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ABSTRACT

This study presents the first U-Th-Pb CHIME monazite dating in andalusite-garnet-staurolite-sillimanite schists from the Cushamen
Complex (Chubut, Argentina). It represents the first age obtained by this method in Argentina. X-ray elemental distribution maps were
performed to assess possible zoning patterns resulting in zoned monazites with Th depletion and Ce enrichment toward the rims.
Results reveal a correlation between the polymetamorphic P-T evolution with three groups of ages calculated from punctual analyses
of monazite with ages of ca. 354, 333 and 300 Ma, consistent with main metamorphic events identified regionally in North Patagonia.

Keywords: petrochronology, polymetamorphism, Paleozoic basement, U-Th-Pb CHIME

RESUMEN

Datacién quimica U-Th-Pb en monacita en los esquistos con andalusita-granate-estaurolita-sillimanita del Complejo Cushamen (Chu-
but, Argentina): implicancias en la reconstruccion de la trayectoria P-T-t.

Este estudio presenta la primera datacién U-Th-Pb CHIME en monacitas de esquistos con andalucita-granate-estaurolita-sillimanita
del Complejo Cushamen (Chubut, Argentina). La misma representa la primera edad obtenida con esta metodologia en Argentina. Se
realizaron mapas composicionales para evaluar posibles zonaciones en los cristales de monacita donde se observé una zonacion
con bordes empobrecidos en Th y ricos en Ce. Los resultados revelan una correlacién entre la evolucion polimetamorfica P-T y tres
grupos de edades calculados a partir de analisis puntuales de monacita, con edades de ca. 354, 333 y 300 Ma, consistentes con
eventos metamorficos regionales en Patagonia Norte.

Palabras clave: petrocronologia, polimetamorfismo, basamento paleozoico, U-Th-Pb CHIME
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INTRODUCTION

One of the challenges in metamorphic petrology is
determining the age of metamorphic events, whether
in contexts involving a single metamorphic event or in
polymetamorphic terrains (e.g., Engi et al. 2017). For this
purpose, two main groups of methodologies are commonly
employed, each with its own advantages and limitations. The
first group includes methods that require the separation and
concentration of the mineral to be dated, such as K-Ar and Ar-
Ar for potassium-bearing phyllosilicate and amphibole, Sm-Nd
and Lu-Hf for garnet, and U-Pb for zircon. The second group
comprises in-situ measurement techniques, such as U-Pb in
garnet and the U-Th-Pb chemical dating method (CHIME)
in monazite. In-situ techniques are particularly valuable for
studying metamorphism, especially within the petrochronology
approach (e.g., Williams et al. 2017 and references therein).
Petrochronology integrates temporal data with microstructural,
mineralogical, and thermobarometric constrains, enabling the
reconstruction of pressure — temperature — deformation - time
(P-T-D-t) paths.

The CHIME method, or chemical dating of monazite (e.g.,
Suzuki and Kato 2008 and references therein), is widely
used in the study of metamorphic rocks. This technique is
relatively cost-effective compared to other methods and
allows the determination of the age of metamorphic processes
in different contexts. CHIME dating is conducted using an
electron microprobe (EPMA) equipped with wavelength
dispersive spectrometers (WDS), which enables the precise
quantification of elemental concentrations in minerals.

In the present study, we report the first CHIME U-Th-
Pb monazite dating results obtained using the electron
microprobe at the Laboratorio de Analisis de Materiales por
Espectrometria de Rayos X (LAMARX) of the Universidad
Nacional de Cérdoba (Argentina). This represents the first age
obtained by this method in Argentina, marking a significant
milestone for metamorphic petrology research in the country.
This dating was carried out on a sample of andalusite-garnet-
staurolite-sillimanite schist from the Cushamen Complex,
previously studied by Serra-Varela et al. (2024). As a result,
we constrained the proposed polymetamorphic P-T evolution
to the upper Palaeozoic evolution of the North Patagonian
Massif.

