, gravelly sandstones, conglomerates, silt
stones, and claystones. 

Finally, Permian granitoids of the Navarrete Plutonic Complex 
intrude the Nahuel Niyeu Formation (Caminos, 1983; Caminos et al., 
2001; Pankhurst et al., 2006; Gozalvez, 2009b). 

2.2. Lower Jurassic igneous and sedimentary rocks 

The Marifil Volcanic Complex (Malvicini and Llambías, 1974; -nom. 
transl.- Cortés, 1981; Giacosa, 1993) crops out in wide areas of the 
eastern North Patagonian Massif (Kay et al., 1989; Rapela and 

Fig. 2. Geological map of the Valcheta-Aguada Cecilio area, based and modified after Greco et al. (2015). U–Pb data from Chernicoff et al. (2017) and Strazzere et al. 
(2019) are indicated as well as the location of the sample V18-01. 
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Pankhurst, 1993; Pankhurst and Rapela, 1995; Aragón et al., 1996; 
Pankhurst et al., 1998; Caminos et al., 2001; Márquez et al., 2010, 2011; 
González et al., 2017; Pavón Pivetta et al., 2019) and represent the 
Lower Jurassic igneous and sedimentary rocks from the Valcheta - 
Aguada Cecilio area. In this area, basal strata of the Marifil Volcanic 
Complex include the Puesto Piris Formation consisting of conglomer
ates, gravelly sandstones, sandstones, tuffs, and limestones that uncon
formably cover the Nahuel Niyeu Formation (Núñez et al., 1975; 
Strazzere et al., 2019). The age of this unit has been attributed to the 
Triassic - Early Jurassic (Núñez et al., 1975; Caminos et al., 2001; 
Martínez et al., 2001). However, new geochronological data support a 
possible Early Jurassic age for this unit (Strazzere et al., 2019). 

An acidic volcanic sequence composed of rhyodacitic to rhyolitic 
ignimbrites and lava flows; and minor trachytic lava flows, tuffs, con
glomerates, and sandstones, covers both the Puesto Piris and the Nahuel 
Niyeu formations (Nuñez et al., 1975; Caminos, 2001; Martinez et al., 
2001). The acidic volcanic sequence represents the upper section of the 
Marifil Volcanic Complex (González et al., 2017). Trachytic and rhyo
litic to rhyodacitic dykes and domes intruding the acidic volcanic 
sequence and the Paleozoic rocks, are also considered as part of the 
Marifil Volcanic Complex (Caminos et al., 2001; Márquez et al., 2011; 
Chernicoff et al., 2017; Strazzere et al., 2019). 

The Marifil Volcanic Complex shows homoclinal structures as well as 
faults and gentle to open folds in the area (Núñez et al., 1975; Martínez 
et al., 2001; Chernicoff et al., 2017; Greco et al., 2018, 2021a, 2021b; 
Strazzere et al., 2019). These structures are equivalent to those affecting 
the Nahuel Niyeu Formation and developed during a Toarciam and 
pre-Late Cretaceous contractional stage (Greco et al., 2018, 2021c). 

The age of the Marifil Volcanic Complex in the Valcheta-Aguada 
Cecilio area has been constrained on the basis of fossiliferous content 
and K–Ar cooling ages of a volcano-sedimentary sequence covering the 
Puesto Piris Formation (Núñez et al., 1975). These authors considered 
the acidic volcanic rocks of the sequence as formed during the Early to 
Middle Jurassic. Rb–Sr, K–Ar and Ar–Ar -whole rock and 
mineral-radiometric ages have constrained the duration of the Marifil 
magmatism in the North Patagonian Massif between Late Triassic and 
Late Jurassic (Fig. 1; Núñez et al., 1975; Vallés, 1978; Cortés, 1981; 
Haller, 1981; Rapela and Pankhurst, 1993; Genovese, 1995; Pankhurst 
and Rapela, 1995; Busteros et al., 1998; Féraud et al., 1999; Franchi 
et al., 2001). SHRIMP and LA-ICP-MS U–Pb zircon ages obtained from 
sub-volcanic and lava bodies in this unit range between 193.4 Ma and 
179 Ma (Fig. 1; Sinemurian to Toarcian, Chernicoff et al., 2017; Straz
zere et al., 2017, 2019; Pavón Pivetta et al., 2019; Pugliese et al., 2021). 
Based on the ages of the rocks of the Marifil Volcanic Complex, they 
might be grouped in the V1 (188-178 Ma) and V2 (172-162 Ma) eruptive 
stages proposed by Pankhurst et al. (2000) for the Jurassic Chon Aike 
Silicic Large Igneous Province. Older ages have been considered as 
representative of a V0 eruptive stage (Pavón Pivetta et al., 2019). 

2.3. Upper Cretaceous to paleogene sedimentary and volcanic rocks 

Upper Cretaceous to Cenozoic sedimentary and volcanic rocks are 
represented by the Neuquén and Malargüe Groups and the Somuncura 
Formation, which cover both the Paleozoic and the Early Jurassic 
geological units (Caminos et al., 2001; Martínez et al., 2001). In the 
study area, the Neuquén (Campanian-early Maastrichtian?) and the 
Malargüe (Maastrichtian-Danian) groups comprise sedimentary fossil
iferous beds of continental and marine origin respectively (Caminos 
et al., 2001; Martínez et al., 2001). The Oligocene to lower Miocene 
Somuncura Formation covers wide areas of the North Patagonian Massif 
and represents mafic volcanic fields (Ardolino, 1981; Ardolino and 
Franchi, 1993; Kay et al., 2007). 

