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Abstract

A comprehensive morphostratigraphic and chronological study of the complete set of Holocene tephras from Tafí and Santa
María valleys (northwestern Argentina), including analyses of compositional characteristics, is presented. Five ash tephras are
recognized: V0 (El Rincón), V1a (Carreras 1a ash), V1b (Carreras 1b ash), V2a (Carreras 2 ash), and V2b (El Paso 3 ash).
Two of them (V1b and V2b) are described for the first time in the study area. The new 14C and accelerator mass spectrometry
ages presented, along with the previously published information, allows for the establishment of a chronological framework.
The V0 tephra was deposited in the Early Holocene (about 10,000 yr BP), V1a and V1b were deposited in the Middle
Holocene (about 4200 and 3500 yr BP, respectively), and V2a and V2b were deposited in the Late Holocene (after about
800 yr BP). The mineralogical, textural, and geochemical characterizations of the five tephras suggest that their tephra prov-
enance was mainly from the back-arc region. However, the determination of the exact source of each tephra requires more
accurate high-resolution tephrochronological studies. At least five major eruptions affected the Tafí and Santa María valleys
in the last 10,000 yr.
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INTRODUCTION

Along the southern sector of the Central Volcanic Zone of the
Andes (between 24° and 27° latitude), a magmatic arc of north–
south general orientation, with prolongations toward the
back-arc following the regional northwest–southeast tectonic
lineaments, has developed since the Neogene (Kay and Coira,
2009; Petrinovic et al., 2017). Recent volcanic activity in this
region is mainly associated with andesitic-dacitic stratovolca-
noes along the main arc, some of which are considered poten-
tially active, although most are poorly known (Siebert et al.,
2010; Grosse et al., 2018). Very few of these stratovolcanoes
have recorded historical activity, and only Lascar volcano has
registered regular eruptions in recent decades (Gardeweg
et al., 1998). In addition, the most recent eruptive history of

these volcanoes is characterized by the development of effusive
or small explosive eruptions (e.g., Grosse et al., 2018), except
for the Tres Cruces volcano, which had important explosive
activity during the Holocene (Gardeweg et al., 2000). Besides,
recent studies have revealed the importance of back-arc volca-
nism in this region during the Holocene (Báez et al., 2015;
Báez et al., 2017; Bertin et al., 2018). Especially relevant is
the Cerro Blanco Volcanic Complex, defined as the youngest
(middle Pleistocene–Holocene) collapse caldera system in the
southern Central Andes. Over the past 100,000 yr, this complex
has experienced at least two large-scale eruptionswithVolcanic
Explosivity Index (VEI) ≥6 (Báez et al., 2015; Fernández-
Turiel et al., 2019). Particularly, the caldera-forming Cerro
Blanco eruption constitutes one of the greatest Holocene volca-
nic events in the Central Andes (Báez et al., 2015; Fernández-
Turiel et al., 2019). Other high-silica volcanic centers located in
the back-arc, such as Cuero de Purulla volcano, have been pro-
posed as plausible candidates for the source of large explosive
eruptions during the upper Pleistocene–Holocene (Báez, 2014;
Fernández-Turiel et al., 2019).
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Because of the influence of the subtropical westerly jet in
the middle and upper troposphere (Garreaud et al., 2009),
the explosive volcanic activity of the main arc, as well as
that of the back-arc, tends to disperse the tephras toward the
east. Thus, in the intermontane valleys located eastward of
the Puna, such as Santa María and Tafí valleys, a record of
the Holocene large explosive eruptions is preserved. Previous
works have addressed the tephrochronology of this region.
Strecker (1987) identified some tephra layers in the Santa
María and Tafí valleys and used them to establish the age
of Pleistocene accumulations.
Later, tephra levels were used to determine the age of large

Holocene landslides produced downstream of the confluence
of the Santa María and Calchaquí Rivers (Hermanns et al.,
2000; Trauth et al., 2000). Other studies have also correlated
the tephras from Santa María and Tafí valleys (May et al.,
2011). The most comprehensive study about northwestern
Argentina tephrochronology shows a unified analysis of all
Quaternary layers recorded in the region until 2008 (Hermann
and Schellenberger, 2008). Their study describes and dates
10 well-defined tephra layers, 5 of which belong to the Holo-
cene (see further comments on them in the “Discussion”). In
addition, Fernández-Turiel et al. (2012, 2013, 2015, 2019)
studied the ash dispersion of the tephras of the Cerro Blanco
Volcanic Complex, took samples from proximal and distal
deposits, and dated them to 4290 ± 40 14C yr BP. Proximal
deposits of the same volcanic complex were also studied in
depth by Báez (2014) and Báez et al. (2015). Furthermore,
Sampietro-Vattuone and Peña-Monné (2016), Peña Monné
and Sampietro Vattuone (2016b), and Sampietro-Vattuone
et al. (2016) reported three tephra levels in Tafí valley as
reference geomorphological layers, named V0, V1, and V2.
Despite previous studies, no data are available about tephra

associations within Holocene deposits (slopes, debris flows,

and alluvial accumulations) or soils. These tephras have
never been analyzed for their evolutionary value in their geo-
morphological and geoarchaeological context. Moreover, not
all tephras were previously described. In this context, the aim
of this article is to present a comprehensive study of the
complete set of Holocene tephras from Tafí and Santa
María valleys (Fig. 1), their morphostratigraphic and geoarch-
aeological contexts, chronology, and some compositional
characteristics, including a review of the previous data.

