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ARTICLE INFO ABSTRACT

The lacustrine carbonate rocks of the giant Pre-salt oil-fields in the Santos and Campos Basins differ in a number
of important aspects from classic lake deposits. Prior work has described distinctive and unusual features of
deposition, early diagenesis and reservoir quality with in these rocks that defy classification using established
schemes. In addition to their unusual textures, debate continues as to how to interpret the vertical stacking
pattern of facies. A new facies classification scheme is proposed based on the relative abundance of three end-
member components: mud (micrite and clay minerals), calcite spherulites and fascicular calcite shrubs. Although
focused on the main textural and mineralogical features of the rocks as seen today, the proposed scheme takes
into account the relative contribution of depositional and early diagenetic components, sediment mineralogy
and the degree of dissolution. Application of this scheme offers insight into depositional conditions, whilst also
linking to reservoir quality. Basic (elementary) cycles can be defined using this classification in combination
with the variation in the abundance of detrital grains and the chemical composition. Three possible models are
suggested to interpret the origin of the basic cycle within the Barra Velha Formation in the context of variation in
climate, lake level and water chemistry. Integration of data from different sources, including petrographic, core
description and chemical data for the basic cycle, offers improved process-based understanding of metre-scale
facies patterns and provides a foundation for understanding larger scale vertical variations within and between
unconformity-bound sequences.
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1. Introduction

Geological understanding of carbonate facies has improved over the
last few decades, particularly our appreciation of biological and di-
agenetic processes and their products. A facies classification scheme has
four functions (Walker, 1992): characterizing a sediment/sedimentary
rock; integrating facts and observations to facilitate interpretation of
the environment of deposition; providing a norm for purposes of
comparison, and acting as a framework to direct further observations.
However, the main reason to use a classification, apart from giving a
rock a name, is to communicate information concerning the features of
a rock. The chosen names may be arbitrary or have some level of
overlap with an existing classification, but critically they should be
precisely defined to improve the discussion of characterization and
interpretation.

Following these principles, several classifications for carbonate
rocks have been proposed. The genetic classification of limestones in-
troduced by Folk (1959, 1962) is based on the presence or absence of

matrix (micrite) versus cement (sparite), plus a prefix to indicate the
dominant grains present (allochems: bio-oo- pel- or intra-), to give the
limestone a simple descriptive name. The more texturally-based
Dunham (1962) classification uses the amount of lime mud and abun-
dance of grains, which reflect the energy level in the environment, to
group limestones into four main categories: grainstone, packstone,
wackestone and mudstone — with boundstone for reefal and microbial
limestones. To recognize particular types of boundstone within reefal
rocks, Embry and Klovan (1971) suggested the terms framestone, baf-
flestone and boundstone. Similarly, Riding (2000) recognized four
types of microbialite: stromatolite, thrombolite, dendrite and leiolite.
For a limestone dominated by a cement, Wright (1992) proposed the
term cementstone.

Some of these classifications, originally conceptualized for marine
carbonates, have been used for lacustrine deposits with some mod-
ifications and variable degrees of success (Walker, 1992). However, the
lacustrine carbonate rocks of the giant Pre-salt oil-fields in the Santos
and Campos Basins, offshore Brazil, differ in a number of important
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aspects from classic well-documented carbonate lake deposits. 1) The
configuration of Cretaceous horsts and grabens generated many islands
surrounded by an extensive lake, or many small lakes with variable
connectivity through time (Pietzsch et al., 2018). 2) The siliciclastic
lake shoreline is located far to the west from the areas of hydrocarbon
exploration interest (Dias, 2005). 3) Carbonate deposits appear to be
laterally continuous over tens of kilometres (Carminatti et al., 2008). 4)
The carbonates are comprised of three main components and detrital
material derived from them: shrubs, millimetre-scale fibrous laminae
and spherulites (Wright and Barnett, 2015).

Published articles describing these Pre-salt deposits have tried to fit
them within pre-existing facies schemes (Wright and Barnett, 2015;
Muniz and Bosence, 2015; Wright and Barnett, 2017; Herlinger et al.,
2017, Liechoscki de Paula Faria et al.,, 2017; Arienti et al., 2018;
Artagao, 2018; Sartorato, 2018; Farias et al., 2019; Tanaka et al., 2018;
Lima and De Ros, 2019; Wright and Barnett, 2019). However, this has
given rise to a confusing range of terms to describe a single rock fabric.
For example, a rock composed of shrub-like calcite crystals has been
classified variously as a stromatolite and a thrombolite (Terra et al.,
2010; Muniz and Bosence, 2015), as fascicular calcite crust (Herlinger
et al., 2017; Lima and De Ros, 2019) or as in situ shrubs (Wright and
Barnett, 2015) or shrub-like facies (Farias et al., 2019). Similarly, rocks
composed of spherulites have been classified as spherulite-dominated
lithologies (Wright and Barnett, 2015), as Mg-clay with spherulites
facies and spherulitite (Farias et al., 2019) and as stevensitic claystones
with calcite spherulites (Lima and De Ros, 2019). In contrast, the
abundant fine-grained facies are widely described as laminites (Lima
and De Ros, 2019; Muniz and Bosence, 2015). There has been con-
siderable discussion about the way in which established terminology to
describe facies can best be applied in a Pre-salt context. In many cases
these terms are associated with distinct paleoenvironmental conditions
and/or formation processes. There is a clear need for a facies classifi-
cation scheme based on the proportion of components that char-
acterizes the lacustrine sediments of the Pre-salt and that is distinct
from a process-based classification, and thus can help evaluate alter-
native models of formation. Any such scheme should also allow eva-
luation of the variability of these components on a micro- and macro-
scale in order to understand variations through the stratigraphic suc-
cession and to allow a proper facies upscaling.

Our objective in this paper is to propose a new facies classification
scheme in order to document, in a more meaningful manner, the ver-
tical trends in sediment texture and composition for the lacustrine
carbonates of the Pre-salt Barra Velha Formation in our area of study of
the Santos Basin (Fig. 1). This is based on the textural and mineralogical
features of the rocks as seen today, and considers the relative abun-
dance of the three end-member components that are formed in situ: mud
(dolomite, calcite, silica and Mg-clay), calcite spherulites and fascicular
calcite shrubs. In addition, the proposed scheme takes into account the
relative contribution of depositional and early diagenetic components,
sediment mineralogy and the degree of dissolution, as well as any re-
working of in-situ sediment. Although developed for the database of
Barra Velha Formation, we believe this scheme may have wider ap-
plication in supporting systematic and consistent descriptions and in-
terpretations of deposits from both Barra Velha Formation from other
pre-salt areas and a range of comparable alkaline lake systems with
similar facies. It is worth to mention that our area of study does not
include all facies described in other areas, such as the microbial silici-
fied boundstone in Kwanza Basin (Saller et al., 2016). As an example of
the application of the new facies scheme, the occurrence of the various
facies types is combined with the abundance of detrital grains and trace
element variations to characterize metre-scale ideal cycles within the
Barra Velha succession and to propose alternative process-based models
of changes in the environment of deposition.
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2. Geological setting

