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ABSTRACT
There are numerous studies analysing volcaniclastic supply to continental environments in distal areas from source volcanoes. 
However, there are few examples where large pumice fragments are mentioned in distal fluvial deposits. In this work, the Miocene 
synorogenic deposits of the Northern Patagonian Foreland (Chichinales and El Palo Formations) were studied. The deposits of 
the latter unit include pumice fragments with diameters of up to 30 cm that were accumulated in a fluvial environment more 
than 200 km from the Andean volcanic arc. Although previous works mention the presence of pumice in this unit, an analysis of 
the origin, the transport and depositional processes of these fragments was not carried out. Based on the study of stratigraphic 
sections along the extra-Andean zone, it was determined that the sediments of the Lower Miocene (Chichinales Formation) were 
deposited in a low-to-medium energy fluvial environment with development of wide floodplains and palaeosol formation during 
stability periods. The Middle Miocene?—Lower Pliocene deposits (El Palo Formation) correspond to a moderate-to-high energy 
braided fluvial system with occasional high discharge periods. The pumice fragments present in this unit were derived from the 
reworking of primary pyroclastic deposits outcropping at the foot of the Andes, associated with important explosive volcanic ac-
tivity during the Miocene. These fragments were transported and deposited by both dilute flows and sediment gravity flows with 
high concentrations of pumice. Petrographic analysis of El Palo Formation sandstones showed a provenance mostly related to the 
erosion of pyroclastic, arc-related deposits. The main source areas would have been the Andean arc and the North Patagonian 
Massif. A maximum depositional age of 14.6 ± 1 Ma was obtained in a sample from the El Palo Formation, which constitutes the 
first U–Pb dating of detrital zircons from this unit in the study area. This age matches with a peak of magmatic activity of the 
Patagonian Batholith responsible for huge arc-derived ignimbrites recorded at the foot of the Andes.

1   |   Introduction

Explosive volcanic activity provides significant volumes of py-
roclastic material to sedimentary environments, both through 
primary input and subsequent remobilisation (Fisher and 
Schmincke 1984; Smith 1987). One of the most common products 

of large-scale explosive eruptions is vitroclast fragments with 
diverse granulometry, from ash to pumice lapilli. The latter 
consists of highly vesiculated volcanic glass fragments with 
variable composition (Fisher and Schmincke  1984). The term 
pumice has been used to describe various types of juvenile vol-
canic components, although in most cases, it refers to materials 
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with a density lower than 1 g/cm3 and the ability to float in water 
(Witham and Sparks 1986; Manville et al. 1998). Their low den-
sity allows them to be transported by river systems or marine 
currents over considerable distances until they are progressively 
saturated with water, changing their equivalent hydraulic radius 
and turning into bedload transport (Frick and Kent 1984; Mack 
et al. 1996; Bryan et al. 2012). Cold pumice clasts can maintain 
their buoyancy for days, months or even years, while those in-
troduced into the water at high temperatures sink immediately 
(Witham and Sparks 1986). Additionally, experimental evidence 
has shown that larger fragments remain afloat for longer periods 
than smaller ones (Manville et al. 1998). Once they sink, pumice 
clasts are transported by common sedimentary processes, but 
their low density imparts unique hydrodynamic properties. The 
minimum energy required to mobilise them is lower than that 
for other similarly sized and denser clasts. Furthermore, these 
clasts remain in motion even at low flow velocities (Manville 
et al. 2002).

Numerous studies have been conducted to analyse the behaviour 
of pumice in fluvial, lacustrine and marine environments 
(Turbeville 1991; Manville et al. 1998, 2002; Jutzeler et al. 2015; 
Colombo et al. 2018; among others). However, there are few ex-
amples describing deposits with large-sized pumice fragments in 
distal continental environments (> 100 km) from the source (e.g., 
Mack et  al.  1996; Kataoka 2003). This study presents an exam-
ple of Miocene continental deposits rich in pumice clasts, with 
diameters of up to 30 cm, accumulated in a fluvial environment 
over 200 km away from the Andean volcanic arc. The El Palo 
Formation (Middle Miocene?—Lower Pliocene) is exposed in the 
area between the Negro and Colorado rivers (Figure 1a–c), which 
has been described by various authors within the framework of 
regional geological studies (Hugo and Leanza 2001a; Rodríguez 
et al. 2023). Although the literature briefly mentions the presence 
of pyroclastic material and reworked pumice fragments, no stud-
ies have focused on their transport and deposition processes.

The objectives of this study were to refine the paleoenvironmen-
tal model, delineate the sediment source area and elucidate the 
transport and deposition mechanisms of the pumice fragments. 
Additionally, despite a previous background that indicates an 
Upper Miocene to Lower Pliocene age for the unit and its equiv-
alents based on paleontological content (Alberdi et  al.  1997), 
this study presents the first data of U–Pb detrital zircon analysis 
from a sample of the El Palo Formation.

2   |   Background

The Chichinales Formation was formally defined by Fossa Mancini 
et  al.  (1938) and overlies unconformably Upper Cretaceous–
Paleogene deposits (Neuquén and Malargüe groups). It is composed 
of yellowish-brown to yellowish and greenish-grey conglomerates, 

volcaniclastic sandstones, mudstones and tuffs (Uliana  1979; 
Barrio et al. 1989; Hugo and Leanza 2001a; Rodríguez et al. 2023). 
These authors interpreted a continental environment for this area, 
characterised by alternating deposits of fluvial channel fills, flood-
plain deposits and aeolian accumulations.

Regarding the age of the unit, previous studies suggested a 
Lower Oligocene–Middle Miocene age, based on fossil mam-
mals (Pascual and Bondesio 1985; Barrio et al. 1989; Hugo and 
Leanza  2001a). Recently, an age of 20.49 ± 0.05 Ma (40Ar/39Ar) 
was obtained from a tuff bed in the upper section of this unit 
within the study area (Rodríguez et al. 2023).

The El Palo Formation, originally defined by Uliana  (1979), 
comprises a set of grey-blue sandstones. Stratigraphically, it is 
positioned below the Chichinales and Los Loros formations 
and is overlain by the Bayo Mesa Formation. According to 
Uliana (1979), the El Palo Formation was deposited in an anas-
tomosed fluvial environment with varying energy, featuring 
fine intercalations with calcareous concretions and palaeosols 
corresponding to alluvial plains.

Concerning the age of the unit, the fossil mammals, initially at-
tributed to the Río Negro Formation and later correlated with the 
El Palo Formation, suggest an upper Miocene–lower Pliocene 
age (Scillato Yané et al. 1975; Pascual et al. 1984; Pascual and 
Bondesio 1985; Alberdi et al. 1997).

3   |   Geotectonic Framework

Numerous studies have analysed the changes in the tectonic re-
gime of the Andes and their influence on the evolution of Cenozoic 
sedimentary basins after the infilling of the Neuquén Basin, pri-
marily in sectors near the orogenic front (e.g., Franzese et al. 2011; 
Huyghe et al. 2014; López et al. 2019). During the Middle-to-Late 
Miocene, syncontractional deposition of forearc strata occurred 
through the inversion of basement faults located west of the study 
area. This process was contemporaneous with the development of 
the retroarc fold-thrust belt and the onset of intraplate contraction, 
which began around 18–16 Ma in the axial Cordilleran zone and 
propagated eastward between approximately 15–9 Ma, leading to 
the formation of foreland basins (Echaurren et al. 2022 and refer-
ences therein). The contractional regime facilitated the evolution 
and growth of the Patagonian Broken Foreland System, character-
ised by well-studied depocenters. Associated volcanism during this 
period imparted a distinct compositional signature to the alluvial-
fluvial systems (Bilmes et  al.  2013; Orts et  al.  2012; Franzese 
et  al.  2018; López et  al.  2019; D'Elia et  al.  2020). Additionally, 
the establishment of orographic rain shadows emerged as a crit-
ical process in the Patagonian Andes, significantly influencing 
regional climate patterns (Ortiz-Jaureguizar and Cladera  2006; 
Bucher et al. 2020).

