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Abstract: The characterization of Mg-clays in rock samples (well P1) from the Barra Velha Formation
(Early Cretaceous) allowed the establishment of mineral assemblages on the basis of their kerolite
and Mg-smectite (stevensite and saponite) content. Kerolite-rich assemblages (A and B) rarely con-
tain saponite. Assemblage B is composed of kerolite-stevensite mixed layers, while assemblage A
consists of more than 95% kerolite. Mg-smectite-rich assemblages (C and CB) are made up of both
Mg-smectites. The predominance of stevensite in the lower interval of the stratigraphic succession
suggests evaporative conditions, higher salinity and pH, which would favor its authigenesis by
neoformation. In the upper portion, the occurrence of thick kerolite-rich intervals suggests reg-
ular water inputs, contributing with a decreasing in salinity and pH, favoring the neoformation
of kerolite and later kerolite-stevensite mixed layering. The saponite would be the result of the
transformation from Al-smectite into Mg-smectite in a Mg2+ rich medium. The results indicate
that lake hydrochemical processes would have allowed the establishment of a basic depositional
sequence, from base to top, as follows: (i) initial lake expansion stage marked by the occurrence
of saponite, (ii) later kerolite neoformation, (iii) formation of kerolite-stevensite mixed layer with
increasing salinity, and (iv) neoformation of stevensite, marking a final stage of maximum salinity
(evaporation) and alkalinity of the lake.

Keywords: pre-salt; Santos Basin; lacustrine Mg-clays; clay authigenesis; kerolite; stevensite; saponite;
diagenesis; mineralogical sequences

1. Introduction

In recent years there has been a resurgence on the topic of magnesian clay minerals,
both in their genetic aspects and applications. These minerals give rise to deposits of
economic interest in various parts of the world with a wide variety of industrial and
technological applications [1–3]. To the above mentioned, we must add the prominence
that some of these magnesian clay minerals, mainly kerolite and magnesian smectite,
have acquired in the elaboration of models explaining their role in the origin of the huge
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oil deposits associated with the pre-salt in an extensive area of the Brazilian coast [2,4].
Although kerolite is not listed as valid specie in the IMA list of minerals, its name is widely
used to describe the nanocrystalline, stacking-disordered talc, with a slightly enlarged layer
spacing and significant water content [5,6].

For years, many researchers have studied the pre-salt carbonates, especially in the
Santos Basin, proposing models about the evolution of the basin and the sedimentary
processes that originate these globally unique carbonate formations. The Santos Basin is
located southeast of the Brazilian continental margin, between parallels 23º and 28º south,
covering 350,000 km2, up to a bathymetric depth of 3000 m. It includes the coastline of Rio
de Janeiro, São Paulo, Paraná and Florianópolis states. It is bounded to the north by the
Cabo Frio High and to the south by the Florianópolis High [7]. The formation of the Santos
basin took place during the tectonic processes responsible for the breakup of the western
supercontinent Gondwana during the Cretaceous, ending with the opening of the South
Atlantic Ocean and the separation between South America and Africa [8]. The Santos Basin
is classified with other Brazilian and West African basins as passive margin basins [9,10].

In the Santos Basin, the magnesian clays appear very subordinate and associated
with a carbonate formation called Barra Velha where stevensite would have formed by
neoformation from silica and magnesium-rich gels [11]. This stratigraphic formation was
deposited in a lacustrine environment under arid climatic conditions, being composed of a
textural variety of carbonates, including laminated, spherulitic and arborescent carbonates,
with clays, mostly composed of magnesian clay minerals. Initially, these carbonates were
interpreted as deposited under microbial action in a shallow marine environment [12],
but subsequently reinterpreted as chemically precipitated in an alkaline lacustrine envi-
ronment [11,13–17]. The contact between the Barra Velha Formation and the underlying
Itapema Formation is an angular unconformity, known as the Pre-Alagoas Unconformity,
easily traced in seismic surveys.

Papers concerning the influence of diagenetic and hydrothermal processes on reservoir
quality and lithofacies classification, also recognized the presence of magnesian clays,
identifying kerolite and magnesian smectite as the most common clay minerals in their
study areas [15–17]. Recent studies such as that reported by Mercedes-Martín [18] have
proposed a thermodynamic conceptual model to evaluate the role of the hydrological
budgets in clay-silica-carbonate alkaline lacustrine precipitation, and its application to the
Aptian pre-salt case study.

