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AbstrAct 
 
Spatial distribution of lithofacies and lithofacies associations is  paramount to understand the variations in fluvial styles and 
dimension of channels, external controls and degree of predictability of the alluvial architecture of reworked pyroclastic de-
posits preserved in peri-volcanic basins. These issues were addressed by the study of the Albian Castillo Formation of the 
Golfo San Jorge Basin in the N-S striking San Bernardo Fold Belt, a group of ranges located 190 km eastward of the Andean 
Volcanic Chain. A detailed stratigraphic framework was carried out, based on 19 sedimentary logs and the characterization 
of 284 fluvial channels, analyzing seven study locations from the northern basin-margin to the most complete sections at the 
southernmost part of the Fold Belt. The unit was divided in fifteen lithofacies, which were grouped in six main lithofacies 
associations: (i) subaerial floodplains and ponds; (ii) proximal floodplain deposits; (iii) low-sinuosity and braided fluvial chan-
nels; (iv) subaerial debris-flow deposits; (v) sheetflood deposits; (vi) reworked ash-fall beds. Spatial variation in the lithofacies 
association proportions and variation in the dimensions of the sandbodies are mainly related to seasonal or episodic delivery 
of water and volcaniclastic particles in local or regional networks of channels which were developed in areas of variable subsi-
dence rate. In spite of the control of volcanism over the composition of volcaniclastic deposits, the main features of the fluvial 
system preserved in this peri-volcanic basin were mainly established by intrabasinal processes.
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resumen 
 

Arquitectura aluvial de depósitos piroclásticos retrabajados en cuencas peri-volcánicas: Formación Castillo de la cuenca del Golfo San Jorge, Argentina 
La distribución espacial de litofacies y asociaciones de litofacies es primordial para entender las variaciones en los estilos flu-
viales y dimensiones de los canales, los controles externos y el grado de predictibilidad de la arquitectura aluvial de depósitos 
piroclásticos retrabajados en cuencas peri-volcánicas. Estos aspectos se analizan en este estudio sobre la Formación Castillo 
(Albiano) de la cuenca del Golfo San Jorge en la Faja Plegada de San Bernardo, un grupo de sierras con orientación N-S, ubica-
das 190 km al este de la Cordillera de los Andes. Se conformó un marco estratigráfico detallado basado en 19 secciones estra-
tigráficas y la caracterización de 284 canales fluviales, analizando siete localidades desde el margen norte de la cuenca, a la sec-
ción más completa en el extremo sur de la faja plegada. La unidad se dividió en quince litofacies, agrupadas en seis asociaciones 
de litofacies: (i) planicies de inundación subaérea y subácuea, (ii) planicie proximal, (iii) canales fluviales de baja sinuosidad y 
entrelazados, (iv) depósitos de flujos de detritos, (v) flujos no encauzados, (vi) niveles de ceniza retrabajada. Las variaciones en 
la proporción de asociaciones de litofacies y en las dimensiones de los depósitos clásticos están relacionadas a aporte variable 
de agua y partículas volcaniclásticas en redes de drenaje locales o regionales desarrolladas en areas de variable tasa de subsiden-
cia. Pese al control del volcanismo sobre la composición de los depósitos volcaniclásticos, los rasgos característicos del sistema 
fluvial preservado en esta cuenca peri-volcánica fueron mayormente establecidos por procesos intracuencales. 
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INTRODUCTION
From the early 1990 ś up to date, several 
studies have addressed volcaniclastic re-
sedimentation processes and deposits in 

areas located distally to volcanic sources 
(Moore 1991, Shane 1991, Smith 1991, 
Turbeville 1991, Nakayama and Yos-
hikawa 1997, Kataoka and Nakajo 2002, 

Segschneider et al. 2002, Kataoka 2005, 
Umazano et al. 2008a, Umazano et al. 
2008b, Kataoka et al. 2009; Umazano et al. 
2012). Such studies have shown variable 
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sedimentary response to volcanic events 
as a consequence of different tectonic 
settings, changes in basin conditions (e.g. 
hydrology, subsidence history, basin cli-
mate), variable distance to the volcanic 
source, basin location in relation to acti-
ve volcanoes, and nature of the eruptions 
(Kataoka et al. 2009). The occurrence of 
economic accumulations of hydrocar-
bons in non-marine, volcaniclastic suc-
cessions preserved in peri-volcanic ba-
sins makes necessary the understanding 
of the main forcing-factors in order to 
explain the spatial and temporal variabi-
lity in internal characteristics, shape and 
distribution of potential hydrocarbon 
reservoirs (Mathisen and McPherson 
1991). For these reasons, detailed obser-
vation of lithofacies and lithofacies asso-
ciations from outcrops, spatial variation 
in fluvial styles and alluvial architecture 
data constitute strong tools for the deve-
lopment of accurate volcaniclastic facies 
models in peri-volcanic basins. Strangely, 
the number of published case studies 
dealing with these issues is limited (Ka-
taoka and Nakajo 2002, Kataoka 2005, 
Umazano et al. 2012), in particular from 
pre-Quaternary systems.
The Cretaceous sedimentation of the 
Golfo San Jorge Basin was influenced by 

the incorporation of  large quantities of  
primary and reworked pyroclastics provi-
ded by a subduction-related magmatic arc 
(Andean Magmatic Arc) developed in the 
western margin of  South America, who-
se activity started during the Barremian 
(Ramos et al. 1982). A ca 8,000 m thick 
succession of  non-marine, volcaniclas-
tic deposits of  Cretaceous age, known as 
Chubut Group (Barremian-Campanian?) 
was deposited in the Golfo San Jorge 
basin, covering areas up to 180,000 km2 
(Fitzgerald et al. 1990, Figari et al. 1999). 
The Albian Castillo Formation (Lesta and 
Ferello 1972) is a volcaniclastic unit that 
represents the reworking of  fine-grained 
ash in fluvial, playa-lake and rarely lacus-
trine environments. The unit is widely ex-
posed in the N-S trending San Bernardo 
Fold Belt (Fig. 1), a group of  ranges lo-
cated ~190 km eastward of  the Andean 
Magmatic Arc. The Castillo Formation 
and correlatable units are hydrocarbon 
producers in most of  the fields in the 
subsurface of  the basin, where thin and 
discontinuous fluvial sandbodies and dia-
genetically altered tuffaceous beds are the 
main reservoirs (Acuña et al. 2011), pro-
ducing about 10-15% of  the hydrocar-
bons of  the basin. As the thicknesses of  
reservoirs are commonly minor than the 

resolution of  available seismic surveys, 
outcrop-based studies constitute a good 
approach to predict the pattern of  change 
in fluvial styles, shape and characteristics 
of  the unit in surrounding areas. In spi-
te of  their importance as oil reservoir and 
large areal distribution, the lack of  evident 
lithological changes among exposures 
and the development of  sedimentologi-
cal studies covering small areas of  the fold 
belt did not allow documentation of  the 
basin-scale alluvial architecture up to date.
The aim of  this study was to document 
the spatial variation in the sedimentology, 
fluvial architecture and stratigraphic evo-
lution of  the Castillo Formation, based 
on the analysis of  several stratigraphical 
sections and architectural data of  fluvial 
channels obtained from a basin-boun-
dary area to the thickest exposed depocen-
tre. Having this goal in mind, the authors 
aim to improve understanding of  the main 
forcing-factors controlling the sedimen-
tary evolution of  volcaniclastic succes-
sions preserved in peri-volcanic basins.

BACKGROUND GEOLOGY

The Golfo San Jorge basin is a domi-
nantly extensional basin formed as a res-
ponse to the break-up of the Gondwana 

figure 1: a) Location map and 
stratigraphy of the Golfo San 
Jorge basin (ages after Bridge 
et al. 2000). The dotted line 
marks the Cretaceous boundary 
of the Golfo San Jorge basin. 
The boxed area indicates the 
location of the San Bernardo 
Fold Belt. b) Simplified geolo-
gical map of the San Bernardo 
Fold Belt, showing the location 
of measured outcrop sections 
(encircled numbers) and other 
outcrop sections referred to in 
the text, main localities and ac-
cess roads. 
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supercontinent during the Jurassic and 
Early Cretaceous, and superimposed on 
the Paleozoic continental crust (Barcat et 
al. 1989). The infill of the basin started 
during the Middle to Upper Jurassic (Fig. 
1), with deposition of a thick succession 
dominated by basalts, riolites and ignim-
brites known as Lonco Trapial or Bahía 
Laura Groups (Lesta and Ferello 1972), 
representing the climax of the rift event 
that led to the fragmentation of Gondwa-
na in southern South America.  A second 
extensional event took place in the upper-
most Jurassic and Early Cretaceous, with 
the conformation of E-W, NNW-SSE or 
NE-SW striking half-grabens filled by 
black shales and coastal, wedge-shaped 
sandstone bodies of lacustrine origin (Fi-
gari et al. 1996); the strata composed the 
Las Heras Group, only preserved in the 
subsurface of the basin.
The initial Patagonidic tectonic pha-
se (compressional) in the Andean Ran-
ges produced the eastward shifting of 
the main depocentres of the basin over 
a regional unconformity and the incor-
poration of large volumes of pyroclastic 
detritus. At the same time, the genera-
tion of new WNW-ESE to E-W striking 
normal faults (Uliana et al. 1989, Chelotti 
1997, Paredes et al. 2013) resulted in the 
creation of accommodation space for the 
deposition of the Chubut Group (Barre-
mian to Campanian?) in fluvial and lacus-
trine environments (Hechem et al. 1990, 
Hechem and Strelkov 2002). The Chubut 
Group is conformed by five continental 
formations: Pozo D-129, Matasiete, Cas-
tillo, Bajo Barreal and Laguna Palacios 
Formations. Initial sedimentation ocu-
rred in a widely distributed lacustrine unit 
(Pozo D-129 Formation - Barremian to 
Aptian) which was sourced from the nor-
th by fluvial systems known as Matasie-
te Formation (Sciutto 1981, Paredes et al. 
2003 and Paredes et al. 2007). Both units 
are covered by the Castillo Formation 
(Albian), which shows a large proportion 
of reworked pyroclastic rocks mainly 
preserved in fluvial environments (Lesta 
1968, Lesta and Ferello 1972, Paredes et 
al. 2009). The Castillo Formation is cove-
red by the fluvial Bajo Barreal Formation 