The southern domain of the South Atlantic is composed of a number
of extensive basins, which include the Santos and Campos basins off-
shore Brazil (Fig. 1A) and the Kwanza and Namibe basins offshore
southwest Africa. These have been interpreted as resulting from two
phases of extension during the pre-rift stage of South Atlantic opening
in the Late Hauterivian-Early Barremian. The succeeding rift phase in
the later Barremian-Aptian lasted 5-6 My and was characterized by
tilting of fault-blocks and growth strata in upper continental crust,
followed by the development of a flexural and continuous sag basin
(Chaboureau et al., 2013). The Santos Basin is located on the south-
eastern Brazilian margin, between the Campos Basin in the north and
the Pelotas Basin in the south, east of the Brazilian states of Sao Paulo
and Rio de Janeiro (Fig. 1B). It is one of the most extensive offshore
brazilian basins, with an area of 352,000 km? and a current water
depth of up to 3,000 m. The main structural features are the Cabo Frio
High to the northeast, the Florianépolis Platform to the southwest, the
Santos hinge line to the west, which marks the external (western) limit
of the salt (Ariri Formation), and the Sao Paulo plateau to the east. Our
area of interest is located in region of the Santos Outer High in the
central part of the Santos Basin (Fig. 1C). Liechoscki de Paula Faria
et al. (2017) performed a restoration from balanced cross-sections and
concluded that this area of the Santos basin did not undergo structure
inversion, which implies the actual structure high was also a palaeo-
high throughout Barra Velha deposition.

The basement of the Santos Basin is composed of Precambrian
metamorphic rocks. Tholeiitic flood basalt formed during the early
stages of rifting in the Lower Cretaceous (Camburit Formation), is the
equivalent of the Cabitinas Formation in the Campos Basin and it has
been dated to 134-122 Ma (Mizusaki et al., 1992). The sediments of the
Santos Basin (Fig. 2) are divided into three super-sequences: rift, post-
rift and drift (Moreira et al., 2007). The rift super-sequence is composed
of continental siliciclastics, talc-stevensite ooids with interbedded la-
custrine coquinas and organic-rich shales of the Picarras and Itapema
formations. This was followed by a post-rift super-sequence, comprising
lacustrine carbonates and shales of the Barra Velha Formation, which is
followed by evaporitic deposits of anhydride and halite, locally with
more soluble salts such as carnallite, sylvite and tachyhydrite, forming
the Ariri Formation. Three major unconformities are important for
understanding the Barra Velha Formation: the basal Pre-Alagoas Un-
conformity (PAU) at the top of the coquina deposits, an internal un-
conformity called the Intra-Alagoas Unconformity (IAU), and the Salt
Base Unconformity (SBU) that caps the formation (Fig. 2). Finally, the
basin evolved into a passive-margin basin with an early drift super-
sequence represented by shallow-marine platform carbonates of the
Guaruja Formation, followed by platform drowning and deeper-water
sediments of the Itanhaém Formation.

High-frequency basic (ideal or elementary) cycles, consisting of a
regular repetition of facies, have been recognized in these lacustrine
carbonates in the Santos and Campos basins (Dias, 2005; Wright and
Barnett, 2015; Muniz and Bosence, 2015; Liechoscki de Paula Faria
et al., 2017; Arienti et al., 2018; Artagao, 2018; Sartorato, 2018; Farias
et al., 2019; Lima and De Ros, 2019). The basic cycles are represented
as having a thickness of 1-2m, although examples range from 0.75 to
5m. These cycles typically are comprised of mud-grade laminated
carbonates, followed by units containing millimetre-diameter spher-
ulites, and finally units dominated by millimetre—centimetre calcitic
crystal shrubs (Wright and Barnett, 2015). These authors interpreted
mudstone-claystone-laminite facies to have formed in the relatively
deep-water part of the lake. The shrubs formed on the floor of the lake,
in many cases followed by subaerial exposure, and the generation of
breccias, suggesting deposition in shallow water or during a period of
shallowing. Whilst there is general agreement over the character of the
proposed cycles, there is still intense debate about many aspects of
these Barra Velha sediments. These include the biological or abiotic
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Fig. 1. Location of the Santos and Campos Basins, South Atlantic, offshore Brazil, with the white area representing the basin boundaries (A). Area of interest within
the region of the outer high of the Santos Basin (B), with location of the wells examined (C). Modified from Melo Garcia et al. (2012).

origin of most of the facies, whether the spherulites are primary or early
diagenetic and the composition of the associated fine grains, some of
which were subsequently dissolved (organic matter related to extra-
cellular polymeric substances or magnesium clay minerals). Our work
and that of others (Dias, 2005; Wright and Barnett, 2015; Muniz and
Bosence, 2015; Arienti et al., 2018; Artagao, 2018; Sartorato, 2018;
Farias et al., 2019; Lima and De Ros, 2019) suggests that in fact there
are other types of basic cycle with different facies associations.

3. Materials and methods

This paper focuses on data from eight wells distributed along the
horst structure of the Santos Outer High (Fig. 1C). The cores available
mostly come from the upper section of the Barra Velha Formation above
the Intra-Alagoas Unconformity, with additional material from sidewall

cores taken from the lower section (Fig. 3).

Core was recovered from six wells, with extended core from two
sites (wells 3 and 2) spanning 197 m and 93 m respectively, whereas at
the other sites core lengths were 30 m, 12m, 30 m and 27 m (Fig. 3),
totalizing 389 m of described core. For two wells (7 and 8) only sidewall
cores are available. 778 sidewall cores and 1143 plugs were prepared
from blue epoxy resin-impregnated samples. Samples were stained with
Alizarin red-S and potassium ferricyanide solution to aid the identifi-
cation of carbonate minerals as outlined by Dickson (1966). All thin-
sections were examined by petrographic microscope and the relative
abundance of components was determined for all samples. Quantitative
petrography was performed on 10 representative thin-sections by
counting 200 points per sample to evaluate the texture of the carbonate
grains, and diagenetic constituents.

The methodology used by Muniz and Bosence (2015) to interpret
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the facies from Formation Image Logs (FMI Log) for the intervals
without cores, was applied create a qualitative facies log based on the
sidewall-core facies and differences in image texture. Wireline logs
(gamma ray especially) and thin-sections from sidewall-core samples
were used as additional data in order to determine and interpret the
facies.

Quantitative Evaluation of Minerals by SCANning electron micro-
scopy (QEMSCAN) and X-Ray Diffraction (XRD) data were also ob-
tained for different facies. Chemical and mineralogical maps of 10 re-
presentative thin-sections were produced using a QEMSCAN 650
automated mineralogical mapping instrument with accelerating voltage
of 15kV and 10 um spot size. The mineralogical maps show the spatial
distribution of mineral phases and the relationship between them; their
abundance was quantified as area percentages or percentage of mass
(considering the theoretical density of minerals). Quantities lower than
0.01% were ignored. Chemical analysis was performed on 590 samples
from Well 3 core samples using ICP-OES (Inductively Coupled Plasma
Optical Emission Spectrometry) in order to determine the elemental
abundance of Al,03, Fe;03, CaO, Cr,03, K0, MgO, MnO, Na,0, SiO,
and TiO,. Most analytical chemical data are of a closed form, where
individual components are summed, yielding an identical total. As re-
sult, as some elements increase in relative abundance others must de-
crease. This aspect leads to correlation measures and graphical pre-
sentations that do not reflect the true underlying relationships. This
constraint can be corrected before multivariate statistical analysis by
making a centred log-ratio transformation (CLR) as described by
Montero-Serrano et al. (2010). The chemical data after CLR and the
detrital grain abundance from XRD data were interpreted using Prin-
cipal Component Analysis (PCA) to understand the correlation between
these variables. Finally, vertical variations in facies, detrital content
and elemental composition were used qualitatively to identify the basic
cycles.