Wright [11] proposed a basic depositional cycle of carbonates and clays controlled by
the hydrochemistry of lake waters. This sequence features from base to top: 1-laminated
deposits, 2-magnesian clays and spherulites 3-fascicular calcite. The lithofacies and as-
sociated minerals would be related to climatic cycles. In arid conditions, authigenesis of
magnesian clay minerals would be favored, followed by precipitation of spherulites and
fascicular calcite. In humid conditions there would be input of fresh water favoring silica
precipitation and a decrease in the formation of magnesian clays.

However, no sequences of formation of the magnesian clay minerals have been em-
ployed to justify their distribution. The main objective of this work is to analyze the
variability of magnesian clay minerals recognized in a representative stratigraphic succes-
sion from the Aptian Barra Velha Fm to assess the possible paleoenvironmental conditions
associated with clay formation in lacustrine environments.

2. Materials and Methods

A total of 75 samples have been collected from well P1 located in the Santos Outer High
structure of the Santos Basin (Figure 1). Fifty-seven of those samples were mineralogically
characterized by Netto [2], and 18 more samples were collected, and its characterization
allowed the establishment of two mineralogical sequences. The samples comprise core, core
plugs and side wall cores from Barra Velha Fm. Petrographic thin sections were prepared
from 75 samples, impregnated with blue epoxy resin, and stained with Alizarin Red-S
solution to aid in the carbonate mineral identification [19].



Minerals 2022, 12, 200 3 of 20Minerals 2022, 12, 200 4 of 22 
 

 

 
Figure 1. Location of the Santos Basin, offshore Brazil. The black rectangle into the Santos Outer High shows the studying 
area (modified from [20]). The Lower Cretaceous stratigraphic chart is also shown. The boundaries of Barra Velha Fm are 
given by Pre-Alagoas Unconformity and Salt Base Unconformity. The Barra Velha Fm is separated into lower and upper 
by the Intra-Alagoas Unconformity. The Barra Velha Fm was deposited during the Alagoas Local Stage, which is corre-
lated to the Ostracod Biozone 011 [21] (modified from Netto et al. [2]).  

Mineralogical analysis of the 75 samples was carried out by means of X-ray diffrac-
tion (XRD) in a Rigaku D/MAX – 2200/PC equipment (40kV, 34 mA), with a scanning 
speed of 2.33˚/min for bulk samples (powder method) and 1˚/min for the oriented mounts 
of clay fraction (<2µm). The separation of the clay fraction proceeded firstly by the user of 
a Branson Cell Disruptor – Mod 350 to fragment the samples. Subsequently, several cen-
trifuge steps were performed to separate the clay fraction of the samples (in some cases 
with low content of clay minerals). After this step, the identification of the clay minerals 
was carried out on oriented mounts of air-dried sample, with ethylene glycol solvation, 
and heated at 490 and 550 ˚C. The mineral intensity factors (MIF) method was applied to 
XRD reflection intensity ratios normalized to 100% with calibration constants for the semi-
quantitative estimation of mineral contents [22–24]. 

A total of 14 selected samples were examined by scanning electron microscopy (SEM) 
in a JEOL JSM6490LV equipment, after coating with gold (10 nm thick), operating in high 
vacuum at 20 kV. Microanalyses were carried out by use of an Oxford energy dispersive 

Figure 1. Location of the Santos Basin, offshore Brazil. The black rectangle into the Santos Outer
High shows the studying area (modified from [20]). The Lower Cretaceous stratigraphic chart is
also shown. The boundaries of Barra Velha Fm are given by Pre-Alagoas Unconformity and Salt
Base Unconformity. The Barra Velha Fm is separated into lower and upper by the Intra-Alagoas
Unconformity. The Barra Velha Fm was deposited during the Alagoas Local Stage, which is correlated
to the Ostracod Biozone 011 [21] (modified from Netto et al. [2]).

