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ABSTRACT

The transport mechanism and deposition of sedimardsep water environments and their
relationship with deltaic systems have captiones dtiention of sedimentologists during the last
decades due its importance as hydrocarbon reseiMas work presents a comparative study of
this kind of related deposits in two distinct aredgh significant records of the Late Paleozoic
glaciation of western Gondwana: (i) the well exgbskeposits of Cerro Bola that belong to the
Paganzo Group and (ii) the not so well exposed \{btit potential economic interest) deposits of
Rio do Sul Formation (Itararé Group) in Vidal RamBarana basin. Cerro Bola records 1000 m of
sediment corresponding to five glacial/deglaciatley; this work focuses on the relationship
between the upper part of Cycle 3 and 4, correspgnid Upper Turbidites and Fluviodeltaic 3,
respectively. Based on the sedimentary features prexsented, the Fluviodeltaic 3 is re-interpreted
as a sand-rich submarine fan in which the highmsediation rates are interpreted as related to
tectonic activity. The area of Vidal Ramos expoesd#¥ m of the Itararé Group. This research
focuses on the upper part of Rio do Sul Formatrdmch records deltaic sediments dominated by
gravity flows in the lower part. The upper parclsaracterized by a sandy delta front progradation
associated with an increased sediment supply. @kemresented in this work shows that the delta
front deposits under conditions of slope instapijjenerated gravity flows which are deposited as
turbidites in the distal delta front/prodelta asdrélated to the effects of deglacial conditiond an
phases of increased sediment supply to deep wat@orments. The results indicate that the two
areas are not directly comparable due to distirepioditional processes and paleogeographic
configurations. The thick succession of sandstane€erro Bola is interpreted as turbidite fan
controlled by tectonic activities in a deep basontext, while in Vidal Ramos the identified
progradational sandy delta front is produced byhasp of increased sediment supply related to

deglacial processes.
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1. INTRODUCTION

In last decades the study of turbidite depositsdgras/n due their importance as hydrocarbon
reservoirs. However, the relationship between kimsl of deposits and the deltaic environment,
which indirectly or directly affects deposition deep water settings, is a recent topic of debate
among sedimentologists and remains poorly undedstbae to this, the present research tries to
give some light to this issue with the objective widerstanding the link between these two
depositional settings and the processes involvédenransport of sediment basinward.

For this reason it was chosen the well exposedrapgcof Cerro Bola, located at 30 km to
southeast of Villa Union (La Rioja-Argentina) (Fid), that present approximately 300m of
turbidites overlaid by 180 m of deltaic depositeng 8 km of the Paganzo Group, and the
compared the results obtained with the not so wgpposed (but with potentially economic
interesting) deposits of Itararé Group in Vidal Raen{Santa Catarina-Brazil) (Fig. 2). Both areas
are part of the Late Palaeozoic basins, PaganzoPanaha Basin respectively, affected by the
Gondwana glaciation. The idea of comparing these kucalities is to try to understand the
behaviour of deltaic and turbidite deposits untheréquivalent environmental conditions, since the
deposits in both areas are related to deglaciagoles.

This work is part of the collaborative Researchjé&uo “Late Paleozoic De-glacial Deposits in
the Parand Basin (Brazil) and their analogue in Blaganzo Basin (Argentina): Impacts on

Reservoir Prediction”, funded by BG Group underZiran Government Law 999.1/2000.
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Fig. 1: Location map of the Cerro Bola outcrops. Note $parse vegetation in the area favouring a good roc
exposure.
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Fig. 2: Location map of Vidal Ramos. Note that the expessitalmost none due the abundant vegetation.



2. OBJECTIVE

The aim of this research is to establish the giraphic relations between deltaic successions
and the underlying (and laterally equivalent?) gettaic turbidite sequences in Cerro Bola
(Paganzo Basin) and compare the results dath from Vidal Ramos of in Parana Basin.

3. METHODOLOGY

The areas of study, Cerro Bola and Vidal Ramossemedifferent characteristics in terms of
outcrop exposures. The first corresponds to 11 ddmvell exposed Carboniferous rocks in contrast
to approximately 336 kfnalmost entirely covered by vegetation. For thasom the methodology
for each area is described separately.

3.1Cerro Bola (Paganzo Basin)

Bibliographic review.

- Photointerpretation of aerial photomosaics to keggeometry of the deposits.

- Detailed logs at scale 1/100 to record internainsedtary structures and bed thickness.

- Palaeocurrent analysis of the sedimentary strustuseng the software Georient.

- Petrographic samples taken at the different intericamake provenance analysis using thin
sections.

- Point counting of the samples (50 points per sample

- Porosity analysis of the thin sections to see wesecharacteristics of the deposit.

Creation of an ArcGis project to storage all theimation (1/20,000).

3.2Vidal Ramos (Parana Basin)

- Bibliographic review.

- Mapping of the area using Trimble GPS to record dedcribe all the outcrops and
photointerpretation of high resolution IKONOS imade recognize regional structures.

- Sedimentary logs at scale 1/100 in outcrops thesegnt at least 15 m of continuously

exposed rock to record sedimentary structures addtockness.

- Palaeocurrent analysis of the sedimentary strustusang the software Georient.



- TOC analysis of black shale intervals to analygehtydrocarbon potential of the deposit.

- Creation of a geological map (1/10,000) in an Acfioject and printed in scale 1/60,000.

4. GEOLOGICAL SETTING

4.1 Gondwana Glaciation

During the Late Paleozoic Gondwana was affectechbliple glaciation that waxed and waned
across the supercontinent, known as “The Late Paledce Age” (LPIA) (Isbell et al., 2011). This
period represents the longest glacial interval néed during the Phanerozoic (Frakes et al., 1992)
beginning in the Viséan (Mississippian) to the @agan/earliest Wuchiapingian (Middle-earliest
Late Permian) and lasted for approximately 72 Myre LPIA was characterized by an extensive
south polar landmass; low atmospheric partial pres®f CQ (pCQy); and multiple, possibly
bipolar, glacial events (Isbell et al., 2003; Fiedet al., 2008a).

These conditions led to the formation of glaciapadsits in much of South America, South
Africa, India, Antartica, Australia and several inasof the Perigondwanic region (L6pez Gamundi
et al., 1992; Lopez Gamundi, 1997; Visser, 199%ellst al., 2003 a,b, 2008b; Rocha-Campos et
al., 2008).

Recent works have identified evidence of numeromslisice centres that advanced and
retreated diachronously across Gondwana throughipteuglacial intervals of 1-8 million years in
duration, alternating with non-glacial periods ppeoximately equal duration (Fig. 3; Crowell and
Frakes, 1970; Caputo and Crowell, 1985; Dickin®7t9 6pez-Gamundi, 1997; Isbell et al., 2003;

Fielding et al., 2008a, 2008c, 2008d; Gulbransaad.e2010).
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Fig. 3: Reconstruction of the maximum glaciation during tPIA. (A) Reconstruction of Gondwana during maxim
glaciation during the Gzhelian to early SakmariBer{nsylvanian—Early Permian) based on recent datdca flow
directions. Ice flow directions are from Frakeskt(1975), Hand (1993), Veevers and Tewari (19B6pez-Gamundi
(1997), Visser (1997a, 1997b), Visser et al. (19%@Iding et al. (2008a), Isbell et al. (2008c)piyl et al. (2008),
Rocha-Campos et al. (2008) and Isbell (2010). (83dtion map for selected Gondwana basins and midbléor the
Carboniferous and Permian. Modified from Isbelaet(2011)

The LPIA began in western South America during Yheéan (Caputo et al., 2008; Pérez
Loinaze et al., 2010) and concluded in easternralistduring the Middle to earliest Late Permian,
Capitanian/earliest Wuchiapingian (Fielding et &Q08a, 2008c, 2008d). The reason of the
glaciation’s diachronism has been attributed todh# of Gondwana across the South Pole during
the Late Paleozoic (Fig. 4). Although this polehpatughly follows the general trend of glacier
occurrence (i.e. older glaciation in South Ameriganger in Australia), it cannot explain by itself

the patterns of glaciation and deglaciation in Geewh. If the paleolatitudinal position of the



different parts of Gondwana is taken as the onkgron to explain the occurrence and expansion
of glacial centres, it is not clear what the origihthe climatic shift from glacial to non-glacial
stages was in South America, as the paleolatiti@iosition in both climatic stages was essentially
the same (Limarino et al., 2013). Therefore, itlsar that the glaciation that affected Gondwana
requires additional factors than paleolatitude, eixplain fluctuating cooling conditions that
produced periods of expansion and contraction®idl masses (Isbell et al., 2003a; Fielding et al.
2008b; among othersiRecently, Isbell et al. (2012) discussed how tharz®e between the ELA
(equilibrium-line altitude) position and the landirface could be influenced by tectonism,

promoting or suppressing the formation and nuabeadif glaciers.

Fig. 4: Polar wander path for the Carboniferous and Permgative to Gondwana based on the Gondwana
paleomagnetic poles selected by Geuna et al. (2@t®)midt projection, south hemisphere (Limarinalgt2013)

The LPIA is recorded in several southern South Acadsasins which can be grouped into three
major types in terms of stratigraphy, tectonism amagmatism: 1.Eastern intraplate basins, 2.
Western retroarc basins and 3. Western arc-relasishs (Limarino and Spalletti, 2006).

The eastern intraplate basins were separated frestewns basins by a large upland area known

as the Pampean Arch, composed of crystalline legeaPbrian and early Paleozoic rocks. To the



west of the Pampean Arch, a discontinuous orogkeit; known as the Protoprecordillera, was
formed by the accretion of Chilenia to South Ameriduring the Late Devonian—early

Carboniferous. The Protoprecordillera acted as midvathat separated a large foreland area
(Paganzo Basin) from a more tectonically and magalét active region located in the present day

Andean Cordillera (Rio Blanco and Calingasta—Uspalbasins) (Limarino et al., 2013) (Fig. 5).
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Fig. 5: Paleogeography and distribution of the Late Palieo3outh American basins. Shaded areas indicati¢gigos
regions (modified from Limarino et al., 2013).

The intraplate basins in southern South Americepm@sing the Parana, the Chaco—Parana, and
the Sauce Grande—Colorado basins, began to subsitey the Early Pennsylvanian. The arc-
related basins correspond to Navidad—-Arizaro, REm@&, Calingasta—Uspallata, San Rafael and
Madre de Dios basins (Fig. 5). These depositi@mahs suffered deformation in the high late
Paleozoic, extensive magmatism and local metamsmpluf Carboniferous sediments (Sempere,
1996; Limarino and Spalletti, 2006). On the othandh the retroarc basins (including the Tarija,
Paganzo and eastern San Rafael basins, Fig. Syiexped little deformation during the late
Paleozoic, less magmatic activity, and are chariaeid by a complete lack of metamorphism of the

Carboniferous—Permian successions.



Limarino et al. (2013), based on lithologic indma, biostratigraphic information, and
chronostratigraphic data, recognized four majores$ypf paleoclimatic stages in these basins: 1.
glacial (late Visean—early Bashkirian), 2. termirglhcial (Bashkirian—earliest Cisuralian) 3.
postglacial (Cisuralian—early Guadalupian), and 4emiarid—arid (late Guadalupian—
Lopingian)(Fig.6 ).

According with Limarino et al. (2013) the glaciahge began in the late Visean and continued
until the latest Serpukhovian or early Bashkirimnalmost all of the basins in southern South
America. During the Bashkirian—earliest Cisurali@erminal glacial stage), glacial deposits
disappeared almost completely in the western retrbasins (e.g., Paganzo Basin) but glaciation
persisted in the eastern basins (e.g., Parana andeSGrande Basins). A gradual climatic
amelioration (postglacial stage) began to occuinduthe earliest Permian when glacial deposits
almost disappeared across all of South AmericainQuthis interval, glacial diamictites were
replaced by thick coal beds in the Parana Basinewmbrth—south climatic belts began to be
delineated in the western basins, which were likelgtrolled by the distribution of mountain belts
along the Panthalassan Margin of South America.ards/the late Permian, climatic belts became
less evident and semiarid or arid conditions dotethan the southern South America basins.
Eolian dunes, playa lake deposits, and mixed ediiavial sequences occur in the Parana Basin
and in the western retroarc basins. Volcanism ahchwniclastic sedimentation dominated along the

western margin of South America at that time (Big-imarino et al., 2013).
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4.2 Paganzo Basin

The Upper Carboniferous-Upper Reésn Paganzo basin covers~ 150,000 knf of western
Argentina (Fig. 7), and hosts a sedimentary sucmessp to 3,000 m thick (Buatois et al., 2010).
The tectonic setting is controversial, defined adrike slip basin by Fernandes Seveso & Tankard
(1995), and as a foreland basin by Ramos (1988)ectlto subduction of the Pacific plate beneath
the western margin of Gondwana, which probablyw@into a rift system by the Permian.