Regional settings

The Santa María and Tafí valleys are located in northwestern
Argentina, including three Argentinean provinces (Tucumán,
Catamarca, and Salta). Both valleys are part of the northern
sector of Sierras Pampeanas and are located about 300 km
east of the Central Volcanic Zone of the Andean Ranges.
They are two tectonic depressions bordered by the Sierra de
Aconquija (4600 m), Cumbres Calchaquíes (4177 m), and
Sierra de Quilmes (5468 m) (Fig. 1). Geologically, the sur-
rounding mountains are composed of granite and metamor-
phic rocks of Precambrian–Lower Paleozoic ages (Ruiz
Huidobro, 1972; Toselli et al., 1978; Galván, 1981). In the
Santa Maria valley, Upper Cretaceous–Neogene sediments
are also visible (Salta and Santa María Groups; Bossi et al.,
2001), whereas Paleogene deposits are present in Tafí valley
(González, 1997).

The climate is semiarid in Santa María valley, with an
annual rainfall of 200 mm, and the vegetation is xerophitic
with bushes (Larrea divaricata and L. cuneifolia) and carob
trees (Prosopis sp.) on the valley floor. Although Tafí valley
is also semiarid, annual rainfall reaches 500 mm, so grass-
lands dominate the landscape with development of small

Figure 1. (color online) Study area and location of dated profiles.
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forests (Alnus acuminata and Polylepis australis) in the
ravines and quebradas (Perea, 1995).
In addition to the geomorphological analysis of Strecker

(1987) performed in Santa María valley, some studies have
focused on large Holocene landslides and a paleolake forma-
tion related to them (Hermanns et al., 2006, 2011). Recent geo-
morphological research was performed by Sampietro Vattuone
and Neder (2011), Peña-Monné et al. (2015, 2016), Peña-
Monné and Sampietro-Vattuone (2016a, 2018a, 2018b), and
Sampietro-Vattuone et al. (2017, 2018a). These studies
focused on the Quaternary and present fluvial dynamics, the
Holocene eolian activity, and the regional geomorphological
evolution.
There is a long tradition of geomorphological studies at

Tafí valley (Sayago and Collantes, 1991; Sayago et al.,
1998; Collantes, 2001, 2007). However, recent studies have
notably changed the geomorphological information, depart-
ing from wider data gathering and interpretation, where vol-
canic ash layers played an important role (Peña Monné and

Sampietro Vattuone, 2016b; Sampietro-Vattuone and Peña-
Monné, 2016; Sampietro Vattuone et al., 2016; Sampietro-
Vattuone et al., 2018b). Thus, the new geomorphological
cartography (Sampietro-Vattuone and Peña-Monné, 2019)
and fieldwork have made it possible to establish the Holocene
evolutionary model of the region. This model establishes the
existence of four Holocene aggradation units separated by
incision phases. Figure 2a shows a curve with estimated
aggradation/degradation rates along these units. It also repre-
sents the position of the up to now three known tephras (V0,
V1, and V2) and preliminary chronologies. Figure 2b shows a
synthetic cross section of the sedimentary record produced by
the geomorphological evolution of the area, including all
paleoenvironmental features such as soil development.
Radiocarbon dating indicate that the earliest evolutionary
unit, named H1, spans from ca. 13,000 to 4200 yr BP and
is mainly represented in the landscape by slope deposits.
During the earliest times of this unit (H1A), wetter environ-
ments were dominant. A gradual shift to harsher conditions

Figure 2. (color online) (a) Holocene evolutionary model of Santa María and Tafí valleys with V0, V1, and V2 relative tephra positions; the
curve represents aggradation/degradation rates during the different units. (b) Synthetic cross section representative of the relative position of the
different aggradative units and the tephra levels in ravines.
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was also observed at the end of the period (H1B). There are
two tephra layers related to H1 unit, named V0 and V1
(Fig. 2). The H1 unit was followed by the development of a
Late Holocene accumulative unit (H2) dated between ca.
4200 and 600 yr BP. It is represented in the landscape by
slopes, alluvial terraces, and alluvial fan deposits. This accu-
mulation was formed at the beginning under wetter condi-
tions, allowing the formation of a soil (s1) (Fig. 2). The H2
unit also includes features that have been attributed to general
environmental degradation caused by intense human impact
on the landscape after soil formation (Sampietro Vattuone
et al., 2018b). On top of this unit, there is another tephra
named V2 overlain by a soil (s2) (Fig. 2). Smaller deposits
from the later H3 and H4 units are recognizable in the inner
sections of the incision that cuts through the previous deposits
(Fig. 2b). These units were dated from after ca. 600 yr PB to
the present time, and they include the Little Ice Age and the
present warm period (Fig. 2).