Petrographic thin sections from 14 samples were analyzed in a SEM/EDS FEI QUEM-
SCAN 605 with acceleration voltage of 15 kV and 5 µm of resolution to generate high-
resolution mineral maps which complemented the identification of minerals in thin sections,
being especially interesting the phyllosilicates distribution and composition (e.g., Mg-clay
minerals vs Al-clay minerals).
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Mineralogical analysis of the 75 samples was carried out by means of X-ray diffraction
(XRD) in a Rigaku D/MAX–2200/PC equipment (40kV, 34 mA), with a scanning speed
of 2.33 ◦/min for bulk samples (powder method) and 1 ◦/min for the oriented mounts
of clay fraction (<2 µm). The separation of the clay fraction proceeded firstly by the user
of a Branson Cell Disruptor—Mod 350 to fragment the samples. Subsequently, several
centrifuge steps were performed to separate the clay fraction of the samples (in some cases
with low content of clay minerals). After this step, the identification of the clay minerals
was carried out on oriented mounts of air-dried sample, with ethylene glycol solvation,
and heated at 490 and 550 ◦C. The mineral intensity factors (MIF) method was applied
to XRD reflection intensity ratios normalized to 100% with calibration constants for the
semi-quantitative estimation of mineral contents [22–24].

A total of 14 selected samples were examined by scanning electron microscopy (SEM)
in a JEOL JSM6490LV equipment, after coating with gold (10 nm thick), operating in high
vacuum at 20 kV. Microanalyses were carried out by use of an Oxford energy dispersive
spectroscopy (EDS) analyzer attached to the SEM equipment. The microfabric terminology
proposed by [25] has been used.

3. Results
3.1. Mineralogical Sequences and Mineral Distribution

Analysis of the hand samples and thin sections allowed the identification of three
basic facies proposed by previous works: 1-laminated carbonates, 2-carbonate spherulites
and clays, and 3-fascicular carbonate (see [11,15–17]), as well as an intraclastic carbonate
facies, formed by reworked fragments of these three previous facies.

The distinction of microfacies was proposed by Netto [2] (Figure 2) and it is equivalent to
that described by other authors in the Santos, Campos and Kwanza Basins [4,11,16,17,26,27].
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the in situ and the reworked microfacies (Figure 3). The microfacies interpreted as depos-
ited in situ are carbonate spherulites and clays (MF-2) and fascicular (shrub-like) carbonate 
(MF-3), which are equivalent to facies F2 and F1, respectively, proposed by Wright and 

Figure 2. Microfacies. (a) Laminated carbonate—MF-1. (b) Carbonate spherulites (CS) and clays—
MF-2. (c) Fascicular (shrub-like) carbonate (FC)—MF-3. (d) Intraclastic carbonate—MF-4.
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Microfacies MF-1 (Laminate Carbonate) is comprised by alternations of carbonate
and clays sheets. Locally, levels of detrital grains are present, imparting an allochthonous
character to these levels. MF-2 (Spherulite and Clays) is comprised by laminated clays
and calcite spherulites. The spherulite growth take place withing the clay (pseudo matrix)
showing two different textures “grain-supported” and “matrix-supported” for coalescent
and non-coalescent growth. Microfacies MF-3 (Fascicular—shrub like—Carbonate) is
composed of fascicular calcite carbonate with ray crystal shrub fabric (Folk et al., 1985;
Chafetz and Guidry 1999), associated to variable content of clays that commonly occurs
infilling porosities. Finally, the microfacies MF-4 is comprised by reworked intraclasts of
MF-1, MF-2 and/or MF-3 showing both grain-supported and matrix-supported textures.
In all microfacies dolomitization and quartz replacement and/or cementation are the main
diagenetic features.

The microfacies classification allowed the differentiation of two microfacies types: the
in situ and the reworked microfacies (Figure 3). The microfacies interpreted as deposited
in situ are carbonate spherulites and clays (MF-2) and fascicular (shrub-like) carbonate
(MF-3), which are equivalent to facies F2 and F1, respectively, proposed by Wright and
Barnett [11,28]. The laminated carbonates microfacies (MF-1) presents both in situ depo-
sition features and the presence of detrital material, generally siliciclastic (quartz, micas,
Al-smectite, rare rock fragments). This microfacies is correlated with facies F3 proposed
by Wright and Barnett [28]. The MF-1 microfacies also shows rare features that suggest
microbial activity (e.g., nodular calcite, micritized calcite) and are equivalent to the F4
facies suggested by Wright and Barnett [28]. Finally, reworked microfacies come from the
remobilization of in situ facies and locally may have siliciclastic components suggesting
that the deposition of the reworked microfacies may be the result of sedimentation in the
lake shore areas.
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Figure 3. Major microfacies diagram for in situ and reworked facies of the Barra Velha Fm. Microfacies
MF-2 and MF-3 are in situ while Mf-4 represents the reworked ones. MF-1 presents both in situ
(MF-1A, MF-1B and MF-1D) and mixture of detrital grains, reworked intraclasts and in situ material
in the microfacies MF-1C (modified from Wright and Barnett [28]).