4. Facies classification

The Barra Velha facies samples from the eight wells are dominated
by variable amounts of three components that were formed in situ: mud
understood as fine-grained components (microcrystalline calcite and
clay minerals), calcite spherulites and fascicular-optic calcite shrubs.
These have been described in previous studies of Pre-salt carbonates in
the Santos and Campos basins, as well as from the Namibian and
Kwanza basins. However, there is a lack of consensus as to the processes
responsible for formation of some of these components. Here we de-
scribe the main component grains in our study area and propose a new
facies classification.

4.1. Description of main components

Mud: The fine-grained material in the Pre-salt carbonates, as matrix
between grains and as beds, is broadly referred to as mud. This includes
that comprised of clay minerals, calcite, dolomite and silica.
Petrographically the clays occur as optically clear grains of clay ag-
gregates, usually within beds which are massive or have a fine milli-
metric-scale lamination (examples of these are shown in Fig. 4). The
clay minerals may show a degree of replacement by microcrystalline
dolomite and microcrystalline silica. In other cases, the fine-grained
sediment is micrite, which is mostly composed of calcite but may show
a degree of replacement by dolomite and silica. Some of the dolomite/
silica could be primary, but likely formed via a metastable precursor. In
general, the light cream to dark brown coloured sediments show a
plane-parallel to smooth wavy lamination, with thicknesses varying
from millimetres to centimetres (examples of these are shown in Fig. 5).
Optical microscopy shows that the light laminae are composed of mi-
crocrystalline calcite and the dark bands are composed of micro-
crystalline and rhombohedral dolomite and organic matter. Some mud
samples contain fine siliciclastic grains, ostracods and phosphatic
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particles (Fig. 5). The main clay minerals present in the Barra Velha
Formation are kerolite, stevensite, saponite, sepiolite, illite and mixed-
layer minerals kerolite/smectite and illite/smectite (Souza et al., 2018;
Madrucci et al., 2019).

Spherulites: The spherulites are spherical to sub-spherical calcite
aggregates with radial extinction that commonly are dolomitized or
recrystallized. Spherulites from ten thin sections were measured and
range in diameter from 0.1 mm to 4 mm, with a mean of 1 mm ( = 0.3
standard deviation, n = 800), and a mode of 0.6 mm (Figs. 6¢-h and 7).
The low variance in their size distribution suggests the same process of
formation for all spherulites. A notable exception is the small number of
samples (n = 3) that show normal or inverse grading at the thin-section
scale, suggesting a relationship between spherulite size and an ideal
combination of water chemistry and hydrodynamic conditions. In some
cases, it is possible to recognize nuclei composed of cryptocrystalline
micrite, clay minerals and, more rarely, a fragment of ostracod. The
calcitic fibro-radial texture is preserved in most of the samples, but
chalcedonic and micro-quartz replacement locally results in the loss of
original fabric. Some spherulites are asymmetric, with preferential
growth in one particular direction. In most cases, spherulites tend to
grow upwards, whereas in some layers the spherulites grow parallel to
the bedding. Some grains are a mixture of a fascicular component si-
milar to a shrub and yet show a fibro-radial texture characteristic of a
spherulite. In these situations, the volumetrically dominant of the two
textures is used to determine the component name.

Shrubs: The term shrub is applied in this study to the ‘ray crystal
crust’ defined by Folk et al. (1985), emphasizing the morphological
similarity to fascicular-optic calcite (sensu Kendall, 1977) with a di-
vergent optic-axis pattern within each crystal away from the substrate.
Shrubs are composed of fibrous to extremely coarse bladed calcite
crystals, with the long axis of their fan-shaped structure ranging from
0.15 to 6.5 mm in length. Some shrubs incorporate random fine detrital
grains or, rarely, bioclasts within their structure. Within an individual
layer, shrubs are oriented parallel to one another, varying from densely
packed (0.2 mm between shrub central axes) to widely spaced (4 mm
spacing) (Fig. 6 a and b). In some samples it is possible to identify more
than one growth phase, resulting in a composite shrub that extends up
to 20 mm. The shrubs occur predominantly as horizontal layers and
locally form low domal structures (Terra et al., 2010; Wright and
Barnett, 2015; Rezende and Pope, 2015).

4.2. Facies classification

The triangular diagram (Fig. 8) shows the proposed classification
that encapsulates the range of combinations of the three main compo-
nents where there is no evidence of significant reworking. The most
abundant component gives a rock name, and the secondary component
provides a qualifying adjective. Figs. 4-6 show thin-section examples of
each facies type defined. In addition, an adjective for the main diage-
netic event can be added, for example dolomitic spherulitestone (Fig. 6
g and h), silicified spherulitestone or dissolved spherulitestone.

In order to provide sufficient categories to differentiate rocks of
significantly different composition, the classification triangle for in situ
deposits (Fig. 8) is subdivided into nine rock types. The percentage
values selected for the boundaries are those that provide a convenient
separation of common combinations described in cores and thin-sec-
tions. In the classification of an essentially continuous series, all divi-
sions are arbitrary (Folk, 1959). The boundaries used in the proposed
classification unavoidably reflect personal opinion, but it is suggested
they coincide with a separation of components formed by different
processes.

The in situ carbonates comprising more than 90% of shrubs,
spherulites or mud-rich end-members are designated shrubstone,
spherulitestone and mudstone respectively (Fig. 8). The combination of
more than 50% shrubs and less than 10% mud separates spherulitic
shrubstone from shrubby spherulitestone. Rocks with more than 10%
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Fig. 4. Facies classification: a) and b) spherulitic shrubstone with mud, comprising calcite shrubs, calcite spherulites and Mg-clays locally replaced by dolomite; c)
and d) shrubby spherulitestone with mud, comprising fascicular calcite shrubs, calcite spherulites and Mg-clays; e) and f) muddy spherulitestone, comprising calcite
spherulites and Mg-clays; g) and h) spherulitic mudstone, comprising calcite spherulites and Mg-clays; i) and j) Mg-clay mudstone. All images pairs are PPL and XP
and were impregnated with blue epoxy resin to highlight the porosity. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

mud are divided according to the proportion of the two components.
Spherulitic shrubstone with mud and shrubby spherulitestone with mud
are divided by the 50% shrub content. A rock with less than 10% shrubs
is divided according to mud and spherulite proportions into muddy
spherulitestone if the proportion of spherulites is higher than 70% and
spherulitic mudstone otherwise. The term mudstone is applied to all
samples that comprise > 90% fine-grained (< 64pum) components.
These components include Mg-clays, microcrystalline calcite, micro-
crystalline dolomite, and microcrystalline silica, and the nature of the
fine-grained component can be specified by adding an adjective (Mg-
clay, calcitic, dolomitic or siliceous mudstone). There is an intense
debate about origin of each of these components in the Pre-salt, as
discussed below, and thus the proposed classification scheme adopts a
pragmatic approach to distinguish the facies as they occur/are today.
Sedimentary processes can fragment and transport the carbonate
components that formed in situ, generating a new, reworked facies type.
These reworked facies are composed of intraclasts (fragments of shrubs
and spherulites), with grain-size varying from fine to very coarse,
moderate to poor sorting, and massive to cross-stratified units. Bed

thickness ranges from several cm up to 2m. These facies can be clas-
sified using the Dunham (1962) scheme (Figs. 9 and 10). We suggest
that where reworked components are dominant (> 50%) then this
terminology should be used, but where they represent < 50%, then the
facies descriptions based on in situ components are more appropriate. In
the rare instances that include mud intraclasts (120 of 1921 thin-sec-
tions) or volcanic fragments (17 of 1921 thin-sections) additional
qualifying adjectives can be added (intraclastic and volcanoclastic re-
spectively).