METHODS

We first made a detailed geomorphological map of the study
area following Peña Monné’s proposal (1997) and a subse-
quent systematic field survey recording about 150 stratigraphic
profiles to define the morphosedimentary units of different
genesis (fluvial deposits, alluvial fans, and slopes). Transversal
and longitudinal profiles were also made to know the relative
position of the tephras. Several tephras were described and
sampled in their morphostratigraphic context (considering
stratigraphic and geomorphological positions), and 91 samples
were analyzed.We selected mostly primary tephras or scarcely
reworked tephras for the analyses, by considering the layer
thickness, color, homogeneity, contacts with under- and over-
lying deposits, and the lack of internal structures, bioturbation
features, and inclusions. Simultaneously, we created a com-
plete record of erosive features associated with tephra deposits.
Tephra ages were determined indirectly by 14C radiometric dat-
ing of over- or underlying peats, organic matter from soils, and
archaeological charcoals, together with ceramic potsherds by
thermoluminiscence. Radiocarbon ages were calibrated with
Oxcal v. 4.3 over the SHCal 13 curve and expressed with
two sigmas.
Tomake a qualitative compositional and textural character-

ization of the tephras, bulk samples were described under
binocular magnifying glass. For a better mineralogical
characterization, the samples were sieved to concentrate the
material retained in a #60 size mesh screen (250 µm). Further
morphological analyses were based on scanning electron
microscopy (SEM) images. For SEM analyses, a JEOL scan-
ning microscope (LASEM–Universidad Nacional de Salta)
was used at an acceleration voltage of 15 kV, and the samples
were mounted on a holder and coated with Au.
The tephras were geochemically characterized by means of

86 bulk-rock analyses using portable X-ray fluorescence
(pXRF), as proposed by Sola et al. (2016). Data were
acquired using a handheld Thermo Scientific Niton XL3t
GOLDD XRF spectrometer with a 50 kV, 200 μA Ag

Anode X-ray tube, mounted on a test stand. Most pXRF
spectrometers offer analyses in three modes: (1) test all
GEO mode, where the expected elemental concentration is
unknown by the user; (2) mining mode, where the expected
elemental concentration is >1%; and (3) soil mode, where
the expected concentration is <1%. All analyses were carried
out in soil mode on powder material. All samples were ana-
lyzed with 30 s dwell times for main and low filters, and
40 s for the high filter, for a total of 70 s per analysis, follow-
ing the values recommended by Knight et al. (2013): >30 s
and <70 s per filter. The elements to make the geochemical
characterization (Sr, Rb, Zr, Cr, Zn, Pb, U, and Th) were
selected based on the detection limits according to the rock
type and relatively low 2σ errors.

RESULTS

Field descriptions, morphostratigraphic analysis,
and geochronology

The complementary work of geomorphological mapping and
field survey made it possible to recognize five tephra layers
included in several morphostratigraphic profiles. These pro-
files were recorded from geomorphological units of different
ages and genesis. The tephra levels were not continuous
across the entire study area (note that we prospected two
neighboring valleys), so stratigraphic positions were recorded
in order to reconstruct a wide and confident morphostrati-
graphic context. The five tephras appear interbedded in sev-
eral morphosedimentary contexts, from which we inferred
their ages. Although about 150 profiles were described during
the fieldwork, only seven were selected for this study (Figs. 1,
3, and 4), considering the presence of overlying tephra layers,
absolute chronological data, and morphostratigraphic repre-
sentativeness. We selected the RI01 profile (Fig. 3a) for the
oldest tephra (V0) and RI03 (Fig. 3d) for V1a and V1b teph-
ras. Besides, V1a, V1b, and V2 tephras were described and
dated in CA2 and CA3 profiles (Fig. 3b and c), while V2
was described and dated in Inf2, El Paso 2, and CB7 profiles
(Fig. 4, Table 1). After the stratigraphic records it was clear
that the three tephras preliminary established were in fact five.

The cross sections recorded in several valleys contribute to
improving the knowledge of the relative positions of the teph-
ras (Fig. 2b). Several factors conditioned their positions and
thickness. First, topography and wind circulation favored
tephra accumulation in some specific locations (i.e., at present
some deposits in the ravines reach 8 m in thickness), whereas
there is no tephra accumulation in several outcrops because of
environmental erosion. Another important factor related to
tephra visibility is the ravine depth, with incisions in some
cases reaching the oldest deposits (Fig. 2b). In all cases,
tephra visibility is conditioned not only by its relative present
position but also by the processes the tephra underwent
during the geomorphological evolution of the area.

Tephra V0 never appears on the topographic surface. It is
only visible in the incision scarps, rendering it an excellent
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Figure 3. (color online) Representative stratigraphic profiles showing different morphosedimentary units: El Rincón (RI01) profile, with the
chronostratigraphic location of the V0 tephras (a); Las Carreras (CA2 and CA3) and El Rincón (RI03) profiles, with chronological data of V0,
V1a, V1b, and V2 tephras (b, c, d).