2.4. Neogene-quaternary deposits 

Neogene to Quaternary deposits cover the previously mentioned 

units. They comprise continental sedimentary rocks and alluvial/collu
vial deposits widely developed in the area (Caminos et al., 2001; Mar
tínez et al., 2001). 

3. Materials and methods 

Field mapping and sampling were performed in the study area using 
satellite imagery in a portable android device with a GPS sensor. A single 
ignimbrite bed from the Marifil Volcanic Complex was sampled col
lecting 10 kg of two whole-rock samples and one pumice concentrate of 
~2 kg (sample V18-01, 40◦47′10′′S; 66◦2′18′′W, Figs. 2 and 3). 

Petrographic thin sections were performed by the Petroctomy Lab
oratory at Instituto de Investigaciones en Paleobiología y Geología (Rio 
Negro-Argentina). 

Sample preparation and DRX analysis for alteration assessment have 
been carried out in the DRX laboratory at Instituto de Investigaciones en 
Paleobiología y Geología. Detailed information about these techniques 
and diffractometer specifications are available in the supplementary 
data. 

A sample from the pumice fraction was used to concentrate zircons to 
obtain U–Pb ages. Besides, whole-rock samples were used to concentrate 
apatites and zircons to perform: (1) apatite fission track (AFT), and (2) 
double dating of zircon-crystals by applying zircon fission track (ZFT) 
and U–Pb on the same zircon-grains. Apatite and Zircon Fission Track 
(AFT and ZFT, respectively) are low-temperature thermochronometers 
that provide the time of cooling of a rock sample through a specific range 
of temperature. Both methods are based on the analysis and counting of 
narrow zones of damage called “fission tracks” that are formed in the 
crystal lattice as a result of the spontaneous fission decay of the 238U 
(Price and Walker, 1963; Fleischer et al., 1975). The length of the fission 
tracks depends on temperature, and significant track shortening occurs 
within thermal ranges of 60–120 ◦C for apatites and 200–300 ◦C for 
zircons, both known as Partial Annealing Zone (PAZ, Gleadow and 
Fitzgerald, 1987; Tagami, 2005). A long residence in or above the PAZ 
results in the thermal recovery of the crystal lattice and the erasing of the 
fission tracks (Fleischer et al., 1975). Below these temperature ranges, 
the fission tracks start to be retained in the crystals (Laslett et al., 1987; 
Brandon et al., 1998; Ketcham et al., 1999). The closure temperature 
(Tc) of both FT isotopic systems that controls the loss or retention of 
radiogenic decay products, are 240 ± 20 ◦C for ZFT and 100 ± 10 ◦C for 
AFT (Dodson, 1973; Laslett et al., 1987; Brandon et al., 1998). Fission 
Track analytical data are available in the supplementary data. 

Zircons from the pumice fraction were analysed in the laboratories at 
Centro de Pesquisas em Geocronologia e Geoquímica Isotópica of São 
Paulo (CPGeo). Fission track and U–Pb techniques applied on the whole- 
rock sample were performed at La.Te Andes S.A. laboratory (Salta, 
Argentina). U–Pb results were analysed and processed with Isoplot/Ex 
software (Ludwig, 2008) and IsoplotR (Vermeesch, 2018). In addition, 
density and radial plots were produced in order to visualize and analyse 
the dispersion of the results (Vermeesch, 2009, 2012). Fission track re
sults were processed with Trackkey software (Dunkl, 2002) and dis
played with density and radial plot as well. Macroscopic and 
microscopic descriptions of the ignimbrite were carried out during 
field-work and then under a petrographic microscope. Analitical data 
and further details about U–Pb and FT methodologies, can be found in 
the supplementary data. 

Pyroclastic rocks usually contain lithic fragments with zircon crystals 
resulting in diverse populations of grain-ages in the whole-rock sample. 
This dispersion of grain-ages likely conceals the original crystallization 
age of the volcaniclastic unit. Consequently, zircon crystals from both 
flattened pumice fragments (fiamme) and a whole-rock sample were 
concentrated separately, and results were compared in detail to distin
guish the potential inherited signals. As the pumice fragments in pyro
clastic rocks are considered juvenile glassy components (McPhie et al., 
1993), the zircon crystals contained in them could be thought as formed 
roughly near the age of the volcanic burst. Likewise, the U–Pb 
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crystallization age of those zircon crystals might reflect the age of the 
volcanic event represented by the pyroclastic bed as well. However, the 
analytical uncertainty of the U–Pb method could be larger than the in
terval of a single volcanic event. In the case of the Fission Track method, 
cooling ages might have different meanings depending on the rock-type 
analysed. For sedimentary rocks, the fission tracks retained by its zircon 
and apatite crystals record the thermal history of their respective 
provenances, rather than post-depositional cooling events, when it has 
not been subjected to temperatures higher or within the PAZ after its 
deposition. In the case of volcanic units, fission tracks would reflect a 
high-rates, rapid volcanic cooling with crystallization and cooling ages 
overlapped. However, volcaniclastic units merit to be processed and 
analysed carefully. The presence of derived components from the vol
canic apparatus and/or incorporated during the transportation can 
disguise the original crystallization age of the pyroclastic bed, leading to 
discrepancies between crystallization and cooling ages. 

Considering this, this work discusses the significance of the U–Pb 
zircon ages obtained from the pumice fragments and the whole-rock 
sample. Moreover, a detailed comparison between U–Pb ages and AFT 
and ZFT cooling ages is performed in order to reconstruct the evolution 
of the ignimbrite bed. 