The degree to which muddy facies are in situ or redeposited can be
difficult to determine without reference to sedimentary structures, and
hence the term mudstone is used for both. What can be more easily
determined is the mineralogy of the mudstone facies, which can com-
prise silica, Mg-clay minerals, micrite and/or dolomite. Where it is
possible to determine the mineralogy, the terms siliceous mudstone,
calci-mudstone, dolo-mudstone and Mg-clay mudstone can be used,
with mixed mudstone indicating no one component is dominant
(> 50%) (Fig. 10). In addition, the adjective laminated can be added
where it is possible to identify lamination. The introduction of the

Fig. 5. a to ¢ show dolo-mudstone where dolomite
has replaced original calcite. Green arrow in ¢ points
to fine grain of detrital quartz; d to f show calci-
mudstone. Orange arrow in d shows phosphate par-
ticle. Green arrow in f points to fine grain of detrital
quartz. Red arrow in f points to a level where calcite
is replaced by chalcedonic quartz. Samples b, ¢, e and
f were stained with Alizarin red S. a, b, ¢ and d are
PPL and e and f are XP. Al images were impregnated
with blue epoxy resin to highlight the porosity.
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Fig. 6. Facies classification: a) and b) shrubstone,
comprising fascicular-optic calcite crust with frame-
work porosity; ¢) and d) spherulitic shrubstone,
comprising fascicular optic shrubs, calcite spher-
ulites and microcrystalline dolomite with inter-par-
ticle porosity; e) and f) shrubby spherulitestone,
comprising fascicular optic shrubs, calcite spher-
ulites and microcrystalline dolomite with inter-par-
ticle porosity; g) and h) spherulitestone, comprising
calcite spherulites and rhombohedral dolomite with
inter-particle porosity. All image pairs are PPL and
XP and were impregnated with blue epoxy resin to
highlight the porosity. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. Distribution of spherulite diameter measured in 563 spherulites from 10
thin-sections. The log-normal distribution has a mean value of 1 mm and
standard deviation of 0.8 mm, and a mode of 0.6 mm.

mineralogical qualifier can be added before the word mud, such as
spherulitestone with dolomitic/calcitic/siliceous mud in cases where
this will help in the description.

We thus propose a set of three triangular diagrams to cover all the
facies recognized from the Barra Velha Formation (Fig. 10), separated
into in-situ and reworked facies. Mudstone may be in situ or reworked,
and this is further classified according to mineralogical composition.
Travertine has been rarely described from the BVF (Falcao, 2015; Souza
et al.,, 2018) and for these accepted classification schemes (Pentecost
and Viles, 1994; Erthal et al., 2017) should be used. Some workers have
described microbialites from the BVF, specially for “Lula fingers” and
for such deposits classification schemes are available (Riding, 2000;
Terra et al., 2010).

The proposed classification is based on the textures identified in the
present-day samples, with the objective of giving a clearer under-
standing of the facies distribution and linking this with reservoir
quality. There are a number of ways in which this new facies classifi-
cation scheme can be used. Here we illustrate its application to re-
cognize facies cycles and implications for the processes generating
elementary cycles. In addition, the classification scheme can provide a
basis to examine the variations in diagenesis, vertically and laterally
through the succession, as well as to compare the facies patterns with
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Fig. 8. Ternary diagram showing the facies classification for sediment generated in situ for the Barra Velha Formation.

porosity and permeability measurements to provide a better under-
standing of reservoir characteristics and trends.

5. Application of facies classification to the Barra Velha formation
5.1. Thin-section scale application

Fig. 11 shows an application of the proposed facies classification to
the study area (Fig. 1C), based on descriptions of 1921 thin-sections.
Estimated proportions of different components were plotted for each
sample on the ternary diagrams, differentiating data from the wells
drilled on the palaeo-high and those located on the eastern side of the
structure towards the deeper basin. Samples with > 90% mud are
plotted on ternary diagrams for both the in-situ and reworked facies (A1l
and C1) as it is not possible to unambiguously determine their origin,
and they are further discriminated in the mudstone ternary diagram
(B1).

The in-situ facies (Fig. 11 A1 to A3) show a higher proportion of Mg-
clay in the deeper wells, whereas wells drilled on the palaeo-high show
a predominance of facies composed of spherulites and shrubs. For all
samples with < 90% spherulite + shrubs and < 90% mud, the fine-
grain fraction is exclusively comprised of Mg-clay. In contrast, the tri-
angle for mudstone (Fig. 11 Bl to B3) shows that most samples
with > 90% mud are composed of varying proportions of calcite and
dolomite, with < 5% of mudstone samples containing > 10% Mg-clay
minerals. The triangle for reworked facies (Fig. 11 C1 to C3) shows a
higher abundance of grainstone/rudstone in samples from the wells
drilled on the palaeo-high and of mudstone/wackestone/packstone
from those drilled more basinward. Reworked facies are bimodal,
tending towards either grain-supported (> 75% coarse grained) or
mudstone, with a relative paucity of packstone (Fig. 11 C).

5.2. Metre-scale application

The methodology proposed by Muniz and Bosence (2015) was ap-
plied to interpret the facies in the 8 wells as described above in the
Materials and Methods section. Fig. 12 shows that there are differences
in the distribution of facies between the upper and lower portion of the
Barra Velha Formation, as well as between the wells drilled upon the
palaeo-high and more basinward on the structure. The basal portion of
Lower Barra Velha Formation is largely composed of Mg-clay-, calci-
and dolo-mudstone, and reworked facies, whereas the overlying portion
is mostly formed by in situ facies with or without Mg-clay minerals.
There is a marked increase in Mg-clay facies above the Intra Alagoas
Unconformity. In the wells drilled off the main structure, Mg-clay mi-
nerals predominate, but decrease in abundance towards the top of the
Upper Barra Velha Formation where in-situ facies lack Mg-clay mi-
nerals. The wells drilled upon the palaeo-high are composed of mud-
stone and reworked facies above the Intra Alagoas Unconformity,
giving way upwards to a dominance of in-situ facies up to the Salt Base
Unconformity, showing rare (less than 0.1%) facies with Mg-clay. Fa-
cies in the uppermost 15 m of the Upper Barra Velha Formation in all
eight wells are distinct, with an increase of mudstone but a lack of Mg-
clay minerals, and evidence of microbial textures (“Lula's Fingers”).
Elsewhere, in an adjacent field within the Santos Basin, Artagao (2018)
interpreted this interval as postdating the basal unconformity, re-
presenting the lowermost part of the Ariri Formation. However,
Tedeschi (2017) has shown an important change on strontium isotope
values (87Sr/86Sr ratios) at limit between the top of “Lula's Fingers”
("0.712) and the base of the anhydride (~0.709) in a cored section
from Santos Basin. Therefore, it is likely that the main uniformity is at
the base of the anhydride layer above the “Lula's Fingers”.
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Fig. 9. Classification for reworked facies: a) and b) intraclastic rudstone with inter-particle porosity; ¢) and d) intraclastic grainstone with inter-particle porosity; e)

and f) intraclastic packstone. All image pairs are PPL and XP.

