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CERRO BLANCO 4.2 ka VOLCANIC ASH DEPOSIT AT CERRO COLORADO
(CORDOBA PROVINCE, ARGENTINA)

ABSTRACT: BORETTO G., ZANCHETTA G., BINI M., CIOCCALE M.,
CARIGNANO C., GORDILLO S., GIACCIO B., FERNANDEZ-TURIEL J.-L., AR-
1ENZO L. & IsoLa 1., Cerro Blanco 4.2 ka volcanic ash deposit at Cerro
Colorado (Cérdoba Province, Argentina). (IT ISSN 0391-9838, 2021).

A tephra layer was recovered within the Holocene fluvial succession of
the Cerro Colorado Cultural and Natural Reserve in the Cérdoba Province
(Argentina). Radiocarbon dating on organic matter preserved within the
paleosoil beneath the tephra layer indicate that the ash layer is younger
than ca. 4700 cal yr BP. Radiocarbon ages, Sr and Nd isotope data on the
bulk rock, and microanalytical data on glass shards allow us to identify the
Andean Central Volcanic Zone as the possible source area of the analyzed
tephra. Our data highlight that the tephra layer recovered in the Cérdoba
Province was produced by volcanoes of the southern fringe of the Andean
Central Volcanic Zone and that it can be confidently correlated with the
Cerro Blanco 4200 cal yr BP eruption. These findings are also coherent
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with the known dispersion axis of the products of this eruption and allow
further constraining their dispersion. This latter is extremely important
for any attempt in volcanic hazard assessment.

KEY WOoRDS: Tephra, Holocene, Cerro Colorado, Cerro Blanco, Ar-
gentina.

RESUMEN: BORETTO G., ZANCHETTA G., BINI M., CIOCCALE M., CA-
RIGNANO C., GORDILLO S., GIACCIO B., FERNANDEZ-TURIEL J.-L., ARIEN-
70 1. & IsoLA 1., Cenizas volcinicas de Cerro Blanco datadas en 4,2 ka
identificadas en Cerro Colorado (Provincia de Cérdoba, Argentina). (IT
ISSN 0391-9838, 2021).

Una capa de tefra ha sido identificada dentro de la sucesién fluvial
holocena en la Reserva Cultural y Natural Cerro Colorado de la Pro-
vincia de Cérdoba (Argentina). Por debajo de esta capa se observa un
paleosuelo que preserva restos de materia organica la cual ha sido data-
da mediante método radiocarbonico. Los resultados obtenidos indican
que las cenizas presentan una edad menor a ca. 4700 cal afios AP. En
este sentido, las edades radiocarbénicas, los datos isotépicos de Sry Nd
en la roca y los datos microanaliticos en fragmentos de vidrio volcdnico
nos permiten reconocer a la Zona Volcanica Central Andina como la po-
sible drea de origen de la tefra analizada. Nuestros datos sugieren que
esta capa de tefra fue producida por volcanes de la franja sur de la Zona
Volcénica Central Andina, y pueden correlacionarse con la erupcién de
Cerro Blanco datada en 4200 cal afios AP. Estos hallazgos también son
coherentes con el eje de dispersion conocido de los productos de esta
erupcion y permiten restringir ain més su diseminacion. Se resalta este
altimo aspecto como extremadamente importante ya que sirve de base
para cualquier evaluacién del peligro volcanico.

PALABRAS CLAVES: Tefra, Holoceno, Cerro Colorado, Cerro Blanco,
Argentina.

INTRODUCTION

The Andean volcanic arc includes more than 200 po-
tentially active Quaternary volcanoes (Stern, 2004; Tilling
2009), and volcanic hazard is a real and immanent risk
for the local populations (e.g. Tilling, 2009), represented
by pyroclastic flow, tephra fall, and remobilization of the
volcanic material by water (the so-called “lahars”). The ac-
tive volcanism occurs in four separate segments (e.g. Stern,



2004): the Northern, Central, Southern, and Austral Volca-
nic Zones, respectively (NVZ, CVZ,SVZ, and AVZ, fig. 1).
Being located downwind to the CVZ, SVC and AVZ, Ar-
gentina is potentially largely interested by tephra fall haz-
ard. Indeed, the pyroclastic fallout of two with the higher
magnitude, historical explosive eruptions of the Andean
volcanic system extensively affected the Argentina terri-
tory, owing to the general wind circulation dominated by
south westerlies wind system: the eruption of the Quizapu
(Cerro Azul) in 1932 (Hildreth & Drake, 1992) and Cerro
Hudson in 1991 (Naranjo & alzz, 1993).

The study of distal tephra layers (i.e. far from the volca-
nic center) is therefore of paramount importance in order
to reconstruct frequency, dispersion, volume, and poten-
tial impact of explosive eruptions (e.g. Daga & aliz, 2010,
2014; Naranjo & aliz, 2017; Sulpizio & aliz, 2014). Moreover,
tephra can represent a valuable tool for correlating and
synchronizing different sedimentary archives and dating
them independently (e.g. Lowe, 2011; Prieto & aliz, 2013;
Zanchetta & alii, 2018a). Under these promises, distal te-
phrostratigraphic studies in southernmost South America
are in tumultuous development as witnessed by a signifi-
cant increasing number of specific studies with different
aims (e.g. Stern 1991, 2008; Hermanns & Schellenberger
2008; Daga & alii, 2010, 2014; Fontijn & aliz, 2014; Prieto &
aliz, 2013; Del Carlo & aliz, 2018; Zanchetta & alzz, 2018b,
2021). However, more data are vital to produce a correct
volcanic hazard assessment in a distal setting and build a
tephrostratigraphic lattice to support Quaternary stratigra-
phy, chronology, archaeology, and paleoclimatology (Lowe
& alii, 2015). Moreover, the role of volcanic activity in con-
trolling (or triggering) climatic changes at different scales
during the Last Glacial and Holocene has found renewed
interest, and this adds a new value in the stratigraphic and
volcanological study of the large scale — Plinian — eruptions
(e.g. Sigl & alii, 2014, 2015; Svensson & aliz, 2020; Mann &
aliz, 2021).

