Tectonostratigraphic evolution of a salt giant

during passive margin development:

Santos Basin, offshore Brazil

by

Clara Rosa Rodriguez Rondon

A thesis submitted in partial fulfilment for the
degree of Doctor of Philosophy at

Imperial College London

Department of Earth Science and Engineering

August 2017






Abstract

The stratigraphy of ancient salt giants provides constraints on syndepositional basin
tectonics and physiography, and/or variations in climate or sea level. Moreover, subsequent
deformation and dissolution of salt directly controls the distribution and architecture of the
sedimentary overburden. Hence, salt directly influence the overall tectono-stratigraphic
evolution and hydrocarbon potential of salt-dominated passive margins. This study focuses
on the Santos Basin, a salt-dominated basin offshore eastern Brazil. To date, few studies
have attempted to characterise the architecture of this stratified salt giant (i.e., Ariri Fm.)
deposited during Late Aptian opening of the South Atlantic Ocean. In addition, no studies
have characterised the deep-water salt tectonic structural style or salt dissolution and its
control on deep-water sedimentation. In this study, 3D seismic reflection and borehole data
are integrated to constrain the regional tectono-stratigraphic evolution of the Ariri Fm.,
from its deposition, to its subsequent deformation and partial dissolution. The integration of
3D seismic and borehole data shows that an up 2.5 km thick Ariri Fm. comprises four key
evaporite-dominated intervals of distinct composition recording at least 12 cycles of basin
filling and dessication in < ca. 530 ka. Moreover, this study reveals that rifting-inherited
basin physiography controlled salt thickness and composition leading to stratigraphic
variations across structural domains. Overall, thinner salt and higher anhydrite net
thickness occur towards structurally high domains, compared to, structurally lower domains
where the salt is thicker and anhydrite net thickness is less. In addition, results of this work
suggest that more anhydrite was deposited closer to the entrance of fresh seawater,
whereas more bittern salts were deposited in more hydrologically restricted locations.
Seismic stratigraphy and seismic attribute analysis illustrate how subsequent gravity-driven
downdip salt flow directly controlled the Santos Basin deep-water slope morphology,
influencing sediment dispersal and architecture. During the Turonian-middle Campanian,
sand-rich channels and lobes were confined within proximal minibasins and to the
hangingwalls of landward-dipping, salt-detached listric faults. During the middle Campanian-
to-Paleocene, sand-rich channels and lobes eventually filled and bypassed proximal
minibasins, with deposition then occurring further downslope. The work presented here
illustrates how syn-depositional seabed deformation, driven by passive and active diapirism,

and salt-detached thrusting and folding downslope directly controlled sediment distribution



and architecture. During the Paleocene-to-middle Oligocene, continued rise of salt walls
dissected previously deposited deep-water systems, with increased deposition of MTCs. In
addition, during the Palaeocene, dissolution of the crest of salt walls led to the truncation of
intrasalt stratigraphy and formation of a salt karst seascape, with subterranean dissolution
driving overburden deformation. Widespread salt dissolution likely occurred due to
downward migration of NaCl-undersaturated seawater through the thin unlithified roofs of
salt walls. Dissolution of the crests led to local caprock formation and the subsequent
disruption, collapse and rotation of the overburden. An alternative hypothesis is that salt
dissolution occurred due to the updip lateral migration of formation fluids from deep-water
channels and lobes deposited along the flanks of the crests of salt walls. This thesis helps to
improve our understanding of ancient salt giants, and the control salt tectonics and salt
dissolution has on deep-water reservoir deposition and architecture. In addition, findings of
this work have direct implications for assessing the Santos Basin post-salt hydrocarbon

potential of this previously underexplored interval.
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Chapter 1

Introduction

1.1. Rationale

Salt giants consist of hundreds to more than several thousand meters-thick evaporite-
dominated successions deposited in isolated sedimentary basins (Fig. 1; e.g.; the
Jurassic Louann salt in the Gulf of Mexico, e.g., Bird et al., 2005; the Messinian salt in the
Mediterranean sea, e.g., Cartwright et al., 2012; the Permian Zechstein Supergroup in
Europe, e.g., Stewart and Clark, 1999; the Pennsylvanian Paradox Formation, e.g., Trudgill,
2011 and the circum-South Atlantic salt basins offshore west Africa and offshore east
Brazil, e.g., Jackson et al. 2000, Davison, 2007). Where thickly developed and mobile, salt
directly controlled the evolution of ancient sedimentary basins. However, the study of
salt giants and their impact on basin development is extremely challenging due to several
reasons. First, due to the absence of modern analogues of comparable scale and thickness
to ancient salt giants, and which occur in similar tectonic and hydrological settings. Second,
due to its low density and negligible yield strength salt is mechanically unstable, thus salt
flows like a viscous fluid due to differential flow under gravitational forces, distorting the
original stratigraphy as large salt structures develop (e.g., Hudec and Jackson, 2007). Third,
salt is soluble; hence when it becomes in contact with subaerial or NaCl-undersaturated
submarine fluids, salt is dissolved and/or altered (e.g., Warren, 1997). Forth, seismic

reflection imaging of salt-related deformation can be challenging due to issues related to



Chapter [ Introduction 2

steeply dipping flanks of large salt structures, and the lithological and hence acoustic
heterogeneity imparted onto salt bodies due to dissolution-related diagenetic processes
(e.g., Jackson and Lewis, 2012; Davison, 2013; Jones and Davison, 2014). Fifth, hydrocarbon
exploration and production boreholes avoid drilling through salt due to engineering
difficulties. There is thus an overall lack of information regarding the lithology and
stratigraphy within the salt giants, even if in-situ. Consequently, many uncertainties and
controversies remain regarding salt deposition and stratigraphy, its effects on sediment
distribution, and the kinematics and effects related to its eventual dissolution. Reducing
these uncertainties and resolving these controversies is critical for several reasons.
For example, from a fundamental point-of-view, understanding the composition and

stratigraphic architecture of salt giants can provide insights into the syndepositional
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Figure 1: World map highlighting some examples of ancient salt giants and its tectonic setting. After Warren, 2010

basin physiography, climate, eustatic variations, and tectonics during salt deposition. In terms
of its applied significance, it is important to understand salt composition and related tectonics
because the growth of salt structures can directly influence all the elements of the petroleum

systems, including sediment dispersal, reservoir trapping styles, and migration fairways,
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thereby impacting hydrocarbon exploration and production in sedimentary basins (e.g.,
Hudec and Jackson, 2007; Archer et al., 2012). Moreover, a salt layer may form a perfect seal
for hydrocarbons due to its low permeability; and the low conductivity of salt means that it
can also impact the thermal evolution of sedimentary basins (e.g.; Jackson and Hudec, 2017).
Besides, understanding intra-salt stratigraphy, salt-sediment interface and the effects of salt
dissolution may serve to assess potential drilling hazards and seismic imaging issues that are
associated with vertical and lateral changes in seismic velocities (e.g.; Jones and Davison, 2014).
This study focuses on the Santos Basin, a salt-dominated sedimentary basin located in
eastern offshore Brazil. This basin has been the focus of much attention in recent years due to
major hydrocarbon discoveries made beneath a 2 km-thick, stratified salt sequence, known
as the Ariri Formation (e.g., Moreira et al., 2007). The reflectivity of this salt sequence and
the availability of boreholes that have drilled through it on their way to underlying presalt
reservoirs, provide an ideal location to study the stratigraphy of a salt giant. Despite being
imaged by high-quality, regionally extensive 2D and 3D seismic reflection data and penetrated
by 50-100 boreholes, surprisingly few studies have attempted to characterise the composition
and stratigraphic architecture of the Ariri Formation in the Santos Basin, offshore Brazil (e.g,
Demercian, 1996; De Freitas, 2006; Gamboa et al., 2008). As a result, it is not clear how this
regionally extensive stratigraphic unit records syn-depositional tectonics, or variations in
climate, or sea-level or how rapidly was the thick (2 km) salt deposited. Furthermore, the
Ariri Formation, has directly controlled the structural evolution and present-day configuration
of the post-salt sedimentary overburden. The study area therefore provides spectacular,
hitherto undocumented examples of salt tectonic structural style and its control on deep-
water sedimentation. In addition, anomalously clear intrasalt reflectivity and exceptional
seismic imaging of the crest of large salt structures make it an ideal location to investigate,

for the first time, evidence of submarine salt dissolution and its impact in the overburden.
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1.2. Research aims

The main aim of this thesis is to constrain the tectonostratigraphic evolution of the Santos

Basin salt giant, from its deposition, to its subsequent deformation and eventual partial

dissolution. The specific aims of this study are:

(1)

(2)

(3)

To determine the compositional variations and overall intrasalt stratigraphic architecture
of a salt giant, with the purpose of answering the following specific questions, (i) how
rapidly was the Santos Basin salt giant deposited and what are the implications of this rapid
deposition?; (ii) can thickness and stratigraphic variability within a salt giant provide clues
to temporal and spatial variations in syndepositional basin physiography?; and (iii) what

can salt giants stratigraphic architecture tell us about syndepositional basin hydrology?

To document minibasin development, sediment dispersal, and ultimate stratigraphic
architecture on a salt-influenced, deep-water slope, with the purpose of answering the
following specific questions, (i) how does salt movement control instraslope deep-water
sediment architecture along the Santos Basin slope?; (ii) could previously underexplored
postsalt intervals have hydrocarbon exploration significance?; and (iii) what are the
implications of these findings for the overall understanding of salt and sediment

interactions along salt-influenced slopes?

To identify and characterise any evidence of salt dissolution, with the purpose of
answering the following specific questions: (i) what is the role of the intrasalt stratigraphic
heterogeneity on the development of local dissolution-related morphologies, and the
overall external morphology of salt structures?; (ii) what was the impact of salt dissolution
in the postsalt sedimentary overburden?; (iii) what was the mechanism leading to salt

dissolution?
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1.3. Thesis outline
This section outlines the content of each of the eight chapters comprising this thesis.
Chapter 1 presents the rationale, research aims, thesis outline and publications status.

Chapter 2 puts this research into context by presenting a literature review focused on salt

stratigraphy, salt tectonics and salt dissolution.

Chapter 3 highlights the regional geological context of the study area, previous studies, and

gaps in current knowledge related to salt deposition, structure and impact

Chapter 4 provides a description of the dataset and the overall approach and methodology
used in this thesis. More thorough descriptions of the dataset and methods can be found in

the introductions to Chapter 5, 6 and 7.

Chapter 5 presents new insights into the stratigraphy of salt giants, focusing on the intrasalt

stratigraphy and seismic expression of the Ariri Formation, Santos Basin, offshore eastern Brazil.

Chapter 6 explores >50 Myrs of salt-sediment interaction in the Santos Basin, highlighting the
influence salt movement has on deep-water sediment dispersal and stratigraphic/reservoir
architecture, and trap development and hydrocarbon exploration on salt-influenced deep-

water margins.

Chapter 7 documents and discusses evidence for and the mechanisms of submarine salt
dissolution at the crests of salt structures in the Santos Basin, offshore Brazil, highlighting its

implicationsforbasin evolution, hydrocarbon exploration, seismicimaging, and basin modelling.

Chapter 8 summarises the key outcomes of this thesis, highlighting the overall contributions
it makes to the understanding of salt giants in general and the tectono-stratigraphic evolution
of salt in the Santos Basin, offshore Brazil in particular. This chapter also includes a description

of potential future work that may help complement the findings presented in this thesis.
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Where possible | have attempted to reduce unnecessary repetition within this thesis. However,
some repetition is evident within introductory sections to individual results chapters (i.e.,
Chapter 4, 5 and 6), principally because these have been submitted or in the process of being

submitted to scientific journals.

1.4. Publication status

Chapters 5, 6 and 7 present the main results of this thesis and constitute ‘stand-alone’
papers (see section 1.3). The author of this thesis is the first author on all three papers, being
responsible for the interpretations and material submitted herein. Important contributions to
the research are explicitly acknowledged at the end of each chapter. An overview of the main

contributions from the various co-authors is outlined below.

Paper 1: Stratigraphy of salt giants: new insights from the Santos Basin, offshore Brazil
(Chapter 5)

C. R. Rodriguez, C. A-L. Jackson, A. Rotevatn, R. E. Bell, M. Francis

Submitted to GEOPSHERE

The first author analysed and interpreted the 3D seismic and borehole data. The co-authors
critically reviewed and discussed interpretations, and contributed to the revision of the

manuscript prior to submission.

Paper 2: Minibasin development and reservoir deposition on a salt-influenced deep-water
slope: Santos Basin, offshore Brazil (Chapter 6)

C. R. Rodriguez, C. A-L. Jackson, A. Rotevatn, R. E. Bell, M. Francis

To be submitted to the AAPG Bulletin

The first author analysed and interpreted the 3D seismic and borehole data. The co-authors
critically reviewed and discussed interpretations, and contributed to revision of the manuscript

prior to submission.
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Paper 3: Evidence for and significance of submarine salt dissolution in the Santos Basin,
offshore Brazil (Chapter 7)

C. R. Rodriguez, C. A-L. Jackson, R. E. Bell, A. Rotevatn, M. Francis

To be submitted to Basin Research

The first author analysed and interpreted the 3D seismic and borehole data. The co-authors
critically reviewed and discussed interpretations, and contributed to revision of the manuscript

prior to submission.

1.5. Contributions to other articles

The author of this thesis contributed as a co-author in other research papers broadly focused
on Santos Basin salt tectonics. A list of the papers and a description of the main contributions
as a co-author are outlined below. The hardcopies of the papers listed can be found in the

Appendix.

Paper 4: Geological and geophysical expression of a primary salt weld: An example from the
Santos Basin, Brazil.

C. A-L. Jackson, C. R. Rodriguez, A. Rotevatn, R. E. Bell

Published in 2014 in Interpretation in 2014, Vol: 2, Pages: SM77-SM89

The author of this thesis interpreted seismic reflection data, generated the seismic well-tie and
stratigraphic correlation, critically reviewed and discussed interpretations, and contributed to

revision of the manuscript prior to submission.

Paper 5: Internal structure, kinematics, and growth of a salt wall: Insights from 3-D seismic
data.

C. A-L. Jackson, M.P.A. Jackson, M.R. Hudec, C.R. Rodriguez

Published in 2014 in GEOLOGY, Vol: 42, Pages: 307-310

The author of this thesis interpreted seismic reflection data, generated the seismic well-tie
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and stratigraphic correlation, critically reviewed and discussed interpretations, and contributed

to revision of the manuscript prior to submission.

Paper 6: Enigmatic structures within salt walls of the Santos Basin—Part 1: Geometry and
kinematics from 3D seismic reflection and well data.

C. A-L. Jackson, M.P.A. Jackson, M.R. Hudec, C.R. Rodriguez

Published in 2015 in the Journal of Structural Geology, Vol: 75, Pages: 135-162

The author of this thesis interpreted seismic reflection data, generated the seismic well-tie and
stratigraphic correlation, critically reviewed and discussed interpretations, and contributed to

revision of the manuscript prior to submission.

Paper 7: Enigmatic structures within salt walls of the Santos Basin—Part 2: Mechanical
explanation from physical modeling.

T.P. Dooley, A-L. Jackson, M.P.A. Jackson, M.R. Hudec, C.R. Rodriguez

Published in 2015 the Journal of Structural Geology, Vol: 75, Pages: 163-187

The author of this thesis interpreted seismic reflection data, generated the seismic well-tie and
stratigraphic correlation, critically reviewed and discussed interpretations, and contributed to

revision of the manuscript prior to submission.
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Chapter 2

Research Context

This chapter presents a broad review of salt stratigraphy, salt tectonics and salt dissolution
highlighting the key aspects that are essential to provide context for the research that is
presented in this thesis. Much of the current knowledge about the deposition and evolution
of ancient salt giants comes from observations in sub-aerial salt extrusions, mines, 2D and 3D

seismic reflection data and boreholes that penetrate subra-salt and salt-bearing sequences.

2.1. Salt deposition and stratigraphy

This section highlights the key controls on the deposition and stratigraphic variability within

ancient salt giants.

2.1.1. What is salt?

Salt is a convenient term referring to evaporite rocks (i.e., gypsum, anhydrite, halite and K-Mg-
rich salts). The term salt has been especially used to refer to halite, which is the most common
evaporite mineral in salt-dominated basins (Warren, 2006). Evaporites form by precipitation
from a saturated surface or near surface brine due to solar evaporation. For an evaporite rock

to precipitate, arid conditions are needed and the liquid water loss (outflow) from a brine
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mass must exceed inflow (e.g, Usiglio, 1849; Clarke 1924; Warren, 2006). Salt is mechanically
unstable and tends to flow like a viscous fluid under gravitational forces when it experiences
slopes with <0.5° dip due to its low density (2.2 gm/cc) and negligible yield strength (e.g.,

Warren, 2006; Hudec and Jackson, 2007; Archer et al., 2012; Jackson and Hudec, 2017).

2.1.2. Evaporite crystallization sequence

The stratigraphy heterogeneity within salt sequences is mainly controlled by the solubility of
different evaporite minerals, which precipitate following an idealised precipitation sequence.
In other words, when seawater evaporates a predictable suite of primary evaporites
crystallise (Table 2.1). The crystallisation sequence of evaporite minerals has been predicted,
documented and revisited by various researchers (e.g.; Usiglio, 1894; Clarke, 1924; Valyashko,
1956; Richter-Bernburg, 1973; Warren, 2006; Mohriak and Szatmari, 2008; Warren, 2010;
Babel and Schreiber, 2014). The suite of evaporites that precipitate from modern seawater
is predictable and well understood (Warren, 2010). For the experiments, an increasingly
concentrated hypersaline solution of modern seawater is evaporated until total dryness is
reached (Table 2.1; e.g. Warren, 2010). Ancient salt basins are assumed to have been formed
from the evaporation of concentrated seawater. Modern seawater is composed by Na* and
Cl ions and insignificant amounts of SO,, Mg, Ca, K, and HCO, (e.g.; Baar, 2013, Mohriak
and Szatmari, 2008). Therefore, in mesohaline marine brines, when salinities reach 1.5-3
times (60%) its original concentration, carbonates (CaCO,) precipitate removing almost all
bicarbonate (HCO,) (Warren, 2010). In penesaline waters, with salinities of 150% or 5-6 times
the original concentration, the excess Ca in the remaining brine combines with Sulphate (SO,)
to precipitate gypsum (CaSO,.2H,0) (Warren, 2010). By the removal of water, gypsum is then
later transformed to anhydrite (CaSO,). The onset of halite (NaCl) precipitation occurs in
supersaline marine waters, when salinities reach 350%, 10 to 11 times, the original seawater

concentration (Warren, 2010). Due to ongoing increase in salinities up to 60-70 times the
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original concentration; brines become dominated by Mg-CI-SO4, promoting the precipitation
of a series of magnesium sulphates/chlorides salts or bitterns (Table 2.1; Warren, 2010). As
the MgS04 bittern salts crystallize K becomes dominant and the KCl bitterns or potash salts
precipitate, where carnallite and sylvite are the most common in modern seawater (Warren,
2010). Consequently, the stratigraphy of salt basins comprises varying combinations of alkaline
carbonates, gypsum or anhydrite, halite and bittern salts like sylvite, carnallite, polyhalite, and

tachyhydrite (e.g.; Warren, 2006; 2010).

Table 2.1: Evaporite crystallisation sequence in increasingly concentrated hypersaline solutions.
After Warren (2006) and Warren (2012)

. . e Salinity (% .
Brine stage Mineral precipitate (ofiset of pr:ci{p;lﬁon} Degree of Evaporation
Mesohaline Alkaline earth carbonates > 60% 1.5-3x
e
£ g ) Gypsum/Anhydrite(CaS04)
= Penesaline
wy
5 § CaS04 (+- Halite) >150% 5-6x
(=R
> Halite (NaCl) >350% 10-11x
-~ Supersaline .
Bittern Salts (K-Mg salts) Extreme and variable > 60-70x

2.1.3. Ancient Salt giants: Key controls on its deposition and stratigraphic

variability

Salt giants consist of more than one thousand-meter-thick, basinwide, evaporite-dominated
stratified successions deposited in a variety of tectonics settings and across a wide range of
geological time (Fig. 1; e.g.; Schmalz, 1970; Hsl, 1972; Szatmari et al., 1974; Kendall, 1978;
Taylor, 1985; Land et al., 1988; Clark, et al., 1998; Krijgsman et al., 1999; Schreiber and Tabakh,
2000; Glennie et al., 2003; Warren, 2006; Hudec and Jackson, 2007; Mohriak et al., 2009;
Warren, 2010; Massoth and Tripp, 2011; Trudgill, 2011; Eoff et al., 2013; Babel and Schreiber,
2014; Jackson and Hudec, 2017). Some of the most extensively studied ancient salt giants
include the Jurassic Louann salt in the Gulf of Mexico (e.g.; Jackson and Seni, 1984; Bird et al.,

2005; Rowan and Vendeville, 2006), the Messinian salt in the Mediterranean Sea (e.g.; Hs(,
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(e.g.; Hsli, 1972; Cartwright et al., 2012), the Permian Zechstein Supergroup in northwest
Europe (e.g., Taylor, 1985; Clark, et al., 1998; Stewart and Clark, 1999), the Pennsylvanian
Paradox Formation in the Western USA (e.g.; Trudgill, 2011; Eoff et al., 2013), and the
evaporite-dominated sequences deposited in the circum-South Atlantic salt basins (e.g; De

Freitas, 2006; Gamboa et al., 2008; Mohriak et al., 2009).

Our current knowledge of ancient salt giants is constrained by field data (e.g. Jackson et al.,
1990; Reuning et al. 2009; Stefano et al., 2010), seismic reflection data that image intrasalt
stratigraphy (e.g. Van Gent et al., 2011; Fiduk and Rowan, 2012; Schoenherr et al. 2007;
Strozyk et al., 2012; Jackson and Lewis, 2013; Jackson et al., 2014a,b; 2015b), and boreholes
that penetrate salt-bearing sequences (e.g. Clark, et al., 1998; De Freitas, 2006; Massoth and
Tripp, 2011; Trudgill, 2011; Eoff et al., 2013; Jackson et al., 2014a,b; 2015). Previous studies
listed above suggest that depositional thickness and intrasalt stratigraphy are controlled by
several factors that may act individually or collectively during the deposition of salt giants;
i.e. (i) climate; (ii) sea-level variations; (iv) duration of salt deposition; (iii) syn-depositional
tectonics and basin physiography (v) the distance to the basin sill and the direction of seawater
inflow and (vi) the location and volume of freshwater river discharge, which may modify brine

salinity.

Nevertheless, considerable controversy still exists regarding the deposition and evolution
of ancient salt giants as these typically do not have modern analogues with comparable
scale, thickness, tectonics and hydrology (e.g.; Warren, 2006, 2010). For comparison, the
largest modern salt basin, Salar de Uyuni covers an area of 10,000 km?; in contrast, the
Mediterranean Messinian salt giant is more than six times larger (area of 67,0000 km?;
Warren, 2006). Furthermore, salt is likely to be altered during and/or after deposition due
to burial, dissolution and salt tectonics (see sections 2.2 and 2.3; e.g., Schreiber and Tabakh,
2000; Hudec and Jackson, 2007). Thus, for ancient salt giants, the present is not the key to the

past, which difficult the characterisation of its depositional stratigraphy and investigating the
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key controls on its deposition (Chapter 5).

Three end-member models for the deposition of ancient salt giants have been proposed by
previous studies highlighting the role of basin configuration and water depth. These models
apply given special conditions over geological time scale, i.e.: isolation from the open ocean
and an arid climate where outflow exceeds inflow (Fig. 2.1.; e.g.; Schmalz, 1969; Hsi, 1972;

Taylor, 1985; Warren, 2006; Jackson and Hudec, 2017):

Deep-basin deep-water model

Evaporation from brine surface and
evaporite crystal growth
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FIGURE 2.1. End-member models for the deposition of ancient salt giants. Modified after
Prothero and Schwab (2003) and Warren (2006).
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Deep basin and deepwater model

This model assumes an isolated deep basin largely filled with brine and separated from the
ocean by a substantial topographic relief (10s-100s m) that prevents free interchange of
seawater between the basin and the open ocean (Warren 2006). The brine level is above the
sill and thick deposits of certain minerals, such as gypsum, occur due to seaward escape of
some brine allowing the specific concentration of brine to be maintained for evaporites to

precipitate (Fig. 2.1a; Warren, 2006).

Deep basin-shallow-water model

This model assumes that evaporative drawdown occurs when brine level is reduced below the
level of the sill/barrier, hundreds to thousands of meters below sea level (Fig. 2.1b; Warren,
2006). Water interchange with the open ocean occurs by seepage through the sill and/or by
periodic overflow of the sill. Thick evaporite basins can also accumulate due to continued

subsidence.

Shallow basin-shallow-water model

The shallow-basin shallow-water model assumes that the thick accumulations of evaporites
occur in a shallow restricted basin with little topographic relief due to continued subsidence
of the basin floor. From shallow bodies of brine or within saline mudflats (Fig. 2.1c; Warren,

2006).

Previous studies thus suggest that the stratigraphic organisation of salt giants is mainly
controlled by the solubility of the different evaporite minerals, basin configuration and water
depth. This is very well illustrated by Tucker (1991) in his model of a Carbonate-evaporite

basin that is subjected to complete drawdown (Fig. 2.2). During the initial stages of partial
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FIGURE 2.2. Carbonate-evaporite basin subjected to complete drawdown.

After Tucker (1991). See text for description.
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restriction and hydrological drawdown in a carbonate-evaporite basin, carbonate platforms

are exposed and gypsum precipitates at the basin margins; if the water level drops below the

basin sill, halite and eventually bittern salts may precipitate in salt pans and lakes located in

the deepest, most isolated parts of the basin (Fig. 2.2; e.g. Hsii, 1972; Tucker, 1991). Breaching

of the sill may recharge the basin with saline fluid and halite may fill the basin removing

the original topography (in the absence of any differential subsidence) (Tucker, 1991). A new

evaporite cycle starts when the hypersaline basin is reflooded and gypsum is deposited (Fig.

2.2; Tucker, 1991).
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Moreover, the total desiccation of a salt basin can occur leading to the sequential deposition
of saline minerals forming a bull’s eye depositional pattern, if the basin is enclosed; where,
carbonates and anhydrites are deposited along the margins of the basin, on slopes, while
the more soluble salts, halite and potash salts (K-Mg salts) are deposited in the central
parts of the basins or abyssal plains (Fig. 2.3; Schmalz, 1970; Hsi, 1972, Hsi et al., 1973). A
teardrop pattern, however can be associated with a restricted basin, where the most soluble
salts precipitate far away from the opening of the basin, where the most concentrated brine

remains (Fig. 2.3; Hsli 1972).

Nevertheless, the applicability of these models to worldwide ancient salt giants is the subject
of controversy, partly due to the lack of modern analogues and considering that salt giants
can evolve from one type to the other during the evolution of sedimentary basins (Hs,
1972; Kendall, 1978; Taylor, 1985; Tucker and Cann, 1986; Schenk et al., 1994; Oard, 2005;
Warren, 2010; Jackson and Hudec, 2017). For example, a deep isolated basin can alternate
from deepwater to shallow water deposition when the basin is desiccated (Warren, 2006,

2010). Likewise, a deep basin filled with salt will evolve into a shallow-basin-shallow-water

B . OO0 .
Carbonates  Gypsum/ Halite Bittern salts
Anhydrite

\S _..5. et ..c‘.____!_;c.;_. P I A S i

Tear-drop pattern-Restricted Basin Bull's-eye patter - Enclosed Basin

FIGURE 2.3: Patterns of evaporite distribution in desiccating deep basins.
Modified from Hsii (1972)
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type (Warren, 2006, 2010).

Furthermore, models of ancient salt deposition are generic and oversimplified. Previous studies
of worldwide ancient salt giants highlight several other factors controlling salt deposition.
For example, deposition of the Paradox Formation (Upper Carboniferous) in North America
was primarily controlled by climate and 3rd-order sea-level variations driven by greenhouse
(transgressive phases) and icehouse conditions (regressive phases). Thus, deposition of the
Paradox Formation highlights the key role of climatic and sea-level variations (Fig. 2.4; Eoff
et al., 2013). Transgressive phases were characterised by fully marine conditions and the
deposition of organic-rich black shales, whereas regressive phases were characterised by
basin desiccation and salt (i.e. anhydrite, halite, bittern salts) deposition. Climate and sea-
level variations also influenced the stratigraphy of the Messinian (Upper Miocene) salt in
the Mediterranean Sea, where the deposition of gypsum-shale alternations along the basin
margins were controlled by periodic changes in salinity due to low-amplitude, high-frequency,
5th-order, precession-driven, climate cycles (e.g.; Krijgsman et al., 1999; Stefano et al., 2010;

Manzi et al., 2012).

There is also clear evidence for the impact of syn-depositional tectonics on salt stratigraphy;
for example, the foreland basin setting of the Paradox Basin controlled not only bulk thickness
but also the distribution of lithologies in the Paradox Formation, with carbonates deposited
in the distal forebulge in shallow water depths, whereas halite and other evaporites were
deposited in the basin centre during periods of drawdown (Fig. 2.4; e.g., Trudgill, 2011; Eoff
et al.,, 2013). Another example of an ancient salt giant where syn-depositional tectonics
controlled stratigraphic variability, is the Zechstein Supergroup in the North Sea. Previous
studies suggest that the up to 1.5 km thick, Zechstein Supergroup salt sequence was deposited
in a basin that largely formed through post-rift thermal subsidence following a preceding
phase of Early Permian extension (e.g.; Tucker, 1991). However, pre-Zechstein faults, inherited

from the earlier Permian rift phase or even formed syn-depositionally during Late Permian
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FIGURE 2.4: Example of ancient salt giant: Pennsylvanian Paradox Formation (a) Regional map of
the Paradox Basin illustraiting salt distribution. Modified from Trudgill (2011). (b) General cross
section through the Paradox Basin, modified from Peterson and Hite (1969), Hite and Buckner
(1981), Williams-Stroud (1994); (c) typical evaporite cycle, after Eoff et al., 2012.

rifting, also directly controlled thickness and lithology variations in the salt (Fig. 2.5; e.g.; Clark
et al., 1998; Stewart and Clark, 1999; Stewart, 2007; Jackson and Lewis, 2013, 2016). During
deposition of the Zechstein salt, periodically submerged intra-basinal highs formed shallow
areas where carbonate and anhydrites was deposited (e.g., Taylor, 1990; Tucker, 1991). In
deeper waters, an up to 1.5 km thick succession of basin centre facies, comprise mainly of

halite, was deposited (e.g.; Clark et al. 1998; Tucker, 1991).

Moreover, ancient sat giants are also characterised by the presence of non-evaporite lithologies
(i.e. anoxic shales, marine carbonates, siliciclastics) interfingering and interbedded with the
evaporites (e.g.; Warren, 2006; Eoff et al. 2013). The presence of non-evaporite lithologies

seem to be the result of a combination of additional elements like syndepositional tectonics,
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FIGURE 2.5: Example of ancient salt giants, Late Permian Zechstein Supergroup: (a) Location of
the Permian salt Basin. (b) Depositional salt thickness distribution of the Zechstein Supergroup.
After Glennie et al. (2003). (c)Depositional model of the Zechstein Supergroup, after Clark et al.,
1998. (d) Typical evaporite cycle after Taylor (1990); (e) Conceptual model illustrating the
Permian tectonostratigraphic evolution of the Stavanger Fault System, after Jackson and Lewis

(2013)
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marine eustacy and/or river discharge. In particular, during the deposition of the Pennsylvanian
Paradox Formation, ongoing syndepositional tectonics (flexural subsidence) triggered the
deposition of coarse siliciclastics in peripheral foredeep accommodation sourced by the
growing Uncompahgre uplift (Fig. 2.4; e.g. Trudgill, 2011). Similarly, syndepositional tectonics
acted as a key controlling factor in the Messinian salt stratigraphy, in the Mediterranean.
During deposition of the Messinian salt, ongoing tectonic deformation caused basin margin
instability and the erosion of pre-existing salt units that were deposited in distal locations (e.g.;
Lugli et al., 2008; Roveri et al., 2008; Stefano et al.; 2010). In addition, river discharge was also
an important element promoting reduced salinities during the last phase of Messinian salt
and promoting the deposition of alternating evaporites and clastic deposits (e.g.; Lugli et al.,

2008; Roveri et al., 2008; Stefano et al.; 2010).

In Chapter 5, | integrate 3D seismic and borehole data to characterise the near-depositional,
stratigraphic variability of the Santos Basin salt giant and discuss the likely key controls during

its deposition, focusing on the controversies presented in Chapter 3.

2.2. Salt tectonics in passive margins

Salt tectonics is defined as the deformation involving bodies of salt or salt flow (Hudec
and Jackson, 2007). In this section, | describe salt-related structural styles, salt-sediment

interactions and salt-related trapping styles along passive margins.

2.2.1. Salt and sediment interactions: Key concepts

The geometry of sediments that interact with salt records the history of salt flow during passive
margin development (Figs. 2.6, 2.7; e.g.; Rowan and Weimer, 1998; Hudec et al., 2009; Pilcher
etal., 2011; Jackson and Hudec, 2017). Lateral thickness variations within the overburden can

help differentiate areas of salt inflation, which feeds the growth of salt structures, compared
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FIGURE 2.6: Overburden strata thickness variations and age
relations to underlying salt flow. Modified from Jackson and
Hudec (2017).

to, salt deflation, which provides more accommodation for sediment deposition (Fig 2.6;
Jackson and Hudec, 2017). The syn-sedimentary depocenters formed above deflated salt
and bounded by inflating salt structures are defined as minibasins (Fig. 2.7; e.g., Jackson and
Talbot, 1991; Hudec and Jackson, 2007, 2011; Hudec et al., 2009; Pilcher et al., 2011; Goteti
et al., 2012). Where salt deflation occurs, if the autochthonous salt is almost or completely
removed by salt expulsion or due to dissolution, a primary salt weld is created (Fig. 2.7; e.g.;
Jackson et al. 2014 (b); Jackson and Hudec, 2017). Thin overburden can also accumulate above
inflating salt structures, thus provides a record of areas where salt rose (Fig. 2.7; Jackson and

Hudec, 2017).

The analysis of the thickness and geometry of the stratigraphic units filling the minibasin can,
thus, provide insights about sediment interactions with salt flow and its controls on sediment
architecture during the evolution of sedimentary basins (e.g., Rowan and Weimer, 1998, Hudec
et al., 2009; Pilcher et al., 2011). For example, previous studies of minibasin stratigraphy in the
Gulf of Mexico, suggest that the minibasin morphology and the geometry of the stratigraphic
units within the minibasins can provide insights into the mechanisms of minibasin subsidence

and filling (e.g., Pratson and Ryan, 1994; Rowan and Weimer, 1998; Hudec et al., 2009). For
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example, intra-minibasin, bowl-shaped symmetric units which are thicker in the centre and
thinner towards the flanks indicate deposition during vertical subsidence onto underlying
salt (Fig. 2.7; e.g., Rowan and Weimer, 1998; Hudec et al., 2009). Instead, intra-minibasin,
wedge-shaped units which thicken asymmetrically towards one side of the minibasin flanks,
indicate preferential salt flow or evacuation of the underlying salt or preferential uplift of the
bounding salt structures (Fig. 2.7; e.g., Rowan and Weimer, 1998; Hudec et al., 2009). Hence
wedge-shaped units may indicate deposition due to local welding of the minibasin floor or
tilting of the minibasin due to shortening of one of the diapirs bounding the minibasin (Fig.
2.7; e.g., Hudec et al. 2009; Jackson and Hudec, 2017). Welding of the minibasin floor, may
also result in inversion of the minibasin stratigraphy and the formation of turtle anticlines
(e.g.; Jackson and Hudec, 2017). In addition, the layer-shaped geometry of units deposited
capping minibasins is an indication of complete salt evacuation underneath the minibasin

floor or welding (e.g.; Rowan and Weimer, 1998).

2.2.2. Salt-related structural styles along passive margins

In salt-dominated passive margins, for example offshore Angola, west Africa, the slope
presents a very complex seabed bathymetry resulting in a variety of salt-related structural
styles and associated sediment depocenters and trapping styles distributed into domains (Figs
2.7; 2.8). The upslope extensional domain, where thin-skinned extension occurs: salt rollers
in the footwalls of listric normal growth faults, triangular-shaped salt walls, salt welds where
the salt is thin or absent, turtleback anticlines, and rafts (Figs. 2.7 and 2.8 ; e.g; Demercian et
al., 1993; Fort et al., 2004; Mohriak et al., 2012; Rowan et al., 2004). In the central domain,
extensional to compressional structures are developed, i.e. salt pillows, salt diapirs, salt
welds, salt withdrawal minibasins of varying shapes and sizes and local inversion of post-salt
minibasins (Figs. 2.7 and 2.8; e.g; Jackson et al., 2014b; Jackson, 2012; Mohriak et al., 2012).

Whereas in the downdip contractional domain, which is a result of thin-skinned shortening,
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the salt is relatively thick and characterised by a variety of salt-cored folds and anticlines,
asymmetricsalt walls, intra-salt thrusts, intra-minibasin thrusts and salt nappes or allocthonous
salt tongues (Figs. 2.7 and 2.8; Brun and Fort, 2004; Cobbold and Szatmari, 1991; Demercian
et al., 1993; Fiduk and Rowan, 2012; Fort et al., 2004; Adam et al., 2012; Jackson et al., 20143;

Jackson et al., 2015b; Mohriak et al., 2008).
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2.2.3. Intraslope salt-sediment interactions

During passive margin development, margin tilting, triggered by thermal subsidence and/
or continental uplift, drives salt tectonics and controls deep-water sediment dispersal and
architecture (Fig. 2.7). Salt-related bathymetric highs along the slope thus can block, confine,
divert or deflect deep-water dispersal systems that are flowing downslope synchronous with
salt growth (Fig. 2.7; e.g; Clark and Cartwright, 2009, 2011; Gee and Gawthorpe, 2006; Mayall
et al., 2010). As channel-levee complexes and their associated downdip lobes approach
positive-relief or negative-relief features on the seafloor, transitions in channel geometry and
seismic facies generally occur in response to syn-depositional seabed deformation (Fig. 2.7;
e.g., Gee and Gawthorpe, 2006, 2007; Clark and Cartwright, 2009, 2011). Continuous salt
movement can subsequently uplift and tilt the channels and associated depositional lobes
that are closer to the salt-related highs; and sometimes, the erosion of the flows is strong

enough that it can incise the growing salt-related highs (Fig. 2.7; e.g; Mayall et al., 2010).

