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ABSTRACT. Mass flows can remobilize ash-rich tephra deposited tens to hundreds of kilometers from its source 
during large Plinian eruptions, forming secondary “distal lahars”. Despite its significance, this process has received little 
attention, particularly from a hazard perspective. Recognizing remobilization processes in distal tephra is crucial for 
accurately estimating eruptive source parameters (e.g., volume) from pyroclastic deposits and ensuring the reliable use 
of these deposits for tephrochronological purposes. In this study, we present a facies analysis of distal tephra deposits 
associated with the ~4.2 ka BP Cerro Blanco Plinian caldera-forming eruption (Northwest Argentina). Although previous 
studies have classified this eruption as a Volcanic Explosivity Index 7 event, many distal deposits appear to have been 
remobilized, raising questions about that classification. Our observations indicate that secondary “distal lahars” were the 
dominant remobilization mechanism in distal areas in the aftermath of the eruption. These findings have implications 
for both hazard assessment and the estimated volume of the Cerro Blanco eruption, which may warrant revision.

Keywords: Tephra remobilization, Tephrochronology, Eruption volume, Volcanic hazard, Cerro Blanco.

RESUMEN. “Lahares distales” secundarios tras la erupción Pliniana del Cerro Blanco, Argentina (~4,2 ka AP): 
implicancias para la estimación de parámetros fuente y la evaluación del peligro volcánico. Los flujos de masa 
pueden removilizar ceniza volcánica depositada a decenas o cientos de kilómetros de su fuente durante grandes 
erupciones plinianas, formando “lahares distales” secundarios. A pesar de su importancia, este proceso ha recibido 
escasa atención, especialmente desde una perspectiva de evaluación de peligros volcánicos. El reconocimiento de los 
procesos de removilización en tefras distales es crucial para estimar con precisión los parámetros eruptivos de la fuente 
(e.g., volumen) a partir de los depósitos piroclásticos, así como para asegurar el uso confiable de estos depósitos con 
fines tefrocronológicos. En este estudio, se presenta un análisis de facies de los depósitos de tefra distales asociados 
con la erupción pliniana del Cerro Blanco (~4,2 ka AP, Noroeste de Argentina). Estudios previos han clasificado esta 
erupción como un evento con un Índice de Explosividad Volcánica 7; sin embargo, muchos de los depósitos distales 
parecen haber experimentado removilización, lo que ha generado un debate sobre esa clasificación. Los resultados 
expuestos aquí indican que los “lahares distales” secundarios fueron el principal mecanismo de removilización en áreas 
alejadas del volcán tras la erupción. Esto presenta implicancias tanto para la evaluación del peligro volcánico como para 
la estimación del volumen de la erupción del Cerro Blanco, lo cual podría requerir una actualización.

Palabras clave: Removilización de tefra, Tefrocronología, Volumen eruptivo, Peligros volcánicos, Cerro Blanco.
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deposits and pyroclastic density currents (PDCs) 
that inundated surrounding valleys up to 35 km 
from the vent (Báez et al., 2015, 2020a; Fernández-
Turiel et al., 2019). Current estimates indicate 
that the Cerro Blanco eruption was a VEI 7 event, 
with a dense-rock equivalent eruption volume of 
83.5 km³ (Fernández-Turiel et al., 2019). Due to its 
size, the eruption blanketed a vast portion of northern 
Argentina with ash (Fernández-Turiel et al., 2019; 
Boretto et al., 2021) and likely had a significant 
impact on Middle Holocene human occupation 
in northwestern Argentina (Montero-López et al., 
2009; Ratto, 2013; Carbonelli et al., 2022). Some 
studies, however, indicate that distal tephra outcrops 
associated with Cerro Blanco show evidence of local 
remobilization, potentially affecting the reliability 
of volume and VEI estimates (Sampietro-Vattuone 
et al., 2020; Báez et al., 2020a).