The Protoprecordillera was uplifted during the Lab®vonian-Early Mississippian and
constituted a north-south-trending topographic Higt separates mostly marine deposits of the
Calingasta-Uspallata and Rio Blanco Basins on tlestwrom mostly continental deposits of
Paganzo Basin on the east. During the Early Pevausign, the Protoprecordillera became unstable
and began to collapse until the range lost its goguhic significance at the beginning of the
Permian (Fig. 8) (Net & Limarino, 2006; Limarino &t, 2006). The Paganzo Basin was limited to
the east and south by the Pampean and Pie de éfmgraphic highs, whereas the Puna high

represents its northern boundary.
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Fig. 7: Paleogeography and main morphostructural elen@ntise Paganzo Basin in north-western Argentindne T
study area is shown with a red star (modified flamarino et al., 2006; Net & Limarino, 2006)

Sedimentation in the Paganzo Basin occurred inbsisins separated by internal basement
highs. Overall, two major areas can be distingushighin the basin: an eastern zone dominated by

continental environments, and a western one withease marine influence (Fig. 7) (Limarino et

al., 2002).

10



PALEOPACIFIC SUBDUCTION WITH EXTENSIONAL REGIME
(Permian)
Choiyoi volcanism
] Paganzo Basin

Paganzo Group Tuff levels

(Upper Section)
TRANSITIONAL TECTONIC REGIME
(Earliest Permian)
Rio Blanco ~ Paganzo Basin

— \m v
) Paganzo Group alcaline tuff
Rio del Pefion Fm (Upper Section) basalts levels

EARLY PALEOPACIFIC SUBDUCTION AND PROTOPRECORDILLERA COLLAPSE
(Late Carboniferous)

Punta del Agua protoprecordillera
volcanism

Rio Blanco Paganzo Basin -

Paéanzo Group
(Lower Section)

PROTOPRECORDILLERA UPLIFT
(Latest D ian-Early Carb )
Protoprecordillera Paganzo Plateau