GEOLOGICAL SETTING

All over the North Patagonian Cordillera and its extra-
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Andean region two main middle to Upper Palaeozoic events
can be recognized according to their metamorphic and
deformational history. The oldest group would be related to a
middle — late Devonian to early Carboniferous metamorphic
event (Lucassen et al. 2004, Pankhurst et al. 2006, Martinez
etal. 2012, Varela et al. 2015, Heredia et al. 2016, 2018, Hervé
et al. 2018, Renda et al. 2021, Dicaro et al. 2023, Marcos et
al. 2023, Rapela et al. 2024) whereas the younger occurred
during the late Carboniferous — early Permian (Lucassen et
al. 2004, Varela et al. 2005, Pankhurst et al. 2006, Garcia-
Sansegundo et al. 2009, Lopez de Luchi et al. 2010, Varela et
al. 2015, Heredia et al. 2016, Oriolo et al. 2019, Marcos et al.
2020, Renda et al. 2021, Falco et al. 2022, Murra et al. 2022).
Moreover, the metasedimentary successions in these
regions were linked to two main units: early to middle
Palaeozoic Colohuincul and mid- to late Paleozoic Cushamen
complexes (Serra-Varela et al. 2020 and references therein).
The Cushamen Complex, initially defined as Cushamen
Formation by Volkheimer (1964) and later renamed as
Complex by Serra-Varela et al. (2020), is composed of low- to
high-grade metasedimentary and metaigneous rocks (Dalla
Salda et al. 1994, Cerredo 1997, Cerredo and Lépez De
Luchi 1998, Duhart et al. 2002, Giacosa et al. 2004). Near
Cushamen town and Rio Chico River (Chubut province),
the Cushamen Complex is represented by low-grade rocks
(phyllites, metapsammites and metaquartzites), schists,
gneisses (e.g., Giacosa et al. 2004, Serra-Varela et al. 2024)
and deformed Carboniferous granitoids (Pankhurstetal. 2006).
A mid- to late-Paleozoic depositional age for the sedimentary
protoliths of the Cushamen Complex was constrained through
detrital zircon analyses, with maximum depositional ages of
approximately 385 Ma and 369 Ma (Hervé et al. 2018, Marcos
et al. 2020, respectively). Additionally, #Sr/®Sr isotopic
ratios in metacarbonates indicate a sedimentation age of
approximately 385-335 Ma (Murra et al. 2022).

The andalusite-garnet-sillimanite-staurolite
schist

The analyzed sample is a garnet-andalusite-staurolite-
sillimanite schist from the Cushamen Complex (sample code
MNP-2055; 42°08'32.5" S —-70°3229.7" W; Serra-Varela et
al. 2024) obtained in the surroundings of Cushamen town,
where this unit was originally defined (Fig. 1a). This schist is
composed of andalusite pokiloblasts (chiastolite), staurolite,
and garnet in a matrix of sillimanite (prismatic and fibrolite),
biotite, muscovite, quartz, and plagioclase (Fig. 1b). As
accessory minerals, the sample has rutile, ilmenite, apatite,
monazite, zircon, magnetite, tourmaline and graphite. The
main foliation is a S, crenulation foliation where S, is only
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Figure 1. a. Simplified geological map of the studied area taken from Serra-Varela et al. (2024) showing the main lithostratigraphic units. Geochrono-
logical data from (1)Pankhurst et al. (2006) and (2)Hervé et al. (2018). b. Field photography of the andalusite — garnet — sillimanite — staurolite schist
showing the penetrative S, foliation. c. Summary of P-T conditions calculated for M, and M, metamorphic events from Serra-Varela et al. (2024). d.
Field photograph of the granitic dikes found intruding the metamorphic rocks from the area. e. Detail of the foliation found in the igneous rocks related

to S, foliation of the metasedimentary sequence.