To date, no detailed sedimentological study has 
assessed whether these distal tephras are primary or 
secondary in origin, an essential step for deriving 
accurate eruptive source parameters from pyroclastic 
deposits. In this study, we address that knowledge gap 
through a facies analysis of distal Cerro Blanco tephra 
deposits in the Tafí Valley area (Tucumán Province), 
~200 km east of the source. Our primary objective 
is to investigate the character (primary, remobilized, 
or reworked) of these distal ashes and rigorously 
assess their volcanological and tephrochronological 
implications.

2. Geological setting

2.1. Cerro Blanco Volcanic Complex 

The Cerro Blanco Volcanic Complex (CBVC) is a 
nested caldera complex located on the southern edge 
of the Central Volcanic Zone of the Andes, within 
the San Buenaventura Volcanic Chain (Fig. 1A, B) 
(Seggiaro et al., 2006; Montero-López et al., 2010; 
Báez et al., 2015). Its volcanic products, all rhyolitic 
to rhyodacitic in composition, span from the Late 
Pleistocene to the Holocene (Montero-López 
et al., 2010; Báez et al., 2015; de Silva et al., 2022). 
The CBVC comprises PDCs and fall deposits 
associated with two major Plinian caldera-forming 
eruptions (Báez et al., 2015; Fig. 1C).

The oldest of these eruptions produced the 
Campo de la Piedra Pómez ignimbrite and its 
associated fallout deposits (Báez et al., 2020b, 2025).                                                                                            

1. Introduction

Plinian eruptions, with Volcanic Explosivity 
Index (VEI) values ranging from 4 to 8, are among 
the most powerful natural hazards, capable of causing 
massive economic and human losses, even on a global 
scale (e.g., Robock, 2000; Newhall et al., 2018). 
These eruptions produce buoyant, vertically directed 
eruptive columns that can rise tens of kilometers 
because of sustained, high-mass eruption rates at 
the vent (Wilson et al., 1980; Cioni et al., 2015).                                                                          
At its maximum height, the eruptive column spreads 
laterally, forming an umbrella cloud that can be 
transported thousands of kilometers by wind (Wilson 
et al., 1980; Cioni et al., 2015). Tephra deposits from 
Plinian eruptions typically consist of thick blankets 
of well-sorted, pumice-rich lapilli in proximal areas, 
transitioning downwind into ash-rich beds that cover 
vast regions (Walker, 1981; Giordano et al., 2024).

Beyond the immediate impacts of tephra dispersion 
and fallout during Plinian eruptions, such as threats 
to public health, disruption of critical infrastructure, 
aviation hazards, and impacts on crop and livestock 
production (Jenkins et al., 2015), tephra remobilization 
by wind or water can cause severe, long-lasting 
effects that persist for decades to even millennia                             
(e.g., Willson et al., 2011; Mingari et al., 2017; 
Paredes-Mariño et al., 2022). In particular, torrential 
rains can remobilize tephra accumulated on the 
volcano’s flanks, triggering secondary lahars (Smith 
and Lowe, 1991; Vallance, 2005, 2024; Harpel et al., 
2011; Manville et al., 2013; Vallance and Iverson, 
2015). While this process has been extensively 
studied, mainly due to its significance during major 
historical eruptions (e.g., Pierson et al., 1990, 1992; 
Janda et al., 1996; Lavigne et al., 2000; Castruccio 
et al., 2010), rain-driven remobilization of ash-rich 
tephra deposited tens to hundreds of kilometers from 
the volcano months to years following large Plinian 
eruptions has received significantly less attention, 
particularly from a hazard perspective (e.g., Córdoba 
et al., 2015). We refer to these remobilized distal 
deposits as secondary “distal lahars” (Baumann et al.,                                                                                 
2018, 2020; Mulas et al., 2019; Buckland et al., 
2020; Cortés-Jiménez, 2020; Di Vito et al., 2023; 
Losano et al., 2024).

In the Argentine Andes of South America, the 
Cerro Blanco eruption was a large rhyolitic, caldera-
forming Plinian event that occurred approximately 
4.2 ka BP. It produced widely dispersed fallout 
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The Campo de la Piedra Pómez eruption was a VEI 
≥6 event which began with a sustained Plinian phase, 
during which partial column collapse generated 
small, highly mobile PDCs (Báez et al., 2025). 
Caldera collapse followed this stage and involved 
a mixed eruptive style that combined pyroclastic 

fountaining (boiling-over) from fissure-like vents 
with a convective Plinian column. As the eruption 
progressed, Plinian activity gradually ceased. 
Zircon Double Dating indicates an age of ~30 ka 
for the Campo de la Piedra Pómez eruption (Báez 
et al., 2025).