(Senomanian to Campanian?), which has 
two members: the Lower Member who-
se outcrops are commonly composed of 
channeled sandstones interbedded with 
thicker and finer grained (very fine sand-
size) tuffaceous strata; the Upper Mem-
ber is composed by grey mudstones with 
isolated channel sandbodies (Sciutto 
1981, Figari et al. 1990, Rodriguez 1992, 
Umazano et al. 2008a). Toward the basin 
margin, the Upper Member of the Bajo 
Barreal Formation is laterally replaced by 
the Laguna Palacios Formation (Sciutto 
1981, Genise et al. 2002; Genise et al. 
2007), which is characterized by the stac-
king of pyroclastic paleosoils and minor 
channels. The Chubut Group contains 
the main source rock (Pozo D-129 For-
mation) and oil reservoirs of the basin 
(Castillo and Bajo Barreal Formations), 
and it mainly crops out in the San Ber-
nardo Fold Belt, which was formed as a 
result of the tectonic inversion of exten-
sional depocentres during the Tertiary 
(Peroni et al. 1995, Homovc et al. 1995).
The Paleocene sedimentation (Fig. 1) is 
formed by the marine Salamanca For-
mation and the continental Río Chico 
Group. The remaining of  the Cenozoic 
succession is completed with the Sar-
miento Group, Chenque Formation, San-
ta Cruz Formation and glaciofluvial gra-
vel strata of  Plio-Pleistocene age known 
as “Rodados Tehuelches".

castillo formation: previous studies
Deposits of the Castillo Formation (Les-
ta and Ferello 1972) received the early de-
nomination of “Green Tuffs” (Feruglio 
1949) and they are equivalent to the “Mi-
na del Carmen” Formation in the subsur-
face of the basin (Lesta 1968). Available 
radiometric ages suggest that the Castillo 
Formation ranges from 104.8 to 94.2 Ma, 
spanning about 10.6 Myr (Bridge et al. 
2000). The Castillo Formation, as a who-
le, is up to 2,200 m thick in the subsur-
face of the basin (Fitzgerald et al. 1990); 
and it thins northwards from 964m to 
~30m over ca 150 km in the outcrops of 
the San Bernardo Fold Belt (Fig. 2). The 
unit shows gradual thickness variations 
and a centripetal distribution at regional-

scale (Fitzgerald et al. 1990) suggesting a 
thermal (post-rifting) mechanism of sub-
sidence, although Figari et al. (1999) ha-
ve recognized an episode of extensional 
reactivation during the initial stages of 
deposition of the Castillo Formation.
Pioneer outcrop-based studies were de-
veloped by oil geologists (Windhausen 
1924, Feruglio 1949) in the San Bernardo 
Fold Belt, where the Castillo Formation 
is the most widely exposed unit. Sciutto 
(1981) was able to recognize a lower “sec-
tion” composed by tuff beds with minor 
proportion of epiclastic material and an 
upper “section” consisting of tuff beds 
and sandstone bodies. Hechem et al. 
(1990) interpreted the lower “section” 
as lacustrine and the upper “section” as 
deposited by meandering fluvial systems. 
The thickest exposure of the unit (964m) 
outcrops in the Codo del Senguerr anti-
cline, and Meconi (1990) interpreted its 
deposits as related to a braided fluvial sys-
tem, with sheet and ribbon geometries. A 
review of the upper part of that section 
(~100m) was carried out by Bridge et al. 
(2000), who identified mainly single or 
multi-storey, low-sinuosity sandbodies 
draining to the SE (125º) with a mean 
thickness of 3.62m, a lateral extension of 
176m and a Width/Thickness ratio of 53 
(n=27). A regional review of the Castillo 
Formation was carried out by Uliana and 
Legarreta (1999), identifying three main 
groups of environments in the basin: the 
outcrops of the San Bernardo Fold Belt 
were assigned to multi-storey or epheme-
ral fluvial systems, instead those of the 
subsurface of the basin were interpreted 
as high-sinuosity fluvial systems and la-
custrine environments (Fig. 2). The ex-
posures of the Castillo Formation at Ce-
rro Colorado de Galveniz (342m thick) 
and Puerta del Diablo (50m) allowed 
Umazano et al. (2008b) and Umazano et 
al. (2012) to carry out a semi-quantitative 
facies model for the unit. They identified 
permanent single-channel rivers with 
channel-margin bars and floodplains 
constructed from aqueous reworking of 
pyroclastic substrates (including sheet-
floods, debris-flows and shallow lacus-
trine) or by preserved ash-fall deposits. 
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Based on this information, Umazano et 
al. (2012) proposed a fully syn-eruptive 
stage during the deposition of  the Casti-
llo Formation.  In the Cerro Colorado de 
Galveniz (location in Fig. 1) the stacking 
patterns and the alluvial organization we-
re linked probably to tectonic activity, and 
no changes were recognised in the climate 
of  the study area (Umazano et al. 2012). 
Paredes et al. (2009) identified fifteen 
lithofacies and six main lithofacies asso-
ciations in the Castillo Formation: (LA1) 
subaerial floodplains and ponds; (LA2) 
proximal floodplain deposits; (LA3) low-
sinuosity and braided fluvial channels; 
(LA4) subaerial mudflow deposits; (LA5) 
sheetflood deposits; (LA6) reworked ash-
fall beds. Details and dimensions of  allu-
vial channels and channel belts in the Co-
do del Senguerr and Sierra Silva anticlines 
were presented in Paredes (2009). 

METHODOLOGY

Approximately 3,500 m of detailed mea-
sured sections and up to 284 descriptions 
of fluvial channels form the foundation 
of the data set. Nineteen sedimentary log 
sections were measured on the Castillo 
Formation in seven main study locations 
of the San Bernardo Fold Belt, covering 
roughly a N-S transect of ~150 kilome-
ters. The exposures of the Castillo For-
mation were analyzed from the northern 
basin-boundary in the Tronador Canyon, 
where the unit is ~31m thick, through five 
study locations that show increasing sub-
sidence (Sierra Nevada anticline, Sierra 
del Castillo anticline, Sierra Silva anticli-
ne, Las Pulgas anticline, Papelía anticli-
ne) to the most complete section in Co-
do del Senguerr anticline in the southern 
end of the San Bernardo Fold Belt (Fig. 
1 and Fig. 3). Lithofacies and lithofacies 
associations were described and interpre-
ted. Approximately 2,500 paleocurrent 
measurements, derived primarily from 
several varieties of  cross-bedding, supple-
ment the lithofacies information and aid 
in the reconstruction of  the paleogeogra-
phic setting. Paleocurrents were structura-
lly corrected according to the geometrical 
methods (Ramsay 1961) using a declina-

figure 2: Isopach map of the Castillo Formation in the San Bernardo Fold Belt (and surrounding areas), 
and of the age-equivalent Mina del Carmen Formation in the subsurface (Fitzgerald et al. 1990). Main 
depocenters are located in the eastern part of the basin, where major thickness changes are related to fault 
reactivation. General distribution of environments based on Uliana and Legarreta (1999). The pyroclastic 
material was provided from the Andean Ranges, located ~170-190 km westward of the San Bernardo Fold 
Belt. The encircled numbers match those in Fig. 1.

tion of  9ºE.  Two-dimensional panels of 
multi-storey fluvial channels or sheet-
flood complexes include information of 
bounding surfaces, cross-sectional geo-
metry, internal lithofacies and bedding 
architecture to depict lateral and vertical 
lithofacies relationships. The real dimen-
sions (width, thickness and width/thick-
ness ratio) of individual or multi-storey 
channels were measured using GPS point 
data in their margins, and correcting 
their apparent width using the mean of 
the paleocurrent data for each channel. 
The real width/thickness ratio of fluvial 
channels (hereafter abbreviated as W/
Th) was obtained and plotted in log-log 
diagrams. Thickness data of individual 
fluvial channels from each study location 
are presented, and statistical analyses of 
the measurements are provided. Geo-
metry of fluvial channels were broadly 
classified as ribbons (W/Th<15), na-
rrow sheets (15>W/Th<100) and broad 
sheets (W/Th>100) following Friend et 
al. (1979) and Gibling (2006) criteria.