In this work, we present new data on a tephra layer
identified within the Cerro Colorado Holocene succes-
sion in the Cérdoba province (fig. 1), which improves the
dispersion of one of the largest explosive eruptions of the
CVZ, ejected by the Cerro Blanco Volcanic Complex.

GEOLOGICAL AND CLIMATOLOGICAL SETTING

The Cerro Colorado Cultural and Natural Reserve is
located around the coordinates 30° 05 S and 63° 55" W,
at the north-eastern slope of the Sierras Pampeanas, in
the province of Cérdoba, Argentina (fig. 1). The study
area preserves a unique landscape produced by impressive
sculptured outcrops of red sandstone. The natural reserve
contains an important archaeological legacy recorded in
rock paintings preserved inside caverns and rock shelters
(Gadner, 1931; Recalde, 2016, 2018).

This region belongs to the Sierra Norte area, which cor-
responds to the northern sector of the Sierras Pampeanas
Orientales (Lucero Michaut, 1979). Its igneous-metamor-
phic basement is Proterozoic to Middle Cambrian in age
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and is composed of granodiorite and monzogranite batho-
liths with sub-volcanic porphyric facies, surrounded by
isolated remnants of low to medium degree metamorphic
rocks, with intrusions of Ordovician-Devonian granitoids
(Candiani & aliz, 2001; Mird, 2000). The most represen-
tative unit of the area corresponds to the Cerro Colorado
Formation sandstones and conglomerates (Methol, 1958;
Polanski, 1970). The age of these outcrops is a source of
controversy for some authors; Pastore (1932), Gutiérrez &
aliz (2006), and Candiani (2008) interpreted them as Meso-
zoic, while Lucero Michaut (1979) and Astini & Del Papa
(2014) interpreted them as belonging to the Carbonifer-
ous-Permian.

The Mesozoic record has little development in the area
and would be represented by Cretaceous sandstones and
conglomerates (Mird, 2000), on which lie Avellaneda cal-
cretes (Carignano, 1997a; Candiani, 2008) associated with
the pelitic marine-coastal facies corresponding to the Mio-
cene Atlantic transgression (Bertolino & aliz, 2000; Miré,
2000; Candiani & a7z, 2001, 2010).

Although the Sierra Norte was affected by the Ande-
an orogeny, it does not have the characteristic asymmetric
profile of the Sierras Pampeanas Orientales reverse fault
blocks, except in its extreme southwest (Sierra de Sauce
Punco), where abrupt escarpments of eroded faults are lo-
cated (Carignano & aliz, 2014). During the Cenozoic, pro-
cesses associated with the filling and subsequent terracing
of the intracratonic basin would have occurred (Strelin,
1995; Carignano, 1996, 1997a, 1997b, 1999; Herrero, 1999,
2000; Iriondo, 2010; Krohling & Carignano, 2014).

The Quaternary deposits are represented mainly by flu-
vial-aeolian sediments on hills and within valleys and have
been studied by Carignano (1999), Carignano & aliz (2014),
and Krohling & Carignano, 2014. However, detailed stra-
tigraphy of the local successions and their cartography is
not yet available.

Cerro Colorado presents a variety of sandstone mor-
phologies at different scales, such as cliffs, cavernous forms,
tafoni, balanced rocks, flared slopes, pavements, domes,
tors, among others (Boretto & aliz, 2021). The particular
sandstone geomorphology allowed the pre-Hispanic devel-
opment of populations in the area during the Holocene,
whose presence is registered mainly by the spectacular
rock painting preserved in the cavernous forms (Boretto
& aliz, 2021).

This region is characterized by a semi-arid cli-
mate (Capitanelli, 1979), with an average annual rain-
fall of 600 mm, concentrated mainly during the wetter
spring-summer season (October to March). It has a long
intermediate season with average temperatures of 10 °C,
and frosts reaching -5 °C during the winter. Wide tem-
perature ranges between day and night are characteris-
tic of the area (Capitanelli, 1979). The dominant vegeta-
tion type is Chaco woodland, in an ecotone between the
Serrano and Chacopampeano districts (Sanabria & a/z,
1996). In general, the soils of the area present little devel-
opment and thickness, although differences can be found
depending on the orientation and exposure of the slopes
(Sanabria & alii, 1996).
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FIG. 1 - Location map of the sites cited within the text. Black lines iso-
pachs (in m) of Cerro Blanco eruption (after Fernandez-Turiel & alii
2019). Dashed line: reconstructed isopach from Cerro Colorado outcrop.
Holocene volcanoes after Tilling 2009. The isopach reported in fig. 1 are
both the results from field measurement and modelling of the paroxys-
mal phase of the Cierro Blanco eruption (Turiel & a/z7 2019).

MATERIAL AND METHODS

The main studied section outcrops along the flanks of
a small valley where the local continental succession is ex-
posed at 30° 6" 16.70” S and 63° 53’ 12.20” W. The section
was described and sampled for tephra analyses and radio-
carbon dating. The samples were dried in an oven for 48 h
at the laboratory of Palaeoclimatology and Geoarcheology
of the University of Pisa.

Soil samples for radiocarbon dating were sieved at 1
mm (Phi scale 0 -¢-), and the finer fraction was manual-
ly cleaned by possible young contaminants like roots and
insects. An additional sample for radiocarbon dating was
collected in the lower part of the section, represented by
an individual of the land snail Megalobulinus lorentzianus
(Doering 1876). This sample was cleaned in deionized wa-
ter in an ultrasonic bath before being sent out for radiocar-
bon measurements.

Radiocarbon measurements were carried out at the
CIRCE laboratory of Caserta, Italy (Terrasi & aliz, 2007,
2008) and the Arizona AMS Laboratory. The resulting
conventional “C ages (#C yr BP) were calibrated to cal-
endar years (cal yr BP) with the Calib8.2 program (Stuiver
& alii, 2021) using the SHCal20 calibration curve (Hogg &
aliz, 2020). Tab. 1 shows the radiocarbon results.