While regional tectonic subsidence is widely regarded as the pri-
mary control on accommodation space and sediment supply in 
foreland basin systems (e.g., Schumm 2005; Huerta et  al.  2011), 
both tectonic and climatic processes played pivotal roles in shap-
ing the Neogene alluvial-fluvial systems of northern Patagonia 
(Bilmes et  al.  2013; Bucher et  al.  2020; López et  al.  2019, 2024; 
García Morabito et al. 2021). The interplay of these factors exerted 

Summary

•	 Neogene Northern Patagonian Basin.

•	 Distal volcaniclastic environment.

•	 Pumice fragments of up to 30 cm.
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a long-term influence on the sedimentary environments preserved 
in the Miocene deposits of Northern Patagonia.

In the central extra-Andean sector of Argentina, studies have 
linked Cenozoic Andean tectonics with sedimentation in the dis-
tal foreland (Folguera and Zárate 2009; Folguera 2011; Folguera 
et al. 2015). Based on the distribution of deposits and depocenter 

geometry, these authors identified two Neogene extra-Andean 
foreland basins, known as the Southern Pampa Basin and the 
North Patagonian Basin (Figure  1a). The latter is limited to 
the north by the Chadileuvú Block and the Bonaerense High, 
and to the south by the North Patagonian Massif, extending 
approximately from eastern Neuquén Province to the Atlantic 
coast. The infill of this basin consists of recurrent Neogene 

FIGURE 1    |    (a) Location of the main regional geotectonic features. Black rectangles indicate the study areas. CB, Chadileuvú Block; NB, Neuquén 
Basin; NP, North Patagonian Basin (according to Folguera et al. 2015); BAH, Buenos Aires High; NPM, North Patagonian Massif. (b) Geological 
map of the Alto Valle area near Negro River. (c) Geological map of the Bajo Los Menucos area. The yellow stars indicate the location of stratigraphic 
sections. BLM, Bajo Los Menucos; IH, Ingeniero Huergo; MA, Mainqué; PC, Paso Córdoba.
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sedimentation cycles, including the Rentería, Barranca de los 
Loros, El Palo, Bayo Mesa, El Sauzal and Río Negro formations 
(Folguera et al. 2015). In the area of this study, located in the 
southwestern sector of the North Patagonian Basin, only the de-
posits of the El Palo Formation are exposed.

4   |   Materials and Methods

The geological map was carried out using GIS software, based 
on satellite images from the United States Geological Survey 
(USGS), and overlaying the geological maps of General Roca 
(3969-IV) and Villa Regina (3966-III).

The survey of stratigraphic sections involved measuring thick-
nesses using a Jacob's staff, recording detailed descriptions of 
the textural characteristics of the recognised facies, identifying 
layer geometries and systematically collecting representative 
samples. Measurements of strike, dip and paleocurrent direc-
tions were performed using a Brunton compass.

We selected 13 samples for the preparation of 30 μm thin sec-
tions. They were impregnated with blue epoxy resin to enhance 
porosity and were stained with alizarin red and potassium ferri-
cyanide, following Dickson (1966a, 1966b) method for carbonate 
differentiation. Subsequently, five thin sections were chosen for 
modal analysis, which was performed using a point-counting 
stage and associated software. The remaining thin sections 
were described and classified, as they did not meet the criteria 
for modal analysis due to their very fine lithologies, matrix con-
tent exceeding 15%, or the presence of abundant poikilotopic ce-
ment. The sandstones were classified based on Garzanti (2019) 
diagram, and modal counting was carried out using the Gazzi–
Dickinson method, with 400 points counted in each thin section 
(Ingersoll et  al.  1984). The results were plotted on Dickinson 
et al. (1983) provenance diagrams.

The petrographic study was complemented by analysing sample 
‘IH05’ using a ZEISS EVO MA15 scanning electron microscope 
(SEM). Additionally, sample ‘PPC01-20’ was processed to obtain 
U–Pb ages in detrital zircons in two stages: the first was carried 
out at the Instituto de Investigación en Paleobiología y Geología 
(IIPG) and included milling in a widia jaw crusher and separation 
of the material into different grain sizes with the use of a mechan-
ical sieve shaker and a set of sieves with different graduations. 
Subsequently, as the second stage, fractions retained in the 500 
and 250 μm sieves were sent to the La.Te. Andes S.A. laboratory, 
where zircon separation was initially performed using heavy liq-
uids and an isodynamic magnetic separator. Zircon grains were 
then analysed at the laboratory using a Laser Ablation Inductively 
Coupled Plasma Mass Spectrometer (LA-ICP-MS).

5   |   Results

5.1   |   Facies Analysis

The four sedimentary sections surveyed between the localities 
of General Roca and Bajo Los Menucos include the Chichinales 
and El Palo formations (Figure  2). Eleven sedimentary facies 
were identified and interpreted, summarised in Table 1. These 

were grouped into four facies associations: Floodplain (FA1), 
Isolated Sandy Channels (FA2), Amalgamated Gravelly-Sandy 
Channels (FA3) and Sheet Flows Deposits (FA4).

The contact between Chichinales and El Palo formations is 
erosive, except in the Bajo Los Menucos section, where it was 
observed as transitional. Differences in particle size and com-
position can also be noted between these units. The Chichinales 
Formation is dominated by deposits of FA1 and FA2, composed 
of coarse to fine sandstones and mudstones, while the El Palo 
Formation is characterised by conglomerates and coarse to fine 
sandstones included in FA3 and FA4. In this latter unit, fine de-
posits of FA1 are poorly represented or spatially restricted.

5.1.1   |   Facies Association 1 (FA1)—Floodplain

This facies association is dominant in the lower part of the surveyed 
sections, while it becomes less represented or spatially restricted to-
wards the upper part. It is composed of tabular beds of laminated 
or massive mudstones (Facies Fl and Fm; Figure 3a,b), interbedded 
with thin bodies of coarse to fine sandstones exhibiting tabular, 
small-scale lenticular or irregular geometries, with parallel, ripple 
or massive lamination (Facies Sfh, Sm and Sr.; Figure 3c–e). The 
presence of iron and manganese oxide nodules, rhizoliths and un-
differentiated bioturbation in the form of vertical and horizontal 
tubes is common (Figure 3d). The clasts mainly consist of quartz, 
feldspars and angular to subangular cuspate and pumiceous shards. 
The proportion of these latter components varies, being dominant 
in some beds and completely absent in others.

5.1.1.1   |   Interpretation.  The tabular beds of fine sandstone 
facies and massive or laminated mudstones were interpreted 
as the result of suspension load fall-out processes in fluvial 
floodplains. The sandstones with erosional bases and tabular, 
small-scale lenticular or irregular geometries correspond to cre-
vasse deposits associated with flood events (Miall 1996). Sets 
with fine-grained texture, mainly composed of volcaniclastic 
glassy components, represent reworked deposits of volcanic 
ashfall (Smith 1987). The presence of mial rhizoliths and undif-
ferentiated bioturbation indicates colonisation by organisms 
during periods of stability, while the manganese and iron nod-
ules are associated with the remobilisation of these elements 
during wet periods and their subsequent precipitation during 
dry seasons (PiPujol and Buurman 1997).

5.1.2   |   Facies Association 2 (FA2)—Isolated 
Sandy Channels

This association is almost entirely restricted to the lower sector of 
the surveyed sections. It consists of lenticular or tabular sandy bod-
ies with erosional bases, and individual thicknesses generally not 
exceeding 3 m. In most cases, these bodies are isolated or weakly 
amalgamated and surrounded by deposits of FA1 (Figure  4). 
Internally, they display planar and trough cross-stratification, 
parallel lamination, normal grading or may be massive (Facies St, 
Sh, Sm; Figure 4b,c), and commonly exhibit rhizoliths and ripple 
lamination towards the top (Facies Sr.; Figure 4b). Additionally, 
common large-scale lateral accretion structures were observed in 
the Bajo Los Menucos section (Figure 4d).
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FIGURE 2    |    Stratigraphic sections of the Chichinales and El Palo formations in the Paso Córdoba (PC), Mainqué (MA), Ingeniero Huergo (IH), 
and Bajo Los Menucos (BLM) areas.
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Regarding the composition, these deposits generally have a high 
proportion of quartz and subordinate pyroclastic material.