More specifically, upslope, where thin-skinned extension occurs, margin-derived sediment
typically is trapped or confined within the hangingwalls of gravity-driven, thin-skinned normal
faults (Fig. 2.7 b; e.g. Anderson et al. 2000; Fort et al., 2004; Gee and Gawthorpe, 2006; Alves
et al., 2009; Albertdo et al., 2011). Basinwards of the extensional domain in the so-called
translation domain, where thick autochthonous salt is initially present, minibasins typically
form (Fig. 2.7; e.g. Hudec et al., 2009; Jackson et al., 2015a). In the minibasin domain, the
relative rates of salt diapir rise and sediment accumulation control the geometry of salt diapirs
and associated minibasin subsidence and sediment dispersal (i.e., passive diapirsm; Fig. 2.7;
e.g; Giles and Rowan, 2012; Hudec and Jackson, 2007; Hudec et al., 2009). For example, if
diapir inflation rate exceeds sediment aggradation rate, diapirs may widen upward and form
bathymetric highs that divert or confine deep-water systems that otherwise flow downslope
(Fig. 2.7 b; e.g. Gee and Gawthorpe, 2006; Clark and Cartwright, 2009, 2011; Mayall et al.,

2010). Deep-water dispersal systems may progressively fill updip intraslope minibasins, before
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spilling into neighbouring downdip basins (‘fill-and-spill’; e.g. Gulf of Mexico; Winker, 1996;
Prather et al., 1998; Smith, 2004). The filling of minibasins and shifting of depocenter can

occur due to welding of the minibasin and the eventual inversion of the minibasin stratigraphy,

i.e, the formation of turtle structures (e.g.; Jackson and Hudec, 2017). Salt diapir growth

relative to slower sediment accumulation can also trigger the emplacement of mass transport
complexes (MTCs) within the minibasins (Fig. 2.7); in this case, the MTCs are locally sourced
from the unstable salt diapir margins, salt roof and/or the minibasin rotated flanks (e.g; Giles
and Rowan, 2012; Jackson, 2012). The emplacement of MTCs, locally sourced or due to more
regional shelf-slope failures, is also common on salt-influenced deep-water slopes (Fig. 2.7

b; e.g., Giles and Rowan, 2012; Jackson, 2012). The MTCs can be erosional and overlie intra-
minibasin unconformities and tilted and truncated reflections or it can slide with limited

erosion of the seafloor (e.g; Giles and Rowan, 2012; Jackson, 2012). A distinct scenario occurs
when sediment accumulation outpaces salt diapir rise rate, thus, salt diapirs narrow upward
until they get buried (Hudec and Jackson, 2007; Hudec et al.,, 2009). In this case, the
geometry of deep-water dispersal systems may not be greatly affected by coeval salt-related
highs. Additionally, in this scenario, local salt and/or flanks sourced MTCs are exceptional
due to the overall low relief of the salt-related highs (Giles and Rowan, 2012; Hudec and
Jackson, 2007; Hudec et al., 2009). However, if syn-diapiric erosion occurs, reducing sediment
accumulation, salt diapirs may pierce the overburden (i.e. active diapirism) and form a slight
short-term topographic high on the seabed (Hudec and Jackson, 2007; Koyi, 1998; Mayall et
al., 2010). This salt-related topographic high forms a short-term area of bypass or erosion
from which local MTCs can also be emplaced (e.g.; Giles and Rowan, 2012; Hearon et al.,
2014). Conversely, if the erosion is post-diapiric, possibly due to major geodynamic events,
the geometry of salt-related highs and minibasins can also be affected, producing regional
erosional unconformities capping salt diapirs and truncating intra-minibasin units (e.g.; Koyi,

1998).

Conversely, where thin-skinned shortening occurs, typically in the downdip contractional
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domain or during the latter stages of development of the central, translation domain, diapirs
are squeezed and intervening minibasin tilted, causing abrupt shifts in the position of slope
depocenters and sediment dispersal pathways (Fig. 2.7; e.g., Hudec et al., 2009). Where thin-
skinned shortening is widespread and locally intense, salt-cored folds, anticlines and thrusts
develop and are commonly expressed at, and therefore control the local morphology of, the
seabed (Fig. 2.7; e.g., Clark and Cartwright, 2009, 2011; Rowan et al., 2004). Salt-cored folds
and thrusts expressed at the seabed, thus influence sediment distribution and the geometry
of deep-water systems (Fig 2.7; e.g., Brun and Fort, 2004; Hudec et al., 2005; Hudec and
Jackson, 2007; Clark and Cartwright, 2009, 2011; Mayall et al., 2010; Jackson et al., 2014;

Jackson et al., 2015b).

Understanding the spatial distribution and temporal evolution of deep-water depositional
elements relative to the timing and style of salt-induced seabed deformation is key to
improving the ability to predict reservoir presence, architecture and potential trapping styles
on salt-influenced deep-water slopes. However, seismic reflection-based studies of ancient
intra-slope depositional systems that interact with salt are challenging due to the low seismic
resolution of deeply-buried depositional elements which limits the level of detail that can
be investigated and the poorly imaging of the dipping minibasin flanks which could also be
misleading when examining the relative timing of paleoseafloor relief during sedimentation.
Most of the current understanding of salt-sediment interactions in deep-water systems thus
comes from very shallow, undrilled, relatively young deep-water systems, which are then used
as analogues to understand similar salt-sediment interactions in older, more deeply buried

systems (e.g.; Beaubouef and Friedmann, 2000; Clark and Cartwright, 2009; 2011).

In Chapter 6, | apply seismic stratigraphy and seismic attribute analysis to characterise the
geometry and architecture of Turonian-to-Palaeocene deep-water clastic systems that
were deposited on the Santos Basin salt-influenced slope. My results, thus, provides a

tectonostratigraphic record of about 60 Ma of salt and sediment interactions.
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2.2.4. Salt-related trapping along passive margins

In the previous sections, | reviewed how salt tectonics exerts a direct control in the geometry
and architecture of deep-water systems along salt-dominated passive margins. These salt-
related controls on deep-water clastic sedimentation also have important implications on trap
development (e.g. Fig. 2.9; e.g., Jackson and Hudec, 2017). Trapping of reservoir units near
salt structures can occur along minibasin flanks, where sediments onlap the salt structures
(Fig. 2.9 a; e.g., Auger and Macaroni fields in the Gulf of Mexico; Booth et al., 2003). Likewise,
at the crests of inflating salt pillows or salt diapirs, reservoir-prone units can be trapped
by folding or against salt-cored highs and salt-cored faults (Fig. 2.9b; Merluza field, Santos
Basin; e.g.; Riddle et al., 1995). Salt-cored fault trapping is also common above salt-pillows
in the thin-skinned extensional domain (Fig. 2.9 c; e.g., Campos Basin discoveries such as
Marimba, Namorado and Roncador; e.g., Pessoa et al. 1999; Bacoccoli et al., 1979; Bruhn et
al., 2003). In addition, trapping of deep-water clastics can also occur within minibasins due
to the formation of turtle anticlines where the stratigraphic units become inverted (e.g., east
Texas Basin, Wescott and Hood, 1994). Furthermore, intra-salt thrusts and buckle folds which
are common in the contractional domain, can also create folding and fault-related trapping in
the sedimentary overburden (e.g; Jackson and Hudec, 2017). Combinations of these trapping

styles typically exist along salt-influenced passive margins.

In Chapter 6, | use 3D seismic to interpret a variety of salt-related traps within the (previously-
overlooked) post-salt sequence in central deep-water Santos Basin (see also section 3.4,

Chapter 3).
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2.3. Salt dissolution:

This section explores the significance, current knowledge and outstanding questions about

the mechanisms and diagnostics of salt dissolution.

2.3.1. Significance of salt dissolution

Salt dissolution is relevant for the mining and hydrocarbon industry and academic researchers

for a variety of reasons:

1. The less-soluble residual evaporite rocks at the crest of dissolved salt structures (i.e,
caprock) are the source of economic minerals and have the potential to become

reservoir rocks (section 2.3.4; e.g., Posey and Kyle, 1988; Kyle, 1999)

2. Salt dissolution has been related to the creation of local depocenters and faulting
within the overburden, potentially promoting reservoir deposition, trapping and
compartmentalisation (e.g., Ge and Jackson, 1998; Cartwright et al., 2001; Hudec et

al., 2011; Jackson et al., 2010).

3. The collapse and deformation associated with karst can generate mega-pores or reduce
the sealing properties of the salt and its overburden, hence its proper characterisation
is relevant for evaluating reservoir and seal potential (e.g., Walles, 1993; Vahrenkamp

et al., 2004)

4. Accurate seismic imaging requires a proper understanding of the caprock stratigraphy
and associated seismic velocities at the crest and lateral margins of salt structures (e.g.,

Jackson and Lewis, 2012; Jones and Davison, 2014).

5. The amount of salt dissolved from the geological record is often unknown limiting the
accuracy in basin restorations and reconstructions (e.g, Koyi et al. 1995; Cartwright et

al., 2001).
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6. Salt dissolution pose challenges when drilling due to fractures, cavities and diagenetic
alterations at the crest and lateral margins of salt structures (eg. Black, 1997; Willson

and Fredrich, 2005; Jackson and Hudec, 2017).

However, regardless of its broad significance, surprisingly few studies have used seismic
reflection data to investigate salt-related dissolution, characterise seismic-scale karst
morphology, and to understand its impact on the overburden and remnant salt (e.g.; Bertoni
and Cartwright, 2005; Jackson and Lewis, 2012; Burberry et al., 2016). Seismic-scale salt
dissolution studies can be challenging due to seismic imaging issues and the lack of sufficient
seismic resolution to precisely analyse salt karst morphologies and deformation within the
caprock, overburden and intrasalt units. In addition, there is a limited amount of borehole
data to correlate seismic expression to the lithology within caprock and its overburden.
Nevertheless, 3D seismic reflection data provide a valuable tool to characterise the expression
of salt dissolution compared to 1D- borehole and 2D-seismic reflection data and quasi—three-
dimensional outcrops. In Chapter 7 | integrate high quality 3D seismic reflection, 2D seismic
and borehole to characterise, for the first time, evidence of salt dissolution in the Santos

Basin, offshore Brazil

2.3.2. Solubility of salt

Understanding the solubility of evaporite minerals can provide constrains in the styles and
expression of salt dissolution in sedimentary basins (Chapter 7). The most soluble and
weaker evaporite minerals are the bittern salts (K and Mg salts, e.g., carnalite, tachyhydrite)
followed by halite (NaCl); whereas the less soluble are anhydrite and then gypsum (Warren,
2006). Hence, when evaporites become in contact with NaCl-undersaturated waters, the
more-soluble evaporites (bitterns and halite) are dissolved first, resulting in the enrichment of
anhydrite, gypsum and carbonate (CaCO3) rocks, which are less soluble than evaporites. The

order of solubility is, thus, the reverse to the expected crystallisation sequence of evaporite
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minerals (section 2.1.2).

2.3.3. Mechanisms of salt dissolution

The kinematics of salt dissolution are poorly understood, however, there is a general consensus
about the three possible mechanisms by which salt structures can get dissolved by NaCl-
undersaturated fluids in sedimentary basins (e.g., Warren, 1997; Loucks, 1999; Cartwright et
al., 2001; Bertoni and Cartwright. 2005; Warren 2006; Jackson and Lewis, 2012; Burberry et

al., 2016):

(1) Superjacent dissolution or epigene mechanisms occur when descending meteoric fluids
reach the crest of salt structures or evaporite sequences. Superjacent dissolution has
been advocated as the mechanism for the creation of crestal caprock in Zechstein salt
structures in the North Sea (e.g., Clark et al. 1998; Cartwright et al., 2001; Jackson et al.,
2010) and in salt diapirs in Texas due to exposure at the surface (e.g., Jackson and Seni,

1984, Hudec et al., 2011).

(2) Subjacent dissolution or hypogene mechanism occurs when the salt gets in contact with
sub-salt deep basin-related fluids that recharge from below. Subjacent dissolution in the
Mediterranean has been attributed to the release of deep overpressure fluids, causing
the localised depletion of the overlying evaporite layers (eg., Bertoni and Cartwright,
2005). Subjacent dissolution has also been associated with the migration and expulsion

of hydrocarbons (e.g., Machel et al., 2012).

(3) Lateral dissolution occurs when NaCl-undersaturated fluids migrates along the lateral
margins of the salt sequence or basin flanks. Migration of deep-basinal fluids up to the
lateral margins of a salt diapir has been suggested by Jackson and Lewis (2012) as a

possible mechanism for the creation of lateral caprock in the Northern North Sea.
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2.3.4. Crestal caprock and solution breccias

Dissolution at the crest of salt structures typically results in the formation of a residual
diagenetic caprock (e.g. Posey and Kyle, 1988; Hallager et al., 1990; Warren, 1997; Giles et al.,
2012; George et al., 2017; Jackson and Hudec, 2017). Crestal caprocks are commonly formed
by superjacent dissolution when salt structures are subaerially exposed and become in contact
with meteoric fluids (Warren, 2006). Caprocks that result from halite dissolution typically
overlie a nearly-horizontal solution surface or ‘table’ above which intrasalt stratigraphy is
truncated (Posey and Kyle, 1988; Hallager et al., 1990; Warren, 2006; Jackson and Hudec,
2017). The nearly-horizontal surface represents the zone of halite dissolution and contains

anhydrite sand and cavities (Fig. 2.10; Posey and Kyle, 1988; Hallager et al., 1990).

(a) (b)
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Caprocks which result from different stages of alteration are highly heterogeneous typically
consisting of: (i) a lower anhydrite-dominated zone overlying the halite-dissolution-surface;
followed by (ii) a relatively thin gypsum-dominated transitional zone resulting from anhydrite

hydration, and an uppermost (iii) highly heterogeneous, relatively thick, carbonate-dominated



Chapter 2 Research Context 36

cap broadly comprising carbonate clasts, veins, vugs in a fine-grained carbonate matrix
(Posey and Kyle, 1988; Jackson and Hudec, 2017). Therefore, the lithological hence acoustic
heterogeneity that characterises caprocks difficult the seismic imaging of the crest of salt

structures.

Furthermore, the rapid depletion of salt due to widespread and continuous dissolution, cre-
ates voids which are consequently filled with clasts of the adjacent or overlying insoluble stra-
ta forming a dissolution-related collapse breccia (e.g.; Cooper, 1986; Friedman 1997; Warren,
1997, 2006). Thus, if salt is completely depleted, the downwarping, fracturing and rotation or
overlying strata breccia remains as the only evidence of the former evaporites (e.g; Friedman,
1997; Warren, 2006). Solution breccias are a combination of less-soluble and insoluble intra-
salt residue and material derived from collapse of the overburden (Laznicka, 1988; Warren,

2006).

2.3.5. Salt dissolution-related local morphologies

Present-day subaerial exposure of salt has also been extensively studied; thus, providing the
best documentation of local morphologies likely to result from salt dissolution (i.e, salt karst;
e.g., Bruthans et al., 2009; Frumkin, 2013; Gutiérrez and Lizaga, 2016). Remarkable examples
of salt karst have been documented in dissolving salt diapirs in the Zagros Mountains in Iran
(Fig. 2.11). The exposed salt has recorded the effects of fresh water by forming cm-scale
solution grooves (i.e., rillenkarren), m-scale circular depressions (i.e., sinkholes), as well as, up-
to-6.5 km-long caves (e.g., Jackson and Hudec, 2017). Furthermore, salt karst morphologies
resemble those observed in carbonate karst, which have been imaged by seismic data and
extensively studied due to its potential as hydrocarbon reservoirs (Fig. 2.12; e.g. Evans et al.,

1994; Vahrenkamp et al., 2004; Sullivan et al. 2006; Zeng et al., 2011; Burberry et al., 2016).
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2.3.6. Submarine salt dissolution: previous studies

Salt dissolution is not only limited to the near-surface or due to subaerial exposure. Recent
studies have described similar rugose morphologies and semicircular depressions related to
salt dissolution in submarine settings (e.g., Bertoni and Cartwright, 2005; Talbot and Augustin,
2016). However, seismic-scale submarine salt karst studies are limited. Although potentially
dissolved flat-topped and rugose-topped salt walls have been imaged near or at the seabed in
the Barents Sea (e.g., Koyi et al. 1995) and in the North Sea (e.g, Duin, 2001), there have been
no attempts to document any likelihood of submarine salt karsts morphologies at their crests
or to understand if such salt structures have been dissolved by NaCl-undersaturated seawater
(except for the recent publication by George et al., 2017). A spectacular example, in the Orca
Basin, Gulf of Mexico, reveals a rugose salt canopy exposed at the seabed and potentially
being dissolved by seawater (Fig. 2.13; Pilcher and Blumstein, 2007). Dissolution at the crest
produce brines that flow downslope into an enclosed submarine brine lake (Fig. 2.13; Shokes

et al., 1977; Tompkins and Shephard, 1979; Pilcher and Blumstein, 2007).

In Chapter 7, | demonstrate that salt dissolution at the crest of salt diapirs, in the Santos Basin,

occurred in a fully submarine setting (see also section 3.5, Chapter 3).

ediment slumps|
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FIGURE 2.13: modern submarine brine lake in the Orca Basin, Gulf of Mexico. After Pilcher
and Blumstein (2006).
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Chapter 3

Study area:

Santos Basin, offshore eastern Brazil

This Chapter describes the regional context, previous studies and key uncertainties and

controversies in the study area.

3.1. Regional context

The Santos Basin is the widest (c. 500 km) of the South Atlantic salt basins with an area of
350,000 km2 (Fig. 3.1; e.g. Davison et al., 2012; Guerra & Underhill, 2012), and is bounded to
the west by the Brazilian mainland, and to the north by the Cabo Frio High and the Campos Basin
(Fig. 3.2). To the south, the basin is bounded by the Florianopolis High, and the volcanic belt
north of the Florianopolis Fracture Zone and the Sdo Paulo Ridge, and to the east by the Jean
Charcot volcanic seamounts (Fig. 3.2). The Sdo Paulo Plateau is the main structural element in
the Santos Basin, forming a c. 500 km wide area that is characterised by relatively deep water
(2000-3000 m) and the presence of a prominent intra-basinal structural high, the Outer High
(Fig. 3.2) (Gomes et al., 2002; Gomes et al., 2009). The Outer High is characterised by half-
grabens developed during Barremian rifting, when non-marine to shallow marine sediments
of the Guaratiba Group were deposited (Demercian, 1996; Meisling et al., 2001; Gomes et

al., 2002; Moreira et al., 2007; Carminatti et al., 2009; Gomes, et al., 2009; Scotchman, et al.,
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2010) (Fig. 3.3). Episodic marine incursions and basin desiccation events led to the deposition
of an up to 2.5 km of Aptian salt (called the Ariri Formation in the Santos Basin; Modica and
Brush, 2004; Moreira, 2007). The salt was deposited on extended continental crust at the
base of a 1500 km-long, N-trending rift-related valley located between the eastern Brazilian
and West African conjugate margins, north of a volcanic belt represented by the proto-Rio
Grande Rise and the Walvis and Sdo Paulo ridges (Gladczenko et al., 1997; Fig. 3.4). These
volcanic features acted as oceanographic sills, impeding influx of saline marine waters into the
developing Santos Basin, facilitating evaporation and salt deposition (Fig. 3.4; e.g. Szatmari
2000; Dias 2004; Davison 2007; Karner and Gamboa, 2007; Carminatti et al., 2009; Davison
et al., 2012). During the Aptian, the proto-South Atlantic rift-related valley was up to 500 km
wide in the Santos Basin, narrowing northward to <50 km in the Sergipe-Alagoas Basin (Fig.

3.2; e.g. Jackson et al., 2000; Szatmari, 2000; Dias, 2004).

During the Albian, a shallow-marine carbonate platform was established near the basin margin,
with deep-water marls deposited basinward in deeper waters (Itanhaem Formation; Figs.
3.3; e.g., Modica and Brush, 2004). Salt-related deformation commenced in the Albian, with
margin tilting and the downslope flow of salt causing stretching and faulting of the carbonate
platform, and the development of normal fault-bound rafts in the upslope extensional domain

(Fig. 3.5; e.g.; Guerra and Underhill, 2012; Davison et al., 2012; Jackson, 2012).

In the Late Cretaceous, periodic uplift and erosion of the onshore Serra do mar mountain belt
drove progradation of a thick clastic wedge into the Santos Basin (Itajai-Acu Formation; Fig.
3.3 and 3.5; e.g., Modica and Brush, 2004; Moreira et al., 2007; Guerra and Underhill, 2012).
Late Campanian-Maastrichtian uplift of the Serra do Mar deflected the Paraiba do Sul river
drainage system to the NE, starving the central deep-water Santos Basin of sediment (e.g.;
Cobbold et al., 2001; Modica and Brush, 2004; Guerra and Underhill, 2012). Subsequently,
during the Eocene, sediment supply to the basin was thus largely derived from catastrophic

failure of the middle Eocene shelf margin, which produced debris flows and turbidites of the
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FIGURE 3.1. Early Cretaceous paleogeography illustrating the South Atlantic
salt giant and the location of the Santos Basin (after Lentini et al., 2012)
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Lower Marambaia Formation that were locally trapped in the proximal domain (Modica and
Brush, 2004). Previous studies also suggest the upper Marambaia Formation varies little in
thickness and is dominated by fine-grained sediments, recording a global marine flooding
event and sea level highstand (e.g.; Modica and Brush, 2004; Moreira et al., 2007; Guerra and

Underhill, 2012).

3.2. South Atlantic salt deposition: Key controversies

The Aptian-age salt giant deposited during opening of the South Atlantic Ocean covered c.
741,000 km2 and was up to 2.5 km thick (Fig. 3.1; e.g. Dias 2004; Davison 2007). Although
the tectonics and geodynamics of South Atlantic opening have been extensively studied,
several key questions remain regarding deposition of the Aptian salt giant, including: (i)
how rapidly was the thick (2.5 km) salt deposited?; (ii) what mechanism or mechanisms
generated accommodation for thick salt deposition, thus in what tectonic context was the salt
deposited?; (iii) was the salt deposited in shallow or deep water?; and (iv) was the seawater
inflow into the Santos Basin from the north or south? Chapter 5 addresses these questions by

the analysis of the intrasalt stratigraphy in the Santos Basin, offshore Brazil.

The age of the South Atlantic salt giant is poorly constrained, previous studies suggest a
depositional age of between 0.4 and 10 Ma (Jackson et al. 2000; Szatmari, 2000; Dias, 2004;
De Freitas, 2006; Davison, 2007; Karner and Gamboa, 2007; Moreira et al., 2007; Montaron
and Tapponier, 2010). However, most authors agree on a rapid deposition period (< 600
kyr) based on analysis of core data (Dias, 2004), correlation of evaporite stratigraphy with
Milankovitch cycles (De Freitas, 2006), and by comparison to other salt basins (Davison, 2007)

and the predictions of numerical models (Montaron and Tapponier, 2012).

In terms of accommodation for thick salt deposition, three main mechanisms have been

proposed: (i) salt deposition occurred within a pre-existing basin during tectonically quiescent
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conditions (Szatmari, 2000; Burke et al., 2003; Dias, 2004; Davison, 2007; Davison et al., 2012);
(ii) salt deposition occurred during rifting (i.e. it is a syn-rift deposit), prior to the onset of post-
rift thermal subsidence (Karner et al., 2003; Karner and Gamboa, 2007; Gamboa et al., 2008;
Torsvik et al., 2009; Scotchman et al., 2010) and; (iii) loading of the crust by thick salt drove
local subsidence and led to the development of accommodation (e.g.; Dias, 2004; Karner and
Gamboa, 2007; Davison et al., 2012). The first mechanism suggests that rift-related faulting
had ceased at the onset of salt deposition, with deformation giving rise to a pre-existing basin
defined by several discrete lakes and which lay up to 2 km below sea-level (Szatmari, 2000;
Burke, 2003). The lakes were flanked by pre-existing, normal fault-related scarps that controlled
salt thickness across the basin, with thicker (<2 km) salt within the lows and with thinner (<1
km) salt over the highs (Dias, 2004; Davison, 2007; Davison et al., 2012). In contrast, studies
favouring a syn-rift salt interpretation postulate that salt deposition occurred during the latest
phase of rifting, characterised by minor late Aptian normal faulting and thermal subsidence
(Karner et al., 2003; Karner and Gamboa, 2007; Torsvik et al., 2009; Reston, 2010; Scotchman,
2010). In addition, local faulting during salt deposition was possibly due to salt loading, which
may have increased accommodation (Dias, 2004; Karner and Gambb6a, 2007; Davison et al.,

2012).

Despite the controversies regarding the Aptian salt giant, there is a general consensus with
regards to the water depth within which the salt was deposited. Except for Karner and
Gamboa (2007) and Montaron and Tapponier (2010), who suggest salt deposition in relatively
deep waters (1.5-3 km), many other authors support a shallow-water (< 1 km) depositional
environment based on the following evidence: (i) the stratigraphic context of the salt, above
continental/lacustrine deposits and below shallow-water limestones (e.g, Szatmari, 1979;
Moreira et al., 2007; Palagi, 2008); (ii) sedimentological features (chevron and cornet halite
crystals) identified in cores in the Espirito Santo Basin, indicating that evaporite precipitation
occurred in ‘very shallow waters’ (Dias, 2004); (iii) subaerial exposure and karstification of the

pre-salt sag sequence (Gomes et al., 2009); and (iv) palaeontological evidence from the base
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of Aptian carbonates capping the salt on the Angolan margin, suggesting water depths of

<500 m (Marton et al., 2000).

Therefore, within this deep-basin/shallow-water depositional context (section 2.1.3, Chapter
2), the proto-South Atlantic was occupied by lakes of varying salinity and, as salinity increased,
these lakes were replaced by hypersaline lagoons (e.g., Szatmari et al., 1979; Burke et al. 2003;
Aslanian et al., 2009). The transition from a lacustrine to a lagoonal depositional environment,
conducive to salt deposition, was the result of partial filling of isolated basins by saline waters,
as the basin became connected to the open ocean during rifting, becoming entirely evaporitic

by the Late Aptian (e.g., Bate 1999; Dingle 1999; Karner & Gambda 2007; Reston 2010).

Most studies suggest that the connection to the open ocean and recurrent seawater inflow
was from the south, where a barrier comprised by the Rio Grande Rise, Walvis/Sdo Paulo
Ridges confined the evolving South Atlantic, thus providing the condition necessary to permit
salt deposition and preservation (Figs. 3.1; 3.5; e.g.; Evans, 1978; Jackson et al., 2000; Karner
and Gamboa, 2007; Gamboa et al., 2008; Davison et al., 2012). These volcanic ridges formed
during Parana -related volcanism in the Barremian, shortly before salt deposition, and are
believed to have collectively acted as a barrier to ocean water circulation before open marine
conditions were established in the Albian (Evans, 1978; Karner and Gambéa, 2007; Gambba
et al., 2008; Davison et al., 2012). However, a somewhat more controversial model suggests
intermittent seawater incursions flooded from the north via a series of early rifts or seaways
formed in the central Atlantic (Dingle, 1999; Bate, 1999; Scotchman et al., 2006; Arai, 2014).
For example, according to Scotchman et al. (2006), analysis of ostracod data suggests that the
volcanic Walvis Ridge was not breached until Cenomanian-Turonian times, hence preventing
marine waters entering during the estimated period of salt deposition. An alternative entry
point for seawater is thus postulated suggesting seawater percolation through fracture zones
in the volcanic ridges to the south, thus recharging the salt basin (Jackson et al., 2000; Nunn

and Harris, 2007; Montaron and Taponier, 2012).
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3.3. Stratigraphy of the Ariri Formation: Previous studies and
unanswered questions

The Ariri Fm. has been studied in the past, with the principal emphasis being on salt-related
structural styles and its impact on hydrocarbon exploration (Cobbold and Szatmari, 1991;
Demercian et al., 1993; Cobbold et al., 1995; Mohriak et al., 1995; Demercian, 1996; Szatmari
etal., 1996; Ge et al., 1997; Modica and Brush, 2004; Freitas, 2006; Davison, 2007; Davison et
al., 2012; Fiduk and Rowan, 2012; Jackson et al., 2014; 2015). Seismic and borehole data from
the S3o Paulo Plateau, which is the major structural element in the Santos Basin, indicate that
the Ariri Formation is characterised by highly-reflective, multi-layered evaporites. The unusual
seismic character of the Ariri Formation was first recognized on 2D seismic reflection data by
Cobbold et al. (1995) and was assumed to be composed of interbedded halite, anhydrite and
clastics (Davison, 2007). An exploration borehole drilled in 2002 revealed the Ariri Formation
was composed of at least 2.5 km of interbedded evaporites, including halite, anhydrite and
bittern salts (e.g. carnallite, bishofite, sylvite and tachyhydrite; Poiate et al., 2006; Scotchman

et al., 2010; Mohriak et al., 2012).

De Freitas (2006) correlation of two boreholes separated >200 km apart indicate that halite
and bittern salt layers thicken basinwards, whereas interbedded anhydrite layers thicken
landwards (Fig. 3.6). De Freitas (2006) suggests this pattern reflects overall lower salinities
near the land due to the periodic input of freshwater. Lateral variations in lithology in the Ariri
Formation have also been described by Moreira et al. (2007) and Gamboa et al. (2008), with
halite, anhydrite, tachyhydrite, carnallite and locally silvite in the basin centre, thinning and

passing into main dolomite and anhydrite in the basin margins.

In addition, seismic facies analysis of high-quality seismic reflection data covering the Sao
Paulo Plateau also allowed Gamboa et al. (2008) to divide the Ariri Formation into five units; (i)

a 20 m thick basal anhydrite layer; (ii) a ‘thick’ lower halite; (iii) a stratified interval composed
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of anhydrite, halite and bittern salt (carnallite, tachyhydrite and sylvite) layers; (iv) a ‘thin’,
halite-rich interval; and (v) an upper interval of interbedded anhydrite, halite and bittern salts.
Using 3D seismic reflection data, Fiduk & Rowan (2012) divide the Ariri Formation into six
mechano-stratigraphic intervals based on the inferred rheological behaviour of the evaporites,
i.e. ductile detachment zones (D3, D2 and D1), defined by acoustically transparent, poorly
continuous reflections, and more competent layers or ‘beams’ (B3, B2 and B1), defined by
high-amplitude, continuous reflections. Variability in the proposed units may be related to

lateral variations in stratigraphy and/or location within the study area.

Even though the detailed stratigraphic architecture of the Ariri Formation remains very poorly
constrained, previous regional studies in the South Atlantic, based largely on 2D seismic
reflection data and sparse or no borehole data, suggest that a >2 km thick, halite-dominated
succession was deposited in the rapidly subsiding basin centre, whereas thinner (c. 200 m)
carbonate-, anhydrite-, sylvite- and tachydydrite-bearing successions were deposited on highs

along the basin margins (e.g., Chang et al. 1992; Karner & Gamboa, 2007; Lentini et al., 2010).

It is clear that, due to a lack of focus on the salt as a depositional entity and the unavailability
of borehole data, previous studies have been unable to constrain the regional compositional
variations or the overall stratigraphic architecture of the Ariri Formation. Furthermore, due to
the lack of previous studies, it is still uncertain how the syn-depositional tectonics or variations
in climate and water depth controlled salt deposition. It is this what forms part of the focus

of Chapter 5.

3.4. Post-salt sequence in the Santos Basin: is there any
overlooked hydrocarbon exploration potential?

Significant post-salt hydrocarbon discoveries have been made within deep water (up to 3000
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m water depth) Brazilian offshore basins (Fig. 3.1). For example, in the Campos Basin alone,
>30 deep-water fields produce from, Late Cretaceous, Palaeocene, Eocene, Oligocene and
Miocene turbidite reservoirs, with a small contribution coming from locally developed MTCs
(Horschutz et al., 1978; Bacoccoli et al., 1979; Bacoccoli et al., 1980; Figueiredo et al., 1985;
Guardado et al., 1989; Moraes, 1989; Mohriak et al., 1990; Candido and Cora, 1992; Bruhn
and Walker, 1995; Lopes et al., 1999; Guardado et al., 2000; Meisling et al., 2001; Bruhn et
al., 2003; Machado et al., 2004; Moraes et al., 2004; Winter et al., 2007; Waisman, 2008; De
Gasperi and Catuneanu, 2014). Unlike the Gulf of Mexico, where significant discoveries have
been made within minibasins and fold-belt plays, post-salt discoveries in the Campos Basin
are mainly located within the thin-skinned extensional domain, up to 150 km downdip from
the present Brazilian coastline (section 2.2, Chapter 2). Discoveries in the Campos Basin are
mainly in unconfined deep-water channels and lobes occurring in stratigraphic traps, or more
confined channels and lobes occurring in structural traps related to salt-cored thin-skinned
faults (e.g., Bruhn et al., 2003; Albertao, 2011). For example, in the giant oilfield of Albaroca,
Barracuda, Caratinga and Marlim, stratigraphic trapping occurs due to lateral pinchout and
differential compaction of turbidite sandstones (e.g., Figueiredo et al., 1985; Pessoa et al.,
1999; Guardado et al., 2000; Cobbold et al., 2001; Meisling et al., 2001; Bruhn et al., 2003;
Winter et al., 2007; Waisman, 2008; Contreras et al., 2010; De Gasperi and Catuneanu, 2014).
Structural trapping by salt-cored faults occurs in other Campos Basin discoveries such as
Marimba, Namorado and Roncador (e.g., Pessoa et al. 1999; Bacoccoli, 1979; Bruhn et al.,

2003).

In contrast to the prolific Campos Basin, no significant post-salt discoveries have yet been
made in the neighbouring Santos Basin, except for in Upper Cretaceous and Tertiary turbidite
plays in very shallow waters (i.e. Merluza gas field and Oliva oilfield; Mohriak et al., 2012).
Regional studies suggest that, in the central deep-water Santos Basin, siliciclastic wedges
never prograded beyond a large, shoreline-parallel, salt-controlled intra-slope depocentre

called the ‘Albian Gap’ or the seaward limit of the extensional domain (Figs.3.3, 3.5; e.g.,
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Modica and Brush, 2004; Guerra and Underhill, 2012). As a result, these studies predict little
or no sand was deposited basinward within the translation or contractional domains. Chapter
6 challenges the results of previous studies and shows conclusive evidence for the existence
of Late Cretaceous, ultra-deep water depositional elements up to 100 km from the coeval
shelf margin. Furthermore, Chapter 6 demonstrates that syn-depositional, salt-induced
deformation of the seabed controlled sediment dispersal, potential reservoir presence and

trapping styles along the Santos Basin slope.

3.5. Salt dissolution in the Santos Basin

The salt-related structural styles and kinematics within salt structures in the Santos Basin
have been previously documented (e.g.; Fiduk and Rowan, 2012; Jackson et al, 2014, 2015).
However, there are currently no published studies describing any occurrence of salt dissolution
in deep-water Santos Basin despite the highly-reflective nature of the evaporite-interbedded
salt sequence and the absence of complexity within the overburden revealing remarkable
intra-salt structures. This makes it an ideal location to analyse the intra-salt stratigraphy and
its relationship with any potential dissolution at the crest of salt walls (section 2.3, Chapter
2). This work contributes, for the first time, to the broad understanding of submarine salt
dissolution in the Santos Basin, and even more importantly to the understanding of the
eventual partial dissolution of salt giants and its implications for hydrocarbon exploration,

seismic imaging and basin modelling.
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Chapter 4

Data and methods

This chapter provides a description of the dataset and the methodology used in this thesis.
The overall approach used for this work focused in the throughout integration of geophysical
and geological information available. Anin-depth description and significance of the methods
used are presented in this chapter and additional complementary details are included in

Chapter 5-7.

4.1. Data

This study is based on interpretation of a 20,122 km2 high quality, three-dimensional, post-
stack time-migrated, seismic reflection dataset located in the central deepwater Santos Basin.
The study area is located basinwards of the Albian Gap and covers a large area of the Sao
Paulo plateau and the Outer High (Fig. 4.1a). Water depths vary from 1600 to 2200 metres
in the study area (Fig. 4.1 b). The 3D seismic volume provided by CGG Veritas contains trace
information from sea level down to 5.5 second two-way time (TWT), with a vertical sample
rate of 4ms, inline spacing (east-west) of 18.75 m and crossline spacing (north-south) of 25.0
m. Three regional 2D Kirchoff pre-stack depth migrated lines were provided by WesternGeco
for this study. The 2D depth seismic profile that intersects the 3D survey and some of the

boreholes available, is c. 350 km long and has a record length of 16 km providing a good
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quality regional image along the central deep-water Santos Basin. This 2D depth seismic
profile have been used to illustrate the regional salt thickness distribution, to tie borehole
data outside the 3D survey area, to adjust depth converted maps at the 2D line locations and

for basin reconstruction.

Seismic profiles are displayed in SEGY normal polarity using two different colour tables. For
basinwide-scale 2D profiles and intrasalt seismic-well tie, a downward increase in acoustic

impedance is represented by a positive reflection event (black) and a downward decrease in
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FIGURE 4.1: (a) Study area and dataset. See location of 3D survey relative to key
structural elements like the Outer High, and the Albian Gap. (b) Seabed
depth-structural map highlighting the present-day bathymetry in the study area.
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acousticimpedance is represented by a negative reflection event (red). Instead, for 3D seismic
stratigraphic interpretations, a downward increase in acoustic impedance is represented by a
positive reflection event (yellow-to-red) and a downward decrease in acoustic impedance is

represented by a negative reflection event (blue).

Data from 8 boreholes provided by Statoil Brazil and ANP (Agéncia Nacional do Petréleo, Gas
Natural e Biocombustiveis) have been used to constrain the age and lithology of the mapped
reflection events and stratigraphic units within the salt (Chapters 5 and 7) and the post-salt
sequences (Chapters 6 and 7). Only two of the boreholes contain a comprehensive set of
electrical logs (eg. GR, Neutron, Density and P-Sonic) recorded for the salt sequence and
these have been used for seismic-well tie and to assign lithology information to the intrasalt

intervals (Chapter 5).

It is important to recognise that the use of time- rather than depth-migrated seismic data,
where extreme lateral variations in velocities are not accounted for, can result in ambiguous
interpretations especially in areas of steep dips, complex folding and salt overhangs. However,
for the academic objectives of this research thesis and with a proper integration of the
borehole data provided, the time-migrated seismic volume is sufficient to understand the
stratigraphic heterogeneity and thickness variations within the salt and post-salt sequences

(e.g, see section 4.8).

4.2. Data preparation and integration

The boreholes, 2D seismic profiles and 3D seismic reflection data provided were integrated
in the Petrel software by Schlumberger. Raw log DLIS data was revised and converted to LAS
using the Schlumberger toolbox before it was loaded and merged in Petrel for lithological and
stratigraphic interpretation and seismic-borehole tie (Chapter 5). For the boreholes where the

density log was missing, a density log was calculated using a neural network estimation model
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(e.g., Helle et al., 2001). For the method, a combination of logs (GR, Neutron, sonic, density)
was used as input training data to create a function that was later applied to similar input data

in wells were the density was missing to compute a reasonable density log.

In addition to the data provided, publicly available regional bathymetry and gravity anomalies
from Sandwell and Smith v.18.1 were integrated in the project to provide relevant and
complementary information. Furthermore, previous studies in the Santos Basin were also
georeferenced in the Petrel project; i.e, paleogeography by Modica and Brush, 2004; regional
top salt structural map by Guerra and Underhill, 2012; basinwide geoseismic sections by
Davison et al., 2012 (e.g.; Fig. 4.2). Geo-referencing and integrating previous studies was
essential to locate the study area into the regional-scale context of the Santos Basin (Fig. 4.2;

see also Fig. 3.4).