recognized in microlithons and deformation shadows around
large andalusite porphyroblasts. Recently, Serra-Varela et al.
(2024) proposed a polymetamorphic evolution for this unit
represented by three metamorphic events, named M,, M,, and
M.. M, was synchronic to the development of the S, foliation
and is defined by biotite (Bt,) + muscovite (Ms,) + quartz +
plagioclase (mineral names are abbreviated cf. Whitney
and Evans, 2010). Metamorphic conditions for this event
could not be calculated since mineral compositions were re-
equilibrated at higher metamorphic conditions. M, is defined

by static growth of garnet (Grt,) + andalusite reaching P-T
conditions of ca. 3.3 kbar and ca. 563 °C based on isopleth
thermobarometry from phase equilibria analyses (Fig. 1c). Grt,
is defined as cores of large garnet porphyroblasts with higher
contents of X,  and lower contents of X, = than its mantle
and rim (Grt,,). Finally, M, event produces reabsorption of
garnet (Grt,) and new growth of garnet (Grt,,) in a mineral
assemblage with sillimanite, staurolite, biotite (Bt,), muscovite
(Ms,), plagioclase, and quartz. This stage of garnet growth is
defined as the mantle and rim of large porphyroblasts as well
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as small porphyroblast with homogenous compositions SM,
(de Suplementary Material). This event was synchronic with
the development of a main penetrative S, foliation. Isopleth
thermobarometry suggests P-T conditions from ca. 3.5 kbar
and 553 °C to peak conditions of ca. 6.6 kbar and 650 °C (Fig.
1c).

In the western part of the study area, these schists are
intruded by granitic stocks and dikes of NW-SE-trend (1-10
m wide, Fig. 1d). The intrusive bodies, composed of quartz,
plagioclase, K-feldspar, biotite, and muscovite, exhibit a
tectonic foliation (Fig. 1e) that is parallel to S, foliation in
schists. For a more detailed description of the sample refer to
Supplementary material S,.

ANALYTICAL METHOD

In-situ mineral chemical analyses were conducted with
a JEOL JXA-8230 Superprobe instrument at the Laboratory
of Electron Microscopy and X-Ray Analysis (LAMARX) of
Universidad Nacional de Coérdoba (Argentina). To carry out
the in-situ dating of monazites, the microprobe was calibrated
following the recommendations of Vlach (2010). Full analytical
details are listed in Table S,, as Supplementary material.

RESULTS

Monazite morphology and microstructures

Monazite crystals recognized
microstructural contexts within the sample. Most of these
grains can be found in the matrix in close association with
biotite, quartz, and plagioclase (Fig. 2a). Monazite was also
found as inclusions in garnet and staurolite porphyroblasts
(Fig. 2b), and rarely in andalusite. In the case of monazite
inclusions in garnet, these crystals are found in their rims
(associated to Grt, ,; Fig. 2c). Both Grt, , and staurolites are
linked to the development of the M, metamorphic event as
well as monazites in the matrix related to S, foliation.

The analyzed monazite crystals from the matrix are
subhedral with sizes ranging from 28 ym to 64 uym (Fig. 2a).
Only one grain was found as an inclusion in an andalusite
porphyroblast with lobate borders and a lenght of ~ 24 um.
Monazite crystals that occur as inclusions in staurolite and
garnet rims range in size between 20 um and 60 pym (Fig. 2b).

were in different

Monazite dating
Microprobe analyses and compositional X-ray mapping
reveals that all the analyzed monazites regarding their
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context exhibit a marked compositional zoning. Fifty-nine
point analyses were obtained from twenty-four monazite
grains from different contexts of the same sample. Element
X-ray mapping shows that all crystal cores present high Th
contents and lower contents of Ce, whereas monazite rims
have higher contents of Ce and lower amounts of Th (Fig.
2d). UO, contents goes from 0.14 to 0.6 wt.% with scattered
values of 0.9 and 1.1 wt%. Contents of ThO, and Y, 0, do not
significantly differ between grains in the matrix and inclusions.
For monazites in the matrix ThO, varies between 2.11 and 11.5
wt%, whereas ThO, in monazite as inclusions range from 2.37
to 13.01 wt%. Moreover, Y,0, content in monazites from the
matrix oscillates between 1.01 and 1.46 wt%, while monazites
as inclusions range from 1.02 to 1.67 wt%. Also, there is a
wide range of Th/U values (between 3.60 and 49.20).