Rio Blanco
basin

\\\\\\\\\\\\\\\\\\

)

~~~~~~~

Angual‘asto Group Aguas Blanquitas Fm
and Jaglel Fm and pre-Namurian deposits

ACTIVE CONTINENTAL MARGIN
(Devonian)

Chinguillos Group

o PunQa Fm. Punta Negra Fm.
Q

Fig. 8: Schematic stratigraphic cross-sections at 29° S1atitude showing the evolution of the PaganzoiBas
(Limarino et al., 2006)

The strata of the Paganzo Basin constitute theruppleozoic Paganzo Group (Fig. 9), although
different nomenclatures have been established rous areas of the basin (Azcuy & Morelli
1970). The sedimentation began during the lowerddiarboniferous Guandacol Fm. (Limarino
& Gutierrez, 1990; Césari & Gutierrez, 2000) witbacse-grained alluvial fan deposits, braided
fluvial deposits and tillite that gave way rapidly transgressive mudstones and sandstones
(Limarino & Césari, 1988; Buatois & Mangano, 1986pez Gamundi & Martinez, 2000; Limarino

et al., 2002; Pazos, 2002a; Marenssi et al., 2005).
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During the Permian relative sea level dropped &edsedimentation was dominated by arid or
semiarid climates including eolian deposits (Limariet al., 2013; Limarino and Spalletti, 1986;
Lépez Gamundi et al., 1992).

Gulbranson et al. (2011), based on U-Pb data, ireztethe chronostratigraphy of the Paganzo
Group, and identified three pulses of Carboniferglaciation in the mid-Visean, the late

Serpukhovian to earliest Bashkirian, and betweeriatest Bashkirian to early Moscovian ( Fig. 9).
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Fig. 9: Chronostratigraphy of the Angualasto and Paganouiis from the modern Andean Precordilleran regpatine

Sierra Pampeanas. The rightmost column represéetsedefined stratigraphy by Gulbranson (2010).kEmay

shading denotes unconformities; question mark atdi& an unknown temporal extent of an unconfornitgdium-

gray shading with triangle symbols indicates thaperal extent of glacigenic deposits. Light-grayding denotes
sedimentary evidence of aridity (e.g., eolianitptaya-lake deposits). Wavy lines indicate erosionahtacts.
Radiometric constraints are shown in the rightnsositmn.
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4.3Parana Basin

The Parana Basin is a widespread intracratonicedsmm with an approximate extent of
1,600,000 krfy covering the entire southern portion of Brazd, well as south-eastern Paraguay,
north-eastern Argentina and northern Uruguay (E@). It was formed during the Ordovician,
being completely filled by the Late Cretaceous (Bisa et al., 2010). Due the presence of
hydrocarbons the basin has been extensively stuglie® 1892 when the oil exploration started
(Schneider et al.,1974; Franca & Potter, 1988; €gleal., 1993; Milani & Zalan, 1999; Holz, 2003;

Holz et al., 2006; Vesely y Assine, 2006, amoriers).

Pantanal
Basin

| J-.-® Florianopolis

™
Q/\S\ /' LEGEND
©)
& A
/4/ Permian to Jurassic
forr®” Itararé Group
\ JI Permo-Carboniferous
URUGUAY Silurian-Devonian

Fig. 10: Geological map of the Parana Basin (location maghin the inset). Most of the glacigenic Itararéo@ is
covered by Cretaceous lava flows of the Serra Geoaination and terrestrial sandstones of the B&wumation
(Franca & Potter, 1991). Only uppermost Itararé Uproocks are exposed in outcrop belts along th¢hseast and
north-west basin margins (modified from Franca &&o 1991). The study area is shown with a red sta
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The Parana Basin was developed on continental ofube former Gondwana supercontinent.
Precambrian basement that underlies the sedimeatatyolcanic infill of the basin is complexly
structured. It consists of several cratonic nuddeunded by orogenic mobile belts which are
composed of thrusted metasedimentary rocks intriyedranites (Eyles et al., 1993). The uplift
and subsidence of these belts, and eustatic cymagrolled the sedimentary infill producing hiatus
in the sedimentation.

The stratigraphy of the Parana Basin has a toizkriess of over 6 km and is grouped into three
depositional successions: 1. Siluro-Devonian, 2e l@arboniferous to Jurassic and 3. Cretaceous
(Fig. 11). Each record a distinct period of tectasubsidence and sediment preservation within the

basin (Eyles et al., 1993).
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Fig. 11: Stratigraphic column for the infill of Parana Bashowing three principal stratigraphic successidfadified
from Franca, 1987). ). The red rectangle indich&eRio do Sul Formation (sensu Schneider et ar4)1®bject of this
study.
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The Itararé Group, object of this study, correspotodthe Permo-Carboniferous part of the Late
Carboniferous to Jurassic succession (Fig. 11). tfEh@ Itararé was used for the first time by
Oliveira (1927) who designated all the sedimenthvwgtacial influence as ltararé Series. Twenty
years later, Gordon (1947) proposed the term ofu@rimstead of series, and Schneider et al.
(1974), based on outcrop observations, dividedtéraré Group into four formations (Table 1):

- Campo do Tenente Entorresponding to glaciomarine siltstones and eshadjlaciofluvial
diamictite, sandstones and conglomerates that oatuhe base of the Itararé Group. Striated
pavements and striated and faceted clasts are conirhe formation unconformably overlies rocks
of Parana Group or basement.

- Aquidauana Fm characterized by fluvial fine-to coarse-grairsgshdstones and glaciomarine
diamictite. This formation is the only one that ocjust in the North and West flank of the basin.
Both the upper and lower contacts are unconformi@astro et al., 1994).

- Mafra Fm: composed chiefly of deposits that was originatadng deglaciation. The lower
interval consists of a glacio-deltaic successioat tis replaced upwards by a tide-influenced
shallow-marine succession, consisting of mediunmlatge-scale, trough cross-stratified sandstone
representing tidal bars. The middle interval cassis very thinly bedded silty-muddy rhythmites
filling incised valleys. Dropstones are abundaanging from granules to boulders. The upper
interval of the formation consist of thinly intedoked, fine-to very fine grained sandstones and
siltstones, and fine- to medium-grained sandstoitt wough cross-stratification, herringbone
cross-stratification and possibly hummocky crosatsication. Matrix-supported diamictite with
faceted clast occurs throughout the whole succeg¢Bioatois et al., 2010).

- Rio do Sul Fm consists essentially of fine-grained heteradtitdieposits with subordinate
diamictites and fine-grained sandstones. In Saatarda State the widespread shales and siltstones
with varve-like aspect at the base are known asitilas Shale” and record a maximum flooding

surface.
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On the other hand, Franca & Potter (1988), usiny degta, divided the Itararé Group into
(Table 1):

- Lagoa Azul Fm contains two members, a lowermost, sand-rich begr{Cuiaba Paulista) and
an upper, diamictite-rich member (Tarabai; Fig. Bhe Cuiaba Paulista Member consists
dominantly of massive and poorly graded sandstovigs minor conglomerates (turbidites). The
Tarabai Member forms the upper (diamictite rich)mmber of the Lagoa Azul Formation and is
characterized by stratified diamictites, formeddaominantly by debris flows. An isopach map
suggests that the deposition of the formation wastrolled by tectonism restricting the
sedimentation to the central portions of the basin.

- Campo Mourdo Fmis characterized by complexes of stratified diaitést and graded,
massive and deformed sandstones and conglomecats,fall indicative of rapid sedimentation by
gravity flows.This supports the notion that the basement linetsngere active faults at that time,
and defined a series of grabens. At the top thedtion is composed by marine shales that pass
laterally into diamictites; these deposits corregpto the Lontras Member. Isopach maps identify a
far more extensive distribution than for the Lagaal Formation. This increased areal distribution
of units is consistent with basin subsidence anmhesion.

- Taciba Fm: this formation can be subdivided into a lowendsamember (Rio Segredo), a
diamictite-rich member (Chapeu do Sol) and a shalemember (Rio do Sul, object of this study).
Taciba Formation sediments cover the entire PaBasin and are the only units of the ltararé
Group exposed in outcrops around the whole basind§ones of the Rio Segredo Member are
characterized by massive and graded facies, imteghras turbidites. Some shallow water
indicators, such as wave ripples, were also recbmdecores from the northern part of the basin.
The Chapéu do Sol Member consists of massive tdetyustratified diamictites interpreted as
mudstones with ice-rafted clasts (rain-out facié®jally modified by downslope resedimentation.
In the South part of the basin the diamictitesrimger with marine shales with dropstones of Rio

do Sul memberOverall, the Taciba Formation appears to represimosition in relatively
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guiescent tectonic conditions. The chaotic, resedied deposits characteristic of the Lagoa Azul
and Campo Mourao formations are succeeded in tloéhd &ormation by regionally extensive
units, such as massive diamictites, which indicatee ‘passive’ depositional conditions suggestive
of thermal subsidence. Resedimentation process#sisatime were probably most effective in

filling in” a substrate relief created during garlepisodes of tectonic activity and faulting (€s/ket

al., 1993).
Schneider et al. (1974) Franca & Potter (1988)
Rio do Sul Mb.: shales
Fine grained heterolithic deposits
Rio do Sul Fm Taciba Fm. Chapeu do Sol Mb.: diamictites
g. "Lontras Shale" Rio do Segredo Mb.: sandstones
o .
) (LjJ_prr. _sandstones, siltstones, "Lontras Shales"
b iamictites
= Mafra E : _ . Campo Mourao
s alra=m. | middle: silty-muddy rhythmites Em.
= diamictites, sandstones
Lower: sandstones
Campo do | Shales, diamictites, sandstones | Tarabai Mb: diamictites
Tenente Fm. | and conglomerates Lagoa Azul Fm. ; ; .
: Cuiaba Paulista Mb.: sandstones

Table 1 Stratigraphy of the Itararé group, according #dirdtions of Scheneider et al. (1974) and FrancRd&ter
(1988). Modified from Weinschiitz & Castro (2004).
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5. RESULTS

In this chapter are presented the data obtain#tkiboth areas of study, Cerro Bola (Argentina)
and Vidal Ramos (Brazil), after 175 field days disited into 130 days in Paganzo Basin and 45
days in Parana Basin. The difference of field timeelated to the degree of outcrop exposure.

5.1Cerro Bola

The Cerro Bola presents the same stratigraphicesegs described by Valdez (2011), in Sierra
de Maz located approximately 7 km to northwest .(Fignd 6), with the exception that the
basement is not exposed in Cerro Bola.

Structurally the area corresponds to a large, wegjent, doubly plunging, north-south
oriented, hanging wall anticline to a thrust thgisdSE at about 24°, related to Late Tertiary to
Quaternary Pampean Range orogenic deformationntiegi at about 4.5 Ma and continuing today
(Zapata and Allmendinger 1996, Jordan et al., 2001)

Stratigraphically the Cerro Bola anticline exposesCarboniferous to Triassic record. The
approximately 1,100 m of Carboniferous depositsespond to Paganzo Group, and represents five
glacial-deglacial cycles (Valdez et al., 2013), hreaonsisting of mass-transport deposits (MTD)
interpreted as remobilized aquatills; turbiditeemls; and fluvio-deltaic sediments (Fig. 12).

Cycle 1comprised the Fluviodeltaic 1, composed of mediarnoarse-grained sandstones with
granules and pebbles with traction sedimentaryctiras; and the overlying MTD 1. The contact
between both units corresponds to a zone with gefbon and incorporation of fluviodeltaic
blocks. The MTD 1 presents a silt-sand matrix, valdsts ranging from granule to cobble in size
and compositionally corresponding mostly to gran#aed metamorphic rocks indicating basement
origin (Valdez, 2013).

Cycle 2 corresponds to the sand-rich Fluviodeltaic 2 tbptvards presents channelized
conglomerates and MTD 2. This unit presents a-sditydy matrix with sand blocks, up to 30-40 m
above the basal contact, from the underlying uretvards the top folding is common at variable

range of scales, with many slide surfaces (Dyketia., 2011).
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The ice rafted debris dafycle 3is overlying the MTD 2 and corresponds to a 5 mndy+silt
intercalation with dropstones, overlaid by sandya$its of the Ponded Turbidite unit. The
thickness of this unit is directly related to tlopagraphic relief left by the MTD 2 (Fairweather,
2013).

The Black Shales, as its name indicates, are daekgrained sediments that correspond to a
maximum flooding surface. This deposit represemesfirst major transgression into Paganzo Basin
during the Pennsylvanian, and is well documentettiénGuandacol, Lagares, Malazan and Jejenes
Formations (Limarino et al., 2002; Net et al., 20P3zos, 2002; Kneller et al., 2004; Dykstra et al.
2006).

Cycle 3 culminates with the Upper Turbidites umrhich is divided into five Stages, ordered
from | (bottom) to V (top) (Fallgatter et al., 2013t consists of sheet turbidites that present, in
general, a thickening pattern; Stage IV and V awdysed in this dissertation.

Cycle 4 corresponds to the Fluviodeltaic 3 (aim of thisdgt see below for description) and the
overlying Green Unit, that correspond to poorly ilaated silty-muddy turbidites that present
locally deformation and metamorphic dropstoneshatlower part. The unit finish with lenticular
sandy beds.

Medium to coarse-grained sandstones, with well-d@es clinoforms, of the Fluviodeltaic 4
(Cycle 9 overlies the Green Unit, and finish the Carbawifis sedimentation. The stratigraphy

culminates with Permian red-beds (Fig 12) (Milahalg 2011).
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5.1.1 LOGS DESCRIPTION

For the purpose of this research eight sedimemtgs; named CB 1 to CB 8, were made along

the outcrop including the upper part of the Upperbidite (Stage 1V and V) to the first metres of

the Green Unit (Fig. 12). Each log is describedwelrom North (CB 1) to South (CB 8) (Attach

1).

Log CB1

Located at the northern part of Cerro Bola (Fig, 1tB)s log recorded 64 m of the Upper

Turbidites and 167m of the Fluviodeltaic 3. (Attdh

Upper Turbidites:

Stage IV: is characterised by thick turbidited (0 4 m), mostly amalgamated sand beds
(Fig. 13). The grain size varies from medium tefsand, grading to very fine sands or in
few cases to mudstones. Massive sandstones, |st&l arad horizontal laminations are the
common features, but also present are mudclastschmding ripples (Fig 14). The
palaeocurrent analysis indicates northwest as #ia fltow direction. The total thickness of
this stage is 24 m.

Stage V: corresponded to thin-bedded turbiditesh deed 5-50 cm thick, of fine to very
fine-grained sandstones grading to mudstones {B)y.Compared with the previous stage,
the proportion of mud is higher and sedimentarycstires such as parallel lamination,
climbing ripples, sole structures and dewateringg @mmon. Some layers show internal
deformation with abundant mudclasts (Fig. 15 C)e Dnain size and the thickness of the
beds increases towards the top, finishing with arssm-grained, 2 m thick bed followed by
two beds of 20 cm thick turbidites. The palaeoaurr@nalysis based on current ripples

indicates a flow direction toward northwest.
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Fig. 13: Upper Turbidites Stages. Note the differencesed thickness between the Stage IV and V. Persorscfae
(yellow circle).

Fig. 14: Common features of Stage IV. (A) Load cast stmed followed by parallel lamination. (B) Rippleoss-
lamination and parallel lamination.




Fig. 15: Upper Turbidites, Stage V. (A) General aspechi Stage, the thickness of the beds varies froB0%m. (B)
Climbing ripples in fine-grained sandstones Thidisentary structure is very common. (C) Deformed,beote the
abundance of mudclasts.

Fluviodeltaic 3

In sharp contact with the underlying Upper Turladi{Fig. 16) the fluviodeltaic sequences can

be divided into four Units based in their sedimentharacteristics (Fig. 17).

Fig. 16: Sharp contact between the Upper Turbidites andi¢deltaic 3. Note the massive aspect of the 1Jickt
bed. Person for scale (black circle)
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- Unit 1: is characterized by massive, thick (0.5mBmedium-grained sandstones, starting
with a 13m thick bed (Fig. 16) that become thinared structured to the top of the unit, with
parallel lamination and climbing ripples at the wipthe bed (Fig 17). The composition of
the sand grains is quartz, K feldspar and a loha$covite. The grains are sub-rounded and
show poor sorting. The massive aspect of the sanestcharacterizes this unit. The total

thickness is 36 m.

Fi \;'iod’eltéric 35S

Fig. 17: Units of the Fluviodeltaic 3. The contact with tinederlying Upper Turbidites sequence is showrnhieypurple
line and with the upper Green Unit (orange linee $ext for thickness of each unit.

- Unit 2: this unit is characterized by thinner b€@<$ -2 m) of cross-stratified sandstones
(Fig. 17 and 18 A). It consists of coarse to medgmained sandstones composed mostly of
quartz grains (80%) and shows poor sorting. Atlibtom the unit shows conglomeratic
sandstones and lenses of conglomerates which becsamelier towards the top (Fig. 18).
The palaeocurrents of ripples and cross-stratifioat indicated a main flow direction

towards NW-NE (Attach 1). Total thickness is 29 rest
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Fig. 18: Characteristics of Unit 2. (A) General aspectha tinit, the oranges line indicates the contadt tie Unit 1.
(B) Matrix-supported conglomerates at the basdefied grading to medium-grained sandstone toogheGeological
hammer for scale. (C) Cross-stratification at theebof the bed.

- Unit 3: present thick lenticular sandy beds (10-1h@gt amalgamate laterally. At the base
the unit shows thick beds (4 to 7 m), becoming nbintowards the top (Fig 17). The
composition of the sand is quartz, K-feldspar andamof medium sand grain size, poorly
sorted. Mostly of the packages are massive bulhenbbttom of the cycle sometimes it is
possible to observe parallel lamination and crasiBcation at the top of some beds. The
palaeocurrents indicate a northerly direction. Atsesent are lenses of conglomerates sand
and intraclasts of very fine-grained sandstoneguople colour (Fig. 19). The thickness of

this cycle is 71 m.
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Fig. 19: Principal characteristics of Unit 3. (A) Generagw of the outcrop, note the discontinuities of thexlding
planes due to amalgamation. Note person for s@)eMedium-grained sandstone with sparse grany@ps.Tabular
intraclasts of very fine-grained sandstones pdralthe bed plane.

- Unit 4: This unit corresponds to conglomerateganized in channels with erosional bases.
Both type, matrix and clast-supported, are foundydneral the matrix corresponds to coarse
sand and presents normal grading. The clasts cotigpssvary from schist, sandstones,
granite and quartz, they are well-rounded and poswtted (clast size vary from 40 cm to
granule) (Fig. 20). In this package also appearsb&dcoarse and very coarse-grained
sandstones with cross-stratification and lens ogtmmerates. The palaeocurrents analysis

indicates NW-NE flow direction. Total thickness3i m.
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Fig. 20: (A) Erosional conglomeratic channel. Note the @mi@tion of clasts at the base. (B) Detail of matr
supported conglomerate. The biggest clast correlsptangranite. In general all clasts are well rand

Green Unit

This Unit overlies Fluviodeltaic 3 (Fig 21 A). Tleentact between the two units in some places
shows polished surfaces of the sandstones (Fig)2THis Unit consist of green, very fine grained
sandstones grading to silt that become mainly/whotisedimented towards the top. Also
dropstones were observed in the upper parts (RigCR In the North the Unit has 70 m of

thickness.

Green Unit

ey ,‘t

o ﬂ’ oo
Fluyiodeltaic 3, <.~

Fig. 21: Main characteristics of the Green Unit. (A) Er@sontact with the Fluviodeltaic 3. (B) Polishedl atriated
surface of the Fluviodeltaic sandstones at theamnwith the overlying Green Unit. (C) Metamorplaiast (gneiss)
within a silty matrix located in the upper parttbé unit, interpreted as a dropstone.
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LogCB 2
Located 1.26 km to SE (Fig. 12), this log recor@@dm of the Upper turbidites (Stage IV and

V) and 148 m of the Fluviodeltaic 3 (Fig. 22) (Attal).

Fig. 22: Outcrop view of the log CB 2. The thicker purpleeliindicate the contact between the Fluviodeltaan@® the
Upper Turbidites which its respective stages (I'd & light purple line). The red line corresponded fault inside the

page.
Upper Turbidites

- Stage IV: As in the previous log (CB 1) the stagecharacterize by thick turbidites,
ranging from 0.5-4 m thick, consisting mostly of anen to fine-grained sandstones
grading to very fine sands, or mudstones in ragesaSole structures are common as
well as parallel lamination and climbing ripplesedie the bed thickness this stage is

characterized by bed amalgamation (Fig. 23). Ttbiakness 22 m.
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Fig. 23: (A) Upper Turbidite, contact between the Stageaht IV (purple line). Note the amalgamation of bexls
(white arrows). (B) Detail of medium-grained saladgts with parallel lamination.

- Stage V: In contrast with the previous stage, thisharacterized by the presence of
thinner turbidites (0.5-0.7 m thick) of fine to niewh-grained sandstones grading to
mudstones (Fig. 22). Sedimentary structures suafbirig ripples, parallel lamination,
flute and groove casts, flame structures and deimgteare abundant. Sediment
deformation and mudclasts were also observed iresdomas (Fig. 24). The stage ends
with a 3 m thick medium sand bed with normal grgdifollowed by two 20 cm thick

turbidites (Fig 22). The total thickness of thegstéas 35 m.

Fig. 24: Common sedimentary structures in the Upper TusiSitage V. (A) Climbing ripples indicating NW flow
direction. (B) Sole marks indicating NW direction.
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Fluviodeltaic 3

In this section the Fluviodeltaic 3 consists of M&f sediment, overlying in sharp contact the

Upper Turbidites. The contact with the overlyinge@m Unit is a fault (Fig. 25).

Fig. 25: The four Units of Fluviodeltaic 3 overlaying thepper Turbidites (purple line). The contact with fBesen
Unit is by fault (red line).

- Unit 1: correspond mostly to massive medium-graisaddstones organized in thick
packages (0.5-13 m thick) (Fig 22 and 25), finighivith a 1 m thick package of purple
very fine-grained sandstone with thin layers (5 ainfine grained sands. The sorting of
the unit is poor, and quartz and K-Feldspar arentlest abundant components. Some
beds show lens of coarse-grained sandstones aadlasts of very fine sand at the top

of the bed (Fig.26). The total thickness is 27 m.
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Fig. 26: Fluviodeltaic 3, Unit 1. (A) Very fine sand withtraclast at the top of the unit. (B) Lens of ceagsained sand
within a medium sandstone bed.

- Unit 2: Compared with previous unit, this is orgaed into thinner sandstone beds (0.5-1
m thick) that sometimes appear amalgamated to mm thick layers (Fig. 25). The
principal characteristic is the abundant presentcesealimentary structures such as
climbing ripples, cross-stratification and paralkhination (Fig. 27). The palaeocurrent

analysis indicates a NW flow direction. Thickne3s:m.

Fig. 27: Unit 2: Medium-grained sandstones with parallehilzation at the base, followed by cross-stratifamatand
parallel lamination to the top.
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- Unit 3: consists of medium-grained sandstones azgdnin amalgamated beds. In the
lower part are frequent intraclasts at the baséhefbeds. Upward the Unit become
more structured, showing parallel lamination angples that indicate NW trending
currents. Some few beds present soft sediment rdatan (Fig. 28). Total thickness:

117m.

;

Fig. 28: Principal characteristics of the Unit 3. (A) Bethalgamation. (B) Climbing ripples followed by pdehl
lamination. (C) Parallel lamination at the top lo¢ tbed. (D) Soft sediment deformation.

- Unit 4: poor sorted matrix-supported conglomeratéh erosive bases. The composition of
the clasts includes mostly granites, fine grainaadstones and quartz. Normal grading is
present (Fig. 29). This unit present a total thedsrof only 7 m due the presences of the

fault (Fig. 25).
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Fig. 29: Conglomerates of the Unit 4. (A) Erosive congloatierchannel. (B) Tractive structures and normadgrg.
The clast size varies from granules to pebbles.

Green Unit

In this part of the Cerro Bola the contact with taviodeltaic 3 is by a fault. It consists of

silty-sandy matrix, sometimes slumped, containuigreaunded clast from basement, (Fig. 30).

Fig. 30: Green Unit. (A) Detail of the fault (160°/65 SWiat put the Fluviodeltaic 3 in contact with the &rdJnit.
The shear zone is abot® m. (B) Slumped sediments.

LogCB 3

Located at 1,6 km to SW of CB 2 (Fig. 12) this legords 46 m of the Upper Turbidites and

136 m of the Fluviodeltaic 3 (Fig 31) (Attach 1).

33



Fig. 31: General view of outcrop of log CB 3. The purpleelindicates the top of Upper Turbidites, and ttange line
the contact between the Fluviodeltaic 3 and theeGkénit. See text for details and thickness of aath

Upper turbidites

Stage IV: the base of the stage is covered in @leywrecording only 14 m of thickness, but
20 m of thickness was measured with laser in tileywavall (Fig. 31). It consists mostly of
thick turbidites (3-1 m) that become thinner to thye. The grain size varies from medium to
fine sand grading to mudstones. The sedimentangtsites are parallel lamination, climbing
ripples and loading (Fig. 32). Palaeocurrents asindicates NW flow direction.

Stage V: comprised turbidites organized in thirelay( 30- 5cm) that become thicker to the
top, finishing witha~3m thick sand body (Fig. 31), which in some places is amalgamated
with the Fluviodeltaic 3 and deforme the underlybegd (Fig. 33 A and B). The turbidites
usually show climbing ripples, parallel laminatidoading, mudclasts and fluidisation (Fig.

33 C and D). Flow direction is toward NW. Totaldkmess 32 m.
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Fig. 32: Sedimentary structures present in a fine sandditeb of the Stage IV. From bottom to top: massivg;
parallel lamination (Sh); climbing ripples (Sr);rplel lamination (Sh) and climbing ripples at tog (Sr).

Fluviodeltaic 3

Stage'V

‘c‘

Fig. 33: (A) Contact between Upper Turbidites and Fluvitalel3. Note the 3 m thick sandy bed amalgamated wi
turbidites to the right. (B) Detail of the defornaat of the bed situated under the 3 m thick bed”)f hammer for
scale. (C) Climbing ripples in fine-grained sa(id) Fluidisation at the bottom of the bed.
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Fluviodeltaic 3

Unit 1: starts with a 9 m thick massive sandy b@Big. 31) which corresponds to the
amalgamation of at least 2 beds that present faidin near the contact. The sand present
bad sorting and is common the occurrences of dispgranules along the bed. The upper
part of the unit is organized in thinner beds (0.5 thick) with parallel lamination and
ripples which indicates a main flow direction todadW (Fig. 34). Total thickness of this

unit is 12 m.

Fig. 34: (A) Amalgamated beds with parallel lamination.t&the fluidisation in the beds contact. (B) Climipripple.

Unit 2: this unit can be subdivided into a lowertparganized in layers 1.5 to 0.2 m thick
with climbing ripples, cross-stratification and abel lamination, sometimes deformed; and
an upper part corresponding to coarse-grained sames with lens of very coarse sand and
thick beds (6 to 12 m) of medium-grained sandstamestly massive, but sometimes
presenting lamination to the top. The thicknesdebi® beds decrease upward and become
more structured. The Unit finish with 0.8 m of sag@ding to mudstones with levels of
very fine sand with climbing ripples indicating NWE flow direction (Fig. 35). Total

thickness: 26 m.
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Fig. 35: (A) Thick sandstone layer massive with parallehilzation to the top characteristic of the first restof upper
part of the unit. (B) Parallel lamination followég climbing ripples. (C) Top of the Unit, reddistudstones with fine