FIGURE 4.2: Example of integration of previous studies: Regional salt structre map
by Guerra and Underhill (2012) overlapped by the new Top salt time-structure
map interpreted using the data available in the study area.
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4.3. Vertical seismic resolution estimations

Vertical seismic resolution was estimated for the intrasalt and post-salt sequences with the
purpose of getting an insight about the level of geological detail imaged by the 3D seismic
reflection data available (e.g., Chopra et al., 2006). In this study, understanding the values of
seismic resolution was essential as an input for calibrating the borehole information with the
seismic expression (Chapter 5). In addition, vertical seismic resolution was estimated across
the study area to get insights during the analysis of the deep-water depositional elements
within the post-salt and the salt karst morphologies at the crest of salt walls (Chapters 6 and

7, respectively).

(a)

(b)

¢ b s & & ¥ B Fo: i i3

FIGURE 4.3. Examples of frecuency spectrums calculated for the postsalt (a)
and the intrasalt (b).
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To estimate the vertical seismic resolution, dominant frequency values were calculated from
frequency spectrum plots for each of the intervals of interest (Fig. 4.3). Frequency spectrums
were generated using the Blueback Geophysics toolbox plugin for Petrel. To estimate the in-
terval velocities within the units of interest, interval velocities were calculated using calibrat-

ed checkshot velocity surveys available at the boreholes.

Vertical seismic resolution estimated for the intrasalt (Ariri Formation, Chapter 5) was found
to be within the range of 23 m - 30 m based on analysis at five borehole locations (i.e., 723C,
709, 532A, 711, 369A; Fig. 4.1). Dominant frequencies range between 25 Hz — 50 Hz within
the salt at the same boreholes. Intrasalt interval velocities obtained from the borehole time-
depth curves are of the order of 3000 m s-1 - 4500 m s-1. Vertical seismic resolution within
the post-salt sequence decreases from c. 8 m at relatively shallow depths (<2500 ms TWT),
to up to 31 m where the post-salt sequence is relatively thick (4500 ms TWT), to up to 64 m
where the post-salt sequence is thickest (>5000 ms TWT) (see variations in Table 6.1 and Fig.

6.5; Chapter 6).

4.4. Seismic-well tie

Two key wells (709 and 723C) containing a complete and comprehensive set of well logs with-
in the salt (Density, P-Sonic, Neutron, GR) were used for intrasalt seismic well-tie in the study
area (Fig. 4.4 a). For an accurate seismic-well tie, a zero-phase wavelet was extracted from the
seismic volume and used for forward modelling (i.e.; post-stack seismic inversion; (e.g., Veek-
en and Da Silva, 2004) and to calculate the relative acoustic impedance. The relative acoustic
impedance was used to identify and map lithology away from areas of well control (Fig. 4.4
b). For the salt sequence, individual seismic reflectors were tied and correlated to individual
evaporite layers (c. 20-25 metres thick) interpreted at the wells (see also section 4.5; and Fig.

5.8; Chapter 5). Thinner layers of evaporites, below seismic resolution, are not imaged in the
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FIGURE 4.4: (a) Example of seismic-well tie for the salt
sequence (b) Relative acoustic impedance volume is
filtered to highlight and compare the high acoustic
impedance anhydrite from the low-acoustic impedance
bittern salts and medial acoustic impedance halite.

seismic. Due to limited well logs availability for the post-salt sequence, the checkshot velocity
survey was used to estimate the time-depth relationship along the well. Subsequently, the

wells logs, well markers and lithology (in TWT, ms) were correlated to the seismic data.

4.5. Intrasalt lithology interpretation and stratigraphic
correlation

To identify and interpret the lithology within the salt at each well location, the typical well log
response expected from a combination of wireline logs was used, including density (RHOB),
sonic (DT), neutron porosity (NPHI) and gamma-ray (GR) (Table 4.1; Schlumberger, 1991;
Charts Halliburton Log Interpretation, 1994; Mohriak et al. 2009). Crossplot analysis of wireline

log data was also conducted to assist in the identification of clusters of values related to a
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particular lithology or type of evaporite (Fig. 4.5). Observations from crossplots were used
to guide lithological interpretation and stratigraphic correlation. A distinctive cluster of low
densities and significant high GR value were identified as potash salt, mainly carnallites. Low-
density tachyhydrites are easily identified from low-density carnallites due to the former
characteristic high sonic values (Fig. 4.5). The GR values and neutron porosities for halite
and anhydrites are insignificant, however, these can be identified based on the high-density
values that characterise the anhydrites (average 2.98) in comparison with the halite (average
2.03) (Table 4.1; Schlumberger, 1991; Charts Halliburton Log Interpretation, 1994; Mohriak et
al. 2009; Chapter 5). Lithology interpretation was also verified from information from cuttings

descriptions available in the well composite logs provided.
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FIGURE 4.5. Crossplot analysis used to interpret lithology at the well locations
(a) Sonic vs. density coloured with GR values; (b) Sonic vs. density coloured
with the evaporites interpreted.
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The intrasalt lithology interpreted at the well locations was subsequently used to construct
regional well correlations across the study area (Fig. 4.6). For a more accurate and integrated
approach for the intrasalt well correlation, the maps of borehole-calibrated individual
evaporite layers and the relative acoustic impedance were integrated to assess the extent of

the evaporites during correlation (Figs. 4.4 b and 4.6)

H B [ §

halite anhydrite carnallite tachyhydrite

Seismic interpretation

horizons

A

m 30 Km

Well correlation

FIGURE 4.6. Integrated approach used for the regional well correlation: (a) laterally
extensive carnallite layer identified at the wells and interpreted using the seismic; (b)
anhydrite layers pinching and thinning towards the North and Tupi sub-high.
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4.6. Horizon interpretation and mapping

Horizons and time-structure maps (i.e, grids) were constructed synchronously during the

seismic interpretation. The mapping while interpreting method aid in the early quality control

of the horizons and provided the primary three-dimensional insights into the geological

information in the seismic data. More than 20 key seismic horizons where interpreted and

mappedtoaccomplish the aims of thisthesis. The horizonsinterpreted correlate to stratigraphic

information from boreholes (i.e.; lithology and age) or define clear vertical changes in seismic

facies. The horizons interpreted vary in scale and purpose:

(i)

(iif)

(vi)

Main horizons defining the regional seismic stratigraphic framework in the study
area (Fig. 5.4; Chapter 5): Base Salt (top Guaratiba Group); Top Salt (top Ariri
Formation); Top Albian-Cenomanian (Top Itanhaem Formation); Mid-Oligocene

unconformity (intra-Marambaia Formation); Seabed (top Marambaia Formation)

Intrasalt horizons defining key stratigraphic intervals within the salt sequence

(Fig. 5.4, Chapter 5): Top Al; Top A2; Top A3.

Intrasalt horizons tied to individual evaporite layers at the borehole locations

were interpreted to aid in the well correlation (Fig. 4.6; section 4.4).

Post-salt horizons correlated to stratigraphic information from boreholes or
defining vertical variations in seismic facies (Fig. 6.5; Chapter 6): Top Unit 2 (intra-

upper ltajai Acu Formation); Top Unit 3 (intra-Lower Marambaia Formation).

Intra-minibasin horizons interpreted locally and defining sub-units with
significant vertical changes in seismic facies (Fig 6.11a; Chapter 6): Top Unit
3a (Intra-upper ltajai Acu Formation); Top Unit 4a (intra- Lower Marambaia

Formation); Top Unit 4b (intra-Lower Marambaia Formation).

Intra-minibasin horizons used for seismic attribute analysis and highlighting
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deep-water depositional systems (Fig. 6.11b; Chapter 6).

(vii)  Post-salt horizons at the crest of salt walls defining variations in the geometry

and seismic facies within the overburden.

(viii)  Basinwide-scale horizon interpreted along the regional 2D depth seismic profile

and used for basin reconstruction: Basement.

4.7. Thickness maps

Thickness maps were constructed using the gridded horizons. Time- and depth- thickness

maps (i.e., isochrons and isochores) construction and analysis were essential to:

(i) provide a broad understanding of salt-related thickness distribution and

structural deformation at basinwide scale.

(ii)  characterise intrasalt thickness variations and highlight the magnitude of

deformation relative to the main salt diapirs (Fig. 5.9; Chapter 5)
(iii) reconstruct the regional scale tectonostratigraphic evolution of the post-salt
sequence (e.g., Fig. 6.9; Chapter 6).

(iv) examine the temporal and spatial evolution of the minibasins. The integration
of intra-minibasin isochrons and attribute analysis (section 4.9) provided an
understanding about depocenters migration within the minibasins (e.g., Fig.

6.12; Chapter 6).

(v) interpret the geometry and the variations, in time and space, of deep-water
depositional elements relative to present-day salt structures (e.g., Fig. 6.20;

Chapter 6).

4.8. Velocity model and depth conversion

A Depth conversion was carried out to estimate salt thickness distribution and to assess the
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present-day configuration of the base of salt by minimising the effects of high velocity pull-ups
(Fig 4.7). To convert time-structure maps to the depth domain a three-dimensional velocity
model was constructed. The interval velocity assigned to each layer was estimated from the
time-depth curves from five of the seven boreholes. Depth values from stratigraphic markers
in all six boreholes, together with the pre-stack depth migrated 2D seismic sections, were

used to check the accuracy of the depth conversion (Fig. 4.7).

High velocity
pull-up

550

Base of salt structural map
before depth conversion

..bepth—migrated 2D lines \

Base of salt structural map
after depth conversion

FIGURE 4.7. Depth conversion of the base salt structure map to minimise or
eliminate velocity pull ups effects caused by salt structures
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4.9. Seismic attribute analysis for the geological
interpretation

The seismic attributes used in this thesis and its geological significance are described in this

section.

Sweetness: integrates amplitude strength (envelope) and instantaneous frequency to highlight
lateral changes in seismic facies variations related to inferred changes in lithology (e.g.; Hart,
2008). Sweetness is mainly used for the identification of features where the overall energy
signhatures change in the seismic data. The Instantaneous amplitude (envelope in Petrel) is the
total instantaneous energy of the analytic signal (the complex trace) and it is generally use
for detecting major lithological changes caused by strong energy reflections and sequence
boundaries. The instantaneous frequency is defined as the time derivative of phase and it is
used to measure cyclicity of geological intervals. Therefore, sweetness was used to highlight,
interpret and/or isolate strongly-reflective stratigraphic intervals in 3D seismic reflection data.

More specifically, in this study, sweetness was used to:
(i) identify, interpret and correlate Intrasalt cyclic evaporites (Fig. 4.8; Chapter 5)

(i) identify and map deep-water depositional elements (Chapter 6).

(iii) to highlight lateral and vertical facies variations (in section) along the crest of salt walls

and between and within the key intrasalt intervals (Chapter 7)

Chaos: is a texture attribute used to map disorganized seismic traces within a 3D window
(Randen and Sgnneland, 2005). The chaos attribute measures the ‘lack of organization’ within

the seismic data (e.g.; Hart, 2008). In this study, chaos was used for different purposes:

(iv) Halite-rich acoustically-transparent seismic stratigraphic units can easily be distinguished

using the chaos attribute, which is negligible in cyclic interbedded evaporites (Chapter
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5)

(v) chaos, it was key in this study to investigate intra-salt facies variations along the salt

crests;

Amplitude contrast: This seismic attribute calculates amplitude derivatives between neigh-

bouring seismic traces. In this study, the amplitude contrast was used

(i)  to highlight salt structures, faults and mass transport complexes (MTCs) (Chapter 6;

Schlumberger, 2012).

(i) tocharacterise discontinuities associated with dissolution along the top salt (Chapter

7)

Variance: identifies abrupt lateral changes in seismic reflection continuity (Hart, 2008). It was

mainly used in this study for visual blending with the sweetness.

The combination or visual blending of two independent attributes was used as a method to

(i) to aid in the identification and mapping of lithology-calibrated horizons away from

areas of well control

(ii)  Interpret intrasalt seismic facies variations (Fig. 4.8)

(iii) interpret the seismic geomorphology of deep-water depositional systems and

identify edges of channels and lobes (Chapter 6; see also Hart, 2008).
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FIGURE 4.8. Examples of seismic attributes used for this study
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Chapter 5

Stratigraphy of salt giants:

New insights from the Santos Basin, offshore Brazil

This Chapteris written as a scientific paper and documents compositional variations and overall
intrasalt stratigraphic architecture of the Santos Basin salt giant. This section also provides
insights into the temporal and spatial variations in basin physiography, salinity variations and
basin hydrology during salt deposition in the Late Aptian. As this Chapter is written as a ‘stand-
alone’ paper, some of the material presented in the ‘Introduction’, ‘“Tectono-stratigraphic

framework’ and ‘Data and methods’ sections overlap with that in Chapters 3-4.

5.1 Abstract

The stratigraphic evolution of ancient salt giants is controversial, mainly due to the absence
of modern analogues that are of comparable scale and thickness, and which occur in similar
tectonic and hydrological settings. Furthermore, investigating the original stratigraphy of salt
giants is often made difficult by post-depositional flow and dissolution. Layered evaporites of
the Ariri Formation in the Santos Basin (offshore Brazil), deposited during opening of the South
Atlantic Ocean, form part of one such salt giant. Despite being well-imaged in seismic data
and being penetrated by >50 boreholes, little work has explored the stratigraphic architecture

of this unit and what this may tell us about the syn-depositional tectonics, basin physiography
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and variations in climate and sea-level. Here | integrate 3D seismic and borehole data from
the Sdo Paulo Plateau, deep-water Santos Basin, to document the intrasalt stratigraphy of
the Ariri Formation. My analysis suggests that a combination of an arid paleo-climate, low-
amplitude local sea-level variations and basin physiography controlled deposition of this thick
(2.5 km) salt sequence, during a short time span < 530 ka. The Ariri Formation records at least
12 cycles of basin desiccation and filling, resulting in the deposition of four key units (Al-
A4) that have a distinct composition and therefore, seismic expression; i.e. low-frequency,
transparent, chaotic seismic facies represent relatively halite-rich (>85%) units (A1l and A3),
whereas high-frequency, highly-reflective seismic facies represent still relatively halite-rich
(65-85% halite) units, but which contain relatively high proportions (15-35%) of anhydrite
and carnallite (A2 and A4 units). My findings suggest that during salt deposition the Santos
Basin was characterized by a series of sub-basins of varying water depth; as a result, the
thickness and composition of these units vary laterally and are spatially related to structural
domains. Overall, thinner salt (c. 1.8 km) and higher anhydrite net thickness (c. 350 m) occur
towards the structurally high Sugar Loaf domain, compared to flanking, structurally lower
domains where the mean salt thickness is >2.2 km and anhydrite net thickness are less (c. 180
m). Additionally, stratigraphic variations in the basin, suggest seawater incursions came from
the south, through the S3o Paulo-Walvis ridge; consequently, more anhydrite was deposited
closer to the ridge, whereas more bittern salts were deposited in more distal and restricted
locations. The results of my study, although based on an analysis of Aptian salts preserved
offshore Brazil, offers valuable insights into the sedimentology, and stratigraphic architecture

and evolution of other ancient salt giants.

5.2 Introduction

Ancient ‘saline giants’ (sensu Hsii, 1972) or ‘salt giants’ (sensu Hiibscher et al., 2007) are areally

extensive (>100,000 km2), hundreds to thousands of metres thick, evaporite-dominated
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successions, deposited in hydrologically restricted basins in a wide range of tectonic settings
(Hudec and Jackson, 2007; Warren, 2010). The stratigraphy of salt giants is mainly controlled
by the solubility of different evaporite minerals, which precipitate following an idealised
precipitation sequence, i.e. first carbonates, then sulphates, followed by chlorides, with
carbonates typically being the volumetrically dominating rock type, and then gypsum/
anhydrite, followed by halite, and ending with bittern salt (K- and Mg-rich salts; e.g. Usiglio,
1849; Clarke, 1924). During the initial stages of partial restriction and hydrological drawdown
in a carbonate-evaporite basin, carbonate platforms are exposed and gypsum precipitates at
the basin margins; if the water level drops below the basin sill, halite and eventually bittern
salts may precipitate in salt pans and lakes located in the deepest, most isolated parts of the
basin (Fig. 5.1) (e.g. Hsli, 1972; Tucker, 1991). Breaching of the sill may recharge the basin with
saline fluid and halite may fill the basin. A new evaporite cycle starts when the hypersaline basin
is reflooded and gypsum is deposited (Fig. 5.1; Tucker, 1991). The applicability of this general
model to ancient salt giants is uncertain, partly reflecting the lack of modern analogues that
are of comparable scale and thickness, and which occur in similar tectonic and hydrological
settings. In addition, the original stratigraphy of salt giants is likely to be altered during and/
or after deposition due to dissolution, changes in mineral phase (i.e. anhydrite to gypsum and
vice versa) and salt flow, which can result in tectonic modification of the primary depositional
stratigraphy due to preferential expulsion of low-viscosity units (Kupfer, 1968; Warren, 2006;

Hudec and Jackson, 2007; Cartwright et al., 2012; Jackson et al., 2014a).

Our current knowledge of ancient salt giants is constrained by field data (e.g. Jackson et al.,
1990; Reuning et al. 2009; Stefano et al., 2010), seismic reflection data that image intrasalt
stratigraphy (e.g. Van Gent et al., 2011; Fiduk and Rowan, 2012; Schoenherr et al. 2007; Strozyk
et al., 2012; Jackson and Lewis, 2013; Jackson et al., 2014a; Jackson et al., 2014b; 2015), and
boreholes that penetrate salt-bearing sequences (e.g. Clark, et al., 1998; De Freitas, 2006;
Massoth and Tripp, 2011; Trudgill, 2011; Eoff et al., 2013; Jackson et al., 2014a,b; 2015). These

data suggest that depositional thickness and intrasalt stratigraphy are controlled by several
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factors that may act individually or collectively during salt giant deposition; i.e. (i) climate;
(ii) sea-level variations; (iv) duration of salt deposition; (iii) syn-depositional tectonics and
basin physiography (v) the distance to the basin sill and the direction of seawater inflow and
(vi) the location and volume of freshwater river discharge, which may modify brine salinity.
For example, deposition of the Paradox Formation (Upper Carboniferous) in North America
was primarily controlled by climate and 3rd-order sea-level variations driven by greenhouse
(transgressive phases) and icehouse conditions (regressive phases), thus highlighting the
key role of climatic and sea-level variations (Eoff et al., 2013). Transgressive phases were
characterised by fully marine conditions and the deposition of organic-rich black shales,
whereas regressive phases were characterised by basin desiccation and salt (i.e. anhydrite,
halite, bittern salts) deposition. Climate and sea-level variations also influenced the stratigraphy
of the Messinian (Upper Miocene) salt in the Mediterranean Sea, where the deposition of
gypsum-shale alternations along the basin margins were controlled by periodic changes in
salinity due to low-amplitude, high-frequency, 5th-order, precession-driven, climate cycles
(Krijgsman et al., 1999; Stefano et al., 2010; Manzi et al., 2012). There is also clear evidence for
the impact of syn-depositional tectonics on evaporite stratigraphy; for example, the foreland
basin setting of the Paradox Basin controlled not only bulk thickness but also the distribution
of lithologies in the Paradox Formation, with carbonates deposited in the distal forebulge in
shallow water depths, whereas halite and other evaporites were deposited in the basin centre
during periods of drawdown (Trudgill, 2011; Eoff et al., 2013). Syn-depositional tectonics also
controlled the thickness and stratigraphic development of the Zechstein Supergroup (Upper
Permian) in NW Europe. During deposition of the Zechstein Supergroup, basin physiography
was controlled by pre- and syn-depositional, rift-related normal faulting, with halite-rich units
occurring in the basin centre, whereas on intra-basinal highs, carbonate- and anhydrite-rich
units were deposited (e.g. Taylor, 1990; Tucker, 1991; Clark et al., 1998; Stewart and Clark,

1999; Stewart, 2007; Jackson and Lewis, 2013).

In this study, | integrate and analyse 3D seismic reflection and borehole data from the deep-
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water Santos Basin, offshore Brazil to provide new insights into the deposition and evolution
of salt giants. My results show that basin physiography and sea-level variations can play key

roles during the deposition of thick (2.5 km) salt sequences.

@ Basin-fill halite (BFH), early TST gypsum

HST
HST LS-BFH TST

TST —

Lowstand halite/bittern salts pans and lakes
seepage

g\\??ﬂ?ﬁ

@ Lowstand gypsum wedge during slow sea level fall

HST sl

TST ‘/sill/barrier

E Highstand open basin, carbonate rim

sl
F Open

HST ocean
\T-k sill/barrier

pinnacle reefs/mud

mounds
Carbonates ~ Gypsum/ Halite Bittern salts
Anhydrite

FIGURE 5.1: Conceptual model for the stratigraphic architecture of a
carbonate-evaporite basin subjected to complete drawdown (after Tucker, 1991).
(a) carbonate deposition during highstands; (b) gypsum deposition during slow sea
level fall; (c) halite and bittern salts are deposited during lowstands and basin
desiccation; (d) gypsum is deposited during refill of the basin.

5.2.1 Early Cretaceous salt of the South Atlantic: Previous studies and

controversies

An Aptian salt giant was deposited during opening of the South Atlantic Ocean covering c.

741,000 km2 and was up to 2.5 km thick (Fig. 5.2a; e.g. Dias 2004; Davison 2007). Although
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the tectonics and geodynamics of South Atlantic opening have been extensively studied,
several key questions remain regarding deposition of the Aptian salt giant, including: (i)
how rapidly was the thick (2.5 km) salt deposited?; (ii) what mechanism or mechanisms
generated accommodation for thick salt deposition, thus in what tectonic context was the salt
deposited?; (iii) was the salt deposited in shallow or deep water?; and (iv) was the seawater
inflow into the Santos Basin from the north or south? In this study, | contribute to this debate
by analysing the intrasalt stratigraphy in the Santos Basin, offshore Brazil, but first | review

some of the previous studies.

The age of the South Atlantic salt giant is poorly constrained, previous studies suggest
a deposition between 0.4 and 10 Ma (Jackson et al. 2000; Szatmari, 2000; Dias, 2004; De
Freitas, 2006; Davison, 2007; Karner and Gamboa, 2007; Moreira et al., 2007; Montaron and
Tapponier, 2010). However, most authors agree on a rapid deposition (< 600 ka) based on
analysis of core data (Dias, 2004), correlation of evaporites stratigraphy with Milankovitch
cycles (De Freitas, 2006), and by comparison to other salt basins (Davison, 2007) and the

predictions of numerical models (Montaron and Tapponier, 2012).

In terms of accommodation for thick salt deposition, three main mechanisms have been
proposed: (i) salt deposition occurred within a pre-existing basin during tectonically quiescent
conditions (Szatmari, 2000; Burke et al., 2003; Dias, 2004; Davison, 2007; Davison et al., 2012);
(i) salt deposition occurred during rifting (i.e. it is a syn-rift deposit), prior to the onset of post-
rift thermal subsidence (Karner et al., 2003; Karner and Gamboa, 2007; Gamboa et al., 2008;
Torsvik et al., 2009; Scotchman et al., 2010) and; (iii) loading of the crust by thick salt drove
local subsidence and led to the development of accommodation (e.g.; Dias, 2004; Karner and
Gamb0a, 2007; Davison et al., 2012). The first mechanism suggests that rift-related faulting
had ceased at the onset of salt deposition, with deformation giving rise to a pre-existing basin
defined by several discrete lakes and which lay up to 2 km below sea-level (Szatmari, 2000;

Burke et al., 2003). The lakes were flanked by pre-existing, normal fault-related scarps that
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controlled salt thickness across the basin, with thicker (<2 km) salt within the lows and with
thinner (<1 km) salt over the highs (Dias, 2004; Davison, 2007; Davison et al., 2012). In contrast,
studies favouring a syn-rift salt interpretation postulate that salt deposition occurred during
the latest phase of rifting, characterised by minor late Aptian normal faulting and thermal
subsidence (Karner et al., 2003; Karner and Gamboa, 2007; Torsvik et al., 2009; Reston, 2010;
Scotchman et al., 2010). In addition, local faulting during salt deposition was possibly due to
salt loading, which may have increased accommodation (Dias, 2004; Karner and Gambbéa,

2007; Davison et al., 2012).

Despite the controversies regarding the Aptian salt giant, there is a general consensus with
regards to the water depth within which the salt was deposited. Except for Karner and Gamboa
(2007) and Montaron and Tapponier (2010), who suggest salt deposition in relatively deep
waters (1.5-3 km), many other authors support a shallow-water depositional environment
based on the following evidence: (i) the stratigraphic context of the salt, above continental/
lacustrine deposits and below shallow-water limestones (e.g, Szatmari et al., 1979; Moreira
et al., 2007; Palagi, 2008); (ii) sedimentological features (chevron and cornet halite crystals)
identified in cores in the Espirito Santo Basin, indicating that evaporite precipitation occurred
in very shallow waters (Dias, 2004); (iii) subaerial exposure and karstification of the pre-
salt sag sequence (Gomes et al., 2009); and (iv) palaeontological evidence from the base of
Aptian carbonates capping the salt on the Angolan margin, suggesting water depths of <500

m (Marton et al., 2000).

Therefore, within this deep-basin/shallow-water depositional context, the proto-South
Atlantic was occupied by lakes of varying salinity and, as salinity increased, these lakes were
replaced by hypersaline lagoons (e.g., Szatmari et al., 1979; Burke et al. 2003; Aslanian et al.,
2009). The transition from a lacustrine to a lagoonal depositional environment, conducive to
salt deposition, was the result of partial filling of isolated basins by saline waters, as the basin

became connected to the open ocean during rifting, becoming entirely evaporitic by the Late
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Aptian (e.g., Bate 1999; Dingle 1999; Karner and Gambda 2007; Reston 2010).

Most studies suggest that the connection to the open ocean and recurrent seawater inflow was
from the south, where a barrier comprised by the Rio Grande Rise, Walvis/Sdo Paulo Ridges
confined the evolving South Atlantic, thus providing the condition necessary to permit salt
deposition and preservation. These volcanic ridges formed during Parana -related volcanism
in the Barremian, shortly before salt deposition, and are believed to have collectively acted
as a barrier to ocean water circulation before open marine conditions were established in the
Albian (Evans, 1978; Karner and Gamboa, 2007; Gamboa et al., 2008; Davison et al., 2012).
However, a somewhat more controversial model suggests intermittent seawater incursions
flooded from the north via a series of early rifts or seaways formed in the central Atlantic
(Dingle, 1999; Bate, 1999; Scotchman et al., 2006; Arai, 2014). For example, according to
Scotchman et al. (2006), analysis of ostracode data suggests that the volcanic Walvis Ridge
was not breached until Cenomanian-Turonian times, hence preventing marine waters entering
during the estimated period of salt deposition. An alternative entry point for seawater is thus
postulated suggesting seawater percolation through fracture zones in the volcanic ridges
to the south, thus recharging the salt basin (Jackson et al., 2000; Nunn and Harris, 2007;

Montaron and Tapponier, 2012).

5.2.2 Stratigraphy of the Ariri Formation: Previous studies

Despite being imaged by high-quality, regionally extensive 2D and 3D seismic reflection data
and penetrated by 50-100 boreholes, surprisingly few studies have attempted to characterise
the composition and stratigraphic architecture of the Ariri Formation in the Santos Basin,
offshore Brazil (Demercian, 1996; De Freitas, 2006; Davison, 2007; Davison et al., 2012); as
a result, it is not clear how this regionally extensive stratigraphic unit, which spans much of
the Brazilian margin, records syn-depositional tectonics, or climatic and sea-level variations.

Seismic and borehole data from the S3ao Paulo Plateau, which is the major structural element



80

Chapter 5 Stratigraphy of salt giants

*0299HUIDISIN 4O ASD1UN0D BUI| JIWISIAS Q¢ "ulseg SOIUBS DY) SSOIJB SUOLIBLIBA SSBUYIIYY 3|BS SY) pUB SUleWwop |eJnidnJls pale|al-1jes ayy Suneslsn||l
uo1IAS J1WISI9S0Y (2) eaJe Apnis (q) {(ZTOZ “|e 39 1unua7 Jaye) ueld jes onue|ly Yyinos ayi Sunesisn|i AydesSoadoa|ed snoaoeias) Ajde3 (e) :z's 34NOI4

syney/  jjes-aud " Jyes[]  Hes-ysod[]
Aay

(san18w) yadaqg

deo ueiqly 4o | piemusseq T SS——

3ss

> > (9)

ulewop _m:o_m:wuxw\_mc__xo#;

4

uiseq 3jes daap = neaje|d ojned oes

92
= eale Apnis / Asnuns g

INOZ JUNLOVE SIOANVINOT
I ELLLLELL]
smmmEEEEEEEEEEEE=" -I-lll'l
-

uoz ainess
sijodoueLol3 433
53U0Z BINYIRI

Y o3pu Iewqy

sjunoweas S N
odJey) uear |

6

P

uiseg sojues

Il AN

(@)




Chapter 5 Stratigraphy of salt giants 81

in the Santos Basin, indicate that the Ariri Formation is characterised by highly-reflective, multi-
layered evaporites. The unusual seismic character of the Ariri Formation was first recognized
on 2D seismic reflection data by Cobbold et al. (1995) and was assumed to be composed of
interbedded halite, anhydrite and clastics (Davison, 2007). An exploration borehole drilled in
2002 revealed the Ariri Formation was composed of at least 2.5 km of interbedded evaporites,
including halite, anhydrite and bittern salts (e.g. carnallite, bishofite, sylvite and tachyhydrite;

Poiate et al., 2006; Scotchman et al., 2010; Mohriak et al., 2012).

De Freitas (2006) correlation of two boreholes separated >200 km apart indicate that halite
and bittern salt layers thicken basinwards, whereas interbedded anhydrite layers thicken
landwards (Fig. 5.3). De Freitas (2006) suggests this pattern reflects overall lower salinities
near the land due to the periodic input of freshwater. Lateral variations in lithology in the
Ariri Formation have also been described by Moreira et al. (2007) and Gambda et al. (2008),
with halite, anhydrite, tachyhydrite, carnallite and locally silvite in the basin centre, thinning
and passing into main dolomite and anhydrite in the basin margins. In addition, seismic facies
analysis of the Ariri Formation has divided the succession into four key seismic-stratigraphic
units (Fig. 5.4; Gamboda et al., 2008) or six mechano-stratigraphic intervals (Fig. 5.4; Fiduk and

Rowan, 2012).

Even though the detailed stratigraphic architecture of the Ariri Formation remains very poorly
constrained, previous regional studies in the South Atlantic, based largely on 2D seismic
reflection data and sparse or no borehole data, suggest that a >2 km thick, halite-dominated
succession was deposited in the rapidly subsiding basin centre, whereas thinner (c. 200 m)
carbonate-, anhydrite-, sylvite- and tachydydrite-bearing successions were deposited on
highs along the basin margins (e.g., Chang et al. 1992; Karner and Gambda, 2007; Lentini et

al., 2010).

It is clear that, due to a lack of focus on the salt as a depositional entity and the unavailability

of borehole data, previous studies have been unable to constrain the regional compositional
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variations or the overall stratigraphic architecture of the Ariri Formation, nor the role syn-
depositional tectonics or variations in climate and water depth played during salt deposition;

it is this what forms the focus of my study.

SPS-04A 270 km RJS-598D
= GR Density

GR Density

Rl

66% Halite
18% Anhydrite !
16% Potash salts e

? 81% Halite
? 5% Anhydrite
[ carbonates and sandstones 14% Potash salts
-Carbonates and pelites
[ Anhydrite
[ JHaiite
[ potash salts
- Carbonates/Marls
. FIGURE 5.3: Regional intra-salt well correlation between two boreholes 270 km apart from each other
- Volcanics .
(after De Freitas, 2006).

5.3 Tectono-stratigraphic framework

The Santos Basin (350,000 km?2) is the widest (c. 500 km) of the South Atlantic salt basins (Fig.
5.2a; e.g. Davison et al., 2012; Guerra and Underhill, 2012), and is bounded to the west by the
Brazilian mainland, and to the north by the Cabo Frio High and the Campos Basin (Fig. 5.2b).
To the south, the basin is bounded by the Florianopolis High, and the volcanic belt north of
the Florianopolis Fracture Zone and the Sao Paulo Ridge, and to the east by the Jean Charcot
volcanic seamounts. The Sdo Paulo Plateau is the main structural element in the Santos Basin,
forming a c. 500 km wide area that is characterised by relatively deep water (2000-3000 m)
and the presence of a prominent intra-basinal structural high, the Outer High (Fig. 5.2b, c)

(Gomes et al., 2002; Gomes et al., 2009). The Outer High is characterised by half-grabens
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developed during Barremian rifting, when non-marine to shallow marine sediments of the
Guaratiba Group were deposited (Demercian, 1996; Meisling et al., 2001; Gomes et al., 2002;
Moreira et al., 2007; Carminatti et al., 2009; Gomes, et al., 2009; Scotchman, et al., 2010) (Figs.
5.2c and 5.4) . Episodic marine incursions and basin desiccation events led to the deposition
of an up to 2.5 km of Aptian salt (called the Ariri Formation in the Santos Basin). The salt was
deposited on extended continental crust at the base of a 1500 km-long, N-trending rift-related
valley located between the eastern Brazilian and West African conjugate margins, north of a
volcanic belt represented by the proto-Rio Grande Rise and the Walvis and Sao Paulo ridges
(Gladczenko et al., 1997; Fig. 5.2 and 5.4). On the other hand, some authors have suggested
that the southern boundaries of the salt basin correspond to exhumed mantle rocks (Zalan et
al.,2011). These volcanic features acted as oceanographicsills, impeding influx of saline marine
waters into the developing Santos Basin, facilitating evaporation and salt deposition (Fig. 5.2a,
b; e.g. Szatmari 2000; Dias 2004; Davison 2007; Karner and Gamboa, 2007; Carminatti et al.,
2009; Davison et al., 2012). During the Aptian, the proto-South Atlantic rift-related valley was
up to 500 km wide in the Santos Basin, narrowing northward to <50 km in the Sergipe-Alagoas
Basin (Fig. 5.2a; e.g. Jackson et al., 2000; Szatmari, 2000; Dias, 2004). During the Albian, a
shallow-marine, carbonate platform became established (Guaruja Formation) (Figs 5.2c and
5.4) (Moreira et al., 2007). Rapid eustatic sea-level rise during the Upper Cretaceous and
Palaeocene-Eocene led to the deposition of shelfal clastics, shales and marls of the ltanhaem
Formation and the development of a major clastic-dominated progradational basin margin

(upper Itajai-Acu Fm.; Figs 5.2c and 5.4; Modica and Brush, 2004; Moreira et al., 2007).
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5.4 Data and methods

My study usesa 20,122 km2, high-quality, three-dimensional, post-stack time-migrated, seismic
reflection dataset located in the central deep-water Santos Basin, covering a large area of the
Sao Paulo Plateau and the Outer High (Fig. 5.2b). The 3D seismic volume, courtesy of CGG,
contains trace information from sea level down to 5.5 second two-way time (s TWT), with a
vertical sample rate of 4 ms, inline spacing (east-west) of 18.75 m and crossline spacing (north-
south) of 25 m. Data from five boreholes within the study area indicate that the intrasalt vertical
seismic resolution is c. 30 m, based on an average intrasalt interval velocity of c¢. 4400 m s-1
and average dominant frequency of 36 Hz. Interval velocities were estimated using calibrated
checkshot velocity surveys available at the boreholes locations. The intrasalt interval velocities
are low when compared to typical salt velocities of 4500-5500 m/s; this is due to the presence
of acoustically-low-velocity (3500 m s-1) carnallite layers. Seismic profiles are displayed in SEGY
normal polarity, where a downward increase in acousticimpedance is represented by a positive
reflection event (black) and a downward decrease in acoustic impedance is represented by
a negative reflection event (red). Three regional 2D Kirchoff pre-stack depth-migrated lines
were also used in this study, principally to help illustrate the regional salt thickness distribution

and to tie borehole data located outside the area imaged in the 3D survey (Figs. 5.2b, 5.2c).

Data from seven boreholes have been used to constrain the age of the mapped reflection
events and the lithology of intrasalt stratigraphic units (Fig. 5.2b). These data also allow us to
construct regional stratigraphic correlations depicting the stratigraphy and thickness of the
salt. Synthetic seismograms were constructed in order to calibrate borehole lithology with
the intrasalt seismic reflections. Only two of the boreholes contain a comprehensive set of
electrical logs (eg. GR, Neutron, Density and P-Sonic), and these have allowed us to tie seismic
and borehole data, and to assign lithology information to the mapped intervals (Figs. 5.5, 5.8).
Identification of intrasalt lithology is based on the typical borehole log response expected

from a combination of wireline logs, including density (RHOB), sonic (DT), neutron porosity
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(NPHI) and gamma-ray (GR) (Table 1; Schlumberger, 1991; Charts Halliburton Log
Interpretation, 1994; Mohriak et al. 2009). Lithology interpretation was also verified

with information from cuttings descriptions available in borehole composite logs.

To establish the regional thickness and stratigraphic framework of the salt, five well-
calibrated regional horizons were mapped (Figs. 5.4 and 5.5): (i) Top Guaratiba Group (base
salt); (ii) Top Ariri Formation (top salt); (iii) Top Itanhaem Formation; (iv) Intra-Marambaia
Formation; and (v) Seabed. Seismic facies analysis and borehole data allowed us to constrain
the four main intrasalt stratigraphic intervals (Al to A4) and to map three intrasalt seismic
horizons: Top A1, Top A2 and Top A3 (Figs. 5.4 and 5.5) (see also Jackson et al., 2015). To
convert time-structure maps to the depth domain a velocity model was constructed. The
interval velocity assigned to each layer was estimated from the time-depth curves from five
of the seven boreholes. Depth values from stratigraphic markers in all six boreholes, together
with the pre-stack depth migrated seismic sections, allowed us to check the accuracy of the
depth conversion of the generated depth maps. Intrasalt seismic facies interpretations and
stratigraphic correlations were supported using seismic attribute analysis (i.e. sweetness
and variance; Hart, 2008) and seismic inversion (i.e. relative acoustic impedance; Fig.
5.8). These seismic attributes and variations in relative acoustic impedance have been
used to identify and map lithology away from areas of well control. The relative acoustic
impedance was estimated using the zero-phase wavelet extracted at the well location

and also used to identify and correlate the lithology between the wells (Figs. 5.8, 5.10).



Chapter 5 Stratigraphy of salt giants

723¢ 709] [NE]
B v
— == '_E_"t‘._-f,u‘_' — = ——
.Q‘ — = et——— —
F 2 —— B T,
2 : — == —
5 =
== +\ . e i, \
i 'y ; = Top A3
JTop At Top A2 3 =
RS e N
o Ty ;
. - ClFalEs
= i > H 5 ¥
2 o T =3 -
= == T = SIS b

FIGURE 5.5: Seismic and geoseismic profiles across 2 boreholes in the study area.