Three main groups of ages can be defined from the analysis
of single ages using the unmix routine and weighted average
ages from Isoplot (Ludwing 2003). These group of ages are
354 + 6 Ma (n=15; 2 sigma error), 333 + 4 Ma (n=33), and
300 £ 11 Ma (n=11) (Fig. 2e). Ages were further determined
using the ThO,*-PbO isochron method proposed by Suzuki
and Kato (2008), where regression lines with the coefficient
of determination (R?) are forced through zero (Fig. 2e). The
isochrones derived from the defined groups exhibit a strong
correlation, each displaying an R? value close to 1 (Fig. 2e).

DISCUSSION

P-T-t evolution and regional implications

Maximum sedimentation ages for the protolith of the
area were calculated with U-Pb detrital zircon ages at upper
Devonian (Hervé et al. 2018). Moreover, the metasedimentary
succession from the studied area exhibits two foliations (S,
and S,) where the main one is defined as a S, crenulation
foliation. S, is recognized at microscale and can be identified
by the alignment of biotite (Bt,) and muscovite (Ms,). S, can
be related to a first deformational event (D,) and to the first
metamorphic event (M, ). This tectono-metamorphic event can
be related to the oldest group of ages obtained in monazite
cores with mean ages of 354 + 6 Ma.

Prior to the development of the S, foliation a second
metamorphic event (M,) is defined by the static growth
of garnet (Grt,) with andalusite porphyroblasts reaching
conditions of about 563 °C and 3.3 kbar (Serra-Varela et al.
2024). These authors assigned this metamorphic event to a
heating process related to the igneous intrusions in the area.
These granitoids were dated by U-Pb in zircon at 329 + 4
Ma (Pankhurst et al. 2006). This age is consistent with the
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Figure 2. a-b Backscattered electron (BSE) image from the analyzed sample. Monazite crystals in the matrix (a), as inclusions in staurolite and garnet
porphyroblasts (b) and in large garnet porphyroblasts where Grt, and Grt, , can be distinguished c. Notice that monazite inclusions are distributed
in garnet mantle and rim. d. Compositional X-ray map for Th showing the zoning pattern of the crystals in monazites from different microstructural
contexts. Circles indicate the location of the spots and their corresponding age (error at 20 level). e. Total ThO,* vs PbO (wt.%) isochrones diagrams
weighted average ages (Ma) with MSWD and minimal 2o error are calculated from single analyses (Ludwing 2003). See the text for further information.

second group of ages determined with a mean age of 333 dated by U-Pb SHRIMP, record ages between 330 — 340 Ma
+ 4 Ma. This igneous event that occurred during the lower (Pankhurstetal. 2006). In addition, 323 +5Maand 311 +27 Ma
Carboniferous would be responsible for the M, metamorphic  regional metamorphic ages were obtained south of this region
event. Moreover, metamorphic zircon rims in a nearby area, by CHIME method in monazite in paragneises from Paso del
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and the extra-Andean region, where monazite ages range
between approximately 311 and 299 Ma (Oriolo et al. 2019).

CONCLUSION

The complex polymetamorphic history of the andalusite-
garnet-staurolite-sillimanite schist from the Cushamen
Complex, highlights the importance of dating methods of
minerals that preserve the metamorphic history, as this
information becomes critical for a meaningful interpretation of
the ages.

X-ray elemental distribution maps show that, regardless
of the microstructural context, all monazites exhibit zoning,
with Th depletion and Ce enrichment towards the rims.
Three groups of ages were determined from all monazite
analyses taking into account their chemical variations from
the recognized zoning patterns (354 + 6 Ma, 333 + 4 Ma, and
300 + 11 Ma) that correlate with the previously described M,,
M., and M, events for this rock. It should be noted that all
monazites regarding the microstructural domain in which they
were analyzed show the same chemical zoning. On a wider
scale, the results are within the age range established for
metamorphic events identified regionally in North Patagonia,
giving further support to our findings. This study represents the
first published CHIME monazite age obtained in a lab located
in Argentina, marking a historic milestone for metamorphic
petrology and opening new possibilities for petrochronological
research in the country.
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