A portion of the sample of the tephra layer was em-
bedded in epoxy resin, polished and coated with graph-
ite, and analyzed at the Istituto di Geologia Ambientale e
Geoingegneria of the Italian National Research Council
(IGAG-CNR) (Rome, Ttaly) using a Cameca SX50 elec-
tron microprobe equipped with five wavelength-dispersive
spectrometers. Operating conditions were set to 15 kV ac-
celerating voltage; 15 nA beam current; 10-15 mm beam
diameter; 20 s per element counting time; Wollastonite (Si
and Ca), corundum (Al), diopside (Mg), andradite (Fe), ru-
tile (Ti), orthoclase (K), jadeite (Na), phlogopite (F), potas-
sium chloride (Cl), barite (S), and metals (Mn) were used as
standards. The Ti content was corrected for the overlap of
Ti-Ka peaks. In order to evaluate the accuracy of the elec-
tron microprobe analyses, three secondary standard refer-
ence materials (Kakanui augite and rhyolite RLS132 glasses
from the United States Geological Survey) were measured
prior to each analytic run. Supplementary tab. S1 shows the
data, whereas supplementary tab. S2 shows the test on the
standards.

The Sr and Nd isotope compositions were determined on
a “bulk” sample by thermal ionization mass spectrometry at
the Istituto Nazionale di Geofisica e Vulcanologia, Osserva-
torio Vesuviano (INGV, Naples, Italy), using a ThermoFin-
nigan Triton TT multicollector mass spectrometer, in static
mode, on an aliquot of the powdered sample. A 0.1 g of
sample was directly dissolved with high purity acids before
Sr and Nd extraction. To consider the possible presence of
a “exotic” contamination of terrigenous material in the bulk
sample, two different aliquots of the same sample powder
were at first leached 4-5 times with cold 6 N HCl for 10 min
and then rinsed in MilliQ® deionized water and then dis-
solved with high purity acids. After dissolution, Sr and Nd
were separated by conventional ion-exchange chromato-
graphic techniques. The Sr blank was less than 0.2 ng during
the analytical process. Measured 87St/%°Sr and *Nd/“4Nd
isotope ratios were normalized for within-run isotopic frac-
tionation to #¢Sr/%8Sr = 0.1194 and “eNd/**Nd = 0.7219,
respectively. The mean of measured values of ®7Sr/%0Sr
for NIST-SRM 987 was 0.710220 + 0.000019 (20) and
0.511845 + 0.000010 (20). The external reproducibility (20)
is calculated according to Goldstein & a/iz, (2003). The Sr
and Nd isotope ratios were normalized to the recommend-
ed values of NIST SRM 987 (87St/86Sr = 0.71025) standard
and La Jolla (“**Nd/"4Nd = 0.51185) standards, respectively.

RESULTS

Fig. 2 shows the stratigraphy of the section, which con-
sists of two distinct phases of fluvial aggradation and soil
formation. The radiocarbon dating suggests that this suc-
cession developed during the Holocene, representing two
phases of aggradation of the local fluvial network, possibly
connected to changes in the local climate (e.g. Carignano,
1999). The bulk organic matter of the upper paleosoil yield-
ed an age of 4207 £ 22 yr BP (4833-4579 cal yr BP), whereas
the radiocarbon dating of the lower fluvial phase yielded an
age of 5750 = 30 yr BP (6627-6443 cal yr BP) (tab. 1).
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TABLE 1
SHCal20 calibration curve (Hogg & aliz, 2020).

- Radiocarbon dating from Cerro Colorado section. Calibration was performed with the Calib8.2 program (Stuiver & a/iz, 2021) and the

Sample ID Field Label Material 14C yr BP 14C cal yr BP (26) (median probability)
DSH9532_SD! CORD-15 soil organic material 4207 +22 4833-4579(4713)
AA 112368 BPyV land snail shell Megalobulimus lorentzianus 5750 + 30 6627-6443(6502)

(Doering 1876)

I CIRCE Laboratory, Caserta; 2 Arizona AMS Laboratory.

CORD-18
CORD-19

Thickness (m)

The tephra shows a medium to fine ash grain size. The
first ca. 5-6 cm are represented by massive whitish ash cov-
ered by a thin (2-4 mm) pinkish ash layer (fig. 2). This pink-
ish layer is observed more or less continuously throughout
the area where the tephra outcrops. The layer shows ev-
ident deformation probably derived by local sliding and
deformation on gentle slopes. Above this layer, lenses of
coarse ash alternate with thin fine ash, clearly indicating
water reworking on the slope and resembling “scour-and-
fill” structures described, for instance, by Smith (1987) and
Zanchetta & alii (2004).

The whitish basal layer and the pinkish one were ana-
lyzed separately, but they did not show appreciable differ-
ences and are, therefore, considered together. Glass shards
are the dominant fraction, with rare crystals, and have a rhy-
olitic composition (e.g. SiO,: 78.02 + 0,21%, Na,O + K,O:
8.06 + 0.21%; fig. 3) in the Total - Alkali — SiO, diagram (Le
Bas & alii, 1986) with a ratio K,O/Na,O > 1 (1 22 +0.04).
They lie below the Irvine & Baragard %1971) line and, con-
sidering the K,O — SiO, diagram, are in the field of the
high-K calc- alkahne serles (Peccerillo & Taylor, 1976). The
unleached fraction’s 87Sr/80Sr and *Nd/"4Nd ratios are
0.70932 and 0.51240 for sample CORD-19, respectively
whilst the Sr isotopic compositions of the leached fractions
are 0.70820 and 0.70807 with Nd isotopes of 0.51243 and
0.51241, respectively (tab. 1).
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FIG. 2 - General stratigraphy
of the Cerro Colorado section
discussed in the text. Left)
Synthetic stratigraphic profile;
central) section showing the
volcanic ash deposits overly-
ing a paleosol; right) detail of
the basis of the volcanic ash
deposits.
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DISCUSSION