Seismic data courtesy of CGG. See Figure 5.2b for location

87



Chapter 5 Stratigraphy of salt giants 88

5.5 Structural framework

Overall, the base and top of the salt are represented by continuous, high amplitude, regionally
mapable seismic reflections (Figs. 5.4 and 5.5). The high amplitudes are produced by the
high acoustic impedance contrast between the salt and the underlying lacustrine shales and
carbonates (Guaratiba Group; i.e. base salt), and between the salt and the overlying carbonates
and deep-water marls (Guaruja Formation; i.e. top salt). Lateral changes in base salt reflectivity

likely reflect changes in the lithology of rocks underlying and overlying this boundary.

The base salt depth map illustrates the present subsalt structure of the basin, indicating
the presence of two prominent structural highs in the south (the Sugar Loaf sub-high) and
east (the Tupi sub-high) of the study area (Fig. 5.6a) (e.g., Gomes et al., 2009). North and
northwest of the highs, the base salt dips gently (5-7°) landward, with this dip estimated
using the base salt depth map (Fig. 5.6a). Overall, base salt is concordant with underlying
subsalt seismic reflections (Fig. 5.7). However, over some parts in the Sugar Loaf and Tupi
sub-highs, underlying units are truncated against base salt in the footwalls of subsalt, rift-
related normal faults (Fig 5.7a). Moreover, in the Outer High, a series of predominately
NNE-SSW-striking fault systems offset the base of the salt by as much as 100 ms TWT (c.
450 m) (Figs 5.6a and 5.7). The Top Ariri depth-structure map illustrates the present
salt-related structure of the basin and salt thickness variations (Fig. 5.6b). The salt is
up to 4.9 km thick in the cores of large salt diapirs and is possibly absent in apparent

welds underlying deep minibasins (Figs 5.6c, 5.7b) (see also Jackson et al., 2014a).

Based on the base salt geometry, and variations in salt thickness and salt-related structural
styles, | identify four main structural domains in the Sdo Paulo Plateau, (Table 2; Figs 6¢ and
7). The thick salt domain - this domain is characterised by the greatest mean salt thickness (c.
2.2 km), with very thick salt (up to 4.9 km) present in salt walls. Furthermore, the base salt

is at its deepest in this domain (7.5 km) and no welds are developed, with the minimum salt
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thickness being c. 2 km. The Sugar Loaf domain — this overlies a semi-regional structural
high at the base of salt (i.e. the Sugar Loaf sub-high; Fig. 5.6a). The mean salt thickness in
this domain is c. 1.8 km and characterised by the development of N- and NE-trending salt
walls, within which salt is up to c. 3 km thick (Table 2, Fig. 5.6c). Some of these salt walls
have flat tops beneath which the intrasalt stratigraphy is truncated. Complex intrasalt
folding and thrusting is also observed in salt walls in the Sugar Loaf domain (Fig. 5.7b; see
also Fiduk and Rowan, 2012; Jackson et al., 2014, 2015b). The minibasin domain — this is
defined by a structural low at base salt level, a mean salt thickness of c. 2 km, and thick
minibasins enclosed by large, N-, E- and NE-trending salt walls (Fig. 5.6b, c). The walls are
50 km long, 5-10 km-wide and up to 4.9 km thick, with salt welds developed beneath many
of the minibasins (Table 2, Fig. 5.6b) (see Jackson et al., 2014a). And the Tupi domain — this
overlies the Tupi sub-high, a semi-regional structural high at the base of salt. The mean salt
thickness in the Tupi domain is c. 1.9 km and the salt-tectonic structural style is characterised
by a network of minibasins arranged in a polygonal pattern, enclosed by c. 20 km long, c. 2-4
km wide, N-, E- and NW-trending salt walls (Figs. 5.6b, ¢ and 5.7c). Salt diapirs in the Tupi
domain are of lower amplitude (up to c. 2.7 km) than those in the minibasin domain (up
to 4.8 km). No welds are observed in the Tupi domain, where the minimum salt thickness
is c. 1 km. Salt-related structural styles and thickness variations suggest that less salt flow
occurred here than in the highly-deformed minibasin domain (Fig. 5.7c). In the transition
between the structurally-high Tupi and Sugar Loaf domains and the structurally-low minibasin
domain and thick salt domain, the base salt dips landwards and shortening-related salt-cored

buckle folds are observed (Fig. 5.7a, b) (Cobbold and Szatmari., 1991; Jackson et al., 2015).

My observation suggests that intrasalt deformation is relatively mild in the locations of
borehole 532A and 723C where little post-depositional salt flow has occurred. It is these two
boreholes that are the key to describing intrasalt evaporite cycles and the associated impact
syndepositional basin physiography had on salt deposition (Table 2). For example, near

borehole 532A, intrasalt deformation is modest and expressed by several low-relief, locally
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developed, salt-cored buckle folds; whereas borehole 723C is located near the flank and at the
tip of asalt wall, where internal deformationis overalllessthan observed elsewhere. Inaddition,
mean salt thickness at borehole 532A (2.3 km) is also consistent with previous estimations
made of the depositional salt thickness in central deepwater Santos Basin (Davison etal., 2012).
Previous studies have also documented shortening of the salt layerin the study area in the form
of low-amplitude buckle folds, intrasalt shear zones, diapir squeezing and local thickening of
the salt layer and support that no major translation of the salt layer occurred within the study

area after salt deposition (e.g., Cobbold et al., 1995; Gambba et al., 2008; Jackson et al., 2015a).

TABLE 5.1: Evaporites typical borehole log response expected from wireline logs. Information
gathered from literature review (After Mohriak et al. 2009; Schlumberger, 1991; Halliburton, 1994)

Density (gr/cm3) Neutron porosity Gamma Ray
Halite NaCl 2.03 67 0 0 - Very low
Anhydrite CaSO4 2.98 50 From-1to 0 0
Gypsum CaS04 (H20)2 2.35 52.5 49 0
Sylvite KCl 1.86 74 0 500+
a = Polyhalite K2504.MgS04.2CaS04.2H20 2.79 57.5 15 180-200
8 5 |carnalite KMgCI3.6H20 1.57 78 65 200-220
.g < [Tachhydrite | CaCi2(MgCi2)2(H20)12 1.66 92 - Low
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ed structural domains; and (c) Salt thickness map in depth.
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(overlies the Sugar Loaf sub- 4.4 km - 5.5 km 1.8 km 1-ESSO-3 developed salt-cored buckle 1.3 km
high) folds (2D seismic line)
700 ¢ near a salt wall flank 1.4 km
minibasin domain 5.5 km-7.5 km 2 km 329D penetrates a sa'It'weI.d within 22 m
deep minibasin
Tupi domain 711 penetrates a salt-cored diapi 2.2 km
(overlies the Sugar Loaf sub- 4.4 km - 5.5 km 1.9 km
high) 369A near the flank of a salt-cored 1.9 km

high
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5.6 The Ariri Formation: Composition and seismic expression

Before | can investigate the controls on salt deposition, | need to understand the intrasalt
composition and architecture. In this section, | describe the overall composition and seismic

expression of the Ariri Formation before describing its constituent sub-units.

5.6.1 Composition

Borehole data available indicate that the Ariri Formation is mainly composed of halite (82%),
anhydrite (11%) and bittern salts (7%), the latter being composed of mainly carnallite (6%)
and tachyhydrite (1%) (Fig. 5.9). The borehole located in the minibasin domain penetrates
a relatively thin (c. 22 m), halite-absent salt sequence, with the Ariri Formation composed
of anhydrite (40%; c. 8.7 m) and non-evaporitic lithologies (i.e. sandstone - c. 3.5 m or 16%;
carbonate - c. 8.9 m or 40%; and marl - c. 0.8 m or 4%) (borehole 329D, Fig. 5.9b, see also

Jackson et al. 2014b).

5.6.2 Seismic expression of intrasalt units

The good seismic resolution within the salt (c. 29-33 m) permits evaporite layers of specific
composition to be tied to individual reflections or reflection packages (Fig. 5.8). Overall, high-
density anhydrite layers tie with high-amplitude positive reflections (black peaks), whereas
low-density carnallite layers tie with high-amplitude negative reflections (red trough) (Fig.
5.8). Thinner (<24 m) carnallite and anhydrite layers interpreted from the borehole logs
are not resolvable in seismic data, whereas thicker (c. 34-100 m), halite-rich layers broadly
correlate with packages of low-amplitude, moderately chaotic reflections (Fig. 5.8). Evaporite
beds of varying composition can also be identified in a Relative Acoustic Impedance (RAI)
volume (Savic 2006; Suarez et al. 2008), with carnallite and anhydrite defined by low and high

acoustic impedance values respectively.
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5.7 The Ariri Formation: Key stratigraphic intervals

Based on seismic reflection and borehole data, | define four intra-Ariri Formation stratigraphic
intervals (A1-A4; Figs. 5.5 and 5.8). Although considerable post- and possibly syn-depositional
saltflow has occurred in the Santos Basin (e.g., boreholes 329D, 709, 711) the near-depositional
evaporite stratigraphy seems to be reasonably preserved away from the main diapirs; even
within these structures the intrasalt stratigraphic intervals can be mapped with reasonable
confidence (Figs. 5.7 and 5.9; see also Jackson et al., 2014b, 2015a). As described above,
the seismic expression of the key stratigraphic intervals can be correlated to the composition
of the salt from the boreholes, where highly reflective continuous intervals like A2 and A4
correspond to high acoustic impedance anhydrites interbedded with low acoustic impedance
carnallite and halite; these units are also characterised by several complete evaporite cycles
(boreholes 709 and 723C, Figs. 5.8 and 5.9). In contrast, A1 and A3 are more relatively halite-
rich and contain lesser proportions of anhydrite and bittern salts, hence contain less complete
evaporite cycles (boreholes 709 and 723C, Figs. 5.8 and 5.9). Detailed variations in the thickness

and composition, and the seismic expression of the intrasalt units are described below.

A1l: Seismic expression, thickness and composition

The top of Al is defined by a positive reflection that correlates to an anhydrite layer (Fig. 5.8).
The base of Al is defined by a positive seismic reflection, which correlates to an anhydrite
layer overlying the carbonates and shales of the Barra Velha Formation (Figs. 5.8 and 5.10).
Seismic data indicate that Al is generally characterised by low-frequency, discontinuous to
locally transparent, chaotic seismic facies, although stronger, more continuous reflections are
locally observed (Figs. 5.5 and 5.7). The chaotic seismic facies are particularly evident in the
proximal, structurally lower domains (near boreholes 532A and 711 in the thick salt domain

and Tupi domain; Fig. 5.7). Conversely, continuous, high-amplitude reflections are more
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Table 5.3. Key stratigraphic intervals. Thickness ranges estimated from isochores and
borehole data in areas where less post-depositional salt flow has occurred. Evaporite
proportions across domains are also included.

Evaporite Anhydrite Halite Bittern salts
Thickness (m)* cyles net thickness (m) net thickness (m) net thickness (m)
(723C) TSD  Tupi SugarLoaf | TSD Tupi SugarLoaf | TSD  Tupi Sugar Loaf
Al 500 m-1200 m 3 40 40 100 720 950 400 20 50 10
©
©
g A2 400 m-750 m 5.5 50 40 100 560 650 400 90 85 30
€
Fny A3 150 m - 300 m 2 10 15 35 350 140 240 10 95 5
~
Ad 150 m- 250 m 1.5 65 15 20 90 15 120 40 25 20
Ariri Formation 1200 m - 2500 m 12 165 | 145 | 255 1720| 1754 1160 160‘ 255 | 65

*Thickness estimated from the boreholes and isochores in less-deformed areas

common on structurally-higher locations (near borehole 723C and 369A in the Sugar Loaf

domain and Tupi domain; Fig. 5.7).

Seismic data indicate pronounced thickness variations (0-2500 m) in A1, principally related
to salt tectonics (Fig. 5.9a). Where Al can be identified in the study area, major thickness
variations occur in the thick salt domain and locally on the Sugar Loaf domain where this
unit has been expelled from below minibasins into flanking walls (borehole 709; Fig. 5.9a).
In contrast, thickness variations and, | infer, salt flow is more subtle in the structurally higher
Tupi domain, the Sugar Loaf domain near borehole 723C and in the thick salt domain near
borehole 532A (Fig. 5.9a). In these areas, where the salt seems to have moved less, seismic
and borehole data suggest Al thickness range between 500 and 1200 m (Figs. 5.9a and 5.10).
Overall, Al is moderately thinner (by c. 200 m) in the distal, structurally higher domains than

in the proximal, structurally deeper domains (boreholes 532 and 723C, Fig. 5.10a).

Borehole data available indicate that Al is dominated by halite (87%), and relatively small
amounts of anhydrite (10%), bittern salts (2.7%) and carbonate (0.3%) (Fig. 5.10). Although
Al is generally halite-rich, lateral stratigraphic variations are observed between boreholes

located on different structural domains. Anhydrite net thickness increase by more than 50 m
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from structurally deeper locations (borehole 532A) towards, structurally higher locations
(borehole 723C; Figs. 5.7a and 5.10a). An increase in anhydrite proportion towards the
Sugar Loaf domain is complemented by a decrease in the amount of halite and bittern salts
(Table 5.3; Fig. 5.10a). Bittern salts are rare in Al, especially in distal boreholes located in the
structurally high Sugar Loaf domain. However, bittern salts are volumetrically important (> c.
23 m) in the present-day structurally high Tupi domain (Table 5.3; Fig. 5.10b). | identify three

complete evaporite cycles where borehole data penetrates Al (borehole 723C, Fig. 5.10a).

Al: Interpretation

My analysis reveals an overall link between the seismic expression, thickness and composition
of Al (Table 5.3). Where Al is more continuous, highly reflective and thinner (c. 500 m),
anhydrite is more common (>15%) and bittern salt is rare (<1%). In contrast, where Al is
discontinuous, transparent and thicker (>600 m), bittern salt is more common (>3%) and
anhydrite is relatively rare (<8%).Based on this relationship | interpret that the syn-
depositional basin physiography directly controlled deposition of Al, with gypsum (now
anhydrite) deposition occurring preferentially in the Sugar Loaf domain, which | suggest,
was structurally higher than the surrounding domains at the onset and during Al
deposition thus promoting vertical salinity variations in the Sao Paulo Plateau. In contrast,
the Tupi domain, minibasin domain and the thick salt domain were structurally lower and
more hydrologically isolated than the Sugar Loaf domain, thus promoting more halite and
bittern salt deposition (Fig. 5.12). | suggest that higher anhydrite deposition in the Sugar
Loaf domain occurred during highstands due to renewed seawater inflow and lower
salinities. In contrast, the basin was more isolated and deeper towards the minibasin
domain, Tupi domain and the thick salt domain, thus promoting higher salinities during
lowstands and hence more halite and bittern salt deposition when the salt basin became
partially or almost completely desiccated. The number of evaporite cycles | identify in Al

suggest the basin was almost or completely desiccated (lowstands) and refilled
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(highstands) at least three times during the deposition of this unit.

A2: Seismic expression, thickness and composition

The top of A2 is defined by a negative reflection and correlates with a laterally extensive
carnallite layer (Fig. 5.8). Seismic data indicate that A2 is characterised by high-frequency,
highly-reflective, sub-parallel to parallel reflections (Figs. 5.7 and 5.8). The highly-reflective
packages within A2 are more evident in the distal and structurally higher Sugar Loaf domain
(i.e., near boreholes 723C and 709; Fig. 5.7). In the thick salt domain and Tupi domain, A2
is characterised by more transparent or lower-amplitude seismic facies (i.e. near boreholes
532A, 369A and 711; Fig. 5.7). Seismic data indicates that A2 varies from 0 to 2000 m (Fig.
5.9b). However, local thickening of A2 is associated with shortening, folding and thrusting
of the entire salt sequence, whereas localised thinning of A2 is associated with expulsion of
A1l into diapirs and, in and some cases, allochthonous salt sheets (Figs. 5.5 and 5.7; see also
Jackson et al. 2014a). In areas where | infer the salt has moved less, seismic and borehole
data indicate that A2 ranges between 400 m and 700 m (Figs. 5.7a and 5.9b). Overall, A2 is
thinner (by c. 65 m) in the distal, structurally higher domains than in the proximal, structurally
deeper domains (see boreholes 532 and 723C, Figs. 5.7a and 5.10a). It is important to note
that this estimation takes into consideration structurally-induced thickness variations, such as

the intrasalt shear zone-related stratigraphic repetition observed in borehole 532A (Fig. 5.7a).

Borehole data available indicate that A2 is also relatively halite-rich (79%), although it contains
slightly less halite than A1l (i.e. 87%) and, as a result, more anhydrite (12%) and bittern salt
(9%). | observe lateral compositional variations between boreholes located in different
structural domains. For example, anhydrite thickness increases (by >50 m) and halite and
bittern salt decreases (by c. 250 m and c. 55 m, respectively) from structurally deeper (i.e.
boreholes 532A, 369A and 711) to structurally higher locations (borehole 723C, Table 5.3, Figs

5.7a,5.10a and 5.11). | identify at least five and a half evaporite cycles within A2; this is almost
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twice the number of cycles identified wi thin A1 (Boreholes 532 A and 723C, Fig. 5.7a).

A2: Interpretation

Like A1, my analysis reveals a strong link between the seismic expression and composition
of A2, with the high-frequency and strongly-reflective nature of this unit reflecting vertical
changes in acoustic impedance related to the interbedded nature of the contained lithologies
(i.e. anhydrite, halite and bittern salts). | suggest that the higher proportion of anhydrite and
bittern salt in A2 than Al are due to more and greater magnitude of water depths variations,
hence salinity fluctuations in the basin during this time. More specifically, based on the

occurrence of at least six intra-A2 evaporite cycles, | infer that, during A2 deposition, the basin

was partially or completely desiccated and refilled at least six times (borehole 723C, Fig. 5.7a).

| interpret that the syn-depositional basin physiography controlled deposition of A2, in
a similar manner to that inferred for Al. A thinner salt sequence and more gypsum
(now anhydrite) was deposited onto the structurally higher and shallower Sugar Loaf
domain, in comparison with the surrounding domains where the salt sequence was
thicker, anhydrite-poor and halite-rich (Figs. 5.11 and 5.12). However, more subtle
thickness and stratigraphic variations in A2, in comparison to Al, suggest subtler basin
relief and broadly similar water depths between structural domains at this time (Figs. 5.11

and 5.12).

A3 interval: Seismic expression, thickness and composition

The top of A3 is defined by a positive reflection event and, in some locations, like in the Tupi
domain, intra-A3 reflections are truncated beneath top salt (borehole 711, Figs. 5.7c.
Overall, A3 is characterised by transparent, discontinuous, sub-parallel reflections (Figs. 5.5
and 5.8). Although the seismic expression varies across the study area, in the distal and
structurally-high Sugar Loaf domain, A3 highly reflective and dominated by continuous

reflections, whereas in
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the more proximal Tupi domain and structurally-lower thick salt domain, it is defined by more

transparent, chaotic reflections (Fig. 5.7).

Seismic and borehole data indicate that A3 varies between 0 and 750 m and it is characterised
by structurally-induced thickness changes related to shortening of the salt sequence, and
associated folding and thrusting (Fig. 5.9b; see also Jackson et al. 2014a). A3 is thinner and
truncated near and on top of some of the large salt-structures. For example, 12% thinning of
A3 from borehole 369A to borehole 711 in the Tupi domain is due to erosion/dissolution at
the crest of a salt wall (Figs. 5.7c). Apparent thickening of A3 in borehole 709 in the Sugar Loaf
domain is due to the emplacement of an Al-sourced allochthonous salt sheet (Figs. 5.5 and
5.8; see also Jackson et al. 2014a). Seismic data and boreholes that penetrate A3 away from
areas of major intrasalt deformation indicates that A3 thickness ranges between 150 m and 300
m and that only minor lateral thickness variations are observed between structural domains
(Fig. 5.9¢c). For example, A3 thins by only c. 21 m (5%) from the proximal and structurally low
thick salt domain towards the distal and structurally-high Sugar Loaf domain (boreholes, 532A

and 723C Figs. 5.7a and 5.10a).

A3 is composed of halite (87%), anhydrite (8%) and bittern salts (5%), although lateral
variations in the proportions occur between structural domains (Table 5.3). Higher proportions
of anhydrite occur in the distal and structurally-high Sugar Loaf domain (average c. 35 m;
boreholes 723C, 1-ESSO-3) when compared with the structurally-low thick salt domain (c. 10
m; borehole 532A) and more distal Tupi domain (c. 15 m; boreholes 711 and 369A; Table 5.3,
Fig. 5.10). | identify two evaporite cycles in locations where A3 is less deformed (borehole

723C, Fig. 5.10a).

A3: Interpretation

linterpret that the weakly reflective, chaotic seismic expression of A3 reflects the fact this unit
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is more halite-dominated, and thus compositionally and acoustically homogeneous than Al
or A2. In turn, this interpretation suggests that, during A3, the Santos Basin saw an increase in
halite precipitation and overall consistently higher salinities than during deposition of A2 (Fig.
5.12). During A3 deposition, the basin was desiccated only once as suggested by the intra-A3
evaporite cycles (borehole 723 C, Fig. 5.10a). My analysis shows that syn-depositional basin
physiography likely influenced A3 thickness and stratigraphy, but to a more limited extent
than for Al or A2; this interpretation is based in the more subtle thickness and compositional
changes that occur between structural domains in A3. From this, one may infer that A1 and
A2 had largely filled the pre- or syn-depositional relief, thus resulting in an overall flatter basin

(Fig. 5.12).

A4: Seismic expression, thickness and composition

The top of A4 (top salt) is interpreted as a positive reflection event. Locally, the top of A4 is
defined by an angular and erosional unconformity, with intra-A4 and A3 reflections being
truncated beneath it (Fig. 5.7). Borehole data indicate that Top A4 correlates to a thick
anhydrite layer (Figs. 5.8 and 5.10). Seismic data indicate that A4 is generally characterised
by high-frequency, highly reflective, sub-parallel reflections. No significant lateral changes in

intra-A4 seismic facies are observed between structural domains (Fig. 5.7).

Seismic and borehole data indicate that A4 thins towards and is absent at the crest of salt walls,
and thickens towards the flanking minibasins ranging in thickness from 0 and 500 m (Fig. 5.9d).
Post-depositional, structurally-induced variations in the thickness of A4 are particularly clear
in borehole 709C, where they are related to the emplacement of an Al-salt sheet (see also
Jackson et al. 2014a; Figs 5.7b; 5.8). Seismic data and boreholes that penetrate A4, indicate
that in less-deformed areas A4 thickness ranges between 150 m and 250 m. In areas where
A4 is not truncated at top salt, borehole data indicates that only very minor thinning (c. 1 m;

0.8%) of the unit occurs between the structurally low thick salt domain (borehole 532A) and



Chapter 5 Stratigraphy of salt giants 106

the structurally higher Sugar Loaf domain (borehole 723C) (Figs. 5.7a and 5.10a).

Borehole data indicate that A4 is composed by halite (64%), anhydrite (17%) and bittern
salts (19%); A4 is thus the most halite-poor, bittern salt-rich unit developed within the Ariri
Formation. However, in contrast to A1-A3, A4 contains significantly lower proportions of
anhydrite and carnallite proportions in the structurally higher Sugar Loaf domain (c. 20 m, c.
20 m) when compared to the structurally lower thick salt domain (c. 65 m, c. 40 m) (Table 5.3;

Fig. 5.10a). | identify one and a half evaporite cycles in A4 (borehole 723C, Fig. 5.10a).

A4: Interpretation

The highly reflective character of A4 reflects its compositional and acoustically heterogeneous
characters, with halite being interbedded with high acoustic impedance anhydrites and low
acoustic impedance carnallite (Fig. 5.8). | interpret that the heterogeneous character of A4
reflects higher salinity fluctuations in the basin during its deposition, with these fluctuations
perhaps being of a similar magnitude to those occurring during A2 deposition. During A4
deposition, the basin was partially or completely desiccated at least twice, based on
my identification of evaporite cycles in a location where the salt is relatively undeformed
(borehole 723C; Fig. 5.10a). | suggest that thinning of A4 towards the largest salt walls is
due to post-depositional salt flow, erosion and dissolution (Figs. 5.7 and 5.10). The top of
A4 defines the end of evaporite deposition, and a transition to more fully marine conditions
characterised by deposition of deepwater carbonates and marls. The Albian thus defines a
relatively desalinisation of the basin related to basin deepening and an influx of seawater

(Modica and Brush, 2004; Moreira et al., 2007).

Assessing the role of basin physiography on A4 deposition is difficult due to the significant
post-depositional variations in thickness caused by salt flow and related dissolution. However,

only minor thinning of A4 towards the structurally-higher Sugar Loaf domain may indicate that
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earlier-deposited units (A1-A3) had filled and smoothed out any pre- or syn-depositional

relief by the onset of A4 deposition (Fig. 5.12).

5.8 The Ariri Formation: Key controls on the composition
and stratigraphic architecture and their significance

| found that the composition and stratigraphic architecture of the Ariri Formation directly
controls its seismic expression. Low-frequency, acoustically transparent, chaotic seismic facies
represent relatively halite-rich (>80%) units, whereas high-frequency, highly-reflective seismic
facies represent still relatively halite-rich (65-85% halite) units, but which contain relatively
high proportions (15-35%) of anhydrite and carnallite (Fig. 5.7). Additionally, my findings
suggest that variations in the thickness and composition, the latter inferred from seismic
expression or directly constrained by boreholes, of the Ariri Formation are spatially related to
structural domains. Overall, thinner salt (mean salt thickness <1.9 km) and higher anhydrite
net thickness (c. 350 m) occur towards the structurally high Sugar Loaf domain, compared to
flanking, structurally lower domains where the mean salt thickness is >2.4 km and anhydrite
net thickness are less (c. 180 m). | also note that anhydrite proportions substantially differ
between the Tupi (5% average) and Sugar Loaf (19% average) domains, even though both

occur in the Outer High and have comparable depths to present-day base of salt.

| observe three key controls on the compositional variations and overall stratigraphic
architecture; i.e. climate and sea-level, syn-depositional basin physiography and hydrology.
These results raise some key questions: (i) can these elements provide any clues about duration
of deposition? how rapid was the thick salt deposited?; (ii) can the basin physiography be
constrained using the observed stratigraphic and thickness variability, and what does this
reveal regarding the basin origin and accommodation development? ; (iii) Are there any

indications of freshwater inflow from the continent during salt deposition, or any evidence
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about the direction of seawater inflow?

5.8.1 Climate, water depth and duration of deposition

| suggest that the compositional variations that define the four intrasalt units (Al to A4)

arose due to changes in water depth and the frequency of marine incursions and near
desiccation episodes during the Late Aptian in the Santos Basin. | thus suggest the Santos

Basin was characterised by very low water depths and then refilled at least 12 times, based
on the identification of 12 more-or-less complete evaporite cycles. During deposition of the
up to c. 1000 m thick, halite-rich Al unit, | infer that the salt basin was partly or
completely desiccated and refilled three times; in contrast, during deposition of the thinner
(up to c. 600 m), relatively halite-poor A2 unit, the basin was partly or completely desiccated
and refilled at least six times. Similar intervals are interpreted in the northern Espirito Santo
Basin, where analysis of 345 m of cores from five boreholes indicates that the lower part of
the Aptian Ibura salt sequence is dominated by halite, suggesting it was deposited during a
relative sea-level lowstand, whereas the upper part is dominated by anhydrite deposited
during periods of rising relative sea-level (Dias, 2004). My analysis of the salt in the Santos
Basin indicate that each filling episode was immediately followed by an increase in the
salinity of the brine due to lower water depths with partial or complete desiccation of the
basin. | suggest that anhydrite deposition occurred during periods of relatively high water-
depth, which were associated with lower salinities due to episodic marine incursions; in
contrast, | infer that halite was precipitated during periods of relatively low sea-level when
brine salinity was higher. During periods of extreme or complete desiccation, bittern salts

were deposited in the more isolated parts of the salt basin.

My analysis suggests that at least part of the Ariri Formation (i.e., A2) is characterised by
regular; high frequency, short-term cycles (<30ka; assuming a depositional rates > 0.4 cm/a)

(boreholes 532 A; borehole 723 C; Fig. 5.13). | propose that the regular cyclicity characterising
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A2 can be tentatively linked to short-term climate cycles, with bittern salts being deposited
during aridity peaks and anhydrite during the humid phases. Based on the evaporite cycles
interpreted and assuming depositional rates measured in analogue ancient salt giants (i.e.;
Paradox Formation, 0.4 cm/a; Trudgill, 2011; Mediterranean salt, 0.66 cm/a; Clauzon et al.,
1996) and a modern rift-related salt basin, Lake Assal (1 cm/a; Imbert and Yann, 2005); |
suggest the salt sequence in the central deepwater Santos Basin was deposited between 190
ka — 529 ka (Fig. 5.13). Considering the duration of each cycle (Fig. 5.13), and based on the
fact salt is almost entirely composed of evaporites (e.g. Fig. 5.10a), | suggest this deposition
timescale may have been driven by low-amplitude, 4th- to 5th-order sea level changes, such
as those characterising the greenhouse conditions and an arid paleoclimate; such conditions
have previously been proposed for the Late Aptian of the South Atlantic (e.g., Evans 1978;

Dias, 2004; Gamboa et al, 2008).

A depositional timescale of <500 ka is also broadly consistent with the high rates of deposition
scenario proposed by Dias (2004) (600 ka), De Freitas (2006) (500-800 ka), and Davison (2007),
Davison et al. (2012) and Montaron and Tapponier (2012) (500 ka). A lithology-time-climate
correlation is suggested for the Messinian salt in the eastern Mediterranean, by correlating
observed lithological variations to precessional climate cycles of c. 21 ka duration (Stefano
et al., 2010). Astronomical tuning of the Primary Lower Gypsum of the Messinian salt allows
banded selenites to be correlated to the acme of the aridity peak in the precessional climate
cycle (insolation minima), whereas shale layers (comparable to anhydrite layers in my model)

are correlated to humid phases (Stefano et al. 2010).

| suggest that a combination of an arid paleo-climate, low-amplitude sea-level changes, and
relatively rapid deposition (ca. 190 ka — 529 ka) of a thick (1.2 km -. 2.5 km) salt sequence also
prevented the deposition of non-evaporite lithologies in the central deepwater Santos Basin.
Although broadly similar in terms of overall thickness, the depositional timescale and at least

the sea-level controls | infer for salt deposition in the Santos Basin, is unlike that suggested for
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the Zechstein Supergroup, NW Europe (c. 1.5 km thick and deposited in in 5 Myr) and the
Paradox Formation, North America (c. 2 km thick and deposited in 7 Myr). The presence of
non-evaporite lithologies (e.g. sandstone, mudstone) within the Zechstein Supergroup and
the Paradox Formation suggest that fully marine conditions periodically occurred in the basins
and the salt sequences were deposited during less arid conditions, higher amplitude sea-level

changes and relatively slower deposition (> 5 Myr).

5.8.2 Syn-depositional basin physiography

My results show that thickness and stratigraphic variations within the salt were directly
controlled by the depth of the basin at the onset and during salt deposition. | propose that Al
was deposited in an irregular sub-basin, within which the Sugar Loaf sub-high represented an
intra-basin structural high covered by relatively shallow water (Fig. 5.10). Given the potentially
rapid depositional timeframe estimated for the salt (c. 500 ka), | propose Al largely filled pre-
existing, rift-related relief and that A2 was also deposited in a basin defined by accordingly
more subdued relief (Fig. 5.10). The heterogeneous, cyclic, bittern salt-rich character of A2
was probably the result of a combination of reduced accommodation in a sub-basin with
subtle relief, low-magnitude episodic marine incursions, and an overall slow increase in
accommodation mainly driven by salt loading. A combination of these factors may have
promoted higher-frequency desiccation of the salt basin when compared with A1l deposition
(Figs. 5.4 and 5.10). A3 and A4 display more subdued thickness and compositional variability,
suggesting that A1l and A2 had filled most of the pre-existing relief. Hence, | propose that
a series of sub-basins, defined by pre-existing, rift-related relief existed at the onset of salt
deposition. The associated relief of such sub-basins promoted vertical salinity variations that
controlled the thickness and stratigraphic variations within the salt. During periods of relatively
high sea-level, thinner salt and higher proportions of gypsum/anhydrite were deposited along

the basin margins and on shallow, intra-basinal structural highs such as the Sugar Loaf domain.
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In contrast, during periods of relatively low sea-level, thicker salt and higher proportions of
halite and bittern salts were deposited in the basin centre and deeper isolated sub-basins,
such as those now represented by the thick salt, minibasin and Tupi domains. These lateral
intra-A1l stratigraphic variations have been previously defined as separate/individual units for
the Ariri Formation (i.e. B3 of Fiduk and Rowan, 2012). My interpretation that changes in
basin physiography controlled regional changes in salt thickness and intra-salt stratigraphic
variations are consistent with those previously proposed from regional analysis of the South
Atlantic salt basins and discussed in the introduction (Davison and Bate, 2004; Dias, 2004;
Davison, 2007; Davison et al., 2012). In addition, my observations support previous studies
suggesting that the Santos Basin Outer High has been a longstanding, positive structural
element, initially uplifted at the end of the early syn-rift phase and which may have been at
least periodically emergent before and during salt deposition (Gomes et al., 2002; Carminatti
et al., 2009; Gomes et al., 2009; Scotchman et al., 2010). Although my results are not
conclusive regarding the influence of tectonic events on salt deposition, | suggest that syn-salt
subsidence and accommodation was driven by a combination of salt loading, post-rift thermal
subsidence and/or fault-related subsidence, as suggested by previous regional studies (Karner
et al., 2003; Dias, 2004; Davison, 2007; Davison et al. 2012; Karner and Gamboa, 2007; Torsvik
et al.,, 2009). Other ancient salt giants evolved under the influence of similar controls to
those inferred for the Ariri Formation. For example, the 1.5 km thick, Zechstein Supergroup
salt sequence in the North Sea was deposited in a basin that largely formed through post-
rift thermal subsidence following a preceding phase of Early Permian extension (Tucker,
1991). However, pre-Zechstein faults, inherited from the earlier Permian rift phase or even
formed syn-depositionally during Late Permian rifting, also directly controlled thickness and
lithology variations in the salt (Clark et al. 1998; Jackson and Lewis, 2013, 2016). Periodically
submerged intra-basinal highs formed shallow areas where carbonate and anhydrites was
deposited (Taylor, 1990). In deeper waters, an up to 1.5 km thick succession of basin centre

facies, comprise mainly of halite, was deposited (Clark et al. 1998).
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5.8.3 Basin hydrology

De Freitas (2006) proposes that anhydrite is thicker and more voluminous in the west of
the Santos Basin due to freshwater influx from the continent during the Aptian. Conversely,
eastwards on the S3o Paulo Plateau, away from this freshwater source, salinities were higher
and halite and bittern salts were thicker. However, | argue that the impact of continental
river discharge was likely to have a minor impact on basin salinity and thus salt composition,
given that the study area is located a considerable distance (> c. 100 km) from the coeval
coastline. Nevertheless, | observe salt thickness and stratigraphic variations between the two
structurally higher domains (i.e. the Sugar Loaf and Tupi sub-highs) that, at present, have
similar depths to base salt (Fig. 5.9). If both the Sugar Loaf and Tupi sub-highs were shallower
than the surrounding domains at the onset of salt deposition, then the main factor controlling
salinity variations and thus lithologies found on the Outer High may be the position of this
area with respect to the putative sill controlling seawater influx into the basin (Figs. 5.9 and
5.10). More specifically, to the south, closer to the seawater entry point (i.e, in the Sugar Loaf
domain), gypsum/anhydrite was precipitated in larger quantities, whereas larger amounts of
halite and bittern salts were deposited farther away from the sill, towards the north, in the
deeper, more isolated domains (i.e. Tupi domain) (Figs 5.9 and 5.10). My observations are
consistent with those of Demercian (1996), who suggested that gypsum/anhydrite deposition
was controlled by the position and direction of the seawater inflow from the southern
Florianopolis high (Sdo Paulo Ridge), with concentrations increasing northwards. Additionally,
my interpretation agrees with previous studies that suggest seawater recharge from the south
probably percolated through fractures in the volcanic barrier (see Jackson et al., 2000 and

Nunn and Harries, 2007).

Similar salinity variations to these interpreted for the Outer High have been observed in
Lake Asal, Djibouti, which represents a modern example of a marine-fed rift basin actively

accumulating interbedded evaporites (Jackson et al., 2000). Here, seawater incursions occur
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through a highly fractured, 10 km wide volcanic ridge that bounds the southeastern margin
of the lake. Close to the seeps that bring seawater to the surface, gypsum precipitation
dominates, whereas stacked halite crusts characterise the opposite side of the lake where
salinities are higher; in this location, a 60 km wide, up to 80 m thick halite body has developed

(Warren, 2006).
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5.9 Conclusions

The integration of 3D seismic reflection data and borehole data from the S3o Paulo Plateau,
Santos Basin, offshore Brazil, has allowed us to investigate the lithology and stratigraphy of a
salt giant (i.e., the Ariri Formation), as well as the key controls on the depositional thickness

distribution and intrasalt stratigraphic variability. The key conclusions of my study are:

1. The Ariri Formation in the Sdo Paulo Plateau is mainly composed of halite interbedded
with significant proportions of anhydrite and bittern salts (carnallite and tachyhydrite) as well

as minor proportions of carbonates, marls and sandstones locally.

2. The Ariri Formation can be subdivided into four key stratigraphic intervals based on
seismic facies: i) Al: a variably thick and highly deformed lower unit mostly characterized by
chaotic and transparent seismic facies which varies laterally and locally to sub-parallel and
more continuous seismic facies, ii) A2: A thick highly-reflective unit characterized mainly by
continuous parallel to sub-parallel seismic facies, iii) A3: a relatively thin unit characterized by
transparent seismic facies and sub-parallel continuous reflections and iv) A4: A thin, highly-
reflective unit that thins and is truncated beneath the top of salt and towards the main salt

structures.

3. Seismic facies within the salt are directly controlled by salt composition; where
acoustically transparent chaotic seismic facies are associated with higher halite proportions
(> 80%); whereas high-frequency, highly-reflective continuous seismic facies represent lower
halite proportions (<80%) cyclically interbedded with high-density anhydrite and low-density

carnallite

4, The Santos salt basin was completely desiccated and refilled at least 12 times in < 530
ka, as suggested by the 12 complete evaporite cycles that have been identified within the salt.

The Ariri Formation stratigraphy and cyclicity suggests that the sea-level variations controlling
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the cyclicity during salt deposition where low-amplitude, rapid, 4th to 5th order sea-level
changes, i.e. few meters to decimetres in c.10ka to c. 100ka, potentially associated to
precessional climatic changes with the deposition of gypsum/anhydrite during the humid

phase and bittern salts during the dry phase.

5. Lateral depositional thickness and stratigraphic variations occur within the salt and
between structural domains, which | defined based on mean salt thickness and depth to base
of salt structure; i.e. i) the minibasin domain, ii) the Tupi domain, iii) the Sugar Loaf domain

and the vi) thick salt domain.