5.1.2.1   |   Interpretation.  The lenticular and tabular 
sandy deposits with erosional bases correspond to fluvial chan-
nels. The presence of planar and trough cross-stratification 
structures indicates the migration of bedforms, while the rip-
ple lamination at the top of the bodies was formed during 
deceleration stages under low-regime flow conditions. The 
development of bioturbation and palaeosols is associated with 
periods of stability or nondeposition (Bridge 2003). The sedi-
ment grain size and frequent interbedding with FA1 deposits 
suggest a system of low to moderate energy. In the Bajo Los 
Menucos locality, the recurrence of lateral accretion struc-
tures indicates the development of highly sinuous channels 
(Miall 1996), at least in that area.

5.1.3   |   Facies Association 3 (FA3)—Amalgamated 
Gravelly-Sandy Channels

This facies association dominates the top of the measured sec-
tions. The deposits consist of clast-supported conglomerate fa-
cies and gravelly sandstones (Gt, Gh, Gcm, SGm, SGh, St, Sh, 
Sm), arranged in beds with erosional bases and lenticular or 
tabular geometries (Figures 5 and 6). These beds have individ-
ual thicknesses ranging from 0.5 to 2 m and are generally mul-
tiepisodic deposits bounded by erosional surfaces (Figures 5 
and 6). At the bottom, intraclasts of fine sandstones or volca-
niclastic mudstones are commonly observed, with diameters 
ranging from a few mm to 50 cm (Figure  5b). Occasionally, 
towards the top of the bodies, massive sandstones with 
abundant rhizoliths and incipient paedogenic structures 
are present (Figure  5c). Paleocurrent measurements from 

TABLE 1    |    Code, description and interpretation of the defined sedimentary lithofacies. Codes were taken and modified from Miall (1996).

Code Description Interpretetation Comments

Gcm Clast-supported conglomerates, 
massive or normal graded, in lenticular 

or tabular beds. Erosive base

Bedload in channel bodies Frequent intraclasts at the base

Gmm Matrix-supported conglomerates, 
massive or with diffuse stratification 
and moderate to poor sorting, with 

tabular or irregular geometries

Gravity flows Frequently exhibit abundant 
lapilli and block-sized pumice

Gh Clast-supported conglomerates with 
parallel stratification, in lenticular 

or tabular beds. Erosive base

Longitudinal bedforms or lag deposits —

Gt Clast-supported conglomerates with 
tangential cross-bedding and trough 

cross-stratification, in lenticular 
or tabular beds. Erosive base

Bedform migration in channel bodies Occasional intraclasts 
at the base

St Fine to coarse-grained or pebbly 
sandstones with tangential cross-bedding 

and trough cross-stratification, in 
lenticular or tabular beds. Erosive base

Bedform migration in channel bodies —

Sm Massive, fine to coarse-grained or 
pebbly sandstones, in tabular beds and 

to a lesser extent, lenticular beds

Rapid deposition by sediment-
laden flows or massive deposits 

due to bioturbation

Frequent rhizoliths, 
undifferentiated bioturbation 

and mottles/nodules

Sh Fine to coarse-grained sandstones with 
horizontal lamination or bedding, in 

tabular or occasionally lenticular beds. 
Sharp flat or slightly erosive base

Hyperconcentrated flows 
or sheet flows

May contain pumice 
not exceeding 5 mm, 

concentrated in layers

Sr Fine to medium-grained sandstones 
with ripple lamination

Current ripples in low-regime flows —

Sfh Fine-grained sandstones with parallel 
lamination, in tabular beds. Flat base

Sediment settling in shallow 
bodies of water

—

Fl Mudstones with horizontal lamination 
or bedding in tabular beds. Flat base

Sediment settling in shallow 
bodies of water

—

Fm Massive mudstones in 
tabular beds. Flat base

Sediment settling in shallow 
bodies of water

Frequent undifferentiated 
bioturbation and 
mottles/nodules
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FIGURE 3    |    Facies association 1. (a) Massive mudstones (Fm) with reddish mottling. (b) Tabular beds of mudstones with parallel lamination (Fl). 
(c) Ripple-laminated (Sr) and massive (Sm) sandstones. (d) Massive sandstones (Sm) with intense bioturbation by rhizoliths and undifferentiated fos-
sil traces. (e) Tabular beds of sandstones with parallel and ripple lamination (Sh and Sr) between massive and laminated mudstone deposits (Fl and 
Fm), below the contact with the El Palo Formation.
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cross-stratification structures and imbricated clasts indicate 
a dominant palaeoflow direction towards the NE. In the 
Mainqué section, these palaeoflow directions are approxi-
mately parallel to the macroforms direction of accretion.

The clast composition is predominantly volcanic lithic, with 
variable proportions of epiclastic sediments of intermediate to 
basic composition and volcaniclastics mainly composed of vit-
roclasts. The pyroclastic material increases in abundance and 
size in the last 10 m of the surveyed sections, forming levels 
of mixed or even monomictic composition (Figure  5d). These 
consist mainly of pumice clasts ranging from ash to lapilli size, 

occasionally including larger block-sized fragments up to 18 cm. 
In all cases, the pumice clasts have a larger average size com-
pared to sediments of other compositions deposited together 
(Figure 5e,f).

5.1.3.1   |   Interpretation.  The sedimentary deposits dom-
inated by conglomerate clast-supported and stratified or mas-
sive sandstones in amalgamated lenticular bodies correspond 
to the infilling of gravel-bed channels in a fluvial system (Miall 
1996). Although the grain size varies along the stratigraphic 
sections, the prevalence of gravels and gravelly sandstones, as 
well as the development of multiepisodic channels bounded 

FIGURE 4    |    Chichinales Formation Deposits. (a) Channelised bodies of FA2 isolated between fine-grained tabular deposits of FA1. (b) Sandstones 
with incipient tangential cross-stratification (St) and current ripples (Sr). (c) Massive sandstones (Sm) with rizoconcretions and reddish mottling in a 
lenticular bed. (d) Redrawing of the contact between FA1 and FA2 deposits. The body at the bottom of the image shows lateral accretion structures.
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by erosional surfaces, indicates conditions of moderate to 
high energy and high mobility channels (Gibling  2006). The 
abundance of intraclasts of various sizes, mainly composed 
of mudstones and fine sandstones, could indicate the incipient 

development and subsequent erosion of adjacent floodplain 
deposits or the reworking of previous volcaniclastic depos-
its. The occasional presence of fine grain sizes, current rip-
ples and paedogenic features towards the top of some bodies 

FIGURE 5    |    Facies Association 3. (a) Redrawing of pebbly/gravelly sandstones with trough cross-stratification (St) overlying parallel-stratified 
conglomerates (Gh). (b) Trough and tangential cross-stratified conglomerates (Gct) in lenticular beds, over massive sandstones (Sm). On/At the 
base, volcaniclastic sand and mud intraclasts (Ic) can be observed. (c) Trough cross-stratified conglomerates (Gct) at the base of a channelised body. 
Towards the top, massive sandstones (Sm) and rizoliths (Ri) are visible. (d) Lenticular beds composed of apparently monomictic pumice conglom-
erates with cross-stratification (Gct). (e) Detail of a pumice fragment accumulation at the top of a fluvial bar. (f) Bar and channel deposits in the El 
Palo Formation. Ic, intraclasts; Pz, pumice.
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10 of 25 Basin Research, 2025

represents channel abandonment and avulsion events (Leddy 
et  al.  1993). The direction of accretion of macroforms approx-
imately parallel to the palaeoflow measured in the Mainqué 
area indicates the dominance of downstream accretion surfaces 
in low-sinuosity channels (Miall  1996), at least for this area. 
Regarding the pumice fragments in FA3, their origin corre-
sponds to the fluvial reworking of primary pyroclastic deposits 
located at the catchment areas of the fluvial network or the ero-
sion of previous deposits from FA4. The larger size of the pumice 
clasts compared to those of other compositions is due to their 
hydraulic equivalence with smaller denser clasts (Manville 
et al. 2002).