18 M. M. Sampietro-Vattuone et al.
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Figure 4. (color online) Stratigraphic profiles of the (a) El Infiernillo (INF2), (b) EL PASO2, and (c) Campo Blanco (CB7) showing tephra
positions and chronologies in the different morphosedimentary units.
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marker for the transition between H1A and H1B accumula-
tions (Figs. 2a, 3a). They are frequently visible in the bottom
area of Las Carreras, El Rincón (Fig. 5a), the quarries
exploited close to Tafí del Valle village (Fig. 5b), and the Car-
apunco and La Bolsa areas (Tafí valley). These tephras have a
coarse ash texture and a high amount of biotite. Radiocarbon
ages were obtained at El Rincón (RI01, Fig. 3a), on a
12-m-thick outcrop, where V0 tephra is located 5 m from
its base (Fig. 3a). There are several peat layers under the
ash level, the youngest dated to 11,802–11,192 cal yr BP
(sample RI01-T5; Fig. 5a, Table 1). Accordingly, this tephra
layer is younger than these ages (Fig. 6a). The tephra V0 was
named El Rincón ash given the relevance of the information
provided by the RI01 profile.
Previous works identified in the study area one single Mid-

dle Holocene tephra that was dated from underlying peats to
after 4290±40 14C yr BP (4955–4618 cal yr BP) by
Fernández-Turiel et al. (2012, 2013) and later to after 3763
± 36 14C yr BP (4228–3927 cal yr BP) by Sampietro-Vattuone
and Peña-Monné (2016). However, during geomorphological
mapping and field survey, two different tephras related to the
top of the H1 morphostratigraphic unit were observed in sev-
eral profiles. The two identified tephras were named V1a
(Carreras 1a ash) and V1b (Carreras 1b ash), and the repre-
sentative profile is the CA2 section in Figure 3b. The V1a and
V1b tephras were much easier to locate and distinguish than
the other tephras. However, they are virtually impossible to
differentiate in the field, unless they are in the same profile.
While recording V1a and V1b tephras, we found catena
sequences across alluvial fans where the ashes lie on top of
the outcrops at the apex of the alluvial fan (Figs. 2b, 5c)
and in the middle section of the outcrops recorded in the
middle-low fan area (Fig. 5d). The longitudinal profiles
recorded, as described in the methodology, allowed us to
understand the evolution of the landforms, reinforce the
value of the tephras as sedimentary, chronological, and evo-
lutionary indicators and differentiate between H1 and H2
units when they overlap (CA2 and CA3 profiles in Fig. 3b
and c, 5d). In general, V1a and V1b tephras indicate the

limit between the Middle and Late Holocene, coinciding
with a change in the geomorphological dynamics of the
region, because the incision period separating H1 and H2
accumulation phases was just starting when the tephras fell
(Sampietro-Vattuone and Peña-Monné, 2016) on top of
H1B accumulations, filling shallow incisions (Fig. 2b).
As in some cases the outcrops of V1a and V1b developed

interbedded peats (Fig. 5d), it was possible to make radiocar-
bon dating in the intermediate organic matter layers (Fig. 3b
and c). In V1a, ages are later than 4789–4289 cal yr BP and
earlier than 3830–3470 cal BP, while V1b tephra was dated
later than 3830–3470 cal yr BP (Table 1; Figs. 3b and c,
6b). The estimated age of V1b tephra is younger than that
of H2 unit, with H2 accumulation starting earlier than
2760–2188 cal yr BP, which is the radiocarbon dating of a
paleosoil (s1; Fig. 2a and b) interbedded in the lower section
of H2 (Sampietro-Vattuone and Peña-Monné, 2016; Peña
Monné and Sampietro Vattuone, 2018c). Figure 6 offers a
graphical synthesis of all available chronological data related
to V1a and V1b tephras, demonstrating the existence of two
eruptions very close in time and very similar in composition
(see “Physicochemical characterization” section).
Finally, thin tephra layers related to the H3 morphostrati-

graphic units were observed in 48 profiles (i.e., Fig. 5e and f),
in some cases overlying archaeological materials of the
Late Period (Fig. 4b). Despite its similar compositional and
macroscopic features, two different tephras were recognized,
as they were dated in several outcrops (Figs. 4, 6c; Table 1).
Considering only radiocarbon evidence from the CA2 profile
(Fig. 4), it is possible to establish that V2 tephra is older than
991–774 cal yr BP and younger than 655–624 cal yr BP
(Fig. 6c). However, other radiocarbon information from
Inf2-T5 suggests that V2a tephras occurred after 716–553
cal yr BP (Figs. 4, 6c; Table 1). Moreover, the V2b tephras
are lying above the paleosoil (s2) dated to 497–468 cal yr
BP (Sayago et al., 2012) and 490–333 cal yr BP at El Paso
2 (Sampietro-Vattuone et al., 2018a). There is also another
V2 sample interbedded in an H3 unit at El Paso 3. This
unit was estimated to be younger than 600 yr BP (Fig. 6c)

Table 1. 14C samples: u.s., underlying sediments; o.s., overlying sediments.