CHARACTERIZATION 
OF THE DEPOSITIONAL 
SYSTEM

The Castillo Formation is a fluvial succes-

sion mainly composed of reworked pyro-
clastic sediments, and it consists of tuffa-
ceous gravels, tuffaceous sandstones and 
tuffaceous mudstones, intercalated with 
ash-fall tuffs. Based on their lithology, 
grainsize, sedimentary structures, geo-
metries and boundaries we have identi-
fied fifteen lithofacies. A brief summary 
of their main attributes, flow properties 
and interpretation is presented in Table 
1 and typical features are shown in Fig. 
4. Meter-scale architectural elements, 
equivalent to lithofacies associations 
(Bridge 1993a), record short-term phy-
sical processes (Miall 1991) providing a 
basis for understanding the nature of the 
depositional system. Six main lithofacies 
associations occur in the fluvial succes-
sion, their descriptive aspects and inter-
pretations are given below. The main 
lithofacies associations are interpreted 
as (i) subaerial floodplains and epheme-
ral ponds; (ii) proximal floodplains, with 
three sub-types: crevasse-splay, over-
bank fines and crevasse channels; (iii) 
low-sinuosity or braided fluvial channels; 
(iv) sheetflood deposits; (v) subaerial de-
bris -flow deposits and (vi) reworked ash-
fall beds. The names of the lithofacies 
associations and individual lithofacies, 
although partly interpretative, were cho-
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sen deliberately in order to simplify the 
following discussion. In terms of facies 
and depositional processes, our findings 
expand the results of Paredes et al. (2009) 
and Umazano et al. (2012) in relation to 
large part of the San Bernardo Fold Belt. 
In this context, significative changes in 
the proportion of the different facies as-
sociations were observed along the expo-
sures, implying intra-basin variability in 
fluvial dynamics. Detailed sedimentolo-
gical sections with indication of facies as-
sociations are shown in Fig. 5.

lA1. tabular tuffs and reworked tuffs: 
subaerial floodplains and ephemeral 
ponds
Description: This lithofacies association 
refers to clay-sized to very-fine grained 
vitric ash beds that constitute up to 70% 
of the unit in all the study locations (see 
below). Individual strata range from tens 
of centimetres to more than 1,5 metres 
thick, and can be traced laterally by hun-
dreds to thousands of meters; their stac-
king conforms aggradational successions 
of several tens of meters thick (Fig. 4i). It 

is either characterized by the occurrence 
of white-to pale green, tabular tuff beds 
containing fossil traces (Fig. 4l), root tra-
ces, asymmetrical ripples and core-type 
accretionary lapilli (Fig. 4j) (lithofacies 
LF11) or by thin tuff beds that preser-
ve symmetrical ripples (Fig. 4n), debris 
plant and coal remains (lithofacies LF12). 
Fossil traces assigned to Planolites and Pa-
laeophycus are preserved on bedding sur-
faces; vertical, cylindrical burrows were 
attributed to Skolithos. Rarely, meniscate, 
backfilled traces attributed to Taenidium 

figure 3: Regional strati-
graphic cross-section of  the 
Castillo Formation in the 
San Bernardo Fold Belt. Da-
tum is the top of  the Castillo 
Formation. Drainage was 
mostly to the east-southeast 
in the southern regions, and 
to the south-southeast in the 
northern areas. The north is 
at the top of  the page. Four 
main Regions (e.g. Region 1 
to 4) can be defined owing to 
the preserved thickness and 
characteristics of  the unit. 
The lack of  detail in fine-
grained lithologies of  the Pa-
pelía anticline section is due 
to bad quality of  exposures. 
See figures 1 and 2 for loca-
tion of  the sections.
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tAble 1: Lithofacies identified in the Castillo Formation.

LF1: Massive, matrix supported conglomeratates and tuffaceous sandstones: Individual beds are up to 1 m 
thick and have planar or slightly erosive base, sheet-like or ribbon geometry and bimodal grainsize. Coarse to 
medium-grained tuffaceous sandstones contain outsized clasts up to 20 cm in size. Elongate clasts could be 
vertically-oriented. Ungraded throughout the bed or coarse-tail normally graded at lowermost part and ungra-
ded at upper part.
LF2: Fine conglomerates and tuffaceous sandstones, inversely graded: Individual beds are several cm thick 
and show planar or gradational base. They show matrix or clast-supported framework and lack of sedimentary 
structures. Upward increase in the content of tuffaceous and/or pumice clasts. Broken or low-rounded clasts 
are common.
LF3: Medium- to fine-grained tuffaceous sandstones with antidune bedding: Planar or gradational base, fre-
quently interbedded with plane-laminated, fine tuffaceous sandstones. Dome-shaped stratification with stee-
per dipping stoss-than-lee side (12º and 8º). Amplitudes of 0.2-0.4 m and wave lengths of 1-3 m.
LF4: Parallel-laminated tuffaceous conglomerates and sandstones: Planar base, laminae are few mm to 1 cm 
in thick, with gradational contacts between laminae and occasional outsized clasts. Horizontal lamination or 
crude, horizontal bedding, defined by changes in the grain size. Frequently interbedded with low-angle cross 
bedding and massive sandstones.
LF5: Low angle cross-bedded tuffaceous gravels and sandstones: Erosive or planar base. Moderate grain size 
selection, occasionally with fining upward trend from coarse to fine sandstones. Sets are < 0.5 m thick and 
1-4 m of lateral extent. Foresets dip less than 10º. Individual laminae show plane-parallel lamination. Could 
contain a tuffaceous gravel lag in the base of the set. Interbedded with massive, plane-laminated and trough 
cross-bedded strata. Trunk remains.
LF6: Trough cross-bedded tuffaceous gravels and sandstones: Planar to slightly curved and erosive base, tuffa-
ceous clasts are poorly-to-well rounded. Clast-supported framework. Cross-bedding range from 0.2 to 1 m in 
thickness, sets dip from 15º to 25º, they are fining upward, but many sets are poorly organized.
LF7: Planar cross-bedded tuffaceous gravels and sandstones: Planar or erosive base, with clast supported 
framework. Moderate to well rounded clasts. Individual sets are 0.2 to 0.8 m thick, internally ungraded or that 
fine upward. The dip of foresets is between 16º-23º. Could contain trunk remains.
LF8: Medium-to-fine tuffaceous sandstones with asymmetrical ripples: Planar or gradational base, asymmetri-
cal ripples present straight crest lines and are 2-5 cm in amplitude and 5-15 cm in wavelength. Ripples could 
preserve the lee and stoss side. Rare plant remains and Planolites traces on bedding surfaces.
LF9: Gravels and tuffaceous sandstones with convex-up top: Planar lower and upper contact with finer litho-
facies, tabular or double-wedge shape. Individual bodies are 0.2-0.7 m and 15-40 m in length. Strata can be 
massive, or they could contain parallel lamination and low angle cross bedding. Planolites and Skolithos fossil 
traces on bedding surfaces, and grey mottling.
LF10: Massive, medium-to-fine tuffaceous sandstones. Gradational to sharp base from other sandstone-domi-
nated lithofacies (e.g. LF8, LF6, LF5 is common). Preserved in upper reaches of set of strata with fining-upward 
trend or on top of multistory sandbodies. Massive appearance is due to the presence of near-vertical to hori-
zontal burrows and trails of Planolites, Palaeophycus and Skolithos.
LF11: Tabular, massive or laminated tuffs: Planar base, extension of thousand of meters with gradual variations 
in thickness. Strata are massive, but could contain parallel lamination, pumice clasts or tuffaceous fragments. 
Could show small trunks, plant remains, roots and desiccation cracks on bedding surfaces. Common Planolites, 
Skolithos, Palaeophycus fossil traces. Scattered to densely-packed, core-type accretionary lapilli beds, aggre-
gated are 3-7 mm in diameter or have oval shape.
LF12: Tabular, laminated tuffs with asymmetrical ripples: Planar base and tabular geometry, strata are finely 
laminated and contain straight-crest ripples of 0.5-1 cm in amplitude and 3-7 cm in wavelength. Organic debris 
and mudcracks can be found. Common Planolites, Skolithos, Palaeophycus and Taenidium fossil traces. 
LF13: Fine, massive tuffs with lenticular geometry: Planar base on tabular tuff beds. Strata are < 0.5 m thick 
and several meters width, composed by clay-sized particles and internally ungraded. Frequently interbedded 
with plane-laminated and low angle cross-bedded tuffs. Could contain pumice clasts and tuffaceous, outsized 
clasts.
LF14: Plane-laminated, fine tuffs with lenticular geometry: Planar base. Strata range from few cm to several 
tens of cm. Laminae is < 5 mm thick, but changes in the thickness laminae into the same strata are common, 
as well as inverse grading. Could contain pumice outsized clasts interbedded parallel to the planar lamination. 
Frequent low-angle truncations of laterally extensive laminae.
LF15: Low angle cross-bedded tuffs with lenticular geometry: Erosive or planar base. Sets are < 0.3 m thick 
and 1-3 m of lateral extent and present asymptotic base. Individual laminae are unstructured and ungraded, 
with gradational contacts between coarse and fine strata. Foresets dip less than 10º. Frequently Interbedded 
with massive or plane-laminated beds.

Volcaniclastic, cohesive debris flow: lahar. (Coussot and 
Meunier 1996, Dasgupta 2003). Bulking from initial tur-
bulent flow and rapid deposition from suspension (Smith 
and Lowe 1991). 

Inverse grading is due to kinematical sieving (Segschnei-
der et al. 2002) in a high-particle concentration flood-
flow. 