5.1.4   |   Facies Association 4 (FA4)—Sheet Flow Deposits

The FA4 facies association is mainly composed of conglomer-
ates and sandstones in sets that do not exceed 2 m in thickness, 
primarily tabular or irregular, and to a lesser extent lenticu-
lar. The conglomerates typically have a sandy matrix and are 
generally massive, although some areas show evidence of 

stratification or diffuse stratification (Gmm facies; Figure 5a–c). 
Large pumice fragments are abundant, occasionally forming 
monomictic beds, with diameters ranging from a few millime-
tres to exceptionally 20–30 cm. In the epiclastic fraction, clasts 
do not usually exceed 2 cm in diameter. Larger pumice clasts 
are commonly concentrated in clast-supported horizontal lev-
els, although they can also occur isolated among other smaller-
grained clasts (Figure 7c). Occasionally, subvertical orientations 
of pumice clasts are observed (Figure  7a). To a lesser extent, 
banks of matrix-supported conglomerates (Gmm facies) without 
pyroclastic material were identified.

The sandstones are coarse to fine and occur in massive or 
parallel laminations sedimentary structures (Facies Sm, Sh; 
Figure  7d,e). In the latter, sectors with laminations composed 
almost entirely of pumice fragments of a few millimetres were 
observed (Figure  7e). Occasionally, small ripples were ob-
served towards the top of the laminated sandstones (Facies Sr.; 
Figure 7e). The conglomerate and sandstone bodies of FA4 are 
generally confined by deposits of FA3, although vertical amalga-
mation was observed (Figure 7d).

5.1.4.1   |   Interpretation.  The massive or diffusely strat-
ified conglomerates and sandstones with poorly sorted clasts 
are characteristic of sediment gravity flows (Miall 1996). Con-
sidering the sandy matrix, grain size and presence of diffuse 
lamination or stratification, the conglomerates likely represent 
hyperconcentrated flows. The nearly monomictic beds with 
accumulations of large-sized pumice fragments are common 
towards the top of these deposits (Vallance and Iverson 2015). 
The tabular or sheet-flood deposits of coarse to medium lami-
nated sandstones are interpreted as deposits from unconfined 
flash floods. The presence of ripples at the top of these bodies 
indicates flow deceleration (Miall 1996).

6   |   Petrography

The thin sections analysed correspond to samples from the El 
Palo Formation, with the exception of samples IH01 and BLM01, 
which were collected from the top of the Chichinales Formation. 
Based on the modal analysis of five sandstones from the El Palo 
Formation (Table S1, Supporting Information S1) and using the 
diagram by Garzanti  (2019), it was determined that the sam-
ples represent quartzo-feldspatho-lithic (PC02) and feldspatho-
quartzo-lithic (PC03, PC04, PC05A and IH05) sandstones 
(Figure 8a). Using the QFL diagram by Dickinson et al. (1983), 
a dissected arc provenance is observed for samples PC02 and 
PC03, transitional arc for PC04 and PC05A, and undissected 
arc for sample IH05 (Table  S2, Supporting Information  S1; 
Figure 8b). The QmFLt diagram shows a mixed provenance for 
sample PC03, transitional arc for PC02 and PC05A, and lithic 
recycled for samples PC04 and IH05 (Table  S3, Supporting 
Information S1; Figure 8b).

The remaining thin sections did not meet the conditions for 
modal analysis. Samples IH01 and IH03 correspond to limo-
lites with abundant volcanic glass, while sample BLM01 is a 
fine to very fine sandstone mainly composed of pumice and 
cuspate vitroclasts, with subordinate amounts of quartz, feld-
spars and scarce epiclastic lithic fragments. Samples IH04, 

FIGURE 6    |    (a) Redrawing of amalgamated gravelly channels of 
FA3. Ic, intraclasts. (b) Contact between tabular deposits of FA4 and 
conglomerate beds of FA3.
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PC05B, BLM02 and BLM03 are sandstones primarily com-
posed of lithic fragments. These fragments are mostly of 
volcanic origin and have both volcaniclastic and epiclastic 

composition. They also contain quartz, plagioclases and, to a 
lesser extent, alkaline feldspars. Sample BLM04 corresponds 
to a pumice fragment.

FIGURE 7    |    Facies association 4. (a) Contact between massive conglomerates with pumice (Gmm) of FA4 and clast-supported conglomerates 
(Gcm) of FA3. The yellow arrow points to a vertically oriented pumice clast. (b) Massive conglomerate (Gmm) with numerous large pumice clasts. (c) 
Apparently monomictic pumice conglomerates with diffuse stratification (Gmm). Accumulations of lapilli and block-sized pumice are observed in 
horizontal levels. (d) Massive sandstones (Sm) with lapilli-sized pumice clasts (Pz). (e) Transition between sandstones with parallel lamination (Sh), 
ripple marks (Sr) and massive beds (Sm) at the top. At the bottom, layers composed almost entirely of pumice clasts (Pz) up to 2 mm in size can be 
seen. (f) Contact between tabular beds of laminated sandstones of FA4 and channelised gravel deposits of FA3.
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6.1   |   Description of the Main Components

The quartz grains are present as subrounded to subangular 
fragments (Figure  9a,b). The most abundant type of quartz 
is monocrystalline with flash extinction (10% of the total), al-
though varieties of monocrystalline with undulous extinction 
(5%) and polycrystalline (4%) were also identified, which, in 
some cases, are oriented parallel.

Among the feldspars, plagioclase is predominant compared 
to alkali feldspars (12% and 2% of the total, respectively). 
Individual plagioclase fragments are mostly subangular and ex-
hibit polysynthetic twinning, very frequent zoning, and in some 
cases, they are weakly altered (Figure  9c). Plagioclase is also 
commonly found as phenocrysts or in the matrix of palaeovolca-
nic lithic fragments with lathwork and pilotaxic textures. Alkali 
feldspars are present as subrounded clasts and are generally al-
tered by sericite or clay minerals (Figure 9c); occasionally, they 
show Carlsbad twinning and microperthitic textures.

The lithic fragments constitute the most abundant component in 
the analysed samples (44% of the total) and are predominantly 
composed of volcanic vitric acid lithics (21%) and mafic volcanic 
lithics fragments (10%). The former are represented by individ-
ual angular shards, pumice and pyroclastic lithics (Figure 9d–f). 
Pumice clasts can be locally very abundant (e.g., 19% in sam-
ple IH05), and the larger ones may contain internally oriented 
crystals of plagioclase, quartz and alkali feldspar. Their vesicles 
are often observed to be coated with an opaque material com-
posed of clays (Figure 9d). In some cases, the vesicles are filled 
with carbonates. The mafic volcanic clasts show pilotaxitic and 
lathwork textures, where the main components are aligned pla-
gioclase crystals (Figure 10a). Sedimentary lithic fragments are 
present in low proportions in samples PC02, PC05A and IH05 
(< 5%), while in samples PC03 and PC04, they represent 15% and 
35% respectively. In most cases, these clasts correspond to fine 
volcaniclastic deposits (Figure 10b). In smaller proportions, vol-
canic lithic fragments with granular and seriate textures (2%), 
oriented metamorphic lithic fragments (< 1%) and plutonic lithic 

FIGURE 8    |    Plot of the samples from El Palo Formation on the diagrams of (a) Garzanti (2019) and (b) Dickinson et al. (1983). F, feldspathic; FL, 
feldspatho-lithic; fLQ, feldspatho-litho-quartzose; FQ, feldspatho-quartzose (fFQ, feldspar-rich; qFQ, quartz-rich); fQL, feldspatho-quartzo-lithic; L, 
lithic; LF, litho-feldspathic; lFQ, litho-feldspatho-quartzose; LQ, litho-quartzose; lQF, litho-quartzo-feldspathic; Q, quartzose (qQ, pure quartzose); 
QF, quartzo-feldspathic; qFL, uartzo-feldspatho-lithic; QL, quartzo-lithic; qLF, quartzo-litho-feldspathic.
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FIGURE 9    |     Legend on next page.
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14 of 25 Basin Research, 2025

fragments (< 1%) were identified, including quartz with graphic 
texture and perthitic K-feldspars (Figure 10c).