Profile Sample Relative position 14C yr BP
Cal yr BP

2σ Laboratory code Dated material

Ri01 Ri01-T5 V0 u.s. 9980 ± 100 11,802–11,192 LP-3427 Peat
CA2 CA2-T3 V2 o.s. 630 ± 50 655–524 LP-3377 Peat

CA2-T2 V2 u.s. 1020 ± 50 961–774 LP-3373 Peat
CA2-T1 V1b u.s.

V1a o.s.
3900 ± 100 4566–3972 LP-3375 Peat

CA3 CA3-T1 V2 u.s. 1320 ± 60 1300–1065 LP-3342 Peat
CA3-T2 V1b u.s. 3840 ± 90 4425–3915 LP-3352 Peat
CA3-T3 V1a u.s. 5110 ± 130 6181–5585 LP-3380 Peat

Ri03 Ri03-C2 V1 u.s. 4043 ± 50 4789–4289 D-AMS019331 Charcoal
Inf2 Inf2-T5 V2 u.s. 720 ± 50 716–553 LP-3576 Peat
CB7 CB7-T5 V2 u.s. 500 ± 40 550–454 LP-3572 Peat

CB7-T1 V2 o.s. 1520 ± 70 1280–1528 LP-3565 Peat

20 M. M. Sampietro-Vattuone et al.
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according to the evolutionary model of Sampietro-Vattuone
and Peña-Monné (2016) and Peña Monné and Sampietro
Vattuone (2018c). All this evidence points to the existence
of two upper Holocene tephras named V2a (Carreras 2
ash) and V2b (El Paso 3 ash) (Fig. 6c).
Several features associated with the tephras, especially V1a

and V1b, were also recorded in order to have a better outcrop
characterization. In many cases, the thickness of each tephra
could vary from a few centimeters to more than 8 m (Fig. 7a).
Besides their thickness and position (Figs. 5c and d, 7a),
some tephras show laminar structures at their base, followed
by massive, thick deposits (Fig. 7b). In other cases, when

exposed on the surface as mantles, they later developed
different and distinctive erosive features such as yardangs
(Fig. 7c) and taffonis and crusts in vertical exposures
(Fig. 7d). There are also bioturbations represented by roots,
worms, and rodent galleries filled with ashes (Fig. 7e–g).
Some deposits show interbedded sand facies (Fig. 7h) and
oxides, the latter normally associated with peat formations.

Physicochemical characterization

Themineralogical, textural, and geochemical features (Supple-
mentary Table 2) of the five tephras recognized in the Tafí and

Figure 5. (color online) (a) RI01 profile showing V0 and V1 tephra positions and dated peat levels, El Rincón–Tafí valley (see Fig. 3a).
(b) Profile from the quarries of La Costa (Tafí valley) showing V0 and V1 tephra levels. (c) V1 tephra from the top of an H1B unit in Tafí
valley. (d) Lower section of CA2 profile showing V1a and V1b tephras with an interbedded peat in the Muñoz River, Tafí valley (see Fig. 3b).
(e) INF2 profile showing V2 teprha lying over a peat level, El Infiernillo (Tafí–SantaMaría valleys water divide; see Fig. 4a). (f) Upper section
of CA3 profile showing V2 position in the Muñoz River, Tafí valley (see Fig. 3b).
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Santa María valleys are described in the following paragraphs.
Because V1a-V1b and V2a-V2b pairs are impossible to differ-
entiate by their mineralogy, glass shard-pumice morphology,
or geochemistry, both pairs are described together.
The V0 tephra is light brown and composed mainly of

pumice particles and glass shards (∼70%) and, to a lesser
extent, crystal and lithics. The main mineral assemblage is
biotite, quartz, and feldspars (mainly plagioclase) (Fig. 8a).
The abundance of large crystals of biotite is an important fea-
ture that makes it possible to differentiate V0 from the other
four tephras. In addition, magnetite, titanite, pyroxene, and
muscovite are present as accessories. The lithics are granitic
rocks, and, together with muscovite crystals, they represent
a low degree of contamination of the original deposits. In
V0 tephra, there is evidence of an incipient edaphization pro-
cess such as the presence of oxide patinas, silty material, and
organic matter, in concordance with the bioturbation
observed at outcrop scale. The V0 tephra presents different
morphological types of juvenile clasts. The most abundant
ones are highly vesicular, irregular to subrounded pumice
particles with small spherical to subspherical vesicles
(Fig. 9a) or more elongated and tubular shapes separated by
thin glass walls. The high vesicular pumice particles are
usually covered by fine ash particles that hinder the character-
ization of the vesicle morphology (Fig. 9a). Another

