UNIVERSIDADE DO VALE DO RIO DOS SINOS - UNISINOS
UNIDADE ACADEMICA DE PESQUISA E POS-GRADUACAO
PROGRAMA DE POS-GRADUACAO EM GEOLOGIA

NIVEL MESTRADO

BRUNO MIGUEL VAZ DE CARVALHO

Confined Turbidite Sand-Sheets in the Parana and Rgmnzo Basins.

SAO LEOPOLDO

2014



BRUNO MIGUEL VAZ DE CARVALHO

Confined Turbidite Sand-Sheets in the Parana and Rgmnzo Basins.

Dissertacédo de Mestrado apresentada como parte das
exigéncias para a obtenc¢do do titulo de Mestre, pel
Programa de PéOs-Graduacdo em Geologia da
Universidade do Vale do Rio dos Sinos
(UNISINOS).

Area de Concentracdo: Geologia Sedimentar

Linha de Pesquisa: Estratigrafia e Evolugdo de
Bacias

Orientador: Prof. Dr. Paulo Sérgio Gomes Paim

Co-orientador: Prof. Dr. Benjamin C. Kneller

Séo Leopoldo

2014



C331c

Carvalho, Bruno Miguel Vaz
Confined turbidite sand-sheets in the Paran4 agarRa Basins /
por Bruno Miguel Vaz de Carvalho. -- Sdo LeopoRkiai 4.

95 f. :il. color. ; 30 cm.

Dissertacdo (mestrado) — Universidade do Vale dad@s Sinos,
Programa de Pés-Graduacdo em Geologia, S&o Legiij@014.

Area de concentracéo: Geologia Sedimentar.

Linha de Pesquisa: Estratigrafia e Evolucdo ded3aci

Orientacao: Prof. Dr. Paulo Sérgio Gomes Paim, IlBsco
Politécnica ; Coorientacao: Prof. Dr. Benjamin @eKer,
University of Aberdeen.

1.Sedimentos (Geologia). 2.Bacias (Geologia). 3asim
estratigrafica. 4.Geologia estrutural. |.Paim, Be#rgio Gomes.
Il.Kneller, Benjamin C. Ill.Titulo.

CDU 551.3.051
551.7
551.243

Catalogacéo na publicacéo:

Bibliotecaria Carla Maria Goulart de Mes — CRB 10/1252




Bruno Miguel Vaz de Carvalho

Confined Turbidite Sand-Sheets in the Parana and Rmnzo Basins.

Disserrtacdo de Mestrado apresentada
como parte das exigéncias para a obtencéo
do titulo de Mestre pelo programa de Pos-
Graduacdo em Geologia da Universidade
do Vale do Rio dos Sinos (UNISINOS).

Aprovada em / /

BANCA EXAMINADORA

Prof. Dr. Claiton Marlon dos Santos Scherer (UFRGS)

Prof. Dr. Ernesto Luiz Correa Lavina (Unisinos)



Confined Turbidite Sand-Sheets in the Parana and Rmnzo Basins



LIST OF FIGURES

Figure 1.1 - Location map of the Quebrada de lgad galaeofjord) and Quebrada
Grande (PAIAEOVAIIEY)..........uuuueiii et e e e e e e e e e e 6

Figure 1.2 - Location map of the Vidal Ramos pal@dley.. .............cccccoviiiiiiiiiiininnnnnn. 6

Figure 2.1 - Glacial-valley and associated landesaMain glaciers carve the basement
to create the main glacier-valley and adjacent imgagalley (modified from Surachit,

Figure 2.3 - Paleogeographical maps of the Gondviantéhe latest Devonian, latest
Visean and latest Westphalian. Permo-carbonifegtasated basins are numbered 1-9:
1) Argentina; 2) Paraguay; 3) Bolivia; 4) ParanasiBa5) Southern-African; 6)
Antarctica; 7) Australia; 9) Indian S C; 9) ArabiBn(modified from Veevers& Powell,

Figure 2.4 - Diagram representing a schematic sugdn of a turbidite current.. ............ 13

Figure 2.5 - Turbidite acceleration graph, repréagrthe type of deposits according to
the type of temporal and spatial acceleration (Knel995)............coooiiiiiiiiierein, 14

Figure 2.6 - Types of turbidite deposits basedhentype of flow acceleration (Kneller,
(KL L) TSRO 14

Figure 2.7 - Depositional model for the infill ofcanfined turbidite basin at the flow
stripping stage (modified from Sinclair and TOmMaB802).............uuuuuuiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee,

Figure 2.8 - Classification of sand body terminasicafter (a) McCaffrey & Kneller
(2001); and (b) Smith &Josep (2004). Apud Gard(@&06).. ..........ccovvvrerrerrrrrrnniiinns 18

Figure 2.9 - Examples of sandbody pinchout geomé#aag) show a range of possible
geometries when sandstone body onlaps an existirigce (modified from Gardiner,

200) .. ettt et e e e e ettt ——————tt 111ttt et e e e e e e e e e e e e e aaannrnraranaaees .18
Figure 2.10 - Late Carboniferous (Pennsylvanian¢qmeography of the Paganzo and
adjacent basins, modified from Buatois and MAngd885).............ccoeeeiivviiiiiiineeee 20

Figure 2.11 - Two photos taken from carved fjoralsa modern fjord, Chile (Milbre,
2011) and b) a well exposed palaeofjord filled w@harboniferous turbidites in the
Quebrada de Las Lajas, (Carvalno, 2012). ......cceeiiiiiiiiiiiieeeeeeiiiiii e 22

Figure 2.12 - Quebrada de las Lajas geological (Pgfstra, 2006). ........cccceeveveeeeeeennnn. 3.2

Figure 2.13 - Location of the Quebrada Grande aritine of local geology (modified

from Kneller, 2004). Carboniferous strata (darkyyreepresents depositional areas
situated to the east of the Protoprecordillera joradyrey area). Rectangle in the right
hand side map shows approximate location of fi@Quid.. ...............cooiiiiiiiiiiiiiins s 25

Figure 2.14 - Geologic map of the Quebrada Graitde.north sector is modified from
Kneller (2004) whereas the central and southerasaveere mapped during this work.

Location ShOWN INfig. 2.13.. ..ot e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeranannes 26
Figure 2.15 - Fence diagram showing thickness adsmmgthin the northern Quebrada
Grande palaeovalley fill (Kneller, 2004). ...coeeeeeeeeiieiee e 27

Figure 2.16 - Geologic map of the Parana Basinrazi and its location and extension
T IRSTo 10 11 g I 0 0 =T o T PSSP 28



Figure 2.17 - Geological provinces (left) and omareple (right) of the Parana Basin

DASEMENT FOCK.. .eeiiiiiiieiii e+ttt e ettt e e e e e e e eeeb bbb bbb e e e e e eeaaeaeeeas 29
Figure 2.18 - Depositional sequences and lithagtegihy of the Parana Basin (Milani,

L L 1 ) PP PPPPPPPPPRPPPPPP 30
Figure 2.19 - Stratigraphic correlation of the di&@ Group, with depositional sequences
(Weinscthuz and Castro, 2004) .......ccooeeeieeeeeeeeeeeeeee e s e e e e e e e e e e e e e e e e eeeeeeeeeeeeneene 31
Figure 2.20 - Subsurface stratigraphy and assatiatelogical column of the Itararé
Group according to Franca &Potter, 1988...........uuuuueiiiiiiiiiieieeeeeeeeeeeeeee e 31
Figure 2.21 - General sedimentary log of Vidal RamaQ............cccccoevieiiiieeiiieiceees o 34
ARTICLE

Figure 1 - Location of the Quebrada de las Lajalagofjord and Quebrada Grande

PAIAECOVAIIBY ... ... e e a e e e e e et e e e e aaaa———_ 42
Figure 2 - Location of the Vidal Ramos area (bldoK in the Santa Catarina State (red
region) and geological map of the studied ar€a.............cccoeeeeeeieieeeiiiieeee s 42

Figure 3 - Depositional model for the infill of amfined turbidite basin at the flow
stripping stage (modified from Sinclair and Toma&6802).. ..........ccceeviiiieeiiiiiiiieeees i 45

Figure 4 - Classification of sand body terminaticafter (a) McCaffrey & Kneller
(2001); and (b) Smith &Josep (2004). Apud Gard{@EX06). ..........ccceevveiviieeereeriie 46

Figure 5 - Feature associated with the glacialneadfithe studied palaeovalleys, glacial
striation at the base of the Vidal Ramos palaeeydfill (a), iceberg-related scour

features in the Quebrada Grande palaeovalleyolill.(.............veiiiiiiiiiiiiiiiiiieeeeee, 48
Figure 6 - General picture of the glacial paladleyamorphology.............ccccevvvvinnnnnns 49
Figure 7 - Quebrada de Las Lajas geological magpdffred from Dykstra, 2007) and

detailed geological map of the central sector efglaeofjord. ...............ccoeviriiiiiiiicennne 51

Figure 8 - Large scale photomosaic of stages I9pldying almost the entire fill of the
Quebrada de las Lajas palaeofjord.).. ..... o eeeeeeereemmiieeee e eeeeeeeeieeeeeeeeeeeeeneene 52

Figure 9 - Composite stratigraphic log of the QLalgeovalley (photos located in the
log): (A) slumped sandstone and conglomerate deifingan stage | coarse-grained delta
deposits; (B) contact between stages Il and llti¢eothe black mega bed underlying
the turbidite sandstone sheet); (C) typical Stdlgeahdstone grading to shale; (D) base
of Stage IV characterized by low mud/shale ratid Hnck sandstone beds; (E) mid to
top of Stage IV represented by amalgamated sanel&teds with almost no intervening
fiNe-grained STrata.. .........ccooiiiiiiiieee e e e e e e e e e ————— 53

Figure 10 - (a) Clast-supported conglomerate (adliqig to coarse-grained sandstone...... 54

Figure 11 - (a) Contorted conglomerate and cograged sandstone strata, enclosing
outsized limestone blocks, and (b) clast-supportedglomerate with protruding,
[IMeStone OULSIZEd CIAaSTS. ... ....uiiiii e 55

Figure 12 - Conceptual model for the thick, chaatid/or contorted, conglomerate and
coarse-grained sandstone strata with outsizedygliog limestone blocks. ....................... 56

Figure 13 - Conceptual model of the QLL along itdsashowing the longitudinal
confinement and SPIll POINT.. ............ e 57



Figure 14 - The sedimentary succession that fiks@QLL palaeofjord changes laterally
due to the pinchout of the sandstone beds (a) @haserelatively easy to follow along

the fJord axiS (D)., «eeeeeiei s 58
Figure 15 - Quebrada Grande geological map. Sthgad IV palaeocurrent readings
represented iN r0Se AIAgIaMS.. .....ooiiiii et e e e e e e e e e eeee e e e aeeeeeeeranees 60
Figure 16 - General log illustrative of the Queta&rande palaeovalley fill..... .............. 61

Figure 17 - Quebrada Grande cross-section anctiagst logs (vertical numbered
LTSS PSSR UPPPPPPR

Figure 18 - Geological map and vertical sectioWiofal Ramos...........ccccccvvvvvvciiennnnn. 63.
Figure 19 - Sedimentary log of the lowermost wvéi(Mafra Formation) that fills the
Vidal Ramos palaeovall@y.... ..........iii e 65
Figure 20 - Vidal Ramos geological cross-sectionivéd from the correlation of
several sedimentary logs acquired in the southertosof the area.................cccevvvnnnee 67
Figure 21 - Mafra Shale with dropstones. Noticesitarp contact with the overlying R1
Y = (6 [PPSR 68
Figure 22 - (A) Transition from R1 to T1 stages &Byl sharp contact between Mafra
Shale and RL SAgE.. ...cooiiiiiiiiiiiitiet s e e e e e e e e et e e e eeteaabeb e e e e e e e e e e aaaeaeas 68
Figure 23 - Dropstone in the middle portion of REYE. ...........ceeiiiiieiiiiiiiiiiiei e 69
Figure 24 - (@) closely-spaced and overlappingngated flute casts and (b) bottom
irregularities (loading and injection) at the bas&tage 1l turbidites..... ...l 71
Figure 25 - Mud to sand ratio at Quebrada de &ad. Notice the sudden drop of mud
just above at 150 m above the Dase ... 72

Figure 26 - Sandstone of the lower portion of Tefnposed of biotite, muscovite and
quartz. No to very low permeability is suggestedtly lack of the impregnating blue

Figure 27 - (a) and (b) Well preserved groove aashe base of Ts2 sandstone; and (c)
impression of lepidodendron within TS1 unit SANOBIA .........ccooeeiiiiiiiiiiiiiiiii e 74

Figure 28 - Thin-section of the upper portion @&l Tunit. A higher permeability and
porosity relative to the lower part of this internia apparent and at least partially a
result of the dissolution Of CalCIte VEINS......ccc i 74

Figure 29 - Fossils found at QG Ts2 sandstones,ldgi@e and abundant trunk
impressions at the base of Ts2 sandstones, (bpbalrinduced sedimentary structures

(MISS) at the base of Ts2 SANASONE DEA. . e e oo eeeeeeieeeiieeiiiiicise e e e eeeeeeseeeaeeees (O
Figure 30 - Soft-sediment deformation (injectiorssfommon feature of the Ts3. ............ 78
Figure 31 - Thick sandstones at the mid portiothefT1 Stage..........ccccceeeeeeeeiiiiiieenee 49
Figure 32 - Fine-grained sandstone composed of ewits¢ biotite and quartz grains
with no pores within them (T1
ST e en et e ——————————————————————— 80