The section analyzed suggests two main phases of
fluvial aggradation separated by buried soil/paleosols in-
dicating the local surface stability favoring pedogenesis
(Retallack, 1990). The lowermost soil is generically older
than 6627-6443 cal yr BP, whereas the following phase of
pedogenesis occurred ca. 1600-2000 yr later, at around
4833-4579 cal yr BP, and terminated with the tephra depo-
sition. The radiocarbon age obtained in this paper for or-
ganic material just below the ash layer (precisely it exposed
30° 6" 16.43” S and 63° 53’ 12.12” W) is confirmed by an
unpublished age of 4250 + 40 C yr BP (4860-4580 cal yr
BP) below a tephra layer from a close outcrop studied by
Herrero (2000). Herrero (2000) indicated for the ash layer
a tabular geometry with variable thickness between 15 and
25 cm and longitudinal continuity along tens of meters; be-
sides, the contact between the tephra and the overlying pa-
leosol is sharp. This age indicates that the tephra is younger
than ca. 4800-4700 cal yr BP. This succession would be
consistent with the general climate evolution of the area re-
constructed by Cioccale (1999) and Carignano (1999) with
a first phase of the Holocene characterized by wetter con-
ditions, separated by a second part of the Holocene much
drier. However, more data need to be collected to improve
the local geological and geomorphological evolution, which
will be the target of future studies.
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FIG. 3 - Bi-plots of the major chemical compositions of glass shards of the Cerro Colorado ash layer (CORD-19). In the graphs data from Cerro Blanco,
Bolsén de Flambal4, and Cueros de Porulla volcanic eruptions are shown for comparison (data after Fernandez-Turiel & a/7z, 2019). Compositional field
divisions in the SiO, vs. Na,O + K,O plot according to the Total — Alkali — SiO, diagram (Le Bas & a/i7, 1986).

The origin of the recovered tephra layer deserves de-
tailed investigation. Considering the geographical location
of the outcrop, it is highly probable that its origin should
be found in the southern sector of the CVZ. This origin is
consistent with the ?Nd/**Nd and to less extent with the
87Sr/86Sr ratios (fig. 4), which appear more radiogenic but
still within the range of values featuring the Neogene-Qua-
ternary ignimbrites from the CVZ (Siebel & aliz, 2001) and
more in general of the products of the CVZ (Scott & ali,
2018). Much more similar to the Sr isotope composition of
the proximal CVZ volcanic products is the 87St/%Sr of the
leached fraction. However, we cannot rule out entirely that
also the 87Sr/36Sr ratio of the leached fractions is affect-
ed by the contribution of some external Sr, in particular
taking into account the high evolved nature of this tephra
and, in turn, its relatively low Sr content (de Silva & ali,
2022; Fernandez-Turiel & ali7, 2021). The effect introduced
by the leaching is indicated in fig. 4 by an arrow, which

shows how 87St/8Sr is more affected by leaching operation
moving the values toward less radiogenic composition, but
has very minor effects on *Nd/#4Nd ratio. For instance,
Sr-isotopes have been demonstrated as a valuable tool in
the SVZ to distinguish among different sources and, with-
in the same volcanic edifice, different eruptions (Naranjo
and Stern 1998; Stern, 2008; Weller & alzz, 2014; Zanch-
etta & alii, 2021). Conversely, Nd isotopes are much more
stable irrespective of the leaching procedure. These results
demonstrate the stability of *Nd/"#4Nd with respect to St
isotopes, being Nd a less fluid mobile element.

On the other hand, there are insufficient geochemi-
cal data on glass shards on the explosive volcanic activity
for most CVZ for fingerprinting volcanic sources of distal
tephra layers. In addition, geochemical data have been ob-
tained with different methods making correlation complex
(e.g. Hermanns & aliz, 2000; Hermanns & Schellenberger.
2008; Sampietro-Vattuone & aliz, 2020). Recently, Fernin-
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dez-Turiel & aliz (2019) reported detailed major and minor
chemical elements of volcanic activity of comparable ages
for the volcanoes in the southern edges of the CVZ (Cueros
de Purulla, Nevado de Tres Cruces; Cerro Blanco Volcanic
Complex). In different diagrams (e.g. alkali vs. SiO,, K,O
vs. SiO,, Na,O vs. SiO,; fig. 4), there is a general overlap
between the Cerro Colorado tephra and the different erup-
tions close in age, whereas in others (CaO vs. SiO,, FeO
vs. SiO,, and in particular FeO, ALO; and K, O vs. CaO;
fig. 3) the correlation between our tephra and tzhe products
of the Cerro Blanco eruption occurring at ca. 4200 cal yr
BP is unquestionable. This correlation is strengthened by
the radiocarbon ages obtained in this study and the study
by Fernandez-Turiel & aliz (2019).

According to Ferndndez-Turiel & a/zi (2019), the erup-
tion of the Cerro Blanco Volcanic Complex is dated at
4410-4150 cal yr BP and spread volcanic deposits over an
area of ~500,000 km?, accumulating >100 km® of teph-
ra (bulk volume). Ash-fall deposits mantled the region at
distances >400 km from the source, and thick pyroclas-
tic-flow deposits filled neighboring valleys as far as 35 km
from the source. This eruption is the largest documented
during the past five millennia in the CVZ of the Andes and
is probably one of the largest Holocene explosive eruptions
in the world, with an estimated Volcanic Explosive Index
(VEI) of 7 (Fernandez-Turiel & alii 2019; Baez & alii 2020).
The isopach reported in fig. 1, from Fernandez-Turiel &
alii (2019), are both the results from field measurement and
modelling of the paroxysmal phase of the Cierro Blanco
eruption. Considering the thickness of the tephra below
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the pinkish layer, that is what can be reasonably consid-
ering not reworked, the area is consistent with an isopach
of ca. 5 cm (fig. 1), allowing to refine the dispersion of this
eruption, but also helping to define where this eruption can
be potentially encountered.