These facies follow each other along the interval intersected by the drilling of well P1
(Figure 4e). Detrital grains are recognized in thin sections and are commonly associated to
samples showing clay content.
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In the lower portion of the well, the correlation between the occurrence of saponite 
or stevensite and the gamma ray peaks is not that trivial due to the lower sampling rate 
and the difficulties in depth control of cable sampling tools (side wall cores) compared to 
the top of the well (cored) and with higher sampling density. However, it is possible to 
identify a relatively thick interval (approximately 60 m) showing more than 95% steven-
site (assemblage C) content in the clay fraction. Unfortunately, the distance between the 

Figure 4. Schematic lithological section from well P1, showing: (a) Depth. (b) Lithological section.
(c) Gamma-ray profile. (d) Clay mineralogy (the dashed rectangles indicate the mineralogical se-
quences 1 and 2). (e) Microfacies. (f) Representative hand samples from the differentiated lithofacies
in sequences. Zero-meter depth representing the top of the Barra Velha Fm (modified from [2]).

Figure 4 shows the plot in depth (a) of the lithological Section (b), gamma ray log
profile (c), clay fraction with kerolite, saponite and stevensite (d), and microfacies (e).

The gamma ray log shows a slight difference between the well top and bottom. At
the top of the interval the gamma ray log shows lower background values alternating with
metric to submetric levels with higher values. Intervals composed mainly of kerolite (>95%,
assemblage A) presenting thicknesses of up to 10 m occur, generally associated with low
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gamma ray values (Figure 4c). These intervals are intercalated with submetric levels which
contain more than 95% Mg-smectite (saponite or stevensite) in the clay fraction (assemblage
C), and levels with variable contents of Mg-smectite (saponite or stevensite) and kerolite
(>50% kerolite—assemblage B, >50% Mg-smectite—assemblage CB), the cited assemblages
were proposed by [2] see Table 1. Levels which contain stevensite or saponite [2,4] show
correlation with the gamma ray peaks, which may be associated with higher concentration
of organic matter (higher U and Th contents) or intervals with detrital grains (e.g., micas,
feldspars, and others).

Table 1. XRD determinations of minerals for bulk and clay fraction (<2 µm) samples, interpreted
microfacies (MF) and clay assemblages, representatives of the identified mineralogical sequences
intervals. Abbreviations: Phy (Phyllosilicate), Qtz (Quartz), Cal (Calcite), Dol (dolomite), Sme
(Smectite), Ker (Kerolite), and Ilt (Illite).

Seq. Samp. Phy (%) Qtz (%) Cal (%) Dol (%) Sme (%) Ker (%) Ilt (%) MF Clay
Assemb.

Se
qu

en
ce

2

P1.26 35 2 63 - 90 10 - MF-2A CB
P1.27 25 1 72 2 32 68 Tr MF-2A B
P1.28 22 - 76 1 9 91 - MF-4A B
P1.29 49 4 47 - - 100 - MF-4A A
P1.30 78 6 15 1 - 100 - MF-4A A
P1.31 48 - 49 3 - 100 - MF-4A A
P1.32 34 - 55 11 7 93 - MF-4B B
P1.33 17 1 77 6 - 100 - MF-3A A
P1.34 19 - 69 12 - 100 Tr MF-1A A
P1.35 27 1 64 8 - 100 - MF-4B A
P1.36 44 - 46 9 - 100 - MF-4A A
P1.37 51 2 43 4 - 100 - MF-2A A
P1.38 21 2 77 1 100 - - MF-4B C
P1.39 26 2 71 1 100 - - MF-1A C
P1.40 31 4 64 1 100 - - MF-1C C

Se
qu

en
ce

1

P1.48 34 1 61 5 89 11 - MF-2A A
P1.49 31 1 65 3 48 52 - MF-4A B
P1.50 16 2 76 7 - 100 - MF-4A A
P1.51 16 - 69 15 64 36 - MF-4A CB
P1.52 17 2 55 26 74 26 - MF-1C CB
P1.53 15 12 70 4 100 - Pr MF-1C C
P1.54 70 7 20 3 100 - Pr MF-1C C

In the lower portion of the well, the correlation between the occurrence of saponite
or stevensite and the gamma ray peaks is not that trivial due to the lower sampling rate
and the difficulties in depth control of cable sampling tools (side wall cores) compared to
the top of the well (cored) and with higher sampling density. However, it is possible to
identify a relatively thick interval (approximately 60 m) showing more than 95% stevensite
(assemblage C) content in the clay fraction. Unfortunately, the distance between the samples
does not allow to stablish a mineralogical sequence analysis as the cored interval does, but
clearly it is a thick interval showing stevensite predominance, while the upper portion is
richer in kerolite.