Figure 33 - (A) T2 stage amalgamated sandstone &ietthe centre of the valley. These
sandstones may include (B) a massive and planecbdelddse as well as (C) a ripple
cross-laminated  top. (D) Mud clasts are common iwith the

62



Figure 34 - Well defined T2 stage beds due togmes of thin mud caps near the

confining SOULhern Wall.. .......ooooiiiiiieeee e e e e e ee e e e e e e e eeraaanee 81
Figure 35 - T2 stage sandstone. Note its coarsengpt nature and higher permeability
relative to previous stages as well as the presehkdeldspar.........cc.ccccvvvvviiinnenennn. 82

Figure 36 - Aerial view and location of the sedntaey logs at the Quebrada de Las
Lajas palaeofjord. Logs 54, QL6, QL2 and QL3 areated near the palaeofjord axis
whereas logs QL5 and QL4 are closer of the palasbiyalls...........ccccceeeeiiiiiin. 83

LIST OF TABLES

Table 1 - It presents the parameters that defiaeiglvalleys morphology. Note the
wide range of depth to width ratios (Fr
NUMDBEN) ... e e e 49



INDEX

ACKNOWLEDGMENTS 2

ABSTRACT 3

CHAPTER 1 - INTRODUCTION 4
1.1.Geographic location 5
1.2.Methodology 7
1.3.0bjectives 8

CHAPTER 2 - CONCEPTUAL REVIEW AND GEOLOGICAL SETTI®

2.1.Glacier-valleys 9
2.2.Glaciation and turbidity currents 11
2.3.Turbidites onlap 17
2.4.Paganzo Basin 19
2.5.Parana Basin 27
CHAPTER 3 — RESULTS, DISCUSSION AND CONCLUSION 35
3.1. Article 36

COMPLEMENTARY REFERENCES (not listed in the artg | 92



ACKNOWLEDGMENTS

To BG Brasil, that sponsored this project, anddweld in our ideas.

ANP (Angencia Nacional de Petroleos) for its commeitt to investment in research

and development.

My family which helped me from the beginning to #wd of this project, no matter the

circumstances.

Prof Paim, without his orientation and excellengestific vision this work wouldn’t be

possible, and for his time with us in Brazil andy@ntina field work..

Prof Kneller, for his great ideas and which conttéal to the work strongly and for his

time with us in the Brazil and Argentina field work

Prof Milana, for opening the doors for the reseadchreas in Argentina, and his helpful

comments in my final work.

My dear colleagues, which proportionated me newesgpces and strengthen me for

the future challenges.

Carla Puigdomenech and Fabiano Rodrigues, my ddbragues and field partners,

couldn’t imagine a better experience without you.

My dear field assistants Daniel Oyarzabal, Henrigugsson and llana Lehn, for their

time, knowledge and friendship, always willing elfnno matter what.

To everyone involved with the project, ProfessotsUaisinos and University of
Aberdeen, ITT Fossil Lab, Unisinos petrographic, ladr making this final piece of

work possible.



ABSTRACT

During the Late Paleozoic, Gondwana was home fquraracted glaciation that
generated high sediment supplies and ample accoatmondspace within incised
valleys and fjords, usually laterally confined aningitudinally extensive
geomorphological features. These glacial valleysabvee so overdeepened below sea
level that they filled up with hundreds of metefseawater, as glacio-eustatic sea level
rose during and following deglaciation, thereforeducing deep-water environments
prone to gravity-flows such as turbidity currentfis study assesses the behavior and
morphology of sand sheets deposited by turbidityrezus that instead of flowing
outward onto an unconfined basin floor, were cadinvithin a limited space up to a
spill point. This study compare three examples ubitlite sand sheet deposited on
settings presenting distinct degree of confinemertuding two areas in the Paganzo
Basin (Paganzo Group) and one area in in the rgughéval Parana Basin (Itararé
Group) The Argentinean case studies are locatatianeastern Precordillera of the
Andes, near San Juan city, and include a palaeb{Quebrada de Las Lajas) and a
more open valley (Quebrada Grande), both incisedBarly Paleozoic shelf carbonates
(San Juan Formation) and olistostrome (Rinconadam&ion). The Brazilian
counterpart is located Midal Ramos (Santa Catarina State, Southern Braad)it is a
very wide palaeovalley carved into Proterozoic stshand secondly marbles. After a
general description and interpretation of the yallflls and a more detailed description
and interpretationof the associated turbidite saibets, their similarities and
differences are stressed to define which featemese dependent or independent of the

glacial valley morphology.



1. INTRODUCTION

Deglacial marine sedimentary sequences record #langp retreat of glaciers. Along
the Late Palaeozoic, glaciation affected Gondwame 0100 million years,
and glaciogenic deposits can be found in all preday continents formerly assembled

in the Gondwanaland (Crowell, 1983).

Fjords (long, narrow inlets with steep sides off€jiand valleys can provide especially
detailed records of environmental changes assalcigitiy deglaciation due to the large
amount of accommodation space available withinglgacial, overdeepened features.
Their typical high deposition rates provide a hrgkelution record (e.g. Eylet al,
1997; Kneller et al, 2004). These local basins are overdeepened duylagial
excavation, and commonly left under hundreds ofensedf seawater following glacial
retreat and relative sea level rise (e.g. Poweldl Molnia, 1989; Eylest al,
1990; DaSilveet al, 1997; Benn and Evans, 1998). Also, high sedintiemarates
during and following deglaciation can emplace heddr of meters of stratigraphy in
relatively short time spans (hundreds to thousamoidgears), therefore enhancing
resolution of their sedimentary records (e.g., Qowhal, 1988; Powell and Molnia,

1989; Eyleset al, 1990; Lyseet al, 2004).

Deposition tends to respond to seasonal cyclesnasmelt, rainy seasons or seasonal
thawing of a valley glacier (Dykstret al, 2007). Spring or summer melts periods can
be responsible for the greatest sediment pulseim®at failures may also contribute
significantly to sediment gravity flows in thesenfioed settings. Commonly produced
from delta-fronts, usually related to Gilbert-tygeltas, or rock fall off the steep fjord
walls, they can evolve into turbidity currents upemtirainment of ambient water and
flow for very long distances down to local basifsi¢r et al, 1987; Benn and Evans,

1998; Knelleret al, 2004; Dykstra, 2005).



At last, it is worth to notice that Gondwana glaclaposits are important hydrocarbons
producers in Oman (Levett al, 1988), Argentina and Bolivia, and are being ad{iv

explored in Brazil, Saudi Arabia and Australia.

1.1Geographic Location

The data set was acquired in the well exposed Radgaasin and in the densely covered
Parana Basin in order to use the first one as sillesanalogue to interpret the second
one. As both study areas in the Paganzo Basingeprenore (Quebrada de Las Lajas -
QLL) or less (Quebrada Grande - QG) confined de¢joosil settings, the area that was
chosen in Brazil (Vidal Ramos - VR) was also suggo$o represent some sort of

depositional confinement.

The Argentinean areas of the Paganzo Basin inclagelaeofjord (QLL) and
a palaeovalley (QG), both located in the westeatosef San Juan city (Figl.1), which
were rapidly filled subsequently to the Pennsylaartcondwana glaciation (Dykstra,
2005). They show excellent exposures, minimal #trat overprint, and a three-
dimensional view that allow a detailed observatminthe evolution of their thick

turbidite fill.

On the other hand, the Brazilian counterpart cosagri a previously
mentioned palaeovalley (Santos, 1996) situated mleaisouth-eastern border of the
Parana Basin in the Vidal Ramos (Santa Catarint)Sarroundings (Figl.2). Its rock
record is poorly exposed due to dense vegetatigarca reliable representation of the
turbidite facies geometry, architecture and strapfy can only be assessed from scarce

outcrops.
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Figure 1.1: Location map of the Quebrada de laad gpalaeofjord) and Quebrada Grande

(palaeovalley).

Figure 1.2: Location map of the Vidal Ramos
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1.2. Methodology

Data collection included three month of field wankthe Paganzo Basin and two
months and a half in the Parana Basin. Field dais later processed in lab during a 2
year period. A geological map of each study ares praduced in order to understand

and organize individual sedimentary successions.

The lack of topographic maps as well as the aiighate in the Paganzo Basin lead to
the use of satellite and aerial images, GPS markits and outcrop description to
produce the QLL and QG geological maps (1:10,000heir incorporation
into ArcGis project has enabled later input of datguired from laser-shots used to
locate unreachable points and delineate inaccessitdtigraphic surfaces. It is worth to
notice that the QG northern sector had been prelyauapped (Kneller, 2004), so only
its southern sector, a 2km x 1km area mostly casmgigravity flow deposits, was

actually mapped.

In the Parand Basin (VR), topographic-map, GPS tppitaser-shots and outcrop
features were used to produce a larger-scale (QOP geological map in an area

characterized by dense vegetation and usuallyllavgeathered exposures.

Both in Argentina and Brazil, several sedimentayslwere acquired in strategic points
during the mapping to describe facies, facies asson and later to define turbidite

stratigraphic architecture. To improve depositiomdéments characterization, the
analysis of photo-mosaic and 3D images (supponethser-shooting) was performed

in both QLL and QG.



To demonstrate glacial movement and sediment toahg@aths within the confined
local basins, paleocurrent readings were taken fabmrmapped units, usually presented
as rose diagrams and / or mean vectors, and frenbdisal surface scoured into the
Precambrian basement. To better differentiate ratistiurbidite intervals and to bring
into light some pieces of evidence related to smareas, some samples were taken to

petrographic analysis. A few, dark grey to blacileh were sampled to TOC analysis.

1.3. Objectives

This MSc dissertation aims to describe and compartgidite sand sheets deposited
during the Gondwana, late Palaeozoic de-glaciatondistinct, poorly- to highly-
confined depositional settings. To accomplish tmgin goal, three objectives were

pursued:

 To demonstrate the confined nature of the turbidiecession and to
guantify the degree of confinement of each area;
* To erect individual models of facies associatiomatggraphic architecture
and overall geometry of turbidite strata in eadwsar
e To compare the turbidite systems taking into actotheir specific
geological settings.
As a result this work may also be useful for exglimn and exploitation in the Parana
Basin as well as in other comparable successiomduding Brazilian offshore. Its
results may also be used for training of subsurfeeens in deep-water systems using

field trips and digital-outcrop data.
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2. CONCEPTUAL REVIEW AND GEOLOGICAL SETTING

2.1 Glacier-Valleys

A glacier corresponds to a mass of ice formed leycbmpaction and recrystallization
of the precipitated snow that moves downslope leyattion of gravity. According to
their occurrence, glaciers can be subdivided inddleys-glaciers and continental-

glaciers (Miller, 1996).

Valley-glaciers, also known as alpine-glaciers,enawdendritic drainage (Miller, 1996),
and are formed by the drift of ice accumulated agh haltitudes through snow

precipitation (fig 2.1).

Medial
moraine

Hanging Valley

Glacier Valley

Figure 2.1: Glacial-valley and associated landssaptain glaciers carve the basement to
create the main glacier-valley and adjacent hangaiigy (modified from Surachit, 2007)

The shape of the valley changes as the glacier sndee/nhill. A V-shaped valley is
deepened and widened, and therefore transformedibtshaped valley through the

glacial erosion processes of plucking and abrasioegting perfectly confined setting.

9



The mass balance profile (fig 2.2) and the vallegrgetry combine to set the pattern of

glacial modification of the valley.

Figure 2.2: Mass balance in a va-glacier Embleton & King, 197)

The interplay of the dynamic properties of the @rgdylacier and the mass strength of
the subglacial bedrock control the valley morphglogyhen the pattern of ice discharge
reaches its maximum at the equilibrium line alt@&LA), the pattern of erosion ought
to mimic this trend (Andersoet al, 2006). The longer it stays in the ELA, the deeper
the glacier-valley tends to be (Sugden and JohrgLRnother major control on valley
morphology is the bedrock strength as there isr@ngtpositive correlation between
rock mass strength and Fr number (Fr = D/2w), wikere the valley depth and w is the
valleys half width. This correlation suggests antrdoward narrower, steeper-sided
valleys being developed on bedrock of high magngth. An increase in the Fr number

implies on narrower valley.

2.2. Glaciation and turbidity currents

10



Glaciers covered most of Gondwana during the Cafds@us and Permian, leaving in
the rock record clues of a second major ice aghenPhanerozoid,e. the Karoo ice

age (360-260 Ma). The Panthalassa Ocean and theotthlys Sea influenced a
progressive cooling of the summer, and higher ratesnow accumulation in winter,
causing alpine glaciers to form and spread outotmfcontinental glaciers (Berner,

1999; Beerling and Berner, 2000; Fig.2.3).

LATEST DEVONIAN c. 360 Ma /
LATEST VISEAN  ©. 330 Ma

r_-‘t?ﬂa

T

@ ICE SHEETS

/’CIF!OGENESJS
VA UPLIFT

a TILLTE

+ SOUTH POLE

hs

LATEST WESTPHALIAN <. 300 Ma

Figure 2.3: Paleogeographical maps of the Gond@nthe latest Devonian, latest Visean
and latest Westphalian. Permo-carboniferous glkedidbasins are numbered 1-9: 1)
Argentina; 2) Paraguay; 3) Bolivia; 4) Parana BaSinSouthern-African; 6) Antarctica; 7)
Australia; 9) Indian S C; 9) Arabian P. (modifiedrh Veevers& Powell, 1987).