The improvement of chronology, volume, and disper-
sion of large eruptions is also relevant for constraining the
origin of climatic changes during the Holocene (e.g. Sigl &
alii, 2015, Svensson & aliz, 2020; Mann & aliz, 2021). In par-
ticular, the age of the Cerro Blanco eruption is close to the
so-called 4200-year event (Weiss, 2015), a climatic event
that affected the climate of the Northern Hemisphere for
some centuries (e.g. Weiss, 2015; Bini & a/#z, 2019), but
which possibly had a global effect. Therefore, the Cerro
Blanco eruption can be a good marker to search for the ex-
pression of this event in the Southern Hemisphere, as simi-
larly tephra layers are used at regional scale in the Northern
Hemisphere (Zanchetta & a/z, 2011, 2019).

CONCLUDING REMARKS

The studied section indicates two main phases of fluvial
aggradation during middle-to-late Holocene separated by
phases of soil development in the area of the Cerro Colo-
rado. The first phase is older than ca. 6500 cal yr BP, as in-
dicated by the radiocarbon dated snail, but it is terminated
before ca. 4700 cal yr BP as indicated by the age of the or-
ganic matter of paleosol. The phases of fluvial aggradation
suggest two main “wetter” periods separated by episodes of



pedogenesis. Radiocarbon dating and microanalytical data
allow us to precisely correlate the tephra layer find embed-
ded in the local Holocene succession of the Cerro Colorado
with the large eruption that occurred at the Cerro Blan-
co Volcanic Complex at ca. 4.2 cal ka BP. Moreover, this
finding also improves our knowledge of the dispersion of
this eruption. These results can, in the future, improve the
chronological and the stratigraphical constraints of the rich
archeological remains of the area and, more in general, on
the Quaternary stratigraphy of the region.

REFERENCES

AsTINI R.A. & DEL Para C.E. (2014) - Cubierta sedimentaria paleozoica
superior. In: MARTINO R.D. & GUERESCHI A.B. (Eds.), Geologia y
Recursos Naturales de la Provincia de Cérdoba, Relatorio del 19°
Congreso Geoldgico Argentino, Cérdoba.

BAEz W., BustOs E., CHIODI A., RECKZIEGEL F., ARNOSIO M., DE SILVA
S., GIORDANO G., VIRAMONTE J.G., SAMPIETRO-VATTUONE M.M. &
PENA-MONNE J.L. (2020) - Eruptive style and flow dynamics of the
pyroclastic density currents related to the Holocene Cerro Blanco erup-
tion (Southern Puna plateau, Argentina). Journal of South American
Earth Sciences, 98, 102482.

BERTOLINO S.R., POIRE D.G. & CARIGNANO C. (2000) - Primer registro de
sedimentitas marinas terciarias aflorantes en las Sierras Pampeanas de
Cérdoba, Argentina. Revista de la Asociacion Geoldgica Argentina,
55, 121-124.

BINI M., ZANCHETTA G., PERSOIU A., CARTIER, R., CATALA A., CACHO .,
DeaN J.R., D1 Rita F,, DRYSDALE R.N., FINNE M., IsOLA 1., JALALI
B., LIRER F., MAGRI D., MASI A., MARKS L., MERCURI A.M., PEYRON
O., SADORI L., SICRE M.A., WELC F., ZIELHOFER C. & BRISSET E.
(2019) - The 4.2 ka BP Event in the Mediterranean Region: an over-
view. Climate of the Past, 15, 555-577.

BORETTO G.M., CIOCCALE M., CARIGNANO C., GORDILLO S., RECALDE A.
& TISSERA L. (2021) - Sandstone Geomorphology: Cerro Colorado, Si-
erras Pampeanas, Cérdoba, Argentina. In: Advances in Geomorphol-
ogy and Quaternary Studies in Argentina, Springer, Cham, 30-52.

CANDIANI J.C. (2008) - Cerro Colorado Cuando la pintura se apodera de la
piedra. Anales Servicio Geoldgico Minero Argentino (SEGEMAR),
46, 349-356.

CANDIANI J.C., CARIGNANO C., STUART-SMITH P., LYONS P., MIRO R. &
LopEZ H. (2001) - Hoja Geolégica 3166-11 Cruz del Eje, Provincias de
Cérdoba, La Rioja y Catamarca. Servicio Geoldgico Minero Argenti-
no Instituto De Geologia Y Recursos Minerales, Boletin 249, Buenos
Aires, 77 pp.

CANDIANI J.C., GAIDO F., MIRO R., CARIGNANO C., & LOPEZ H. (2010)
- Hoja geoldgica 3163-I Jesiis Maria, Provincia de Cérdoba. Instituto
de Geologia y Recursos Minerales, SEGEMAR. Boletin 314. Buenos
Alires.

CAPITANELLI R.G. (1979) - III Climea. In: VAZQUEZ ].B., MIATELLO R.A.
& ROQUE M.E., Geografia fisica de la provincia de Cérdoba. Buenos
Aires, 45-138.

CARIGNANO C.A. (1996) - Evolucion geomorfoldgica de las planicies en
la provincia de Cérdoba durante el Pleistoceno Superior. Revista del
Instituto de Geologia y Mineria, 11, 7-26.

CARIGNANO C.A. (1997a) - Caracterizacion y evolucion durante el Cuater-
nario Superior, de los ambientes geomorfolégicos extraserranos en el
noroeste de la provincia de Cérdoba, Universidad Nacional de Cér-
doba, Tesis doctoral.

CARIGNANO C.A. (1997b) - El Holoceno en la provincia de Cérdoba (Ar-
gentina). Revista del Instituto de Geologia y Mineria, 11, 1-20.

CARIGNANO C.A. (1999) - Late Pleistocene to recent climate change in Cor-
doba Province, Argentina: Geomorphological evidence. Quaternary
International, 57/58, 117-134.

CARIGNANO C.A., KROHLING D., DEGIOVANNI S. & CIOCCALE M. (2014)
- Geomorfologia. In: MARTINO, R., GUERESCHI, A. (Eds.), Relatorio
XIX Congreso Geoldgico Argentino: Geologia y Recursos Naturales
de la Provincia de Cérdoba. Cérdoba, Asociacién Geolégica Argen-
tina, 747-82.