4. Results 

4.1. Petrography 

The samples analysed in this work were collected from a pyroclastic 
sequence with minor epiclastic intercalations located 15 km SE of Val
cheta (Figs. 2 and 3). This pyroclastic sequence has been assigned to the 
Marifil Volcanic Complex because of its texture, composition and 
stratigraphic position (Nuñez et al., 1975; Caminos et al., 2001). The 
sample corresponds to a light grey pyroclastic rock with fragmental 

Fig. 3. Field photographs from the study area showing their spatial location. a. satellite image from the area where the sample V18-01 was obtained, the location is 
marked in Fig. 2. Coloured dot-lines demark different pyroclastic beds; b. photograph from a typical Marifil Volcanic Complex outcrop where there is a thin, fine 
stratified sequence under a massive ignimbrite bed; c. detail in the stratified sequence from b.; d. outcrop photograph of the ignimbrite from sample V18-01; e. 
polished section of a hand specimen from sample V18-01 showing the horizontal alignment of fiamme defining the eutaxitic texture and the major components (Pmz 
= flattened pumice fragment (fiamme); Qtz = quartz crystaloclast; Kf = K-feldspar crystaloclast; LT = lithoclast; Plg = plagioclase crystaloclast; Bt = biotite crys
taloclast); f. schematic stratigraphic column showing the relation between lithostratigraphic units in the area and the position of the V18-01 sample. The Marifil 
Volcanic Complex is divided into 3 units in the column, the Puesto Piris Formation at the base in purple color, the acidic volcanic sequence (including pyroclastic 
beds in dark blue and epiclastic beds in light blue) and the intrusive bodies which are indicated as a vertical blue bar in the left. 
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texture characterized by the presence of lithic, crystal and pumice 
(vitric) fragments. Flat pumice fragments (fiamme) define a eutaxitic 
texture (Figs. 3 and 4). The fiamme are white to light pink and partly 
conserve their micro-vesicular texture. They reach 3 cm long and 5 mm 
thick. The glass is devitrified and some fiamme show a concentric 
structure of devitrification with relatively large, euhedral quartz and 
feldspar crystals in the centre, and an outer zone with fibrous radial 
crystals of the same minerals (Fig. 4a). 

Embayed bipyramidal quartz, perthitic K-feldspar, zoned plagioclase 
and biotite are common crystaloclasts (Fig. 4b, c, d and e). They present 
euhedral to anhedral shapes and their size ranges from 4 mm to 0.5 mm. 
Limpid, non-twinned outer rims are common in plagioclase and K- 
feldspar crystaloclast. Clusters of large euhedral plagioclase crystals 
with sieve texture are common (Fig. 4d and e). Opaque minerals are 
disseminated and some present cubic and octahedral shapes. As the 

sample reacts to a hand magnet, a large fraction of the opaque crystals 
might correspond to magnetite. 

The lithoclasts are mainly volcanic and pyroclastic, with trachytic 
and rhyolitic composition. Small and scarce fragments from low grade 
metamorphic rocks have been recognized in hand specimens. The size of 
lithoclast ranges between 2 cm and 2 mm. 

K-feldspar crystals are slightly altered to hydromicas (possibly illite), 
biotite crystals are oxidized and the glass of the pumice fragments and 
matrix is completely devitrified. The matrix of the rocks is composed of a 
fine mosaic of quartz and feldspars, probably produced by devitrifica
tion, where no juvenile glassy components could be recognized (Fig. 4b, 
c, d and e). Chlorite and epidote with traces of calcite are scarce alter
ation minerals. They appear as small aggregates infilling cavities. 

The grain size distribution comprises mostly ash and lapilli. Ac
cording to its grain size and crystal composition, the rock could be 

Fig. 4. Detailed photograph from the analysed 
ignimbrite (V18-01). a. plane-polarized light photo
micrograph showing the general aspect of the 
ignimbrite (RLT = rhyolitic lithoclast); b. plane- 
polarized light photomicrograph showing in the 
centre a euhedral bipyramidal quartz (Qtz) crystalo
clast, in the right superior corner a euhedral quartz 
crystaloclast and in the left an anhedral, altered per
titic K-feldspar (Kf) crystaloclast; c. plane-polarized 
light photomicrograph showing a trachytic lithoclast 
(TLF); d. plane-polarized light photomicrograph 
showing a lithoclast composed of plagioclase crystals 
(Plg); e. cross-polarized light photomicrograph from 
d., sieve texture can be recognized in some plagio
clase crystals; the matrix of the rock forms a fine 
mosaic of quartz and feldspar as product of devitri
fication. (Bt = biotite).   
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classified as a rhyolitic lapilli tuff. Considering the pyroclastic nature of 
the rock, its eutaxitic texture, the size heterogeneity of the fragments 
and the high participation of juvenile material, we interpret this rock as 
an ignimbrite, product of a pyroclastic density current deposit. 

4.2. Assessment of the Marifil Volcanic Complex alteration 

During petrographic characterization, some signs of alteration were 
observed in the analysed rhyolitic ignimbrite. In order to evaluate the 
influence of alteration processes over geochronologic and thermocro
nologic results, we performed DRX analyses (whole rock and clay frac
tion from sample V18-01) to complete the characterization of the 
alteration paragenesis. Then, a regional alteration analysis is proposed 
based on the chemical information available on the rhyolitic rocks of the 
Marifil Volcanic Complex. 

4.2.1. DRX analysis 
The application of DRX analysis on sample V18-01 permitted us to 

recognise and separate clay mineral phases. Following the Rietveld 
Refinement Method (Rietveld, 1969; see supplementary data for further 
details), 7.45% of clay minerals were recognized for the whole sample. 
The clay fraction is composed of Illite (70%) and smectite (30%). The 
illite peak is clearly distinguished from the smectites peak either in 
bulk-rock, oriented and glycolated analyses. There is no evidence of 
mixed layer clay minerals (illite/smectite) peak. 