morphological type is represented by subangular, low vesic-
ular to dense glass shards (Fig. 9b). The fine ash fraction is
composed of small glass shards with flat plate and curved
morphologies (Fig. 9c) derived from the fragmentation of
large, highly vesicular pumice particles. In addition, we iden-
tified a low percentage of rounded, massive, slightly prolate
aggregates of fine ash (Fig. 9d).
The V1a andV1b tephras arewhite and composedmainly of

pumice particles and glass shards (∼70%) and, to a lesser
extent, crystals and lithics. The main mineral assemblage is
quartz, feldspars (mainly plagioclase), and biotite (Fig. 8b).
Magnetite, pyroxene, and amphibole are present as accesso-
ries. Edaphization and rework processes are not evident. The
main compositional difference from V0 tephra is the higher
percentage of pumice and glass shards and the lower propor-
tion of crystals and crystal fragments. As in V0 tephra, the
most conspicuous particle type is the highly vesicular, irregular
to subrounded pumice. However, the pumice clasts from V1a
and V1b tephras are characterized by more rounded vesicle
morphology separated by thick glass walls (Fig. 9e) and a bet-
ter development of clasts with fluid forms related to elongated
and tubular vesicles (Fig. 9f). Large, subangular, low vesicular
to dense glass shards and irregular prolate aggregates of fine
ash are also present. The fine ash fraction consists of small
glass shards with flat plate and curved morphologies.

Figure 6. (color online) Synthesis of available chronological data and relative position of tephras showing the most probable sedimentation
time and the reconstruction of the different events: V0 tephra (a), V1a and V1b events (b), V2a and V2b events (c).
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The V2a and V2b tephras are light gray and composed of
pumice particles and glass shards, with a relatively high pro-
portion of crystals (∼30%) and lower percentages of lithics.

The main mineral assemblage is amphibole, quartz, feldspars
(mainly plagioclase), and biotite (Fig. 8c). The abundance of
amphibole is the key feature to differentiate V2a and V2b

Figure 7. (color online) Features associated with tephra deposits: thick V1 deposits (a), V1 basal laminations with deformation (b), V1 tephra
yardangs (c), weathered scarp (taffonis) and crust formed on exposed V1 massive tephra deposits (d), worm bioturbation on V1 tephra deposit
(e), roots on V1 tephra level (f), rodent galleries crossing V1 tephra deposit (g), and V1 tephras interbedded with sand facies including
oxides (h).
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tephras from the other three tephras. Clinopiroxene, magne-
tite, apatite, muscovite, and rutile are present as accessories.
The V2a and V2b tephras present similar types of juvenile
components in terms of morphology and size. However, the
most relevant feature of these tephras is the occurrence of
irregular, highly vesicular pumice with complex vesicle
shapes (Fig. 9g) and tubular pumice (Fig. 9h).
The data generated by pXRF are not suitable for classical

geochemical classifications like the Total Alkali Silica

(TAS) diagram (e.g., Le Bas et al., 1986) because some ele-
ments such as Na are not measured. However, Sr/Rb versus
K/Sr ratios are essentially controlled by feldspar proportion
and thus reflect approximately the igneous rock type (Sola
et al., 2016). In this sense, Figure 10a shows the trace element
ratios measured in our samples (Sr/Rb; K/Sr) compared with
a database of volcanic rocks of the Central Andes (Mamani
et al., 2010). Our geochemical data, along with the mineral-
ogy of each ash level, indicate that V0, V1a, and V1b are
probably rhyolitic in composition, whereas V2a and V2b
are probably more dacitic in composition. This inference is
consistent with the mineral assembly previously described.
In addition, scatter plots combining trace elements with con-
trasting behavior, such as Rb-Sr or Zr- Sr, were used to iden-
tify the geochemical pattern for each tephra (Fig. 10b). The
V1a and V1b tephras are characterized by high Rb content
(>200 ppm) and low Sr content (<100 ppm). In contrast,
V0, V2a, and V2b have low Rb content (<200 ppm) but
can be differentiated by their Sr content: V0 < 300 ppm and
V2a and V2b >300 ppm. In addition, V1a and V1b have
lower Zr content (<100 ppm) than V0, V2a, and V2b
(between 100 and 250 ppm).

DISCUSSION

Nature and reliability of the tephras for
tephrochronology studies

The studied tephras in the Tafí and Santa María valleys show
different degrees of reworking. Although some of them can
be interpreted as primary fallout deposits, abrupt changes in
the tephra thicknesses through adjacent outcrops and incipi-
ent mixing with epiclastic material provide evidence that
reworking occurred in most cases. The laminar structures at
the base of some tephras, particularly V1a, are inferred as pri-
mary features related to eruptive column heights instability
(e.g., Fernández-Turiel et al., 2019). Remobilization syn-
eruptive and/or early posteruptive (tens of years after erup-
tion) of primary tephras is a well-recorded process world-
wide, especially in desert regions such as Patagonia (e.g.,
Wilson et al., 2011; Forte et al., 2018). The relative composi-
tional homogeneity revealed by petrographic and geochemi-
cal data, along with the good preservation of the primary
textural features of the studied tephras, suggests that the
reworking was very localized and near contemporaneous
with the primary fallout event. For this reason, the term
“tephra” is maintained for the designation of the pyroclastic
levels studied, as in other case studies (e.g., Froese et al.,
2006). We consider that the primary fall and the final dispo-
sition after the reworking of the studied tephras probably
occurred over a period of tens of years. Therefore, the studied
tephras are not reliable for very high-resolution tephrochrono-
logical studies, but they may still provide useful chronostrati-
graphic information depending on the expected temporal
resolution (Lowe, 2011), such as for identification and corre-
lation of the main Holocene aggradation units in the study