5.3. Bulk chemical data and detrital grain distribution

Chemical analyses were undertaken to determine the extent to
which the various proposed facies types can be distinguished on the
basis of their chemical composition, and to identify any chemical var-
iations within and between these facies (Fig. 13). As an example,
Fig. 14a shows the bulk chemical distribution of Al,03, Fe,O3, TiO,,
and K,O relative to the proposed facies classification. In general, all
samples have a low iron content (< 1.2%), but facies rich in Mg-clay
have higher values when compared with mud-poor facies. Apart from
the mud-poor facies, all facies have a similar mean value. However, the
spherulitestone has the highest content of Fe,;Os, but they are outliers
values. Al,03, TiO, and K,O follow a similar interpretation regarding
value abundance within facies.

Detrital minerals (Fig. 15) are present within the carbonate facies
but their abundance is relatively low (in general < 7%). Most detrital
minerals are silt to fine sand-size grains, and are comprised of K-feld-
spar, albite, quartz and mica. These detrital minerals can be in-
corporated within spherulites, shrubs and mud and they occur in pore

spaces. Considering the K-feldspar content as representative of detrital
grain abundance, of all the proposed facies types those rich in mud have
significantly higher median detrital content (Fig. 15b). Most facies with
a low mud content have a low median detrital content, but the subset of
these samples with > 0.5vol% detrital grains (marked as outliers in
Fig. 14b) suggests that the detrital content increases with abundance of
spherulites.

Principal Component Analysis (PCA) was applied to interpret the
geochemical and XRD data (Wold et al., 1987) and estimate the cor-
relation structure of the variables (Fig. 16a), using the eigenvalues to
evaluate the variation represented by each principal component
(Fig. 16b). There is a clear correlation between detrital grain abundance
and the majority of trace elements at component 1 (Al,03, Fe;03, TiO,,
and K,0). Al, Fe and Ti are generally considered as elements that have a
low mobility during weathering, transport and diagenesis (Sugisaki
et al., 1982; Yamamoto et al., 1986; Wintsch and Kvale, 1994). This
relationship therefore suggests that the detrital grains are a source of
these chemical components. There are three additional components
that exhibit a different behaviour. Component 2 is composed of MnO,
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Fig. 10. New classification scheme, comprising three triangular diagrams, proposed to describe all facies within the Barra Velha Formation.

NaO, P,05 and CaO; SiO, forms component 3 (unusually in this case Si
appears to be independent of Al, suggesting that silica and Mg-clay
minerals have other sources than detrital, which agrees with authigenic
source in alkaline lakes), and the 4th component is composed of MgO
and Cr,03, in which this relationship is not common. However, the
amount of Cr is close to the detection limit, which could induce to false
correlation with other elements.

6. Discussion of the origin of the main facies components

Mud: The main clay minerals present in the Barra Velha Formation
are Al-free Mg-silicate minerals (Tosca and Wright, 2015), formed and
preserved in the sub-littoral zones. They do not occur in organic-rich
profundal intervals, however, where Mg-clays would dissolve. Dis-
solution of the clays would have led to the release of significant
amounts of sodium, silicon and magnesium into the lake or pore-water.

The occurrence of syngenetic Mg-clay minerals in alkaline and
saline lacustrine environments is well documented (Millot, 1970;
Darragi and Tardy, 1987; Calvo et al., 1999). From laboratory experi-
ments, the kinetic boundary for the precipitation of Mg-clay minerals in
the absence of any bacterial influence has been determined (Tosca and
Wright, 2015; Tutolo and Tosca, 2018). The identification of Mg-clay
minerals in association with biofilms and microbial carbonate
(Bontognali et al., 2010; Perri et al., 2018) suggests that microbial ac-
tivity could catalyze the precipitation of these minerals. Tosca and
Wright (2015) suggested that biotic processes would depend more on
the local bacterial distribution within the substrate where the clay
minerals would have nucleated such that the Mg-clay distribution
would be more heterogeneous. However, bacteria may be widely dis-
tributed in such environments and thus laterally extensive accumula-
tions of Mg-clay minerals would be the likely product of both biotically-
mediated precipitation and of precipitation driven by abiotic process,
such as evaporation. Considering the discussion above, the presence of
Mg-clay minerals suggests a low-energy, alkaline lacustrine environ-
ment; higher-energy conditions would likely prevent clay deposition,
removing them to quieter areas. In addition, preserved Mg-clay facies
indicate little change in pore-water chemistry, otherwise the minerals
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would have been dissolved.

Laminated fine-grained muddy facies are suggested by Lima and De
Ros (2019) to have been originally deposited as laminated clays,
probably stevensite, and to have been extensively replaced by calcite,
dolomite or quartz. They identified relics of the precursor clays, as well
as organic matter and siliciclastic grains (quartz, biotite and musco-
vite). Indeed, in some thin-sections, microcrystalline dolomite has
clearly replaced Mg-clay minerals (Lima and De Ros, 2019), but in
others, there is no evidence for this. In some thin-sections, micro-
crystalline calcite and microcrystalline dolomite occur together, sug-
gesting replacement of calcite by dolomite. Dolomite is likely to have
been precipitated via a metastable precursor. Microcrystalline calcite
could be formed either within the depositional environment and/or
during very early diagenesis.

Some authors (Sartorato, 2018; Artagao, 2018; Farias et al., 2019)
interpreted these deposits as only forming during flood events, with an
input of terrigenous siliciclastic material and dolomite crystals pre-
cipitated at the air-water and/or chemocline interface (Farias et al.,
2019); it has been suggested they formed within extracellular polymeric
substances (EPS) (Sartorato, 2018; Artagao, 2018). Anyway, the pre-
sence of dolomite indicates the presence of Mg in the system, which
could be derived from the EPS (Mg2+ ions being attracted there) or
derived from the Mg-clays. Although we cannot define which process is
operating, it is important to consider microcrystalline dolomite in the
classification of the Pre-salt rocks.

Microcrystalline silica (Fig. 5) is also a matter of discussion. In the
study area it does not occur within microbial boundstone as described
by Saller et al. (2016) nor are there any hydrothermal silica deposits, as
described in the Pdo de Acticar area of the Campos Basin (Viera de Luca
et al., 2017) similar to those in Lake Bogoria (Kenya Rift Valley; Renaut
and Tiercelin, 1994). However, silica nodules and layers alternating
with mudstone are common. The silica could be derived from dissolu-
tion of Mg-clay minerals (Lima and De Ros, 2019; Wright and Barnett,
2019), resulting from a change in pore-water chemistry. There is also
the possibility of silica derived from diatoms (e. g., Renaut and
Tiercelin, 1994), but we have not found any evidence for this. Never-
theless, microcrystalline silica is an important fine-grained material
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Fig. 12. Cross-section showing facies distribution for the 8 wells and the three main unconformities within the Barra Velha Formation. The distribution of facies
shows a predominance of Mg-clay at wells drilled more basin-ward, whereas in-situ carbonate facies occur in the wells drilled on the palaeo-high. BVF =Barra Velha
Formation, PAU =Pre-Alagoas Unconformity, IAU =Intra-Alagoas Unconformity, SBU = Salt Base Unconformity.

that potentially could provide information on changes in lake-water
chemistry and/or pore-water during diagenesis. Thus, in a pragmatic
approach, we identify four types of mud: Mg-clays, microcrystalline
calcite, microcrystalline dolomite and microcrystalline silica. Their
proportions as seen today are important in the classification of Pre-salt
rocks and for the interpretation of pH and other environmental and/or
diagenetic conditions that prevailed during formation of the Barra
Velha facies.