FIG. 1. A. Location of the Central Volcanic Zone (CVZ) and the Cerro Blanco Volcanic Complex (CBVC) within the geodynamic 
framework of South America. B. Location of the intermontane Tafí Valley within the geological provinces of northwestern 
Argentina. SBVC: San Buenaventura Volcanic Chain; EC: Eastern Cordillera. Pink stars indicate additional sampling and/or 
observation sites referred to in the text. C. Simplified stratigraphy of the CBVC (modified from Báez et al., 2015, and de 
Silva et al., 2022).
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The youngest major eruption at the CBVC was 
the ~4.2 ka BP (calibrated 14C age) Cerro Blanco 
caldera-forming event, classified as a VEI 7 eruption 
(Fernández-Turiel et al., 2019). This eruption involved 
the simultaneous development of convective and 
collapsing column dynamics, generating widely 
dispersed fallout deposits and extensive PDCs (Báez 
et al., 2020a). Holocene activity at the CBVC also 
includes smaller-scale explosive eruptions, as well 
as several pre- and post-caldera lava domes with 
associated block-and-ash flows (Montero-López 
et al., 2010; Báez et al., 2015, 2017). The system 
remains active today, as evidenced by geothermal 
activity (Chiodi et al., 2019; Lamberti et al., 2021) 
and ongoing subsidence (Henderson and Pritchard, 
2013; Vélez et al., 2021).

2.2. Tafí Valley

The Tafí Valley is located in northwestern Argentina 
(Tucumán Province), approximately 200 km east of 
the CBVC (Fig. 1B). It is one of the many semi-arid 
intermontane valleys situated east of the southern 
Puna Plateau, along the Eastern Cordillera and 
the Sierras Pampeanas (Fig. 1B). The topographic 
highs in the Tafí Valley area consist of granite and 
metamorphic rocks of Precambrian-lower Paleozoic 
age (Ruiz Huidobro, 1972; Toselli et al., 1978; Galván, 
1981) and minor Paleogene deposits (González, 
1997). The valley’s Holocene infill includes several 
intermountain sequences, at least five of which are ash 
layers, encompassing the ~4.2 ka BP Cerro Blanco 
eruption deposit (Sampietro-Vattuone et al., 2020). 
Holocene sedimentation in the Tafí Valley reflects 
a succession of aggradational episodes punctuated 
by periods of fluvial incision, which together define 
four distinct stratigraphic units (Sampietro-Vattuone 
and Peña-Monné, 2019). The oldest unit (H1) records 
Early Holocene (~13-4.2 ka BP) landscape evolution 
and is mainly preserved as colluvial and other slope-
related deposits. A Late Holocene (~4.2-0.6 ka BP) 
interval of enhanced sediment accumulation (H2) 
succeeded this unit, during which sedimentation 
extended across hillslopes and f luvial environments, 
producing terraces and alluvial fan deposits. More 
restricted f luvial and alluvial bodies assigned to units 
H3 and H4 record subsequent sedimentary activity 
and are confined to incised channels that truncate 
the older deposits. These youngest units document 
depositional processes operating from ~0.6 ka BP 

up to the present day (Sampietro-Vattuone and 
Peña-Monné, 2019).

3. Methodology

3.1 General approach

We conducted a detailed analysis of lateral 
facies variations on the eastern side of the Tafí 
Valley along a transect following the drainage 
network (Fig. 2A, B). We selected this area because 
it provides exceptional exposures of Holocene ash 
layers and the highest tephrochronological resolution 
in northwestern Argentina (e.g., Hermanns and 
Schellenberger, 2008; Fernández-Turiel et al., 
2019; Sampietro-Vattuone et al., 2020; Báez et al., 
2024). We examined three Holocene sections in 
detail where previous studies identified tephras 
associated with the Cerro Blanco eruption (Fig. 2B). 
Two of the studied sections contain the so-called 
“double” Cerro Blanco tephra: two geochemically 
identical yet stratigraphically distinct ash layers, 
which previous studies interpreted as evidence 
of two large Holocene eruptions from the CBVC 
(Hermanns et al., 2000, 2006; Hermanns and 
Schellenberger, 2008; Sampietro-Vattuone et al., 
2020; Báez et al., 2024). This study does not aim 
to evaluate that hypothesis but rather to identify 
remobilization processes within these deposits.