Glaciers displacement and deposition are well dmmbrin the Paganzo and Parana
basins, usually as striation on basement rock sesfaue to moving ice, an extensive
process that can form fjords and valleys due oeepédning by glacial scour. Such

depressions are commonly left under hundreds otmmeatf water following glacial

11



retreat and relative sea level rise (Powell andridol 1989;Eylegt al,

1990; DaSilveet al, 1997; Benn and Evans, 1998; Dykstal.2007).

Though postglacial rebound can remove a greatquodf the accommodation space,
these incised valleys are commonly so over-deep#radmost of the valley remains
below sea level, where sedimentary preservatiarsumlly high (Knelleret al, 2004;

Dykstraet al, 2007).

Sediments in this deep fjord and valleys are lgrgelade up of turbidites: they
generally consist of sediments eroded from landasar transported by rivers to the
shoreline, and ressedimented into deeper water uplyidity currents (surge-type).
Besides, during glaciation turbidity flows were al$avoured by seasonal cyclic
changes. Spring/summer warmer temperatures can raplimg periods, producing
important sediment pulses of very cold and deregijreent laden, usually hyperpycnal,
and sustained flows into confined settings (Pebil, 1987; Benn and Evans, 1998;

Knelleret al, 2004; Dykstra, 2005).

Ancient sandy turbidites tend to be deeply buriedl &aompacted, and form an
important class of hydrocarbon reservoirs (Weinie8latt, 2007) or a host rock for a
particular type of gold deposit (Keppe al, 1987). The structure of the turbidity
currents can be differentiated into a frontal regibead) that is followed by the body
(Fig. 2.4). The motion of the fluid behind the heeah be approximated with the
modified formula of the Chezy equation for flow open channels, using reduced
gravity (Middleton, 1993), and it is slope-dependdrhus, the buoyance flux (Turner,
1973) into the head increases with increasing slepth a concomitant effect on
mixing. Finite-volume releases (surge-type curfentsay be dominated by the

properties of the head (Hacketral, 1996) in contrast to sustained underflows.
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The deposits of turbidity current mostly dependtlté behaviour of the particles in
terms of spacial and temporal acceleration withi@ flow (Fig. 2.5). Accepting that
when both accelerations are zero, the fluid andighes will be moving in a constant
flow, if it has a substantive acceleration the ipke$ will not fall from flow suspension
(bypass/erosion). When the fluid starts decelegatit will eventually reach a

suspension threshold forcing the sediment to fall(Bouma, 1962).

Schematic Subdivision of a Turbidite Current L
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Figure 2.4: Diagram representing a schematic sudddivof a turbidite current.

The acceleration of a turbidite can be subdividei ifive possible types of flow,

differentiated by the type of acceleration (Fig)2.

 Waxing/Depletive flow: it presents a positive termglo acceleration
(waxing) and negative spatial acceleration (depdgtiflow. At a specific
point the flow becomes faster with time whereass islower downstream.
At that specific point the grain size material ifagl from suspension from
the flow tends to become larger with time as theesu velocity increases,
producing inverse graded beds. Eventually, if tbev fvelocity becomes too

high, it will maintain all the sediment in suspes{bypass/erosion).
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Figure 2.5: Turbidite acceleration graph, reprasgnthe type of deposits

according to the type of temporal and special @agbn (Kneller, 1995).
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1995)
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e Steady/Depletive flow: it shows no variation in f@nal acceleration
(steady), as the flow has a constant velocity,oaigih the negative spacial
acceleration (due confinement) allows particlesdéaelerate and deposit.
This flow tends to deposit sediments from flow srspon so rapidly that
produce massive ungraded beds with occasionalpocation of mudclasts
at a specific point and finer material downstream.

* Waning/Depletive flow: it displays negative flowcateration in which both
temporal (waning) and spatial (depletive) accelenatare negative. As the
flow decelerates it produces graded beds. At arireg® position the
sediments will be coarser-grained and the bedkehiat a downstream
position grains will be finer-grained and bed tl@nnThe higher negative
acceleration, the harder will be to produce tracttructures.

* Waning/Accumulative flow: it shows a positive sphtiacceleration
(accumulative) that will give rise to changes ie thed shear stress, but due
the waning properties it will generate a graded Bdibgether the flow will

produce a well-sorted graded bed, commonly wittefrnarks/cast.

In many cases, the development of turbidite systeassbeen moderately to strongly
controlled by pre-existing bounding slopes (Lomasd doseph, 2004). Van Andel &
Komar (1969) used the terpondingto refer to a situation in which turbidity curreruf

sufficiently large volume are fully contained by amea of subdue bathymetry.
Similarly, Pickering & Hiscott (1985) used the esgsion “contained turbidites” to
describe beds deposited from turbidity current$ Wexe confined within a basin too
small to allow sustained unidirectional flow. Thesems describe situations in which

gravity flow sediments fill the floor of an enclakalepression and are unable to
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surmount the bounding sloped which bound that dapoal area. Closely associated
with the concept of confined deposition are theamst of flow reflection and deflection
and fill-and-spill common features related to tdityi currents confinement, (Pickering

and Hiscott, 1985) that can also include:

e presence of thick siltstone/mudstone caps overlgingnterbedded
with sandstone beds;

« complex multidirectional paleocurrent directions;

» dominance of thick beds;

e complex grading patterns;

* soft-sediment-deformation;

» onlap of sheet-like beds onto confining-basement.

The upper part of confined sedimentary succesdimmss to present an increase in the
sand-to-mud ratio due to flow stripping (Fig 2.79, the denser, sand-rich flow travels
along the basin floor eroding and depositing anralgad sandstones, while the finer-
grained material stays in suspension, thereforapesg from confinement (Sinclair

and Tomasso, 2002).

Flow Separation

Owverspill of fine-grained
comip onent of fow

Figure 2.7: Depositional model for the infill ofcanfined turbiditebasin at the flow strippir

staae (modified from Sinair and Tomasso 20( 16



2.3 Turbidites Onlap

The development of stratigraphic traps, a key featl many hydrocarbon reservoirs, is
favoured at the margin of confined turbidites shmettems gensuHaughton, 1994a).

According to McCaffrey & Kneller (2001) there areda main types of pinch out (types
A and B). In the first case (Type A), turbiditesnttonto the confining surface —
although the final sandstone pinch-out is commaflgupt — and individual beds tend
not to erode into earlier deposits. In type B, iditb sandstones commonly thicken
toward the confining slope, and bed may incise gadier deposits. These two types
may occur in combination, so producing a wide gp@ctof pinch out characteristics

(fig. 2.8).

Type A

Type B
VP Class 1-Abhrupt onlap

Class 2-Aggradational onlapy

Figure 2.8: Classification of sand body terminasiafter (a) McCaffrey & Kneller
(2001); and (b) Smith &Josep (2004ApudGardiner (2006).
Sandbody pinchout occur in a range of depositienglronments and can take a variety

of forms (Fig. 2.9). In the case of glacial-vallegdividual beds may preserve their
thickness, but usually as they approach the onlaface sandbody thickness tends to
decrease. (Gardiner, 2006). In some cases, asbeaisdthin at the onlap surface, they
continue up the surface for some distance (McCafBeKneller, 2006; Smith &

Joseph, 2004), often with a thickness of only a ¢ewFig. 2.9 b, d).
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(a) Simple onlap (O,) - parallel beds, (b) Draping onlap (O,) - beds turn upwards
with no significant change in bed to run parallel to the onlap surface. The
thickness. red line marks the ‘slope base trajectory’.

(c) Onlap with bed thickening (O,) — beds (d) Draping/off-lapping (O,) — beds turn
thicken as they approach the onlap. This to parallel the surface, and move
may lead to local bed amalgamation. further from the surface.

Figure 2.9: Examples of sandbody pinchout geomdayd) show a range of possible
geometries when sandstone body onlaps an existifgce (modified from Gardiner,
2006).

2.4. The Paganzo Basin

Western Argentina is an area of recent and constafdrmation resultant from the
convergence of the Nazca and South American pletiected in modern GPS velocity
data and constant seismicity in the region, incigdiarge-magnitude, catastrophic
seismic events (Brookat al, 2003; Costa and Finzi, 1996; Perucca and Par206s;
Ramoset al, 2002; Siamet al, 2002). Recent uplift and arid climate favour dberd
rock exposure in the Paganzo Basin, one of thesard. 40,000 Kf) upper Palaeozoic
depositional areas documented along the westerrgimasf Gondwana (Saltify
and Gorustovich, 1983; Lopez Gamundi at al., 1994 Paganzo Basin is bounded to
the east by the Sierras-Pampeanas cratonic aredoatiee west by an orogenic belt
composed of thrusted and folded, Lower Palaeozoit leower Carboniferous units

(Limarinoet al, 2002).
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This pericratonic basin received glacial-derivedisents during and just after the Late
Carboniferous glaciation of Gondwana (Knek¢ral, 2004; Eyelegt al, 1995). It lied
close to the active western margin of the supengent near paleolatitude 60°S (Fig
2.3). Its tectonic setting has been ascribed eiitvex retro-arc foreland basin (Ramos,
1998) or to a strike-slip basin (Fernandez Seved@agkard, 1995). Paganzo Basin was
isolated from a coeval, open marine basin to thet {€alingasta-Uspallata and Rio
Blanco basins) by one or more coastal ranges $ealfity & Gorustovich, 1983)
uplifted in the Devonian and geographically roughlgquivalent to the

modern Precordillera (Fig. 2.10).

Postglacial, early-Namurian to Westphalian transgjve strata have been identified in
several localities (Limarinet al, 2002). In the western and central domains of
the Precordillera, transgression is recorded byaparine facies and transitional fjord
type environments (Lépez Gamundi, 1987). The Pd#tena represents the transition
between open marine environments (western domaahjtan flooding facies typical of
the Sierra Pampeanas (eastern domain). This tessgn is well exposed in at least
five localities: Huaco, Rio Francia, San Juan RiValley, Guandacol (Sierra de Maz),

Cerro Bola, Quebrada de Las Lajas and Quebradad&iwamd Cuesta de Huaco.
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Figure 2.10: Late Carboniferous (Pennsylvanianleq@eography of the Paganzo and
adjacent basins, modified from Buatois and Mandd885).

The palaeovalleys situated along the western Fiéleva were apparently connected to
the open ocean during the Carboniferous transgmesgihich is recorded in the lower
portion of the Jejenes Formation and charactefizedravity-flow deposits and shales
with marine fossils (L6pez Gamundi, 1983, 1989)orep and monosacate pollens,
subordinated Namurian acritarchs and marine misgif® represented by abundant

Prasinoficeaalgae and feweryhachyunspecimens (Césari and Bercowski, 1998).
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These palaeovalleys also show clear evidence afiaglarosion, with well-preserved
striations and basal glacial pavements (MilanaBertowski, 1990, 1993; Lépez-

Gamundi and Martinez, 2000; Knelkgral, 2004; Dykstraet al, 2007).

The Quebrada de Las Lajas, situated near San idutre western Argentina (Fig. 1.1),

represents one of these palaeovalleys and compngesf the study areas. This modern
valley exhumes a deeply incised, Mississippian quH|ard developed on the eastern
side of the Andean proto-Precordillera. Carvedrduthe Gondwana glaciation, cutting
over 1000 m down into Lower Palaeozoic shelf cadbes of the San Juan Formation
(Kneller et al, 2004; Dykstra, 2005; Dykstrat al, 2007), it was later filled with

a siliciclastic succession known as the Jejenes&don.

Fjord basement was probably already dipping steéplythe Carboniferous. It was
deformed during a Devonian accretion event andrparated into a mountain range at
the time (Beresi and Bordonaro, 1985). The unconifyr between the San Juan
and Jejenes formations displays a geometry thatrgar to the modern glacial-valleys

(Fig. 2.11),.e. U-shaped with steeply dipping walls (60°-70°) thatend more than

1,000m above the valley floor (Dykstra, 2005; Dyast al, 2007; Fig. 2.10).

Figure 2.11: Two photos taken from carved fjordsaanodern fjord, Chile (Milbre, 2011)
and b) a well exposed palaeofjord filled with Cantberous turbidites in the Quebrada de Las
Lajas, (Carvalho, 2012)
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Abundant fossil and palynological evidence demates that marine transgression
progressed up into the inner mountains valleys saghhe Quebrada de Las Lajas
(Martinez, 1991; Césari and Berkowski, 1997; Leeh al, 1998; Limarincet al,

2002; Pazos, 2002; Knellet al, 2004; Dykstraet al, 2007).

The QLL palaeofjord is now oriented to SW-NE andntains Pennsylvanian
clastic strata preserved over about 5 km alongvitiiey with total thickness close to
297 m. Its width varies from ~200 m at its headap km at its mouth (Fig. 2.12). The
thickness of marine deposits is greater than thgniade of a eustatic sea-level rise,
suggesting a significant over-deepening of the qudjard below sea level by glacial
erosion prior to glacial collapse and flooding (Byaet al, 2006). Several sills are
present in the base of the palaeofjord and at |gaste hanging valleys with

Carboniferous fill are present along its margingk&raet al, 2007).