6. | suggest that an irregular deep basin existed at the onset of salt deposition with
sufficient accommodation for A1l and potentially A2 deposition. This basin was characterized
by a series of shallower and deeper sub-basins, where the Sugar Loaf sub-high was shallower
with respect to surrounding areas. This syn-depositional basin physiography controlled
depositional thickness and stratigraphy; overall, thinner salt (mean salt thickness < ¢.1.8 km),
highly reflective and continuous seismic facies and higher anhydrite proportions (> c. 10%)
characterise the salt in the Sugar Loaf domain, whereas thicker salt (mean salt thickness of c.
> 2.2 km), discontinuous, acoustically transparent seismic facies and higher bittern salt and

halite characterise the structurally lower domains ( minibasin and thick salt domains).

7. Stratigraphic variations exist between the Sugar Loaf domain and the Tupi domain with
higher gypsum (now anhydrite) proportions precipitated closer to the entry on seawater
whereas higher bittern salts were deposited in a more restricted and distal Tupi domain.
This also suggests that seawater incursions came from the South through the Sao Paulo

ridge/Walvis ridge.

8. In this study | provide new insights into the deposition and evolution of an ancient
salt giant. My results suggest that an arid paleo-climate, low-amplitude sea-level variations
and syn-depositional basin physiography controlled the deposition of this thick (1.2-2.5 km)

salt giant, even though the depositional timespan was relative short (< 530 ka) and sediment
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accumulation rates were correspondingly high. There is no clear evidence of influence from
river discharge of freshwater influx and further studies are required to understand how salt

loading and syn-depositional tectonics may have also controlled salt deposition.
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Chapter 6

Minibasin development and reservoir deposition
on a salt-influenced deep-water slope

This Chapter is written as a scientific paper and documents minibasin development, and deep-
water sediment dispersal and ultimate stratigraphic architecture by exploring > 60 Myrs of salt-
sediment interaction along the Santos Basin salt-influenced, deep-water slope, offshore Brazil.
This section also evaluates the exploration significance of these observations, highlighting the
influence of salt movement on hydrocarbon trap development. As this Chapter is written as a
‘stand-alone’ paper, some of the material presented in the ‘Introduction’, ‘Geological Setting’

and ‘Methods’ sections overlaps with that in Chapters 3-4.

6.1 Abstract

Salt tectonics controls sediment dispersal and, ultimately, the stratigraphic architecture of
deep-water systems in salt-influenced sedimentary basins. However, it is typically difficult to
study deeply buried, ancient, salt-influenced intra-slope depositional systems due to the lack
of seismic reflection resolution and problems with imaging steeply dipping deposits preserved
on the flanks of salt structures. These issues limit the level of stratigraphic detail that can be
imaged and investigated. Previous studies in the Santos Basin, offshore Brazil suggest that,

following drowning of an Albian-Cenomanian carbonate platform, most clastic sediment was
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trapped behind the so-called ‘Albian Gap’, a salt-controlled, intra-slope depocentre. As a result,
no exploration wells have deliberately targeted post-salt, deep-water reservoirs basinward
of this depocentre. In this study, | integrate high-quality 3D seismic reflection and borehole
data to challenge the notion that little post-salt reservoir potential exits basinward of the
Albian Gap, showing that a range of deep-water reservoir types are indeed present. The study
area therefore provides spectacular, hitherto undocumented examples of the salt tectonic
structural style of this basin, and the control of salt related-deformation on deep-water
sedimentation. In details, | identify six main seismic facies types that | relate to the following
deep-water depositional elements; (i) channels, (ii) levees, (iii) lobes, (iv) mass-transport
complexes (MTCs) and (v) ‘background’ deposits. These elements form the building blocks of
three main tectono-stratigraphic phases of clastic deposition. During the first phase (Turonian-
middle Campanian), sand-rich channels and lobes, and MTCs of unconstrained composition
were confined within proximal minibasins and to the hangingwalls of landward-dipping, salt-
detached listric faults. During the second phase (middle Campanian-Paleocene), sand-rich
channels and lobes eventually filled and bypassed proximal minibasins, with coarse clastic
deposition then occurring further downslope in distal minibasins, >100 km from the coeval
shelf margin. Syn-depositional seabed deformation, driven by passive and active diapirism,
and salt-detached thrusting and folding, caused: (i) channel deflection and diversion around
salt-cored highs; (ii) channel and levee uplift and rotation on the flanks of rising salt-cored
anticlines and diapirs; (iii) progressive lateral channel migration, expressed in the form of
lateral accretion packages (LAPs); (iv) local ponding and long-distance confinement of
channels, levees and lobes. During the third and final phase (Paleocene-to-middle Oligocene),
continued rise of proximal salt walls dissected previously deposited deep-water systems, with
deposition from diapir- and shelf-edge sourced MTCs becoming increasingly important. The
deep-water depositional elements | have identified have important implications for post-salt
hydrocarbon prospectivity in the Santos Basin, with a range of reservoir types and trapping

styles being developed in this previously underexplored interval. In addition, the results of my
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study can be applied to other deep-water basins, where syn-depositional salt-induced seabed

deformation controls reservoir deposition and architecture.

6.2 Introduction

Minibasins are relatively small (5-30 km) syn-sedimentary depocenters formed due to sediment
subsidence into salt (e.g. Jackson and Talbot, 1991; Hudec and Jackson, 2007, 2011; Hudec
et al., 2009; Goteti et al., 2012). The initiation and evolution of minibasins in deep-water
sedimentary basins control sediment dispersal and the ultimate stratigraphic architecture of
deep-water deposits, in addition to hydrocarbon trapping styles (offshore West Africa, e.g.
Anderson et al., 2000; Broucke et al. 2004; Gee and Gawthorpe, 2006, 2007; Mayall et al.,
2010; Jones et al., 2012; Janocko et al., 2013; Oluboyo et al., 2014; eastern Mediterranean,
e.g., Loncke et al., 2006; Clark and Cartwright, 2009, 2011; offshore eastern Brazil, e.g., Alves
etal., 2009; Albertdo et al., 2011; Guerra and Underhill, 2012; the Gulf of Mexico, e.g., Prather
et al., 1998; Rowan and Weimer, 1998; Badalini et al., 2000; Beaubouef and Friedmann, 2000;
Booth et al., 2003; Hearon et al., 2014; the North Sea, e.g., Stewart and Clark, 1999; Argent et
al., 2000; Stewart, 2007; Jackson et al., 2010). Several of the studies listed here indicate that the
style of salt-sediment interaction is mainly controlled by; i) the nature (e.g. grainsize, erosive
power, etc) and temporal evolution of deep-water sediment dispersal systems; ii) downdip
changes in salt-related structural style (i.e., from predominantly thin-skinned extensional
styles near the updip basin margins, to thin-skinned contractional styles towards the basin
centre), with a key control being the orientation, scale and growth rate of structures relative to
the incoming deep-water systems (Fig. 6.1); and iii) the timing of sediment deposition relative
to the formation, growth and decay of salt-induced seafloor deformation (e.g., Koyi, 1998;
Booth et al., 2003; Gee and Gawthorpe, 2006; Clark and Cartwright, 2009, 2011; Hudec et
al., 2009; Mayall et al., 2010; Jackson, 2012; Oluboyo et al., 2014). Hence, understanding the

spatial distribution and temporal evolution of deep-water depositional elements relative to
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the timing and style of salt-induced seabed deformation is key to improving the ability to
predict reservoir presence, architecture and potential trapping styles on salt-influenced deep-
water slopes. However, seismic reflection-based studies of ancient intra-slope depositional
systems that interact with salt are challenging due to the low seismic resolution of deeply-
buried depositional elements which limits the level of detail that can be investigated and
the poorly imaging of the dipping minibasin flanks which could also be misleading when
examining the relative timing of paleoseafloor relief during sedimentation. Most of the current
understanding of salt-sediment interactions in deep-water systems thus comes from very
shallow, undrilled, relatively young deep-water systems, which are then used as analogues
to understand similar salt-sediment interactions in older, more deeply buried systems (e.g.;

Beaubouef and Friedmann, 2000; Clark and Cartwright, 2009; 2011).

This study focuses on central deep-water Santos Basin, offshore eastern Brazil. Here, high-
quality seismic reflection and borehole data provide a rare opportunity to analyse Turonian-
to-Palaeocene deep-water clastic systems that were deposited on a salt-influenced slope.
Previous studies in the Santos Basin predict that little or no sand was deposited basinward
in relatively distal positions due to the presence of a salt-controlled intra-slope depocentre
called the ‘Albian Gap’ (e.g.; Modica and Brush, 2004; Guerra and Underhill, 2012). In this
study, | challenge the results of previous studies and show conclusive evidence for the
existence of deepwater depositional elements up to 100 km from the coeval shelf margin.
More specifically, we: i) document the spatial and temporal variations in the size and type of
deep-water depositional elements within the post-salt succession; ii) assess the key controls
on minibasin development, paleo-seafloor relief and deep-water stratigraphic architecture;
and iii) determine the exploration significance of this hitherto poorly explored succession. This
study improves the current understanding of the distribution of and controls on depositional
systems along salt-influenced deepwater slopes and provides new insights into the tectono-

stratigraphic evolution of this salt-dominated basin.
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6.3 Geological Setting

The study area is located on the Sdo Paulo Plateau (SPP), Santos Basin, offshore eastern
Brazil (Fig. 6.2). The Santos Basin formed during opening of the South Atlantic in the earliest
Cretaceous, with the main Hauretivian rift phase being characterised by the development of
half-graben filled with fluvial and lacustrine sediments (Guaratiba group; Fig. 6.2c) (Meisling
et al., 2001; Modica and Brush, 2004; Moreira et al., 2007). The end of the rift phase was
marked by the deposition of the main source rocks and reservoirs in the Santos Basin; these
included organic-rich lacustrine mudstones and carbonates of the Barremian ‘sag’ sequence
(upper Guaratiba group), which largely filled and smoothed relict rift-related topography (Fig.
6.2c; Meisling et al., 2001; Modica and Brush, 2004; Moreira et al., 2007). Episodic marine
incursions and an arid climate during the Aptian promoted deposition of the Ariri Formation,
an up-to-2.5 km-thick evaporite-dominated succession (Fig. 6.2c, 6.3; e.g. Modica and Brush,
2004; Davison, 2007; Karner and Gamboa, 2007; Moreira et al., 2007; Gamboa et al., 2008;
Davison et al., 2012; Fiduk and Rowan, 2012; Jackson et al., 2014; Rodriguez et al., in press/
CHAPTER 5). During the Albian, a shallow-marine carbonate platform was established near
the basin margin, with deep-water marls deposited basinward in deeper waters (ltanhaem
Formation; Figs. 6.2c, 6.3, 6.4a; e.g., Modica and Brush, 2004). Salt-related deformation
commenced in the Albian, with margin tilting and the downslope flow of salt causing stretching
and faulting of the carbonate platform, and the development of normal fault-bound rafts in
the upslope extensional domain (Fig. 6.2c; e.g.; Davison et al., 2012; Guerra and Underhill,

2012; Jackson, 2012).

In the Late Cretaceous, periodic uplift and erosion of the onshore Serra do mar mountain belt
drove progradation of a thick clastic wedge into the Santos Basin (Itajai-Acu Formation; Fig.
6.2c, 6.3; e.g., Modica and Brush, 2004; Moreira et al., 2007; Guerra and Underhill, 2012).
Regional paleogeographic mapping based on widely spaced 2D seismic reflection and limited

borehole data suggest large volumes of sediment were supplied by the Paraiba do Sul river
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drainage system, which at this time lay to the N and NW of the S3do Paulo Plateau (Fig.
6.4b, Modica and Brush, 2004). However, according to Modica and Brush (2004), much of
this sediment was trapped in a relatively proximal setting due to formation of the Albian
Gap, a large (4 km thick, 200 km long, 10 km wide), salt-controlled, intraslope depocentre
bounding the seaward limit of the extensional domain (Figs. 6.2c, 6.4b; Jackson et al., 2015a).
The interpretation of Modica and Brush (2004) thus argues for limited deep-water sediment
dispersal to the slope during the Late Cretaceous, implying limited deep-water prospectivity
on the S3o Paulo Plateau (Fig. 6.4b). Late Campanian-Maastrichtian uplift of the Serra do
Mar deflected the Paraiba do Sul river drainage system to the NE, starving the central deep-
water Santos Basin of sediment (Figs. 6.4c; Cobbold et al., 2001; Modica and Brush, 2004;
Guerra and Underhill, 2012). Subsequently, during the Eocene, sediment supply to the basin
was thus largely derived from catastrophic failure of the middle Eocene shelf margin, which
produced debris flows and turbidites of the Lower Marambaia Formation that were locally
trapped in the proximal domain (Figs. 6.2d and 6.4d). Previous studies also suggest the upper
Marambaia Formation varies little in thickness and is dominated by fine-grained sediments,
recording a global marine flooding event and sea level highstand (Figs. 6.2c, 6.3; Modica and

Brush, 2004; Moreira et al., 2007; Guerra and Underhill, 2012).

By integrating 3D seismic reflecting and borehole data | here show that: (i) deep-water systems
of the Itajai-Acu Formation were deposited on the Sdo Paulo Plateau, some distance seaward
of the Albian Gap and the coeval Late Cretaceous shelf edge; and (ii) large thickness variations
occur within the Marambaia Formation due to continue salt diapirism, and the emplacement

of relatively small, intra-minibasin and larger, shelf-derived mass transport complexes (MTCs).
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6.4 Data and methods

In this study | integrate a 20,122 km2, high-quality, three-dimensional, post-stack time
migrated seismic reflection dataset provided by CGG, and eight publically available boreholes
(Fig. 6.2b). The dataset is located in the central deep-water Santos Basin, 200 km southeast
of the present Brazilian shelf edge and 200 km southwest of the Campos Basin (Fig. 6.2b).
The seismic dataset contains trace information from sea level down to 5.5 second two-way
time (s, TWT), with a vertical sample rate of 4 ms, inline spacing (east-west) of 18.75 m and
crossline spacing (north-south) of 25 m. Data from four boreholes indicate that vertical
seismic resolution within the post-salt varies not only with depth, but also spatially due to
variations in composition (Fig. 6.5, and Table 6.1). Vertical resolution within the post-salt
sequence decreases from c. 8 m at relatively shallow depths (<2500 ms TWT), to up to 31
m where the post-salt sequence is relatively thick (4500 ms TWT), to up to 64 m where the
post-salt sequence is thickest (>5000 ms TWT) (Fig. 6.5 and Table 6.1). This decrease in seismic
resolution limits the opportunity to identify and map depositional systems occurring deep
within the post-salt sequence. Seismic profiles are displayed with SEGY normal polarity, where
a downward increase in acoustic impedance is represented by a positive reflection event (red)
and a downward decrease in acousticimpedance is represented by a negative reflection event
(blue) (inset on Fig. 6.5). The boreholes contain lithology information and formation markers.
Well-log data are restricted to the presalt and salt sequences. Only borehole 329D, which
penetrates the centre of a minibasin encircled by salt diapirs, contain age data for the post-

salt interval (Figs. 6.5).

| mapped nine main seismic horizons and correlated these to stratigraphic information (e.g.
age, lithology) provided by borehole 329D (Fig. 6.5). | chose horizons defining clear vertical
changes in seismic facies, or which correlated to major lithological breaks or unconformities
identified in boreholes. Some of these horizons are of high-amplitude and are regionally

mappable, whereas others can only be locally interpreted within a few proximal minibasins
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in the north of the study area (e.g.; unit 4.2, Fig. 6.5). These seismic horizons were used to
generate isochrons (time-thickness maps) of key stratigraphic intervals; these were used to
illustrate how syndepositional, salt-induced subsidence and uplift varied in space and time,

and how this then impacted the development of deep-water depositional systems.

TABLE 6.1: Vertical seismic resolution of intervals of interest and accross structural domains

Structural Domains |Borehole|Formation |Interval Velocity (m/s) | Frequency (Hz) |Resolution (m)
2125
329D [Marambaia 52 10
Proximal deep
inibasi 3525
minibasins Itajai-Acu 37 24
4300
Itanhaem 17 63
1700
369A |Marambaia 37 11
Medial shallow
inibasi 2300
minibasins Itajai-Acu 30 19
3700
Itanhaem 23 42
1500
723C |Marambaia 45 8
1900
Itajai-Acu 42 11
Distal elongated
minibasins 2750
Itanhaem 30 23
709 |Marambaia 1500 48 8
Itajai-Acu 2200 42 13
2300
Itanhaem 30 19

| use a range of volume- and surface-based seismic attributes to identify and map deep-water
depositional elements (Table 6.2); i.e.; (i) amplitude contrast, which calculates amplitude
derivatives between neighbouring seismic traces in order to highlight salt structures, faults

and mass transport complexes (Schlumberger, 2012); (ii) variance, which identifies abrupt
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lateral changes in seismic reflection continuity (Hart, 2008); and (iii) sweetness, which
integrates amplitude strength (envelope) and instantaneous frequency to highlight lateral
changes in seismic facies variations related to inferred changes in lithology (Hart, 2008). |
visually blend sweetness and variance to identify and analyse the seismic geomorphology of

deep-water depositional elements (Fig. 6.5; see also Hart, 2008).

By integrating seismic reflection and borehole data | identify three main seismic facies (Fig.
6.5): (i) Seismic Facies 1 (SF1): intervals of high-amplitude, laterally continuous seismic facies
characterised by moderate-to-high sweetness (light blue to red colours) and low variance
(grey to white colours). SF1 correlates with intervals of sandstone (c. 40%) interbedded
with mudstone (c. 56%), with minor intervals of siltstone, marl and carbonate (c. 4%); (ii)
Seismic Facies 2 (SF2): intervals of moderate-to-high amplitude, discontinuous seismic facies,
characterised by medium sweetness (light blue colour) and high variance (black colour). SF2
corresponds to intervals of interbedded sandstone (c. 56%), mudstone (c. 28%), and a higher
proportion of marl and carbonate than encountered in SF1 (c. 16%); and (iii) Seismic Facies
3 (SF3): consists of intervals of low-amplitude, discontinuous seismic reflections that are
characterised by low sweetness (dark-blue-to-dark-pink colours) and high variance (black-to-
red colours). SF3 is mudstone-dominated (c. 70%), containing significantly less sandstone (c.
25%) than observed in SF1 and SF2. The integration of map- (i.e. seismic geomorphology) and
section- (i.e. seismic stratigraphy) views with borehole-derived lithology data was core to my

interpretation of deep-water depositional elements along the slope.



136

[uelea

" - € sapey [
L B} -
m m m Tsapey[|”
g & 5
0| ! 7 siew il
sjeuoqued [ HIUw
0| 0 w:camvzmm_H_ <1
suosyis [IlR
+ + + suoyspnw [ [~

96€S

(4344

9EVE

L6LT

08cT

(w)
an

2oueLEA [ssaUIaMS

—= orse
="
1:14
9667
——=p
ln'ﬁ
—

L “hl ”

uOLIN|OS3J JIWSISS |ed

-[}J3A pue $21NQLIIe ‘UOLE|D1I0D ||DM-DIWSIAS :G°9 JYNDI

Y H'
(! l".'.

w1

uoissanul Aol —

Jewoue apnyjjdwe

HWI0JUOOUN 3US0TN0 |~

—— equeseny
doj

11vS

Hiy dol

THun

waeyuey|
doy

caun

noy-lefey|
Jaddn-eau|

gnun

elequielel

-19MO|-eJju|

vuun

(Anwojuooun
2ua208110)
elequielelp
-1addn-euu|

saun

. elequieley
doj

suozloH
PIEN

(sw) 1mL
suun

Chapter 6 Minibasin development and reservoir deposition

ST |
| losz
o
~ | ovpe
— £0¢,
- T c80¢
— 0B6T
— o1
e i ozs]
— 0sg
o | copey | uomERe a0 o REE
Juelsu| I wsiag oy | (s/w) "1aA ]
531 NGLAY JWSIBS
a6ce 9|oyaloq




Chapter 6 Minibasin development and reservoir deposition 137

6.5 Minibasin structure and stratigraphy

Based on their location relative to the present shelf-edge, their map-view geometry, and
the thickness of sediment they contain, | recognise three intraslope minibasin types:
(i) proximal thick minibasins (e.g; minibasins A, B, C, D, E; Figs. 6.6b and 6.7a); (ii) medial
shallow minibasins (e.g.; minibasins F, G, H; Figs. 6.6b and 6.7b); and (iii) distal elongated
minibasins (e.g.; minibasins 1, J, K, L, M; Figs. 6.6b and 6.7c). Seismic facies mapping and
borehole-derived lithological data also indicate minibasin structure, bulk composition, and,
therefore, likely depositional environment, vary in time and space (Figs. 6.6 and 6.7). | define
five key stratigraphic units based on vertical seismic facies variations within the minibasins
(i.e., Units 1-5; Figs. 6.5 and 6.7). The approximate age of each unit is largely based on a tie
to stratigraphic age information provided by boreholes 329D and 723C (Figs. 6.5 and 6.8b).
My age assignments are broadly consistent with and are thus supported by, regional seismic
and stratigraphic data presented in several previous studies (e.g. Modica and Brush, 2004;
Moreira et al. 2007; Contreras et al., 2010; Guerra and Underhill, 2012). In this section, |
describe the structure and bulk stratigraphy of these minibasins, before outlining their
tectono-stratigraphic development and the geomorphology of the deep-water depositional

elements they contain.

6.5.1 Proximal thick minibasins:

Structure: The northern, most proximal part of the study area, immediately seawards of
the Albian Gap, is characterised by relatively thick (>2.5 km) minibasins that are underlain
by relatively thin (<500 m) or apparently welded salt (e.g.; minibasins A-E; Figs. 6.6, 6.7a; see
also Jackson et al., 2014). The minibasins trend N to NE, are up to 30 km long and 5 km wide,
and are bound by similarly trending, upright salt walls that are up to 5 km wide. Internally, the
bases of most minibasins are defined by ‘bowl’-shaped packages (sensu Rowan and Weimer,

1998), which appear to record deposition of Unit 1 during simple vertical subsidence into
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FIGURE 6.6: (a) Postsalt isophach (Seabed to top salt depth thickness map); (b) Minibasin
types
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underlying thick salt (Fig. 6.7a). Units 2 and 3 within minibasins B, D and E were also deposited
during simple vertical subsidence as suggested by the ‘bowl-like’ shape of the deepest seismic-
stratigraphic units. In contrast, rather than being dominated by bowl-shaped packages,
the middle and upper parts of some minibasins are defined by ‘wedge’-shaped packages,
suggesting the latter stages of subsidence were characterised by asymmetric subsidence and
minibasin tilting, possibly due to the onset of welding (e.g.; Units 2, 3 and 4 in minibasins A,
C; Fig. 6.7a) (see Rowan and Weimer, 1998). My interpretation that minibasin welding was
responsible for asymmetric subsidence and the deposition of wedge-shaped packages is also
supported by the local development of turtle structures, which reflect structural inversion of

minibasin stratigraphy (minibasin C, Fig. 6.7a; see Jackson & Hudec, 2017).

Stratigraphy: A borehole penetrates the central, deepest part of a partly-enclosed proximal
deep minibasin (minibasin C, Figs. 6.5, 6.7a). This borehole indicates the Unit 1 is dominated
by interbedded Albian-Cenomanian marl and mudstone (c. 87%), with lesser proportions
of coarser-grained carbonate (c. 12%) and clastics (c. 1%). In contrast, overlying units are
relatively sandstone-rich (c. 45%), although very fine-grained lithologies (i.e. mudstone) still
dominate (>50%; Unit 2 and Unit 3; Fig. 6.5). The unit capping the minibasins (i.e., Unit 5) is

mudstone-dominated (Fig. 6.5).

6.5.2 Medial shallow minibasins:

Structure: The eastern, most distal part of the study area, which bounds the western flank
of the Outer Sdo Paulo Fold belt (sensu Jackson et al. 2015b), is characterised by minibasins
that are thinner (<1.5 km) than those further west (e.g., minibasins F, G, H; Figs. 6.6, 6.7b).
The shallow minibasins are underlain by relatively thick salt (> 2 km); welds are absent. The
minibasins are sub-circular to oval, are up to 20 km long and 10 km wide, and are enclosed by
narrow (<2 km), nearly-triangular diapirs and salt-cored buckle folds (Fig. 6.7b). The salt-cored

structures bounding the shallow minibasins trend either NE or NW, thus defining a crudely
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polygonal pattern (Fig. 6.6). Internally, Units 1, 2 and 4 are characterised by negligible thickness
variations along the shallow minibasins, although local ‘bowl’-shaped packages are suggestive
of deposition during simple vertical subsidence into underlying thick salt (e.g., minibasin F;
Fig. 6.7b). Instead, Unit 3 is defined by thin (<200 m) ‘wedge-shaped’ packages indicating

deposition during asymmetric subsidence (e.g., minibasins F, H; Fig. 6.7b).

Stratigraphy: A borehole penetrating a distal shallow minibasin indicates that Unit 1
comprises only interbedded mudstone and marl (borehole 369A, Fig. 6.8a). Likewise, the
overlying post-Cenomanian units (2-4) are also dominated (c. 80%) by very fine-grained
lithologies (i.e. mudstone and marl). However, even in this relatively distal location, some
sandstone (40 m net thickness) occurs within Unit 3 (i.e. borehole 369A, Figs. 6.7b, 6.8a). The

unit capping the minibasins comprises only mudstone and marl (Unit 5, Fig. 6.8b).

6.5.3 Distal minibasins:

Structure: The most distal location of the study area includes part of the Inner S3o Paulo
Plateau Fold Belt (ISPFB, sensu Jackson et al. 2015b). This area is characterised by N-striking,
up to 30 km long and 5 km wide, relatively thin (<1.5 km) minibasins, which are typically
underlain by relatively thick salt (c. 1 km; Fig. 6.6). Some thicker (up to 2.5 km), nearly welded
minibasins are also locally developed (e.g. minibasin M, Fig. 6.7c). The distal minibasins are
bound by salt walls that have flat or rugose-tops, or broadly N-trending, salt-cored anticlines
(e.g., minibasins L, M, Fig. 6.7c; e.g., Jackson et al. 2014, 2015b). The distal minibasins are
internally deformed by NE-trending, salt-cored buckle folds that are spaced c. 5 km (e.g,
minibasins J and K, Fig. 6.7c). Internally, Unit 1 and Unit 2 are concordantly folded above
the salt-cored buckle folds with local development of bowl-shaped packages characteristic of
deposition during vertical minibasin subsidence (e.g., minibasin M; Fig. 6. 7c). In contrast, Unit
3 is of variable thickness, defining relatively thin (<200 m), wedge- and bowl-shaped packages

that overlie Unit 2 across an erosional surface (Fig. 6.7c). Unit 4 and Unit 5 cap the distal
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minibasins and the flat-topped, bounding salt walls (Fig. 6.7c).

Stratigraphy: Most of the boreholes penetrating the Inner S3o Paulo Fold Belt and the
distal minibasins indicate Unit 1 comprises interbedded mudstone and marl (Itanhaem
Formation; boreholes 532A, 723C, 709, 594, Fig. 6.6). However, a notable exception occurs
on the eastern flank of minibasin K, where Unit 1 contain relatively coarse-grained lithologies
(e.g. c. 63 m net thickness of siltstone and c. 22 m net thickness of sandstones; borehole
723C, Fig. 6.8b). The overlying post-Cenomanian units are also dominated by fine-grained
lithologies (mudstone, c. 70% of total unit thickness), except on the eastern flank of minibasin
K where relatively coarse-grained lithologies occur (i.e., siltstone, borehole 723C, 80% of total
unit thickness, 170 m net thickness; Fig. 6.8b). Sandstone is rare (<5% of total unit thickness),
with volumetrically minor proportions only locally developed (i.e. 723C, c. 27 m net thickness,
Unit 3, Fig. 6.8b). In a similar way to the more proximal minibasins, the unit capping the
distal minibasins is mainly composed of mudstone (>81% of total unit thickness), although

interbedded carbonate, sandstone and siltstone occur in its lower part (Fig. 6.8b)
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FIGURE 6.8: Seismic-well tie. (a) Borehole 369a penetrating a shallow minibasin. See Figure
6.7b for location. (b) Borehole 723C penetrating the flank of a distal minibasins. See Figure
6.7c for location.
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6.6 Minibasins deep-water depositional elements

Having defined the key types and bulk lithological trends within the intraslope minibasins,
| here integrate seismic stratigraphy and seismic attribute analysis to identify, describe and
map the deep-water depositional elements they contain (Table 6.2). | identify five main
seismic facies types, which | infer represent the following deep-water depositional elements;
i) channels (with and without lateral accretion packages (LAPs); ii) levees; iii) lobes; iv) MTCs;

and v) background deposits (Table 6.2).

Channels

In cross-section, this depositional element is characterised by 20-150 m thick packages of
parallel, continuous, flat-lying, moderate-to-high amplitude seismic reflections (Table 6.2).
Package bases are flat and only weakly erosional (Table 6.2). In plan-view, these packages
define relatively narrow (0.2-3 km), elongate (up to 200 km), low sinuosity (<1.5), channel-
like forms that pass downdip into lobe-shaped depositional elements. | note these channel-
like forms are defined by SF1, i.e., relatively high amplitudes, and high sweetness and low
variance values, suggesting they are sandstone-prone. This interpretation is supported by
borehole 329D, which penetrates a channel-like feature and that indicates high-amplitude,
continuous seismic facies correspond to the presence of sandstone (SF1; Fig. 6.5). Based on
this observation and by comparison to other borehole-calibrated, seismic reflection-based
studies (e.g. Prather 2003; Samuel et al., 2003), | infer channel-like depositional elements
defined by relatively moderate-to-low amplitudes are filled by finer-grained lithologies such

as siltstone or mudstone.

Based on their seismic expression, geometry and scale, and by comparison to notable
examples from other deep-water margins, this depositional element is interpreted as the
seismic expression of turbidite-fed, relatively low-sinuosity, submarine channels (e.g. Prather,

2003; Nile Delta, Samuel et al., 2003, Espirito Santo Basin; Alves et al., 2009; Lower Congo
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Basin, offshore Angola; Kolla et al. 2000; Mayall and Stewart; 2000; Fonnesu, 2003; Mayall

and O’Byrne, 2002; Gee and Gawthorpe; 2006, 2007).

The flanks of some of the channels described above are characterised by up to 100 m thick,
laterally stacked packages of moderate-to-high-amplitude reflections that dip in towards the
channel axis. Attribute maps illustrate these dipping reflections are up to 1 km wide and 5
km long, and have a crescent-shaped form, flanking the inner bends of the more sinuous
channels(i.e. sinuosity index c. 1.5 or above) (Table 6.2). None of the boreholes available
penetrate these dipping reflections, which are characterised by high amplitudes and high
sweetness values, suggesting they are too sandstone-dominated. Based on their geometry
and occurrence on the inner side of the channel bends, these depositional elements are
interpreted as lateral accretion packages (LAPs) that developed due to lateral migration of the
adjacent channel, similar to point bars in sinuous fluvial channels (cf. Kolla et al., 2000; Abreu

et al. 2003; Janocko et al. 2013).

Levees

Some of the submarine channels are locally flanked by wedge-shaped seismic packages of
subparallel, low-to-moderate amplitude seismic reflections that are thickest (up to 150 m but
typically thinner) immediately adjacent to the channels (Table 6.2). Due to the predominantly
low-amplitude seismic reflections these elements are not clearly imaged by surface attributes.
However, isochrons indicate this depositional element is up to 5 km wide, up to 10 km long
in dip extent, and are typically asymmetrically developed on both sides of the channel (Table
6.2). None of the boreholes available penetrate this depositional element; however, these
wedge-shaped seismic packages are characterised by low-to-moderate- amplitudes and
sweetness values, suggesting they are composed of relatively fine-grained lithologies such as

siltstone or mudstone.

Based on their seismic expression, geometry, scale and development adjacent to submarine
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Seismic facies and depositional elements

Seismic
stratigraphy

Seismic
geomorphology

Reflection
character

Geometry

Interpretation/
composition

sweetness.
variance-blendit

Channels

Parallel, continous, moderate-to-
high amplitude seismic
reflections. Some low-amplitude
channels also observed

Bases are flat, weakly erosional
or strongly erosional

20 - 150 m thick

Relatively narrow,elongate,
low sinuosity, channel-like
forms

0.2 - 3 km wide
up to 200 km long
sinuosity (<1.5)

Turbidite-fed submarine
channels

Sandstone-prone
channel-axis if highly
reflective, high
sweetness and low
variance

Siltstone and mudstone
if moderate to low
amplitude and low
sweetness values

Laterally stacked moderate-to
high amplitude seismic reflec-
tions dipping in towards the
channel axis

up to 100 metres thick

Crescent-shaped forms
flanking the inner bend
of more sinous
channels

up to 1 km wide
up to 5 km long

Lateral accretion
packages
developed

due to the channel
lateral migration

Sandstone/siltstone
based on

high amplitude, high
sweetness and low

variance values

Wedge-shaped seismic packages|
of subparallel, low-to-moderate

Asymmetrically developed
on both sides of the

Levees deposited by
sediment gravity-currents
that escaped from the

amplitude seismic reflections channels brmari h "
a adjacent to the channels submarine channels
v up to  km wide Generally fine-grained
a up to 150 metres thick but up to 10 km long mudstone or siltstone
~ mostly thinner composition based on
low seismic amplitudes
and sweetness values
sweetness Lobes deposited at the
\ariance-blending Tabular to Sub-rounded, to e ot bariag
mc;““delf: Tackages of lobate to elongate channe!
subparallel, continous
“ moderate to high-amplitude
Q seismic reflections. Composed largely of
S up to 5 km wide sandstone based on
high amplitude, attributes
3 thinning towards the fringes up to 10 km long 9 ) P )
downlap and dlfft-i_rentlal
compaction
Up to 200 m thick
Packages of discontinuous to Fan-shaped or subparallel
| | chaotic, low-to-moderate lineations
amplitude seism_ic reflections up to 50 km long Mass transport complexes
Up to 200 m thick Marls, mudstone
2 Small semi-circular to angu- | @nd sandstone
O Basal surfaces are sharp and ; ang composition based on
~ lar blocks of various sizes,
not erosional or highly irregular borehole data
E with v-shaped grooves 0.2to 1 km long
. 0.1 to 2 m wide
Blocks are parallel continuous
high amplitude reflections up to
c. 200 m thick
w
"i Background
g. deposits parallel " high Continuous with Mudstone and marls
Q — fara e coln m(tzus, IC? " slight variattions in deposited during
< reql:‘fné:y, Of\IN- g-mo erate seismic amplitudes and low-energy
'g amplitude reflections sweetness values conditions
S 50 —
% [
S
S
K

Table 6.2: Seismic facies and depositional elements identified within the post-salt sequence
in central deep-water Santos Basin. Interpretation is mainly based on the analysis of the
seismic stratigraphy and seismic geomorphology
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channels, | interpret these depositional elements as levees, deposited by sediment gravity-
currents that escaped from their channels. Geometrically similar features are identified in
many deep-water basins (e.g. Fonnesu, 2003; Viana et al., 2003; Gee and Gawthorpe, 2006,

2007; Clark and Cartwright, 2009, 2011; Janocko et al., 2013; Oluboyo et al., 2014).

Lobes

This depositional element is defined by tabular to mounded packages of subparallel,
continuous, moderate-to-high-amplitude reflections. These packages are up to 10 km
long, 5 km wide and 200 m thick, thinning towards their fringes. Bidirectional downlap
onto underlying strata is also observed in distal locations (e.g., Fig. 6.19b). The plan-view
morphology of this element ranges from sub-rounded, to lobate, to elongate occurring at the
mouth of channel depositional elements (Table 6.2, Figs. 6.12 and 6.15). Based on their high-
amplitude character and moderate-to-high-sweetness values, | infer this depositional element
is sandstone-dominated. This inference is supported by borehole data, which indicates some
of the units containing these depositional elements are sandstone-bearing (Unit 2, Unit 3,
329D and Unit 3 in 723C, 369A; Figs. 6.5, 6.8). Further support for a sandstone-dominated
composition comes from the mounded externally morphology of these features, which may

reflect differential compaction between the lobes and adjacent finer-grained sediment.

Based on their geometry in map- and section-view, | interpret these depositional elements as
lobes that occur at the mouth of and are genetically linked to updip submarine channels (cf.

Gee and Gawthorpe, 2006, 2007; Jones et al. 2012; Oluboyo et al. 2014).

MTCs — Mass transport complexes

This depositional element is characterised by up to 200 m thick, 50 km long packages of
discontinuous to chaotic, low-to-moderate amplitude reflections (Table 6.2). The basal surface

of this element is either sharp and apparently not erosional, or highly irregular and defined by
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‘v’-shaped grooves. The upper surfaces are invariably rugose. The plan-view morphologies of
these elements are fan-shaped, defined by laterally extensive subparallel lineations or locally
ponded within the minibasins (Table 6.2; 6.23). Within these chaotic intervals | recognise
laterally restricted ‘blocks’ of parallel, continuous moderate-to-high-amplitude reflectivity.

These blocks are up to 100 m thick, 1 km long and 5 km wide.

Based on the seismic stratigraphy and geometry, | interpret these depositional elements
as MTCs. The chaotic seismic facies likely represent highly disaggregated, debritic material,
whereas the coherent packages represent relatively coherent slide blocks (cf. Posamentier
and Kola, 2003; Gee and Gawthorpe, 2006, 2007; Gamboa et al. 2010; Jones et al. 2012;

Oluboyo et al. 2014).

Background deposits

This depositional element dominates the stratigraphic fill of all minibasins, encasing the
depositional elements described above. This depositional element is characterised by
parallel, continuous, high-frequency, low-to-moderate amplitude reflections, although subtle
variations in amplitude and sweetness occur (SF2; Table 6.2). Borehole data indicate these
seismic facies consists of fine-grained lithologies (i.e. mudstone and marl, e.g., unit 5; Fig.
6.5). Based on the seismic stratigraphy and the integration with borehole data | interpret this
depositional element as fine-grained slope deposits emplaced by dilute turbidity currents or

suspension setting. (cf. Hadler-Jacobson et al. 2007; Oluboyo et al. 2014).
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6.7 Tectono-stratigraphic development of intraslope
minibasins

The key seismic stratigraphic units defined within the post-salt succession document the
tectono-stratigraphic development of the intraslope minibasins (Fig. 6.7). Here | interpret the
isochron-derived thickness variations and depositional elements occurring within each unit;
this allows us to understand minibasin filling history and, more specifically, to assess how
syn-depositional, salt-induced seabed deformation controlled deep-water sediment dispersal

and sediment architecture. Based on previous regional studies (e.g., Modica and Brush, 2004;
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FIGURE 6.9a: Unit 1 time thickness map

FIGURE 6.9: Regional isochrons illustrating deposition and salt-related deformation
in the post-salt of central deep-water Santos Basin. (a) Albian-Cenomanian unit 1
twt thickness map; (b) Turonian to Mid-Campanian Unit 2 twt thickness map; (c)
Campanian to Paleocene Unit 3 twt thickness map; (d) Paleocene to Mid Oligocene
Unit 4 twt thickness map; (e) Mid-Oligocene to present-day Unit 5 twt thickness
map.
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mesness rwr.ms | FIGURE 6.9 d: Unit 4 twt thickness map

Figure 6.10, 6.12

mewess rwr.mg | FIGURE 6.9 e: Unit 5 twt thickness map
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Guerra and Underhill, 2012), | infer that the dominate sediment transport direction was
from N-S and NW-SE, although | recognise local diversions from this within minibasins due to

syn-depositional deformation.