Figure 8. (color online) Photographs taken with binocular magnify-
ing glass: abundance of large biotites (Bt) in V0 tephra (a); abun-
dance of glass shards with respect to the crystal proportion in V1
tephra (b), and V2 tephra characterized by the high content of horn-
blende (Hbl) (c).
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Figure 9. Scanning electron microscopy images: highly vesicular irregular to subrounded pumice particles in V0 tephra (a), subangular low
vesicular to dense glass shards in V0 tephra (b), glass shard with flat plate and curved morphologies from V0 tephra (c), aggregates of fine ash
from the V0 tephra (d), pumice clasts from V1 tephra characterized by rounded vesicle morphology separated by thick glass walls (e), pumice
clasts from V1 tephra with fluid forms and elongated to tubular vesicles (f), highly vesicular pumice with complex vesicle shapes from V2
tephra (g), and tubular pumice in V2 tephra (h).
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area (e.g., Peña Monné and Sampietro Vattuone, 2016b;
Sampietro-Vattuone and Peña-Monné, 2016).
Another finding from our research is the existence of teph-

ras that are very similar in composition and relatively close in
time. These compositional similarities suggest that they come
from the same eruptive center. The occurrence of eruptions
similar in composition throughout the evolution of one single
eruptive center is not extremely strange in the Central Andes
(e.g., Folkes et al., 2011). The physicochemical characteriza-
tion presented in this article does not have enough resolution
to identify the fingerprints of these kinds of geochemically
homogeneous eruptions. Thus, V1a-V1b and V2a-V2b teph-
ras are not useful for high-resolution tephrochronological
studies. However, tephras related to the same volcano accu-
mulated as stratigraphically contiguous tephra layers over
longer periods, from some years to millennia, are still able

to provide chronostratigraphic information (Lowe, 2011). In
this sense, each pair of tephras (V1a-V1b, V2a-V2b) can be
understood as “composite” isochrons defined by a pair of
maximum and minimum time lines (Lowe, 2011).

Tephrostratigraphy of Tafí and Santa María valleys

Although the chronological value of the tephras in recon-
structing geomorphological and geoarchaeological evolu-
tionary processes in the study area was recognized and
reported by Peña Monné and Sampietro Vattuone (2016b)
and Sampietro-Vattuone and Peña-Monné (2016), this is
the first study of the complete set of Holocene tephras from
Tafí and Santa María valleys. The morphostratigraphic anal-
ysis and new geochronological data presented here have
allowed us to identify five temporally well-defined Holocene

Figure 10. (color online) (a) Relative geochemical classification using Sr/Rb versus K/Sr diagram proposed by Sola et al. (2016), with dacites
and rhyolites of the Central Andes compiled by Mamaní et al. (2010) and the samples analyzed in this work. (b) AL/BM: geochemical data of
the Alemanía and Buey Muerto ashes taken from Hermanns et al. (2008).
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tephras, some of which are mentioned for the first time in the
study area. Thus, these tephras had never been described,
chronologically situated, placed into their morphosedimen-
tary context, or physicochemically characterized before.
V0 is the oldest Holocene tephra in the study area. Our

results indicate that V0 was deposited after 11,802–11,192
cal yr BP and before 4789–4289 cal yr BP (maximum age
for the overlaying V1a tephra). Thus, V0 is probably equiva-
lent to “El Paso ash,” previously characterized by Hermanns
and Schellenberger (2008), improving our chronological
frame to after 11,152–10,573 cal yr BP and before 7567–
7431 cal yr BP (Fig. 5a). This chronological frame also sug-
gests that V0 is equivalent to the “CdP1 unit” (Cueros de
Purulla sequence), defined by Fernández-Turiel et al.
(2019) in the northern sector of the Calchaquí valley. The
physicochemical characteristics of V0 are roughly consistent
with this interpretation. Our geochronological data show that
V1a and V1b tephras probably represent the same tephras
assigned by Fernández-Turiel et al. (2019) to the Holocene
Cerro Blanco caldera-forming eruption (Fernández-Turiel
et al. 2012, 2013; Báez, 2014; Báez et al., 2015). However,
according to our chronological and morphosedimentary
data, V1a and V1b represent two temporally well-defined,
independent eruptions. In addition, V1a (Carreras 1a ash)
and V1b (Carreras 1b ash) tephra layers represent the previ-
ously defined Buey Muerto and Alemanía ashes (Hermanns
et al., 2000, 2006; Hermanns and Schellenberger, 2008)
because they cannot be differentiated by analytical proce-
dures either and are contemporaneous with our V1a and
V1b tephras. We agree with the interpretation of Hermanns
and Schellenberger (2008) that tephra reworking is unlikely
to have occurred over the long period of time (∼1000 yr)
that separates both tephra layers. The lack of evidence of sig-
nificant contamination in V1b tephra is also consistent with
the inference that V1a and V1b tephras (Buey Muerto and
Alemania ashes according to Hermanns and Schellenberger
[2008]) represent two individual eruptions rather than long-
lasting (hundreds of years) reworking processes.
Finally, the V2a and V2b tephras (Carreras 2 ash and El