Clays from the smectite group are common products of volcanic 
materials weathering. Illite type clays are formed from Al-rich silicates 
under high-pH weathering or hydrothermal alteration conditions. As a 
generalization, illite forms at higher temperatures than smectite. During 
the burial of epiclastic rocks, the temperature increment produces a 
gradual transformation of smectite into illite (Tardy et al., 1987; Pol
lastro, 1993). 

Four diagenetic zones have been defined on the basis of mineralog
ical changes in acidic pyroclastic rocks as a product of thermal incre
ment during burial (after Iijima, 1978 in Tsolis-Katagas and Katagas, 
1990 and Gifkins et al., 2005). Clays from the smectite group prevail in 
shallow Zone 1 and tend to disappear in deeper zones. Illite becomes 
dominant in Zone 3 under higher temperature and pressure conditions. 
The coexistence of illite and smectite as individual minerals (no mixed 
layer) could be interpreted as formed during different events. The illite 
might represent an early stage, probably linked to a synvolcanic 
diagenesis (Gifkins et al., 2005), because thermal conditions to its for
mation could produce the disappearance of smectite in the rock. 
Therefore, smectite could have been formed later, during the exhuma
tion of the sequence. 

4.2.2. Chemical approach 
Considering the age and composition of the Marifil Volcanic Com

plex, and its belonging to the Chon Aike Silicic Large Igneous Province, a 
possible alteration process might be evaluated following the ideas of 
Páez et al. (2010). Our evaluation is based on a geochemical database of 
65 published analyses from rhyolitic rock-sample of the Marifil Volcanic 
Complex (geochemical data from Giacosa, 1993; Pankhurst and Rapela, 
1995; Busteros et al., 1998; Márquez et al., 2011; González et al., 2016; 
Pavón Pivetta et al., 2019; Navarrete et al., 2019). 

The “Alteration Box Plot” (Large et al., 2001; Gifkins et al., 2005), 
based on Ishikawa alteration index (AI) and chlorite-carbonate-pyrite 
index (CCPI), can also be constructed with the available data to eval
uate possible alteration processes in the rhyolites from the Marifil Vol
canic Complex. The “Alteration Box Plot” is a way of discriminating 
geochemical trends due to diagenetic alteration from those due to hy
drothermal alteration (Large et al., 2001 and references therein; Fig. 5a). 
The samples from the Marifil Volcanic Complex are scattered following a 
tendency compatible with an early diagenetic alteration trend. How
ever, some samples show a hydrothermal alteration signature, probably 
related to hydrothermal deposits hosted and related to Marifil Volcanic 

Complex rocks (e.g., Gozalvez, 2010; Dill et al., 2013, 2016; Pavón 
Pivetta et al., 2019). 

The K2O/Na2O ratio as crucial to discriminate altered rhyolites (Páez 
et al., 2010). In Fig. 5b this ratio allows the recognition of two groups of 
samples, altered rhyolites and slightly or unaltered rhyolites. Using the 
average chemical composition from the unaltered rhyolites (from the 
Alteration Box Plot), a multi-elemental normalization diagram is pro
posed in Fig. 5c. This diagram presents significant additions of K2O 
against loss in MgO, CaO, Na2O and P2O5. Similar elemental patterns 
have been noticed in regional scale potassic metasomatism (Páez et al., 
2010). According to these authors, this process only affects rocks with 
silica contents over 68 wt%. 

In volcanogenic rocks, the principal change due to diagenesis is the 
formation of alkali-rich silicate minerals such as clays at the expense of 
feldspars and glass (Large et al., 2001). The presence of clay minerals has 
been confirmed by petrography and DRX analysis of the V18-01 sample. 

Fig. 5. Boxplot for alteration assessment. a. “Alteration Box Plot” (after Large 
et al., 2001; Gifkins et al., 2005) where the samples from the Marifil Volcanic 
Complex follow an early diagenetic alteration trend; b. K2O/Na2O ratio plot 
after Páez et al. (2010), this diagram discriminated two groups of samples, 
altered rhyolites and lesser or unaltered rhyolites; c. multi-elemental normali
zation diagram using unaltered rhyolites composition as normalization values. 
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This sample could be included as part of the diagenetic alteration trend 
of the rhyolitic samples from the Marifil Volcanic Complex. 

4.3. U–Pb zircon ages 

4.3.1. Pumice fragments 
Around 100 igneous zircon crystals with euhedral prismatic habit 

were separated from the pumice fragments. Their aspect ratios range 
between 1:2 and 1:4 and the length of their major axis varies between 
100 and 250 μm. The crystals are mostly limpid with scarce fiuid in
clusions. Fifty-nine crystals were mounted in epoxy resin to perform CL 
images and posterior U–Pb analysis. They presented a typical igneous 
morphology with a high A index and a low to medium T index (classes I, 
R1-4; Pupin, 1980) with oscillatory zonation, although some crystals 
describe sector zonation (Fig. 6a). In some grains, obliteration of pri
mary zonation can be recognized as homogeneous grey areas or as 

complete rims around the crystals (e.g., Fig. 6a grain 3.1, Fig. 6c grain 
G29). These images are compatible with partial metamictisation of the 
zircon lattice (Ault et al., 2018). The spots to be analysed were selected 
using the previously mentioned images considering the internal struc
ture and the fracturing degree of the crystals (McLaren et al., 1994). 