According to Dykstra (2006) the sedimentary sudoesthat fills the QLL palaeofjord
can be subdivided into four main evolutionary sgag&ig 2.12) represented by

distinct facies associations:

» Stage |, an ice-contact facies association relébedubaqueous outwash and
subaqueous fans, and deep lacustrine strata ingadchannel levee system and

mass-transport deposits (MTD).
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Figure 2.12: Quebrada de las Lajas geological gggtra, 2006)

« Stage Il, a postglacial, marine transgressive ssice including basal, chaotic
MTDs and associated ponded channels, few slopenelarichannel bodies

incised into black shales), and coherent, slidetstleminated MTDs.

23



» Stage lll, which encompasses sheet-like, sandyditeb (the main target of this
dissertation).
« Stage |V, coarse grained, delta sheet sandstondscanglomerates and
abundant, small-scale MTDs.
The Quebrada Grande (QG) is situated 13 km to dhsof QLL and about 25 Km
from San Juan, on the eastern margin of the Zomige;, in the foothills of the
eastern Precordillera in western Argentina (Fig8R.The area lies on the foreland side
of a Quaternary back-thrusting zone (the Easteend?dillera), with practically no
structural complications. Like the QLL, it also esges the filling of a palaeovalley and

comprises the second study area of the Paganzn.Basi

The succession (Jejenes Formation) exposed in tiedr@da Grande dips (35°-40° to
ESE) transversely to the roughly NNE-SSW orientedley axis (Fig. 2.12). The
Quebrada Grande area is extensively dissected bigmaalleys and creeks, providing
superb sections through parts of the palaeovallefFig. 2.12). The local subcrop to
the Carboniferous deposits consists of Ordovici@tfgrm limestones of the San Juan
Formation (Berese and Bordonaro, 1985), stratigcafiii overlain to the east by an
Ordovician-Silurian olistostrome (Rinconada Formati Amos, 1954; Peralta, 1990;
Peraltaet al, 1994) composed of highly deformed, Ordoviciani®dn siliciclastic
turbidites and olistholiths of the San Juan Forara(Knelleret al, 2004). Both lower
Palaeozoic units and their boundary dip very steéplthe east. The Carboniferous
Jejenes Formation crops out as a ~1km wide stapishunconformably overlain to the

east by Neogene and Quaternary deposits (Fig 2.14).
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Figure 2.13: Location of the Quebrada Grande and outline of localgye@hodified from
Kneller, 2004). Carboniferous strata (dark grey) represemissidsmnal areas situated to the
east of the Protoprecordillera (medium grey area). Rectangle ighhéand side map shows

approximate location of figure 2.14.

The valley-fill was subdivided by Kneller (2004 Yarfive stages (Figs. 2.14; 2.15):

Stage I: Glacial deposits comprising masssteatified diamictites and
matrix-supported conglomerates;

Stage II: Shallow-marine strata represenbgd water-laid sandstone,
including shallow-water delta facies;

Stage llI: Proglacial, deep-water depositgicluding gravel-rich
submarine fans and dropstone-bearing basin-floodstomes with few, thin-
bedded turbidites and two mega-beds (Kneller, 28@#irigues, in prep);

Stage IV: Confined turbidite sand sheets fticus of this thesis);

Stage V: Mass flow deposits and turbiditarcielized complexes
associated with the development of Gilbert-typeadel

25



9¢

N Figure 2.14: Geologic map of the Quebrada Gra
\4{%9 The north sector is modified from Kneller (2004)

whereas the central and southern areas were mappedo

during this work. Location shown in fig. 2.13.
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Figure 2.15: Fence diagram showing thickness clangihin the northern Quebrada Grande

palacovallev fill (Kneller. 2004

2.5. Parana Basin

The Parana Basin (Fig. 2.16), named after the BdRawer (Eyleset al, 1993) and one
of the largest intracratonic basin of South Amerisaituated in the central-eastern part
of the continent (Barberera al, 1991). It is present from the Mato Grosso dot8ul
the Rio Grande do Sul state, in Brazil, and alseastern Paraguay, Argentina and
northern Uruguay. The shape of the depressiorigtiedl and covers about 1,500,000
km?(Souzaet al, 2007; Milaniet al, 2007), with 2/3 of its surface covered by
Mesozoic basaltic lavas of the Serra Geral Formatidelo, 1988; Zalaet al, 1991;

Souzeet al, 2007).
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Figure 2.16: Geologic map of the Parana Basin azBrand its location and extension in

South Americe

The eastern flank of the Parana Basin correspandsctustal region deeply affected by
the South Atlantic rifting and drift developed onontinental crust of the
former Gondwana supercontinent (Milani and Zal&@99). The Precambrian basement
that underlies the volcano-sedimentary successooomplex and highly structured
(Fig. 2.16). It consists of cratonic nuclei boundsdupper Proterozoic thrust and fold
belts composed of metasedimentary and metavolcacks intruded by granites

(Eyles & Eyles, 1993; Fig 2.17).
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Figure 2.17: Geological provinces (left) and onaregle (right) of the Parana Basin

basement rock.

The stratigraphy of the Parana Basin comprisesah ttickness over 6 km and consists
essentially of six sequences (Milani, 1993) randgnogn Ordovician to Late Cretaceous
(Fig 2.18) that record distinct episodes of tea@ubsidence and sediment preservation
within the basin.

The stratigraphic interval directly related to thisesis is the Gondwanal, a Late
Carboniferous to Early Triassic Sequence that geduthe glaciogenic Itararé Group.
Together with similar deposits of the CarnarvoniBgkyons Group, 2500m thick) in
Western Australia (Veevers & Powell, 1987), thedté Group holds one of the thickest
accumulations of late Palaeozoic, glacially-infloea strata. It reaches up to 1300 m in
thickness (Franca & Potter, 1988) in the centradtesn portion of the basin and

comprises three lithostratigraphic units (Milan§9Z, 2005; Bartoreli, 2005; Marques
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and Ernesto, 2005): the Campo do Tenente, Mafra &d do Sul formations
(Schneideret al, 1974), roughly equivalent to the subsurface-basets proposed by
Franca (1987) and Franca & Potter (1988, 1991), eharthe Lagoa Azul, Campo
Mourédo and Taciba formations, respectively (Fidl82.Despite of the data source,
each formation comprises a lower, coarser-graisaddstone to conglomerate) and an

upper, diamictite-dominated unit (Fig. 2.19).
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Figure 2.18: Depositional sequences and lithoghabhy of the

Parana Basin (Milani, 1993).
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Figure 2.20: Subsurface stratigraphy and assoclgiedogical column of
the Itararé Group according to Franca &Potter, 1988

Although the oldest Itararé strata record gla@alistrine or brackish water settings, an
increasingly marine influence can be identified ap¥g through the Itararé Group

(Eyleset al, 1993). Fully marine conditions are recorded ie thwverlying deltaic

deposits related to the top of Taciba Formationg@menech, 2013).

The Itararé Group is poorly constrained relativetioer Gondwana glacial successions
and there is no firm ground, as yet, for estabfighthe Carboniferous-Permian
boundary within the Parand Basin (Rocha-CamposRaster, 1978). Preliminary

findings using revised scheme suggest that tharig&roup ranges from the
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latest Westphalian to Early Kungurian, so it issesglly Permian (Daemon, 1991). The
late start of the glaciation in the Parana Basimgared to adjacent basins in Bolivia,
Argentina and Paraguay may simple reflect a differtiectonic regime in southern
Brazil: glacial strata only began to accumulatéhi@ Parana Basin after 300 Ma with
the onset of tectonic subsidence (Eydesl, 1993). A long period of glacial erosion in
the basin would explain both the lack of deposdiorecord and the existence of
glacially carved valleys. At this time, the majdagal influence on sedimentation in
southern Brazil was from the Kaokoveld area of lseut Africa, such glaciers coming
from southwest Africa and reaching the westernnpmstions of the Parana Basin
(Barbosa, 1940; Gesickt al, 2001). Glacial abrasion features carved onto
Precambrian basement rocks (Barbosa, 1940; Carva#t); Dequech, 1948; Canuto,
1993) are common and indicate a north-north-westwsgnse of ice movement.
Besides, intraformational striated surfaces scowedsandstone and diamictites were
found in Cachoeira do Sul, Pinheiro Machado (Tortieared Soliani, 1982) and
Suspiro (Tomazelli and Soliani, 1997), as well m®tiher areas of the south of Brazil
and Sao Paulo (Caetano-Chat@l, 1990). More recently, a striated surface devalope
on glacial deposits of the Agquidaban Formation, olvhiis comparable to
the Itararé Group, was found in the village of Hsop Eastern Paraguay
(Riccomini and Velazquez, 1999). In the Santa Qadastate, iceberg scours, dump
structures, striations as well as debris left byugded icebergs on rhythmites, probably
generated during the last, early Permian deglaciapisode of the Parana Basin, were
also described (Canuto, 1991; Santet al, 1992). The orientation of
the subglacial abrasion features ranges from N\MN&, but it is dominantly oriented
to NNW, revealing that the southeastern terrainshef Parana Basin where the main

glacier source area during most of the Itararé @aeposition (Santcst al, 1992).
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The study area in Brazil represents a relativelgenpaleovalley exposed in the Vidal
Ramos (VR) county, central portion of the Santaa@aa State (Fig. 1.2). It is poorly
exposed due to extensive and dense vegetation,caverdeep weathering. There is
almost no structural complication, apart from theabdse intrusive rocks
(Serra Geral Formation) that locally dislocate strata from their original position. The
local subcrop to the Permian-carboniferous paclamesists of Pre-Cambrian gneiss,
marble and meta-sedimentary rocks that were olligicarved by glaciers producing a
striated surface that displays evidence of nortthneestward (345°) sense of ice
movement. The palaeovalley has an average widdt2ddm and walls that dip 10° to
15°. Its fill includes a thin succession of the KMaformation, that crop out along
a~2km wide strip. Once the palaeovalley was fil{bthfra Formation), deposition of
the Rio do Sul formation took place in a non-coafirsetting including deep marine to

deltaic context (Puigdomenech, in prep) (Fig 2.21).
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Figure 2.21: General sedimentary log of Vidal Ramos
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CHAPTER 3 — RESULTS, DISCUSSION AND CONCLUSION

This chapter presents most of the results, theicudision and the conclusions of the
dissertation, It is organized as paper submittethéoJournal of South American Earth
Sciences. Therefore, although minimized as muclpassible, some duplication in

terms of objectives, methodology, scientific backgrd and geological setting were
unavoidable. But in general the paper presentsdbelts, discussion and conclusions
and the previous chapter discuss further subjdwas @re important in terms of a
dissertation, but to long to be included in a papB=low, the confirmation of the

submission of the article.
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THE ROLE OF CONFINEMENT ON TURBIDITE SAND-SHEET
DEVELOPMENT: A COMPARISON OF THREE CASE STUDIES
FROM PAGANZO AND PARANA PALAEOVALLEYS

Bruno V. Carvalho?, Paulo G. Painf, Carla N. Puigdomenecf, Benjamin Kneller®,
Juan P. Milana

# Department of Geology Post-Graduation, Universidddev/ale do Rio Sinos, CP 275, CEP 93022-000,
Séo Leopoldo, Brazil
®Department of Geology and Petroleum Geology, Usitenf Aberdeen, Aberdeen AB24 3UE, UK

ABSTRACT

During the Late Paleozoic, Gondwana was home fomo&racted glaciation responsible
for high rates of sediment supply and generationracfommodation space within
laterally confined, longitudinally extensive gldcialleys and fjords. These features
became so overdeepened below sea level that fhexy dip with hundreds of meters of
seawater, as glacio-eustatic sea level rose dugiagation and early deglaciation.
Deep-water environments and high sediment supplys tfavored gravity-flows,
including large-scale mass transport, debris flamsl turbidity currents. This study
assesses the morphological setting, sedimentolodyaschitecture of the sand sheets
deposited by turbidity currents that instead ofvfltg onto an unconfined basin floor
were confined within glacial palaeotopography.Hrs tcontext, this paper describes and
compares three turbidite systems deposited intongstpresenting different degrees of
confinement. The main aim was to identify some ebsignature on turbidite strata that
could be correlated to their confined depositiosettings. This study was based on
three outcrop case studies, two in Argentina (Pagdasin) and one in Brazil (Parana
basin). The Argentinean areas, located in the eagtadean Precordillera, near San
Juan city, comprise a palaeofjord (Las Lajas) amibee open valley system (Quebrada
Grande), both incised into Early Paleozoic shetbornates (San Juan Formation) and
olistostrome (Rinconada Formation). The Braziliase study in the roughly coeval
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Parand basin is situated around Vidal Ramos whaserbent depressions produced by
glacial carving into upper Proterozoic schists ¢seity marbles) were firstly filled with
deep marine shales and turbidites. Long mappinda@gging field seasons in all areas,
with the help of laser range finders, to delineaidaces in inaccessible sites, and 3D
photomosaics, to interpret facies geometry, corafdrtbe adopted approach in terms of
data acquisition. From mapping and logging, themixof confinement (morphological
models) was characterized and conceptual modedgrating sequence stratigraphy,
sedimentology and valley morphology were propo3é deglacial sedimentary fill of
glacial palaeovalleys, in special the associatedidite sand sheets, includes features
both independent and dependent of the confinemdshie The independent features
occurs in all studied sites and include high freapyeclimate changes controlling
vertical facies successions, turbidity currentswitag mostly along the valley axis
following a unidirectional trend and an assumedeission with fjord- or valley-head
deltas prograding into relatively steep valley flobence favouring recurrent sand
remobilization from delta front to deep marine isgi$ as turbidity, depletive surges. On
the other hand, the higher is the confinement, nsoraplex are paleocurrent trend and
facies association due to current rebound of tbewdland more common large-scale
remobilization near the confining walls. Besideaciés succession suggest that the
larger the confinement, the higher the possibildly the existence of effective

longitudinal barriers trapping mud in more proxirdapositional settings.