Migration of antidunes under upper-flow regime condi-
tions. (Alexander and Fielding 1997).

Hyperconcentrated flood flow, aggradation in upper-flow 
regime conditions developed in very shallow water depth 
(Tunbridge 1981, Tooth 1999).

Migration of low-relief bedlforms with high wavelength/
amplitude ratio. Upper flow regime (flash flood) or lower 
flow regime (downstream accretion of bedforms, Miall 
1996). Hyperconcentrated flood flow (Smith 1987a).

Migration of sinuous-crested dunes in mobile channels or 
infilling of scours (Bridge 1993a, Miall 1996, Todd 1996).

Migration of straight-crested dunes in mobile channels 
(Miall 1985) or avalanching processes in lateral, transver-
se or medial bars (Todd 1996).
Migration of small bedforms by dilute flows in lower flow 
regime with turbulent behavior. 

Transportation in dune to upper plane bed flow condition. 
Rapid deposition by deceleration of turbulent flows as a 
crevasse splay (Smith et al. 1989, Farrell 2001). Incipient 
paleosol development.
Disruption of the sediment by burrowing organisms due 
to exposition of braid-lateral-longitudinal bars during low-
stages flood flows or abandonment of channels.

Ash-fall deposits on extensive lowland areas (Cas and 
Wright 1987). Subaerial, inmature paleosol.

Reworking of ash-beds in ephemeral ponds. Subaqueous 
paleosol.

Reworking of pyroclastic material in fluvial channels. La-
minar flood-flow conditions (Dasgupta 2003).

Upper-flow regime conditions and high-bedload concen-
trations in fluvial channels (Tunbridge 1989, Bridge and 
Best 1997). Some beds represent very shallow (< 2 cm) 
water depth.
Hyperconcentrated flood flow (Smith 1987a). Migration of 
low-amplitude, long-wavelength dunes in ash-reworked 
fluvial channels (Zanchetta et al. 2004). Upper and lower 
flow regime conditions.

Lithofacies name and description              Interpretation

.
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and insect pupation chambers were iden-
tified. Patches of plane-laminated tuffs 
(lithofacies LF14) were found. Strata 
could also contain vertically-oriented rhi-
zoliths up to 0.3 m deep, pale grey mott-
ling or desiccation cracks on bedding 
surfaces. Rhizoliths (Klappa 1980) are 
frequently replaced by iron oxides with 
yellow-brown colour; they show grey and 
red rims with circular cross sections (Fig. 
4k). Paleosoils show no development of 
any typical or diagnostic horizon, but in 
the Sierra del Castillo and northward ex-
posures the presence of carbonate con-
cretions is relatively common (Bellosi et 
al. 2002). Interbedded sandstones and 
tuffs preserved in the Sierra del Castillo 
contain internal moulds of molusks of 
the Curbiculoidea Superfamily, and gas-
tropods that belong to Viviparidae Fa-
mily (Caenogastropoda) and to Physidae 
(Pulmonata) (Lazo et al. 2011).
Interpretation: The fine grainsize of ash 
particles suggests a distal volcanic sour-
ce for the pyroclastic materials (Walker 
1971). Their preservation as tabular, 
very extensive beds indicates a general 
low-relief floodplain environment. Pla-
ne laminations in tuff strata are due to 
primary deposition or they can reflect 
reworking by air currents or floods. The 
occurrence of accretionary lapilli is due 
to contemporary rains in the basin du-
ring pyroclastic ash-fall events (Fisher 
and Schmincke 1984); in distal volcani-
clastic environments it is a feature only 
preserved in the subaerial floodplain, due 
to destruction of non-welded ash-aggre-
gated particles by water (Cas and Wright 
1987). The rhizoliths evidence coloniza-
tion of the substrate during periods of 
reduced sediment supply; red and grey 
rims around the rhizoliths were formed 
as result of Fe- and Mn- depleted areas 
by fluctuating soil-moisture (Kraus and 
Hasiotis 2006). Common mottling of 
the bioturbated sediment and occurren-
ce of carbonate concretions also indicate 
fluctuation of the water table (Retallack 
1990). The lack of distinctive horizons in 
paleosoil profiles and pyroclastic parent 
material allows classifying the paleosoils 
as andisoils, entisoils or inceptisoils. The 

figure 4: Examples of lithofacies observed in the Castillo Formation. a) Massive, matrix supported strata 
(lithofacies LF1). Clasts that lack vertical gradation in sizes and show angular-to-rounded shapes. The pen is 
0.13m long. b) Massive, matrix supported strata (lithofacies LF1) in sharp, non-erosive contact with finely-
laminated tuffs (lithofacies LF12). The hammer is 0.3 meters long. c) Superimposed cycles of channel fill 
separated by erosional surfaces (indicated by dotted lines) as part of a multistorey, low-sinuosity sandbody 
(lithofacies association LA3). The lower packages are composed of coarse-grained sandstones with low-
angle cross-bedding (lithofacies LF5). The upper package is coarser-grained; it has a boulder-to-cobble 
basal lag containing tuffaceous clasts up to 20 cm in diameter and trunk fragments. The hammer (arrow) 
is 0.3m long. d) Trough cross-bedded tuffaceous sandstones (lithofacies LF6), observed in a normal view 
to the palaeoflow. Each side of the compass (arrow) is 8 cm long.  e) Parallel-laminated tuffaceous sands-
tones (lithofacies LF4) as part of the infill of a sheetflood complex (Lithofacies association LA4)covering 
interbedded coarse and fine tuffaceous sandstones (lithofacies association LA2). Note the lack of a basal lag 
and vertical variations in the thickness of laminae in the upper package. The coin is 13 mm in diameter. f ) 
Channelized sheet facies association (LA4) dominated by parallel-laminated sandstones (lithofacies LF4). g) 
Medium-grained sandstone bed of lobate geometry (lithofacies LF9) encased in poorly-exposed, tabular tuff 
strata (lithofacies LF11). The hammer is 0.30m long. h) Plane-laminated tuffacepus strata (lithofacies LF14) 
interbedded with low-angle cross-bedded tuffaceous beds (lithofacies LF15) in a poorly-channelized sheet 
facies association (LA6) representing the reworking of ash-fall strata. The strata have low-amplitude and 
high wavelength, with shallow scours at their bases. The hammer is 0.30m long. i) Tabular tuffaceous strata 
(LF11) associated with deposition in a distal floodplain environment (lithofacies association LA1). A person 
for scale (encircled). j) Densely-packed accrettionary lapilli in vitric tuffs, their cores are strongly altered by 
Fe-oxides (diagenetic). The coin is 13mm in diameter. k) Primary and low-order lateral root traces (rhizo-
liths) in grey, massive strata. Slightly decoloured drab haloes around roots represent Fe and Mn depleted 
areas. The coin is 13mm in diameter. l) Monoespecific cluster of back-filled, meniscate burrows attributed to 
Taenidium. The transversal section show near-cylindrical burrow shapes. The coin is 13mm in diameter. m) 
Pumice-rich tuffaceous strata from Las Pulgas area. The pumice fragments have been diagenetically altered 
and partially disaggregated. The coin is 13mm in diameter.  n) Low-relief, asymmetrical ripples with near-
straight crest lines on top of white, fine-grained ash strata (lithofacies LF12). The side of the compass in the 
upper right margin of the picture is 8 cm long.
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ocurrence of Taenidium isp. is attributed 
to the displacement of worms in dried 
substrates (Bromley 1990, Minter et al. 
2007), a process also evidenced by the oc-
casional occurrence of desiccation cracks 
on bedding surfaces. 
This lithofacies association mainly repre-
sents a subaerial floodplain environment, 
although subaqueous environments are 
inferred in tuffaceous strata that pre-
serve oscillatory or current ripples, coal 
fragments and fine organic debris. Such 
features were likely developed in poorly-
drained, ephemeral ponds, reflecting the 
formation of standing bodies of water la-
terally adjacent to the fluvial sandbodies. 
The single bioclastic association identi-
fied in Sierra del Castillo represents a very 
shallow, lacustrine environment (Lazo et 
al. 2011).