layers of sand with ripples.

Unit 3: As the previous unit, this can be subdidide two parts (Fig. 36 A): the lower part

consists of white medium sandstones organize in ttick massive beds (13 and 7m),

intercalated by 1-2 m sands bed with parallel ftetion, ripples and cross-stratification

indicate NW-NE flow direction. This part finish witl m thick of purplish mudstones with

3cm levels of cross laminated very fine sand (B&yB). The upper part began with a 6 m
thick massive sandstone bed and followed by thiramel structured layers. The principal

sedimentary structures are parallel laminatiommloing ripples and cross-stratification that
indicate NE direction (Fig. 36 C). Total thickne84:m.

Unit 4: consists of 18 m of channelized massivermaupported conglomerates, sometimes
it observed normal grading. The clasts are compa$aeéddish sandstones, granites and
metamorphic rocks, rounded to subangular in shBEpe grain size of the matrix varies from

coarse sand to granules (Fig. 37).
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Lower part

Fig. 36: Unit 3 of the Fluviodeltaic 3. (A) Outcrop view tife Unit 3, the orange line indicates the contatht Unit 2
and the black line subdivided the unit in a lowad aipper part. See text for details and thickndssach unit. (B)
Mudstones with millimetre sandstones layers atttye of the lower part. (C) Sandstones layer of theper part
climbing and parallel lamination.

Fig. 37: Conglomerates of the Unit 4. (A) Lenticular matsypported conglomerate grading to coarse-grained
sandstone. The clasts are composed by fine-gramedstones, granites and schist. The clast sizesvaom 70 cm to
2 cm. (B) Channel conglomerate erosive on mediuamgd sandstones bed. Hammer for scale.

Green Unit
In this section the Green Unit overlays Fluviodeltd in sharp contact and it was observed
polish sand surfaces. The Green Unit corresponttsridayers of very fine sand grading to silt that

are deformed and altered in the first metres (58j.
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Fig. 38: (A) Contact between the Fluviodeltaic 3 (Unit Bdahe Green Unit (Orange line). (B) Detail of fhaished
surface (230°/49° SE) on the Fluviodeltaic 3 sammis$ at the contact with the Green unit.

LogCB 4
Located at 870 m to the South from log CB 3 (Fig), this section record 55 m of the Upper
Turbidites and only 41 m of Fluviodeltaic 3, theitihand 4 are absent. (Attach 1)

Upper Turbidites

- Stage IV: characterized by thick turbidites (3 tomil thick) very distinct in outcrop,
sometimes amalgamated. The grain size varies froarse, medium and fine grained
sandstones grading to mudstones with climbing egpbarallel lamination, dewatering and
loading (Fig. 39). Total thickness: 25 m.

- Stage V: thin layered turbidites consisting in fise&nd grading to mudstones that show
increasing grain size and bed thickness to theTtbp.Stage finishes withl m thick bed of
coarse sand grading to very fine sand followed By7acm of fine sand (see Fig. 39 A). The
abundances of climbing ripples, parallel laminatiolewatering, loading structures and
groove marks and the higher mudstones proporti@macterize this Stage (Fig. 40). The
analysis of palaeocurrents based in ripples indgcat NW flow direction. Total Thickness:

30 m.
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Fig. 39: Upper Turbidites general characteristics of trag8&tlV. (A) Outcrop view of the log CB 4 indicatitlge Stage
IV and V of the Upper Turbidites (light purple lineand the contact with the overlying Fluviodelt8idpurple line).
The upper contact with the Green Unit is indicabgdthe orange line. Note the differences in bedkitess between
both stages (person for scale, yellow circle). @jrallel lamination followed by dewatering struetir (C) Bed

amalgamation (black arrow).

Fig. 40: Upper Turbidites main structures of the Stage AJ. Kine-grained sandstones with parallel laminati)
Climbing ripples lamination.




Fluviodeltaic 3

The contact with the underlying Upper Turbiditesiharp, like in previous logs (Fig 41).

Fig. 41: Sharp contact between the Fluviodeltaan@ the upper Turbidites.

Unit 1: it is characterized by lateral amalgamatufrmassive sandstones beds forming
big layers (9 m thick). In general, the compositminthe sand is quartz as principal
component and mica and K-feldspar in less proporfithe grains are subrounded and
bad sorted. Thickness of beds decreases to th€0t@ptol m) and present parallel
lamination, climbing ripples and cross stratificat$, indicating palaeocurrents to NE
(Fig. 42). Total Thickness: 17 m.

Unit 2: it consists of massive thick medium-grairsashdstones 4 m thick) (Fig. 42 A)
with 4 m of lenticular, matrix and clast supporteohglomerates in the upper part.
Normal grading is common. The granules and peldregoncentrated at the base of the
beds and consist of reddish very fine-grained dands, quartz and igneous rocks. The
unit finishes with sandstones organized in thiretay(0.5 to 1 m thick) (Fig. 43). Total

thickness: 24 m.

The Units 3 and 4 of the Fluviodeltaic 3 are abserthis area and the Unit 2 is in direct

contact with the Green Unit.
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Green Unit

Fig. 42: (A) Outcrop view of the Fluviodeltaic 3.Light omge line divided the Unit 1 and 2, and the orange li
represents the contact with the Green Unit. (BeHjmined sandstones with climbing ripples. (C)sSrstratification at
the top of a 1 m thick bed of medium-grained saukss.

Fig. 43: Matrix supported conglomerate. The clast compmsitiaries between fine-grained sandstones, graaitds
quartz.
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Green Unit

This unit overlay the Unit 2 of the Fluviodeltaic Bhe deposit consists in deformed fine

grained sandstones and silt that become morefigttiio the top (Fig. 44).

Fig. 44: (A) contact between the Fluviodeltaic 3 and thed&brUnit (orange line). (B) Deformed beds at thitdmo of
the Green Unit (black narrow).

LogCB5
Located at 870 m to the South from Log CB 4 (RiB) this log recorded 46 m of the Upper
Turbidites and 53 m of Fluviodeltaic 3 (Attach 1).

Upper Turbidites

- Stage IV: consist in 21 m of turbidites organizadthick layers (1 to 3 m thick) of fine-
grained sandstones grading to very fine sand orstonds, sometimes amalgamated. The
bed thickness decreases to the top finishing wil® @m thick turbidite. The sedimentary
features recognized in this stage are: parallelifation, climbing ripples, dewatering,
loading structures and mudclasts. In general tiotkehbeds are massive (Fig. 45).

- Stage V: correspond to thin bedded turbidites (60c#) of fine-grained sandstones grading
to mudstones (see Fig. 45) it was recognized featwas climbing ripples, parallel
lamination, loading, groove mark and dewatering(Ri6). The analysis of palaeocurrents
of ripples indicates north flow direction. The Sgafinish with 1.5 m thick medium sand
grading to very fine sand, followed by 3 amalgarddiae-grained sandstone beds. Total

Thickness: 24 m.
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Fig. 45: General view of the section, the different StagédJpper Turbidites is shown by the purple linesheT
erosional contact between the Fluviodeltaic 3 angle@ Unit is indicated by the orange line. Note diféerences in
thickness between Stages. Faults are indicateddines.

Fig. 46: Sedimentary features of the Upper Turbidites Stdg¢A) Parallel lamination at the base of the lzeul
fluidisation at the top. (B) Groove cast indicatiigection through 330°/150°.

Fluviodeltaic 3

The contact with the underlying Upper Turbiditesigarp (Fig. 47). In this part of the Cerro
Bola the Unit 4 was not present, and the Green Idnih direct contact with the Unit 3 of

Fluviodeltaic 3.
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Fig. 47: Sharp basal contact of Fluviodeltaic 3 with thaper Turbidites, indicated by the orange line.

- Unit 1: initiated with a 9 m thick poorly sorted ssive medium sandstone bed. The bed
thickness decrease to the top of the unit finishivith 1 m medium sand grading to
mudstones with levels of fine sand with climbingples indicated NW-NE palaeocurrents

directions. Total thickness 12 m (Fig. 48).

Fig. 48: Outcrop view of Fluviodeltaic 3-Unit 1 in sharpntact with the Upper Turbidites (Orange line). (#)te the
massive aspect of the 9 m thick bed that initidtesl unit. (B) Fine grained sandstones in the upaet of Unit 1
showing parallel lamination following by cross-laration at the top of the bed.
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- Unit 2: characterized by presence of conglomersdisdstone with small pebbles at the
bottom, matrix to clast-supported conglomeratesligtato medium-grained sandstones.
The sandstones packages present parallel laminatipples and cross-stratification
indicating a NE-SE direction. It is also commonsee medium/coarse-grained sandstones
associated to lens of conglomerates. The Unit BHed with 1m thick bed of medium-

grained sandstones with parallel lamination gradmgnudstones. Total thickness 35 m

(Fig.49).

Fig. 49: Principal characteristic of Fluviodeltaic 3-Unit @A) Lenticular clast support conglomerated at Haese,
grading to coarse sand. The clasts are subrourmtegaor sorted (30 to 2 cm). The composition vafiies granites,
sandstones and metaphoric rocks. (B) Cross-stiatiifin in a medium-grained sandstones bed indigail flow

direction. (C) Parallel lamination at the top ofand body. (D) Medium sand grading to purple muusiat the top of
the Unit.

- Unit 3: Present a total thickness of only 6 m ofsem@e medium-grained sands beds
sometimes amalgamated. The bed thickness variesdrb to 2.5 m (Fig. 50).

Green Unit

46



The Green Unit overlays in irregular contact ttheviedeltaic 3 (Fig 50). It corresponds to
very fine-grained sandy-silty facies deformed & finst metres and showing incipient lamination.
In the middle part of the deposit it was foundeshetamorphic block (gneiss) surrounded by silty
matrix and also lenticular layer of medium-grairssthdstones with mostly granules of quartz. (Fig

51)

Greén Unit

Flg 50: Fluwodeltalc 3 _Unit 3. (A) The thicker orangedi indicates the upper contact with the Green Unhitte
thinning of the Unit 3 to the left. The light orantine shows the contact between Unit 2 and 3.0&il of the sand
beds. lack square in A note the deformation inside the package.

Flg 51 Green Un|t (A) Contact between the Fluviodeltaiand the Green Unit. Note the deformation of #direent.
(B) Very fine-grained sandstones and siltstones witipient lamination. (C) Gneiss blocks immenmseaisilty-sandy
matrix. (D) Lenticular beds of medium-grained sdodss containing disperses granules.
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Log CB 6
Located at 1.82 kno the South from log CB 5 (see Fig. 12), this log recorded ~50 m of Upper
Turbidites (Stage III, IV and V) and ~142 m of the Fluviodeltaic 3 (Fig. 52). In the next step it will

be described only the Stage IV and V.

by

Fig. 52: Outcrop view of Log CB 6. The purple line indicaitbe contact between Fluviodeltaic 3 and Uppebibites,
the light purple line the different Stages anddhenge line the bottom of the Green Unit.

Upper Turbidites

- Stage IV: it consist mostly in thick sandstoneditites (2.5 to 1 m thick), most of them
product of amalgamation, intercalated with 20 cnisbésee Fig. 52). The sedimentary
features recognized in this stage are climbinglegpparallel lamination, loading, groove
mark, flame structures and dewatering (Fig. 53)e Halaeocurrents indicates a flow
direction toward N-NW. Total thickness: 21 m.

- Stage V: it consists of fine-grained sandstonediggato mudstones organized in thin layers
(50 to 5 cm) were the mud proportion is higher tlsamd. Climbing ripples, parallel
lamination are the common sedimentary structuregs @4). The bed thickness increase to
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the top finishing with 1 m thick medium-grained datones that amalgamated with the

Fluviodeltaic 3 (Fig. 55) Total thickness: 24 m.

Fig. 53: Sedimentary features of the Upper turbidites-Stdye (A) Loading at the base of fine-grained saodss
grading to mudstones. (B) Fluid scape breakingpémallel lamination. (C) Loading and a flame stwet (D) Fine-
grained sandstones bed presenting from bottonptgotrallel lamination, climbing ripples and paghlamination.

Fig. 54: (A) Bedding style of Upper Turbidites-Stage V. Bldhe increases of thickness to the top. (B) Seutiang
structures present in a fine-grained sandy turyddf the Stage V. From bottom to top: climbinglgs (Sr); parallel
lamination (Sh) and climbing ripples at the top)($4odified from Miall (1977).
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Fluviodeltaic 3

In this section it was recognized the four unitshe Fluviodeltaic 3. The contact with the

underlying Upper Turbidites is by amalgamation as wescribed above (Fig. 55).

Fig. 55: Contact between the Upper Turbidites and the Btleltaic 3. (A) General view of the contact (purlite).
Note the beds amalgamation to the left. (B) Flutrk® at the base of the last bed of Stage V (peilaeent to NW).
(C) Mudclast product of amalgamation.

- Unit 1: Corresponds to medium-grained sandstonganized in bed ranging from 0.5 to 2
m thick, sometimes presenting loading and massgmed@ at the bottom and parallel
lamination and climbing ripples at the top of thedb The thickness decreases upward
finishing with 0.2 m thick beds of reddish fine-grad sandstones. These beds grade to very
fine-grained sandstones with parallel laminatiod elmmbing ripples, followed by 1 m thick
deformed layer of very fine-grained sandstones siltstones with blocks of fine-grained

sandstones (Fig. 56). Total Thickness: 23 m.
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Fig. 56: (A) General aspect of Fluviodeltaic3-Unit 1, 2 grait of Unit 3. Note the decreasing bed thickrieshe top
of Unit 1. See text for details and thickness affeanit. (B) Detail of the upper part of the Unijtthin bedded fine-
grained sandstones grading to very fine sand. @Jdlng structures at the base and parallel lanoinatt the top of

Unit 1.
- Unit 2: Begin with 1.5 m thick coarse sand bed @andharacterized by lenticular beds of

medium-grained sandstones with parallel laminatma ripples at the top of the beds
indicating NW-NE flow direction. Also, it was obs®ed lens of very coarse sand and small