Paso 3 ash tephras) have been characterized and dated for
the first time in the study area, and they represent the youngest
large volcanic eruptions (younger than 800 yr BP) in this sec-
tor of the Central Andes. Fernandez-Turiel et al. (2019) have
identified a new tephra in the Fiambalá valley (BdF unit of the
Fiambalá sequence) and suggested that it can be correlated
with the youngest tephras of the Tafí valley (V2a and V2b).
Yet, high-resolution tephrochronological studies are neces-
sary to confirm these preliminary correlations.

Volcanological implications

Considering that the preservation potential of fallout deposits
hundreds of kilometers away from their source is only related
to large volcanic eruptions (VEI >6), the occurrence of the
five tephras presented in this work has important implications
in volcanic hazard and risk assessment in northwestern
Argentina. At least five major eruptions affected the Tafí

and Santa María valleys in the last 10,000 yr; therefore, this
area should be considered a vulnerable zone in terms of tephra
fall.

The source of the V0 tephra is unknown; however, explo-
sive volcanic activity of rhyolitic composition during the
Holocene along the southern edge of the Central Volcanic
Zonewas very scarce and mainly concentrated in the back-arc
region (Guzmán et al., 2014; Grosse et al., 2017; Petrinovic
et al., 2017). Few volcanic centers with Quaternary explosive
rhyolitic activity were identified in this sector of the Central
Andes, and they usually have relatively homogeneous geo-
chemical compositions. Two examples of these centers are
Cerro Blanco Volcanic Complex (Báez et al., 2015 and refer-
ences therein) and Cueros de Purulla volcano (Báez, 2014)
(Fig. 1). Fernández-Turiel et al. (2019) proposed that “El
Paso ash” (Hermanns and Schellemberger, 2008) and equiv-
alent units were ejected from the Cueros de Purulla volcano.
This correlation is weak, as it is based only on the composi-
tional similarities with the proximal fallout deposits of the
Cuero de Purulla volcano and “El Paso ash,” and no geochro-
nological data are available for the Cuero de Purulla volcano.

To date, the only tephra in the study area that has correlated
well with a specific volcanic center is the middle Holocene
tephra related to the Cerro Blanco eruption (Fernández-Turiel
et al., 2019). However, the results presented in this article
point to two eruptions of the Cerro Blanco Volcanic Complex
during Holocene times (V1a and V1b tephras).

The source of the V2a and V2b tephras is unknown, but
their amphibole-rich and more “dacitic” composition sug-
gests that they are related to some volcanic center located
along the main arc with highly explosive activity during the
Holocene, like the Nevado Tres Cruces (Gardeweg et al.,
2000), as previously proposed by Fernández-Turiel et al.
(2019).

CONCLUSIONS

Five temporally well-defined Holocene tephra layers were
identified in Tafí and Santa María valleys. The morphostrati-
graphic position of these tephras, together with radiocarbon
data, contributed to establishing a valuable chronological
framework. The oldest layer, named El Rincón ash (V0), is
younger than 11,802–11,192 cal yr BP and older than
7567–7431 cal yr BP. Two younger tephras named Carreras
1a ash (V1a) and Carreras 1b ash (V1b) were identified.
They are equal in their composition and were dated between
4789–4289 and 3830–3470 cal yr BP (V1a) and between
3830–3470 and 2760–2188 cal yr BP (V1b). Finally, two
very young (upper Holocene) tephras named Carreras 2
ash (V2a), dated between 991–774 and 655–624 cal yr BP,
and El Paso 3 ash (V2b), dated later than 497–468 cal yr
BP, were identified in the study area.

Geochemical and mineralogical data allowed us to know
that V0, V1a, and V1b tephras are rhyolitic in composition,
whereas V2a and V2b are dacitic. Considering that in this sec-
tor of the Central Andes the occurrence of Quaternary explo-
sive rhyolitic eruptions is restricted to the Puna region, the
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back-arc region was the most active area providing tephras to
the region during the Holocene.
The new data presented in this work have important impli-

cations in volcanic hazard and risk assessment in northwest-
ern Argentina. In this sense, we highlight the identification of
one unknown Middle Holocene (V1b) and two other very
young (<800 yr BP) tephra layers (V2a and V2b) in the
study area.
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