LA2. Thin-bedded sandstone and tuff 
alternations: proximal floodplain
Description: This lithofacies association is 
characterized by moderately-sorted, coar-

se to very-fine grained tuffaceous sands-
tones interbedded with silt- to clay-sized 
ash beds that represent less than 5% of  the 
thickness of  the measured sections (see 
below). Tuff  strata that integrate this litho-
facies association are tens of  centimetres 
thick and show tabular appearance, they 
are generally massive due to intense bu-
rrowing by Planolites or Skolithos, or they 
could contain parallel-lamination (lithofa-
cies LF11). The coarser-grained compo-
nent ranges from 10 cm up to 80 cm thick, 
mostly forming fining-upward sequen-
ces of  parallel-laminated or cross-bedded 
strata (lithofacies LF4, LF5, LF6, LF9; Ta-
ble I) with occasional preservation of  as-
ymmetrical ripples at their tops (lithofacies 
LF8) and burrowing (lithofacies LF10). 
The sandstone and tuff  alternations occur 
in three distinctive arrangements: (a) tuffa-
ceous sediments and sandstone bodies can 
display a sheet-like geometry with medium 
to fine-grained sandbodies of  plane ba-
se and convex-upward top (Fig. 4g), inte-
grated by lithofacies LF4, LF5, LF8, and 

rarely by lithofacies LF1, (b) thinly lami-
nated (1 cm to 10 cm) alternations of  non-
erosive, sheet-like sandstone (lithofacies 
LF4, LF8) and tuff  alternations that thic-
ken-upward in vertical sections, and (c) ta-
bular tuff  beds (lithofacies LF11) locally 
dissected by coarse to fine-grained sands-
tones with erosive, concave-upward basal 
boundary and ribbon geometry, integrated 
by lithofacies LF5, LF4 and rarely by litho-
facies  LF1.
Interpretation: A proximal floodplain en-
vironment is inferred due to the alter-
nation of fine-grained lithologies, the 
small scale of the interbedded sandsto-
ne bodies and their spatial association 
with fluvial channels (Fig. 5b and Fig. 6). 
The deposition of silt- to clay-sized ash 
beds occurs from suspension in a low-
energy environment as a result of pri-
mary pyroclastic deposition, or by later 
reworking by water during floods. Some 
fine-grained tuffs can also be provided 
by air-currents. The interbedded sands-
tone strata reflect periods of increased 

figure 5: Detailed sedimentological logs of  the Castillo Formation, with indication of  lithofacies and lithofacies associations. a) Detailed outcrop section of  the Castillo 
Formation at Tronador Canyon (Region 1). Notice the fine grainsize of  the Castillo Formation and the lack of  well-developed sandstone beds. b) Detailed outcrop section 
of  the Castillo Formation from the Sierra del Castillo anticline. c,d) Detailed stratigraphic logs of  the Castillo Formation in the Sierra Silva anticline. Deeply bioturbated, 
fine-grained ash beds are randomly interbedded with coarse-grained sandbodies that represent low-sinuosity fluvial channel deposits, sheetflood deposits or mudflow 
deposits. See Fig. 3 for location of  the stratigraphical sections and references.
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sediment supply to the floodplain, likely 
associated to floods. Lobate bodies were 
deposited from unconfined flows during 
high-discharge events (Smith et al. 1989) 
as crevasse-splays. Massive sandstone al-
so evidences rapid deposition. Thinly la-
minated sandstone and tuff beds repre-
sent overbank sedimentation, in which 
coarsening-upward successions reflect 
the increase in the involved flows arri-
ving at a low-energy environment (Smith 
et al. 1989), and fining-upward trends are 
related to the increase in the distance to 
a main fluvial channel or the gradual de-
crease in the flow conditions ( Jones and 
Hajek 2006). Scoured-based sandbodies 
are interpreted as crevasse channels, for-
med as a result of the crevassing of a ma-
jor river channel (Coleman 1969, Mjos et 
al. 1993, Farrell 2001)

LA3. Cross-stratified, sheet-like sand-
stones and conglomerates: low-sinuo-
sity and braided fluvial channels
Description: This lithofacies association in-
cludes poorly-sorted conglomerates and 
very coarse- to fine-grained sandstone 
beds that conform ungraded or fining-
upward successions up to 9.5 m thick. 
The base of  this lithofacies association is a 
channel-shaped scour surface upon which 
pebble to cobble-sized clasts up to 20 cm 
are concentrated. The infill of  this lithofa-
cies association either consist of  a unique 

channel fill succession with 1-2 m thick 
and 30-80 m wide, or a number of  nes-
ted channel fills that are up to 9.5 m thick 
and ~ 230 m wide, separated each other by 
scour surfaces (Fig. 4c). Strata are poorly-
sorted, and contain mainly low-angle and 
trough cross-beddings (Fig. 4d) (LF5 and 
LF6, respectively), parallel-lamination (li-
thofacies LF4) and minor planar cross-
bedding (lithofacies LF7). At the base, 
lithofacies LF1 can be found. Upper rea-
ches of  the sandbodies can contain trails, 
root traces, mottling and burrows (litho-
facies LF10). Burrows are simple, and un-
branched. They have unlined walls and 
show massive or meniscate fills. Paleocu-
rrent measurements in single channel fills 
are unimodal and generally show low dis-
persion (< 30 % around the main vector).
Although many sandbodies lack of  clear 
macroscale inclined strata set (sensu Brid-
ge 1993b), two main types of  large scale 
low-angle-inclined bounding surfaces we-
re identified in normal views to the pa-
leocurrent directions of  channel-fills. (i) 
The most common type consists of  se-
veral inclined surfaces (<10°) up to 0.5 m 
thick and 20 m wide  defining sandstone 
bodies of  lobate geometry, preserved on a 
single margin of  the channel-fills (Fig. 7), 
with low-angle dips (<30°) to associated 
cross-bedded structures; and (ii) convex-
upward bounding surfaces up to 1.2 m 
thick and 25 m wide, that dip in opposite 

direction toward adjacent channel-fills on 
both sides; large-scale bounding surfaces 
have high-angle dips (>65) to the paleocu-
rrents obtained from the channel-fills. 
Interpretation: The occurrence of  fluvial 
channel bars and fill is interpreted becau-
se of  the presence of  a concave-upward 
basal surface, lenticular to sheet-like geo-
metries, a coarse-grained infill that fines 
upward, unidirectional paleocurrents, 
and the lack of  marine or lacustrine fos-
sils. Most of  the infill of  the channels 
evidences the migration of  subaqueous 
dune forms, such as 3-D dunes (lithofa-
cies LF6), 2-D dunes (lithofacies LF7) 
and low-relief  duneforms (LF5). Inter-
bedded strata containing parallel-lamina-
tion (lithofacies LF4) are suggestive of  
increasing discharge conditions, and se-
diment transportation in upper flow regi-
me conditions during floods. The stages 
of  increased sediment supply are also evi-
denced from the occurrence of  matrix-
supported conglomerates and sandsto-
nes (lithofacies LF1). Trails and burrows 
on top of  the channel-fills are consistent 
with the final abandonment of  the fluvial 
channel and the formation of  a tempora-
lly, very shallow water body. 
The infilling styles of  the fluvial chan-
nels allow us to recognize (i) single-thread 
channel fills, interpreted due to the lack 
of  internal erosion surfaces and the uni-
formity of  cross-sets of  the channel fills 

figure 6: Features of the proximal floodplain and fluvial channel lithofacies associations. Thickening-upward alternation of tuffaceous strata and fine-grained 
sandstones (lithofacies association LA2) below a multi-storey, low sinuosity fluvial channel (lithofacies association LA3). Notice the sharp basal surface of the 
overlying sandbody and the alternation of bioturbated, fine-grained sandstones with ash-fall strata. Each storey of the multistorey channel fill is indicated by 
dotted lines. Flow is from right to left. The width of the picture is 30m.
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(Lunt et al. 2004), and (ii) multi-storey and 
multilateral channel fills, that show well 
defined basal and internal erosional sur-
faces, vertical stacking of  fining-upward 
cross-sets, and channel dimensions that 
reflect lateral shifting and reoccupation of  
channels that were significantly narrower 

than the resulting channel sandbody. 
The fluvial channel lithofacies associa-
tion can also be characterized by its in-
ternal architecture in (i) low-sinuosity 
fluvial channels, interpreted due to the 
preservation of downstream migrating 
macroforms located in the margin of the 

active channel fills and low paleocurrents 
spread in individual channels, that su-
ggest relatively straight flow paths, provi-
ding evidence for the low sinuosity of the 
channels (Bridge et al. 2000). The absence 
of lateral accretion surfaces also implies 
that the channels were laterally stable 

figure 7: Schematic representation of a 
multi-storey, low-sinuosity fluvial chan-
nel (Codo del Senguerr anticline sec-
tion). The lower packages show several 
large-scale inclined surfaces at bases of 
coarse-grained stories that fine upward. 
The upper part of the channel fill shows 
a slightly aggrading, single-channel stage 
with well developed alternate bars (AB) 
and finer grainsize. Paleoflow reading is 
represented by encircled arrows. The nor-
th is at the top of the figure. The detailed 
vertical section (inset) shows a typical 
lithofacies succession of the fluvial chan-
nel lithofacies association.

figure 8: Line drawing of  
a sheetflood complex (Co-
do del Senguerr anticline 
section). Individual laminae 
can be traced laterally for 
meters, and they can be asso-
ciated with low angle cross-
bedding. Low relief, scour 
surfaces separate packages 
with differences in grainsize 
and internal arrangement of  
sedimentary structures. Note 
the low dispersion in the pa-
leocurrent. The detailed ver-
tical section (inset) shows a 
typical lithofacies succession 
of  the sheetflood deposits.
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(Bridge 2003), or that the regional depo-
sitional dip was relatively important. Se-
condly, (ii) braided channels, interpreted 
by the identification of laterally adjacent 
channel fills with convex-upward, large-
scale inclined strata, interpreted as braid 
bars (Bridge 2003). Braided sandbodies 
represent a minor proportion of the flu-
vial channel lithofacies association.