6.7.1 Unit 1: Albian - Cenomanian

The Unit 1 isochron indicates this unit is areally extensive and displays significant thickness
variations (Figs. 6.7, 6.9a). Overall, | observe a central thinner wedge or ‘tongue’ of relatively
thin strata, which is surrounded by areas of thicker strata (up to 350 ms, TWT) (Fig. 6.9a).
Seismic stratigraphic and attribute analysis provide no evidence for at least seismic-scale

deep-water depositional systems within unit 1.

Based on seismic reflection and borehole data (Figs. 6.7, 6.8), | interpret Unit 1 represents the
distal expression of the Albian-Cenomanian shallow-marine carbonate platform (Fig. 6.4a).
Thickness variations across the study area possibly reflects differences in the timing and style

of salt tectonics (e.g., Jackson et al. 2015b).

6.7.2 Unit 2: Turonian to Mid-Campanian

Unit 2 is less extensive than unit 1, with the main depocenters focused within proximal
minibasins presently encircled by salt walls (minibasins A, C; Fig. 6.9b). Locally thick succession
is observed, however, occurring landward of a salt pillow within minibasin B (depocenters B1;
Figs. 6.10a, 6.11b). In contrast, within the Inner Fold Belt and more distal minibasins, thinner

successions occur (Figs. 6.9b).

In unit 2, deep-water depositional elements, such as channels and lobes, occur only within
proximal thick minibasins (Figs. 6.12 a, b). Low sinuosity (<1.5), narrow (<1 km wide) submarine

channels enter from the north of and are vertically stacked within, minibasin A (Figs. 6.12 a, b)
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(Figs. 6.12 a, b). Channels of similar dimensions and sinuosities trend WNW in the proximal
part of minibasin B and N in minibasin C, changing to NNE towards the south where they
encounter the salt wall bounding the minibasins eastern margin (Figs. 6.12 a, b). At the
downdip mouths of some of the channels | identify lobes, with these being particularly well-
developed within depocenter C1 where they correlate with SF1 in borehole 329D and are

interpreted to be sandstone-rich (Figs. 6.5; 6.11a; 6.12 a, b).

The distribution of deep-water sediments within unit 2 was clearly controlled by salt-related
deformation, with isochron, seismic attribute and borehole data (Fig. 6.5) indicating Turonian
to Mid-Campanian, relatively coarse-grained channels only extended downdip into and
were at least partly ponded within, proximal minibasins (minibasins A and northern para of
minibasin B). In addition, | interpret that channels within minibasin C are now separated from
their updip counterparts in depocenter B1 by a large salt wall that pierces the stratigraphic

interval within which they are developed (Figs. 6.10a; 6.12 a, b)
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Thickness
{twt, ms)
0

FIGURE 6.10: Detailed thickness maps of the proximal minibasins (A-C) illustrating local
intra-minibasins depocenters and shifting of depocenters during minibasin development:
(a) Unit 2 thickness map and initial depocenters (o) Sub-unit 3a thickness map and main
depocenters; (c) Sub-unit 3b time thickness map and main depocenters; (d) Sub-unit 4a
time thickness map and main depocenters; (e) Sub-units 4b and 4c and main depocenters.
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FIGURE 6.10b: Proximal thick minibasins - Unit 3a isochron
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FIGURE 6.10c: Proximal thick minibasins: Unit 3b isochron
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FIGURE 6.10d: Proximal thick minibasins - Unit 4a isochron
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FIGURE 6.10e: Proximal thick minibasins - Unit 4b and 4c isochron
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Minibasin C

= (unit 2b)°

FIGURE 6.11. (a) Seismic profile across minibasin C. (b) Seismic profile along minibasin B. See
Figures 6.10 and 6.12 for locations. (c) Geoseismic profile along minibasin B illustrating the
main depositional elements within the key units. (d) Sweetness attribute in the proximal part
of minibasin B illustrating the main depositional elements identified. (e) Sweetness attribute
south of minibasin B illustrating the main depositional elements identified.
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6.7.3 Unit 3: Mid-Campanian to Palaeocene

Overall, Unit 3 is more extensive than Unit 2, with major intraslope depocenters still present
in actively subsiding proximal minibasins (minibasins A-C; Fig. 6.9¢c). More specifically, local
increases in sediment thickness occur next to intra-minibasin salt pillows and thin-skinned
normal faults, and along minibasin flanks associated with growing salt walls (Figs. 6.10 b, c).
However, in contrast to Unit 2, significant thicknesses of strata are now preserved in downdip
minibasins, especially in synclines flanking folds, above salt-cored faults, and along minibasin

flanks (minibasins D-M; Figs. 6.9¢; 6.16 a, 6.18a and 6.20)

Deep-water depositional systems are widespread in unit 3 (Figs. 6.12, 6.13 and 6.15).
Minibasins A-C are still dominated by relatively low sinuosity (<1.5), narrow (<1 km wide)
submarine channels. However, these channels extend further downdip than those in Unit
2. For example, channels in minibasin A are no longer restricted to the northern part of the
depocentre, now extending c. 10 km further south to the junction between minibasins A and
B, where they appear to pass downslope into a lobe (Figs. 6.11b, c; 6.12c). Likewise, channels
and lobes initially ponded in depocenters B1-B2 extend further downslope along minibasin B,
depositing lobes in depocenter B3 (Fig. 6.12d). In a manner similar to that identified in unit
2, some of the channels entering minibasin B in Unit 3 extend downslope towards minibasin
C, although channels along the western flank of the minibasin appear to be diverted towards
depocenter B3 at their southern end (Figs. 12d, e, f). During deposition of unit 3, lobes are also
deposited against the salt wall bounding the SE margin of the minibasin (depocenters C2, Fig.
6.12 c-e). Continued filling of minibasin C was accompanied by the shifting of depocenters C2
to C3 related to deposition of SE-trending submarine channels, which apparently terminate
abruptly against the salt wall defining the southern limit of minibasin C; however, further
downslope, on the other side of this structure, channels of similar dimensions, orientation

and morphology occur in minibasin D and E (Figs. 6.12f, g, 6.13, 6.14).
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background
deposits

FIGURE 6.11e: Sweetness attribute highlighting the depositional elements within the distal
part of minibasin B. See location on Fig. 6.11b
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In distal regions, N-trending, slightly sinuous channels occur within and trend parallel to the
long axes of several broadly N-trending minibasins (channels 1, 2 and 3 in minibasins I-K; Figs.
6.15 and 6.18). Channels that trend at a relatively high angle (>30°) to bounding salt walls and
salt-cored anticlines change course within the minibasins, becoming parallel to the minibasin
axis and bounding salt walls (channels 4 and 5 in minibasins L-M; Figs. 6.15 and 6.20). Locally,
channel bends also occur next to salt-cored folds, in some cases leading to the deposition of
LAPs (channel 2; Figs. 6.16¢, 6.18b). Within distal minibasins, lobes are confined to minibasin
flanks and within fold-bounded synclines, downlapping onto the lows and onlapping and

converging towards salt-cored highs (Figs. 6.18, 6.19 a,b).

Channel continuity between adjacent minibasins across bounding salt walls is observed
downslope in distal minibasins (e.g. channel 5 between minibasins L and M; Figs. 6.15 and
6.20). However, changes in channel geometry are evident between, for example, minibasin
L to M. In minibasin L | identify an erosionally based, up to 1 km wide, 50 m thick, WNW-
trending channel, flanked by levees and overlying an intra-minibasin MTC (channel 5 in Figs.
6.20, 6.21 a). Within minibasin M, this channel increases in reflectively, width (to 5 km) and
thickness (to 200 m), in addition to bending to trend NE, sub-parallel to the minibasin axis
(Figs. 6.20, 6.22). The asymmetric levees flanking channel 5 onlap onto and are seemingly

rotated on the limbs of, the western salt-cored anticline (Fig. 6.22).

During deposition of Unit 3, the locus of subsidence in minibasin A shifted towards the centre
and eastern margin of the depocenter due to welding (Fig. 6.10 b, c). In addition, the cessation
of activity on landward-dipping listric faults at the southern end of minibasin A meant that
channels were able to spill southwards and flow axially beyond the junction within minibasin
B. Continued deposition drove welding of minibasin C and shifting of the main depocenter
within minibasin C from C2 to C3, leading to eventual inversion of the minibasin stratigraphy
and the formation of a turtle anticline (Fig. 6.10 c). Eventual filling of minibasin C resulted in

sediment spilling downslope to the SE into minibasin D and E (Figs. 6.12 f, g, 6.13, 6.14).
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Figure 6.12
(g) Sweetness and variance attribute blending
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FIGURE 6.14. (a) Seismic sections across deep minibasins D and shallow minibasin E. (b) Seismic section across minibasin E. See locations on Figure 6.13
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Based on similar trends and morphology, | suggest channels presently contained in minibasins
D and E, and now separated by a large diapir, were previously part of a through-going,
continuous system that extended across the diapir (Figs. 6.9b, 6.10a). Likewise, | suggest that at
least the northern part of the salt wall currently dividing minibasins B and C did not represent
a barrier to channels flowing between these depocenters, but that subsequent growth of the
diapir initially underlying the channels, subsequently dissected these depositional systems
(Fig.6. 12c). Furthermore, | interpret that channels flowing across the ISPFB and the distal
minibasins probably spilled over from proximal minibasins west of minibasin A, which are not
imaged in the seismic dataset. Towards the distal minibasins, structurally-induced changes in
channel sinuosity occurred due to coeval salt-cored highs on the paleoseabed. LAPs are only
developed when channels are unconfined or only weekly confined, recording lateral channel
migration to towards the minibasin centres. In addition, levees and lobes are deposited
confined within minibasins or in the intra-minibasin fold- and thrust-bounded synclines

associated with shortening of salt and its overburden (Fig. 6.15).
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Figure 6.18

FIGURE 6.15: Unit 3 deep-water depositional systems across part of the Inner Sao Paulo Fold Belt and
the distal minibasins on the Sao Paulo Plateau. Based on seismic attribute analysis and thickness
maps. Detailed isochrons, attribute maps and seismic sections are shown on Figures 6.16-6.22
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thickness
(twt, ms)

FIGURE 6.16: (a) Unit 3- Detailed isochron map highlighting increase in thickness above synclines
and salt-cored faults. See location on Figure 6.15. (b) sweetness and variance visual blending
illustrating the spill of channels from proximal overfilled minibasins towards distal minibasins. (c)
channel deflection and development of lateral accretion packages. See location on 6.16 b anc 6.15
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FIGURE 6.17 d

FIGURE 6.17: Seismic sections illustrating high-amplitude lateral accretion packages. See Figure 6.16 ¢
for locations.
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For locations, see

(b)

£
w
©
=
=
=

the distal part of minibasin I, illustrating lobes
FIGURE 6.19

FIGURE 6.19 (a) and (b): Seismic sections across

deposition and confinement.

Figures 6.18 aand b
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FIGURE 6.21 (a), (b) and (c): Seismic sections accross minibasin L. See locations on Figure 6.20.
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FIGURE 6.21 (d), (e) and (f): Seismic sections accross minibasin M. See locations on Figure 6.20.
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FIGURE 6.21 (g): Seismic sections along Channel 5 in minibasin M. See locations on Figure 6.20.
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FIGURE 6. 22: Channel and Levee geometry, thickness and amplitudes variations in minibasin M. Rotation of intra-levee seismic reflections

towards the channel axis indicate salt growth during deposition.
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6.7.4 Unit 4: Palaeocene to Mid-Oligocene

Deposition within Unit 4 extends further east than in unit 3 (Fig. 6.9d). Thickness changes in
Unit 4 indicate proximal thick minibasins were still activity subsiding, although deposition was

now also occurring above bounding salt walls (e.g., minibasin D; Fig. 6.9d).

Rather than containing relatively abundant channel-levee systems and lobes like units 2 and
3, Unit 4, more specifically sub-intervals 4a and 4c within the proximal thick minibasins, are
dominated by MTCs (Figs. 6.11, 6.23). The proximal parts of MTCs in unit 4a contain relatively
angular megaclasts that are up to 5 km long and 1 km wide overlying sub-continuous to
chaotic seismic facies and thrusts (Figs. 6.11b, 6.23). In contrast, MTC blocks within unit 4c
are less angular and smaller (1 km long by 500 m wide; Figs. 6,11b, 6.23). In the Inner Fold
Belt and within the distal elongated minibasins, at least 200 km long, N- and NW-trending
linear, sub-parallel grooves are developed along a single seismic event at the base of unit 4
(Fig. 6.24). These grooves are overlain by blocks that are smaller (200 m long by 100 m wide)

than those observed in the proximal thick minibasins (Fig. 6.24).

During deposition of Unit 4, some of the proximal and distal minibasins continue to actively
subside into salt (Fig. 6.9d). However, unit 4 marks a significant change in the style of
clastic sediment deposition within the basin. More specifically, | see a cessation of coarse-
grained clastic deposition within channels and lobes, and the initiation of widespread MTC
emplacement (Figs. 6.9d, 6.11, 6.23). It is not possible to constrain the source of MTCs
contained within the proximal thick minibasins, and it is thus unknown if they were derived
from collapse of the distal shelf-edge or slope, or if they were locally sourced from the uplifted
and rotated minibasin margins flanking the bounding diapirs. However, thrusts within unit 4a
within the proximal minibasins may indicate MTCs were sourced from the NNE (Figs. 6.11b,
6.23). In contrast, the regionally extensive grooves capping the distal minibasins and ISPFB

suggest MTC emplacement from the NW (Fig. 6.24).
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FIGURE 6.23: (a) Unit 4 seismic expression of mass transport complexes within minibasin B.

See Figure 6.11 b and c for location. (b) Sweetness and variance attribute blending for Unit 4a.

(c) Sweetness and variance attribute blending for Unit 4b.



184

Chapter 6 Minibasin development and reservoir deposition

J@anﬁ% av3un [
N |soLw/spoiq ey un [7]

/ \ suBiy pa1od-yjes |

AN |
. * ’
- -
- . *a o
[ .4 - -l
T R L a a0
B L o
[ ] u.‘ »
g - -
- I
. ’
" . '
a \.. .
- o
’ by
s ar . .
.. ® v - < 4
& . .
- o i (1
P
. o o ke,
’ LU T
. L} P - N
. 'Y =
- . - (]
- ™ ] =
3 LISEQILIN g uisequuipy sw_.__amn:.__S,

SOLI/s%a01q Gt Jun [
SOLN/$320/ ey 1un [T]
syfiy pasod-yjes [

AN

T3 wsequupy g wisequuiy v uiseq)

Iy

€2°9 3d4Nold




Chapter 6 Minibasin development and reservoir deposition 185

F

grooves

FIGURE 6.24: Seismic expression of regional-scale linear MTCs marking the end of deep-water
deposition across the Inner Sao Paulo Fold Belt and the Sao Paulo plateau
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6.8.1 Unit 5: Mid-Oligocene to Pleistocene

Unit 5 is more extensive than underlying units, with the main minibasin depocentres still
occurringinthe NW of the study area (e.g., minibasin D; Fig. 6.9¢). | identify at least three MTC-
bearing sub-intervals within Unit 5, all of which are contained within a single minibasin in the
NW of the study area (Figs. 6.9¢e; 6.25). In contrast to the regionally developed, Palaeocene
MTC identified within Unit 3, these younger MTCs are confined by salt-cored diapirs. The two
lowermost MTCs are dominated by highly chaotic seismic facies and lack megaclasts, whereas
the shallower MTC contains abundant megaclasts contained within a chaotic matrix (Fig. 6.25;

see also Jackson et al., 2011).

Because these MTCs extend to the NW outside of the seismic dataset, their source is unknown.
However, regional considerations suggest they were sourced from large shelf-edge and
slope failures north or north-west of the study area (Contreras et al., 2010; Jackson, 2011).
Therefore, Unit 5 records Neogene emplacement of several MTCs in response to repeated

collapse of the north-western basin margin shelf-edge and/or slope.
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6.8 Discussion

| used 3D seismic reflection and borehole data to illustrate the spatial and temporal variations
in the size and type of deep-water depositional elements within the post-salt succession
of the salt-influenced deep-water slope of the Santos Basin, offshore Brazil. | here discuss
regional controls on minibasin development, and key local controls on paleo-seafloor relief

and its effect on deep-water sediment architecture.

6.8.1 Regional controls on minibasin tectono-stratigraphic architecture

Previous regional studies in the Santos Basin offshore Brazil assume that most clastic sediment
was trapped behind a large scale (4 km thick, 200 km long, 10 km wide), salt-controlled, intra-
slope depocenter; i.e., the Albian Gap (e.g, Modica and Brush, 2004; Guerra and Underhill,
2012). As a result, the stratigraphic architecture of deep-water deposition and its interaction

with salt has been overlooked basinward of this depocenter.

This study has improved our understanding of the tectono-stratigraphic setting and evolution
of the post-salt sequence in central deep-water Santos Basin. More specifically, | have
provided conclusive evidence for relatively coarse-grained deep-water depositional elements
up to 200 km from the Late Cretaceous shelf margin, indicating that not all sediment was
trapped landward of the Albian Gap (cf. Modica and Brush, 2004; Guerra and Underhill,
2012). Sediment dispersal basinward of the Albian Gap occurred in four key phases, which
were directly related to temporal and spatial changes in the mechanisms controlling the

development of this salt-influenced deep-water slope.

| show that the initial phase (Turonian to Mid Campanian; unit 2) of coarse clastic deposition
on this salt-influenced slope was restricted to the north, with submarine channels and
lobes confined within proximal minibasin depocenters (minibasins A and C, Fig. 6.10a, b,

6.12). Additional, intra-minibasin relief was generated by salt pillows and landward-dipping,
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salt-detached listric faults (Fig. 6.10a; 6.12 a, b). The main phase of clastic deposition occurred
during the Maastrichtian to Palaeocene (unit 3), during which time salt- and fault-related
accommodation in the proximal minibasins was filled or ‘healed’, leading to deep-water
sediment dispersal systems to extend further downslope (minibasins C, D and E; Figs. 6.10d,
11a, 13, 14). Furthermore, welding of proximal minibasins in response to continued sediment
loading led to the formation of a turtle anticlines and lateral shifting of depocenters towards
the immediately flanks of bounding diapirs (minibasin B, Fig. 6.10c, 612d). During the third
and final phase (unit 4; Palaeocene to mid-Oligocene), deposition was dominated by the
emplacement of MTCs sourced from either the flanks of intraslope minibasins, or the shelf-
edge and/or slope; channel and lobe systems are rare in this stratigraphic interval, suggesting
a regionally significant change in sediment supply occurred between the Palaeocene and
Eocene (Figs. 6.10d, 6.11b, 6.23). This sudden change in deep-water deposition may have
been driven by river capture and diversion of sediment supply towards the northern Santos
and the Campos Basin, which have been attributed to the uplift of the onshore coastal
mountain range (e.g. Cobbold et al. 2001). Localised salt movement and minibasin subsidence
continued during a fifth and final phase (unit 5; mid-Oligocene to present-day). Deposition at
this time was dominated by suspension settling of relatively fine-grained deposits, although
locally developed MTCs provides evidence for continued failure of the shelf-edge and/or slope

(Fig. 6.24).

The two initial phases of sediment deposition, first in proximal locations and then reaching
further downslope along a healed slope, indicate progressive basinward filling or healing of
this salt-influenced slope. The Santos Basin therefore displays many similar characteristics
to the ‘“fill and spill’ model initially developed to capture salt-sediment interaction in deep-
water slopes of the Gulf of Mexico (e.g., Auger Basin, Booth, 2003; Hudec, 2009), but which
has subsequently been applied to a range of other similar settings (e.g. Espirito Santo Basin,
offshore Brazil; Albertao et al., 2011; North Sea; Jackson et al., 2010; Lower Congo Basin,

offshore West Africa, Oluboyo et al., 2014). Spilling between minibasins tends to occur in



Chapter 6 Minibasin development and reservoir deposition 190

locations where salt-cored structures trend perpendicular to flow, with long-distance
confinement characterising locations where salt walls are oriented parallel or at a low angle to
sediment supply (e.g., Booth et al., 2003; Oluboyo et al., 2014). Similar to that documented in
the Lower Congo Basin (Oluboyo et al., 2014), | observe that, in areas where the channels are
continuous across adjacent minibasins, the bounding salt-cored highs are at a high angle to the
systems (channel 5, minibasins L and M; Fig 6.20). In contrast, long distance confinement and
hence no spilling occurs along the distal elongated minibasins (minibasins I-K; Fig. 6.18). More
specifically, my analysis of intraslope minibasins in the Santos Basin illustrate local sediment
spilling due to welding of the minibasin floor and associated formation of turtle anticlines,
which cause the diversion of deep-water channels towards the downslope minibasin (e.g.;
Fig 6.10c). My 3D seismic reflection and borehole-based analysis thus presents a record of
salt-sediment interactions occurring over a considerably longer timescale (ca. 60 Myr) than
typically presented in studies focused on shallowly buried systems (e.g.; Winker, 1996; Pirmez
et al., 2000; Fonnesu, 2003; Gee and Gawthorpe, 2004, 2006; Cartwright, 2009; 2011). A key
observation is that continued diapir growth can dissect previously through-going depositional
systems (e.g., salt wall between D and E, Figs. 6.12-6.14). Moroever, this study illustrates that
filling of intraslope minibasins can be locally controlled by intra-minibasin salt-cored faults

and salt pillows (Fig. 6.10; 6.11).

6.8.2 Local controls on paleo-seafloor relief and sediment architecture

Having discussed the regional controls on basin-scale deep-water stratigraphic architecture,
| here consider the more local controls on syn-depositional seafloor relief and sediment
dispersal at the intra-minibasin scale. In addition, | discuss the implications of my findings
on the overall evolution of the Santos Basin, offshore Brazil. In this context, | observe the
following end-member styles of salt-sediment interaction: (i) local diversion of channels by

pre-existing seafloor relief, which also results in a change in channel sinuosity (e.g., Figs. 6.12,
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6.20); (ii) deflection of channels towards structural lows on the seafloor, leading to channel
stacking and lateral migration away from to emerging salt-cored highs (e.g., Figs 6.16c, 6.17d-
f); (iii) confinement of channels by adjacent salt-cored highs resulting in channel stacking, levee
growth and lobes deposition, where frontally confined (e.g., Figs. 6.18, 6.19); (iv) blocking
of channels by intra-minibasin salt pillows and salt-detached faults, preventing deposition
downstream (e.g.; Figs. 6.10a, b, 6.11d) (cf. Clark and Cartwright 2009; 2011). However, two
key questions | answer below are; (i) where the salt-cored highs were static or actively growing
during the entire life-cycle of the depositional elements?; and (ii) did the structures continue

to grow after the channels and lobes were deposited?

Local channel deflection is evident south of the study area, occurring next to emerging
shortening-related salt-cored buckle folds and thrust-cored folds (Figs. 6.15; 6.16¢c; 6.18a, b).
Likewise, channel diversion occurs to the south next to a salt wall (minibasin M, Fig. 6.20), as
well as within the proximal minibasins (minibasins B, C, Figs. 6.12). The salt-cored highs next to
which channel deflection and diversion are observed are oriented nearly-perpendicular to the
depositional slope. The with channel structurally-induced sinuous geometry adjacent to the
high clearly suggest that the salt-cored highs emerged before Late Maastrichtian/Palaeocene
submarine channels flowed through the Sao Paulo Plateau. Furthermore, my detailed analysis
of the geometry of the depositional elements suggests that these salt-core highs were, in
fact, moving during deposition. Syn-depositional growth of salt-cored highs is supported
by the following evidence: (i) onlap and thinning towards the coeval highs (Figs. 6.19, 6.21,
6.22); (ii) local stacking/ponding in the thrust-cored syncline (minibasin J; Fig. 6.19c); and
(i) uplift, tilting and rotation of intra-levee reflections towards the channel axis (sensu Clark
and Cartwright, 2009; minibasin M; Fig. 6.22). Salt structure growth may have also continued
after deposition, as suggested by the channel tilting and uplift (Fig. 6.21d). Despite, | observe,
LAP’s around salt-cored folds, whether deposition of this potentially reservoir-prone channel
axis deposits is stratigraphically related or structurally induced is unclear (channel 2; north of

minibasins J, Fig. 6.16c, 6.17).
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My data provide evidence for channel blocking and confinement (e.g., within proximal
minibasins B, Fig. 6.11 b,d). These controls suggest salt-cored highs causing either blocking or
confinement evidently predate deposition, although | also see evidence for the transition from
blocking to confinement. For example, channels and lobes initially ponded north of minibasin
B (depocenters B1, B2) or diverted towards minibasin C, eventually flowed along minibasin B
before ponding again against a salt wall at the minibasins southern end (depocenters B3; Fig.
6.12d). In addition, | suggest local increase in accommodation during minibasin confinement
leads to: (i) an increase in seismic amplitude, width and thickness of the channel as it flows
axially along the minibasins potentially associated to an increase in sandstone deposition
(e.g., Fig. 6.22); (ii) preferential deposition of levees where accommodation locally increases
(minibasins L, M, Fig. 6.20); (iii) preferential deposition of (confined) lobes in synclines between
intra-minibasin salt-cored anticlines and eventual healing of paleoseafloor relief (Figs. 6.18,
6.19). | suggest earlier movement and syn-sedimentary growth of the complex salt-cored
structures bounding the folded minibasins in the contractional domain provided confined
accommodation, causing channels to aggrade within the basin and preferential deposition of

levees and lobes.

These observations have implications for the salt-related structural evolution of the central
deep-water Santos Basin. | propose that the seafloor salt-cored folds and anticlines were
the expression of Late Cretaceous-to-Palaeocene, syn-sedimentary, thin-skinned shortening,
resulting from downslope flow of salt and its overburden. The distribution and architecture
of syn-kinematic channels and levees systems provide a stratigraphic record of this structural

growth.

Similar observations of salt-sediment interaction comes from very shallow (i.e., at the seafloor
or up to 500 m deep), undrilled, relatively young deep-water systems, which are then used
as analogues to understand similar salt-sediment interactions in older, more deeply buried

systems (e.g., Winker, 1996; Beaubouef and Friedmann, 2000; Pirmez et al., 2000; Fonnesu,
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2003; Gee and Gawthorpe, 2004, 2006; Clark and Cartwright, 2009; 2011). Contrastingly,
my results have revealed the influence of salt movement on deep, Late Cretaceous-Palaeo-
cene- age coeval depositional systems. Furthermore, previous studies are focused on single
minibasins or covering relatively small areas of c. 400 km? (e.g., Gulf of Mexico, Booth et al.,
2000, 2003) or up to 1400 km? (e.g.; offshore Angola, Jones et al. 2012). Moreover, previous
regional-scale (up to 10,000 km?) studies have focused on the analysis of specific stratigraphic
intervals recording relatively short time scales of ca. 15 Myrs (e.g.; Olobuyo et al., 2014). In
contrast, my 3D seismic reflection and borehole-based analysis illustrates a long timescale
(ca. 60 Myrs) record of salt-sediment interaction in more than ten minibasins covering an
area of c. 20,122 km?; thus, documents the post-salt tectonostratigraphic evolution of the
central deep-water Santos Basin from the initial minibasin development in the Turonian up to

present-day.

6.8.3 Exploration significance

| propose that the salt-related controls observed in central deepwater Santos Basin led to
changes in the geometry, distribution and potential structural and stratigraphic trapping of
reservoir-prone units. As such, this part of the Santos Basin may have exploration potential,
with these previously unexplored post-salt sequences being prospective (see Fainstein et al.,
2001). My findings have important implications for trap development and seal presence, in
particular, | have illustrated the presence of: (i) fault-block traps (e.g., Figs. 6.11b, d); (ii) turtle
anticlines (minibasin C, Fig. 6.11a); (iii) stratigraphic traps related to the pinch-out of chan-
nels and lobes towards salt-cored highs (e.g., Figs. 6.11b, e; 6.21). For the potential reser-
voir-prone units discussed in this paper (e.g. channels, lobes and, perhaps to a lesser extent,
levees), ‘background’ deposits, such as slope mudstone, and salt represent the main seals
(Table 6.2). Local, mud-rich MTCs may also form lateral and vertical seals (e.g., minibasin L,

regional unconformity above the submarine channel systems, Fig. 6.22.).
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The deep-water depositional systems | have identified in the Santos Basin could be distal
analogues of the Turonian confined turbidites in the Merluza field, Santos Basin (e.g., Enciso
and Tisi, 1998) and the Campanian to Maastrichtian deposits in the Roncador Field, Campos
Basin (e.g., Bruhn et al., 2003). Moroever, the distal deepwater reservoirs in the Campos Basin
occur in stratigraphic traps. Overall, there appears to be less confinement of depositional
elements, hence traps and fields are larger. In contrast, distal deepwater depositional
systems in the Santos Basin have been confined axially for more than 150 km. Because of this
confinement, it is likely that any potential traps and fields would be smaller than observed in
the Campos Basin (cf. Gulf of Mexico; e.g., Booth, 2003). For example, the seismic stratigraphy
geometry and distribution of the more proximal reservoir-prone intervals of stacked submarine
channels and fans or sheet-sand reservoirs illustrated in this study are strikingly similar to
reservoir-prone units being currently produced in the Gulf of Mexico (i.e., Auger Basin, Booth
et al., 2003; Jackson and Hudec, 2016; Fig. 6.11b-e). A key exploration risk for the Santos
Basin is migration, principally due to the thick, likely very low-permeability salt between
sub-salt source rocks and supra-salt reservoirs (Figs. 6.7b, c). This is a particular risk in distal
areas, where thick allochthonous salt remains; in proximal areas, salt welds may facilitate the
vertical migration of hydrocarbon, although the mudstone-dominated nature of many of the
minibasin may still pose a migration risk. Moreover, migration could provide through rotated
minibasins flanks that are underlying the depositional elements (e.g, Figs. 6.21 and 6.22).
Likewise, the presence of salt-cored faults and turtle anticlines, due to minibasin welding, may

promote the vertical hydrocarbon migration of hydrocarbons.

Risks could also be associated to the shallow units containing the MTCs, which may represent
geohazards for the potential drilling of these deep-water plays. In addition, the MTCs near
diapir seals and eroded by submarine channels (eg., minibasin K) could compromise the
quality of the reservoir units. However, | suggest that for an analysis of these potential plays
which is beyond the scope of this study, further detailed mapping, volume estimations and

petroleum systems modelling are recommended.



Chapter 6 Minibasin development and reservoir deposition 195

6.8.3 Conclusions

Integration of 3D seismic and borehole data has revealed:

1. Overall, | recognise three minibasin types, from proximal to distal locations i.e. (i)
thick minibasins, apparently welded, (ii) shallow minibasins, overlying thick salt and (iii) distal

elongated minibasins deformed by intra-minibasin salt-cored folds.

2. Four main types of deep-water sediment depositional elements were deposited within
the minibasins in central deep-water Santos Basin within the post-salt sequence: channels,

levees, MTCs and background deposits.

3. Borehole information indicates that the Minibasin-confined leveed-channel belts
are composed of interbedded sandstone, siltstone and mudstone. Whereas distal boreholes

suggest siltstone rich channels and depositional lobes.

4. Sedimentation in central deep-water Santos Basin occurred during three main phases

of minibasin subsidence:

o Phase I: Turonian to the Mid-Campanian: sand-rich channels and lobes, and
MTCs of unconstrained composition were confined within proximal minibasins and to the

hangingwalls of landward-dipping, salt-detached listric faults.

o Phase II-Mid-Campanian to the Paleocene: sand-rich channels and lobes
eventually filled and bypassed proximal minibasins, with coarse clastic deposition then

occurring further downslope in distal minibasins, >100 km from the coeval shelf margin.

o Phase Ill and IV: Paleocene-to-middle Oligocene: continued rise of proximal
salt walls dissected previously deposited deep-water systems, with deposition from diapir-

and shelf-edge sourced MTCs becoming increasingly important

5. Syn-depositional seabed deformation, driven by passive and active diapirism, and
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salt-detached thrusting and folding, caused changes in the geometry, architecture and

distribution of deep-water depositional systems:

i) channel deflection and diversion around salt-cored highs
ii) channel and levee uplift and rotation on the flanks of rising salt-cored anticlines
and diapirs
iii) progressive lateral channel migration, expressed in the form of lateral accretion
packages (LAPs)
iv) local ponding and long-distance confinement of channels, levees and lobes.
V) channel width and thickness increase due to intraminibasin increase in
accommodation

6. The deep-water depositional elements identified have important implications for

post-salt hydrocarbon prospectivity in the central, deepwater Santos Basin, with a range of

reservoir types and trapping styles being developed in this previously underexplored interval
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Chapter 7

Evidence for and significance of
submarine salt dissolution

7.1. Abstract

Salt dissolution occurs when evaporite-dominated rocks come into contact with NaCl-
undersaturated fluids. The effects of salt dissolution in sedimentary basins can have direct
implications for hydrocarbon and mineral exploration, seismic imaging, drilling, and basin
restorations. However, due to seismic imaging issues and a lack of borehole data, few
studies have analysed salt dissolution-related morphologies (i.e., salt karst) and associated
deformation within the post-salt sedimentary overburden. In this study, | integrate high
quality 3D seismic reflection data, a regional 2D seismic reflection line and wellbore data from
the Santos Basin, offshore Brazil to characterise salt dissolution-related features at the crest
of buried salt diapirs. Salt karst features consist of (i) up to 100 m thick, sub-circular, residual
mounds rising above the Top Salt; (ii) up to 100 m deep, oval-to-circular, dissolution sinkholes
below the main level of the Top Salt; and (iii) up to 75 m tall breccia pipes capped by collapse
sinkholes within the overburden. The results of this study also suggest a direct link between
the intrasalt stratigraphic heterogeneity, and the style of salt karst and related deformation in
post-salt sedimentary overburden. In addition, seismic-stratigraphic-relationships in post-salt

strata suggest multiple mechanisms of salt dissolution. Furthermore, reverse-basin modellingv
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suggests salt dissolution occurred in a fully submarine environment in water depths of 1900
m (x 100 m). These findings differ to most modern cases of salt dissolution which occur in a
subaerial or near-surface setting. In this paper, | discuss the possible mechanisms leading to
submarine salt dissolution at the crest of salt walls, in the Santos Basin, offshore Brazil and the

significance and implications of this process.

7.2. Introduction

Salt is typically dissolved when it comes into contact with NaCl-undersaturated waters. In
this study, | use the term ‘salt’ to refer to evaporite rocks in general, i.e. rocks comprised
of soluble minerals that precipitate from the evaporation of brines. The most soluble and
weaker evaporite minerals are the bittern salts (K and Mg salts, e.g., carnallite, tachyhydrite)
followed by halite (NaCl), whereas the less soluble are anhydrite and gypsum (e.g.; Warren,
2006). Hence, when salt dissolution occurs, the more-soluble evaporites (bitterns and halite)
are dissolved first, resulting in the enrichment of anhydrite and intrasalt insoluble residue.
Prolonged contact with undersaturated fluids may lead to rehydration of the anhydrite and
gypsum formation within the caprock (Jackson et al. 1990; Hovorka, 2000; Warren, 2006). In
addition; anaerobic microbial activity within caprocks can also lead to the deposition of thick
calcium-carbonate-dominated sequences and sulphite deposits (e.g.; Kyle and Posey, 1991;

Jackson and Hudec, 2017).

Salt dissolution generally results in: (i) discordant geometrical relationships between the re-
maining salt and the overburden, (ii) the formation of a residual caprock or diapiric solution
breccias, (iii) the development of salt karst features such as sinkholes, grooves, caves and
residual mounds; and (iv) deformation of the overburden (e.g.; Jackson et al., 1990; Warren,
1997; Cartwright et al., 2001; Warren, 2006; Bruthans et al., 2009; Hudec et al., 2011; Jackson

and Hudec, 2017). Present-day subaerial exposure of salt has been extensively studied; thus
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providing the best documentation of morphology (salt karst) likely to result from salt dissolution
(Fig. 7.1a; e.g., Bruthans et al., 2009; Frumkin, 2013; Gutiérrez and Lizaga, 2016). Salt karst in
Iran resemble those related to subterranean karstic dissolution of calcium carbonate, which
have been imaged by seismic data and studied due to the importance of carbonate rocks as
hydrocarbon reservoirs (Fig. 7.1b; e.g. Evans et al., 1994; Vahrenkamp et al., 2004; Sullivan
et al. 2006; Zeng et al., 2011; Burberry et al., 2016). Salt dissolution is not limited to that
occurring near-surface or during subaerial exposure. Recent studies have described similar
rugose morphologies and semicircular depressions related to salt dissolution in submarine
settings (e.g., Bertoni and Cartwright, 2005; Talbot and Augustin, 2016). However, seismic-
scale submarine salt karst studies are limited. For example, potentially dissolved flat-topped
and rugose-topped salt walls have been imaged near or at the seabed in the Barents Sea (Fig.
7.1c; e.g. Koyi et al. 1995) and in the North Sea (Fig 1d; e.g, Duin, 2001), but there have been
no attempts to document possible submarine salt dissolution at their crests. A spectacular
example documented in the Orca Basin, Gulf of Mexico, reveals a rugose salt canopy exposed
at the seabed, which is currently being dissolved by NaCl-undersaturated seawater producing
brines that flow downslope into an enclosed submarine brine lake (Fig. 7.1e; Shokes et al.,
1977; Tompkins and Shephard, 1979; Pilcher and Blumstein, 2007). However, previous studies
in the Orca Basin are not conclusive about the presence or composition of caprock or salt
karst morphology at the crest or if the canopy is covered by overburden; thus, it is not clear
if the salt is directly in contact with seawater or if seawater penetrates a thin veneer to reach

the salt.

Being able to identify the evidence for salt dissolution has a range of implications and
applications. First, the less-soluble residual evaporite rocks at the crest of dissolved salt
structures (i.e, caprock) are the source of economic minerals and have the potential to become
reservoir rocks (e.g., Posey and Kyle, 1988; Kyle, 1999). Salt dissolution has been related to
the creation of local depocenters and faulting within the overburden, potentially promoting

reservoir deposition, trapping and compartmentalisation (e.g., Ge and Jackson, 1998;
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FIGURE 7.1: Worldwide evidence of dissolution: (a) Collapse sinkhole above a salt dome in the Zagros
Mountains, Iran, after Gutierrez and Lizaga (2016); (b) Deeply-buried, Ordovician-age carbonate karst
morphologies in the Tarim Basin, China, after Zeng et al. (2011); (c) near-seabed flat-topped salt diapir
in the Barents Sea, after Koyi et al. (1995); (d) Salt wall caprock in Netherlands, after Duin (2001); (e)
present-day submarine brine lake in the Gulf of Mexico, after Pilcher and Blumstein (2006).
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Cartwright et al., 2001; Hudec and Jackson, 2011; Jackson et al.,, 2010). In addition, the
collapse and deformation associated with karst can generate mega-pores or reduce the
sealing properties of the salt and its overburden, hence its proper characterisation is relevant
for evaluating reservoir and seal potential (e.g., Walles, 1993; Vahrenkamp, 2004). Accurate
seismic imaging requires a proper understanding of the caprock stratigraphy and associated
seismic velocities at the crest and lateral margins of salt structures (e.g., Jackson and Lewis,
2012; Jones and Davison, 2014). Furthermore, the amount of salt dissolved from the geological
record is often unknown, limiting the accuracy in basin restorations and reconstructions (e.g,
Koyi et al. 1995; Cartwright et al., 2001). Finally, salt dissolution pose challenges when drilling
due to fractures, cavities and diagenetic alterations at the crest and lateral margins of salt

structures (eg. Black, 1997; Willson and Fredrich, 2005; Jackson and Hudec, 2017).