The abundance of pyroxenes is notable in sample PC02 (17%), ob-
tained at the bottom of the El Palo Formation in the Paso Córdoba 
area. They show inclusions of opaque minerals and are frequently 
fractured (Figure 10d). They are predominantly found as individ-
ual subrounded to subangular crystals, although they can also be 
present as part of the matrix of volcanic lithic fragments. In lesser 
amounts, amphiboles were observed in subangular to subrounded 
crystals (Figure 10e). These components represent 4% of sample 
PC02, while in the rest of the samples, their abundance is less than 
2%. Both components are generally slightly altered or unaltered 
and decrease in quantity and size towards the top of the section.

The cement in the samples corresponding to the PC section is 
predominantly calcitic (7% of the total) and is found as pore 
filling, replacing clasts or as poikilotopic cement (Figure  9b). 
Occasionally, it is observed as fillings in the vesicles of pumi-
ceous clasts. In sample PC03, argillaceous cement of the pore-
filling type predominates (5% of the sample; Figure 9a). Towards 
the top of the PC section (samples PC04, PC05A and PC05B), 
local ferruginous cement is observed, surrounding the clasts 
(Figure  10f). In the samples from the IH profile, argillaceous 
cement predominates, followed by ferruginous cement, which is 
found surrounding the clasts and as pore filling.

The analysis using the scanning electron microscope (SEM) 
was performed on a sample from the Ingeniero Huergo section 
(IH05), corresponding to a coarse sandstone with parallel lam-
ination and abundant vitreous lithic fragments. In the obtained 
images, it is possible to differentiate both massive and fibrous-
looking shards (Figure  11a) and pumiceous fragments with 
vesicles of different morphologies (Figure  11b,c). Additionally, 
clays were identified covering the vesicles in most of the vitreous 
components (Figure 11c,d). Although the characteristics of the 
sample did not allow for an exact mineral species determination, 
The habits mainly correspond to clays of the smectite group and 
subordinately to illite (Welton 1984).

In the analysis by energy dispersive x-ray spectroscopy (EDS) of 
the clays covering the vesicles, peaks of Si, O, Al, Na, K, Fe and 
Mg were observed (Figure 12a). Additionally, the sample gener-
ally showed the presence of iron oxides and, to a lesser extent, 
manganese. These are also associated with peaks of Mg and 
Ti and can be found concentrated as precipitates on the grains 
(Figure 12b) and, in the case of iron, also dispersed throughout 
the sample.

7   |   Detrital Zircon U–Pb Geochronology

U–Pb ages analysis on detrital zircons (n = 68; see Supporting 
Information S2) was conducted on a sample collected from the 

top of the El Palo Formation in the Paso Córdoba area (PPC01-
20—39°8′50.70″S; 67°40′26.30″W). The sample consists of a 
reworked pumice fragment, and its position in the section is 
detailed in Figure  2. The frequency histogram and relative 
probability plot show a multimodal pattern in the age distri-
bution, with four main populations observed (Figure 13a). The 
predominant population consists of Permian–Triassic ages 
(35%), followed by Jurassic–Cretaceous ages (22%), Devonian–
Carboniferous ages (22%) and Paleogene–Neogene ages (13%). 
Minor peaks of Proterozoic (5%) and Ordovician–Silurian (3%) 
ages are also distinguished.

Among the younger Neogene ages, a population of three zir-
cons was identified for calculating a maximum depositional 
age, using the measurement criteria proposed by Dickinson 
and Gehrels (2009). Based on the data analysis, weighted mean 
average of the youngest cluster of two or more grains ages that 
overlap at 1σ uncertainty was the best estimation method for the 
PPC01-20 sample from the El Palo Formation. The analytical 
details are provided in the Supporting Information. Using this 
method, the calculated maximum depositional age is 14.6 ± 1 Ma 
(1σ; n = 3), corresponding to the Middle Miocene (Figure 13b).

8   |   Discussion

8.1   |   Depositional Model

The facies analysis in this study suggests that the sediments of 
the Chichinales and El Palo formations were deposited in con-
tinental environments with the development of fluvial systems. 
Regarding the Chichinales Formation, the predominance of 
fine-grained deposits from floodplain settings (FA1) and the in-
terbedding of isolated single-story channel bodies (FA2) suggest 
a low-energy fluvial system and the development of floodplain 
deposits (Figure  14a), which is consistent with the interpreta-
tions by Uliana (1979) and Barrio et al. (1989). The recognition 
of lateral accretion structures in the Bajo Los Menucos area, also 
described in Hugo and Leanza (2001b), indicates the presence 
of high-sinuosity channels (Miall 1996), at least in this sector. 
The presence of palaeosols and iron–manganese nodules indi-
cates periods of stability and seasonal water saturation of the 
soils (PiPujol and Buurman 1997). These conditions were also 
recognised by Barrio et al. (1989), who interpreted the existence 
of strongly seasonal paleoclimates.

For the deposits of the El Palo Formation, Uliana  (1979) in-
terpreted the development of an anastomosed fluvial system. 
While in the past this term was frequently used synonymously 
with braided systems, it is currently recommended to use it to 
describe networks of stable channels within vegetated flood-
plains (Miall  1996, 2014). In the analysis carried out in this 
study, the predominance of deposits corresponding to FA3 was 
observed for the El Palo Formation. Based on the presence of 

FIGURE 9    |    Microphotographs of thin sections of the El Palo Formation. (a) Monocrystalline quartz with undulose extinction (Qzm), plagioclase 
(Fpg) and argillaceous cement filling pores (CAr). (b) Polycrystalline quartz grain with more than three components (Qzp), surrounded by calcare-
ous cement (CCa). (c) Clasts of plagioclase with concentric zoning and polysynthetic twinning (Fpg), monocrystalline quartz (Qzm), and potassium 
feldspar (Fdk). (d) Angular glass shards (Tz), potassium feldspar (Fdk) and monocrystalline quartz (Qzm). (e) Pumice clasts (Pz) with vesicles par-
tially coated by clays. (f) Pumice clasts with uncoated vesicles.
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FIGURE 10    |     Legend on next page.
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16 of 25 Basin Research, 2025

multiepisodic gravelly sandy channelised deposits, limited by 
erosional surfaces and poor exposure of floodplain deposits, a 
braided fluvial system with high channel mobility is interpreted 
for this facies association (Gibling 2006; Figure 14b). The pre-
dominance of downstream accretion macroforms, at least in the 
Mainqué section, indicates the development of low-sinuosity 
channels in that area (Miall 2014). The FA4 are less represented 
and were interpreted as sediment gravity flows and sheet-flood 
deposits, corresponding to high sediment concentrations (Miall 
1996). The identification of pyroclastic material in almost all 
the analysed samples, including individual angular shards and 
pumice, the occasional presence of mudstone beds with a high 
proportion of vitreous shards, and the provenance analysis 
suggest that sedimentation occurred contemporaneously with 
volcanic activity in the arc. The presence of sediment gravity 
flows with abundant pyroclastic material is commonly another 

indicator of direct contributions from large-scale explosive vol-
canic eruptions to fluvial systems (Smith  1987; Kataoka and 
Nakajo 2002). However, the presence of pumice fragments with 
varying degrees of alteration, the mixture of source areas and 
the low percentage of younger zircons may suggest a delayed 
environmental signal resulting from the erosion of different vol-
caniclastic units in the catchment area, rather than constituting 
synchronous evidence of volcanism.

As mentioned in the Background section, both tectonic and cli-
matic processes played pivotal roles in shaping the Neogene al-
luvial–fluvial systems of northern Patagonia (Bilmes et al. 2013; 
Bucher et  al.  2020; López et  al.  2019, 2024; García Morabito 
et al. 2021). The interplay of these factors exerted a long-term 
influence on the sedimentary environments preserved in the 
Miocene deposits of Northern Patagonia.