CIOCCALE MLA. (1999) - Climatic fluctuations in the Central Region of Ar-
gentina in the last 1000 years. Quaternary International, 62, 35-47.

DaGA R.; GUEVARA S.R., SANCHEZ M.L. & ARRIBERE M. (2010) - Teph-
rochronology of recent events in the Andean Range (northern Patago-
nia): spatial distribution and provenance of lacustrine ash layers in the
Nahuel Huapi National Park. Journal of Quaternary Science, 25 (7),
1113-1123.

DAGA R., GUEVARA S.R., POIRE D.G. & ARRIBERE M. (2014) - Characteri-
zation of tephras dispersed by the recent eruptions of volcanoes Calbuco
(1961), Chaitén (2008) and Cordon Caulle Complex (1960 and 2011),
in Northern Patagonia. Journal of South American Earth Sciences,
49, 1-14.

DEL CARLO P., DI ROBERTO A., D’ORAZIO M., PETRELLI M., ANGIOLETTI
A., ZANCHETTA G., MAGGI V., DAGA R., NAzzART M. & RoccHr S.
(2018) - Late Glacial-Holocene tephra from southern Patagonia and
Tierra del Fuego (Argentina, Chile): A complete textural and geochem-
ical fingerprinting for distal correlations in the Southern Hemisphere.
Quaternary Science Reviews, 195, 153-170.

DE SILVA S.L., ROBERGE J., L. BARDELLIL, BAEZ W., ORTIZ A., VIRAMONTE
J.G, ARNOSIO J.M., & BECCHIO R. (2022) - Magmatic evolution and
architecture of an arc-related, rhyolitic caldera complex: The late Pleis-
tocene to Holocene Cerro Blanco volcanic complex, southern Puna, Ar-
gentina. Geosphere 2022. doi: https://doi.org/10.1130/GES02294.1

FERNANDEZ-TURIEL ].L., PEREZ-TORRADO F.J., RODRIGUEZ-GONZALEZ
A., SAAVEDRA J., CARRACEDO J.C., REJAS M., LOBO A., OSTERRIETH
M., CARRIZO J.I., ESTEBAN G., GALLARDO J., & RATTO N. (2019) -
The large eruption 4.2 ka cal BP in Cerro Blanco, Central Volcanic
Zone, Andes: Insights to the Holocene eruptive deposits in the southern
Puna and adjacent regions. Estudio Geoldgicos, 75 (1), ¢088.

FERNANDEZ-TURIEL ]J.L., REjas M., PERezZ-TORRADO FJ. & RODRI-
GUEZ-GONZALEZ A. (2021) - Dataset of whole rock analysis of Holo-
cene volcanic ashes and lava domes of 4.2 ka Cerro Blanco eruption,
NW Argentina [Excel file]. DIGITAL.CSIC. doi: 10.20350/DIGI-
TALCSIC/14151

FonTN K., LacHOWYCZ S.M., RAWSON H., PYLE D.M., MATHER T.A.,
NARANJO J.A., & MORENO-ROA H. (2014) - Late Quaternary te-
phrostratigraphy of southern Chile and Argentina. Quaternary Science
Reviews, 89, 70-84.

GARDNER G. (1931) - Rock paintings of North-West Cérdoba. Oxford,
Clarendon Press.

GOLDSTEIN S.L., DEINES P., OELKERS E.H., RUDNICK R.L. & WALTER
L.M. (2003) - Standards for publication of isotope ratio and chemical
data in Chemical Geology. Chemical Geology, 202, 1-4.

GUTIERREZ P.R., OTTONE E.G. & JAPAS S.M. (2006) - Léxico Estratigraf-
ico de la Argentina, Volumen VII. Pérmico. Asociacién Geoldgica
Argentina, Serie B 28 y Servicio Geoldgico Minero Argentino, Bue-
nos Aires 167, 368.

HERMANNS R.L. & SCHELLENBERGER A. (2008) - Quaternary tephrochro-
nology belps define conditioning factors and triggering mechanisms of
rock avalanches in NW Argentina. Quaternary International, 178,
261-275.

HERMANNS R.L., TRAUTH M.H., NIEDERMANN S., MCWILLIAMS M. &
STRECKER M.R. (2000) - Tephrochronologic Constraints on Temporal
Distribution of Large Landslides in Northwest Argentina. The Journal
of Geology, 108, 35-52.

179



HERRERO S. (1999) - Tafonizacién en las areniscas del Cerro Colorado (Si-
erra Norte, provincia de Cérdoba), con especial referencia a los aleros
con pinturas rupestres. Revista de la Asociacion Geoldgica Argentina,
54,123-131.

HERRERO S. (2000) - Procesos sedimentarios holocenos en la cuenca del
rio Los Tartagos (Sierra Norte, Provincia de Cérdoba): Implicancias pa-
leoclimaticas y geomorfologicas. Universidad Nacional de Cérdoba,
Tesis doctoral.

HILDRETH W. & DRAKE R.E. (1992) - Volcdn Quizapu, Chilean Andes.
Bulletin of Volcanology, 54, 93-125.

HocG A.G., Heaton TJ., Hua Q., PALMER J.G., TurRNEY C.S.M.,
SOUTHON J., BAyLiss A., BLACKWE Boswik G., BRONK RAMSEY
C., PEARSON C., PETCHEY F., REIMER P., REIMER R. & WACKER L.
(2020) - SHCal20 Southern Hemisphere calibration, 0-55,000 years cal
BP. Radiocarbon, 62. doi: 10.1017/RDC.2020.59

IRIONDO M. (2010) - Geologia del Cuaternario en la Argentina. Museo Pro-
vincial de Ciencias Naturales Florentino Ameghino, Santa Fe, 347.

IRVINE T.N. & BARAGAR W.R.A. (1971) - A guide to the chemical clas-
stfication of the common volcanic rocks. Canadian Journal of Earth
Science, 8, 523-548.

KROHLING D. & CARIGNANO C.A. (2014) - La estratigrafia de los depésitos
sedimentarios cuaternarios. Relatorio del XIX Congreso Geoldgico
Argentino, Asociacién Geoldgica Argentina, 663-684.