However, regardless of its broad significance, surprisingly few studies have used seismic
reflection data to investigate salt-related dissolution, characterise seismic-scale karst
morphology, and to understand its impact on the overburden and remnant salt (e.g.; Bertoni
and Cartwright, 2005; Jackson and Lewis, 2012; Burberry et al., 2016). Seismic-scale salt
dissolution studies can be challenging due to seismic imaging issues and the lack of sufficient
seismic resolution to precisely analyse salt karst morphologies and deformation within the
caprock, overburden and intrasalt units. In addition, there is a limited amount of borehole
data to correlate seismic expression to the lithology within caprock and its overburden.
Nevertheless, 3D seismic reflection data provide a valuable tool to characterise the expression
of salt dissolution compared to 1D- borehole and 2D-seismic reflection data and quasi—three-

dimensional outcrops.

In this study | integrate high quality 3D seismic reflection, 2D seismic and borehole data
from the Santos Basin, offshore Brazil, to; (i) identify and map seismic-scale salt dissolution,
(ii) understand the mechanisms driving salt dissolution (iii) discuss the implications of

salt dissolution in sedimentary basins in general, and, specifically, in the overall regional
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geodynamic evolution of the central deepwater Santos Basin. To achieve this, | characterise
the variations in the external geometry and seismic-scale style of salt dissolution in six salt
diapirs. In addition, | assess the impact of dissolution on the intrasalt stratigraphy and the
overburden. Lastly, | reconstruct the basin geometry to the time of salt dissolution. With this
analysis, | will attempt to answer three key questions: (i) what is the role of the intrasalt
stratigraphic heterogeneity in the resulting salt-dissolution-related morphology?; (ii) were the
salt walls subaerially exposed or did salt dissolution occur in a submarine setting? and (iii)

what is the likely origin of the dissolving fluids?

There are currently no published studies documenting any occurrence of salt dissolution in
the deep-water Santos Basin despite the highly-reflective nature of the salt and its overburden
(e.g. Jackson et al.,, 2014a, 2015b; Rodriguez et al., in press/Chapters 5 and 6). This makes it
an ideal location to analyse the intra-salt stratigraphy and its relationship with the style of
dissolution at the crest of salt walls. With this work, | contribute to the characterisation of
submarine salt karst. My methods and results can be applied to other salt-dominated basins
for the accurate prediction and understanding of salt-related karst and its impact in the

overburden.

7.3 Geological setting

The Santos Basin is located in eastern offshore Brazil and originated as a result of the opening
of the South Atlantic Ocean between east South America and West Africa (Fig. 7.2). During the
initial stage of its evolution in Barremian times, non-marine to shallow marine sediments were
deposited within fault-bounded half-graben basins (Fig. 7.3; e.g., Demercian, 1996; Meisling
et al., 2001; Gomes et al., 2002; Moreira et al., 2007). An initially isolated and irregular rift-
related valley accompanied by intermittent seawater incursions and subsequent dessication

events, led to the deposition of a regionally extensive, up 2.5 km thick, interbedded evaporite
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sequence or salt giant (i.e., Aptian-age Ariri Formation in the Santos Basin; e.g., Szatmari 2000;
Dias 2004; Davison 2007; Karner and Gamboa, 2007; Davison et al., 2012; Rodriguez et al. in
press/Chapter 5). The subsequent widening and deepening of the proto-south Atlantic Ocean
promoted the deposition of a shallow-marine, carbonate platform and related distal marls in
the Albian (Fig 7.3; Moreira et al., 2007). Normal marine conditions were reached in the Upper
Cretaceous following the drowning of the Albian-age carbonate platform and accompanied by
margin tilting and the development of a major clastic-dominated progradation (Fig. 7.3, e.g.

Modica and Brush, 2004; Moreira et al., 2007).

From the Turonian and up to the paleocene, channel-levee complexes were deposited within
a salt-controlled, intra-slope depocenter (i.e., Albian Gap) and within proximal salt-bounded
minibasins eventually bypassing to deposit clastics confined along distal elongated minibasins
(e.g. Rodriguez et al. in press/Chapter 6). During the Eocene, sediment supply into the Santos
Basin was only dominated by shelf-sourced and salt-sourced mass transport complexes
(MTCs) possibly due to onshore uplift and diversion of the Paraiba do Sul river drainage
systems to the NE (e.g., Cobbold et al., 2001; Modica and Brush, 2004; Guerra and Underhill,
2012; Rodriguez et al. in press/Chapter 6). Except for locally confined shelf-sourced MTCs and
local minibasin subsidence in proximal locations (eg., Jackson 2011; Rodriguez et al., in press/
Chapter 6), the Oligocene and up to the Pleistocene, the central deepwater Santos Basin is
dominated by fine-grained sediment deposition due to a sea level hightstand and absence
of onshore drainage systems supplying sediments into the basin (Fig. 7.3; Modica and Brush,

2004; Moreira et al., 2007; Guerra and Underhill, 2012).
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FIGURE 7.3: (a) Seismic stratigraphic framework; Intrasalt key stratigraphic intervals

are specified for this and previous studies. B1, B2 and B3 refer to competent layers

or ‘beams’ defined by high amplitude continuous reflections. D1, D2 and D3 refer

to ductile detachment zones defined by acoustically transparent, poorly continous
reflections (Fiduk and Rowan, 2012). (b) 2D depth seismic profile illustrating salt-related
structural domains in the Santos Basin. (c) Geoseismic profile with units interpreted.
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7.4 Dataset

The data used in this study include a high-quality 3D time-migrated seismic reflection
volume (provided by CGG), 2D post-stack depth-migrated seismic that intersects the 3D
volume (provided by WesternGeco) and data from eight publicly available boreholes (Fig.
7.2b). Borehole data is sparse across the study area and contain lithology and formation
markers for the presalt, the intrasalt and postsalt sequences. Two of the boreholes contain a
comprehensive set of electrical logs (eg. GR, Neutron, Density and P-Sonic), and these have
aided me to tie seismic and borehole data, and to assign lithology information to the mapped

intervals (Figs. 7.5a and 7.6).

The 2D depth seismic profile is c. 350 km long and has a record length of 16 km providing a
good quality regional image along the central deep-water Santos Basin (Fig. 7.3). The high-
quality 3D seismic reflection volume covers an area of 20,122 km2 and contains trace data
from the sea level down to 5.5 seconds two-way time (TWT). The 3D dataset has a vertical
sample rate of 4 ms, inline spacing (east-west) of 18.75 m and crossline spacing (north-south)
of 25 m. The stratigraphic units of interest (i.e.; unit 3, unit 4 and the intrasalt within the
crests of salt walls; Fig. 7.5) lie between 3.2-3.6 s TWT interval of the 3D seismic data. The
dominant frequency varies with depth but it is c. 40 Hz in unit 3 and unit 4 and c. 37 Hz in the
intrasalt units near the crest of the salt walls. The vertical seismic resolution of these units is
estimated to be 12 m and 30 m, using interval velocities of 1900 m s for the overburden and
4500 m s for the intrasalt. The interval velocities used for the stratigraphic units of interest
are an average of interval velocity values derived from checkshot data in three boreholes; i.e.;
532A, 723C and 709 (Figs. 7.2a; 7.5). Regional seismic profiles (2D and 3D data) are displayed
with SEGY normal polarity, where a downward increase in acoustic impedance is represented
by a positive reflection event (black) and a downward decrease in acoustic impedance is
represented by a negative reflection event (red). In seismic sections illustrating small-scale

(<2 km wide; <200 ms tall) salt karst morphology a positive reflection event is red and a
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negative reflection event is blue.

7.5 Methods

| mapped eight key regional horizons were interpreted in depth along the 2D seismic profile;
seabed, mid-Oligocene unconformity, Palaeocene unconformity, Maastrichtian unconformity,
top Itanhaem, Top Salt, Base Salt and basement (Fig. 7.3). These horizons (excluding Basement);
in addition to three intrasalt horizons along salt diapir crests, were interpreted using the 3D
seismicvolume in TWT (top Al, top A2 and top A3; Figs. 7.5a; 7.6). Fortheintrasalt stratigraphy,
a synthetic seismogram provides a tie between lithology and seismic expression (borehole
709; Fig. 7.4a, see also Rodriguez et al. in press/Chapter 5). For the post-salt stratigraphy,
ages and lithology were assigned to seismic horizons based on regional studies (Modica and
Brush, 2004; Contreras et al.; 2010; Guerra and Underhill, 2012), or because they correlate to
major lithological breaks or unconformities identified in two boreholes nearby (532A, 723C,
Fig. 7.2). For the detailed analysis at the crests of salt diapirs, high resolution (i.e.; seismic grid
spacing of 18.75 m x 25 m) structural maps were generated for the Top Salt and overburden

horizons.

| use a range of seismic attributes to aid in the analysis: (1) amplitude contrast, which involves
the calculation of amplitude derivatives between neighbouring traces (Schlumberger, 2012),
used here mainly in map-view in order to highlight the discontinuities along the top salt; (2)
chaos, is a texture attribute used to map disorganized seismic traces within a 3D window
(Randen and Sgnneland, 2005), and is key in this study to investigate and map intra-salt facies
variations subcropping the salt crests; and (3) sweetness, which relates the amplitude strength
(envelope) and the instantaneous frequency (Hart, 2008), mainly used here to highlight lateral
and vertical facies variations (in vertical section) along the crest of salt walls and between and

within the key intrasalt intervals.
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| reconstruct the basin geometry along a 2D regional seismic profile in order to estimate the
paleo-water depths at which dissolution likely occurred. This reconstruction allows me to
constrain if the crests of salt walls where dissolved in a submarine setting or if dissolution
occurred while subaerially exposed, as it has been documented in other salt basins (e.g.;
the Zechstein salt in the North Sea; Clark et al., 1998). To reconstruct the basin geometry at
the time that | suspect salt dissolution occurred (i.e., ca. Palaeocene), | apply a reverse-basin
modelling technique (or ‘backstripping’) using the workflow in FlexDecompaction, software
developed by Badley Gecoscience Ltd (e.g., Roberts et al., 2009; Bell et al., 2014). | justify
the application of this reverse-basin modelling technique for the following reasons: (i) salt
movement was likely to be minimal in the study area at the time salt dissolution occurred (i.e.,
Palaeocene); hence, with this modelling, | am not attempting to reconstruct phases of salt-
related deformation (i.e., Albian-Maastrichtian; Modica and Brush, 2004; e.g.; Rodriguez et
al. in press/Chapter 6). By the Palaeocene salt had already moved into the diapirs | see today
in the study area.; and (ii) thickness variations within the post-salt sedimentary overburden
are relatively consistent above the crests of salt walls in the study area; thus, there are limited
lateral variations in sediment thickness which justifies the 2D basin modelling technique used
here (Fig. 7.3). Overall, the reverse reverse-basin modelling technique involves removing: (1)
the effect of sediment load and (2) the effect of post-rift thermal subsidence of each of the
sedimentary layers in the overburden until the horizon of interest is reached. The removal of
each sedimentary layer results in the decompaction of the remaining layers allowing the basin

geometry at the time at which the horizon of interest was deposited to be resolved.

Asummary ofthe post-salt sediment key input parameters used for the reverse-basin modelling
technique in the study area can be found in Table 7.1. The lithology information used for the
sediment input parameters are based on the integration of post-salt interpretation (Rodriguez
etal., in press/Chapter 6) and the final well reports available (Fig. 7.2; Table 7.1). A key crustal
parameter in the basin reconstruction and estimation of paleo-bathymetry is the effective

elastic thickness (T ), which measures the strength of the lithosphere (Watts, 1992). In this
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study, | use a T, of 5 km, which is representative of the Santos Basin thinned and weak crust
where loads are supported locally, over short wavelengths (i.e. Airy isostasy; e.g., Davison et
al.; 2012). Another key crustal parameter for the reconstruction of the basin to the time of
salt dissolution is the Beta stretching factor (B), for which | have considered minimum and
maximum estimated profiles by Scotchman et al. (2006). The low-end profile estimated by
Scotchman et al. (2006) assumes that the base salt subsidence from Aptian to present is due
to both syn-rift and post-rift subsidence. Conversely, the high-end profile was estimated as-

suming that the base salt subsidence from Aptian to present is due to post-rift thermal sub-

sidence only (Scotchman et al., 2006, 2010).

Table 7.1: Post-salt sediment key input parameters based on seismic interpretation and well reports available

211

Horizon age (Ma)

Horizon name

Unit name

Lithology

Near-surface
porosity (%)

Decay constant
(1/km)

Matrix density (g/cc)

Top Marambaia (Seabed)

Mid Oligocene Unconformity

Paleocene unconformity

Maastrichtian unconformity

Top Itanhaem

Unit 5

Unit 4

Unit 3

Unit 2

Unit 1

90% shale
10%sand

80% shale
20%sand

40% shale
60%sand

60% shale
40%sand

70% shale
30% limestone

54.6

57.4

65.1

0.37

0.41

0.57

2.68

2.69

2.72
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7.6 Salt-related structural domains

Before | overview the dissolution-related morphologies at the crests of salt structures, here |
describe the salt-related structural domains along the slope and the overall external shape of

salt walls in the study area.

The 2D seismic profile | have interpreted illustrates how salt-related deformation in the Santos
Basin varies from NW to SE. Overall, six structural domains are identified in this study (Fig.
7.3), i.e.; (i) an upslope thin-skinned extensional domain characterised by salt pillows and
landward- and basinward- dipping listric faults; (ii) the Albian Gap, a large scale salt-controlled
intraslope depocenter which trapped a large amount of Cretaceous-to-Eocene-age sediments
in proximal locations (e.g., Jackson et al. 2015a); (iii) a minibasin domain: characterised by
thick minibasins overlying thin or welded salt and bounded by up to 20 km-wide salt walls;
(iv) the ‘Inner Sdo Paulo Fold Belt’ (ISPFB; sensu Jackson et al. 2015b) characterised by folding
of the salt layer and the development of buckle folds and intra-salt thrusts; (v) the Sdo Paulo
plateau (SPP), mainly characterised by a landward-dipping base salt due to the underlying
‘Outer High’ and the occurrence of a highly-reflective up to 2.5 km thick salt sequence and

distal minibasins; and (vi) a deep and thick salt sub-basin basinward of the Outer High.

The Top Salt structural map generated from the 3D seismic interpretation illustrates the
present-day salt-related deformation in the study area (Fig. 7.4a). This study focuses on salt
diapirs in the minibasin domain, the ISPFB and the SPP. Overall, | identify two main types of salt
diapirs in the study area. Salt diapirs in the minibasin domain and the ISPFB, are characterised
by crests that are more rounded and highly irregular or rugose (R-west; R-central or Liam,
sensu Jackson et al. (2015 b); and R-east; Fig. 7.4). Contrastingly, salt diapirs in the more distal
SPP are characterised by nearly-horizontal (<10° dip) tops or flat crests (F-west, F-central, and
F-east; Figs. 7.4a, 7.4b and 7.4c). F-central and F-east correspond to Jimmi and Freddy in study

by Jackson et al. (2015b).
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The salt walls with rugose crests are broadly oriented E-W and N-S. Conversely, the flat-topped
salt walls are broadly oriented N-S and NE-SW (Fig. 7.4a). The salt walls with rugose crests are
broadly thinner (up 10 km wide) and taller (up to 4 km tall) than the flat-topped salt walls (up

to 15 km wide and up to 2.5 km tall) (Figs. 7.4b and 7.4c).

Despite the relatively simple external morphology that characterise the salt diapirs in the
study area, a great amount of intra-salt structural complexity has been previously documented
(e.g., Davison et al., 2012; Fiduk and Rowan, 2012; Jackson et al., 2014a, 2015b). Of particular
interest for this study, the upper parts of the flat-crested salt walls are all dominated by
allochthonous, poorly-reflective intra-salt sheets (Fig. 7.4c, e.g., Jackson et al. 2014a, 2015b).
Contrastingly, the internal structural complexity along the rugose-crested salt walls is more
variable. Although intra-salt sheets are also locally emplaced (e.g. R-east in Fig. 7.4b), the
rugose crests are also characterised by intrasalt reverse shear zones and upright symmetrical
anticlines (R-west and R-central in Fig 7.4b, see also Jackson et al., 2015b). This variability is
important when | later consider the style of salt dissolution along top salts and its relationship

with the subcropping intrasalt stratigraphy.
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Figure 7.4a: Top salt structural map with locations of salt walls of interest
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7.7 Top Salt and intrasalt stratigraphy

Seismic data show thatthe Top Saltis characterised by a high-amplitude and broadly continuous
seismic event (Figs. 7.4 and 7.5). Along the flat crests, the Top Salt overlies poorly reflective,
halite-rich, Al-allochtonous sheets (Table 7.2; Figs. 7.4a; see also Jackson et al.; 2015b).
Conversely, along the rugose crests, the Top Salt exhibits mainly discordant geometrical
relationships with highly reflective, interbedded A2 and low-to-moderate-amplitude halite-
rich A3 (Table 7.3; Fig. 7.4b; Rodriguez et al. in press/Chapter 5). Boreholes penetrating the

salt sequence indicate that the Top Salt correlates with an anhydrite layer varying in thickness

from c. 12 metres and up to c. 56 metres (Fig. 7.5a).

GR Sonic Lithology Depth (m)
o gAPI 200 | 90 us/ft 45
3820
3840
Top Salt

3860

3880

3890

F3920

3940

Lithology
. = tachyhydrite
= carnallite

= halite
. = anhydrite

FIGURE 7.5 a: Top Salt lithology in a structurally-low and reltively undeformed area

(borehole 532A)
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7.8 Post-salt sedimentary overburden

Seismic data show the post-salt sequence in the distal ISPFB and SPP is characterised by low-
to-moderate amplitude, continuous seismic reflections, except for Unit 3, which is defined
by unconformity-bound wedges composed by moderate-to-high-amplitude, discontinuous
to chaotic seismic facies (i.e., Maastrichtian-to-Palaeocene-age seismic unit on Fig. 7.6; see
also Rodriguez et al. in press/ Chapter 6). Above the crests, Unit 3 is dominated by low-to-
moderate amplitude reflections, although its seismic expression varies between salt diapirs;
i.e., conformable continuous sheets, disrupted sheets with apparent downlap, mounded,

rotated and chaotic (SF1-SF7; Table 7.2 and 7.3).

Rodriguez et al., in press (Chapter 6) shows that Unit 3 contains channel-levee and lobes
complexes across the central deep-water Santos Basin. More specifically, Rodriguez et al., in
press illustrate that submarine channels are present above R-west and above R-central and
onlap and dip away from F-west and F-central (Figs. 6.15 and 6.22 in Chapter 6). In addition,
seismic attributes at the top of Unit 3 indicate the occurrence of several SE-trending parallel
and laterally extensive (c. 100 km long) linear features or grooves suggestive of a basin-
scale event triggering the deposition of regional mass transport complexes, MTCs (Fig. 6.25,
Rodriguez et al., in press, Chapter 6). These observations about the post-salt sedimentary
overburden capping and flanking the salt diapirs is relevant when | later discuss the possible

mechanisms of dissolution and the origin of the dissolving fluids (section 7.11.1).

Boreholes that penetrate the ISPFB and the SPP indicate that the post-salt succession is mostly
dominated by fine-grained lithologies, predominantly mudstones and marls (boreholes 532A,
723C, 709, 594, Figs. 7.2, 7.6). However, a notable exception occurs on the eastern flank of a
distal minibasin in the SPP, where Unit 1 and Unit 3 are characterised by interbedded siltstone,
sandstone and mudstone (borehole 723C, Fig. 7.6). The salt diapir crests of interest are not

penetrated by boreholes.
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7.9 Seismic expression of salt karst

Having described the broad external morphology of the crests of salt walls and the stratigraphy
and seismic expression within the salt and the post-salt sedimentary overburden, |, here
use high resolution (seismic grid spacing of 18.75 m x 25 m) top salt structural maps and
seismic attributes to describe small-scale (<150 ms TWT tall; up to 2 km long) morphologies
at the crests of salt walls and within the overburden. Furthermore, in this section | relate
the observed local morphologies along the crests to the underlying variations in intra-salt

lithology and overburden deformation patterns.

7.9.1 Salt dissolution-related sinkholes or dolines

In cross-section, the Top Salt is characterised by local depressions up to 50 ms, TWT deep (c.
100 metres deep) (Figs. 7.7 and 7.8). The depressions have steep or gentle sides and their
bases are nearly flat (u-shaped) or concave-upward (v-shaped) (Figs. 7.7 c, d). | note that the
bases of these depressions are characterised by lower sweetness attribute values along the
Top Salt, suggesting variations in the composition (Figs. 7.7 d and 7.8 b). In contrast, although
the chaos attribute has the lowest values (white colours) along the Top Salt, the seismic
facies within the depressions are characterised by high chaos values similar to the post-salt

sedimentary overburden (black) (Fig. 7.8 c).

In plan-form, these features define clustered or isolated, circular to oval-shaped depressions
at the top of the salt diapirs, with diameters ranging from c. 50 to 500 m (Figs. 7.7 a, b). | note
that these negative-relief features are easily recognised in plan-form by its characteristic high
amplitude contrast attribute values (Fig. 7.7b). In terms of their spatial occurrence, these
circular depressions (i) are best developed along diapirs characterised by rugose crests, (ii)
underlie mounded-to-chaotic overburden (SF6 and SF7); and (iii) overlie A3 and truncated,

dipping A4 (e.g., R-west, R-central and R-east; Table 7.3; Figs. 7.7, 7.8, 7.14a-c).
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FIGURE 7.8: Seismic expression of sinkholes: (a) Seismic section along the crest of R-east
illustrating the geometry of sinkholes (indicated by white arrows) and their relationship to
dipping-A2 intrasalt stratigraphy. Location is shown on Fig. 7.8 d; (b) Sweetness arrtibute of
section on Figure 7.8a illustrating amplitude variaitons along the Top Salt; (c) Chaos attribute
of section on Figure 7.8a illustrating sinkholes along the Top Salt; (d) Amplitude contrast
attribute map of R-east. See Figure 7. 14 c for location
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Based on their seismic expression, geometry, scale and occurrence, | interpret these features
as sinkholes or dolines that formed due to dissolution of the evaporite-dominated crests. My
interpretation is also supported by comparison to notable examples from sedimentary basins
in Spain and United States where surface and near-surface salt dissolution has also been
documented (e.g., Elorza and Santolalla, 1998; Johnson, 2005, 2008; Gutiérrez et al., 2008;
Galve et al., 2009). Furthermore, my analysis suggest that the intrasalt stratigraphic variability
alongthe crests of the salt walls (R-west, R-central and R-east) led to the preferential dissolution
and development of sinkholes mainly above the more soluble halite rich A3 interval and atop
dipping, heterogeneous A2 (Figs. 7.7 ¢, 7.8 a and 7.14 a-c). | further infer that the dissolution
sinkholes, atop dipping, heterogeneous A2, form due to the preferential dissolution of the
more soluble halite and carnallite. In addition, | interpret that the development of sinkholes
due to dissolution along the crests led to the collapse, rotation and foundering of the strata

immediately above the Top salt (e.g., SF6 and SF7; Table 7.3).

7.9.2 Residual mounds

In cross-section, local positive-relief features are identified along the Top Salt (Figs. 7.9a,
7.10a and 7.11a). These features have a relief of up to 50 ms, TWT (c. 100 metres) and are
defined by steeply-dipping to vertical walls and smooth or rugose tops (Figs. 7.9a, 7.10a and
7.11a). I note that, in contrast to the negative-relief sinkholes described above, these features
are characterised by variable sweetness attribute values along the top salt (Figs. 7.9b and
7.10c). In addition, these mounds are bounded by high chaos attribute values, representing

discontinuities along the top salt and in the overburden (Fig. 7.10b).

In plan-form these features define clustered or isolated, sub-circular, elongate or irregular
mounds with dimensions ranging from 50 m to 500 m in diameter (Figs. 7.9 ¢; 7.10 d and
7.11 b). Similary to the sinkholes described above, these mounds are easily identified in plan-

form by the high amplitude contrast attributes values that characterise them (Figs. 7.9 d and
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7.11 c). These positive-relief features are most evident where they appear in clusters below
semi-continuous to disrupted strata (SF1, SF2 and SF4) and above poorly-reflective, Al-
allocthonous-sheets (e.g., F-west, F-central and F-east; Table 7.3; Figs. 7.9-7.11, 7.14d-f). In
addition, some isolated mounds are also found along the rugose crests, overlying poorly-
reflective A3 and highly-reflective A2 and underlying mounded-to-chaotic overburden strata

(e.g, SF5, R-central; Fig. 7.14b).

Based on their geometry, scale and occurrence, | interpret these positive-relief features as
salt dissolution-related karst mounds or karst towers. | suggest that the clusters of salt karst
mounds represent a local caprock formed by the enrichment of less-soluble and insoluble
intrasalt residuals resulting from the dissolution of the halite-rich Al-allochthonous-sheets
(Figs. 7.9-7.11; e.g., Posey and Kyle, 1988; Warren, 1997; Kyle and Posey, 1991; Hovorka, 2000;
Jaworska and Novak, 2013; Jackson and Hudec, 2017). | suggest that the more isolated, salt
karst mounds rising above the rugose crests represent the remains of the partial dissolution
of A4 and A3 in the upper parts of intrasalt anticlines (Fig. 7.11). My interpretation is also
supported by comparison to notable examples of gypsum- or carbonate-dominated residual
karst hills or mounds from sedimentary basins where dissolution have also been documented

(e.g., Stafford et al., 2008, Chiesi et al., 2010; Zeng et al.; 2011).
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FIGURE 7.11. Seismic expression of residual salt karst-related mounds. (a) Seismic section
across mounds on R-Central salt diapir illustrating remnant mounds after A3 dissolution.

See (b) and (c) for location; (b) Top Salt structural map for R-Central. See Fig. 14b for location;
(c). Amplitude contrast attribute map highlighting the location of residual mounds.
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7.9.3 Breccia pipes or chimneys and associated sinkholes

In cross-section, the overburden is disrupted by multiple, parallel to sub-parallel pipes. These
pipes are defined by downward-deflected v-shaped depressions up to c. 150 ms (TWT) tall
(Fig. 7.12 a). These pipes cross-cut the overburden strata defining apparent downlaps on the
Top Salt (SF2, Table 7.2). The vertical discontinuities within the overburden are defined by

high chaos and relatively low sweetness attribute values (Figs. 7.12 b, c).

In plan-form these features define parallel to sub-parallel linear depressions containing
multiple, aligned, sub-circular to oval-shaped discrete hollows (Figs 12d, e). The linear features
are up c. 2 km long and up to c. 200 metres wide and the discrete depressions within are
up to c. 200 metres long and c. 100 metres wide. The edges of the pipes are identified by
a characteristic high variance attribute in plan-form (Fig. 7.12e). In terms of its occurrence,
these pipes are more evident on F-central and in less extent on F-east, F-west and R-west.
Overall, | note that the pipes within the overburden are aligned at depth with steps along the

Top Salt (e.g., Figs.7.10b; 7.12a and 7.13 ¢, d).

Based on their geometry, scale and occurrence, | infer that these pipes are formed by local
subsidence or collapse of the overburden above the dissolving salt crests. Hence, | interpret
these features as dissolution-related breccia pipes or chimneys capped by subsidence sinkholes
inthe uppermost strata. | infer that these chimneys are likely to be filled with insoluble collapse
breccia sediment, however, seismic resolution and lack of borehole data at this location does
not allow me to confirm this. The downward flexure defining the pipes die-out upwards;
thus, this allows me to estimate the approximate timing of collapse; i.e., Late-Maastrichtian-
to-Paleocene-age (Figs 7.10b and 7.13 ¢, d). The approximate timing of dissolution-related
collapse is also constrained by the horizon onlapping the uppermost subsidence sinkholes,
which cap the breccia pipes (e.g. Fig. 13 c, d). Similar dissolution-related downward deflected
disruptions have been previously illustrated on 2D and 3D seismic reflection data in carbonate-

and evaporite-dominated basins (e.g. Hardage et al., 1996; Bertoni and Cartwright, 2005;
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Burberry et al., 2016). These authors interpret that the disruptions are caused by karts pipes
or chimneys. However, only Bertoni and Cartwright (2005) uses 3D seismic reflection data to
clearly illustrate a direct link between the formation of collapse pipes and related sinkholes

with the depletion of underlying salt-dominated stratigraphy.

FIGURE 7.12: Seismic expression of collapse breccia pipes indicated by the white arrows. (a) Seismic
seccion across F-central illustrating local collapse within the overburden. (b) Chaos attribute of seismic
section on (a) highlighting breccia pipes (c) Sweetness attribute of seismic section on (a) highlighting
discontinuities along the Top Salt/caprock. (d) Map of intra-Unit 3 horizon illustrating the pipes in
plan-form. (e) Variance attribute map of intra-Unit 3 horizon on (d).
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(a)

(b)

— ! dissolved crest

FIGURE 7.13: (a) Map of intra-Unit 3 horizon showing deformation within the overburden/roof above
F-central. (b) Map of Top Salt for F-central illustrating dissolution of the crest
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Figure 14a
R-west Top Salt
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Figure 14b

R-central Top Salt
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Figure 14c
R-east Top Salt
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Figure 14d
F-west Top Salt
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Figure 14e _
F-central Top Salt &

Depth (twt, ms)

3400
3450
3500

3550
3600
3650
3700

3750
3800
3850
3900

236

=
m

@
P e
af PoeN
°h e
2

' 0 \g\\ﬂQ\

2 sinkholes —

5 o

% mounds

=

g faults
)
Figure 14f
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7.10 Subaerial or submarine salt dissolution?

| have illustrated some clear evidence of salt dissolution at the crest of salt diapirs in central
deep-water Santos Basin. Furthermore, deformation within the overburden (Tables 7.2 and
7.3) and its relationship with salt karst (section 7.9) suggest that dissolution at the crests
occurred in subterranean conditions, under a fine-grained roof up to c. 60 metres thick (e.g.,
Figs. 7.10, 7.12 and 7.13). However, it is still uncertain if the salt-cored highs were under
subaerial, or submarine conditions when dissolution occurred. In this section, | constrain the

likely paleowater depths at which dissolution occurred.

The following observations provide the associated key constrains on the basin restoration
and estimations of paleowater depths. The approximate timing of collapse of the breccia
pipes (section 7.9.3) is constrained by the uppermost downward flexure within the deformed
overburden (Figs 7.10 and 7.13 ¢, d). Furthermore, the uppermost sinkholes capping the
breccia pipes are onlapped by, | estimate, an intra-paleocene-age seismic horizon (e.g; Fig. 13
¢, d). Therefore, based on seismic interpretation and borehole data available | infer that salt
dissolution occurred in the Paleocene, just after deposition of Unit 3 (Fig. 7.6). In Chapter 6,
| demonstrate that the Late Maastrichtian-to-Paleocene Unit 3 is dominated by submarine
channels, levees and associated lobes which were deposited confined within distal minibasins
in the Sao Paulo plateau (Fig. 6.15). Furthermore, my interpretation illustrates that the salt
diapirs flanking (e.g., F-west, F-central and the southern part of R-central) formed highs at the
seabed which deflected and confined deep-water depositional systems (minibasins K, M; Fig.
6.15; Chapter 6). Moreover, interpretation suggest that submarine channels flowed above
R-west and the northern part of R-central salt walls spilling from proximal minibasins (Figs

6.15, Chapter 6).

Hence, based on the stratigraphic context illustrated in Chapter 6, and previous studies of the

Santos Basin (e.g., Modica and Brush, 2004; Moreira et al., 2007; Guerra and Underhill, 2012),
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| infer that the subaerial exposure of the salt-cored highs was unlikely in the study area.
However, reconstruction of the basin to the Paleocene can provide further constrains about
the paleowater depths at which salt dissolution occurred. The reconstruction is needed to
rule-out the possibility of subaerial exposure, as it has been documented in other salt basins
(e.g.; the Zechstein salt in the North Sea; Clark et al., 1998; Cartwright et al., 2001 and Texas

salt diapirs; Jackson and Seni, 1984, Hudec and Jackson, 2011).

The basin reconstructions for the 2D seismic depth profile are shown on Figures 7.15 b-e.
These restorations satisfy the crustal and sediment key input parameters for the central deep-
water Santos Basin discussed in the Methods section and shown in Table 7.1. To estimate
the paleowater depths at the top of Unit 3, the effect of sediment load and post-rift thermal
subsidence during Unit4 and Unit 5 deposition are removed (Fig. 7.15). The removal of Unit
4 and Unit 5 results in the decompaction of the remaining layers and illustrates the basin
geometry at the end of deposition of Unit 3 (Figs. 7.15 b-d). Here, | present two restorations
based on the minimum and maximum [ estimate profiles by Scotchman et al. (2006, 2010)
(Figs. 7.15f, g). The restoration to the top of Unit 3 predicts variable water depths for the crest
of salt structures across salt-related structural domains (Figs. 7.15 d, e). However, regardless
of the [ factor, the salt-cored highs are always submarine. The predicted palaeowater depths
at the salt-cored highs vary between 1800 and 2000 metres (R-west and F-west, Fig. 7.15 b).
Thus, the basin reconstructions performed along the 2D seismic profile restore the crests of
salt structures to palaesowater depths of 1900 m + 100 m; hence suggesting that dissolution

occurred in a fully submarine setting (Fig. 7.15).
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7.11 Discussion

In this study | have documented clear evidence of seismic-scale submarine salt dissolution at
the crest of salt walls in central deep-water Santos Basin. Furthermore, my results illustrate a
direct control between the intrasalt stratigraphic heterogeneity along the salt wall crests and
the resulting regional and local dissolution-related morphologies formed at the crests and
within the overburden (Fig. 7.14). | now discuss: (1) the mechanisms that may have triggered

salt dissolution; and (2) the applied implications of these findings.
7.11.1  Mechanism of salt dissolution

Previous studies suggest that salt dissolution occurs by (i) descending NaCl-undersaturated
fluids that come into contact with the salt (superjacent dissolution); (ii) along the lateral
margins of basin flanks (lateral dissolution); or (iii) due to sub-salt deep-basin fluids that
migrate upwards (subjacent dissolution) (e.g., Posey and Kyle, 1988; Warren, 1997; Loucks,
1999; Cartwright et al., 2001; Bertoni and Cartwright. 2005; Warren 2006; Hovorka, 2000;

Jackson and Lewis, 2012; Machel et al., 2012; Burberry et al., 2016; Jackson and Hudec, 2017).

In this study I illustrate clear evidence of seismic-scale salt dissolution and local formation of
caprock at the crests of salt structures. In addition, | demonstrate that salt dissolution at the
crests of salt walls in the central deep-water Santos Basin occurred in a submarine setting; i.e.
c. 1900 + 100 m palaeowater depths. Furthermore, my interpretation suggests that dissolution
likely occurred in the Paleocene, when the diapirs were exposed at the seabed under fine-

grained-dominated overburden.

However, questions remain regarding the provenance of the NaCl-undersaturated fluids and
the mechanisms that caused such dissolution: (i) were the crests of salt diapirs dissolved
by superjacent NaCl-undersaturated seawater that penetrated the relatively thin (up to

c. 60 metres) overburden?; (ii) were the crests of salt walls dissolved by subjacent NacCl-
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undersaturated deep-basin fluids that migrated upwards or laterally from the minibasin

flanks?.

Subjacent dissolution has been previously invoked for the localised depletion of relatively thin
(up to 250 ms, TWT) evaporite-dominated units (e.g.; eastern Mediterranean; Bertoni and
Cartwright; 2005). However, | suggest that subjacent dissolution or the upward migration of
undersaturated fluids below the salt sequence is unlikely considering the thickness (> 1000
ms; TWT) of the salt walls and the largely impermeable nature of the intrasalt stratigraphy
(Fig. 7.4 b, c). Although clastics and carbonates are present, it is only in small proportions and
they are likely left in salt welds (e.g.; Jackson et al. 2014 b). Therefore, | infer that dissolution
of the crests occurred either by superjacent NaCl undersaturated seawater or by fluids that

migrated laterally upwards from the minibasin flanks.

| propose that superjacent dissolution is a feasible mechanism for Paleocene-age, widespread
salt dissolution in the central deep-water Santos Basin. Similar to the submarine conditions
in the Orca Basin (Fig 7.16; Fig. 7.1; Pilcher and Blumstein, 2007), NaCl-undersaturated
seawater, could have penetrated the unlithified roof driving dissolution of the crests. | suggest
that subsequent roof deformation, driven by underlying salt depletion, further facilitated
penetration of seawater leading to more salt dissolution (Fig. 7.16 a). Furthermore, | infer that

pore water within the roof stratigraphy could have also facilitated dissolution at the crests.

Nevertheless, considering the timing of salt dissolution and the stratigraphic context of the
post-salt sedimentary overburden (section 7.10; Figs. 7.13; Chapter 6), | suggest that lateral
dissolution, by the migration of fluids from the minibasin flank, is a plausible mechanism
(Fig. 7.16 b). More specifically, | infer that formation fluids flowing through sandstone-rich
deepwater turbidites migrated from the minibasin flanks towards the crests (Figs. 7.13).
Furthermore, | propose that this mechanism likely promoted the dissolution of the F-central
and F-west salt walls, which are both flanked by deep-water channels and lobes (Fig. 6.15;

Chapter 6).
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For example, | interpret that formation fluids within the sandstone-rich channels onlapping
the crest of F-central became in contact with the Al-halite-rich crests and led to depletion,
subsidence and the formation of salt karst atop the crest (e.g, Figs. 7.14 d, 7.16 b). | further
propose three likely mechanisms that occur isolated or in conjunction, triggering the
dewatering of the submarine channels and lobes and the migration of fluids towards the
crest: i) initial compaction of the sand-rich submarine channels and lobes (cf. West Africa,
Pilcher and Argent, 2007); (ii) coeval salt movement which caused rotation of the channels
and levees during deposition (see Rodriguez et al. (b), in press/ Chapter 6); or (iii) a regional
basin-scale event associated to the deposition of mass transport complexes (MTCs) in the

Palaeocene and leading to the escape of overpressure fluids (Fig. 6.24, Chapter 6) .