FIGURE 10    |    (a) Mafic paleovolcanic lithic fragments with pilotaxitic (Lpp) and lathwork (Lpl) textures are observed, surrounded by calcareous 
cement (CCa). (b) Sedimentary lithic of volcaniclastic composition (Ls). (c) Plutonic lithic fragment (Lp) composed of graphic-textured quartz, al-
kaline feldspar and plagioclase. Polycrystalline quartz (Qzp) and pyroxene (Px) are also visible. (d) Abundant fractured pyroxenes (Px), pyroclastic 
lithic fragment (Lpi), plagioclase (Fpg) and calcareous cement (CCa). (e) Amphibole (Anf) in a basal section with two visible cleavage directions. (f) 
Sedimentary lithic fragment (Ls) with poikilotopic ferruginous cement (CFe).

FIGURE 11    |    Images of sample IH05 under a scanning electron microscope. (a) Fibrous-looking glass shard; (b, c) vesicles with different morphol-
ogies in pumice clasts. (d) Presence of clays covering vesicle walls in a pumice clast, indicated by yellow arrows.
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This dynamic is particularly evident in the sedimentary records 
of the Chichinales and El Palo formations within the study area. 
The transition in fluvial dynamics between these units is marked 
by the presence of palaeosols in the Chichinales Formation and 
their subsequent absence or limited preservation in the El Palo 
Formation (Figure 14), as well as evident changes in particle size 
and composition between these units. This underscores the com-
bined influence of allocyclic factors—tectonics and climate—on 
the evolution of these depositional systems.

8.2   |   Origin, Transport and Depositional Processes 
of Pumice Fragments

Pumice fragments have unique hydrodynamic characteristics 
compared to clasts of other compositions, among which their low 
density stands out, making it easy to initiate and sustain move-
ment in a flow. They are also temporarily buoyant in water when 
cold and dry (Witham and Sparks 1986; Manville et al. 1998, 2002). 

When deposited alongside denser clasts from a stream, pumice 
fragments tend to be larger in comparison. This phenomenon of 
hydraulic equivalence between clasts of different sizes and densi-
ties has been studied by several authors (Manville et al. 1998, 2002; 
White et al. 2001; Colombo et al. 2018). The variable density of the 
pumice clasts depending on their degree of water saturation also 
constitutes a factor that alters the equivalence with denser mate-
rial or even with other pumice fragments (White et al. 2001).

Considering the thickness, lateral extent and high proportion 
of pumice fragments in the El Palo Formation, these fragments 
likely originated from the reworking of pumice-rich pyroclastic 
deposits, which were subsequently redeposited in a fluvial con-
text (Kataoka 2003).

The youngest zircons used to calculate the maximum depo-
sitional age of 14.6 ± 1 Ma obtained in the El Palo Formation 
from a pumice fragment show ages very close to those ob-
tained by other authors in volcaniclastic deposits associated 

FIGURE 12    |    (a) EDS (Energy Dispersive X-ray Spectroscopy) analysis of clays covering the walls of vesicles at three points (E25, E26 and E27). 
Main peaks are observed for O, Si, Al, Fe, Na, K, Mg and Ca. Yellow crosses indicate the analysed points. (b) EDS analysis of a precipitate in a clast, 
with high values of manganese. The yellow circle indicates the analysed area.
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with significant Miocene volcanism, mainly outcropping in 
the Patagonian Broken Foreland zone (Bilmes et  al. 2013). 
These ages range from 15 to 14 Ma and belong to the Pilcaniyeu 
Member of the Collón Cura Formation (Marshall and 

Pascual  1977; Rabassa  1975; Mazzoni and Benvenuto  1990; 
López  2020). González Díaz et  al.  (1990) also obtained a K/
Ar age of 14.1 ± 1 Ma for an ignimbrite in the middle part of 
the Limay Chico Member of the Caleufú Formation. Studies 

FIGURE 13    |    (a) Frequency histogram, relative probability and concordia diagrams for the U–Pb ages of sample PPC01-20 (n = 68) and interpreted 
provenance of detrital zircons. (b) Calculation of the weighted mean using the ages of the three youngest overlapping zircons with a 1σ uncertainty.
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conducted in that region have suggested a connection between 
the drainage systems of the Collón Cura Basin area and those 
developed in the North Patagonian Basin during the Miocene 
(Bilmes et al. 2019).

Based on the previous data, together with the absence of pri-
mary volcaniclastic deposits and eruptive centres of this style in 
the study area, the pumice components of the El Palo Formation 
are interpreted to have originated from the reworking of pum-
iceous pyroclastic deposits. These pyroclastic deposits were 
likely generated in the Patagonian Broken Foreland, implying 
the fluvial transport of the pumice fragments for over 200 km 
before their deposition. In addition to the example presented in 
this study, Miocene fluvial deposits with pumice fragments up 
to 10 cm in size have also been reported eastward of the study 
area (Escosteguy et  al.  2011) and pumiceous psephitic clasts 
between General Conesa and Viedma (Andreis 1965), both be-
longing to the Río Negro Formation. These localities are situated 
over 100 km to the east of the study area and over 300 km from 
the volcanic arc. While these pumice fragments and those in the 
study area may not be directly related, they provide additional 
evidence of the fluvial transport capacity of these large-sized 
components over long distances within the same basin.

Several studies have analysed volcaniclastic sedimentation 
in continental environments located over 100 km from the 
eruptive source (Kataoka et  al.  2009 and references cited 

therein), although few studies have described large-sized pum-
ice in such deposits. Examples of this are presented by Mack 
et al. (1996) and Kataoka et al. (2003), who mention monomic-
tic pumice conglomerates and sandstones with clasts reaching 
decimetric sizes, deposited respectively over 400 and 150 km 
from the eruptive source. Both cases involved the reworking of 
primary pumice-rich pyroclastic deposits and subsequent flu-
vial transport, both by high-concentration sediment flows and 
diluted flows.

Regarding the El Palo Formation, the different types of occur-
rence and sedimentary structures in the deposits composed of 
pumice fragments indicate variability in the transport and depo-
sition processes. Monomictic levels or those with a high concen-
tration of pumice fragments suggest rapid transport from the 
source area in sediment-laden flows, avoiding segregation and 
mixing with clasts of other compositions (Mack et al. 1996). Beds 
with a low proportion of pumice clasts in some cases may corre-
spond to locally reworked previous pumice deposits or clasts that 
remained in the system for a longer period before deposition, al-
lowing mixing with other materials. The presence of more than 
one level with a high proportion of pumice fragments, vertically 
separated by several meters, indicates the occurrence of multiple 
pumice deposition events.

The larger pumice clasts, reaching a size range of 20–30 cm, are 
commonly found in conglomerate sets with tabular or irregu-
lar geometries, internally massive or with diffuse stratification, 
poorly sorted, and with a high proportion of pumice fragments, 
sometimes forming monomictic beds (facies Gmm). These char-
acteristics suggest deposition from gravitational sediment flows, 
possibly hyperconcentrated flows (Miall  1996; Vallance and 
Iverson  2015). Alternatively, some of the monomictic deposits 
with poor sorting may represent cluster-type fabrics, where the 
frictional locking and low hydraulic contrast between small and 
large pumice clasts result in their joint deposition on the bed 
during periods of low flow velocity (White et al. 2001; Manville 
et al. 2002).

Pumice fragments that are part of tractional sedimentary 
structures must have been transported and deposited by sed-
imentary processes common to clasts of other compositions, 
although their low density and hydrodynamic features give 
them distinctive properties. A particularity of the pumice 
fragments forming tractive sedimentary structures in the an-
alysed sections is, compared to massive deposits, they present 
smaller sizes, usually not exceeding lapilli size. This differ-
ence in sizes could be associated with several factors. For in-
stance, larger pumice fragments retain their buoyancy for a 
longer time than smaller ones, remain in motion even at very 
low flow velocities and, once deposited, are easily remobil-
ised, which hinders their deposition in bed forms (Manville 
et  al.  1998, 2002). Moreover, pumice generally exhibits low 
resistance to mechanical abrasion due to its high porosity, 
resulting in significant volume loss associated with clast im-
pacts, which could have reduced their size during transport 
(Stanley  1978; De Lange  1988). In all cases, it was observed 
in mixed composition beds that the epiclastic material has 
a smaller size than the pumice fragments, which was inter-
preted as a product of hydraulic equivalence between grains 
of different sizes and densities (Manville et al. 1998, 2002).