3.2. Methods and terminology

We use the terms “primary” and “secondary 
volcaniclastic deposits” following the definitions 
proposed by Sohn and Sohn (2019) and Di Capua 
et al. (2023). Primary volcaniclastic deposits are 
formed when particles are generated, transported, 
and emplaced directly by volcanic processes. 
In contrast, secondary volcaniclastic deposits 
consist of particles that originate from volcanic 
activity but are transported and deposited by non-
volcanic mechanisms such as alluvial, f luvial, 
and/or aeolian processes. We also adopt the term 
“remobilized pyroclastic deposits” as a synonym 
for secondary volcaniclastic deposits, following the 
usage by Petrinovic and D’Elia (2018). Additionally, 
we use the term “volcanic epiclastic deposits” to 
refer to deposits derived from the weathering and/
or erosion of volcanic materials, in which particles 
are transported and redeposited by non-volcanic 
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FIG. 2. A. Holocene sections along the drainage network of the Tafí Valley described in this paper. B. Stratigraphic profiles showing 
lateral changes in facies associations and thicknesses along the drainage network. V2: Upper Holocene ash described by 
Sampietro-Vattuone et al. (2020), unrelated to the Cerro Blanco Volcanic Complex. C. Grain size and componentry of the 
tephra layers present in the stratigraphic profiles. D-E. Scanning electron microscopy images (D) and interpreted sketches (E) 
of vitric shards (green outlines) from the facies recognized in the field. Note the comparison of micro-pumice morphology 
(blue outline) from an active pyroclast-rich dune (sample location in figure 1B). Note that in the detailed map in A, north is 
oriented toward the bottom of the panel.
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processes (Di Capua et al., 2023). This usage implies 
the reworking of volcanic material (e.g., Petrinovic 
and D’Elia, 2018). In this study, we consider 
remobilization and reworking to be distinct processes 
and therefore do not use the terms interchangeably 
(e.g., Petrinovic and D’Elia, 2018).

We describe the distal tephras in the field using a 
non-genetic approach, focusing on thickness, color, 
grain size, componentry, homogeneity, contacts with 
underlying and overlying deposits, and internal 
structures. We adopted the nomenclature proposed 
by Branney and Kokelaar (2002) to classify each 
facies as they mostly consist of well-preserved 
pyroclastic material. However, its application here 
is inherently interpretive since the studied sections 
contain both primary deposits and syn-eruptive 
and/or early post-eruptive remobilized pyroclastic 
deposits, and not primary deposits only. In addition, 
because the primary and remobilized pyroclastic 
deposits described here share most of their general 
sedimentological characteristics (e.g., componentry, 
texture, grain size), we describe all facies using 
nomenclature commonly applied to pyroclastic 
deposits (e.g., Froese et al., 2006). 

We use the term “mass flow” as a general 
descriptor for any gravity-driven downslope 
movement of material (e.g., Iverson, 2003). These 
flows encompass a spectrum of phenomena involving 
mixtures of particles and interstitial f luid, ranging 
from dilute f lows to more concentrated forms such 
as granular avalanches and debris f lows (Iverson, 
2003).

Lapilli and ash grain size subdivisions follow 
White and Houghton (2006). We collected distal 
tephra samples for grain size and componentry 
analyses while carefully avoiding contamination from 
adjacent layers. We manually sieved the samples at 
1ϕ intervals to determine grain size distributions 
and processed the resulting data using the Folk and 
Ward (1957) method implemented in GRADISTAT 
(Blott and Pye, 2001). We estimated the componentry 
of each size fraction using a binocular microscope. 
We further characterized glass-shard textures using 
images acquired with a JEOL scanning electron 
microscope at the Scanning Electron Microscopy and 
Microanalysis Laboratory, National University of 
Salta, Argentina. For comparison, we also obtained 
scanning electron microscope images of pyroclastic 
particles from a pyroclast-rich active dune located 
near the study area (see location in figure 1B).