Thirty-six zircon crystals were analysed by the LA-ICP-MS U–Pb 
method. The Th/U ratio of the crystals ranges between 0.35 and 2.63 
(Table 1 in supplementary data). Individual ages range between 151 and 
218 Ma. The oscillatory zoning structure and the Th/U ratio (>0.1) of 
the analysed zircons are typical of magmatic crystals. Twenty of the 
thirty-six analysed zircons were rejected because of high 206Pb of com
mon origin and analytic problems. The sixteen remaining spots allow us 
to calculate a Concordia age of 184.4 ± 1.1 Ma using the Tera- 
Wasserbug diagram (MSWD = 0.013; Fig. 6b; Table 1 in supplemen
tary data). 

Fig. 6. Zircon crystals from sample V18-01 used for the estimation of each Concordia age and Tera–Wasserburg Concordia diagrams developed through IsoplotR 
Software (Vermeesch, 2018). Error ellipses are shown as 2σ. Concordance results and statistical indexes of MSWD (Mean Square Weighted Deviation) and P(x2) 
(probability of obtaining x2-value for n degrees of freedom, where n = number of crystals) are also specified. Values of MSWD<1 are indicative of underdispersed 
results, with an overestimation of the analytical uncertainties; and P(x2)>0.05 is indicative of a homogenous population. a. Zircon crystals of the pumice fraction 
sample used for the estimation of the Concordia age, with the location of the ablation-spots; b. Results of the pumice fraction of V18-01 obtained at Centro de 
Pesquisas em Geocronologia e Geoquímica Isotópica, São Paulo - Brazil (CPGeo); c. Zircon crystals of the whole-rock sample used for the estimation of the concordia 
age, with the location of the ablation-spots; d. Results of the whole-rock sample of V18-01 obtained in La.Te. Andes S.A. at Vaqueros, Salta, Argentina. 
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4.3.2. Whole-rock 
The same zircon crystals used to perform ZFT methodology were 

analysed with LA-ICP-MS. These grains describe uniform morphologies 
with unaltered euhedral zircon crystals, with well-developed tetragonal 
pyramid and prism faces (Fig. 6c). The Th/U ratio of the crystals varies 
between 0.79 and 2.60 (Table 2 in supplementary data). Individual ages 
range between 177 and 203 Ma. Twenty-four zircon ages allow us to 
calculate a Concordia age of 190.4 ± 0.6 Ma using Tera-Wasserbug di
agram (MSWD = 4.4; Fig. 6d; Table 2 in supplementary data). 

4.4. Apatite and zircon fission track (AFT - ZFT) 

Thirty-five apatite crystals from sample V18-01 yielded an Early 
Jurassic central cooling age of 179.1 ± 13.5 Ma (Toarcian) (Fig. 7a; 
Tables 3 and 4 in supplementary data). The grain-age distribution has a 
P(x2)>5% consistent with a single population of ages (Galbraith, 1981; 
Green, 1981). Mean values from kinetic parameters of confined track 
lengths and Dpar are 14.1 ± 1.2 μm and 1.7 μm respectively, both with a 
uniform distribution consistent with the presence of a single population 
of ages (Fig. 7a; Table 5 in supplementary data). 

Thirty zircon crystals from the same sample yielded an Early Jurassic 
central cooling age of 172.5 ± 8.1 Ma (Aalenian) (Fig. 7b; Tables 6 and 7 
in supplementary data). The sample passed the Chi square test (P(x2)≫ 
5%) indicative of the presence of a unique population of ages. 

The absence of overdispersed grain-ages in both AFT and ZFT results, 
and their suitability for using a central age, is reflected in the low 
dispersion of their radial plots (Fig. 7) and in the presence of single peaks 
on their density and frequency distributions. Analytic results are pre
sented in the supplementary data (Tables 3–8). 

Finally, the morphological analysis of the crystals dated with fission 
track techniques revealed the presence of uniform morphologies, with 
unaltered euhedral to subhedral apatite crystals and unaltered euhedral 
zircon crystals. Both apatite and zircon crystals have prism and bipyr
amid as euhedral crystalline forms (Fig. 8). These characteristics likely 
evidence the existence of a unique morphological group, which is 
consistent with the uniform distribution of their grain-ages related to 
single AFT and ZFT central ages in each case. 

5. Discussion 

While a single volcanic event might take place in a few days or years, 
volcanic centres of large magmatic provinces might have a lifetime of 
105 to 107 years. This scenario of a maintained magmatism over time 
requires a sustained and localized magma flux at rates higher than the 
average to support long-live magmatic systems (Cashman et al., 2017 
and reference therein). High-silica magma systems are examples of 
long-lasting magmatic complexes. The evolution of high-silica magmas 
at relatively low-temperature might include diverse processes like 

Fig. 7. Apatite (a) and zircon (b) fission track ages from sample V18-01. Fission track data is displayed by two different graphical devices: left-radial plot of single 
grain ages; right- Kernel density estimate (black curve) with histogram (light grey rectangles), both made using Density Plotter software intended for the visualization 
of detrital age distributions (Vermeesch, 2012). ZFT and AFT central ages are depicted with a dashed black line, and their range of analytical uncertainty with a black 
bar next to the time axis. Grain-ages are depicted with small red circles. 
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crystallization and remelt, or they could just remain as crystal mushes 
over such extensive periods (Hawkesworth et al., 2004). 

In the following section, we attempt to evaluate and discuss the 
significance of the different ages obtained considering the geological 
context of the Jurassic magmatism in the North Patagonian Massif and 
the analysed ignimbrite in particular. 