Key words: Confined turbidites; turbidite sand shekeglacial strata; Parana basin;

Paganzo basin; Gondwana glacial record.

1. INTRODUCTION
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Deglacial marine sedimentary sequences record #ilengn retreat of glaciers. Along
the Late Palaeozoic, glaciation that affected Garh over one hundred million years,
glaciogenic deposits can be found in all preseyt @mtinents formerly assembled in

the Gondwanaland (Crowell, 1983).

Fjords (long, narrow inlets with steep sides off€jiand valleys can provide especially
detailed records of environmental changes assalcigitih deglaciation due to the large
amount of accommodation space available withinglgacial, overdeepened features.
Their typical high deposition rates provide a hrgkelution record (e.g. Eylet al,
1997; Knelleret al, 2004). These local basins were overdeepenedglugiacial
excavation, and commonly left under hundreds ofensedf seawater following glacial
retreat and relative sea level rise (e.g. Poweldl Molnia, 1989; Eylest al,
1990; DaSilveet al, 1997; Benn and Evans, 1998). Also, high sedintiemtarates
during and following deglaciation can emplace heddr of meters of stratigraphy in
relatively short time spans (hundreds to thousamoidgears), therefore enhancing
resolution of their sedimentary records (e.g., Qowaal, 1988; Powell and Molnia,

1989; Eyleset al, 1990; Lyseet al, 2004).

Deposition tends to respond to seasonal cyclesnasmelt, rainy seasons or seasonal
thawing of a valley glacier (Dykstret al, 2007). Spring or summer melts periods can
be responsible for the greatest sediment pulseim®at failures may also contribute
significantly accumulations in these confined sgigi Commonly produced from delta-
fronts, usually related to Gilbert-type deltasrack fall off the steep fjord walls, most
gravity flows can evolve into turbidity currentsarpentrainment of ambient water and
flow for very long distances down to local basifsi¢r et al, 1987; Benn and Evans,

1998; Knelleret al, 2004; Dykstra, 2005).
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Besides, most of the early conceptual and expetmhenodels of turbidity systems
have pictured essentially unconfined, radial lobed fan-shape depositional bodies
(Lomas & Joseph, 2004). However, Andel & Komar @pproposed the term ponding
to describe turbidity currents fully contained hy area of enclosed bathymetry and
unable to surmount the bounding slopes. Lomas &plo$2004) suggested the use of a
more general term (confinement) to describe aksaghere sediment gravity flows and
their deposits are strongly affected by the preseont significant basin floor
topography, not necessarily implying in an entioatainment. Closely associated with
this concept (confinement) is the idea of flow eeflon and deflection, usually deduced
from reversals on paleocurrent indicators assunseal laorder effect (e.g. Pickering &
Hiscott, 1985; Kneller et al. 1991). Onlap relaship with steeper surfaces is also an
indicative of confinement. Moreover, the recogmitmf stratal onlap against a confining
frontal slope is understood as a diagnostic feattitbe fill of a true silled sub-basin. In
terms of confined settings, the most frequent causelude large-scale structural
features, slope collapse masses, halokinesis, mapdidm and differential compaction

(Lomas & Joseph 2004).

Within this context, this paper aims to describé &m compare three roughly coeval
deglacial turbidite sand sheets deposited in acoraage of confined valleys carved by
glaciers. The idea is to test the possible infleeoicdifferent degree of confinement on
turbidite facies, facies association, successiah gaometry, pattern of stratal onlap,
sand connectivity and sand-to-mud ratio as welloasompare the deglacial record of

two large South American basins (Parana and Payjanzo

2. GEOLOGICAL SETTING
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This study took place in two correlative basinsr@ifa and Paganzo basins). The
Paganzo basin is a pericratonic basin that recagleazial-derived sediments during and
just after the Late Carboniferous glaciation of @eana (Salfity and Gorustovich,
1983; Fernandez Seveso and Tankard, 1995; Kredligl, 2004; Eyelegt al, 1995). It
was formed close to the active western margin ofe tkupercontinent
near paleolatitude 60°S. An area of recent andtanhsgleformation resultant from the
convergence of the Nazca and South American pletiected in modern GPS velocity
data and constant seismicity in the region, inclgdiarge-magnitude, catastrophic
seismic events (Brookst al, 2003; Costa and Finzi, 1996; Perucca and Par206s;
Ramoset al, 2002; Siamet al, 2002). Recent uplift and arid climate favour dberd
rock exposure in the Paganzo Basin, one of therd 40,000 Kif) upper Palaeozoic
depositional areas documented along the westerrgimaf Gondwana (Saltify
and Gorustovich, 1983; Loépez Gamundi at al., 1994 Precordillera was apparently
connected to the open ocean during the Carbongetramsgression, which is recorded
in the lower portion of Jejenes and correlativenk@tions and characterized by gravity-

flow deposits and shales with marine fossils (LO@@mundi, 1983, 1989).

The Parana basin, one of the largest intracratmsms of South America, is situated in
the central-eastern part of the continent. It espnt from the Mato Grosso do Sul to the
Rio Grande do Sul state, in Brazil, and also inezasParaguay, Argentina and northern
Uruguay (Milani and Zalan, 2003). The shape ofdbpression is elliptical and covers
about 1,500,000 kh{Souzaet al, 2007; Milaniet al, 2007), with 2/3 of its surface
covered by Mesozoic basaltic lavas of the SerralG@rmation (Melo, 1988; Zaléat

al., 1991; Souzat al, 2007). The stratigraphic interval directly retate this work is
the Gondwana |, a Late Carboniferous to Early Bima#Megasequence that includes

the glaciogenic Itararé Group (Milani 1997).
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The data set comes from the well exposed Paganzia Band the densely covered
Parana Basin in order to use the first as a passibhlogue to the second one. As both
study areas in the Paganzo Basin represent highlgl{frada de Las Lajas - QLL) to
moderately (Quebrada Grande - QG) confined depositisettings, the area chosen in
Brazil (Vidal Ramos - VR) was also supposed to @spnt some sort of depositional
confinement. The Argentinean areas include a napalaeofjord (QLL) and a
palaeovalley (QG), both located in the westernoseaf San Juan city (Fig. 1), which
were rapidly filled subsequently to Pennsylvaniamm@®vana glaciation (Dykstra,
2005). They show excellent exposures, minimal strat overprint, and three-
dimensional view that allow a detailed observatainthe evolution of their thick
turbidite fill. On the other hand, the Brazilian ucderpart comprises a previously
mentioned palaeovalley (Santos, 1996) situated mieaisouth-eastern border of the
Parand Basin in the Vidal Ramos (Santa Cataringe)Staurroundings (Fig 2). Its
geological record is poorly exposed due to a depkent cover. Therefore, a
representation of the turbidite facies geometrghidecture and stratigraphy can only be

assessed from the correlation of scarce, usualiyl gmtcrops.
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3. METHODS

Data collection was taken from the Paganzo andn@abasins and later processed in
lab. A geological map of each study area was predlun order to understand and

organize individual sedimentary successions.

The lack of detailed topographic maps as well asatfid climate in the Paganzo Basin
lead to the use of satellite and aerial images, @B&er-points and outcrop description
to produce the QLL and QG geological maps (1:10,00their incorporation

into ArcGis project has enabled later input of datguired from laser-shots used to

locate unreachable points and delineate inaccessitatigraphic surfaces.

In the Parand Basin (VR), topographic-map, GPS tppilaser-shots and outcrop
features were used to produce a larger-scale (DQOP geological map in an area

characterized by dense vegetation and usuallyliavgeathered.

Both in Argentina and Brazil, several sedimentarvgsl were measured in strategic
points during the mapping to describe facies angk$asuccession and later to define
turbidite stratigraphic architecture. To improvepdsitional elements characterization,
the analysis of photo-mosaic and 3D images (sup@diy laser-shooting) analysis was

performed in both QLL and QG.

To demonstrate the interplay between-confinemeapaland sediment transport paths
within these confined local basins, paleocurreatiiegs were taken from all mapped
units, usually presented as rose diagrams andmiean vectors, and from the basal
surface scoured by ice into Precambrian basemeksrdo better differentiate distinct
turbidite intervals and to bring into light someeges of evidence related to source
areas, some samples were taken to petrographigsasmial few, dark grey to black
shales were sampled for TOC analysis.
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4. CONCEPTUAL BACKGROUD

The interplay of the dynamic properties of the @rgdylacier and the mass strength of
the subglacial bedrock control glacial valley marolgy. When ice discharge reaches
its maximum at the equilibrium line altitude (ELAhe pattern of erosion ought to
mimic this trend (Andersoet al, 2006), depending on bedrock strength as theee is
strong positive correlation between rock mass gtrerand Fr number (Fr = D/2w),

where D is the valley depth and w is the valley$ Wwalth (Sugden and John, 1976).

For the interpretation of the turbidite sand-shéstsvas used the concept in which the
motion of the fluid behind the turbidite head cam dpproached with the modified
formula of the Chezy equation for flow in open chels, using reduced gravity
(Middleton, 1993), and it is slope-dependent. Thhs, buoyance flux (Turner, 1973)
into the head increases with increasing slope, aittoncomitant effect on mixing.
Finite-volume releases (surge-type currents) magtdminated by the properties of the
head in contrast to sustained underflows (Haeked, 1996). The deposits of turbidity
current mostly depend of the behaviour of the plagiin terms of spacial and temporal
acceleration within the flow. Accepting that wheuotlb accelerations are zero, the fluid
and particles will be moving in a constant flowjtihas a substantive acceleration the
particles will not fall from flow suspension (bygasrosion). When the fluid starts
decelerating, it will eventually reach a suspensioashold forcing the sediment to fall-

out (Bouma, 1962).

4.1. Confinement

In many cases, the development of turbidite systemsoderately to strongly modified
by pre-existing bounding slopes (Lomas and Josep®D4). Van Andel &

Komar (1969) used the terpondingto refer to a situation in which turbidity curreruf
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sufficiently large volume are fully contained in area of subdue bathymetry. Similarly,
Pickering & Hiscott (1985) used the expression teored turbidites” to describe beds
deposited from turbidity currents that were confinveithin a basin too small to allow
sustained unidirectional flow. These terms descaibeations in which gravity flow
sediments fill the floor of an enclosed depressamu are unable to surmount the
bounding sloped which bound that depositional a@sely associated with the
concept of confined deposition are the notiondaw freflection and deflection and fill-
and-spill. According to Pickering and Hiscott (19&8®me common features related to
turbidity currents confinement include (1) the mmese of thick siltstone/mudstone caps
overlying or interbedded with sandstone beds; (Dmmex multidirectional
palaeocurrent directions; (3) dominance of thicld)€4) complex grading patterns; (5)

soft-sediment-deformation; and (6) onlap of shé&tdbeds onto confining-basement.

The upper part of confined sedimentary succesdimmss to present an increase in the
sand-to-mud ratio due to flow stripping (Fig. 3¢, the denser, sand-rich flow travels
along the basin floor eroding and depositing anmalgad sandstones, while the finer-
grained material stays in suspension, thereforap&sg from confinement (Sinclair

and Tomasso, 2002).

Flow Separation

Owerspill of fine-grained
component of flow

Figure 3: Depositional model for the infill of ardned turbiditebasin at the flow strippir

staae (modified frm Sinclair and Tomasso 20l 45



4.2. Onlap

The development of stratigraphic traps, a key featl many hydrocarbon reservoirs, is
favoured at the margin of confined turbidites shmettems gensuHaughton, 1994a).

According to McCaffrey & Kneller (2001) there areda main types of pinch out (types
A and B). In the first case (Type A), turbiditesnttonto the confining surface —
although the final sandstone pinch-out is commafgupt — and individual beds tend
not to erode into earlier deposits. In type B, igitb sandstones commonly thicken
toward the confining slope, and bed may incise gadier deposits. These two types

may occur in combination, so producing a wide sp@ctof pinch out characteristics

(Fig. 4).

Type A

Type B
vP Class 1-Abrupt onlap

Class 2-Aggradationa onlap

Figure 4: Classification of sand body terminatiarfiter (a) McCaffrey & Kneller (2001);
and (b) Smith &Josep (2004 pudGardiner (2006).

Sandbody pinchout occur in a range of depositienglronments and can take a variety
of forms. In the case of glacial-valley, individusdds may preserve their thickness, but
usually as they approach the onlap surface sandiiudigness tends to decrease.
(Gardiner, 2006). In some cases, as sand bedatttie onlap surface, they continue up
the surface for some distance (McCaffrey & Knell2006; Smith & Joseph, 2004),

often with a thickness of only a few cm.
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5. RESULTS

The results were firstly based on the descriptidnth@ fjord/valley morphology.
Acknowledging the shape of each glacial valleyirtfik was described, with emphasis
on the turbidite sand sheets. Turbidite sand-sheets interpreted in terms of the main
transport (long- and short-distance) and depostiamechanisms as well as in terms of
temporal and spatial acceleration of the turbidityrents and the type of lateral onlap in
each studied area. At last, possible relationshigsveen valley morphology and

sedimentary fill were then endeavored.