4. Results and interpretation

We identified three main pyroclastic facies in 
the Holocene sections of the Tafí Valley, which we 
describe and interpret in detail below.

Massive Tuff (mT) facies: corresponds to 
structureless, fine-ash-rich deposits composed 
predominantly of vitric shards (>90%) and minor 
crystal fragments (<10%) (Fig. 2C). This facies 
occurs as tabular to lenticular bodies with undulating 
but sharp lower and upper contacts (Fig. 3A), and 
we observed it only in the basin catchment zone, 
associated with peatland environments forming 
<50 cm-thick monofacial levels. Previous studies 
have described similar facies elsewhere within the 
Tafí Valley but always associated with low-energy 
environments (e.g., Hermanns and Schellenberger, 
2008). Bioturbation is quite common. Vitric shards 
display variable shapes: cuspate, platy, and blocky, 
and show good preservation of their primary 
morphology, as do the micro-pumice fragments 
(Fig. 2D, E). Crystals include quartz, plagioclase, and 
large (<2 mm) biotite grains. The absence of internal 
structures and epiclastic contamination, both indicative 
of remobilization, supports the interpretation of the 
mT facies as a primary fallout deposit.

Thin-bedded Tuff (tbT) facies: corresponds 
to thin-bedded, fine-ash-rich deposits composed 
predominantly of vitric shards (>90%), crystals 
(~5%), and some accidental lithic clasts (<5%) 
(Fig. 2C). It is the most developed facies in the lower 
parts of the basin and always occurs together with the 
tsT facies (see below), forming tabular to extended 
lenticular bodies (local valley pond or channelized 
morphologies) (Fig. 2B). It presents sharp lower 
and upper contacts (Fig. 3B, C). The bulk grain size 
distribution and componentry of the tbT facies are 
quite similar to those of the mT facies (Fig. 2C), 
but internally, the tbT facies exhibits thin bedding 
generated by alternating coarse and fine ash layers 
(Fig. 4A-C). Truncations of individual layers are 
rare, and low-angle cross-bedding is absent. As with 
the mT facies, vitric shards in the tbT facies display 
variable shapes, such as cuspate, platy, and blocky. 
Micro-pumices are also present, and, as with the vitric 
shards, the preservation of their primary morphologies 
is good (Fig. 2D, E). Accidental lithic clasts can reach 
3-4 cm, making them outsized clasts when compared 
to the bulk granulometry of the deposit (Fig. 4A). 
The presence of these outsized clasts, along with 
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the absence of cross-stratification or significant bed 
truncations, is consistent with a high-strength debris 
f low regime. However, we interpret the alternation 
of fine and coarse ash layers as the result of rapid 
deposition from a hyperconcentrated flow, without 
the development of high-relief bedforms, or from 

aggrading deposition within a bipartite traction carpet 
related to density-stratified f lows (Sohn, 1997).

Thin-stratified Tuff (tsT) facies: correspond 
to thin-stratified, coarse ash-rich deposits formed 
predominantly by vitric shards (~70-80%), crystals 
(~25-15%), and lithic clasts (~5%) (Fig. 2C). Internally, 