lA4. parallel-laminated conglomera-
tes and sandstones: sheetfloods
Description: This lithofacies association 
is composed of coarse to fine-grained 
sandstone beds that are up to 2.5 m thick 
and 600 m wide. The basal surface can be 
either a scour surface covered by pebble-
sized clasts, or a nearly flat surface that 
lacks of a basal lag (Fig. 4e and Fig. 4h). 
Commonly associated lithofacies inclu-
de coarse- to medium-grained sandstone 
beds with horizontal lamination (litho-
facies LF4) and low-angle cross bedding 
(lithofacies LF5) on scour surfaces (Fig. 
8). Massive, coarse-grained lenses cons-
tituted by fine gravel clasts (lithofacies 
LF1) or isolated, outsized pebble clasts 
can be found. Most of the sandstone stra-
ta are finely laminated, with differences 
in grainsize between laminae and they 
could contain very-low angle scour sur-
faces that separate packages where indi-
vidual laminae can be traced laterally by 
several meters (Fig. 4f). Paleoflow direc-
tion shows very low dispersion of mea-
surements (StD<15°). Locally, convolu-
te lamination and carbonate concretions 
were observed. Most of the sheet-like 
sandbodies (sensu Friend et al. 1979) de-
velop scouring at the bases and margins, 
and have a width/thickness ratio bet-
ween 50 and 100; but thinner sandbodies 
can be broad sheets (Gibling 2006) of 
plane base with a width/thickness ratio 
of up to 200. Commonly, there are bu-
rrows in the upper part of the sandbodies 
(lithofacies LF10).
Interpretation: Sheetflood deposits record 
the flashy nature of the discharge of the 
fluvial system, through deposition of 
unchannelized flood waters across the 
alluvial plain (Friend 1983, Graf 1988). 
The dominance of horizontal lamina-

tion in the infill reflects dominant bed-
load transport (Hampton and Horton 
2007), the occurrence of shallow, high-
energy flow conditions, and vertical ag-
gradation of the substrate (McKee et al. 
1967, Tunbridge 1981). The transporta-
tion of particles took place in an upper-
to-transitional flow regime during high-
discharge events (Fielding 2006) with 
minor reworking and generation of lower 
flow regime structures (lithofacies LF5) 
during waning flows. The lack of other 
typical sedimentary structures of lower 
flow regime (e.g. asymmetrical ripples) is 
due to the general coarse grainsize of the 
deposits (> 0.7 mm), but it could also be 
due to high concentration of coarse ash 
fragments carried in suspension into the 
flow, which could suppress the flow sepa-
ration and reduce the turbulence (Allen 
and Leeder 1980, Bridge and Best 1997). 
Soft-sediment deformations indicate ra-
pid dewatering, probably due to quick 
accumulation of the sand (Allen 1977). 
Most of their features are preserved in 
actual ephemeral fluvial systems in arid 
(Bromley 1991, Tooth 2000) or semi-arid 
(Turbeville 1991) regions.

lA5. massive conglomerates and 
sandstones: subaerial debris-flow de-
posits
Description: This lithofacies association is 
composed by cobble to pebble-sized tuffa-
ceous conglomerates and sandstone beds 
up to 3.5 m thick and 100 meters wide, but 
most of  them are less than 1 m thick and a 
few tens of  meters wide. They frequently 
have a slightly irregular to planar base (Fig. 
4b). The infill of  these sandbodies is ma-
trix supported, it has a bimodal grainsi-
ze distribution and could show slightly 
fining-upward trends. The matrix is com-
posed of  fine to medium-grained tuffa-
ceous sandstones; larger clasts consisting 
of  variably-rounded gravel clasts ranging 
in size from 0.5 to 10 cm. They lack any 
preferred orientation (Fig. 4a) or they can 
be slightly imbricated, sometimes found in 
upper reaches of  the sandbodies. Most of  
the strata are constituted by massive con-
glomerates (lithofacies LF1) or inversely 
graded (lithofacies LF2) conglomerates 

and sandstones; few sandbodies preserve 
parallel-laminated sandstones (lithofacies 
LF4) and low-angle cross bedding (litho-
facies LF5) on top. Trails, vertical burrows 
and mud cracks are also common on up-
per reaches (lithofacies LF10).
Interpretation:  Poor sorting, coarse grain-
size, massive appearance and general lack 
of  current structures evidence transpor-
tation and rapid deposition (Smith 1987a, 
Smith 1991) from a cohesionless, subae-
rial debris-flow (Nemec and Steel 1984). 
The small scale of  the involved sandbo-
dies, coarse grainsize and internal features 
are consistent with the transportation in a 
gravity-driven catchment, suggesting a lo-
cal source of  detritus and the reworking 
of  pyroclastic material as a result of  hea-
vily sediment-laden stream floods. High 
concentration of  particles in the flow 
avoids the development of  structures ty-
pical of  dilute flows (e.g. ripples and cross 
bedding) due to suppressed turbulence in 
the flow (Fisher 1971, Martin and Turner 
1998). Dilution by stream water is inter-
preted by the occurrence of  current struc-
tures (Alexander and Fielding 1997) and 
finer lithologies upward (Fig. 5d). Mud 
cracks record desiccation of  the bed surfa-
ce after flood events (Collinson 1996).

LA6. Lenticular tuffs: reworked ash-
fall beds
Description: This lithofacies association 
consists of  isolated lenses of  clay to fine-
grained reworked tuff  beds that are up to 
0.7 m thick and 15 m wide. Its deposits are 
interbedded with packages of  tabular tuffs 
of  tens of  meters thick (LA1 lithofacies 
association). Erosively-based, these litho-
facies show poorly defined lateral bounda-
ries with deposits of  LA1. Massive appea-
rance of  fine-grained particles is the most 
common feature (lithofacies LF12), with 
random alignment of  variably-rounded 
tuffaceous or (rarely) pumice clasts of  up 
to 1 cm in size (Fig. 4m). Parallel laminated 
reworked tuffs (lithofacies LF13) and low-
angle cross-bedded reworked tuffs (litho-
facies LF14) can be found in low propor-
tion in the infill.
Interpretation: Massive strata suggest en 
masse sedimentation (Best 1992). Para-
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llel-laminated strata and low-angle cross-
bedding are produced by vertical aggrada-
tion of  the substrate during transitional to 
upper flow-regime stages in fast-flowing, 
shallow waters (Smith and Lowe 1991). 
The fine-grained size characteristic and its 
relation to association LA1 are suggestive 
of  local reworking of  ash-fall beds during 
heavy rains in small-scale depressions of  
the floodplain.

SPACIO-TEMPORAL 
VARIABILITY

The seven study locations selected for this 
study of  the Castillo Formation in the San 
Bernardo Fold Belt cover ca 150 km in a 
N-S direction (Fig. 1). Along this belt the 
Castillo Formation shows a systematic 
southward increase in its thickness (Fig. 3). 
Although the overall proportion of  coar-
se-grained lithofacies associations (LA3 + 
LA4 + LA5 + LA6) is quite similar among 
the study locations (Fig. 9a), there are sys-
tematic variations in their relative propor-

tion among them (Fig. 9b). Except for the 
sheetflood complexes, the sandbodies in-
crease their thickness southwards (Fig. 10). 
On the other hand, log-log plots of  W/Th 
data of  coarse-grained sandbodies from 
three selected study locations show no sig-
nificant changes in the averaged external 
shape, and further analysis of  these values 
will be given below.
The interpretation of  the spatial organi-
zation of  lithofacies associations and the 
thickness of  fluvial sandbodies have been 
integrated into an overall depositional mo-
del. The reworking of  pyroclastic particles 
took place mainly in a low-gradient fluvial 
basin, with several varieties of  fluvial san-
dbodies; coeval lacustrine facies should be 
mainly preserved in the subsurface of  the 
basin (e.g. Uliana and Legarreta 1999, He-
chem and Strelkov 2002). 
At the northern basin-margin exposures 
(Region 1: Tronador Canyon) the succes-
sion is dominated by amalgamated ash-fall 
beds (LA1) that were deeply burrowed in 
subaerial conditions, with extreme con-

densation of  the sedimentary record and 
the lack of  coarse-grained lithofacies asso-
ciations (Fig. 8a). 
The occurrence of  small-scale sandbodies 
mainly associated to debris-flows (LA5) 
or sheetflood processes (LA4) as tho-
se mainly preserved in the northern part 
of  the study area (Region 2: Sierra Neva-
da and Sierra del Castillo anticlines) (Fig. 
9b)  is indicative of  variable and episodic 
delivery of  water and volcaniclastic parti-
cles in a poorly-integrated network of  flu-
vial channels. Such processes of  fluvial re-
sedimentation occurred probably during 
short-lived periods of  seasonal, high-dis-
charge events. Thus, the highly changing 
behaviour of  the fluvial system in these 
study locations is likely a response to tem-
poral variability in precipitations, which fa-
vours the development of  a channel net-
work that is not in equilibrium with their 
slopes or discharge conditions. Fully lacus-
trine conditions were infrequent, but ocas-
sionally occurr.
A quite similar situation can be interpreted 

figure 9: a) Spatial variation in proportion 
to the lithofacies associations of  the Castillo 
Formation. The proportion of  coarse-grai-
ned sandbodies (LA3+LA4+LA5+LA6) 
and proximal floodplain deposits (LA2) is 
quite similar along different areas, with the 
exception of  the northern basin-margin 
location (Region 1), where only deposi-
tion of  ash-fall strata (LA1) is preserved. 
b)  Spatial changes in the proportion of  
coarse-grained sandbdodies of  the Casti-
llo Formation from exposures at the ba-
sin margin (Region 1) to the southern San 
Bernardo Fold Belt (Region. 4). Data show 
dominance of  sub-aerial mudflow deposits 
(LA5) and sheetflood deposits (LA4) in 
low-subsidence areas (e.g. Region 2), and 
dominance of  low-sinuosity fluvial sand-
bodies (LA3) in southern study locations 
(e.g. Region 4), where higher subsidence 
rate values occurred. In intermediate study 
locations (e.g. Region 3) there is a tripartite 
subdivision of  fluvial styles.
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for the fluvial system preserved in areas 
of  increasing subsidence (Region 3: Sie-
rra Silva and Las Pulgas anticlines) due to 
the common occurrence of  subaerial de-
bris-flows (LA5) and sheetfloods (LA4). 
However, the increase in the proportion 
of  low-sinuosity fluvial channels (LA3) 
and the larger scale of  the coarse-grained 
sandbodies suggest a more integrated dra-
inage network.
The fluvial succession preserved at the 
southernmost part of  the San Bernardo 
Fold Belt (Region 4: Papelía and Codo del 
Senguerr anticlines) was preserved in an 
area of  higher relative subsidence. Sub-ae-

rial debris-flows are absent and sheetflood 
deposits are scarcely represented (Fig. 9b); 
most of  the fluvial channels are of  low-
sinuosity and they evidence the develop-
ment of  a perennial and well-integrated 
network of  channels probably draining 
larger catchment areas located westward.