The lower interval between samples in the upper section allowed the identification of
at least two mineralogical sequences (Figure 4d) which are associated with the chemical
variations of the lake water and/or the sedimentological context (open lake or lake margin).
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3.2. Mineralogical Sequences

The establishment of mineralogical sequences is fundamental to identifying the lake
transgressive and regressive cycles, since these cycles are related to climatic changes in-
fluencing the lake hydrochemistry. The hydrochemical features of the lake control the
neoformation of magnesian clays (see overview by Pozo and Calvo [1]). Although mi-
croorganisms can mediate clay minerals precipitation from solutions (including colloidal
components), weathering of silicates, or mediate the transformation of pre-existing phyl-
losilicates (see overview by Cuadros [29]), no structures were identified to confirm their
role in the authigenesis process of the identified magnesian clay minerals. Furthermore,
clay minerals of microbial origin tend to have a more variable chemical composition and
low crystallinity order than those formed by inorganic processes [30].

3.2.1. Sequence 1 (P1-48 to P1-54)

The first sequence shows the transition from laminated carbonate microfacies (MF-1) to
intraclastic carbonate (MF-4), and finally to carbonate spherulite and clay microfacies (MF-2)
(Figure 5). It passes from a C assemblage composed of magnesian smectite, interpreted as
saponite [2,4], to laminated and intraclastic levels presenting the CB assemblage in which
in addition to saponite occurs a low “crystallinity” kerolite (reworked or early neoformed).
At the top of the intraclastic level presents assemblage B where kerolite is present with very
low ordering (“crystallinity”) magnesian smectite interpreted as kerolite-stevensite mixed
layers. Stevensite predominates at the top of the sequence showing low kerolite content in
the CB assemblage coinciding with the spherulitic microfacies (MF-2).
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3.2.2. Sequence 2 (P1-26 a P1-40)

At the base, laminated (MF-1) to intraclastic carbonate microfacies (MF-4) rich in
smectite (saponite) are found (assembly C). Upwards spherulitic microfacies (MF-2) kerolite-
rich (association A) occurs, with serpentine traces. In the upper kerolitic interval, the
laminated (MF-1) microfacies followed by fascicular calcite (MF-3) are shown, passing
to the intraclastic microfacies that presents mostly kerolite, with subordinated stevensite
(assemblage CB). At the top, the spherulitic microfacies (MF-2) shows evidence of kerolite-
stevensite mixed layers, and finally the predominance of stevensite with minor kerolite
(assemblage CB) (Figure 6).
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3.2.3. SEM/EDS High-Resolution Mineral Maps

Mineral mapping by SEM/EDS scanning was performed on thin sections of sequence 2
(Figure 7) by use of QUEMSCAN. In the images it is possible to clearly identify that
both dolomitization and silicification occur preferentially replacing Mg-clays. Some bone
fragments (apatite) can also be identified.
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Figure 7. Mineralogical automated mapping analysis in thin sections from the sequence 2.
(a) sample P1.38, positioned at the bottom of the sequence 2, representative of MF-4 and saponite-
rich (assemblage C), showing Mg-clays replacement by dolomite and minor detrital grains.
(b) sample P1.36 representative of MF-4 kerolite-rich (assemblage A) interval. Shows level of intense
quartz replacement and interval where Mg-clays are mainly replaced by dolomite. (c) sample P1.34
is representative of a kerolite-rich (assemblage A) Mf-1 microfacies, showing Mg-clays mainly re-
placed by dolomite. (d) sample P1.32 from MF-4 stevensite-rich (assemblage C), showing one zone
intensively replaced by quartz and a zone where the Mg-clays present replacement by dolomite.
(e) sample P1.31 is representative of a kerolite-rich (assemblage A) from MF-4, locally replaced by
quartz and dolomite. (f) sample P1.27 close to the top of the sequence. It shows kerolite-stevensite
mixed layers (assemblage B) with minor replacement of Mg-clays by quartz and dolomite.