FIG. 3. Field view of the three sections studied in the Tafí Valley area. A. CBT6. B. CBT5. C. CBT7. mT: Massive Tuff facies; 
tbT: Thin-bedded Tuff facies; tsT: Thin-stratified Tuff facies.
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FIG. 4. Internal features and stratigraphic relationships of the thin-bedded Tuff (tbT) and the thin-stratified Tuff (tsT) facies. A. Example 
of the three different positions in which the tsT facies appears in relation to the tbT facies. The tsT facies is always present 
at the base of the tbT facies and occasionally at the top. Both facies interbedded are a far less frequent occurrence. Note the 
outsized lithic clast (OSC, blue outline) in the tbT facies. B. Thin bedding generated by alternating coarse and fine ash in the 
tbT facies and alternating, parallel, thin beds of coarse ash/scarce lapilli and fine to coarse ash in the tsT facies. C. Detail of 
the bedding in the tbT facies. D. Load-driven soft deformation indicating water saturation of the tsT facies. E. Truncation of 
individual layers and planar cross-stratification in the tsT facies. See figure 3B for section location.
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this facies exhibits alternating, parallel, thin beds 
of coarse ash/scarce lapilli and fine to coarse ash 
(Fig. 4A, B). Truncation of individual layers, planar 
cross-stratification, and load-driven soft deformation 
are also common (Fig. 4B, D, E). The tsT facies is 
markedly different from previous facies, both in 
grain size distribution and componentry (Fig. 2C). 
It is fine-ash poor and has a much higher presence of 
crystals and lithic clasts than the mT and tbT facies 
(Fig. 2C). However, glass shards and micro-pumices 
have a similar morphology and degree of preservation 
when compared to those from the mT and tbT facies 
(Fig. 2D, E). Lithic clasts are mainly basement rocks 
similar to those outcropping in the Tafí Valley region. 
Crystals include quartz, plagioclase, and large biotite 
(up to 2 mm). The tsT facies always occurs associated 
with the tbT facies in the lower parts of the basin. 
Specifically, the tsT facies systematically develops at 
the base of the tbT facies, while it only occasionally 
appears interbedded with the tbT facies or at its top 
(Figs. 2B and 5). This facies association presents 
progressive downstream increase in thickness and 
epiclastic contribution (Fig. 2A, B). For instance, at 
the CBT5 section the tsT/tbT facies association is 
~50 cm thick, whereas at CBT7 (~8 km downstream) 
it thickens to up to 2 m. It is worth noting that we also 
observed this increase in thickness towards the main 
channels of the individual sub-basins in the upper 
reaches of the Tafí Valley (Sampietro-Vattuone and 
Peña-Monné, 2016). The tsT/tbT facies association 
occurs as tabular bodies with sharp lower and upper 
contacts (Fig. 4A) or as extended lenticular bodies 
(local valley pond or channelized morphologies). 
Beyond the Tafí Valley area, previous studies also 
recognized this facies association at ~70-90 km 
east of the CBVC (e.g., Cuesta de Randolfo site; 
Figs. 1B and 5).

The tsT facies, characterized by fine-ash-poor 
grain size and planar cross-stratification, indicates 
an increase in water content with respect to the tbT 
facies and, consequently, greater turbulence in the 
parental flow. Load-driven soft deformation supports 
this interpretation, indicating water saturation in the 
deposit. Despite this, the internal fabric of the tsT 
facies, dominated by parallel horizontal stratification, 
leads us to infer deposition from hyperconcentrated 
flows transitional to streamflow (Fig. 6). 

We interpret the tsT/tbT facies association as 
representing the head and tail (tsT facies) of ash-rich 
hyperconcentrated flash flood events (tbT facies). 

The relatively higher proportion of “local” epiclastic 
material in the tsT facies further supports its 
interpretation as the waxing and waning phases of 
these flows (Fig. 6; Vallance and Iverson, 2015). We 
interpret the occurrence of the tsT facies interbedded 
within the tbT facies as evidence of successive mass 
flow surges. Additionally, the good preservation of 
glass shards and, in general, a low degree of epiclastic 
contamination, suggest remobilization during a 
short-lived torrential event, rather than long-term ash 
reworking (e.g., by pyroclastic-rich dunes or large 
fluvial systems). Ash remobilization by torrential 
mass flows likely occurred shortly after primary 
sedimentation and subsequent epiclastic deposits 
quickly buried the remobilized ash.

5. Discussion 

5.1. Hazard implications

Remobilization processes frequently affect 
distal tephra deposits from large eruptions due to 
their widespread distribution and the variety of 
depositional environments in which they accumulate. 
Unlike the immediate primary hazards associated 
with an eruption, tephra remobilization represents 
a secondary hazard that can persist over extended 
timescales. Identifying the key mechanisms of tephra 
remobilization following past eruptions is essential for 
understanding the post-eruptive evolution of cascading 
hazardous phenomena in the distal environment.