to medium pebbles at the base of the bed. The liekiness decreases upward finishing

with 20-50 cm thick layers (Fig. 57). Total thiclese 21 m.

Fig. 57: Main characteristics of Unit 2. (A) Parallel laration at the top of the bed. (B) Climbing rippléS.and D)
Lenticular cross-bedded sandstones.

51



- Unit 3: This unit is initiated with a 4 m thick lay; product of amalgamation of at least 3
beds, with a lens of very coarse-grained sandsteitessome disperse small pebbles. This
two aspects, amalgamation and lens of conglomesaticls, characterize this Unit. Cross
stratification, ripples, parallel lamination andraclasts of very fine sand were observed in
some layers. The palaeocurrents indicates a NW-M& Uirection (Fig. 58). Total

thickness: 76 m.

Fig. 58: Characteristics of Unit 3. (A) Erosive contactiwitinit 2, note the differences in bed thicknesar(irher for
scale, black circle). (B) Lens of very coarse-gedisandstones, characteristic of this unit. (CalRddamination at the
top of a medium sandy bed. (D) Sandstones withutiiiacross-stratification.

- Unit 4: Correspond to lenticular matrix supportezhglomerates with no gradation that
become normally graded in the upper part of thd. Dnly one bed presented inverse
grading followed by normal grading. In all cases%®f the clasts correspond to very fine-
grained sandstones dark red in colour (intraclaBtle unit finishes with a 6 m thick
deformed bed followed by sandstones with paraflelihation (Fig. 59). Total Thickness:

21.5m.
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Green Unit

The contact with the Fluviodeltaic 3 is irregul@orrespondso very fine sandy-silty matrix

without organization with a few clast (~3 cm ) (Fig. 60)

Fig. 59: General aspect of Unit 4. (A) Inverse to normadgd conglomerate. (B) Matrix supported congloneerat
without organization. Note that almost all the tdasonsist of dark reddish very fine-grained samuss. (C) Deformed
beds at the top of the unit near to the contach it Green Unit. The yellow circle indicates thesifion of a
depicted in C

5 A P-4

Fig. 60: Clast of a volcanic rock immersed in a sandyy gifilatrix at the first metres of the Green Unit. Hhaen for

scale.
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LogCB7
Located at 740 m to the South of Log CB 6 (Fig., 1B)s log recorded 46 m of Upper
Turbidites (Stages lll, IV and V) and 157 m of Fhwoleltaic 3. (Attach 1)

Upper Turbidites

For the aim of this research only Stages IV ande/described.
- Stages IV: Characterized by fine and medium-graisetidstones turbidites, mostly

organized in thick bed (4 to 0.7 m thick). Mosttbé packages present parallel lamination

and climbing ripples, amalgamation is also comntég.(61). Total thickness: 19 m.

Fig. 61: Principal aspect of Upper Turbidites-Stages V) Qontact with the underlying Stages llI, note differences
in bed thickness. (B) Parallel lamination followbky climbing ripples in fine-grained sandstone. @jpalgamated
beds.

- Stages V: Corresponds to thin bedded turbiditess5(8fh thick) in which the proportion of
mud is higher than sand. The most abundant sedamesiructures are climbing ripples and

parallel lamination. Palaeocurrents measures italib@V main flow direction. The bed
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thickness increases upward finishing with 2 m tHiok-grained sandstones grading to mud

(Fig. 62).Total thickness:~23 m.

Fig. 62: Outcrop view of the Upper Turbidites Stages IV &hdNote the differences in bed thickness with &8/
and V (pink line). Faults are indicated with remels and the contact with Fluviodeltaic 3 with parlihe.

Fluviodeltaic 3

The contact with the underlying unit is sharp (F8). In this part of Cerro Bola the four units

were recognized.

Fig. 63: Contact between the Upper Turbidites and FluviaiteB (purple line).

55



Unit 1: Consists in 1 to 6 m thick beds of massiedium-grained sandstones with parallel
lamination at the top. The thickness and grain dex&reases upward and the unit cubta

with~50 cm fine-grained sandstones grading to mudstones (Fig.Tedal thickness: 25 m.

Fig. 64: General view of Unit 1, note the decreasing Ihéckhess to the top.

- Unit 2: At the bottom the unit composed by coarssrged sandstones with dispersed clasts,

mostly small to medium pebble, with the exceptiérome 60 cm rounded clast of igneous

rock. The principal characteristic of this unittie presence of cross-lamination and cross-
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stratification; the measures of palaeocurrentscatdi SE-NE flow direction. The grain size

decreases to the top finishing with fine-graineddsaones (Fig. 65). Total thickness 33 m.

Fig. 65 (A) Medium-grained sandstones with cross-siratifon. (B) Exotic rounded clast, granitoid in qoosition,
immerse in coarse sand.

- Unit 3: characterized by medium-grained sandstone, mostgsive, that sometimes
presents parallel lamination and ripples at the Tope bed thickness varies from 3 to 1 m.
The presence of coarse and very coarse-grainedstsaed lens is common. The cycle
finisheswith a~7 m thick bed of medium sand with dispersed granules (Fig. 66). Total

thickness: 79 m.

Fig. 66: Principal characteristics of Unit 3. (A) Massivedium sand organized in thin beds (3 -1 m thidB).Lens of
very coarse-grained sandstones in a medium-graiaedistones bed. (C) 7 m thick bed at the top ofitiite
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- Unit 4: consists of erosive matrix and clast-supgbichannelized conglomerates. The clasts
are subrounded to subangular in shape with bathgddlast sizes varies from 2 to 30 cm).
The composition varies from granites, very fineiwged sandstone (intraclasts) and

metaphoric rocks at the bottom. Pa The percentdgentaclasts with tabular shape

increases to the top (Fig. 67). Total thicknes3:n2

Fig. 67: (A) Erosional contact between Unit 4 and 3. (B)tdile of a matrix-supported conglomerate, the slast
composition is mostly granite, metamorphic and aplc rocks. (C) Conglomerate in the upper parhefunit Note the
increasing amount of intraclasts to the right.

Green Unit
The unit in this section began with an intercalataf silt and mud layers with dropstones,
followed by a sandy-silty matrix with clast of metarphic rocks and quartz. It was observed

striation at the top of the Fluviodeltaic 3 (32020°) (Fig. 68).
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Fig. 68: (A) Striation at the top of the Fluviodeltaic 3elpw arrow. (B) Fine laminated silt and mudstoneéh
dropstones. (C) Block in a silty-sandy matrix. Bjanit block.

Log CB 8

This log is located at the southern part of CerotaBat 1.1 km to the South of CB 7 (see Fig.
12). Comprises the Upper Turbidites, with a totatkness of 39 m including Stage IIl to V. The
Fluviodeltaic 3, part was logged and part measutie kaser.

Upper Turbidites

- Stage IV: Corresponds to medium to fine-graineditlites organized in thick layers (3 to
0.3 m thick). The thicker beds are massive andeptegpples and parallel lamination just in
the upper part. The palaeocurrents measures iedi@imain flow direction towards NW
(Fig. 69). Total thickness: 20 m.

- Stage V: Thin bedded turbidites with high propartiof mud. The sandy beds thickness
varies from 40 to 5 cm, and become thicker upwanrigting with 1 m thick fine-grained
sandstone. The principal features are parallel datdn and ripples (Fig. 70). Total
thickness: 14 m
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Fig. 69: (A) Thick turbidites of the Stages IV. (B) Fineagmed sandstones presenting fluidisation and drall
lamination at the top. (C) Cross-stratificatiorsandstones.

Fig. 70: Principal aspects of Stages V. (A) Outcrop viewteNihie bed thickness. (B) Climbing ripple in a 5 tnick
turbidite.

Fluviodeltaic 3

In this section the Fluviodeltaic 3 are eroding th®per Turbidites. Only Unit 1 and part of Unit
2 were logged. The rest of the sequences was neeadthr laser and described the principal
lithological aspect.

- Unit 1: This unit is eroding the Upper Turbiditesa§es V, corresponding to lenticular

matrix-supported conglomerates grading to crossAatad sandstones. Clast size varies
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from granules to larges pebbles, presenting batingohe clasts composition is quartz,
igneous and metamorphic rocks. The unit passes rdpteamedium-grained sandstones

organized in thick layers, finishing with a 1 mdkimedium-grained sandstone bed (Fig.

71). Total thickness: 39 m.

Fig. 71: (A) Unit 1 of the Fluiviodeltaic 3 eroding the UgpTurbidites. The contact is indicated by the gealine. (B)
Matrix-supported conglomerate with clasts sizegirsgnfrom 5 cm to granules.

Unit 2: Consists of thick beds of medium-graingshdstones (~ 4m thick) sometimes
amalgamated (Fig. 72).

Unit 3: Corresponded to amalgamated beds of medjtenmed sandstones with dispersed
granules, organizemh thin layers (~1 m thick), with the exception of a thick massive bed of
medium-grained sandsto(8 m).

Unit 4: Characterized by matrix-supported conglates. The composition of the clast is
quartz, K-feldespar and very fine-grained sandstoimraclasts, purple in colour. The

proportion of intraclasts increases to the tophefunit (Fig. 73).
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Green Unit




Consist in a silty matrix with incipient laminatiat the lower part, becoming massive with

concretions upward (Fig. 74).

Fig. 74: (A) Sharp contact between the Fluivodeltaic 3 tiedGreen Unit (orange line). The red line represarfault.
(B) Concretions in a silty matrix of the Green Unit

5.1.2 PROVENANCE ANALYSIS

In order to understand the relationship betweerlpyeer Turbidites and Fluviodeltaic 3, in
parallel with the palaeocurrents analysis (seeclatth), provenance analyses were made.
Sampling intervals were selected to represent thi@ omits of each sequence at the North (Log
CB 1) and South (Log CB 7) of Cerro Bola. A toté&lSsamples, 4 from Upper Turbidites
(Stages lll, IV and V) and 5 from Fluviodeltaic3nit 1, 2 and 3) were analysed (Fig. 75).

Sandstones sample were thin sectioned, using blué&tsee porosity, and point counting
(50 point per sample) (Table 2). The date was edbtinto QFL and QmFLt diagrams.
Provenance discriminations are based on schem&ichinson et al. (1983) and consider the
hierarchy of different depositional environments provenance interpretation, as defined by
Ingersoll et al. (1993) (Fig. 76).

The data indicates that both Upper Turbidites ardviédeltaic 3 correspond to
feldspatharenites and indicate provenance fromimemial block of the plutonic-metamorphic
basement of Sierras Pampeanas and Famatina Sybtaimsf Pre-Cambrian in ages.

This results are in agreement with the data plétisoy Net & Limarino (2006) for Cerro

Guandacol, also known as Sierra de Maz (see Fitpdated ~7 km to north of Cerro Bola.
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They analysed 19 samples of the interval DI-3, elative with the Upper Turbidites and
Fluviodeltaic 3 in the area of Cerro Bola, and paounting 300-500 grains per sample. The
results proposed a progradation of the basemerdgoehe from the eastern-sourced, plutonic-
metamorphic Sierras Pampeanas and Sierra de FansgBtems at the time of the deposition
(Net & Limarino, 2006) (Fig. 77).

The provenance analysis is consistent with theepalarrents founded in Cerro Bola which

show a main flow direction toward NW.
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Fig. 75: Part of log CB 1, located at the North and CB Gated at the South of Cerro Bola, indicating thengad

intervals.
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CP A4 27 4 13 1 2 31 17 6
Upper % 54 8 26 2 4 62 34 12
Turbidite CP A5 21 3 6 6 2 24 24 5
% 42 6 12 12 4 48 48 10
CP A3 24 2 4 4 4 26 20 6 NORTH
% 48 4 8 8 8 52 40 12
Fluvio- CP A1 28 5 4 0 1 33 16 6
deltaic3 % 56 10 8 0 2 66 32 12
CP A2 26 3 7 1 0 29 21 3
% 52 6 14 2 0 58 42 6
QM3 25 1 10 9 0 26 24 1
Upper % 50 2 20 18 0 52 48 2
Turbidite QM 4 23 2 5 10 1 25 24 3
% 46 4 10 20 2 50 48 6 SOUTH
M1 20 2 12 9 1 22 27 3
Fluvio- % 40 4 24 18 2 44 54 6
deltaic3 QM2 22 2 12 5 2 24 24 4
% 44 4 24 10 4 48 48 8

Table 2: Summary of point-counting data of Upper Turbidi@sd Fluviodeltaic 3 from log CB 1 and CB 7.
Qm=monocrystalline quartz; Qp=polycrystalline gaaFK=K-feldspar; Plg=plagioclase; L=lithic; Q= Q@®p; F= Fk
+Plg; Lt= L+Qp.

Q Qm

Quartz arenite

Subfeldsarenite Sublitharenite

transitional
continental

RECYCLED
OROGENIC

transitional
recycled

lithic

transitional arc recycled
MAGMATIC ARC t
@crre @ceas [Joms Moms @crrs Qcear @cpaz lamt  OM2
| | l |
Upper Turbidites Fluviodeltaic 3

Fig. 76: Plot of the samples analysed in a QFL diagramk(Eb al., 1974) and QmFLt provenance diagram after
Dickinson et al. (1983)
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Fig. 77: Data from Net Limarino (2006). (A) QmFLt detritadodes of sandstones of interval DI-3 at Cerro Gaaol
indicating a provenance from continental block @xProvenance diagram after Dickinson et al (19@3) Integrated
profile at Cerro Guandacol showing regionally ctat@&ble chronostratigraphic surfaces that delinesggositional
intervals. The deposits studied in this work argelatable with DI-3 (red circle). (C) Model foralsedimentary infill
of Paganzo Basin during the interval DI-3. Paleggaphy based on interpreted maximum areal extehefbasin

following Salfity & Gorustovich (1983)
The porosity analysis reveals that the Upper Tutdsdnot constituted good reservoir due

the almost inexistent pore space, showing only re#exy porosity produce by fractures (Fig.
78). By the other hand the Upper Fluviodeltaic &pnt high porosity in the North (CB 1), with

the exception of sample CP-A3 (Unit 2), that présdrad sorting and higher percentage of
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matrix than CP-A2 and CP-A3 (Fig. 79). At South Eleviodeltaic 3 not showed porosity (Fig.

80).

Fig. 78: Thin sections photomicrographs of the samplesyardlof Upper Turbidites, CP A 4 and CP A5 corresipto
Log CB 1 (North); and Qm 3 and QM 4 to log CB 7dted at South of Cerro Bola (see Fig.75). Note Hwwprimer
porosity is none and only show porosity in fracbuf€P A5 yellow narrow).

Fig. 79: Microphotography of the sandstones analysed atd@B®d., note the high porosity (blue tint) of sangpEP A2