LE Bas M.J., LE MAITRE R.\W., STRECKHEISEN A. & ZANETTIN B. (1986) -
Chemical classification of volcanic rocks based on the total alkali-silica
diagram. Journal of Petrology, 27, 745-750.

Lowe D.L. (2011) - Tephrochronology and its application: a review. Qua-
ternary Geochronology, 6, 107-153.

Lowe J.J., BRonk Ramsey C., HOUusLEY R.A., LANE C.S. TomLISON E.L.,
& RESET TeaM, RESET ASSOCIATES (2015) - The RESET project:
constructing a European tephra lattice for refined synchronisation of
environmental and archaeological events during the last ¢. 100 ka.
Quaternary Science Reviews, 118, 1-17.

LucerRO MICHAUT H.N. (1979) - Sierras Pampeanas del norte de Cérdoba,
sur de Santaigo del Estero borde oriental de Catamarca y sudeste de
Tucumdn. 2° Simposio Geologia Regional Argentina, Academia Na-
cional de Ciencias, 1, Cérdoba, 293-347.

MANN M.E., STEINMAN B.A., BROUILLETTE D.J. & MILLER S.K. (2021) -
Multidecadal climate oscillations during the past millennium driven by
volcanic forcing. Science, 371 (6533), 1014-1019.

METHOL EJ. (1958) - Descripcion Geoldgica de la Hoja 181. Dedn Funes,
Tulumba (Cérdoba). Direccién Nacional de Geologia y Mineria, Bo-
letin 88, 32-34.

MIrO C.R. (2000) Hoja Geolégica 1:250.000, Villa Ojo de Agua, Santiago
del Estero y Cérdoba. IGRM, Servicio Geoldgico Minero Argentino.

NARANJO J.A. & STERN C.A. (1998) - Holocene explosive activity of Hud-
son volcano, southern Andes. Bulletin of Volcanology, 59, 291-306.

NARANJO J.A., MORENO H. & BANKS N.G. (1993) - La erupcién del volcin
Hudson en 1991 (46°S), Region X1, Aisén, Chile. Servicio Nacional de
Geologia y Mineria de Chile Boletin, 44, 1-50.

NARANJO J.A, SINGER B.S., JicHA B.R., MORENO H. & Lara L.E. (2017) -
Holocene tephra succession of Puyehue-Cordén Caulle and Antillanca/
Casablanca volcanic complexes, southern Andes (40-41°S). Journal of
Volcanology and Geothermal Research, 332, 109-128.

PASTORE F. (1932) - Hoja 20 del Mapa Geolégico de la Argentina. Region
oriental media de la Sierra de Cérdoba. Relevamiento geoldgico y ex-

plicacion. Boletin de la Direccién de Minas y Geologia 36, Buenos
Aires, 1-67.

PECCERILLO A & TAYLOR S.R. (1976) - Geochemistry of Eocene Calc-Al-
kaline Volcanic Rocks from the Kastamonu Area, Northern Turkey.
Contributions to Mineralogy and Petrology, 58, 63-81.

180

POLANSKI J. (1970) - Carbénico y Pérmico de la Argentina. EUDEBA,
Manuales, 149-150.

PriETO A., STERN C.R. & ESTEVEZ J.E. (2013) - The peopling of the
Fuego-Patagonian fjords by littoral hunter-gatherers after the mid-Ho-
locene H1 eruption of Hudson Volcano. Quaternary International,
317, 3-13.

RECALDE A.M. (2016) - Paisaje rupestre en el norte de Cérdoba. Anales de
arqueologia y etnologia, 70-71.

RECALDE M.A. (2018) - Memory in the stone: Rock art landscape at Cerro
Colorado as a negotiation space for social memory. In: Archaeologies
of Rock Art. Routledge, London, 106-129.

RETALLACK GJ. (1990) - Soils of the Past: An Introduction to Paleopedolo-
2y. Unwin Hyman, London, 520 pp.

SAMPIETRO-VATTUONE M.S., BAEZC W.A., PENA-MONNE J.L. & Sora A.
(2020) - Chronological and geomorphological approach to the Holocene
tephras from Tafi and Santa Maria valleys, NW Argentina. Quaternary
Research, 94, 14-30. doi: 10.1017/qua.2019.78

SANABRIA J.A., LEGUIZAMON R.R., TAUBER A.A., MANZUR A., PIOVANO
E.L., BARBEITO O., ARGUELLO G., & BALBIS A. (1996) - Guia de
campo. Actas de la 8° Reunién de campo del Cuaternario, Cérdoba.
Cadincua, 1-41.

Scort E.M., ALLEN M.B., MACPHERSON C.G., MCCAFFREY K.JW., DA-
VIDSON J.P., SAVILLE C., MiHAI N. & DUCEA M.N. (2018) - Andean
surface uplift constrained by radiogenic isotopes of arc lavas. Nature
Communication, 9, 969. doi: 10.1038/s41467-018-03173-4

SIEBEL W., SCHNURR W.B.W, KNUT HAHNE, KRAEMER B., TRUMBULL
R.B., VAN DEN BOGAARD P. & EMMERMANN R. (2001) - Geochemistry
and isotope systematics of small- to mediun-volume Neogene-Quater-
nary ignimbrites in the southern central Andes: evidence for derivation
from andesitic magma sources. Chemical Geology 171, 213-237.

SIGL M., MCCONNELL J.R., TOOHEY M., CURRAN M., DAs S.B., EDWARDS
R., IsAKSSON E., KAwWAMURA K., KIPFSTUHL S., KRUGER K., LAYMAN
L., MaseLLI O.J., MOTIZUKI Y., MOTOYAMA H., PASTERIS D.R. &
SEVERI M. (2014) - [nsights from Antarctica on volcanic forcing during
the Common Era. Nature Climate Change, 4, 693-697.