Previous studies interpreted the tsT facies as 
primary fall deposits, with the observed stratification 
attributed to instabilities in the eruptive column (facies 
CB21; Fernández-Turiel et al., 2019). Similarly, 
the tbT facies was also interpreted as primary fall 
deposits generated during a phase of the eruption 
characterized by a more stable column (facies 
CB22; Fernández-Turiel et al., 2019). Additionally, 
the presence of anomalous several-meter-thick fall 
deposits located hundreds of kilometers from the 
CBVC (e.g., site CBT7; Fig. 3C) was attributed to 
particle aggregation within the volcanic plume or 
to turbulent perturbations induced by topography 
(Fernández-Turiel et al., 2019). However, both the 
tsT and tbT facies exhibit internal features compatible 
with deposition from mass flows. In addition, 
thickness variations, including valley-pond lenticular 
morphologies, along the drainage network of the Tafí 
Valley (Fig. 2B) strongly suggest over-thickening 
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caused by remobilization of primary fallout deposits 
due to mass flow processes (Fig. 6). Thus, the ash-
rich hyperconcentrated mass flows described here 
can be defined as secondary “distal lahars” (e.g., 
Córdoba et al., 2015; Mulas et al., 2019). Lahars are 
highly energetic events involving the remobilization 
of loose volcanic material by debris flows and 
hyperconcentrated flows (Pierson et al., 1990, 1992; 
Smith and Lowe, 1991; Lavigne et al., 2000; Witham, 
2005; Manville et al., 2009; De Bélizal et al., 2013; 
Pistolesi et al., 2014; Pierson and Major, 2014). 
Primary lahars are directly triggered by eruptive 
events, typically through the catastrophic drainage of 
crater lakes or the interaction of PDCs with snow or 
ice (e.g., Pierson et al., 1990; Manville and Cronin, 
2007). In contrast, secondary lahars result from the 
remobilization of loose pyroclastics, usually triggered 
by heavy rainfall (e.g., Pierson et al., 1992; Capra 
et al., 2010; De Bélizal et al., 2013; Charbonnier 
et al., 2018).

While lahars are commonly associated with 
volcanic slopes, “distal lahars” can also develop in 
surrounding mountainous regions, sometimes hundreds 
of kilometers from the source (Córdoba et al., 2015; 
Mulas et al., 2019). Immediately following large 
eruptions, freshly deposited ash typically causes 
a sharp reduction in soil permeability, leading to 
increased surface runoff, erosion, and sediment 
mobilization (Yamakoshi et al., 2005; Manville et al., 
2009; Pierson and Major, 2014; Baumann et al., 
2020). This rapid landscape alteration is especially 
evident in regions with steep terrain or intense 
rainfall. Ash remobilization is often initiated by rill 
and sheet erosion, as well as by shallow landslides, 
usually during the first significant rainfall following 
the eruption (Baumann et al., 2020). These processes 
can quickly strip the surface of its fine ash mantle 
and transport large volumes of sediment downslope 
into river systems, altering sediment budgets and 
geomorphic dynamics. The magnitude of rain-induced 

FIG. 5. Meter-thick outcrop at Cuesta de Randolfo (~80 km east of the Cerro Blanco Volcanic Complex; see location in figure 1B). 
Note the typical tbT/tsT facies association, inferred as a hyperconcentrated flow deposit (secondary “distal lahar”).
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loose tephra remobilization in the intermontane 
valleys of northwestern Argentina. 

In the southern Puna region, in contrast, wind 
remobilization plays a dominant role (e.g., de Silva, 
2010; de Silva et al., 2010, 2013; Mingari et al., 
2017). Evidence of long-term wind remobilization 
of tephra from the ~4.2 ka BP Cerro Blanco eruption 
is still visible in the Fiambalá Valley, located south 
of the CBVC (Mingari et al., 2017). Furthermore, 
prolonged aeolian remobilization following the 
eruption likely played a significant role in altering 
hunter-gatherer settlement patterns in northwestern 
Argentina (Carbonelli et al., 2022). 