This lateral dissolution mechanism could also explain the variations in the magnitude and style
of dissolution between the crests of flat-topped salt walls (Fig. 7.14). For example, | observe
that F-west seem to have dissolved more relative to F-east given the larger number of thicker
and widespread karst mounds forming the highly-reflective caprock (compare Fig.7.9 with
7.10 and see also Fig. 7.14 d and f). Related to this, | note that submarine channels and lobes
within Unit 3 occur on both sides of the highly-dissolved crest of F-west (salt wall flanking the
western side of minibasin K; Figs. 6.15, 6.18b; Chapter 6). Moreover, F-central shows more
depletion of the evaporite-dominate crest adjacent to the flanking submarine channel (Figs.
7.13,7.14 e). Conversely, submarine channels are not observed at seismic scale next to F-east;
suggesting that superjacent dissolution by NaCl-undersaturated seawater may have caused

the relatively lower magnitude dissolution observed at its crest (Fig. 7.9, 7.14f).

In addition, my analysis suggests that local superjacent dissolution is also a likely mechanism
mainly for R-west and R-central salt walls. In Rodriguez et al. (b), in press (Chapter 6) |
demonstrate that the Maastrichtian-to-Palaeocene Unit 3 comprises sandstone-dominated
turbidity channels, which entered the ISPFB and SPP from proximal overfilled minibasins

North of R-west (Fig 6.15). Similarly; seismic attribute analysis by Rodriguez et al.; in press (b)



Chapter 7 Submarine salt dissolution 244

(Chapter 6) illustrate the spilling of submarine channels across the northern part of R-central
(salt wall bounding minibasin L, Fig 6.15, Chapter 6). Therefore, | infer that submarine channels
spilling from the north and northwest likely eroded and led to local dissolution of the upper

crest of the R-west and R-central salt walls and deformation of its overburden (Table 7.3).

7.11.2  Salt dissolution implications

The findings | show in this study have major implications for hydrocarbon exploration
considering the widely-held notion that salt structures bounding clastic-dominated minibasins
are impermeable and this represent high-quality seals (e.g., Jackson and Hudec, 2017). Due
to the generally poorly imaged salt-sediment interface and salt crests (e.g; Jackson and Lewis;
2012; Jones and Davison; 2014), the incorrect interpretation of a potential hydrocarbon trap,
could lead to the drilling of dry wells. Hence, the precise assessment of the potential for
dissolution at the flanks and the crests of salt structures is essential before placing exploration

and production wells.

However, the assessment of seismic-scale salt dissolution evidence can be challenging using
seismic imaging where the stratigraphic and structural complexity above and around salt
diapirs has been oversimplified (e.g.; Jones and Davison; 2014). In this study | have illustrated
a variety of reflection configurations within strata above dissolved salt walls, which are
strongly dependent of the underlying intrasalt stratigraphy, the timing of deposition relative
to dissolution and the magnitude of underlying salt-related dissolution (Tables 7.2 and 7.3).
For example, | have demonstrated that the dissolution of evaporites-interbedded salt crests
can result in the truncation of the intrasalt stratigraphy and the formation, above, of residual
less-soluble caprock that can sometimes preserve the dipping of underlying intrasalt units
(Table 7.3; Fig. 7.16). In addition to the complex reflection configurations; the composition of
the overburden can also be highly variable comprising a combination of less-soluble residual
evaporites combined with sediments collapse from the overburden during subterranean salt

depletion.
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Furthermore, as | have demonstrated in this study, salt dissolution can significantly influence
the continuity within strata in the overburden (section 7.9.3). The resultant geometries
and deformations documented here, can be considered when characterising reservoir
compartment above salt. For example, carbonate karst collapse chimneys in the Boonsville
gas field, Texas, has directly influenced reservoir compartmentalization in the overlying clastic

dominated sequence (e.g.; Hardage et al., 1996).

The misinterpretation of the stratigraphy and structure within the overburden as an input for
velocity models, ray tracing and seismic depth migration techniques have direct implications
in the resulting seismic image surrounding the crests of diapirs. Nevertheless, as | have
demonstrated, the assessment of local salt karst morphologies at the crest of salt walls and
deformation in the overburden can be possible with conventional high-quality 3D seismic
reflection data. This was possible in part due to the relatively thin and simple overburden
that characterises the SPP in the central deep-water Santos Basin. Moreover, the precise
high-resolution mapping, and the integration with seismic attributes and colour scales that
highlight potential salt-related karsting can be beneficial during the analysis of these local salt

dissolution-related features (see also Talbot and Augustin, 2016).
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7.12 Conclusions

The integration of 2D and 3D seismic reflection and borehole data has revealed evidence of

submarine salt dissolution in the Santos Basin, offshore Brazil:

1. Seismic stratigraphy and seismic attribute analysis illustrate salt karst features at the
crests of salt diapirs consisting of: (i) up to 100 m thick, sub-circular, residual mounds rising
above nearly horizontal (<10°) Top Salt; (ii) up to 100 m deep, oval-to-circular, dissolution
sinkholes below the main level of the Top Salt; and (iii) up to 60 m tall breccia pipes capped by
collapse sinkholes within the overburden. Styles of dissolution identified suggest a direct link
between the salt karst morphologies and the intrasalt stratigraphic heterogeneity along the

top salt.

2. Seismic-stratigraphic-relationships in post-salt strata indicate several deformation
patterns within the overburden; from local disruption of conformable sheets, rotation and
apparent downlap, mounds and highly chaotic. The magnitude of deformation within
the overburden is controlled by the magnitude of dissolution of the underlying evaporite-

dominated crests; thus, indicating subterranean salt dissolution.

3. Reverse-basin modelling indicates that salt dissolution occurred in a fully submarine

environment in water depths of 1900 m (+ 100 m).

4. Dissolution was triggered by two feasible mechanisms that acted individually or in
conjunction: (i) Superjacent dissolution by NaCl undersaturated seawater during partial salt
diapir exposure (under an up 60 m thick, fine-grained dominated roof) at the seabed; and/
or (ii) Lateral dissolution by formation fluids migrating from Late-Maastrichtian-to-Paleocene

submarine channels and lobes directly onlapping the crests

5. Results presented in this study has direct implications for seismic imaging, reservoir

characterisation and sealing capacity of the crests of salt diapirs and its overburden.
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Chapter 8
Discussion and Conclusions

My work offers new insights into the scientific understanding of salt giants in terms of their
deposition, composition and overall stratigraphic architecture. Furthermore, the results of my
study contribute to a better understanding of salt deformation during passive margin evolution
and its impact on sediment distribution and architecture along salt-influenced slopes. In
addition, my thesis highlights the role of intrasalt stratigraphic heterogeneity in the eventual
dissolution at the crests of salt diapirs as well as its impact in the overburden. In particular,
the findings of my study challenge previous studies and improve the current knowledge about
the tectonostratigraphic evolution of the Santos Basin, offshore eastern Brazil. In this chapter,
the key conclusions of my thesis are outlined and their implications are discussed focused on

addressing the research aims and the specific questions defined in Chapter 1.

8.1 How rapidly was the Santos Basin salt giant deposited and what

are the implications of this rapid deposition?

In Chapter 5 | show that the evaporite-dominated Ariri Formation records at least 12 cycles of
basin filling and near- or complete dessication in < 530 ka (Fig. 5.13). My estimation is based
on the thickness (c. 100-250 metres) of the evaporite cycles interpreted in two boreholes
and depositional rates in ancient salt giants (i.e.; Paradox Formation, 0.4 cm/a; Trudgill, 2010;
Mediterranean salt, 0.66 cm/a; Clauzon et al., 1996) and a modern rift-related salt basin, Lake

Assal (1 cm/a; Imbert & Yann, 2005). Furthermore, my analysis of the two boreholes suggest
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that duration of deposition varied across the study area and was partly controlled by the

syndepositional basin physiography (Fig. 5.13; Chapter 5; see also section 8.2).

My results illustrate, regular, high-frequency, short-term cycles (< 30 ka) within the
heterogeneous A2 intrasalt interval (Fig. 5.13; Chapter 5). | infer that this depositional
timescale may have been driven by low-amplitude, 4th-to-5th order sea level variations (, i.e.
few meters to decimetres in c.10ka to c. 100ka) such as those characterising the greenhouse
conditions and an arid paleoclimate. Such conditions have previously been proposed for the
Late Aptian of the South Atlantic (e.g., Evans 1978; Taylor, 1998; Dias, 2004; Gambba et al,

2008).

| suggest that a combination of an arid paleo-climate, low-amplitude sea-level changes, and
relatively rapid deposition (< 530 ka) of a thick (1.2 km -. 2.5 km) salt sequence also prevented
the deposition of non-evaporite lithologies in the central deepwater Santos Basin. Although
broadly similar in terms of overall thickness, the depositional timescale and at least the sea-
level controls | infer for salt deposition in the Santos Basin, is unlike that suggested for the
Zechstein Supergroup, NW Europe (c. 1.5 km thick and deposited in in 5 Myr; e.g., Taylor,
1990; Tucker, 1991) and the Paradox Formation, North America (c. 2 km thick and deposited
in 7 Myr; e.g.; Trudgill, 2011; Eoff et al., 2013). The presence of non-evaporite lithologies (e.g.
sandstone, mudstone) within the Zechstein Supergroup and the Paradox Formation suggest
that fully marine conditions periodically occurred in the basins and the salt sequences were
deposited during less arid conditions, higher amplitude sea-level changes and relatively slower

deposition (> 5 Myr).

In addition, rapid deposition (<530 ka) also implies that syn-depositional tectonics may have
been insignificant during salt deposition, although salt loading may have been important for

the creation of local accommodation in the basin (e.g.; Davison et al., 2012).
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8.2 Can thickness and stratigraphic variability within a salt giant provide

clues to temporal and spatial variations in syndepositional basin physiography?

My thesis reveals that rifting-inherited basin physiography controlled salt thickness and
composition of the Ariri Formation leading to stratigraphic variations across structural domains
in central deep-water Santos Basin (see Chapter 5). Findings | show in Chapter 5 suggest that
during salt deposition, the Santos Basin was characterized by a series of sub-basins of varying
water depth promoting vertical salinity variations. As a result, the thickness and composition
of the salt giant vary laterally and are spatially related to structural domains (Figs. 5.10-5.12).
My results indicate that thinner salt (c. 1.8 km) and higher anhydrite net thickness (c. 350
m) occur towards the structurally high Sugar Loaf domain, compared to flanking, structurally
lower domains where the mean salt thickness is >2.2 km and anhydrite net thickness are less

(c. 180 m) (Figs. 5.10 and 5.12).

| further infer that the thickness and stratigraphic variations | have found within the salt were
also directly controlled by the depth of the basin during salt deposition (Chapter 5). Based on
my interpretation, | propose that the halite-rich-Al interval largely filled a pre-existing rift-
related relief within which the Sugar Loaf sub-high represented an intra-basin structural high
covered by relatively shallow water (Fig. 5.12). In addition, my results suggest that subsequent
deposition of the heterogeneous, cyclic, A2 interval occurred in a basin with more subdued
relief and reduced accommodation which promoted higher-frequency desiccation of the salt
basin when compared with Al deposition (Fig. 5.12). Moreover, the subdued thickness and
compositional variability of A3 and A4, suggest that A1 and A2 had filled most of the pre-
existing relief. | propose that during periods of relatively high sea-level, thinner salt and higher
proportions of gypsum/anhydrite were deposited along the basin margins and on shallow,
intra-basinal structural highs such as the Sugar Loaf domain (Figs. 5.7; 5.10). In contrast,
during periods of relatively low sea-level, thicker salt and higher proportions of halite and

bittern salts were deposited in the basin centre and deeper isolated sub-basins, such as those
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now represented by the thick salt, minibasin and Tupi domains (Figs. 5.7; 5.10 and 5.11).

My observations imply that the Santos Basin Outer High (Sugar Loaf and Tupi sub-highs) has
been a longstanding, positive structural element, at least since the onset of salt deposition in
the Late Aptian (Fig. 5.2c). This finding challenge previous studies indicating the Outer High
developed as a Late-Cretaceous flexural bulge by vertical loading and perhaps by horizontal
compression (e.g., Cobbold et al. 2010). Moreover, my work support previous studies
suggesting the Outer high was initially uplifted at the end of the early syn-rift phase and which
may have been at least periodically emergent before and during salt deposition (Fig.5.2c;

Gomes et al., 2002; Carminatti et al., 2009; Gomes et al., 2009; Scotchman et al., 2010).

Furthermore, considering the rapid deposition discussed above, | suggest that syn-salt
subsidence and accommodation was only important locally and driven by salt loading (see
also Davison et al., 2012). Post-rift thermal subsidence and/or fault-related subsidence was
probably insignificant unlike suggested by previous regional studies discussed in Chapter 5

(e.g., Karner et al., 2003; Dias, 2004; Karner and Gambéa, 2007).

Other ancient salt giants evolved under the influence of similar controls to those inferred for
the Ariri Formation. For example, previous studies in the North Sea suggest that pre-Zechstein
faults, inherited from the earlier Permian rift phase or even formed syn-depositionally
during Late Permian rifting, directly controlled thickness and lithology variations within the
Zechstein Supergroup (Clark et al. 1998; Jackson and Lewis, 2013, 2016). During deposition
of the Zechstein Supergroup, periodically submerged intra-basinal highs formed shallow areas
where carbonate and anhydrites was deposited (e.g., Taylor, 1990). In addition, In deeper
waters, an up to 1.5 km thick succession of basin centre facies, comprise mainly of halite, was

deposited (e.g., Clark et al. 1998).
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8.3 What can salt giants stratigraphic architecture tell us about syn-

depositional basin hydrology?

Salinity variations during salt deposition may have also been controlled by the distance
relative to the influx of seawater and the input of fresh continental water; thus, modifying
the concentrations needed for a particular evaporite to precipitate (e.g.; Hsu, 1972; Fig. 2.3;
Chapter 2). My findings indicate the influence of syn-depositional basin hydrology during salt
deposition. In Chapter 5 | illustrate that thickness and stratigraphic variations occur across the
Outer High, from the Sugar Loaf sub-high to the south, towards the Tupi sub-high to the north.
Assuming that both, the Sugar Loaf and Tupi sub-highs were shallower than the surrounding
domains at the onset of salt deposition, then, | suggest, that the main factor controlling salinity
variations and thus lithologies found on the Outer High may be the position of this area with

respect to the putative sill controlling seawater influx into the basin.

Therefore, | propose that during salt deposition, gypsum/anhydrite was precipitated in larger
quantities, to the south, closer to the entry of seawater (i.e., the Sugar Loaf domain); whereas
larger amounts of halite and bittern salts were deposited farther away from the sill, towards
the north, in the deeper, more isolated domains (i.e.; the Tupi domain) (Fig. 5.11; Chapter 5).
My observations are consistent with those of Demercian (1996), who suggested that gypsum/
anhydrite deposition was controlled by the position and direction of the seawater inflow from
the southern Florianopolis high (S3o Paulo Ridge), with concentrations increasing northwards.
Nevertheless, my study provides, for the first time, a detailed intrasalt stratigraphic architecture
across the Outer High, based on the analysis and integration of 3D seismic reflection and

borehole data (Fig 5.11 in Chapter 5; see also Fig. 4. 4 and 4.6 in Chapter 4).

Similar salinity variations to these interpreted for the Outer High have been observed in
Lake Asal, Djibouti, which represents a modern example of a marine-fed rift basin actively
accumulating interbedded evaporites (e.g.; Jackson et al., 2000). Here, seawater incursions

occur through a highly fractured, 10 km wide volcanic ridge that bounds the southeastern
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margin of the lake. Close to the seeps that bring seawater to the surface, gypsum precipitation
dominates, whereas stacked halite crusts characterise the opposite side of the lake where

salinities are higher (e.g.; Warren, 2006).

Regarding the influx of freshwater from the continent, previous studies suggest that anhydrite
is thicker and more voluminous in the west of the Santos Basin due to freshwater influx from
the continent during the Aptian (De Freitas, 2006). Conversely, eastwards on the Sdo Paulo
Plateau, away from this freshwater source, salinities were higher and halite and bittern salts
were thicker. Interestingly, my findings are opposite to those of De Freitas (2006) considering
the presence of the Outer High promoted higher proportions of anhydrite precipitation in
distal locations (Chapter 5). Nevertheless, the composition of the Ariri Formation in the salt
weld located beneath a proximal thick minibasins (Chapter 5; see also Jackson et al. 2015a),
indicates the presence of some sandstone within the Ariri Formation, which may support De
Freitas (2006) observations. However, | argue that the impact of continental river discharge
was likely to have a minor impact on basin salinity and thus salt composition, given that the

study area is located a considerable distance (> c. 100 km) from the coeval coastline.
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8.4 How does salt movement control instraslope deep-water sediment

architecture along the Santos Basin slope?

Previous regional studies in the Santos Basin offshore Brazil assume that most clastic sediment
was trapped behind a large scale (4 km thick, 200 km long, 10 km wide), salt-controlled, intra-
slope depocenter; i.e., the Albian Gap (e.g, Modica and Brush, 2004; Guerra and Underhill,
2012). As a result, the stratigraphic architecture of deep-water deposition and its interaction

with salt has been overlooked basinward of this depocenter.

In Chapter 6, | challenge this notion by analysing the distribution and architecture of deep-
water depositional elements along the Santos Basin slope. By characterising the stratigraphy
and geomorphology of deep-water depositional systems, | clearly demonstrate that deep-
water clastics are found at least 100 km from the Albian Gap depocenter and record > 60 Myrs

of salt and sediment interactions (e.g. Fig 6.20).

The results of my work, thus clearly highlight how gravity-driven downdip salt flow directly
controlled the Santos Basin deep-water slope morphology and influenced sediment dispersal

and architecture (Chapter 6):

During the first phase of deep-water sedimentation (Turonian-middle Campanian), sand-rich
channels and lobes were confined within proximal minibasins and to the hangingwalls of

landward-dipping, salt-detached listric faults.

During the middle Campanian-to-Paleocene phase, sand-rich channels and lobes eventually
filled and bypassed proximal minibasins, with coarse clastic deposition then occurring further
downslope. My results highlight that syn-depositional seabed deformation, driven by passive
and active diapirism, and salt-detached thrusting and folding directly controlled sediment

distribution and architecture within distal minibasins downslope (Chapter 6):
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(i) channel deflection and diversion around salt-cored highs
(i) channel and levee uplift and rotation on the flanks of rising salt-cored highs
(iii) progressive lateral channel migration, expressed in the form of lateral accretion
packages (LAPs)
(iv) local ponding and long-distance lateral and frontal confinement of channels

and lobes

During the Paleocene-to-middle Oligocene, continued rise of proximal salt walls dissected
previously deposited deep-water systems, with deposition from diapir- and shelf-edge sourced

MTCs becoming increasingly important

These results represent a significant advance in the understanding of the tectonostratigraphic
evolution of the Santos Basin. However, due to the lack of seismic and borehole data landwards
of the minibasin domain, it is still not clear how deep-water sediments were deposited
basinwards of the intraslope depocenter; i.e.; the Albian Gap. Hence, further studies are

needed to solve this controversy (see section 8.10).

8.5 Could previously underexplored post-salt intervals have hydrocarbon

exploration significance?

Due to previous regional studies suggesting limited deep-water deposition in central
deep-water Santos Basin (e.g.; Modica and Brush, 2004; Guerra and Underhill, 2012), the
hydrocarbon potential within the post-salt sequence in the Santos Basin has been overlooked
or misinterpreted by previous studies. However, in this thesis | demonstrate that sediments
within the same stratigraphic interval of reservoirs currently producing upslope Santos Basin
(Fig. 2.9b; Merluza field; e.g.; Mohriak, 2012) and in the Campos Basin (e.g., Roncador field;

Bruhn et al., 2003) could also be prospective in central deep-water Santos Basin (Chapter 6).

The salt-related controls on the geometry and architecture of deep-water depositional

elements illustrated in Chapter 6 have important implications for trap development and seal
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presence. Based on the analysis | have presented in this thesis, | suggest that the previously
unexplored post-salt sequence in the Santos Basin have exploration potential. In Chapter 6 |
illustrate several salt-related trapping of reservoir-prone units within the post-salt of central
deep-water Santos Basin: (i) fault-block traps; (ii) turtle anticlines; and (iii) stratigraphic traps

related to the pinch-out of channels and lobes towards salt-cored highs.

For the potential reservoir-prone units | describe in Chapter 6 (e.g. channels, lobes and,
perhaps to a lesser extent, levees), ‘background’ deposits, such as slope mudstone, and salt
represent the main seals. In addition, local, mud-rich MTCs may also form lateral and vertical

seals.

The deep-water depositional systems | have identified in the Santos Basin could be distal
analogues of the Campanian to Maastrichtian deposits encountered further north in the
Roncador field, Campos Basin (e.g., Bruhn et al., 2003). The distal deepwater reservoirs in the
Campos Basin occur mostly in stratigraphic traps. Overall, there appears to be less confinement
of depositional elements, hence traps and fields are larger. Because of the confinement |
illustrate in proximal minibasins in the Santos Basin, it is likely that any potential traps and
fields would be smaller than observed in the Campos Basin (cf. Gulf of Mexico; e.g., Booth,
2003). The seismic stratigraphy geometry and distribution of the more proximal reservoir-
prone intervals of stacked submarine channels and fans or sheet-sand reservoirs illustrated in
this study are strikingly similar to reservoir-prone units being currently produced in the Gulf
of Mexico (i.e., Auger Basin, Booth et al., 2003; Jackson and Hudec, 2016). Despite the fact
that some of the distal potential reservoir | illustrate in Chapter 6 are defined by a channel-
levee system with a frontal lobe, these are axially confined in local fold-related synclines along

elongated minibasins for more than 150 km.

Findings | present in Chapter 6, suggest that a key exploration risk for the Santos Basin is
migration, principally due to the thick, likely very low-permeability salt between sub-salt

source rocks and supra-salt reservoirs. This is a particular risk in distal areas, where thick
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allochthonous salt remains; in proximal areas, salt welds may facilitate the vertical migration
of hydrocarbon, although the mudstone-dominated nature of many of the minibasin may
still pose a migration risk. Likewise, the presence of salt-cored faults and turtle anticlines,
due to minibasin welding, may promote the vertical hydrocarbon migration of hydrocarbons

(Chapter 6).

8.6 What are the implications of these findings for the overall understanding

of salt and sediment interactions along salt-influenced slopes?

Seismic reflection-based studies of ancient intra-slope depositional systems that interact with
salt are challenging due to the low seismic resolution of deeply-buried depositional elements
which limits the level of detail that can be investigated and the poorly imaging of the dipping
minibasin flanks which could also be misleading when examining the relative timing of

paleoseafloor relief during sedimentation.

Previous seismic-scale studies of salt and sediment interactions have been largely constrained
in the spatial extent and the geological time scales that are documented. Most of the current
understanding of salt-sediment interactions comes from very shallow (i.e., at the seafloor
or up to 500 m deep), undrilled, relatively young deep-water systems, which are then used
as analogues to understand similar salt-sediment interactions in older, more deeply buried
systems (e.g., Winker, 1996; Beaubouef and Friedmann, 2000; Pirmez et al., 2000; Fonnesu,
2003; Gee and Gawthorpe, 2004, 2006; Clark and Cartwright, 2009; 2011). In addition,
previous studies are focused on single minibasins or covering relatively small areas of c. 400
km2 (e.g., Gulf of Mexico, Booth et al., 2000, 2003) or up to 1400 km2 (e.g.; offshore Angola,
Jones et al. 2012). Moreover, previous regional-scale (up to 10,000 km2) studies have focused
on the analysis of specific stratigraphic intervals recording relatively short time scales of ca. 15
Myrs (e.g.; Olobuyo et al., 2014). Contrastingly, my 3D seismic reflection and borehole-based
analysis illustrates a longer timescale (ca. 60 Myrs) record of salt-sediment interaction in more

than ten minibasins covering an area of c. 20,122 km2 (Chapter 6).
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In particular, the analysis | present in Chapter 6 illustrate local sediment spilling due to welding
of the minibasin floor and associated formation of turtle anticlines, which cause the diversion

of deep-water channels towards the downslope minibasins.

Furthermore, a key result of my work, which has been overlooked in other salt-influenced
sedimentary basins, is that continued diapir growth can dissect previously through-going
depositional systems (e.g., Figs. 6.12-6.13; Chapter 6). Moreover, my study illustrates that
filling of intraslope minibasins can be locally controlled by intra-minibasin salt-cored faults
and salt pillows (e.g.; Fig. 6.10, 6.11 b; Chapter 6). This control, thus, can promote the filling
of distal minibasins before deep-water sediments are deposited in more proximal minibasins,
contrary to the classical “fill and spill’ model (e.g.; Gulf of Mexico; Auger Basin, Booth, 2003;
Hudec, 2009; Espirito Santo Basin, offshore Brazil; Albertao et al., 2011; North Sea; Jackson et
al., 2010; Lower Congo Basin, offshore West Africa, Oluboyo et al., 2014; Chapter 6). Hence,
the regional-scale detailed 3D mapping and seismic attribute analysis of minibasin stratigraphy
presented in Chapter 6 represents a significant advance over previous studies and in future
can help understanding the complete post-salt tectonostratigraphic evolution in other salt-

influenced sedimentary basins.
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8.7 What is the role of the intrasalt stratigraphic heterogeneity on the
development of local dissolution-related morphologies, and the overall

external morphology of salt structures?

Prior to this study, it was still uncertain how dissolution was expressed at the crests of and
within the strata above buried salt diapirs. Seismic resolution and seismic imaging has
typically limited the level of detail that can be investigated along and above deformed and
highly heterogeneous dissolved crests. Based on a detailed seismic-based analysis (mapping
and attributes) with a conventional 3D seismic cube; | characterise seismic-scale salt karst
morphology above six buried salt diapirs in the central deep-water Santos Basin and illustrate
a direct link with the intrasalt stratigraphy described in Chapter 5. In addition, | discuss the
feasible mechanisms promoting dissolution of the crests and illustrate how dissolution drives

deformation within the overburden.

Previous studies suggest that the dissolution at the crest of halite-rich salt diapirs will result
in the formation of residual, diagenetic, anhydrite-gypsum-carbonate-rich caprocks (e.g.
Posey and Kyle, 1988; Warren, 1997). Caprock formation in well-documented salt-influenced
sedimentary basins has been generally attributed to periods of sub-aerial exposure of the crest
of salt structures (e.g., Warren 1997). For example, in Texas, flat dissolution crests with less
than 30 m thin residual cap rocks formed at the top of halite-rich diapirs that were passively
exposed at the surface (e.g., Jackson and Seni, 1984, Hudec and Jackson, 2011). However,
caprocks has not been accurately imaged by seismic data and no previous studies exist that

directly relates crestal caprocks to intrasalt structure or stratigraphy.

In Chapter 7, | characterise, for the first time, the styles of dissolution at the crests of two
types of salt diapirs identified in the Santos Basin; salt diapirs with more rounded and rugose

crests and salt diapirs with nearly-horizontal (<10° dip), flat crests.
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My resultsillustrate that the flat crests are broadly subcropped by halite-rich Al-allochthonous-
sheets (see also Jackson et al., 2015b) and the seismic-scale salt karst is mainly expressed by
up -to- 50 ms, TWT thick, residual mounds along the Top Salt horizon. The residual mounds
are defined by up-to-three, highly-reflective seismic reflection events below the Top Salt and
underlying the transparent and chaotic halite-rich Al. Based on the seismic attribute analysis
and observations presented in Chapter 7, | suggest that the remnant mounds along the top
salt represent the localised formation of, less-soluble caprock due to the dissolution of the
halite-dominated Al (section 2.3; Chapter 2). | further suggest that the less-soluble residue
is composed by anhydrite or carbonates within the Al sheets. The formation of insoluble
residue due to halite dissolution and subsidence has been previously documented in the

Permian Basin in the United States (e.g.; Hovorka; 2000).

Contrastingly, | show that, the rugose crests are mainly subcropped by variable intrasalt
stratigraphy, including: (i) truncated, steeply-dipping, highly reflective, heterogeneous-A2; (ii)
highly-reflective A2-cored folds; (iii) thrust-related synclines with transparent, halite-rich A3
and (iv) transparent, halite-rich Al-alloctonous sheets (Chapter 7; see also Jackson et al., 2015
b). In contrast with the halite-dominated flat crests, seismic-scale salt karst is mainly expressed
along the heterogenous, rugose crests, as circular, up-to-50 ms, TWT deep, depressions or
sinkholes. However, residual mounds are also evident between the sinkholes. My findings
suggest that the sinkholes along the rugose crests are mainly developed above halite rich
A3 and the anhydrite-halite-bittern salts- interbedded, steeply dipping A2. Although I lack
borehole data that penetrates the crests of the salt diapirs, | suggest that the sinkholes
formed above the dipping A2 form by the preferential dissolution of the more soluble halite

and bittern salts that are interbedded with the less soluble anhydrite.

The results found in this study can provide insights into the understanding of flat-topped salt
diapirs in Texas(e.g. Jackson and Seni, 1984, Hudec and Jackson, 2011) and the Barents Sea

(e.g.; Koyi, 1998).
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8.8. What was the impact of salt dissolution in the post-salt sedimentary

overburden?

Previous studies suggest that salt dissolution drives the creation of local depocenters and
faulting within the overburden, potentially promoting reservoir deposition, trapping and
compartmentalisation (e.g., Ge and Jackson, 1998; Cartwright et al., 2001; Hudec and Jackson,
2001; Jackson et al., 2010). In addition, the collapse and deformation associated with karst
can generate mega-pores or reduce the sealing properties of the salt and its overburden,
hence its proper characterisation is relevant for evaluating reservoir and seal potential (e.g.,
Walles, 1993; Vahrenkamp, 2004). The characterisation of deformed strata above buried
and dissolved salt crests requires high-quality seismic imaging and high seismic resolution;

however, these are, in most cases, simplified or limited.

In Chapter 7, lillustrate how subterranean dissolution at the crests of salt diapirs in the Santos
Basin drove deformation within c. 60 metres of overburden. The overburden seismic expression
varies between the salt diapirs studied. | have identified a range of deformation patterns
within the overburden; from local disruption of conformable sheets, rotation and apparent
downlap, mounds and highly chaotic. | suggest that the magnitude of deformation within
the overburden is controlled by the magnitude of dissolution of the underlying evaporite-
dominated crests; thus, indicating subterranean salt dissolution (Chapter 7). For example,
| demonstrate that the local disruption, and apparent downlap within the overburden is
related to the development of parallel, up-to-100 ms, TWT tall collapsed breccia pipes, which
are capped by oval-shaped collapse sinkholes (Chapter 7). Similar breccia pipes associated
with the underlying depletion of evaporite layers have been identified by previous studies
in carbonate-dominated basins (e.g. the Dead Sea, Frumkin and Raz, 2001; the Persian Gulf,
Burberry et al., 2016). My findings, however, go beyond previous studies by providing a better
image of the pipes and demonstrating that these can develop in fine-grained-dominated

overburden above the crests of salt diapirs.
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In addition, my results illustrate that the collapse, rotation and foundering of overburden
strata due to the formation of solution sinkholes occurs along the Top Salt. Furthermore, in
Chapter 7, | highlight the presence of low-to-moderate amplitudes mounded ‘overburden’
above the Top Salt which broadly preserves the dipping of underlying heterogenous intrasalt
stratigraphy (mainly A2). This mounded ‘overburden’ is onlapped and downlapped by overlying
strata. | suggest that these are either solution breccias composed by less-soluble residues
and insoluble fine-grained sediments (e.g.; Hovorka; 2000, Warren 2006), or carbonate reefs

formed above the salt-cored highs.

The variety of reflection configurations within strata, | have illustrated in my study, are
controlled by the underlying intrasalt stratigraphy, the timing of deposition relative to
dissolution and the magnitude of underlying salt-related dissolution. For example, | have
shown that the dissolution of heterogeneous evaporite-dominated salt crests can result in
the truncation of the intrasalt stratigraphy and the formation, above, of residual less-soluble
caprock that can sometimes preserve the dipping of underlying intrasalt units. In addition
to the complex reflection configurations; the composition of the overburden can also be
highly variable comprising a combination of less-soluble residual evaporites combined with

sediments collapse from the overburden during subsequent phases of buried salt depletion.

| strongly suggest that these new findings (sections 8.7 and 8.8) are taking into account when
interpreting the Top Salt and the overburden as an input for velocity models, ray tracing
and seismic depth migration techniques. | believe, these can have direct implications in the

resulting seismic image at and surrounding the crests of salt diapirs.
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8.9. What was the mechanism leading to salt dissolution?

Previous studies suggest that salt dissolution occurs by (i) descending NaCl-undersaturated
fluids that come into contact with the salt (superjacent dissolution); (ii) along the lateral
margins of basin flanks (lateral dissolution); or (iii)Jdue to sub-salt deep-basin fluids that
migrate upwards (subjacent dissolution) (Section 2.3; Chapter 2; e.g., Posey and Kyle, 1988;
Warren, 1997; Loucks, 1999; Cartwright et al., 2001; Bertoni and Cartwright. 2005; Warren
2006; Hovorka, 2010; Jackson and Lewis, 2012; Machel et al., 2012; Burberry et al., 2016;

Jackson and Hudec, 2017).

Subjacent dissolution has commonly been documented in salt-dominated sedimentary
basins due to salt exposure under subaerial and near-surface conditions (e.g.; Jackson and
Seni, 1984; Cartwright et al., 2001; Bruthans et al., 2009; Hudec and Jackson, 2011; Frumkin,
2013; Gutiérrez and Lizaga, 2016). Despite, subjacent salt dissolution is also known to have
occurred under submarine conditions, by NaCl-undersaturated seawater; only few previous
studies exist providing some evidence (e.g.; Pilcher and Blumstein, 2007; Talbot and Augustin,
2016). Moreover, evidence of salt dissolution under submarine conditions is limited and
unconclusive. For example, it is still unclear how is the salt-related karst expressed along the
salt canopy in the Orca Basin (Pilcher and Blumstein, 2007). In addition, salt dissolution under
submarine conditions has most commonly been documented occurring in buried evaporite-
dominated successions and due to deep-basin fluids promoting subjacent dissolution (e.g.;

Bertoni and Cartwright. 2005; Burberry et al., 2016).

In Chapter 7, | demonstrate that dissolution at the crests of salt diapirs in the Santos Basin,
offshore Brazil, occurred under fully submarine conditions, in water depths c. 1900 m (+100
m). In addition, my analysis of the overburden, also suggest that dissolution at the crests
occurred in the Late-Maastrichtian-to-Paleocene under buried conditions; below a up to 60 m
thick roof dominated by fine-grained sediments. 8. These findings differ to most modern

cases of salt dissolution which occur in a subaerial or near-surface setting.
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Based on the Late-Maastrichtian-to-Paleocene stratigraphic context of the post-salt
sedimentary overburden in central deep-water Santos Basin (fully described in Chapter
6), | further propose that dissolution was triggered by two feasible mechanisms that acted
individually or in conjunction (Chapter 7): (i) Superjacent dissolution by NaCl undersaturated
seawater during partial salt diapir exposure (under a fine-grained dominated roof) at the
seabed (Chapter 6); and/or (ii) Lateral dissolution by formation fluids migrating from Late-
Maastrichtian-to-Paleocene submarine channels and lobes directly onlapping the crests

(Chapter 6 and 7).

| propose that superjacent dissolution by NaCl-undersaturated seawater could have penetrated
the unlithified roof driving dissolution of the underlying evaporite-dominated crests. The
subsequent collapse and the development of breccia pipes within the overburden further
facilitated penetration of seawater and more dissolution (Chapter 7). In addition, pore water

in the roof could have also facilitated dissolution.

Nevertheless, lateral dissolution could have occurred due to dewatering of the recently-
deposited submarine channels along the flanking minibasins (Chapter 6). | further propose
three likely mechanisms that occur isolated or in conjunction, triggering the dewatering of
the submarine channels and lobes and the migration of fluids towards the crest: i) initial
compaction of the sand-rich submarine channels and lobes; (ii) coeval salt movement which
caused rotation of the channels and levees during deposition (Chapter 6); or (iii) a regional
basin-scale event associated to the deposition of mass transport complexes (MTCs) in the
Palaeocene-to-Eocene and leading to the scape of overpressure fluids (e.g., West Africa,

Pilcher and Argent, 2007) .
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8.10. Future work

My thesis provides key insights into the tectonostratigraphic evolution of the Santos Basin salt
giant; however, there are several key questions that remain unanswered that | suggest being

further addressed:

Intrasalt thickness variations

Seismic data indicate that structurally-induced thickness variations exist within the Al-to-A4
intrasalt intervals (e.g. Dooley et al., 2008; Cartwright et al., 2012; Jackson et al., 2014a).
However, during my analysis of the intrasalt stratigraphy, | identified areas that suggested
syndepositional thickness variation within A1 and A2, similar to findings by Stewart and Clark
(1999), in the North Sea. Previous studies in the Santos Basin suggest ‘early’ salt deformation
due to reactivation of pre-existing extensional faults, supported by the observed syn-
depositional thickness variations within the evaporites with the initial deposition of halite
creating accommodation for subsequent layers of anhydrites before the whole salt layer
flowed downslope in response to thermal subsidence (Gambba et al., 2008; Davison et al.,
2012). However, Fiduk and Rowan (2012) and Jackson et al. (2015b) argue that the majority of
salt flow is ‘late’ as opposed to Aptian syn-depositional deformation. However, | suggest that
a more detailed analysis is needed across the Santos Basin to assess the effect of the potential
lateral stratigraphic heterogeneity described in Chapter 5. | suggest that the stratigraphic
heterogeneity within the salt could have promoted spontaneous subsidence during salt
deposition in some locations. This spontaneous subsidence model has been applied in the
North Sea to explain early minibasin subsidence of denser carbonate and evaporite rocks into

halite while evaporites were still precipitating (Stewart and Clark, 1999).

Halokinetic sequence stratigraphy

| suggest the application of halokinetic sequence stratigraphy in the Santos Basin as an

alternative approach to analyse minibasin development and salt growth (Giles and Lawton,
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2002; Giles and Rowan, 2012). The analysis will require the identification of halokinetic
sequences at flanks of the minibasins (i.e. angular unconformities separating genetically
related packages of halokinetic growth strata). This can be achieved by the high-quality 3D

seismic reflection data available in the study area.

Albian Gap and deep-water sediment dispersal

The results presented in Chapter 6 represent a significant advance in the understanding of the
tectonostratigraphic evolution and Upper Cretaceous to present-day paleogeography of the
deep-water Santos Basin. However, due to the lack of seismic and borehole data landwards
of the minibasin domain, it is still not clear how deep-water sediments were deposited
basinwards of the Albian Gap intraslope depocenter (e.g.; Jackson et al., 2015a). Therefore
additional seismic and borehole data are required to analyse minibasin evolution and reservoir

deposition in more proximal locations.

Salt dissolution volume estimations

Further work on the characterisation and estimations of submarine salt dissolution are
suggested. The additional analysis at the crests of salt diapirs can complement the findings

presented in Chapter 7.

Seismic-well tie and calibrations

The limited number of available boreholes and logs recorded for the post-salt has added
uncertainty to the age assignment considering the only borehole containing ages information
penetrates a completely enclosed minibasin. In addition, the lack of density logs resulted in
the approximate seismic-well tie for the post-salt (Chapter 6). Additional boreholes with a
complete set of logs will allow to corroborate the ages assigned in Chapter 6 and can be used

to further calibrate lithologies with seismic facies and attributes response.
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