FIGURE 14    |    (a) Schematic depositional model interpreted for the 
Chichinales Formation, composed of a low to moderate energy fluvial 
system with isolated sandy channels interbedded with floodplain de-
posits. (b) Schematic model for the El Palo Formation, representing a 
braided, moderate-to-high energy fluvial system with occasional gravi-
ty flow and sheet flow deposits.
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8.3   |   Age Distribution and Provenance

While the dated sample corresponds to a pumice fragment, due 
to its reworked nature, the wide range of ages it presents and the 
low percentage of Miocene ages, it is interpreted that most of the 
dated zircons are likely detrital zircons that were incorporated 
into the vesicles and matrix during the pumice transport to the 
deposition area (Figure 13a). The younger zircons used for in-
terpreting a maximum sedimentation age, on the other hand, 
could correspond to the volcanic event that generated the pum-
ice (Figure 13b).

Based on the multimodal age pattern obtained, it is possible to 
interpret different sources for the zircons analysed in sample 
PPC01-20 (Figure 13a). The oldest ages consist of two minor peaks 
from the Late Neoproterozoic and Ordovician. Similar-aged out-
crops can be found in both the Chadileuvú Block and the North 
Patagonian Massif (Pankhurst et al. 2006; Chernicoff et al. 2010, 
2012). Considering the sample's position and paleocurrent direc-
tions, the latter option is more probable. Furthermore, Devonian 
ages were identified, with a peak at 373 Ma. Ages in the range 
of 420–350 Ma have been described in igneous and metaigne-
ous rocks of the North Patagonian basement and in plutons of 
the San Rafael Block (Varela et  al.  2005; Cingolani et  al.  2005; 
Pankhurst et  al.  2006). The main population of zircons corre-
sponds to Gondwanan ages, with a peak at 277 Ma. This peak 
possibly represents the magmatism of the Choiyoi Group, which 
is part of the basement of the Neuquén Basin and is widely dis-
tributed in the Andean sector and the North Patagonian Massif 
(Kay et al. 1989; Sato et al. 2015). Ages postdating the Gondwanan 
Cycle are interpreted as part of the Andean Cycle, which began 
in the Middle Triassic (Llambías et  al. 2007). Zircons from the 
Late Triassic to Early Jurassic could be associated with volcanic 
rocks formed during the initial rifting stage of the Neuquén Basin, 
while Cretaceous and younger zircons come from the Andean arc 
(Schiuma and Llambías  2008; Tunik et  al.  2010; Balgord  2017; 
Gómez et al. 2022). Among them, the youngest Neogene ages rep-
resent 10% of the ages (n = 7). Considering the characteristics of 
the sample and the ages obtained, a volcanic provenance is inter-
preted for the latter.

Alternatively, older zircons could have been incorporated into 
the magma from which pumice derived through crustal assim-
ilation processes (Brown and Smith 2004; Pittari et  al. 2008; 
Cooper et al. 2014; Pack et al. 2016), rather than being of detri-
tal origin. The Palaeozoic and Mesozoic age peaks obtained are 
consistent with ages documented in the basement of the North 
Patagonian Massif and North Patagonian Cordillera, as well as 
with magmatic events associated with the North Patagonian 
Batholith (Pankhurst et  al. 1999; Varela et  al.  2005; Aragón 
et al. 2011).

The significant contribution of volcanic material in the El Palo 
Formation is evidenced by the abundance of lithic fragments 
with extrusive textures. The presence of pumice-rich levels, mud-
stones with high volcaniclastic content and pumiceous or cuspate 
vitroclasts in almost all the analysed samples indicates an explo-
sive volcanic source. The presence of partially clay-coated vitric 
components indicates incipient alteration of the glass, possibly 
due to diagenetic processes (McPhie et al. 1996). As discussed ear-
lier, these components are likely the result of reworking of coeval 

pyroclastic deposits, derived from the Andean volcanic arc. This 
is also supported by a geochemistry analysis on a pumice sample 
from the El Palo Formation in the same study area, carried out by 
Rodríguez et al. (2023). More than 200 km towards the southwest 
of this area, primary volcaniclastic deposits with ages similar to 
the youngest zircons dated in sample PPC01-20 can be found. 
These deposits, with ages in the range of 15–14 Ma, correspond 
to the Pilcaniyeu Ignimbrite of the Collón Cura Formation, 
outcropping in the Patagonian Broken Foreland (Marshall and 
Pascual  1977; Rabassa  1975; Mazzoni and Benvenuto  1990; 
López 2020). Additionally, an age of 14 ± 1 Ma was obtained for 
an ignimbrite in the middle part of the Limay Chico Member of 
the Caleufú Formation (González Díaz et al.  1990). While it is 
not possible to directly link these deposits to the volcaniclastic 
components of the El Palo Formation, they do indicate signifi-
cant explosive volcanic activity during that time. Additionally, a 
connection between sediment transfer systems of the mentioned 
basins and the North Patagonian Basin has been suggested for 
the Miocene, which could have allowed sediment transport to the 
study area (Bilmes et al. 2019).

In the El Palo Formation, volcanic lithic fragments with pilo-
taxic and lathwork textures, as well as zoned plagioclases, are 
abundant. These components, together with the locally signifi-
cant presence of pyroxenes and amphiboles (e.g., sample PC02), 
indicate a source related to intermediate to mafic volcanic rocks. 
Cenozoic volcanic rocks with such composition are widespread 
in northern Patagonia, outcropping in the Andean zone, extra-
Andean regions, and the North Patagonian Massif (Rapela 
et al. 1988; Ardolino et al. 1999; Aragón et al. 2011).

Consistent with the predominance of volcanic lithic fragments 
in the samples, the Dickinson et  al.  (1983) diagrams show a 
provenance mostly related to the erosion of a magmatic arc. In 
the QFL diagram (Figure 8b), a change in sample composition 
is observed, ranging from the dissected arc field at the base to 
transitional arc and nondissected arc fields towards the top. In 
the QmFLt diagram (Figure 8b), the samples plot in the fields of 
mixing, transitional arc and lithic recycling, from base to top. 
These patterns are indicative of a change in the source area and 
correspond to the increase in the proportion of volcaniclastic 
material observed towards the top of the unit.

8.4   |   Correlations

The previous ages assigned to the El Palo Formation are mainly 
based on the fossil content of mammals. These findings were 
made outside the study area, in deposits originally attributed 
to the Río Negro Formation and later assigned to the El Palo 
Formation by different authors (e.g., Uliana  1979; Hugo and 
Leanza  2001a; Folguera et  al.  2015). Based on fossils found 
in the valleys of the Colorado and Negro rivers (Pascual et al. 
1984), Bajo de Santa Rosa (Scillato Yané et  al.  1975), and the 
Atlantic coast (Pascual and Bondesio 1985; Alberdi et al. 1997), 
ages corresponding to the Upper Miocene–Lower Pliocene 
were attributed to the El Palo Formation. Pascual et al.  (1984) 
also suggested a late Lower Miocene age for the sediments of 
the Río Negro Formation in the Gran Bajo del Gualicho. In 
the area of the Atlantic coast, the Río Negro Formation also 
has dates of 6.78 Ma in the lower member based on Sr. isotopic 
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ratios in bivalves (Del Río et al. 2018) and 4.41 ± 0.5 Ma in the 
upper member based on fission track dating (Bigazzi et al. 1995; 
Alberdi et al. 1997).