SIGL M., WINSTRUP M., MCCONNELL J.R., WELTEN K.C., PLUNKETT, G.,
LubpLow F., BUNTGEN U., CAFFEE M., CHELLMAN N., DAHL-JENSEN
D., FiscHER H., KIPFSTUHL S., KOSTICK C., MASELLI O.]., MEKHALDI
F., MULVANEY R., MUSCHELER R., PASTERIS D.R., PILCHER J.R., SAL-
ZER M., SCHUPBACH S., STEFFENSEN J.P., VINTHER B.M. & WOOD-
RUFE T.E. (2015) - Timzing and climate forcing of volcanic eruptions for
the past 2,500 years. Nature 523, 543-549.

SMITH G.A. (1987) - The influence of explosive volcanism on fluvial sedi-
mentation: the Deschutes formation (Neogene) in central Oregon. Jour-
nal of Sedimentary Petrolology, 57, 613-629.

STERN C.H. (1991) - Mzd-Holocene tephra on Tierra del Fuego (54° ) de-
rived from the Hudson volcano (46° S): evidence for a large explosive
eruption. Revista Geologica de Chile, 18, 139-146.

STERN C.R. (2004) - Active Andean volcanism: Its geologic and tectonic
setting. Revista Geologica de Chile, 31, 161-206.

STERN C.R. (2008) - Holocene tephrochronology record of large explosive
eruptions in the southernmost Patagonian Andes. Bulletin of Volca-
nology, 70, 435-454.

Sturver M., REIMER PJ., & REIMER RW. (2021) - CALIB 8.2 [WWW
program)] at http://calib.org, accessed 2021-4-3

STRELIN J.A. (1995) - Geomorfologia de Cerro Colorado. Seminario de In-
vestigaciones sobre Epidemiologia Psiquidtrica, 19, 42-69.

SULPIZIO R., ZANCHETTA G., CARON B., DELLINO P., MELE, D., GIACCIO
G.; INSINGA D., PATERNE M., SIANI G., COSTA G., MACEDONIO G. &
SANTACROCE R. (2014) - Volcanic ash hazard in the Central Mediterra-
nean assessed from geological data. Bulletin of Volcanology, 76, 866.



SVENSSON A., DAHL-JENSEN D., STEFFENSEN J.P., BLUNIER T., RASMUSSEN
S.O., VINTHER B.M., VALLELONGA P., CAPRON E., GKINIS V., COOK
E., Kj£r H.A., MUSCHELER R., KIPFSTUHL, S., WILHELMS F., STOCK-
ER T.F., FISCHER H., ADOLPHI F., ERHARDT T, SIGL M., LANDAIS A.,
PARRENIN F.; Buizert C., MCCONNELL J.R., SEVERI M., MULVANEY
R. & BIGLER M. (2020) - Bipolar volcanic synchronization of abrupt
climate change in Greenland and Antarctic ice cores during the last
glacial period. Climate of the Past, 16, 1565-1580.

TERRASI F., RoGALLA D., DE CESARE N. & aliz. (2007) - A new AMS fa-
cility in Caserta/Italy. Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms,
259, 14-17.

TERRAST F., DE CESARE N., D’ONOFRIO A. & alii (2008) - High precision
4C AMS at CIRCE. Nuclear Instruments and Methods in Physics
Research, 266, 2221-2224.

TILLING R.I. (2009) - Volcanism and associated hazard: The Andean per-
pesctive. Advances in Geosciences, 22, 125-137.

WEIss H. (2015) - Megadrought, collapse, and resilience in late 3 millen-
nium BC Mesopotamia, in 2200 BC. In: MELLER H., ARz HW., JUNG
R. & RiscH R., A Climatic Breakdown as a Cause for the Collapse of
the Old World?, Landesmuseum fur Vorgeschichte, 35-52.

WELLER D., MIRANDA C.G., VILLA-MARTINEZ R. & STERN C.R.
(2014) - The large lateglacial HO eruption of the Hudson volcano,
southern Chile. Bulletin of Volcanology, 76, 831-850.

Zanchetta G., Sulpizio R.,& Di Vito M.A. (2004) - Genesis and evolu-
tion of volcaniclastic alluvial fans in the southern Campania (Italy):
relationships with volcanic activity and climate. Sedimentary Geology,
168, 249-280.

ZANCHETTA G., SuLpizio R., RoBerTS N., CIONI R., EAsTwooD W.J.,
S1IANI G. CARON B., PATERNE M., & SANTACROCE R. (2011) - Te-
phrostratigraphy, chronology and climatic events of the Mediterranean
basin during the Holocene: An overview. The Holocene, 21, 33-52.

ZANCHETTA G., GIACCIO B., BINI M. & SARTI L. (2018a) - Tephrostratigra-
phy of Grotta del Cavallo, Southern Italy: insights on the chronology of
Mzddle to Upper Palaeolithic transition in the Mediterranean. Quater-
nary Science Reviews, 182, 65-77.

ZANCHETTA G., RIBOLINI A., FERRARI M., BINI M., IsOLA 1., LEZZERI-
NI M., BARONI C., SALVATORE M.C., PAPPALARDO M., Fucks E. &
BORETTO G. (2018b) - Geochemical characteristics of the infilling of
ground wedges at Puerto Deseado (Santa Cruz, Argentina): Palaeo-
environmental and chronological implications. Andean Geology, 45,
130-144.

ZANCHETTA G., BINT M., D1 ViTo M.A., SULPIZIO R. & SADORI L. (2019)
- Tephrostratigraphy of paleoclimatic archives in central Mediterranean
during the Bronze Age. Quaternary International, 499, 186-194.

ZANCHETTA G., PAPPALARDO M., D1 ROBERTO A., BINI M., ARIENZO L.,
IsorLa I., RIBOLINI A., BORETTO G., Fucks E., MELE D., D’ORAZIO
M., MARZAIOLI F. & PASSARIELLO 1. (2021) - A Holocene tephra layer
within coastal aeolian deposits north of Caleta Olivia (Santa Cruz Prov-
ince, Argentina). Andean Geology, 48, 267-280.

(Ms. received 9 September 2022, accepted 11 November 2022)

181



182