5.1. Analysis of results 

5.1.1. U–Pb ages 
U–Pb dating in zircon crystals of cohesive magmatic rocks helps to 

estimate the time scales of magma differentiation and crustal residence 
because of its resistance to recycling (e.g., Glazner et al., 2004; Haw
kesworth et al., 2004; Gelman et al., 2013; Cooper, 2015; Kern et al., 
2016). Although zircon data suggest magmatic differentiation time 
scales of 13 to >105 years, the internal structure of a single zircon crystal 
could include an inherited core related to older crystallization stages, or 
to preceding magmatism. Conversely, zircon outer layers crystallize 
near the time of eruption (Stelten et al., 2015). In pyroclastic rocks, the 
inherited signal of older fragments not related to the volcanic event 
tends to be significant (McCormack et al., 2009). Moreover, cogenetic 
rock-fragments might be easily incorporated during the eruption, 
creating a dispersion of ages that masks the actual age of volcanism. The 
inheritance in pyroclastic rocks introduces a complexity to assess the age 
of the involved processes (Jagodzinski, 1998). Dating juvenile materials, 
such as pumice fragments, seems to be the most accurate way to date the 
eruption and deposition of these materials but, there is still the 

uncertainty about the origin of the pumice fraction. Could these frac
tions belong to a preceding eruption and be included as lithic fragments 
in a younger pyroclastic deposit? Is it possible to differentiate inherited 
pumice from juvenile ones? In the last case, when composition is almost 
identical and alteration (e.g. devitrification) obscures the characteristics 
of the material, the recognition of inherited or juvenile features might be 
infeasible. In this case, a detailed analysis of grain-ages distribution 
would help to shed light on this issue. 

From the same ignimbrite rock unit, we obtained two different zircon 
samples, pumice and whole-rock. For the first one, we determined a 
Concordia age of 184.4 ± 1.1 Ma. We consider this age as the main 
crystallization age represented by the dated zircon crystals. Besides the 
Concordia age, the five youngest crystals, with individual ages between 
177 and 173 Ma, represent a minor population of 175.2 Ma. However, 3 
grains of this younger population evidence a percentage of discordance 
higher than 5%. The existence of this young population with different 
degrees of concordance and the recognition of partial metamictisation in 
some zircon grains might be related to a variable Pb loss and rejuve
nation of the U–Pb isotopic system in the affected grains (Mezger and 
Krogstad, 1997; Compston, 2001; Hay and Dempster, 2009). 

For the whole-rock sample a Concordia age of 190.4 ± 0.6 Ma was 
obtained using the concordant zircon crystals. As the whole-rock sample 
probably includes inherited zircons, as can be thought from the presence 
of lithic fragments, we consider this age as a mixed age without 
geological meaning. Nevertheless, three age populations can be recog
nized using the unmix tool from Isoplot: (1) 201.2 Ma, (2) 192.3 Ma, and 
(3) 186.2 Ma. The latter is close to the main crystallization age obtained 

Fig. 8. Examples of the apatites (a) and zircon crystals (b) dated by fission track methodology. Zircon crystals describe uniform unaltered euhedral morphologies, 
and apatites euhedral to subhedral, both with well-developed crystalline forms and well-formed tetragonal prism faces. Photographs taken with Zeiss AXIO Imager 
Z2m binocular microscope, through TrackWorks Autoscan Software. 
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from the pumice fraction zircons. 
In Fig. 9, box and radial plots integrate all the concordant zircon 

crystals from sample V18-01. In the box plot (Fig. 9a), three groups of 
grains can be easily recognized. The central group includes the majority 
of grains representing an age ca. 185 Ma. This age is in good agreement 
with the main crystallization age (Concordia age of pumice fragments 
zircons) and the youngest population age from the whole-rock sample. 
Both extremes of the grain-age distribution in the plot include few 
crystals. While the oldest grains can be considered as inherited from 
lithic fragments, the youngest ones could represent Pb-loss during post- 
depositional and/or diagenetic events. This will be considered again 
after discussing the fission track ages. 

According to the morphology and the concordance degree of the 
results, the analysed zircons are magmatic in origin (sections 4.3.1 and 
4.3.2, Tables 1 and 2 in supplementary information). According to their 
ages, they can be enclosed in the first event of the Chon Aike magmatism 
(V1 sensu Pankhurst et al., 2000) although the younger zircon crystals 
have ages between the V1 and V2 events defined by those authors. The 
obtained U–Pb ages spread along a 25 Ma range, probably representing 
inheritance from multiple volcanic events in north-eastern Patagonia 
during the Early Jurassic. Fragments from Paleozoic rocks (see section 
2.1) are scarce so its contribution to zircon populations was not reflected 
in our analyses. Inherited Late Triassic ages were obtained from some 
grains in the whole rock-sample, probably associated to a widespread 
Triassic magmatism recognized west of the study area by Caminos et al. 
(2001). From age inheritance and petrographic analysis, we infer that 
the analysed ignimbrite was formed during explosive, mainly acidic, 
volcanism implanted in a vast volcanic field. The older magmatic 
products were the foundational substrate, and they were similar in 
composition to posterior eruptive materials. The existence of large 
Jurassic eruptive centres in north-eastern Patagonia associated with the 
Chon Aike Igneous Province has been proposed by Ciciarelli (1990), 
Aragón et al. (1996) and Márquez et al. (2011). 

5.1.2. Fission track ages 
Fission Track ages span a range of time between 165 and 190 Ma, 

central ages are 179.1 ± 13.5 Ma for AFT and 172.5 ± 8.1 Ma for ZFT. 
This wide variation is attributed to the analytical uncertainty of both 
fission track methods, which compared to U–Pb grain-ages error results 
in a significant span of probability (Fig. 10). Nevertheless, both FT ages 
overlap considering their range of analytical uncertainty, thus reflecting 
the same rapid cooling episode (Fig. 10). This rapid cooling is consistent 
with the confined track lengths uniform distribution measured on the 
analysed apatite crystals and their mean length of 14.1 ± 1.2 μm, which 
is close to the initial length of the tracks when they originate (16.3 μm). 
This means that they were rapidly cooled with not enough time to be 
shortened (Fig. 11, based on Table 8 in supplementary data). 