The correlation between the sedimentary rocks currently in-
cluded in the El Palo Formation and other units in the region has 
been discussed by several authors. In the study area, Weber (1964) 
and De Ferraríis (1966) assigned these deposits to the Río Negro 
Formation, mainly based on the presence of bluish-coloured sand-
stones. However, Uliana  (1979) considered that this criterion is 
not sufficient to establish a correlation, as this type of lithology 
is repeated in several units in northern Patagonia. Moreover, this 
author mentioned significant differences in lithology, occurrence 
and topographic position, and therefore defined them as individ-
ual units, assigning a younger age to the Río Negro Formation 
than to the El Palo Formation. In more recent studies, Folguera 
et al. (2015) also proposed the El Palo Formation as part of a sedi-
mentation cycle preceding the Río Negro Formation, while other 
authors continued to consider both units as equivalent (e.g., Hugo 

and Leanza  2001a; Espinoza and Melchor 2021). Additionally, 
Espinoza and Melchor (2021) correlated the El Palo Formation 
with the upper part of the El Sauzal Formation, which outcrops 
to the north of the study area. The ages obtained in this study for 
the Paso Córdoba area are more consistent with the proposal by 
Folguera et al. (2015), at least in terms of the stratigraphic position 
of the El Palo Formation.

Outside the North Patagonian Basin, in depocenters of the 
Patagonian Broken Foreland located southwest of the study 
area, Miocene continental deposits are assigned to the Naupa 
Huen and Collón Cura formations. These formations have 
been correlated with the lower and upper parts, respectively, of 
the Chichinales Formation (Uliana 1979; Huyghe et al. 2014). 
Recently, an age of 20.49 ± 0.05 Ma (40Ar/39Ar) was obtained 
for the latter unit (Rodríguez et  al.  2023). Above the Collón 
Cura Formation, Miocene fluvial deposits corresponding to 
the Limay Chico Member of the Caleufú Formation were de-
posited which, prior to the work of González Díaz et al. (1986), 

FIGURE 15    |    Stratigraphic scheme with radiometric dating of the Miocene sedimentary units in northern Patagonia. (1) Cucchi et al. (1998). (2) 
Niviere et al. (2019). (3) López (2020). (4) González Díaz et al. (1990). (5) López et al. (2019). (6) D'Elia et al. (2020). (7) Marshall and Pascual (1977). (8) 
Mazzoni and Benvenuto (1990). (9) SALMAs Colhuehuapense, Santacrucense and Friasense (Pascual et al., 1984; Barrio et al. 1989). (10) Rodríguez 
et al. (2023), (11) Age obtained in this study. (12) Del Río et al. (2018). (13) Alberdi et al. (1997). (14) Temporal range of the SALMAs Huayqueriense 
and Montehermosense (Alberdi et al. 1997).
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had been assigned to the Río Negro Formation. This mem-
ber would be equivalent to the ‘rionegrense’ (González Díaz 
and Castro Godoy 2008), which in turn was correlated with 
the El Palo Formation (Uliana 1979). Ages in ignimbrites of 
14 ± 1 Ma (K-Ar) in the middle of the unit and 8 ± 2 Ma (K-Ar) 
and 10.6 ± 0.2 Ma (U–Pb) at the top have been obtained for 
the Limay Chico Member (González Díaz et  al.  1990; López 
et al. 2019). Moreover, this member has a similar composition 
to the deposits of the El Palo Formation, with a significant 
volcaniclastic input and abundant volcanic lithic fragments of 
basic composition (González Díaz et al. 1986). As mentioned 
before, there is an evident transition in fluvial dynamics be-
tween Chichinales and El Palo Formations, marked by the 
presence of palaeosols in the former and their subsequent 
absence or limited preservation in the latter, as well as evi-
dent changes in particle size between these units. This is a 
pattern also observed in Collón Cura Formation and Limay 
Chico Member to the west. Huyghe et al. (2014) describe out-
crops of the Limay Chico Member extending from the Collón 
Cura area to the Rentería plateau, where it thins and presents 
minimal thicknesses. These authors present a stratigraphic 
section in the Paso Córdoba area, where despite describing 
features similar to the El Palo Formation towards the top of 
the section, they did not mention this unit and assigned the 
entire section to deposits of the Chichinales Formation. The 
Caleufú Formation also includes the Alicurá Member, which 
González Díaz et  al.  (1986) correlated with the Bayo Mesa 
Formation, which outcrops near the study area above the El 
Palo Formation deposits. Sedimentation in this member was 
constrained between ~10.6 ± 0.2 and~5 Ma (López 2020).

Despite the different ages proposed for the El Palo Formation and 
its possible equivalents, no absolute ages in zircons were available 
for the unit in the study area until now. In this study, the calcula-
tion of the maximum depositional age for sample PPC01-20, taken 
from the top of the El Palo Formation in the Paso Córdoba area, 
resulted in 14.6 ± 1 Ma (1σ; n = 3), corresponding to the Middle 
Miocene. This age is very close to the ages obtained from pri-
mary pyroclastic deposits assigned to the Pilcaniyeu Member in 
the Collón Cura Formation, mentioned before in Section 8.3, and 
to the age obtained by González Díaz et al. (1990) for the Limay 
Chico Member (Figure 15). Although the low percentage of young 
zircons indicates significant reworking, the characteristics of the 
deposits and the provenance analysis suggest that coeval volca-
nic activity was present. The significant difference between the 
previously assigned age and the one obtained in this study could 
correspond to different possibilities: (1) the lower temporal limit 
of the unit could be older than suggested in previous studies, at 
least in the study area; (2) due to the reworking of volcaniclastic 
deposits, the pumice sample used for dating could belong to a pre-
vious event and was incorporated along with the younger volca-
niclastic material in the source area (e.g., Mack et al. 1996) or (3) 
alternatively, the age could indicate that sedimentation of pumice 
fragments was not coeval with the volcanic activity evidenced in 
this unit and that pumice comes from reworking of older deposits.

9   |   Conclusions

•	 The sediments of the Chichinales and El Palo forma-
tions analysed in this study were deposited in continental 

fluvial environments. The deposits of the Chichinales 
Formation represent a system of moderate to low en-
ergy, with extensive development of floodplain in wet 
conditions and periods of stability with the formation 
of palaeosols. The El Palo Formation shows a system of 
moderate-to-high energy, with meandering channels of 
high mobility and occasional periods of high discharge, 
represented by sediment gravity flows and sheet-flood 
deposits. The transition between these units reflects the 
combined influence of allocyclic factors—tectonic activ-
ity and climate variability—on the evolution and charac-
teristics of these depositional systems.

•	 The pumice fragments observed in the El Palo Formation 
originate from the reworking of primary volcaniclastic 
deposits associated with the Andean volcanic arc. The ev-
idence suggests both explosive volcanic activity contem-
poraneous with sedimentation and the reworking of older 
volcaniclastic deposits as sources for the pyroclastic com-
ponents. This explosive volcanic activity may be related to 
the eruptive events that produced the volcaniclastic deposits 
of the Collón Cura and/or Caleufú formations, which are 
exposed in the Patagonian Broken Foreland region.

•	 The pumice fragments indicate fluvial transport for more 
than 200 km from the source. These components were 
transported and deposited by multiple events, both by dilute 
flows and sediment gravity flows with a high proportion of 
pumice clasts.

•	 The provenance analysis of the El Palo Formation samples 
reveals a predominantly volcanic source, with a change 
from the samples collected at the base of this unit, which be-
long to the dissected arc field, to the middle and upper parts 
that belong to the transitional arc and nondissected arc 
fields. Considering the sediment composition, zircon ages 
and measured paleocurrents, the main source would have 
been from the Andes to the west and the North Patagonian 
Massif to the south.

•	 The maximum depositional age obtained in sample 
PPC01-20, located at the top of the El Palo Formation, is 
14.6 ± 1 Ma (1σ; n = 3). The significant difference between 
this age and the younger ages obtained in previous studies 
could be due to either the lower temporal limit of the unit 
being older than previously established in the literature, at 
least in the study area, or the incorporation of pumice frag-
ments from older events into the volcaniclastic sediments of 
the El Palo Formation.

•	 Based on the stratigraphic position, composition and age 
of the deposits, the El Palo Formation could be correlated 
with the Caleufú Formation, exposed in the region of the 
Patagonian Broken Foreland.
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