However, before describing their morphology, itmgortant to highlight why they are
treated as glacial-carved features. First of bk, general glacial setting of the Jejenes
Formation in the Paganzo Basin and the Mafra aonddBiSul formations in the Paran&
Basin is a well-known aspect for a long time (e&ghneider et al. 1974; Eyles et al
1985; Canuto 1993; Eyles and Franca, 1993; Limati®87; Milana and Bercowski
1993; Limarino et al 2002). In terms of the specdreas of study the Vidal Ramos
palaeovalley was previously ascribed to glaciavicgr by Santos (1996) whereas a
palaeofjord setting for the succession exposethéenQuebradas Grande and Las Lajas
was presented by Kneller et al (2004) and Dykstrale(2006, 2007). Besides, the
Vidal Ramos palaeovalley presents glacial strigi{fiig. 5a) on the basement rocks
(Santos 1996) above which the glacio-marine depasist (Mafra Formation). The
Quebrada de Las Lajas palaeofjord is an entirehusred and exposed feature that is
elongate, narrow and bounded by almost verticalswahose initial record includes
glacio-lacustrine mudstones with dropstones (DgksB007). At last, the Quebrada
Grande palaeovalley, although not wholly exposedhasLas Lajas palaeofjord, also
comprises an elongate and narrow feature, contoyea steep and high wall at least to

the west , that includes ice-related featuressisadimentary record (Fig. 5b).

47



Fig.5. Feature associated with the glacial nat@itbe studied palaeovalleys, glacial striation at
the base of the Vidal Ramos palaeovalley fill (egberg-related scour features in the Quebrada
Grande palaeovalley fill (b).

5.1. Glacial Valley Morphology

Three glacial valleys are here presented. Theyerdngm a very narrow and deep
palaeofjord (QLL) through a moderately narrow aeéml palaeovalley (QG) to a much
broader and shallower palaeovalley (VR). All of thénclude deep marine turbidite
successions. The QLL palaeovalley presents theshiggpth to width ratio (Fr number
= 0.55) whereas the VR one shows the lowest Frevé#u006). Although the QG

palaeovalley presents an intermediate ratio, imisch closer to the QLL Fr number
(Tab. 1). This range of valley configuration, ameit relative differences, are better
seen the figure 6, which display a typical crossiesa of each example, from the

narrower to the wider one, hence enhancing th&erdnces.
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Glacial-Valley Depth Width Fr Number
Quebrada de Las Lajas (Argentina) 297 270 0.55
Quebrada Grande (Argentina) 258 741.8 0.17
Vidal Ramos (Brazil) 80 6000 0.007

Table 1: It presents the parameters that defingailaalleys morphology. Note the wide range

of depth to width ratios (Fr number).

gLL QG VR
\ 50m 1483.6m _ 12000m

i — :

|

297 m
258m

Figure 6: General picture of the glacial palae@yathorphology.

The QLL and QG palaeovalleys share a similar baseniée former was carved into
Ordovician limestone (San Juan Formation) whereaddtter was scoured into debris-
flow strata encompassing a large amount of hugbocate blocks derived from the
same San Juan Formation. The expected uniaxial ressige strength (Marinos and
Hoek 2000) of intact basement of these two valigystrong. The QLL basement is
likely to have a uniaxial compressive strength leew50 and 100 MPa and a point load
index of 2 to 4 MPa. The QG palaeovalley was carved a slighter weaker mass
strength rock, as suggested by its compositioniadidated by its slighter wider and
shallower geometry relative to the QLL. Althoughtlbohave been carved by
eastward moving glaciers sourced from the southeatste proto-precordillera Sierras
Pampeanas, their positions and directions arerdiffethe QLL oriented to SW-NE and
the QG to N-S. The VR glacial palaeovalley is thedest and shallowest one. It was
scoured into a metasedimentary basement (micatsaiisscarcer meta-conglomerate

and marble). It is possible to estimate a uniaz@shpressive strength of 25 to 50 MPa
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and a point load index from 1 to 2 MPa for thistsar metamorphic rock, therefore

explaining its wider and shallower nature.

5.2. Glacial Valley Fill
5.2.1. Quebrada de Las Lajas palaeofjord

The Quebrada de las Lajas (QLL) comprises a 5krg bomd up to 600m wide fjord-
type valley that records a maximum sedimentary pile297 m at its centre. Its
sedimentary fill was subdivided into five main stadFigs. 7, 8 and 9) being the 11l and
IV ones those that encompass the more expressiny sarbidite intervals (Figs. 8 and
9). These later intervals comprise a pile of ak2@®m that is better exposed in the
centre of the palaeofjord. Successive stages adughy exposed from both margins to
the centre and from SW to NE, the later due to differential uplift and resulting
exhumation caused by Andean tectonics. As a resldér stages are exposed at the

head of the palaeofjord and younger stages at themgFig. 7).
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Figure 7: Quebrada de Las Lajas geological map ifieddfrom Dykstra, 2007) and
detailed geological map of the central sector effihlaeofjord.

Paleocurrent readings taken from sole-marks (fluggoove casts and tool marks),
current ripple cross-lamination and parting lineatishow a very consistent north-
eastward trend,e. parallel to the fjord orientation, more speciflgafrom head to

mouth. This trend suggests a strong control offlthes due to the confined setting. A
few transversal paleocurrent data were recorded sambosed to represent current
rebound along confining walls, occasional sedimkstharge from hanging-valleys and

/ or turbidity currents derived from wall failures.
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Figure 8: Large scale photomosaic of stages I-\pldishg almost the entire fill of the

Quebrada de las Lajas palaeofjord.

The QLL palaeovalley fill records a transgressiegressive cycle (Fig. 8). Initially it
includes breccias, conglomerates, interbedded samelsand conglomerates, and debris
flow and slump deposits related to mass-transpdiiilY), which are overlain by thin
bedded siltstones and greenish mudstones (rhyts)mitéh dropstones. This facies
association represents proglacial deltas and lat®es deposits overlain by lacustrine

facies of Stage | (Dykstra, 2007).

Underlying the turbidite sand-sheets (stages Il &) there is an interval (Stage II)
that comprises organic-rich black shales and teidled, very fine-grained sandstone
(massive, parallel- and ripple cross-laminated) amdistone. Plant remains, such as
large trunks, leaves and plant debris, are abundaetse facies are interpreted as basin
plain, mostly low-density turbidites and hemi-petagleposits. Black shales are
supposed to record the maximum flooding in the gujard. Paleocurrent readings

indicate north-eastward turbidity currents, i.enfrpalaeofjord head to its mouth.
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Figure 9: Composite stratigraphic log of the QLLUag@valley (photos located in the log):

(A) slumped sandstone and conglomerate derived $tagpe | coarse-grained delta deposits;
(B) contact between stages Il and Il (notice theck mega bed underlying the turbidite

sandstone sheet); (C) typical Stage lll sandstaadingg to shale; (D) base of Stage IV
characterized by low mud/shale ratio and thick storte beds; (E) mid to top of Stage IV
represented by amalgamated sandstone beds witstahmantervening fine-grained strata.
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The upper part of Stage Il also includes eventiam to 1 m thick graded beds (Fig.
10a). Close to the borders, these beds comprisglamaerate with angular to sub-
rounded pebbles (granite, quartz, chert and linmegtehat grade upwards to coarse-
grained sandstone (Fig. 10b) with cross-stratiiicaf{paleocurrent to SEg. transverse

to the palaeofjord axis). Towards the fjord centcenglomerates disappear and
sandstones are finer-grained, but still displapgvarse transport trend. These features

suggest turbulent, high-energy density flows detifrem the hanging valleys.

A 4 m thick, disorganized, clast-supported congl@ateesimilar to the previous facies,
but including very large, protruding limestone Meg¢>2.5m), also occurs in this same
context (Fig. 11b). Laterally, this bed is repladeyl contorted, conglomerate and
coarse-grained sandstone also including large tones blocks (Fig. 1la). These
features suggest cohesive debris flows relatedlummng and derived from two

sources, a local (limestone blocks) and an exteandlfar more distant (granite, chert,
guartz grains) source. Contorted conglomerate txeds ascribed to the remobilization
of formerly deposited gravels derived from coarsaigd deltas or subaqueous

outwash formed at the mouth of the hanging-vallgyg. 12). The outsized limestone

blocks incorporated within the gravel came fromfjbed or hanging-valleys walls.

Fig 10: (a)Clast-supported conglomerdt® grading to coarse-grained sandstone.
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Limestone Clast W

Figure 11:(a) Contorted conglomerate and coarse-grained saralstrata, enclosing outsized
limestone blocks, and (b)last-supported conglomerate with protruding, liroast

outsized clasts.
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SlumpiDebris flow,

Fig. 12: Conceptual model for the thick, chaotid/an contorted, conglomerate and coarse-
grained sandstone strata with outsized protrudingdtone blocks

Stage Il is capped by an up to 10 m thick megaibethe palaeofjord centre. This
graded, massive bed ranges from sandstone to shalatticularly rich in plant-debris
and has recently been interpreted as the recoedbgbartite turbidity flow (Rodrigues,
in prep).

The Quebrada de las Lajas turbidite successiorsept the progradation of a turbidite
system that includes distal (stage Il and Ill) toxamal (stage Ill and 1V) lobe facies.
Acknowledging that sediment input was related tdeglacial episode, the gradual
progradation of the system (the regressive phasthefT-R cycle) is supposed to
represent the ever growing increase of ice meltibgrating more and more sediments

to the fjord as a result of progressively warmerdibons.
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Besides the strong lateral confinement of the djerd, a longitudinal sill could have
trapped the fine-grained, suspended load within fjoed, leaving behind thick
mudstone packages interbedded with the sandstaisibehe stages Il, Il and IV. As
the sediment pile grew, the diluted plume of thebitlity currents could achieve the
spill point, therefore enabling the fine matermlsuspension to outflow (Fig. 13). This
feature is well recorded at the upper part of stdgevhen suddenly mudstone intervals
almost disappear. However, a simple progradatiaam tofbidite lobe could also explain

the lack of mud deposits along its proximal porsion

FPrograding System ’

SW

NE

Spill-Point

San Juan Fm, Limestone

Figure 13: Conceptual model of the QLL along itssashowing the longitudinal confinement

and spill point.

Due to the strong lateral confinement and resuliateral changes in terms of thickness
and lithology, the stratigraphic pile tends to regile the palaeofjord morphology
becoming synclinal shaped, although stratigraphynasmogeneous and displays no

major changes along the palaeofjord axis (Fig.. 14)
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Quebrada de Las Lajas,
Argentina

QOrdvician Limestone
San Juan Fm

Stage IV

Stage Il

Stage I

500m San Juan Fm, Limestone

Fig.14: The sedimentary succession that fills thé Qalaeofjord changes laterally due to the pindhafu
the sandstone beds (a) whereas is relatively eafgylow along the fjord axis (b).

5.2.2. Quebrada Grande Palaeovalley

Quebrada Grande (QG) is a large palaeovalley IdcHiekm south of Quebrada de las
Lajas. It is about 6 km long and 1.48 km wide, anthprises a maximum sedimentary
pile of 250m at its centre. To the west, the sediary strata in the Quebrada Grande
palaeovalley is confined by a steep wall almostn® lkigh composed of Ordovician

limestones of the San Juan Formation. To the namth east, however, the confining
walls are relatively subdue and related to an adisome of the San Juan formation.

Valley entrance was located on its southeast purtio

58



The sedimentary fill was divided into five main g#a (Figs. 15 and 16). Stage IV
comprises the main focus of this work. The suceesstages are gradually exposed
from the western to the eastern margin due to ftfferential uplift and resulting

exhumation caused by Andean tectonics. Palaeot¢uradings taken from sole-marks
(flute / groove casts and tool marks), current leppcross-lamination and parting
lineation show a very consistent trend toward NWhlyOnear the western wall

palaeocurrents readings of distal turbidite deposit stage Il regularly present an
inverse, southeastward trend here interpreted asrdgbult of the turbidity currents

rebound (Fig. 15). Stage Il is composed of blabkles and sporadic, thin bedded,
medium- to fine-grained sandstone that increaseivthe top of this stage. These
sandstones are interpreted as distal, thin-beddduldites. Stage Il deposits are
gradually overlain by a 160m thick, mostly sandgcassion (Stage IV turbidites) that

are in turn disconformably overlain by the Stageoviglomerates (Fig. 16).

A general cross-section of the Quebrada Grandeepaddley fill was erected from the

correlation of all available sedimentary logs (Fig@).

5.2.3. Vidal Ramos Palaeovalley

In the Vidal Ramos area, in the eastern outcropdiehe Parana Basin, an up to 400 m
thick, Upper Carboniferous to Lower Permian sudoes@-ig. 18) related to the Upper
Mafra and Rio do Sul formations of the Itararé Grois poorly exposed. The older
strata of this succession (Mafra Formation) ovedied are confined by Upper
Proterozoic, glacial-striated metamorphic rocks c@rschist and occasional marble
lenses) whereas the Rio do Sul Formation onlapoardies both Mafra Formation and

basement rocks.
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Figure 15: Quebrada Gran geological
map. Stage Ill and IV palaeocurrent
readings represented in rose diagrams.
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Confined Turbidite Sand-Sheets in the Parana and Rmnzo Basins

Stage V

— Unit Ts3

200m-

150m-—

Unit Ts2 Stage IV

~ Unit Ts1

Stage lli

Stage Il

Stage |

[ Conglomerate

Sandstone

Il Megabed
Silt/Shale
i Diamictite

Figure 16: General log illustrative of the Quebr&tande palaeovalley fill.
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Figurel7: Quebrda Grande cro-section and associated logs (vertnumbered lines)
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Confined Turbidite Sand-Sheets in the Parana and Rmnzo Basins

Figure 18: Geological map and vertical section wfa¥/ Ramos.
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This early confinement is apparent by the northveasl disappearance of the
Formation (Mafra Shale and overlying turbidite sameets - Figs. 18 and 19) and by
the south-westward and north-eastward thinninghefturbidite strata (Fig. 20). It is
also suggested by the NW / SE oriented glaciahtstn and north-westward trend of
paleocurrent readings on turbidite strata (Fig.. I8)e Vidal Ramos palaeovalley is
12km wide, at least 13km long and its infill encamges an 80 m thick sedimentary

pile (Figs. 19 and 20).