The convergence between both FT ages, plus their equivalence to 
U–Pb ages, reflect a unique and rapid cooling episode of the ignimbrite 
bed. For assessing such inference, and considering that both fission track 
techniques were applied on the whole-rock sample, a re-estimation of 
both FT central ages can be performed by filtering those FT grain-ages 
older than the U–Pb main crystallization age (184.4 ± 1.1 Ma, ob
tained from the pumice fraction), assuming that those crystals are 
inherited detrital components that do not belong to the pumice fraction, 
with a thermal history unrelated to the crystallization of the ignimbrite, 
and might affect the resulting age. Only one apatite-grain and no zircon- 
grain (considering their analytical errors) yielded a cooling-age older 
than the main Concordia U–Pb crystallization age. Therefore, both re- 
estimated central ages (AFT: 177.1 ± 13.4 Ma for n = 34; ZFT: 172.5 
± 8.1 Ma for n = 30) are almost the same as the original ones (see 
Supplementary Material for further details). The results of this test 
demonstrate that both fission track ages, AFT and ZFT, are not affected 
by inherited grains and they can be considered as a reflection of a single 
thermal event probably occurred after eruption and deposition of the 
ignimbrite. 

The Fission Track central ages are consistent with the Concordia 
U–Pb age of the pumice fraction (184.4 ± 1.1 Ma). In this sense, if the 

Fig. 9. Age diagrams confectioned using all the analysed zircon crystals (pumice fractions and whole-rock). a. Box plot for U–Pb data of sample V18-01, developed 
through IsoplotR Software (Vermeesch, 2018). Boxes correspond to the 206/238U–Pb age of each dated zircon-crystal, and boxes’ heights represent their 2σ error. 
Note the two-tailed S-shaped distribution, where the whole-rock data tends to older ages, whereas pumice fraction data tends to younger ages. This pattern could 
evidence potential Pb loss content due to post-depositional hydrothermal effects in the region, and/or the presence of older inherited zircon-grains in the whole-rock 
sample; b. Concordant U–Pb single grain ages of sample V18-01 displayed in a radial plot using Radial Plotter software intended for the visualization of detrital age 
distributions (Vermeesch, 2009). Concordia ages are depicted in red (pumice fraction) and black (whole-rock). Note the tendency of pumice fraction to young 
grain-ages, and whole-rock to old grain-ages. Both tendencies are well-depicted by the two extreme populations identified by the software. 
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closure temperatures of each isotopic system and the ages with their 
errors are considered, then the ignimbrite would have cooled below 240 
± 20 ◦C/100 ± 10 ◦C (Tc for ZFT and AFT respectively) in an interval of 
~ 6–12 Ma. This tight gap between fission track and U–Pb ages, 
appreciable in the plots of Fig. 10, could reflect: (i) the time between the 
crystallization of zircons in the pumice fraction and its deposition and 
cooling after eruption, caused by a potential protracted pre-eruptive 
residence of the crystals in the magma reservoir; or (ii) a slight rejuve
nation of fission track ages due to post-depositional processes, respon
sible for maintaining the high temperatures until the ultimate cooling of 
the ignimbrite bed. The second scenario would be the most suitable 
considering the diagenetic alteration process affecting the rocks of the 
Marifil Volcanic Complex, assessed from whole rock chemistry and 
recognized in sample V18-01 by petrography and the presence of illite in 
DRX analyses (see section 4.2). Consequently, a synvolcanic diagenetic 
stage (Gifkins et al., 2005) might have occurred as a product of the 
combination of the thermal anomaly linked to the emplacement of the 
voluminous Marifil magmatism, and the immediate covering of the 
pyroclastic sequence. As a result of this diagenetic process, the tem
perature of the FT systems could have remained above the PAZ after the 
eruption until later cooling. Additionally, the resetting of isotopic sys
tems from Paleozoic rocks in surrounding areas has been attributed to 
the influence of the Jurassic magmatism ((Aragón et al., 1999; Martínez 
Dopico et al., 2016). 

The ZFT and AFT central ages imply that the analysed rock has never 
been subjected to temperatures above their Tc, either within their PAZ 
(60–120 ◦C for apatites and 200–300 ◦C for zircons) for more than 10 Ma 
after the Aalenian. This is in good agreement with the Jurassic tectonic 
setting in North Patagonian Massif, which does not imply substantial 
burial depths. The depth of the largest Jurassic depocentres in the Sierra 
Grande area has been estimated at no more than 1.8 km using gravi
metric data (Gregori et al., 2013). Moreover, the total thickness of 
cretaceous sediments and Neogene basaltic plateau together is less than 
200 m (Caminos et al., 2001; Martínez et al., 2001). To reach the 
mentionated thermal conditions in a depth <2 km, a normal geothermal 
gradient would not be enough. If we consider hypothetical burial depths 
of 1.8 km the geothermal gradient required to erase the fission tracks 
would be between 33.3 ◦C/Km and 66.7 ◦C/Km, for at least 10 Ma. The 
lack of geothermal gradient measurements on Mesozoic units in North 
Patagonian Massif does not allow us to confirm this idea. 