Spherulites: The majority of spherulites within our study occur
within deformed Mg-clay-rich and calcitic mudstone, displacing the
fine material, suggesting that the spherulites grew while the sediments
were unconsolidated in a very early stage of burial. Such petrographic
evidence has been interpreted to indicate that these spherulites formed
within a matrix, either replacively (Herlinger et al., 2017; Souza et al.,
2018; Lima and De Ros, 2019) or displacively (Wright and Barnett,
2015, 2019), in the very shallow subsurface below the water-sediment
interface.

However, 35% of the 271 spherulitestone samples examinated show
interpenetration of spherulites on compaction and an absence of inter-
spherulite sediment. These features strongly support the interpretation
that the cortical crystals did not grow displacively within sediment, but
grew at the sediment-water interface (Chafetz et al., 2018). This could
indicate that at least some of the Barra Velha Formation spherulites
nucleated around clumps of bacteria in the water column and then
settled to the bottom for continued cortical crystal growth. The spher-
ulites may have rolled around at the sediment-water interface and
grown incrementally via a mechanism similar to that proposed for other
calcitic spherulites grown in alkaline lakes (Mercedes-Martin et al.,
2017). If currents were strong, then any clay would likely have been
removed from the site of spherulite precipitation. 65% of
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spherulitestone samples examined were formed in situ in the subsurface.
35% could have formed either in situ in the water column, at the lake-
bed or in the subsurface and may have been reworked later. Whilst the
proposed new classification allows a grainstone (reworked facies) to be
exclusively compose of spherulitic grains, in practice there is limited
thin-section evidence allowing differentiation between such a reworked
spherulitic grainstone and a spherulitestone that formed in-situ.

Alternatively, spherulites that show interpenetration on compaction
and an absence of inter-spherulite sediment could also be early diage-
netic and formed within Mg-clay or microcrystalline calcite. However,
if currents were strong, then any fine-grained components would have
been removed from the site of spherulite precipitation by either hy-
drodynamic selection or dissolution of these components. In both cases
that spherulites show interpenetration on compaction and an absence of
inter-spherulite sediment, we suggest that they are referred as grains.
Resulted from been formed on the interface sediment-water or been a
product of hydrodynamic or chemical selection, they would be a grain
(Dunham, 1962).

In the course of their laboratory experiments, Mercedes-Martin et al.
(2016) discovered that spherulites were more likely to have formed
extensively at the sediment-water interface in alkaline lakes that were
rich in dissolved organic acids, suggesting that clay-gels were not re-
quired to form voluminous deposits of spherulitic grains. Rogerson
et al. (2017) and Mercedes-Martin et al. (2017), examining deposits
from the Lower Carboniferous East Kirkton Limestone, Scotland, de-
monstrated that the formation of spherulitic carbonates could be de-
coupled from the abundance of clay in alkaline lakes and concluded
that ‘microbial-solution’ interactions warrant further research. Indeed,
Kirkham and Tucker (2018) suggested that permineralised bacteria (or
viruses), within the water or within the sediment, could provide the
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Fig. 13. Distribution of elemental geochemistry. Box a and b are detailed in Figs. 14 and 19.

nuclei for spherulite growth, meaning that spherulite formation was
initiated by microbial activity, but that the crystal growth itself is
abiotic.

Shrubs: Shrubs are interpreted in this study to have formed by in-
situ growth upward from a substrate, suggesting a higher rate of pre-
cipitation at sites near the top of the shrubby layer where the advective
supply of reactive ions is greater than closer to the substrate. Terra et al.
(2010) suggested adopting the term stromatolite (sensu Riding, 2000).
They described laminated deposits comprising layers of individual
shrubs which branch as they grow upwards, forming convex structures.
However, many authors (Wright and Barnett, 2015; Herlinger et al.,
2017; Souza et al., 2018; Lima and De Ros, 2019; Farias et al., 2019)
described these deposits as some type of abiotic carbonate with mor-
phometric similarities suggesting controlling processes comparable to
those in travertine systems. These authors, however, noted the lack of
features typical of travertine, such as cascades, pisoids, flow carbonates,
vents and gas-bubble spheres (Farias et al., 2019). Our observations
accord with those of previous studies suggesting rapid precipitation
from highly saturated solutions (Wright and Barnett, 2015), changes in
the lake water chemistry related to climate, abiotic precipitation related
to CO2 loss by evaporation, magmatic CO2 input and hydrothermal
activity (Lima and De Ros, 2019). This would thus support the con-
clusion that the use of the term stromatolite is inappropriate.
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The question of the role of biological factors in the initiation of
calcite shrub precipitation or even to facilitate carbonate nucleation
remains open. Ceraldi and Green (2017) suggested that shrubs are a
microbial-influenced facies and may represent shallow-water deposi-
tion affected by wave base and, potentially, also the depth of the photic
zone. This interpretation is supported by observations in the Kwanza
basin (Saller et al., 2016), where the shrubs are interpreted to form
positive topographic structures, similar to biotic reefs, in which growth
is oriented towards the light.

Alternatively, Farias et al. (2019) proposed a depositional model for
the Barra Velha Formation, invoking similar processes to those in an
evaporative basin based on criteria used by Lowenstein and Hardie
(1985) in modern salt pans. The proposed model proposes an alterna-
tion of periods of flooding, which transforms the salt pan temporarily
into a brackish lake, and subsequent periods when the basin is solely
groundwater-fed and evaporative concentration leads to desiccation.
The alternating layers of shrub, spherulite and mud in the BVF are
proposed by Farias et al. (2019) to be the equivalent of alternating
halite and mud layers that characterize salt pan deposits. The shrubs are
thus interpreted to have been generated at the sediment-water interface
during evaporative periods, implying that shrub formation reflects cli-
matically-control lake-level oscillations. Calcitic spherulites are inter-
preted to form diagenetically within a Mg-clay below the saline pans.
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Fig. 14. a) Boxplots showing the distribution of a) A1203, b) Fe203,¢) K20 and d) TiO2 within the described facies based on ICP analysis for samples from Well 3. e)
Boxplots showing the distribution of K-feldspar within the described facies based on XRD analysis for all wells. n = number of samples.
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Fig. 15. a) and b) spherulitestone cemented by dolomite, chalcedonic and micro-quartz. Image pairs are PPL and XP. ¢) QEMSCAN mineralogical map of all
components and d) showing distribution of K-feldspar. ) petrographic image and f) cathodoluminescence image of mudstone, with black arrow pointing to K-

feldspar.

7. Facies patterns and the ideal cycle in the Barra Velha formation

Prior to our proposed scheme there has been no generally accepted
system of nomenclature to describe the complete range of facies and
proportions of shrubs, spherulites and mud which form the Pre-salt
carbonate rocks. Many published articles (e.g. Wright and Barnett,
2015; Muniz and Bosence, 2015; Wright and Barnett, 2017; Liechoscki
de Paula Faria et al., 2017; Arienti et al.,, 2018; Artagao, 2018;
Sartorato, 2018; Farias et al., 2019; Tanaka et al., 2018; Lima and De
Ros, 2019) have simplified this complexity by choosing end-member
components to name the facies, ignoring the gradation from one end-
member to another. However, in the section discussing the origin of the
main facies components it is shown that different processes could be
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responsible for forming each component. Adding the abundance of each
component in the name facilitates the understanding of depositional
and diagenetic environmental changes through time by considering the
intermediate scenarios. This also allows for more detailed studies of
cyclicity and depositional facies models.