The VR palaeovalley fill that includes the studtadbidite interval was subdivided into
six main stages: the Mafra shale (MS) and the sstee R1, T1, R2, T2 and R3
turbidite intervals (Fig. 19). They include basifaip, fine-grained marine deposits
(MS), thin-bedded (R1, R2 and R3) and sand shé&étaigd T2) turbidites, all of them
ascribed to a deep (below storm wave base levainmaetting. Stratigraphy is locally
disturbed by dolerite dikes and sills of the S&mal Formation. Palaeocurrent
readings taken from current ripple cross-laminatonl few flute casts show a very
consistent trend toward NW, parallel to the preegdjlacial movement that carved the

palaeovalley as pointed by glacial striations sedunto local basement rocks (Fig. 18)

The lowermost unit comprises hemi-pelagic, shalgstone known as the Mafra shale
(Fig. 21). It is composed of very thin, normal ggddamina that are discernible due to
the colour change from dark grey (siltstone) tockldshale). In the centre of the
palaeovalley the Mafra shale includes dropstondssinpper portion (Fig. 21), which
become rarer next to the confining walls. Totalamig carbon content is low (1.2 to
1.4%) and preliminary palinofacies studies showmidance of wood and amorphous
organic matter (probable type 4 kerogen). The aloeetioned features suggest a deep
marine proglacial setting (black shales with dropss) subject to the inflow of distal,

low concentration turbidite plumes (graded, siltgtdo claystone couplets) responsible
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for bringing highly crushed, oxidized plant delinto a deep marine setting. The Mafra
shale is abruptly overlain by thin-bedded turbislitd the R1 interval, locally displaying
angular relationships (Figs. 21 and 22b). This phrsometimes even angular boundary
indicates an important base level drop and the &ion of a correlative conformity

above which the turbidite systems have been degzbag a lowstand system tract.

| £

G0m

R3

T2

R2
4
R1
20m
MS
Sandstone
Mudstone
Bl Black Shale

Figure 19: Sedimentary log of the lowermost interdafra Formation) that fills the Vidal
Ramos palaeovalley.
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The R1 Stage comprises thin-bedded intercalaticgantistone and mudstone. The 1 to
5cm thick beds are composed of fine- to very fingrged sandstones and siltstones
with disperse dropstones. Sandstone display abtngole cross-laminations. These
rhythmites have been ascribed to seasonally-induiosd density turbidity currents
related to waning depletive surges. This stageppased to represent a colder interval
relative to T1 and T2 stages. During this coldéenval, nearby glacial melting rate was
low, and so sediment supply. A gradual climate @&raion, increasing melting rates
and resulting sediment input, produced the coangempward trend that characterizes

its transition to T1 Stage (Fig. 22a).

Transitionally overlying the first sand-sheet (Ttage) occur another interval of thin-
bedded, very fine-grained sandstone interbeddedd mitdstone (R2 Stage). Sandstone
beds present ripple cross-lamination and gradeutdstone. Mudstones intervals (2 to 5
cm thick) are laminated. Sandstone to mudstoneletsuprere ascribed to low-density
turbidity currents (waning depletive surges) wherkaninated mudstones were related

to fine-grained hypopicnal plumes.

Dropstones are present throughout R2 stage (Figst2&ngthening the interpretation
that from stage T1 to R2 climate got gradually eootherefore ice melt rate slowed
down, and possibly has even ceased during the advahthe glaciers toward the
palaeovalley. This advance has later (deglaciat@heeleased icebergs to float over the
valley and deposit dropstones. R2 interval finisimea sharp contact with T2 stage, a

second turbidite sand-sheet.
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Figure 20: \idal Ramosgeological cros-section derived from the correlation of sev sedimentary logacquired in theouthern sectc
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Figure 22: (A) Transition from R1 to T1 stages &Byisharp contact between Mafra Shale and
R1 Stage.
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Figure 23: Dropstone in the middle portion of R2gst

The last turbidite stage (R3 stage) presents a&itramal contact with the previous T2
Stage. It comprises another thin-bedded successiomposed of very fine-grained
sandstone and mudstone. Sandstones present cuippig cross-lamination and
dropstones are present along the entire R3 stagfa.sThese deposits were ascribed to
low-density turbidite currents (waning depletivergas) and the usual presence of
dropstone as an indicative of another cooler irlermwhat is compatible with a smaller
sediment supply into a proglacial marine setting.d&ata were suddenly covered by a
mass-transport-deposit (MTD) that extrapolates pgheviously confined depositional

setting (Fig. 18) and eroded the top of this stage.

In general, is possible to deduce that due to htdlev and wide nature, the Vidal
Ramos palaeovalley was possibly entirely submedgeishg the inter-glacial marine
flooding represented by the Mafra Shale when aelasgnount of fine-grained
material covered the valley floor. Turbidite depi@si within the valley took place after
an abrupt sea level drop (correlative conformitg)ated to a new glacial episode.
During subsequent deglaciation, the alternatiooooler and warmer intervals produced

the intercalation of thin-bedded, dropstone-richbidites and sand-rich turbidite
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systems, respectively. During the cooler periodiscigl melting rate was low, and the
glacier advanced along the valley, liberating icgbdo float over the valley and deposit
dropstones. On the other hand, during the warmiervals thicker sandstone beds
related to turbidite currents resulted from highee melting rates, and so higher

sediment input into the valley.

5.3. Turbidite Sand Sheets: Facies and Facies Asgdon.

The turbidite systems were described and intergritking into account the nature of
their facies, facies associations and successants depositional setting. As a general
rule, field data indicate that most of the turledibeds resulted from short-lived
depositional events. They display part or evemfalhe Bouma’s divisions, according to
its position from source (proximal/distal) and @osss to the confining walls. Besides,
individual turbidites are supposed to represent pheduct of surge-like, bipartite
turbidity currents (high- and low-density) relatedhigh frequency (bedsets and sand
sheets) depositional events. Below, turbidite sstrekts of each area are described and

interpreted.

5.3.1. Quebrada de Las Lajas Palaeofjord

The turbidite sand sheets in the Quebrada de l@s lveere subdivided into two stages
(Il and 1V). They represent the upper part of tlegressive portion of the T-R

succession preserved in the palaeovalley (Fig. 9).

The Stage Il turbidites displays a thinning- tackening and associated finning- to
coarsening-upward trend (Fig. 9). Its lower portisncomposed of medium- to fine-
grained sandstones grading to mudstones. Only afe¢ae sandstone intervals display
inverse grading. Sandstone beds exhibits flutegradve casts (Fig. 24a) and common
soft-sediment deformation, such as convolute begdilmme and loading structures
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(Fig. 24b). Upwards, sandstones become finer (fioerery-fine grained) and thinner,
display a few ripple cross-lamination at their tapd are interbedded with thicker
mudstone caps. Towards to the top, sandstone beitocker and coarser (medium- to
fine-grained) again and the mud content decreassts $andstone beds are massive at
their base, ripple-cross laminated at their top gratle to mudstone. All sandstone /
mudstone couplets were related to waning deplstivges (normal grading) ascribed to
bi-partite turbidity currents (massive and lamilagandstones). Thicker mudstone

packages were ascribed to fine-grained plumes écpthin the fijord due to some sort

of longitudinal confinement.

Fig. 24: (a) closely-spaced and overlapping, eltedyflute casts and (b) bottom irregularities

(loading and injection) at the base of Stage Hbitites.

Stage IV (Fig. 9) turbidite sand sheets are congbasie amalgamated, coarse- to
medium-grained sandstones beds. Sandstones arevenasslude rare mud clasts and
eventually display a normal graded top to fine{gedi sandstone. These beds were
related to waning depletive flows.

A graph derived from the logs shows the upwarddrehthe sand to mud ratio (Fig.
25). In spite of high frequency changes, this grdisblays a general net gross increase
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from 0.2 to 0.4 from the base to approximately 10€tres above it whet this ratio
becomes stable until the contact between stagendlIV. Just after this boundary, the
mud content drops drastically (net gross from 0.8) This abrupt change can result
either from the progradation of the turbidite syster be the result of the overspill and
resulting fine-grained plume escape from a configetling created by a sill (frontal

moraine?) at the fjord mouth (Fig. 13).
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Figure 25: Mud to sand ratio at Quebrada de laad djotice the sudden drop of mud just
above at 150 m above the base

5.3.2. Quebrada Grande Palaeovalley

At Quebrada Grande, the turbidite sand sheet ajeSitd comprises the main focus of
this work. This stage was subdivided into threaribr intervals (turbidite systems 1, 2
and 3, in short Ts1, Ts2 and Ts3) bounded by veigtithick mudstone intervals (Fig.

16).

The Tslis composed of 0.2 to 1.2m thick, very fine- to meagrained sandstone that
grades to shale. A few sandstone beds displaysevgrading. At its lower portion, the

sandstone beds are massive and include a largenarabumud clasts. Sandstone is
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made of grains of quartz, muscovite and biotite prekents almost no permeability
(Fig. 26). Its usual normal grading indicates wanufepletive flows in which fluid
turbulence has played a major role as a long-distarmnsport mechanism. A few, fine-
to medium-grained, inversely-graded sandstone siiggeentual waxing depletive
flows. On the other hand, the massive nature ok#rglstone beds points to late stage

flow bipartition and ensuing frictional freezing af basal, high-density laminar flow

(short-distance transport mechanism).

Figure 26: Sandstone of the lower portion of Tsthgosed of biotite, muscovite and quartz. No
to very low permeability is suggested by the latthe impregnating blue resin.

To the top of Tsl, sandstone beds become slighityér and grade rapidly into thick
mudstone caps. Common features comprise abundaes fand groove casts, plant
material, including impressions dépidodendron a common primitive, vascular,
arborescent plant related lyeopsids(Fig. 27c), and frequent ripple cross-lamination a
the top of each bed. Similar to the base of thierual, sandstone beds are also
composed of quartz, biotite and muscovite and disdw porosity (Fig. 28). These
couplets were also associated with waning depldtoaes, but more turbulent (low-

density turbidity currents) than before as attestedhe larger amount of ripple cross-
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lamination and flute casts. Its turbulent natures wasponsible for a better grain size

segregation and resulting larger amount of mud.caps

Figure 27: (a) and (b) Well preserved groove cdstha base of Ts2 sandstone; and (c)

impression ofepidodendrorwithin Ts1 unit sandstone.

Figure 28: Thin-section of the upper portion of Tigiit. A higher permeability and porosity
relative to the lower part of this interval is apgr@ and at least partially a result of the

dissolution of calcite veins.
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The top of Tsl is delineated by a 6m thick mudstoterval that includes thin bedded,
fine-grained sandstones. This facies associatiaddoe ascribed either to a pause in
the sediment inflow (allogenic, probably due toraie changes) or to some sort of lobe

avulsion (autogenic origin).

The Ts2 sharply overlies the Tsl. Its basal porioromposed of 0.3 to 1m thick
sandstone beds that grade upward to thin caps détae. Sandstones present groove
casts (Fig. 27a, b) and display a massive baseaamigple cross-laminated top.
Sandstone grades upward to thin, about 0.1m thigttstone. These pieces of evidence
indicate long-distance transport by turbulent caisgnormal grading and sole marks)
and downslope gravity flow transformation into biga currents during the
depositional phase, as attested by the basal, vea$sgh density turbidity current) and
the upper, ripple cross laminated sandstone andnitd cap (low density turbidity

current). Together, these features point to wardeg)etive flows.

The middle portion of the Ts2 is also composed afal (seldom inverse) graded,
medium- to very-fine grained sandstones, massiveéheir base and ripple cross-
laminated toward their top, which grade upwardstalstone. Sandstone beds are rich
in plant material (Fig. 29a) and wrinkle structuieserpreted as MISS (microbial
induced sedimentary structures), which may be edlato bacteria, fungi,
protozoans, archaea and/or algae (Fig. 29b). Near palaeovalley walls some
palaeocurrent reading indicate reflective curremd small scale folds (slumped beds)

become common.

The large amount of plant material within the sa&owlss could represent either a
catastrophic event or a seasonal period in whielntplwere largely washed into the

valley. After these high energy episodes, a lowgnénterval could allow the wood
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pieces to float until a saturation point, forcinga sink into the bottom of the valley

floor. Also during these quiet periods, burrowingdaMISS formation took place

indicating that the environmental energy was lout,dnough to transport nutrients.

Figure 29: Fossils found at QG Ts2 sandstonesal@¢ and abundant trunk impressions at the
base of Ts2 sandstones, (b) Microbial induced sewliany structures (MISS) at the base of Ts2

sandstone bed.