(Unit 2) and CP Al (Unit 3) and none porosity CPtA&t shows bad sorting and matrix.
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Fig. 80: Microphotography of the sandstones analysed at CBg7 located to the South of Cerro Bola. The QM 3
sample correspond to Unit 1 and QM 4 to Unit 2hhmit show evidences of porosity, in QM 3 the reaseems to be
the bad sorting and QM 4 compaction.

5.1.3 DEPOSITIONAL MODEL: CHARACTERISTICS AND DISCUSSION
In order to facilitated the correlation betweend@mnd appreciate the geometry of the deposits it
was necessary the photointerpretation of an aphatomosaic that cover the entire Cerro Bola
(Attach 2). This in addition with the analysis betsedimentary characteristic presented each log,
of the Upper Turbidites and Fluviodeltaic 3 reveals following sedimentological and depositional
evidences:
Upper Turbidites

- Consists of tabular turbidites layers. The thiclene$ Stage 4 is practically persistent
thought the all outcrop. By the other hand the &ag present at least 5 m of diminutions in
bed thickness at the South (Log 8).

- Stages IV is characterized by thick bedded turbegditmostly massive with parallel
lamination and ripples at the top of the beds.

- Stages V corresponds thin bedded turbidites with a big variation of sedimentary
structures. The bed thickness increases to the top finishing with a~2 m thick medium to
coarse-grained sandstone turbidite.

- The contact between the Upper Turbidites and Fdeltaic 3 is sharp in most logs, but

amalgamation was observed in CB 3 and CB 6; arglaron CB 7.
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Fluviodeltaic 3

The four Units of this interval are mainly orgardzm tabular layers, clearly seen in the
photomosaic, with the exception of Unit 4 that prés lenticular beds.

The Unit 3 and 4 are not recorded in the log CBd @B 5, and both log record the coarser
grain material of Unit 2.

The palaeocurrents of Upper Turbidites and Fluviage 3 present a main flow direction
toward NW-NE, this concord with the provenance wsial that indicated as Sierras
Pampeanas as source rock that corresponds toegramitl metamorphic rocks.

No evidences of shallow water, like wave ripplests, etc. were found.

No clinoforms were found.

Green Unit

The contact between the Green Unit and the Flult@de3 is by polished surfaces (CB 1,
CB 3, CB 7), sharp contacts and also erosionaasesf (CB 4, CB 5 and CB 6). In the Log
CB 2 was observed a fault.

Green Unit corresponds to a silty-sandy matrix wdtibpstones, mostly of metamorphic
rocks and granites, structureless, deformed or witipient lamination, with dropstones,

mostly of metamorphic rocks and granites.

Discussion

The sedimentary features described above for theidéleltaic 3 not correspond to a classical

deltaic environment. Instead, are more characiemdtsand-rich submarine fans (Reading, 1996)

(Fig. 81) which display a sand contentG0% (Reading and Richards, 1994). Sand-rich sulomari

fans are located in tectonically active environmeef#attern, 2005 and references therein)

associated with fluvial systems with relative stggepdients and commonly narrow coastal plains

(Bouma, 2000a, b). It is well established that sfanoh littoral drift is intercepted in the headsdan

gullies of submarine canyons and funneled downskope the shelves to some sand-rich fans

(Howell and Normark, 1982; Nelson, 1983; Readind Richards, 1994; Schwalbach et al., 1996;
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Mattern 2005). Sand-rich fans may also by fed diyduy a local river (Nelson, 1983; Nelson et al.,
1999).

By the other hand, the Upper Turbidites correspmnohud/sand-rich submarine fans (Reading
and Richards, 1994).The differences in bed thickmesl sand proportion between stages IV and V
is attributed to a diminution of sand supplied inibh® basin during the deposition of Stages V

possibly related to a rise of sealevel.

Shelf/Delta

iR Mid-Fan
Canyon fed by active Inner Fan channelized
nearshore littoral drift . Cannels. Lobes

or relict shelf sands =t “n ‘
= ‘{‘ N | J
_ Longdshore ; | l

. /;(.‘/ \> ) Cob”

__*;?\" InnerFan Mid-Fan chignnelized

“TCanyon, ~ "~ & unchannelized sands
//\\\. : L)
: \\I \ \ o 500-
\ %&S dhok 42000 m
S{ r \ Outer Fan
it ="/
Sea al
- Slo ///‘ Slum T~ ,
*\_\_\ ap,é)né /L R . Q\'é’\j/ ///
~— -~ 7 » /
. Slum T~/ :
10-50 Km pS / /// Sand'rICh

SubmarineFan

Fig. 81: Block diagrams illustrating the gross depositiofaalies\ environments and log responses of samde@ep-
marine clastic systems (modified after Reading Rinthards, 1994). The wireline log data provide asgel view of the
types of log responses expected from gamma rayitapeous potential and resistivity (Richards & Bamn1998).

The contact between the Upper Turbidites and Ftattaic 3 indicate changes in the tectonic
conditions, from passive during the deposition t#g8s IV and V to tectonic active that strongly
increased the sand supply basinward during thesitepo of the Fluviodeltaic 3. A similar situation
was observed in the sand-rich fans of the North ®emed during the Meso-Cenozoic rifts.
(Mattern, 2005 and references therein).

The measured sections made and the correlatiotisedfour units, allow recognise different
environments. The Unit 1, characterized by prepanallel bedding, good lateral continuity and

frequent tabular amalgamation surfaces is integgras outer fan deposits. Unit 2 and 3 correspond
71



to middle fan succession presented a more irregstla@tigraphic architecture whit a random
distribution of channels fills. The channels obsekvmostly in Unit 2, corresponded to lenticular
matrix supported conglomerates and conglomeratcistanes with vertical and lateral random
distributions are interpreted as distributary cle@snThe small size and low vertical thickness are
common characteristic of ephemeral channels. Thaicldar matrix and clast-supported
conglomerates of Unit 4 correspond to the coarsdingent found and are interpreted as inner fan
deposits.

The log correlations (attach 1) and the aerial pimaisaic (attach 2) shown a decreases in
thickness of Unit 1 and 2 in the centre of CerrdaBérom North follow by thickening to South.
This variation in thickness indicated the preseoicevo coalescing sand-rich submarine fans. The
interpretation is supported by opposite palaeoaisrdirection found between Log 5 and 6 and the
difference in clast composition founded in Unitid,the North (logs 1 to 3) the clasts consist in
metamorphic rocks, granites and quartz; in the Isdldgs 6 to 8) are composed mostly by
intraclasts.

As described above main palaeocurrents to NW-NE réflects that slope basin was deeping in
this direction generating curved submarines faigs 2).

The absence of the Unit 3 and 4 in the logs CBdl%could be product of and incisive valley
created by glacial advance that generate theistriabserved at the top of Fluviodeltaic 3 (see Fig
21 B; 38 B, 68 A) that deposit the proglacial sesls described in the Green Unit. But the
possibility of slide scar or fault is not discardaad further studies have to be made to clarify thi

point.
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fans regular curved (modified from Mattern 2005).

73



5.2Vidal Ramos

The city of Vidal Ramos is located at 85 km to wst from Florianopolis (see Fig 2). In total

the area of study has approximately 336 kin this part of the Parana Basin (Fig. 10) tleaité

Group rest in unconformity on the Precambrian basgm

Vidal Ramos is part of the Rio do Sul depressioisd by Canuto (1993) and records deposits

from Mafra and Rio do Sul Fm. Paim et al. (20043pmed the zone using a regional scale

(1/75,000). For the aim of this research it wasessary to make a detailed geological map of the

area (Fig. 83) to identify the deltaic deposits.

The ltararé Group presents in the area a totaknkss of 360 m and was identified the

following units from bottom to top:

Mafra Shale: Correspond to hemipelagic dark shalégh dropstones resting on the
basement unconformity. This deposit is only obsg¢imethe paleofjord (Carvalho, 2013).
Confined Turbidites: Characterized by fine-grairtatbidites intercalated with rhythmites
with dropstones. This unit is onlaping the basen(@atvalho, 2013).

Diamictite/MTD: consist in a silty matrix with clagdropstones), sometimes remobilized
with blocks. The unit presents no lateral contyaihd in some parts is in contact with the
basement.

Thin-bedded Turbidites/ MTD: this unit is the théckand presents rhythmites with
dropstones just in the lower part, and remobilidednictites (MTD). Upward the unit are
composed by rhythmites with intercalation of5 cm sand beds with ripples, except at the
East of the study area where 20 m of sandy tudsditas founded. At the top the unit
present decreases in the sand proportion, finishittgmudstones.

Deltaic: this unit is the focus of this research &mwill be described in the next step.

The contact with the overlying Rio Bonito Fm. weever found in the area.
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5.2.1 LOGS DESCRIPTION
Four sedimentologic logs (1:100 scales) were maolegathe study area where it was found
continuously exposed outcrop for at least 15 nthénnext step it will be described the sedimentary

facies found in each section from South to Noi#eq table 3 for facies code description) (Fig. 83).

Code Lithofacies Structure

Sm Very fine to fine-grained sandstones  Massive

Sg Very fine to fine-grained sandstones  Normally graded

Sr Very fine to fine-grained sandstones  Current ripples lamination
Srw Very fine to fine-grained sandstones  Wave ripples lamination
Sl Very fine to fine-grained sandstones  Horizontally laminated

Sd Very fine to fine-grained sandstones  Deformed

Fl Fine-grained (silt to clay) Horizontally laminated

Fd Fine-grained (silt to clay) Deformed

Table 3: Facies code and description of the facies identifiethe Deltaic. (Modified from Miall, 1977)

Log VR-1

This log is located at the South of study area (ggel). In this zone the contacts with the
underlying (Thin-bedded Turbidites/MTD) and the dyieg (Rio Bonito Fm.) units are covered.
This log comprises almost 20 m of the Deltaic Waintinuously exposed. (Fig. 83) and presents,
from bottom to top, the following facies:

Deformed sandstones (facies Sd; Fig. 84)

These facies are characterized by disturbed bedsassive, rippled, horizontal laminated
deposits and consist of very fine-grained sandstdinat occur in bed of 0.5-2 m thick. Deformed
sandstones often present a chaotic appearancduang structures. Mudclasts are common. Such
deformed sandstones were probably formed by slummpreviously deposited sand facies
downslope in a subaqueous environment, caused ibgniseshock, high depositional rates on

higher slopes, scape of organic gases or by a c@tibn of these processes.
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Other type of deformed sandstones facies consisfingFgrained sandstones containing
dewatering and loading structures, interpretedeaslts of rapid escapes of pore water from the
sediment in a context of extremely high depositioates.

Deformed fine grained (facies Fd; Fig. 85 and 86)

This facies consist of siltstones and mudstonel wliaotic aspect and slumped features. The
thickness of the beds varies from a few centimeawes 4 m thick bed which presents sandstones
block and micro faulting. Slumping may have beéggired by rapid sedimentation, deposition on
high relief, oversteepening of depositional slogessmic shock or a combination of these factors.

Massive sandstones (facies Sm; Fig.87)

Correspond to fine grained sandstones with nonatesedimentary structures. They occur in
beds >0.5 m thick, mudclast are common. This fapiedbably correspond massive Bouma A
turbidites, indicative of subaqueous depositiomai®nment.

Graded sandstones (facies Sq)

Consist of individual normally graded beds fromefior very fine-grained sandstones to
siltstones. Sometimes repeated sequences of fawdesr, comprising massive, horizontally
laminated and rippled sandstones passing upwdahtmated siltstones. Graded sandstones facies
was deposited by turbidites in subaqueous setting.

Current rippled sandstones (facies Sr; Fig. 88)

This facies occur either as part of a turbiditada@association or as discrete beds. The ripples
are asymmetric indicating the action of unidirecéibflows and correspond mostly to climbing
ripples. The size of the sedimentary structureegafrom centimetre to decimetre scale. Fine-
grained rippled sandstones represent deposition &oelatively slow velocity traction current with
abundant suspended material. The palaeocurrenisenadicates main flow direction to NW (see

fig. 32 B).
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Horizontally laminated sandstones (facies Sl)

This facies is the less common part of the turlwidissociation. It is represented by fine-grained

sandstones deposited by currents in upper flownegi

VR-1
—20
15 o E < 2 ’.f,"-‘.-‘_‘ 3 ’%
" u ! ! ] Fig. 84: Example of the facies Sd, note the sl
| features of the very fine sandstones.
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Fig. 83: Sedimentary log of Deltaideposits located at t Fig. 86: Example of a 4 m thick slump (Fd facies),
South of the study area. Vertical scale in meffé® 10s¢ yellow dot line delineated sandstones block with
diagram shows 2 measures of palaeocurrents, indicati mudstone matrix.

NW flow direction
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Fig. 87: Examples of the facies Sm: (A) T Fig. 88: Examples of facies Sr. (A) Fine grail

metres thick massive fine sandstones bed. sandstones with centimetres size climbing rip
Mudclast at the top o& structureless fine grain (B) a decimetre size climbing ripple.

bed, one Brazilian Real for scale.

Log VR- 2

This log is located along the road BR-486 at appnaxely 8.3 km to NW from VR-1 Log. In
this section it is possible to observe the traosél contact between the Deltaic and Thin-bedded
turbidites/MTD Unit, passing from hemipelagic mwdss to intercalation of mudstones and
millimetres sand layers that become thicker upwatds contact indicated a normal progradation
of the deltaic system. Unfortunately the conta¢hwhe overlaying Rio Bonito Fm. is covered.

The VR-2 log recorded 47 m of deltaic sequencesesponding to the most thick measured
succession of the unit (Fig. 89). The sedimentaciek recognized in this log are described below:

Laminated fine-grained (Facies Fl; Fig. 90)

This facies consists of laminated grades beds fitstones to claystones, interbedded very
fine rippled sandstones or as individual beds ofif@ted mudstones. The thicknesses of the beds

vary from millimetre scale to a 3 m thick layer 90 B). The graded beds are interpreted as
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diluted turbidites deposit and the discrete lagersleposited in low energy setting by the setthihg
suspended fines.

Graded sandstones (facies Sg; Fig. 91)

Graded sandstones are present mostly at first 12 thhe log, corresponded to very fine and
fine-grained sandstones grading to mudstones. djetition of sequences of facies (Sm, SI, Sr and
FI) indicate deposition from turbid currents.

Massive sandstones (facies Sm; Fig. 92)

Correspond to structureless fine or very fine-gedisandstones present as individual bed or as
part of a turbidite sucessions. It is located nyostlthe middle part of the log. Mudclast, dewatgri
and loading structures are common. The beds thesknaries from a few centimetres to 4 m thick.
This facies is interpreted as deposited by grdlaty such dense turbidite currents.

Deformed sandstones (facies Sd; Fig. 93)

Consist in chaotic beds with slumped feature®) piesenting mudclast, dewatering, and flame
structures, probably generated by slump downslépesviously deposited sandy facies.

Horizontally laminated sandstones (facies Sl; A9

The facies Sl is usually found in association wahies Sg, Sr and Sm in very fine to fine-
grained sandstones interpreted as deposited Wyotrarirrents, in upper flow regime..

Wave ripples sandstones (Facies Srw; Fig. 94 A)

This facies is present at the lower part of the, logcurring associated to the turbidites
succession or as discrete beds. Symmetrical wgysdes predominate at the first 13 m of the
section, sometimes combined with flaser laminatidns facies is interpreted as deposited by wave

action in relatively shallow water depths.
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Fig. 91: Graded sandstones interpreteddasta
turbidites.
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Fig. 92 Photo illustrating the Sm facies, note

Fig. 93 Deformed sandstones (facies Sd), hamme
scale.
abundance of mudclast.

Rippled sandstones (facies Sr; Fig. 94)

Tis facues is characteristic of the upper part. $hadstones beds present climbing ripples

across the entire layer indicating unidirectionafrent flows, suggesting deposition from flows

carrying abundant suspended material such hypeapytows. The palaeocurrents measures are
shown in fig. 8.

~ &
3

wigeomgica oo © 7

o—wa'hmm

Fig. 94: Examples of facies Sr; (A) Wavy ripplesgiag to laminated very fine sandstones (facies(8l) Flase
lamination. (C) Cross stratification. (D) Climbinigples showing NW flow direction.
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Log VR-3

Located at almost 13 km to NE from the previous (@R- 2), this section record 20 m of the
Deltaic Unit, the contact with the under and oviaidyunits are covered (Fig. 95). A sill of diabase
intrudes the unit. The facies recognized are tHeviings:

Laminated fine-grained (facies Fl; Fig. 96)

Consist in mudstones and shales horizontally latethas individual beds or as part of graded
beds. These deposits are interpreted as dista¢diturbidites.

Graded sandstones (facies Sg; Fig. 96)

Correspond to normally graded beds from fine-vamg-fjrained sandstones to mudstones. The
thickness of the layers varies from 2 cm to 20 ch is8 common find repeated sequences of facies
such Sm, Sr and FIl. This facies is interpretedegsit by turbidity currents.

Deformed sandstones (facies Sd; Fig. 96)

The facies consist in distorted beds of massivedsanes with loading structures that deformed
the bed. This is interpreted as rapid depositicsuipagueous environment.

Massive sandstones (facies Sm; Fig. 96)

Occur as individual beds or as part of the turbidi€posits. Consist of fine-grained sandstones
without sedimentary structures. Basal marks suekitm, grooves, flute casts, are common and
indicate NW-NE flow direction (see fig. 14). Thdaeies represent massive Bouma A turbidites.

Wave Rippled sandstones (facies Sr; Fig. 96 and 97)

Rippled sandstones facies is present as part whalite facies association. This facies occurs
in fine-grained sandstones, sometimes associatat flaser laminatiton. The palaeocurrents

analysis of the ripples shows random direction,fged 4, indicating possibly storm wave action.
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Fig. 95: Sedimentary log of Deltaidnit at the central east pari
study area. The palaeocurrents are representedhdn ras
diagrams for each sedimentary structure, in braaketindicate

the number of measure.

Fig. 96: Example of the different sedimentaiacies
presented in this lodSd= deformed sandstones;
laminated fine grained; Sg= graded sandstones
rippled sandstones and Sm= massive sandstones)

Fig. 97: Rippled sandstones, in (A) climbing rip
with flaser lamination. (B)Wavy ripple in fine
grained sandstones.
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VR- 4 Log

Located at the northwest of the geological map. (fijg this section recorded almost 20 m of
deltaic sandstones (fig. 17). In this place therendnit is uplifted by a fault located at the Easi
the Deltaic Unit is founded at 800 m.s.l. when Uguappears 200 m bellow. The sedimentary
facies are the followings:

Fine grained deformed (facies Fl; Fig. 98)

These facies is founded at the bottom of the lamsists of chaotic mudstones with slump
features. It is interpreted as deposition in a qubaus setting by decantation and subsequent
slumping downslope.

Graded sandstones (facies Sg; Fig. 99)

These facies appears at the first 5 metres of ae donsists of fine and very fine-grained
sandstones grading upward to mudstones. Assocatioth facies Sm, S| and Fl are frequent
indicating deposition from turbidity currents.

Horizontal laminated sandstones (facies Sl; Fi@) 10

This facies is a common component of the turbidéaes association and occurs as fine to very
fine-grained units. It indicates deposition fromdtion currents in upper flow regime.

Current rippled sandstones (facies Sr; Fig 101)

Correspond to fine grained sandstones with climbipgles across the entire bed; the thickness
varies from 50 cm to 3 m. Sometimes it was obseflas@r lamination and cross stratification. The
palaeocurrents analysis indicated NW flow directigee fig. 17). The dominance of climbing
ripples facies through the bed suggest depositiom fcontinues flows with abundant suspended

material.
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Fig. 98: Sedimentary Log recordin@0 m of ths
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Deltaic Unit.

represented at the rose diagram.

Fig. 99: Chaotic mudstones of the facies (e:formes
fine-grained deposits). Note the slumps features ar
erosive contact with the overlaying sandstones bed.

Fig. 100: Example of the laminated sandstones fz
(Sl). These facies appears usually at the top adey
beds.
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Fig. 101: Photos showing the facies Sr (rippled sandstonéa). Climbing ripples across the entire bed. (Bp&
stratification at the bottom of a lenticular sat&t body. (C) Flaser lamination in very fine-grairsandstones.

5.2.2 TOC ANALYSIS
In order to determine the hydrocarbon potentiathef Rio do Sul Fm. four mudstones samples
(Fig. 102) were taken and analysed for Total Orgabarbon (TOC) using Leco SC-144DR

equipment. The results are shown in Table 4; th€ f0antity indicated a fair resource potentail.

VR Bubi 0.2346 0.046181 1.1991 Mid Carbon
VR 14-12 0.2346 0.041412 1.1745 Mid Carbon
VR 15-1 0.1447 0.035940 1.6358 Mid Carbon
VR 23-24 0.1816 0.0087791 0.67389 Mid Carbon

Table 4: Results of TOC analysis applied to 4 sesylvo belong to Mafra Shale and two to Thin-bedde
Turbidites/MTD Unit.
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Fig. 102: Stratigraphic location of the samples analysedfoC (see Fig. 83 for the legend of the Stratigyagdlumn)

5.2.3 DEPOSITIONAL MODEL

After correlate (Fig. 103) and analyse the facesntified in the Deltaic Unit at different
localities, the sediments characteristics suggespmsitional setting dominate by gravity flows at
the beginning. This gravity flows consists of slampbserved at Log VR- 1) that transform into
turbidity currents to the North, like we see in VRand VR- 3 logs (see Fig. 104). The evidences

of wave reworking in the sediments indicate shaflowater at this time.
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The predominance of resedimented facies suggespasdional environment characterized by
slope instability. The cause of this features cdaddrelated to many reasons like seismic activity;
rapid sediment accumulation at river mouth, resgltiin widespread sedimentary loading on the
upper delta-front slope; deposition of coarser samt silts on unconsolidated prodelta clays; or
rapid biochemical of organic material leading tonfation of large volumes of methane gas, that
generate excess pore pressure within the sedir(\&fhislan et al., 1975).

The deposits shown a progradation of the deltaeesysteflected by the increase of sand toward
the top; followed by a retrogradation attributedataise of the sea level and the deposition of
mudstones (3 m thick) observed in the VR- 2 log.

Overlaying the mudstones appears, in sharp cordatttickening upward package of rippled
sandstones interpreted as delta front deposits(Bee2 and VR- 3 logs). This indicates a rapid

normal progradation of the delta systems relatddgb rates of sediment supply.

S NW Stratigraphic Architecture

Deltaic Progradation 400 Rio Bonito Fm.

cross-bedded sandstones

Sealevel T3

_ SANDY DELTA FRONT

proximal delta front

wave-reworked interval
distal delta front

300

Sea level rise
(Deltaic retrogradation)

THIN-BEDDED
~ TURBIDITES

Slope inestability
(gravity flows) 1

MTD

100
MTD

CONFINED
TURBIDITES

MAFRA SHALE

Fine-graines sandstones l l Very fine-graines sandstones | Mudstones ~ T:Time X Sea Level Change Basement

Fig. 104: Left: schematic model of the deposition of thetBiel Unit. VR-1 to VR-4: measured logs presenteim
12. Right: general interpretation of the stratidniapevolution of Itararé Group, marked by advanoéshe delta
systems related to phases of increased sedimepitysup
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6. CONCLUSIONS

The results presented in this research reflectahan if both areas present similar climatic
condition (de-glacial period) the type and morplglof the basin strongly influenced the distinct
sedimentary processes, sand transportation andhatation basinward.

The Paganzo Basin, as was described before, congspto a foreland basin. This
characteristic determinate that in the area of Bola the changes in sediment supply was mainly
related to the tectonic activity. The result is gemeration of high density turbidite currents &mel
deposition of~165 m thick sand-rich regular curved coalescingdsach submarine fans with a
restricted lateral extension. Unfortunately furtiséudies have to be made to investigate if these
deposits are related or not to a delta, that wagitm of this research.

By the other hand, Parana Basin corresponds taciatonic basin in which the deposition
was controlled mostly by sea-level changes andrssati supply. Under this conditions thinneg((

m thick) but with big areal distribution sandy @eKystems could be formed as was observed in
Vidal Ramos. In this setting the transport of seshimto distal areas basinward is product of the
collapse of delta front deposits that generatediigreflows and turbidites in the distal delta
front/prodelta regions.

Besides this general comparison, specific conchssfor each area are presented below:

Cerro Bola outcrops
- The differences in thickness and sand proportiawéen Stages IV and V of the Upper

Turbidites correspond to variations of sand suplpieethe basin attributed to changes in the

sea level.

- The sharp contact between the Upper Turbidites “&haviodeltaic 3" is attributed to a
tectonic reactivation of the basin.

- The “Fluviodeltaic 3” is re-interpreted as coalesciregular curved sand-rich submarine
fans based in his sedimentological features, reagonthe author proposes the change of

the name to Submarine Fan.
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The submarine fan deposits can be subdivided intoi#%. The Unit 1 correspond to outer
fan deposits; Unit 2 and 3 represent middle fanodiép including distributaries channels;
and inner fan deposits correspond to Unit 4.

The contact with the overlying Green Unit is naasl and could be an erosion surface result
by a glacial advance, but further investigationgeht® make.

The Green Unit deposits consists of a silty-sandgtrimm with dropstones, mostly of
metamorphic rocks and granites, structureless, rohefd or with incipient lamination
interpreted as deglacial sediment, locally resedietk

The palaeocurrents analysis of the Upper Turbiditeds Submarine fan (Fluviodeltaic 3)
indicates a NW-NE main flow direction.

Provenances analysis of the both sequences raheaBierras Pampeanas as source rock, in
agreement with the palaeocurrents.

The Upper Turbidites are bad hydrocarbon resefeoinot present porosity.

The samples analysed of Submarine Fan unit shoad ggservoir condition at the north of

Cerro Bola, but bad quality at south due compaction

Vidal Ramos

The upper part of Rio do Sul Fm. corresponds ttadetieposits.

The Deltaic Unit presents high frequency of progtamh and retrogradation of the delta,
influenced by changes in the sea level. The lowat pf the unit is wave reworked
differently of the upper succession that is rivemghated.

The palaeocurrents analysis of asymmetric rippidcated flow direction towards NW.
TOC analysis applied to the rock of Rio do Sul Fmot show good potential for

hydrocarbon generation.
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As a final remark, the re-interpretation of theckhsandy deposits in Cerro Bola as submarine
fan does not allow a direct comparison with thedyaprogradacional deltaic deposits of Vidal
Ramos, due to the distinct record of depositiomat@sses and paleogeographic configurations.
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