CONTROLS ON THE 
SEDIMENTARY 
EVOLUTION

Changes in the characteristics of  the Cas-
tillo Formation are related to the variable 
importance among four main controls: 

tectonics, base level changes, climate and 
pyroclastic supply. 
Tectonics: The deposition of the Castillo 
Formation has been produced during a 
period of reduced tectonic activity, which 
is evidenced by the dominance of cake-
layer successions and gradual thickness 
variations at regional scale (Fitzgerald et 
al. 1990, Fig. 2). However, the tectonic 
control occured due to the identification 
of high-angle, synsedimentary normal 
faults in the subsurface (Figari et al. 1999, 
Cayo et al. 2011, Paredes et al. 2013) and at 
outcrops. The synsedimentary faults ob-
served in the Codo del Senguerr anticli-

figure 10: Comparative plots for different types of  coarse-grained sandbodies (LA3, LA4, LA5 and LA6) of  the Castillo Formation among studied locations. Statistical 
variations are presented as box diagrams. Following convention, the box defines the area between the 25th and 75th percentiles and the centre line represents the median. 
For a population with less than 4 points, the box is omitted and the centre line represents the median (n=3) or maximum thickness (n=1). Except for the sheetflood 
complexes, the sandbodies show an increase in their thickness in the southern exposures. Braided fluvial channels are extremely rare in the unit.
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ne are high-angle (> 70°) normal faults 
with Az of 120-145° and a dip-slip dis-
placement of tens of centimetres to a few 
meters (Fig. 11). The normal faults show 
thickness variations across fault planes, 
upward reduction in the dip-slip displa-
cement, and the presence of small-scale 
domino-faults with displacement of a few 
centimetres. Paleocurrent measurements 
in the Codo del Senguerr anticline show a 
consistent paleoflow direction toward the 
southeast (mean: 117°, n=1487; StD=16°), 
parallel to the orientation of the Early 
Cretaceous normal faults mapped in the 
subsurface of surrounding areas (Homo-
vc et al. 1995), suggesting the occurrence 
of tectonically controlled, longitudinal 
valleys. The strong positive inversion of 
the San Bernardo Fold Belt and extensive 
flood basalts of Neogene age avoid fur-
ther analysis of tectonic controls on the 
sedimentation at outcrops.
Base-level changes: Major relief at the base 
of multi-storey systems and the presence 
of mature interfluve paleosoils are com-
monly considered to be strong evidence 
for significant base-level falls and the 
presence of sequence boundaries  (Van 
Wagoner et al. 1990). Neither feature has 
been identified in the analyzed outcrops; 
the lack of significant coeval lacustrine 
successions also prevents the analysis 
of basinward facies shift. Based on the 
section of Cerro Colorado de Galveniz, 
Umazano et al. (2012) identified three de-

positional system tracts in the Castillo 
Formation following the criteria propo-
sed by Legarreta et al. (1993) to relate ba-
se-level shifts using the vertical variation 
in the proportion of channel belts and 
floodplain fines, and defining “forestee-
ping”, backsteeping” and “aggradatio-
nal” system tracts (sensu Legarreta et al. 
1993). Although this approach is valid for 
fully continental succesions, its applica-
bility using a single section is speculative 
and the results can be of local character, 
with no relation to contemporary base-
level shifts.
Mid-Cretaceous climate: The influence of the 
climate has been commented above in 
the development of the depositional mo-
del of the Castillo Formation. Additiona-
lly, data from this study can be integrated 
to the sparse data of the Mid-Cretaceous 
climate of the Golfo San Jorge basin in 
Central Patagonia. The Lower Creta-
ceous Matasiete-Pozo D-129 depositio-
nal system shows some evidences that 
point to a semiarid environment, such 
as the presence of Classopolis pollen, the 
common occurrence of oolitic grainsto-
nes and Botryococcus-like algal forms in the 
lacustrine facies (Hechem et al. 1987; Van 
Nieuwenhuise and Ormiston 1989). The 
presence of vertisoils and the abundan-
ce of carbonate concretions in floodplain 
facies of the Matasiete Formation (Pare-
des et al. 2007) also point to a semi-arid 
environment. In contrast, studies in the 

overlying Lower Bajo Barreal Formation 
(Archangelsky et al. 1994) evidence hu-
mid, continental mild to warm climate 
during Late Albian-Cenomanian. Simi-
lar conditions have been also reported 
from the southernmost areas of Patago-
nia in the Late Albian-Cenomanian Ka-
chaike Formation (Barreda and Archan-
gelsky 2006). Those studies evidence that 
during the mid-Cretaceous a climatic 
shift from semi-arid environments to 
more humid conditions occurred in the 
Golfo San Jorge basin and surrounding 
areas of Southern Patagonia. A compa-
rative analysis of the fluvial architecture 
of the Matasiete and Castillo Formations 
shows a noticeable reduction in the thic-
kness and lateral extent of fluvial sandbo-
dies of the Castillo Formation (Paredes 
et al. 2007, their fig. 10) and the ending of 
regional lacustrine deposition. Reduction 
in the sediment supply and discharge of 
the fluvial systems could be interpreted as 
a response to the Mid-Cretaceous clima-
tic variation from semi-arid to more hu-
mid conditions (Schumm 1968, Schumm 
1993), probably related to changes in the 
type of vegetation with increasing preci-
pitation (Langbein and Schumm 1958).
Pyroclastic supply: Delivery of a large volu-
me of pyroclastic particles during erup-
tions and resedimentation processes of 
such particles are major control on the 
characteristics of volcaniclastic succes-
sions preserved close to volcanoes (e.g. 

figure 11: Synsedimentary faulting during the deposition of  the Castillo Formation. a) High-angle, synsedimentary normal fault. The geologist is 1.90m tall. Note the 
vertical reduction in fault displacement and the changes in thickness across the fault plane. b) Small-scale domino fault system preserved in the fault zone of  a major 
extensional fault. The pen is 0.14m long.
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volcaniclastic aprons). It is generally as-
sumed that rates of pyroclastic supply are 
high enough to impose major changes in 
the nature of the fluvial system, as can be 
the occurrence of braided channels du-
ring syn-eruptive or early inter-eruptive 
stages (Vessell and Davies 1981, Smith 
1987a, Smith 1987b, Smith 1991, Best 
1992, Nakayama and Yoshikawa 1997, 
Kataoka and Nakajo 2002). In the Gol-
fo San Jorge basin, the two-stage model 
first proposed by Smith (1991) has been 
tested by Umazano et al. (2008a) and 
Umazano et al. (2012); in their studies 
they have found no systematical relations 
between channel patterns or fluvial styles 
and the occurrence of inter-eruptive and 
syn-eruptive stages, evidencing a non-
predictable behaviour of the fluvial sys-
tem with volcanic activity. A distinctive 
feature of the Castillo Formation is the 
unusual occurrence of braided channels, 
being only recognized in the southern-
most part of the study area (e.g. Region 
4) as a subordinate style. Scarcity of brai-
ded channels implies that the deposition 
of pyroclastic particles as ash-fall mate-
rial delivered to fluvial channels never 
exceeded the in-channel threshold for 
aggradation, suggesting an equilibrium 
between the rate of pyroclastic supplies 
and the rate of aggradation during erup-
tions. Furthermore, volcaniclastic units 
in distal environments that contain brai-
ded channels could not have a direct rela-
tion with the activity of volcanic centres, 
because the aggradation and supply of 
ash to the receiving basin could have oc-
curred long time after the ending of the 
eruptive event, so the braided style could 
have no temporal relationship with erup-
tions. Facies studies in the Castillo For-
mation (Umazano et al. 2012) advocated 
the occurrence of debris flow processes 
to the collapse of volcanic edifices, re-
movilization of primary pyroclastic de-
posits by intense rains or snow melting. 
Our data indicate that debris-flow depo-
sits of the Castillo formation are domi-
nant in the unit toward the north of the 
study area (Fig. 9b), where they mainly 
occur in small-scale channels (Fig. 10), 
with no evidence of a large-scale draina-

ge network that could transport detritus 
from the Andes, located up to 190 km 
westward. From this, we consider that 
most of the debris-flow deposits are asso-
ciated with local sources, inference that is 
consistent with the lack of welded ignim-
brites or any other evidence of transpor-
tation-removilization of particles by hot 
(pyroclastic) flows. Although there are 
several papers (Mothes et al. 1998, Man-
ville et al. 2009) that have demonstrated 
the transportation of volcaniclastic par-
ticles by a mixture of dusty gas and hot 
water for distances up to 100 kilometers 
from the source, the transpotation of 
particles in hot conditions has not been 
proven, and the inferred relief of the vol-
canic arc coeval with deposition of the 
Castillo Formation should be significa-
tively lower to those analized by Mothes 
et al. (1998), where volcanic ediffices are 
about 3,000 m above sea level. Thus, in 
spite of the importance of the volcani-
clastic participation in the composition 
of the floodplain and channel infill, a di-
rect link between the activity of the vol-
canoes in the Andes and the dynamics of 
the fluvial system is still unproved. We 
advocate the idea that the occurrence of 
extensional tectonics coeval with deposi-
tion of the Castillo Formation has favou-
red the creation of intrabasin highs that 
promote processes of removilization of 
volcanic particles in small-scale, partially 
isolated basins bounded by local thres-
hold, as has been demonstrated by Cayo 
et al. (2011) and Paredes et al. (2013) in the 
subsurface of the basin. In this scenario, 
intense rains favoured reworking of coar-
se grained particles in small-scale chan-
nel belts (Fig. 12). The field information 
collected during this research does not 
support regional drainage systems that 
directly transport volcaniclastic particles 
from proximal volcaniclastic sources.