7.1. Scale-dependency of facies distribution

The three main components, shrubs, spherulites and mud-size
grains, may alternate in their occurrence on a cm scale in thin-sections
(Fig. 6 c to f) or at a macro-scale in core (Fig. 17). To deal with this
heterogeneity, the approach discussed by Liu et al. (2002) suggested
interpreting at different scales for different purposes. Meso-scale
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Fig. 17. a) Representative examples of facies at thin-section scale. b) Core facies description with different examples of upscaling. c) Facies up-scaled for elementary
sequence scale. Names stromatolite and spherulite (Terra et al., 2010), fascicular calcite shrub and stevensite claystone with calcite spherulite (Herlinger et al., 2017;
Lima and De Ros, 2019), shrubs and spherulites (Farias et al., 2019) and boundstone (Sartorato, 2018).

(10-100's mm) facies logging would be used for understanding the in core are compared with those derived from uniform spaced intervals
depositional and diagenetic processes, as discussed earlier in this ar- (5 and 20 cm in Fig. 16), and can be used to suggest an appropriate
ticle, whereas macro-scale (1-10's m) facies logging serves the purposes thickness to be considered for an unsupervised scheme. This classifi-
of analysis of facies and architectural elements. Mega-scale (10's m) cation scheme also recognizes systematic changes in the vertical dis-
facies logging would be used for identification of major reservoir units tribution of facies classes that can be used as a basis for analysis of
and for correlation between outcrops and wells, and also for inter- cyclicity. In contrast, a facies classification scheme that considers only
preting major changes in the depositional system. The proposed facies the end-member components results in a sequence dominated almost
classification is a powerful tool to transform the meso-scale occurrence exclusively by shrubs, which may be appropriate at the macro to mega
of components to a higher-resolution scale with a minimum of in- scale but fails to adequately describe important variations at the scale of
formation loss by recalculating the proportion of which components the elementary sequence.

occur on the desired scale.

The new facies classification allows an analysis of the vertical facies
variation and horizontal correlation across the field with minimal loss
of depositional and diagenetic information. Fig. 17a shows an example
of heterogeneity at the meso scale (mm-cm) and presents different
possibilities to upscale (Fig. 17b) to the macro-scale whilst preserving
the identified heterogeneity. Units defined from bed partings observed

7.2. Facies stacking patterns within a basic cycle

The stacking of facies commonly reveals a hierarchical pattern with
the highest frequency-cycle being the basic cycle or elementary se-
quence sensu Strasser et al. (1999), where facies repetition corresponds
to the shortest recognizable rhythm of environmental change with a

16
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Fig. 18. Two models (upward-increasing shrub and upward-increasing spherulite) of facies stacking for elementary cycles in the Barra Velha Formation based on core
descriptions and two types of cycle. a) and c¢) non-reservoir and b) and d) reservoir.

regional significance. Such basic cycles generally consist of one bed, or
rarely two, as has been described in marine systems where both the
sequence boundary and the maximum-flooding surface/interval are
highlighted by increased abundance of clays (Pittet and Strasser, 1998).
However, there has been much discussion over the presence of hier-
archical patterns in sedimentary sequences (Pollitt et al., 2014).
Within the lacustrine system, cycles can be identified in both re-
servoir intervals that are mud-poor, and also in more mud-rich non-
reservoir intervals, which have more than 10% clay and thus little
porosity. In both types of interval, two possible patterns for facies
stacking of the basic cycle can be suggested after upscaling to the
macro-scale (Fig. 18). Several models for a basic cycle have already
been proposed for the Barra Velha Formation and its equivalent in the
Campos Basin (Wright and Barnett, 2015; Muniz and Bosence, 2015;
Liechoscki de Paula Faria et al., 2017; Arienti et al., 2018; Artagao,
2018; Sartorato, 2018; Farias et al., 2019; Lima and De Ros, 2019).
These researchers all suggest a dominance of shrubs within the upper
part of the basic cycle (Fig. 17 a and b). This facies stacking pattern
(here termed Upward-increasing shrub pattern) is composed in non-
reservoir intervals of an upward transition from mudstone, to spheru-
litic mudstone, muddy spherulitestone, shrubby spherulitestone with
mud and lastly to spherulitic shrubstone with mud. Where the abun-
dance of mud is < 10% (within reservoir intervals) the stacking pattern
within a basic cycle generally consists of an increasing upward abun-
dance of shrubs, from spherulitestone to shrubby spherulitestone,
spherulitic shrubstone and finally to shrubstone. A key feature of the
Upward-increasing shrub pattern is the irregular surface above the
shrubstone, which represents the top of this ideal cycle and may or may
not have been subaerially exposed. An alternative facies stacking pat-
tern (here termed the Upward-increasing spherulite pattern) would be

17

shrub dominated at the base, with a gradual transition upward to
spherulitestone and, in non-reservoir intervals, also mudstone (Fig. 18 ¢
and d). In this analysis the reworked facies, comprising < 20% of the
samples have not been included in the idealized basic cycles for in-situ
sediment (Fig. 19), but they could be added to the cycles according to
their occurrences.

Supplementary data for Al,03, Fe;O3, TiO, and K5O from the whole-
rock chemical analysis were used to help characterize the basic cycles
within the Barra Velha Formation in the study area. The vertical dis-
tribution of detrital grains (Figs. 14b and 15) within an 8-m length of
section representative of the Upper Barra Velha Formation is shown in
Fig. 19. Within the basic cycles a higher proportion of detrital grains
occurs in the mud-rich facies, as well as in the spherulite-rich facies.
Using this compositional data for Well 3 (the most complete record
from core), and the direct association with facies stacking patterns, we
characterize the thickness of basic cycles for all 6 cored wells in the
study area. This analysis suggests a mean thickness of the basic cycle in
the region of the palaeo-high of 1.6 = 0.8 m, (n = 200), with a range
from 0.3 to 4.8 m. In comparison, basic cycles from wells located more
basin-ward, have a mean of 2.0 = 1.3 m (n = 35) and a range from 0.6
to 7.6 m. In addition, the cycles in these deeper wells are more mud-
rich, whereas the mud-poor type of cycle is more common in the upper
part of the palaeo-high succession (the reservoir interval).

7.3. Process-based models for the basic cycle

The two alternative facies stacking patterns (a and b - Fig. 18)
suggested for a basic cycle within both reservoir and non-reservoir in-
tervals can be interpreted using concepts derived from a traditional
sequence stratigraphic approach for marine carbonate sediments based
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on changes in water depth. In lacustrine systems changes in facies may
be linked to water depth via physical controls such as the depth of wave
base, biological controls such as the photic zone depth and/or chemical
controls such as evaporative concentration. An alternative interpreta-
tion for these BVF lacustrine cycles is that changes in abundance of
components are due to temporal variations in lake water chemistry
independent of water-depth variations (Mercedes-Martin et al., 2019).
In line with this, Garcia-Ruiz (1998) suggested that growth of spher-
ulites is favoured over that of shrubs under conditions of high pH
(> 10) and dissolved SiO, > 250 ppm. In this case, the facies variation
could be interpreted in terms of a less alkaline to more alkaline trend
instead of the traditional increase and decrease of accommodation
space.