5.1.3. Integration of results 
Rocks from the Marifil Volcanic Complex have been dated using 

different methodologies as K–Ar, Rb–Sr, Ar–Ar and U–Pb. However, the 
nature of the dated rock is missing in most of the previously published 
works, and when it is mentioned, the age corresponds to magmatic 
bodies as domes, dykes, or lava flows. (Fig. 1 and references therein). To 
the best of our knowledge, the presented in this work are the first U–Pb 

Fig. 10. Comparison between AFT, ZFT and U–Pb grain-ages represented with Kernel density estimate (black curve) and histograms (light grey rectangles), both 
made using Density Plotter software (Vermeesch, 2012). U–Pb crystallization age (including only concordant ages) and FT central cooling ages are depicted with a 
dashed black line, and their range of analytical uncertainty with a yellow area and black bar above the time axis. Grain-ages are depicted with small white circles. (a) 
AFT ages obtained on whole-rock sample, (b) ZFT ages performed on whole-rock sample, (c) U–Pb ages from pumice fraction, (d) U–Pb ages calculated on the same 
zircon dated with ZFT technique. The tendency to young zircon-ages for the pumice fraction and to old grain-ages for the whole-rock sample is represented by both 
the young population (Yp) and old population (Op) respectively, estimated by the Radial Plot of Figure x and indicated with red lines in each case. 
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zircon, AFT and ZFT ages for an ignimbrite of the Marifil Volcanic 
Complex. 

The analysed ignimbrite has a strong volcanic inheritance revealed 
by the presence of volcanic lithic fragments and by the older peak of 
zircon-ages from the whole-rock fraction. This inheritance likely belongs 
to cogenetic magmatic and pyroclastic precursors from the same effusive 
centre, evidenced by the ages and morphologies of the analysed zircon 
crystals. Most likely sources are magmatic bodies in the surroundings of 
the study area yielding U–Pb zircon ages in the range of the inherited 
peak from the whole-rock fraction (Fig. 1; Strazzere et al., 2017, 2019). 
Although further provenances are also plausible, seem less probable. 

The Concordia age calculated in section 4.3 considers only the ju
venile component of the rock (pumice-fraction zircons). Likewise, the 
main peak of probability for both pumice and whole-rock zircons (which 
includes 75% of the analysed crystals) is close to the Concordia age. The 
inheritance and the youngest fraction only represent the 25% of the 
whole analysed zircon grains, 12.5% each. 

The youngest fraction has a particular relevance, since it could be 
considered as the closest to the eruption in terms of time. However, as 
was previously mentioned, there are some evidences suggesting partial 
Pb loss, which could explain the rejuvenation of the U–Pb system and the 
slightly-high discordance in some of the analysed crystals (Compston, 
2001). Pb-loss in zircon might be induced by incipient weathering, fluid 
circulation, and low-grade metamorphism (Black, 1987; Mezger and 
Krogstad, 1997; Hay and Dempster, 2009, and reference therein). Some 
of the previously mentioned processes might take place during diagen
esis. Petrology, whole-rock chemistry and DRX analysis suggest the 

existence of a diagenetic process affecting the studied rock. Likewise, 
partial metamictisation of the crystalline lattice has been considered as 
key-factor for Pb loss in zircon (Mezger and Krogstad, 1997; Hay and 
Dempster, 2009) and evidence of it has been recognized in some of the 
dated zircon crystals. Metamictised zircons may be partly annealed at 
temperatures below 200 ◦C (Nasdala et al., 2001). This temperature is 
close to the PAZ for ZTF, and this may suggest that damage in zircon will 
be repaired at similar low temperatures (Hay and Dempster, 2009). This 
coincidence between annealing temperatures could explain the close
ness between the age of the young zircon population and the FT ages. 

Taking into account the previous discussion, the nature of the rock 
and the geological context for its formation we consider the Concordia 
age from pumice fraction (184.4 Ma) the most reliable to estimate the 
age of eruption. However, the younger peak of probability for the whole- 
rock fraction (ca. 186 Ma) should not be dismiss considering a possible 
rejuvenation of the U–Pb system in zircon by Pb loss. Further analysis 
involving a larger number of crystals from the same ignimbrite and/or 
new data on other rock-beds from the same eruptive centre could 
confirm or dismiss our interpretations. 

6. Conclusions and final considerations 

We consider the U–Pb Concordia age of 184.4 Ma obtained from 
pumice zircons of the Marifil Volcanic Complex ignimbrite as the age of 
the pyroclastic eruption and deposition of the bed. This age is slightly 
older than fission track cooling ages obtained from the whole-rock 
sample, of 179.1 ± 13.5 Ma (AFT) and 172.5 ± 8.1 Ma (ZFT). Both 

Fig. 11. (a) Grain-ages vs. Dpar of 35 apatite crystals; compared with (b) Kinetic parameters of Dpar vs. Confined track lengths of 32 apatite crystals, both from 
sample V18-01. 
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cooling ages are interpreted as a consequence of posterior diagenetic 
changes. Considering only the U–Pb ages in zircons available for the 
Marifil Volcanic Complex in the study area, the Jurassic volcanism of the 
study area would be restricted between 193.4 ± 3.1 Ma and 179 ± 5 Ma 
(Chernicoff et al., 2017; Strazzere et al., 2019; this contribution). 
However, the evidence of thermal effects as diagenetic processes, and 
the existence of hydrothermal deposits hosted and related to the Jurassic 
magmatism in this area, would suggest the continuation of the Marifil 
magmatism until ~170 Ma. In this area of the North Patagonian Massif, 
we recognized a single eruptive event as part of a large, long-lasting 
acidic magmatic system. 

Fission track ages reveal that the Marifil Volcanic Complex ignim
brite did not reach burial depths greater than ~3.33 ± 0.3 km; or it 
would not have remained more than ~2 km for more than 10 Ma. A 
normal thermal gradient of 30 ◦C/km could be inferred for the eastern 
North Patagonian Massif during early Jurassic since there is no reset of 
fission tracks. Moreover, non-reset fission track ages evidence that a 
thermal quietude has prevailed in this area since Aalenian times. 
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