Our results highlight the importance of 
hyperconcentrated mass flows as a key mechanism 
of ash remobilization immediately after the eruption. 

ash remobilization is controlled by various interrelated 
factors, including rainfall intensity, slope angle, grain 
size distribution, substrate hydraulic conductivity, 
and deposit thickness (Baumann et al., 2018, 2020). 

The tbT/tsT facies association related to mass flow 
events appears to be a regionally conspicuous feature 
of the distal deposits from the Cerro Blanco eruption, 
especially in the Tafí Valley and surrounding areas 
(Figs. 2 and 5; figure 6 in Fernández-Turiel et al., 
2019). Additionally, distal tephras associated with 
other Quaternary eruptions in northwestern Argentina 
also show evidence of mass flow remobilization 
shortly after deposition (e.g., Campo de la Piedra 
Pómez eruption; Báez et al., 2025). Hence, the 
generation of hyperconcentrated secondary lahars 
likely represents the most common mechanism of 

FIG. 6. A. Conceptual model based on Vallance and Iverson (2015) of the main processes behind the remobilization of distal fall 
deposits in the Tafí Valley area, shortly after the ~4.2 ka BP Cerro Blanco eruption. B. Flow dynamics and deposit architecture 
of secondary “distal lahars”.
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While the dynamics and hazard implications of 
wind-induced ash resuspension and proximal 
primary or secondary lahars have been extensively 
studied worldwide, widespread secondary “distal 
lahars” triggered by large Plinian eruptions remain 
underexplored (e.g., Córdoba et al., 2015), representing 
an overlooked volcanic hazard in northwestern 
Argentina and in other volcanically active regions.

5.2. Implications for future tephrochronological 
and volcanological research

Despite evidence of remobilization recorded 
in facies tbT and tsT (internal structures and local 
overthickening), our results show a relatively 
homogeneous glass shard-rich componentry with 
well-preserved primary textures, suggesting that 
reworking was limited in extent and likely occurred 
shortly after deposition. Consequently, while these 
deposits may not be suitable for ultra-high-resolution 
tephrochronological analyses, they can still offer 
valuable chronostratigraphic information (Lowe, 2011). 
This makes them particularly useful for volcanological, 
stratigraphic, neotectonic, geoarchaeological, and 
paleoclimatic studies (Sampietro-Vattuone and 
Peña-Monné, 2016; Peña Monné and Sampietro-
Vattuone, 2018).

Given the extensive spatial distribution of the fall 
deposits from the Cerro Blanco eruption, we agree 
that it probably ranks among the most significant 
Holocene volcanic events in the Andes, and even 
possibly on a global scale. We, however, caution that 
our reinterpretation of the tbT/tsT facies association 
as remobilized fallout deposits raises important 
questions about the volume and VEI estimates of the 
Cerro Blanco eruption presented in earlier studies 
(Fernández-Turiel et al., 2019). As we discussed 
above, many of the outcrops used for those estimates 
show clear evidence of remobilization (see figure 6 in 
Fernández-Turiel et al., 2019). We therefore propose 
that a revised volume estimation is needed, based 
on a detailed reassessment of the most relevant 
outcrops to confirm that only primary deposits are 
being considered (e.g., Buckland et al., 2020).

6. Conclusions

A comprehensive facies analysis of the distal 
tephra deposits associated with the ~4.2 ka BP 
Cerro Blanco eruption, combined with a review 

of existing literature, indicates that most of these 
deposits resulted from remobilization by rain-
triggered hyperconcentrated flows, which can be 
classified as secondary “distal lahars”. This process 
appears to be an overlooked volcanic hazard in 
northwestern Argentina. The compositional, textural, 
and granulometric similarity of these deposits to 
layers considered primary fall deposits suggest that 
remobilization was likely localized and occurred 
shortly after the eruption. Consequently, the distal 
tephra deposits related to the Cerro Blanco eruption 
remain tephrochronologically reliable; however, their 
use for estimating eruptive source parameters (e.g., 
eruption volume) should be carefully evaluated on 
an outcrop-by-outcrop basis to discard remobilized 
material.
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