Application to hydrocarbon explora-
tion
Integration of 3-D seismic surveys, well-
logs and cores allows us to cover diffe-
rent scales of observation of geological 
features during exploration and the de-
velopment of oil fields. 3-D seismic da-

ta can provide detailed images of the 
planform geometry of fluvial channels 
(e.g. Posamentier et al. 2007, Ethridge 
and Schumm 2007).  Electric well logs 
and cores allow a reliable recognition of 
drilled sandstone bodies, their internal 
heterogeneities, vertical arrangement of 
lithofacies and lithofacies associations, 
and petrophysical data. However, to de-
fine the volume of hydrocarbons that can 
be recovered from a single reservoir; the 
real lateral extent of the potential reser-
voir must be obtained from seismic data 
or from the analysis of correlatable out-
crop sections.
The Castillo Formation is currently a ris-
ky hydrocarbon reservoir in the Golfo San 
Jorge basin. Uncertainty is due to the pre-
sence of  oil-bearing reservoirs that are 
about 3 m thick, below the available ver-
tical resolution of  seismic surveys (~ 20 
m), and by the abundance of  volcaniclastic 
particles in channel sandbodies and floo-
dplain areas, making it difficult for us to 
identify the reservoirs using electric well-
logs. Another intrinsic source of  uncer-
tainty is due to the lateral extent of  the po-
tential oil-bearing reservoirs, which are 
mainly smaller than 215 metres (Fig. 10, 
Fig. 13). Such a limited lateral extent avoi-
ds a reliable correlation of  potential re-
servoirs between well logs of  productive 
wells, which are frequently separated 250-
300 m from each other; but on the other 
hand this implies that a large number of  
coarse-grained volcaniclastic sandstones 
has not been drilled yet using the current 
well-to-well separation.
Published data on the dimensions of the 
sandstone bodies of the Castillo Forma-
tion correspond to Bridge et al. (2000) 
and Umazano et al. (2012). The former 
authors analyzed the southern side of 
the Senguerr river elbow identifying sin-
gle and multi-storey, low-sinuosity sand-
bodies draining to the SE (125º) with a 
mean thickness of 3.62 m, a mean lateral 
extent of 176 m and a mean W/Th ratio 
of 53 (n=27). Umazano et al. (2012) provi-
ded average thickness values of channel 
belts from Cerro Colorado de Galveniz 
(n=19; Average Th= 2.73 m) and Caña-
dón Puerta del Diablo (n=11; Average 
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Th= 1.86 m). The average data from mea-
sured sandbodies at Codo del Senguerr 
anticline indicate a mean thickness of 
2.89 m (StD= 1.59 m); the mean lateral 
extent of the sandbodies is 114 m, with 
StD of 101 m (n=86). The W/Th ratio 
of these sandbodies evidence that most 
of the fluvial channels are narrow sheets 
(Gibling 2006) with an average W/Th ra-
tio of 42 and an StD of 38 (Paredes 2009). 
The W/Th data compilated in this study 
from the outcrop sections exposed in di-
fferent geographical and geological areas 
of  the basin (e.g. Region 2 to Region 4) 
show that although there are clear chan-
ges in the infill styles of  fluvial sandbo-
dies, their average W/Th ratio does not 
change significantly, having mean values 
around 40-47 in the studied locations 
(Fig. 13). Such relations, although limi-
ted to the analysis of  a few hundred flu-
vial sandbodies and with the shown sta-
tistical variations, are the first quantitative 
data obtained from outcrops and could 
help to define more accurate prediction 
of  efficient well spacing, improving capi-
tal investment projections and field eco-
nomics.

CONCLUSIONS

The Albian Castillo Formation of  the 
Golfo San Jorge basin in the San Bernar-
do Fold Belt represents the distal rewor-
king of  volcaniclastic particles from the 
Andes in a fluvial basin. About 3.500 m of  
detailed measured sections and 284 des-
criptions of  fluvial channels were carried 
out in seven main study locations that in-
clude exposures from the northern basin-
margin to the most complete exposures 
at the southernmost San Bernardo Fold 
Belt, covering ca 150 km in an N-S direc-
tion. The fluvial succession comprises fif-
teen lithofacies that were integrated in six 
main lithofacies associations: (i) subaerial 
floodplains and ponds; (ii) proximal flood-
plain deposits; (iii) low-sinuosity and brai-
ded fluvial channels; (iv) subaerial debris-
flow deposits; (v) sheetflood deposits; (vi) 
reworked ash-fall beds. 
Depending on the differential subsiden-
ce of  the basin, the spatial variations in 
the proportion of  the recognized lithofa-
cies associations and the thickness of  the 
coarse-grained sandbodies, four main Re-
gions can be identified (named 1 to 4). At 

the northern basin-margin (Region 1) the 
31-m thick section consists of  an aggra-
dational succession of  fine-grained ash-
fall beds with presence of  core-type ac-
cretionary lapilli, variable pedogenesis 
and the lack of  coarse-grained deposits, 
reflecting condensation of  the sedimen-
tary record. In areas proximal to the nor-
thern basin-margin (Region 2) the succes-
sion is less than 300 m thick and consists 
mainly of  small-scale subaerial debris-
flow deposits and sheetflood deposits, 
evidencing a poorly integrated network 
of  channels and a great variation in dis-
charge. In the southern areas (Region 3) 
the unit is 300-500 m thick and it is cha-
racterized by thicker fluvial sandbodies, 
where alternation of  subaerial debris-
flow deposits, sheetflood deposits and 
low-sinuosity fluvial channels reflects a 
highly variable fluvial dynamics. In areas 
of  high-subsidence at southern San Ber-
nardo Fold Belt (Region 4) the unit is up 
to 800 m thick and the fluvial sandbodies 
are of  low-sinuosity style, mainly single or 
multi-storey, as part of  a well integrated 
drainage network, in which great varia-
tions in discharge are evidenced by sheet-

figure 12: Conceptual cartoon showing the depositional model of  the Castillo Formation in the San Bernardo Fold Belt. Ash fall beds provided from the Andean Ranges 
were reworked in a low-gradient fluvial basin that shows an increase in contemporary subsidence in the southern part of  the study area. Volcaniclastic resedimentation 
processes were mainly related to small-scale, subaerial mudflows and sheetfloods in areas of  low subsidence (e.g. Region 2), and to low sinuosity fluvial channels of  larger 
scale and sheetfloods in areas of  higher subsidence (eg. Region 4). General direction of  paleoflow in study locations is indicated by arrows.
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flood deposits.
Analyzed sections of  the Castillo Forma-
tion are outcrop analogs of  the oil-bea-

ring succession preserved in the subsur-
face of  the basin. The detailed data set of  
thickness and real width obtained from 

channels and channel belts show predic-
table patterns of  change in the thickness 
and lateral extent of  the coarse-grained 

figure 13: Log-Log width to thickness ratio (W/Th) plots for different types of  coarse-grained sandbodies from Region 2 (Sierra del Castillo anticline), Region 3 (Sierra 
Silva anticline) and Region 4 (Codo del Senguerr anticline). Statistical variation of  thickness, real lateral extent and W/Th ratio are shown.
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sandbodies, with W/Th values around 
40-47. The importance of  determining 
channel-body shapes, relations between 
the thickness and real width of  the coar-
se-grained sandbodies in fluvial succes-
sions has direct implications in the deve-
lopment of  oil-bearing reservoirs, and it 
constitutes a strong tool to improve the 
well spacing between productive wells or 
the location of  injection wells in enhan-
ced recovery projects.
Although almost 70% of  the unit is com-
posed of  fine-grained ash-fall strata pre-
served in wide floodplains via ash-fall or 
reworked during floods, volcanic activi-
ty in the Andes appears to play a subor-
dinate role in the evolution of  the unit. 
The complex alluvial organization and 
the changes among the study locations su-
ggest that the main features are mostly re-
lated to seasonal or episodic delivery of  
water and volcaniclastic particles in local 
or regional drainage networks linked to 
changes in the subsidence associated to 
coeval extensional tectonics.
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