Once again, sedimentary features indicate longualc&t transport by turbulent currents
(normal grading) that become bipartite downslopep{sitional phase) as indicated by
the basal, massive sandstone (high density tuybilitrent) and the upper, rippled
interval and its mud cap (low density plume). Thesees of evidence indicate waning,
depletive flows related to surge-type turbidity remts. Long, calm intervals are
supposed to have been common and enabled the tiepadilarge wood pieces on the
valley floor after their saturation. This plant ma&l was not scattered by high energy
bottom currents, but environmental energy was endagransport nutrients and allow
MISS to evolve on the bottom surface, creating pryvstructures due the interaction of
microbes with the sediment. Scarcer inversely giadndstone beds suggest eventual

waxing depletive flows possibly ascribed to hypermst flows.

Along the upper part of the Ts2, sandstones bedbmaer (0.2 to 0.6m), medium- to
very fine-grained and grade upwards into thick ntoas caps (0.1 to 0.2m). Sandstones
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are plane-bedded and ripple cross-laminated inr ttever and upper portions,

respectively. Similar to the top of Ts1, the uppestrinterval of Ts2 is topped by 4m of
mudstone that includes thin beds of cross-laminatie@-grained sandstone. These
graded beds (laminated sandstone to mud) werepieted as turbulent, low density

turbidity currents ascribed to waning depletivenlo

In general, Ts2 has less mud and gradually thiskadstone beds than Ts1, suggesting
a progradation of the turbidite complex, Howeves2 Tturbidite strata thin upwards,

indicating a later, progressive decrease of thevsat input and flow energy.

The Ts3 encompasses 0.3 to 1.5m thick, mediumintedrained sandstone beds that
grade into thin caps of mudstone. Sandstone bedaraalgamated in the palaeovalley
axis and include progressively thicker intervenmgddy caps toward the western wall.
Sandstones are massive and present a large anfaoft-eediment deformation (small
scale slumping, sand injections, flame structumes$ eonvolute lamination; Fig. 30).
The abundance of massive beds suggest that thelémsity portion of the turbidity
currents went further downstream leaving behindntioaly the concentrated part of the
bi-partite flow in a more proximal reach. Thesedsiane beds were possibly deposited
by waning depletive flow. The upper part of Ts3nmsssing throughout most of the

palaeovalley due the erosional contact betweerstAgand V.
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Figure 30: Soft-sediment deformation (injectiormsommon feature of the Ts3.

5.3.2. Vidal Ramos Palaeovalley

The turbidite strata that occur at the top of théa¥/Ramos palaeovalley fill, just above

the Mafra Shale, include two stages characterizadibidite sand-sheets (T1 and T2).

T1 Stage comprises a thickening- to thinning-upwsardcession with the thickest beds
deposited along the palaeovalley axis (Fig. 31thBower and upper contacts with R1
and R2 stages, respectively, are gradual. In thidext, the basal coarsening-upward
trend is interpreted as a result of a climate wagngradually increasing ice melt rate

and therefore sediment discharge from the gladi#xs the valley. Conversely, the
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upper thinning-upward trend is interpreted as asegbent climate cooling, glacial
melting rate gradually slowed down, resulting ieslesediment input and consequently

thinner sandstone beds.

Figure 31: Thick sandstones at the mid portiorhef Tl Stage.

T1 sandstones are fine-grained, include mud clstsare usually massive, although
rare plane bedding and/or ripple cross-laminatiensametimes present near the top of
the beds. Sandstones are composed of quartz, nitgsaod biotite, quartz overgrowth

is common and they present almost no permeabitdyporosity (Fig. 32).
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Figure 32: Fine-grained sandstone composed of miiscdiotite and quartz grains with no
pores within them (T1 stage)

T2 Stage lay directly onto an erosional contachvA®2 Stage. It is composed of 0.2 to
0.8 m thick, medium- to fine-grained sandstone thety grade to thin caps of
mudstone. Sandstones tend to be amalgamated, aéfotte difficult to be

discriminated, along the palaeovalley axis (Fig), 3&ut better defined towards the
palaeovalley margins (Fig. 34). Upwards, sandstdmssome gradually thinner and

intervening mudstone beds thicken.

Each bed tends to display the following successioleatures: massive, including few
mudclasts, at the base; plane-bedding and ripplesdamination toward the top (Fig.
33b, c). These beds were interpreted as the proofubi-partite turbidity currents
related to waning-depletive surges. The centrehef galaeovalley concentrated the
largest part of the turbidity currents thereforedqucing amalgamated sandstone beds

due to the erosion of previously deposited, fineiged caps.
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Mudclasts

o

Figure 33: (A) T2 stage amalgamated sandstone bedke centre of the valley. These
sandstones may include (B) a massive and planecdebdse as well as (C) a ripple cross-

laminated top. (D) Mud clasts are common withinliees.

Figure 34: Well defined T2 stage beds due to pmseri thin mud caps near the confining
southern wall.
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Sandstone beds related to this stage are coai@eaedrcompared to previous stage. Its
composition includes quartz, muscovite, biotite &Aleéldspar (Fig. 46). Besides their
relative stratigraphic position, its coarser-grdimature and the presence of K-feldspar

provides the clues to differentiate T1 to T2 strata

The thicker and coarser-grained sandstone bed&eofT2 Stage suggest a warmer

climate relative to previous stages as climate anpment could increase melting rates

and sediment input into the palaeovalley.

Figure 35: T2 stage sandstone. Note its coarsémegtanature and higher permeability relative
to previous stages as well as the presence ofdsial.

5.4. Onlap
The Quebrada de las Lajas palaeofjord is the doljied site exposed enough to allow
the analysis of the stratigraphy from wall to whkknce enabling a detailed overall view
of the sand-sheets. Using some marker beds it wssilje to realize that at the centre
of the palaeofjord sandstone beds tend to be thekd amalgamated while mudstone
tends to be thinner, and the reverse towards tlis (fag. 36). This sort of behaviour

indicates a type A onlap onto both fjord walls. Bles, sandstones tend to onlap
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upwards for some distance parallel to the confimuadj before pinching out. That is a

common feature of a draping-onlap.

Figure 36: Aerial view nd location of the sediyltlogs at the Quebrada de Las Lajas
palaeofjord. Logs 54, QL6, QL2 and QL3 are locatedr the palaeofjord axis whereas logs
QL5 and QL4 are closer of the palaeofjord walls.

Toward the walls sandstone becomes richer in streist suggesting denser axial flows
relative to their lateral flow counterpart. Thelugnce of the walls on sedimentation is
apparent by the eventual presence of bidirectistractures and more common small

scale slumped beds.

At Quebrada Grande, sandstone beds get thinnastly pinchout toward the western
wall of the palaeovalley whereas mudstone packdgm=ome thicker. Sandstone
extends some distance up the onlaping surface eTieasures suggest a type 2 draping-

onlap and a class 2 slope base trajectory (aggoadabnlap).
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It is important to notice that the basement rocl idebris-flow package that includes
both turbidite-derived, fine-grained strata and yvéarge limestone blocks. This
heterogeneous composition might impose an accideasan floor, instead of a perfect

U-shaped valley.

In the Vidal Ramos palaeovalley turbidite sandstbads tend to pinchout toward the
confining walls. However, a gradual enlargementtloé depositional area of the
subsequent stages is also apparent (Fig.20). &rdiffial compression of the Mafra
shale due to its own weight and to the depositibthe overlying sandstone strata, in
both cases thicker towards the palaeovalley awisldcexplain the angular relationship
between the MS and R1 stages and the increasingbrwnlap of the T1, R2 and T2
strata onto this deformed, upper surface of thedsihale, leading therefore to a
draping-offlap geometry. In this sort of geomesgnd bodies extend gradually further
than below, always thinning toward its closure, dleading to less

sharp sandbody termination (featheredge pinchoitk) tive beds turning parallel to the

onlap surface.

6. GENERAL DISCUSSION

As previously commented, the turbidite sand shieat® been deposited in a wide range
of confinement, from extremely (Quebrada de laatpjhrough moderately (Quebrada
Grande) to loosely (Vidal Ramos) confined deposdicsettings. However, the turbidite
sand sheets share some common features, but asenpistriking differences. Below,

these resemblances and dissimilarities are higielcgh

6.1. Similarities

As suggested by their proglacial fill (dropstones &eberg-related scours) and attested
by direct evidence, such as glacial striation oseb@ent rocks (Vidal Ramos) and fjord-
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like morphology (Quebrada de Las Lajas), all valaye supposed to represent glacier
carving features formed during a preceding glaaeursion. And in all areas, the
succession is preserved as more or less open gsadiue lateral facies changes and

basement glacial erosional morphology.

In both Parand and Paganzo basins, the intercalaficcand-prone and thin-bedded
turbidites was ascribed to high-frequency climatanges. In this context, the coarse-
grained inflow was reduced during cooler (muddyeimals) and increased during
warmer (sandier intervals) periods, when ice mgltrate was higher, therefore

enhancing the expansion of the turbidite sandssbeets.

sandy turbidites pinch out towards the confining l&/athere they are sealed by thicker
mudstone caps. Similarly, massive and laminatedilstanes decrease and increase
towards the borders, respectively. And all turledisystems display a narrow,

unidirectional paleocurrent trend. These piecesvidence are a direct response to the
confined setting that forced turbidity currentsfimwv along the valley axis, therefore

producing a higher proportion of massive and ttsakdstones along it and laminated
and thin sandstone towards the borders, as wejeasral unidirectional sense of sand

transport.

The usual normal grading of the turbidites (santhtm couplets) points to surges rather
than long-lived flows. The longitudinal change fraandier and thicker (proximal) to
heterolithic and thinner (distal) turbidite bedsicates waning-depletive turbidity
currents. These features are compatible with fjordvalley-head delta prograding into
relatively steep valley floor and triggering re@nt sand remobilization from delta

front to deep marine settings as depletive, saridsurrges.
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6.2. Differences

The studied sand-sheet turbidites of the PaganzinBaccur after the maximum,
deglacial transgressive system tract and ensuingnmouan flooding, hence pointing to
turbidity flows related to highstand systems tradn the other hand, the turbidite
succession in the studied section of the Paranan Bagrlies a relative conformity, is
positioned below the maximum flooding surface, leenepresents an early lowstand
system tract. Therefore, although all examples gmesegressive trends (coarsening-
and thickening-upward successions), they are eblatadistinct stratigraphic positions,
including the lowstand, forced regressive turbidggata of the Vidal Ramos
palaeovalley, and the highstand, normal regredsit@dite packages of the Las Lajas

palaeofjord and Quebrada Grande palaeovalley.

The degree of confinement played its role in teafngalaeocurrent dispersal and facies
associations. For instance, in the Quebrada dé-djas and Quebrada Grande areas the
usually narrow unidirectional paleocurrent trendatif studied is more often affected
near the walls due to current rebound. Besideshase largely confined setting, and
near their steep walls and associated hangingysalleore frequent remobilization

produced rock fall, and slump and debris flows c&&go

Distinctly of the Quebrada Grande and Vidal Ramadew palaeovalleys, the thick
mudstone intervals present in the Quebrada de dg&s Lpalaeofjord and the upward
change in the sand-to-mud content of its fill weretatively interpreted as a result of
the existence of some sort of depositional baraleng the palaeofjord axis. This
longitudinal confinement would trap the fine-gralreediments brought by the turbidity

currents until the spill-point was achieved. Theref it is here considered that the
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larger the confinement, the higher the possibdityhe existence of effective transversal

barriers.

The type of onlap also seems to be dependent odegeee on confinement. Higher
confinement favours draping-onlap. On the otherdhdow confinement favours

draping-offlap.

7. CONCLUSIONS

The degree of confinement seems to have contra@t@de features related to the
deglacial sedimentary fill of glacial palaeovalley$ie overall geometry of their fill is

controlled by the U-shaped morphology and reseméyeslines that are as tighter as
more confined the valley. In terms of the assodiaterbidite sand sheets, high
frequency climate changes have driven verticalefatiends (alternation of sandy and
thin bedded turbidites). Through warmer intervailghbr ice melting rate produced a
larger growth of the turbidite sandstone sheetd,tha opposite during cooler intervals.
In general, confinement forced turbidity currents ftow along the valley axis

depositing mostly massive and thick sandstonegjatpand laminated and thin bedded
sandstone towards the bordet®nfinement has also produced unidirectional trehd

sand transport. As a result, these confined tusisandy sheets show good vertical
connectivity at the centre of the valleys, decmegsoward the borders. Turbidites main
features support an association with fjord- or esalhead deltas prograding into
relatively steep valley floor that favoured recatreand remobilization from delta front

to deep marine settings as turbidity, depletivgesir

The studied examples of sand sheet turbidites ®fRhganzo and Parana basin are
related to distinct stratigraphic positions, inchglthe lowstand turbidite strata of the

Vidal Ramos palaeovalley and the highstand turbigieckages of the Las Lajas
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palaeofjord and Quebrada Grande palaeovalley. Tgieeh degree of confinement of
the Las Lajas Palaeofjord, and secondly of the @ugbGrande palaeovalley, altered
the unidirectional paleocurrent trend due to mdtenocurrent rebound of the turbidity
currents and large-scale remobilization near theficimg walls. Besides, the facies
succession suggest that the larger the confinentieathigher the possibility of the
existence of effective transversal barriers tragpmud in more proximal depositional

settings.
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