As discussed above, there are a number of models for spherulite
genesis. However, irrespective of whether the spherulites formed on the
lake surface, or within the water column and then settling and growing
on the lake floor or they are a product of early diagenesis within a clay-
rich sediment or gel, most authors (Wright and Barnett, 2015; Muniz
and Bosence, 2015; Wright and Barnett, 2017; Herlinger et al., 2017;
Liechoscki de Paula Faria et al., 2017; Arienti et al., 2018; Artagao,
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2018; Sartorato, 2018; Ceraldi and Green (2017); Tanaka et al., 2018;
Lima and De Ros, 2019) agree that they most likely formed in deeper
water relative to the shrubs (as in the facies stacking pattern of upward-
increasing shrub). According to this interpretation, the increase in
detrital grain content within the spherulitic and/or mud-rich facies
would be associated with fluvial input during wetter periods. The
presence of ostracods and fish bones may also reflect the freshening of
the basin. In shallower areas of the lake there would likely have been
winnowing of mud by wind-waves, and that mud may well have ac-
cumulated in the deeper-water areas. Such winnowing may have been
more active during periods of higher lake level when the fetch would
have increased.

Alternatively, one might expect an increased supply of aeolian
material during arid periods to be associated with precipitation of Mg-
clay in a more alkaline, shallow lake dominated by evaporation. This
would imply that mud was precipitated preferentially during periods of
low lake level and this may have provided a substrate within which
spherulites could have grown (as in the facies stacking pattern of up-
ward-increasing spherulites). During wetter periods, with an associated
reduction in supply of aeolian material, the input of fresh water would
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Fig. 20. Alternative conceptual models to explain temporal variations of detrital material within the Barra Velha Formation: a) Humid to arid climate, fluctuating
lake-level model. b) Semi-arid to arid climate, shallow-lake model. c¢) Constant lake level controlled by spill point. Black arrows point at the stage of the model for the

lake x-section.

have diluted the lake, decreasing alkalinity. These conditions could
have favoured the formation of shrubs during periods of rising/high
lake level, though this suggestion remains to be fully explored.

Whilst fluctuation in lake level is one driver for changes in lake
water chemistry, a scenario whereby lake level is constant, controlled
by a spill-point, should also be considered. This would require the
amount of water coming into the lake to be sufficient to maintain the
lake level at the spill point. At times of high throughput of water, the
detrital input would be elevated, but the short residence time of waters
within the lake would limit the development of alkaline conditions. In
addition, it is important to consider that many alkaline lakes are stra-
tified, and changes, for instance in fluid throughput, could also drive
variation in the depth of the chemocline, with a thicker epilimnion
(upper layer) of fresher water during periods of higher detrital input.
Finally, alternative drivers for the variation in detrital supply should be
considered, for example reflecting tectonically determined geomor-
phological changes in the catchment, which may be decoupled from
lake level. However, it is challenging to envisage a mechanism that
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could give rise to both high-frequency, repetitive changes in detrital
influx and facies variations without invoking a changing climate.
Three possible interpretations are thus suggested (Fig. 20 a, b and ¢)
incorporating not just the main components described but also con-
sidering the mechanism by which detrital grains were transported into
the basin and the lake chemistry. (1) Humid to arid climate, fluctuating
lake-level model. During a humid climate, assuming precipitation is
higher than evaporation (P > E), one would expect an increase in
fluvial detrital input associated with rising lake level, resulting in lake-
water dilution and a fall in pH, leading to mud deposition. During an
arid climate, assuming P < E, there would be decrease in fluvial det-
rital input, associated with falling lake level, resulting in evaporative
concentration and a rise in pH, leading to precipitation of Mg-clay with
spherulites then shrubs. This interpretation is a modification of the
Wright and Barnett (2015, 2017) model, incorporating the distribution
of detrital grains. (2) Semi-arid to arid climate, shallow-lake model.
Under a semi-arid climate, assuming P = E, there would be decrease of
aeolian detrital input (dust) and precipitation of calci/dolo/siliceous
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mud. During an arid climate, with P < E and an increase in aeolian
detrital input, and rising pH to a high level, one would expect pre-
cipitation of shrubs, spherulites, Mg-clay with spherulites growing
therein. This interpretation is a modification of the Farias et al. (2019)
model. (3) Constant lake level controlled by spill point. In this case,
climate-induced changes in aeolian/fluvial detrital input, pH and lake
stratification, divorced from changes in lake level, would lead to sedi-
ment accumulation as in models a and b of Fig. 20.

Regardless of the mechanism(s) controlling the environment of de-
position, in common with other Pre-salt studies, our work suggests that
there were particular phases of lake sedimentation during which the
shrubs were formed and other phases when spherulites and Mg-clays
were precipitated. Our work is novel in that it shows a link between
facies and detrital content, at the scale of the basic cycle. Independent
of which stacking facies pattern is supported (Figs. 18 and 20), the
variation in thickness and facies within each basic cycle can be related
to changes in accommodation and/or water chemistry. This raises as to
question of whether these basic cycles are organized into larger-scale
cycles, or whether they reflect random processes, and to what extent
any cycle stacking pattern might contribute to unravelling the process-
response system controlling sedimentation in the Pre-salt deposits.
Application of the new facies classification scheme to address these
questions will be the focus of a subsequent paper.

8. Conclusions

Facies from the Barra Velha Formation in the Santos Basin consist of
three main components - calcite spherulites, calcite shrubs and mud
(micrite and Mg-clays). A new facies classification is proposed based on
the proportion of these components within the sediments. A ternary
diagram has been produced with nine facies interpreted as formed in
situ. An additional ternary diagram using Durham's classification
(grainstone, packstone, wackestone) is retained for sediments domi-
nated by reworked facies. In addition, mudstone facies are separated
into four end-members, based on mineral composition, namely calci-
mudstone, dolo-mudstone, siliceous mudstone and Mg-clay mudstone.
Mixed mineralogy mudstone are common.

The advantage of the proposed classification when compared to
end-member facies lies in the preservation of subtle changes in the
abundance of components that may have been caused by depositional/
diagenetic environmental changes with possible impact on the process-
based model or reservoir quality. In addition, it can be used at a range
of scales and offers a means to recognize systematic changes in the
vertical distribution of facies classes that can be used as a basis for
analysis of cyclicity.

Using this scheme we identify two alternative facies patterns within
basic cycles in the Barra Velha Formation. The mud-rich facies stacking
pattern (the non-reservoir interval) occurs mainly in deeper water areas
around the palaeo-high, whereas the mud-poor facies stacking pattern
is more common in the shallow-water areas (the reservoir interval).
Bulk chemical analysis is shown to be a valuable additional constraint
on the identification of this basic cycle.

Three potential process-based conceptual models that could account
for observed patterns are considered. Formation of mudstone and
spherulite-rich facies with higher detrital content could arise from 1.
increased fluvial detrital input to a deeper lake during wetter periods; 2.
increased aeolian supply of detrital grains to a shallow lake during arid
periods; or 3. decoupling from lake level but linked to spill-point ele-
vation and/or lake stratification. Whereas in marine carbonate systems,
facies variations may be interpreted largely in terms of accommodation,
within alkaline lake systems the role of temporal fluctuations in lake-
water chemistry may be equally or more important.
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