Sample P1.38, positioned at the base of sequence 2, is rich in smectite saponite-type
(>95%, assemblage C) and is representative of microfacies MF-4 (Figure 7a). Replacement
of Mg-clays to dolomite is the main diagenetic process recognized in this sample, although
quartz can be identified, it may be mostly related to detrital grains. The sample is mainly
composed of calcite (53.2%), Mg-clay (23.6%), dolomite (20.4%) and quartz (2.4%). In
addition to these minerals, Al-smectite+micas+illite (<1%) are identified in the sample.

Sample P1.36, also representative of microfacies MF-4 (Figure 7b), is a kerolite-rich
sample (>95%, assemblage A). It shows an intensely silicified interval at the top, where
both Mg-clays and calcite have been replaced by quartz. Below the silicified zone occur
two intervals where the Mg-clays have been replaced by dolomite, especially in the lower
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one. The main composition of the sample is calcite (35.7%), Mg-clay (31.6%), dolomite
(28.4%) and minor quartz (4.2%).

MF-1 microfacies is represented by sample P1.34 (Figure 7c) in a kerolite-rich interval
(assemblage A). In this interval the Mg-clay is strongly dolomitized, and it is possible to
identify clay levels almost completely replaced by dolomite. In addition, it is possible to
identify areas locally cemented by quartz, and bone fragments. The main composition of
the sample is given by calcite (67.4%), dolomite (17.9%), Mg-clay (9.5%) and subordinate
quartz (3.9%). Bone fragments are also identified as apatite and it comprises less than 1%
of the sample.

Sample P1.32 is another representative sample of MF-4 microfacies (Figure 7d) rich
in smectite of stevensite-type (assemblage C). An intensely silicified interval is observed,
where both Mg-clay and carbonate are replaced by quartz. This level is positioned between
two levels where the dolomitization process affected the Mg-clays. The sample is mainly
composed of calcite (40.6%), Mg-clay (29.8%), quartz (19.2%), and dolomite (10.2%).

Sample P1.31 is representative of MF-4 microfacies (Figure 7e) with kerolite predom-
inance (assemblage A). It locally shows Mg-clay replaced by quartz and a level where
replacement by dolomite occurs. The sample is composed mainly of calcite (55.3%), Mg-
clay (36.1%), with subordinate dolomite (4.2%) and quartz (4.1%).

Sample P1.27 is representative of MF-2 microfacies (Figure 7f) in an interval that shows
mixed layers of kerolite-stevensite (assemblage B). It is possible to identify silicification
and dolomitization occurring locally. The sample is composed mostly of calcite (76.2%),
Mg-clay (19.8%), quartz (2%) and dolomite (1.4%).

3.2.4. Microfabric and SEM-EDS Analyses

SEM-EDS analyses were performed on rock fragments representative of the mineralog-
ical assemblages [2] (Figure 8). The mineralogical assemblages show matrix-type clay-rich
microfabric, in addition to deformation features typical of compaction.
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Figure 8. SEM images representative of the sequence intervals. (a) Assemblage B representative sam-
ple showing matrix-type microfabric and laminar aggregates with wrinkled edges (S). (b) assemblage
C saponite-rich representative sample, showing matrix-type microfabric, wrinkled edges of smectite
(S) and incipient porosity (P). (c) shows lamellar smectite (S) in a matrix-type microfabric. The red
dashed line shows a deformed microlaminated feature. (d) shows a detail of the laminated clay insert
of kerolite-rich (assemblage A) showing face-to-face arrangement and deformation by compaction.
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Sample P1.49 is representative of the microfacies MF-4 with kerolite-stevensite mixed
layers (assemblage B), showing a matrix-type clay-rich microfabric and aggregates of
deformed wrinkled lamellae, with smectite appearance (Figure 8a). The Al2O3 content,
from point EDS analysis varies between 1 and 3% in this assemblage (Table 2).

Table 2. Average ranges of chemical EDS point analyses (oxide wt%) from representative samples of
the different assemblages established. Kerolite (Ker), stevensite (Stv) and saponite (Sap).

Analysis

Assemblages

A B C CB

Ker Stv Stv Sap Stv Sap

SiO2 60–61 59–62 62–63 57–66 61–66 59–62
Al2O3 0–1.08 1–3 0 3–5 0–1.02 3–6.5
MgO 31–32 29–31 23–32 29–33 28–32 27–32
CaO 0–0.83 0–1 0 0.54–2 0 0.4–2

Na2O 3–3.08 2–3 0.7–2 1.64–3 0.6–2 3–4
K2O 0 0–0.7 0 1.85 0–2 0
FeO 0 0–0.5 0 0–1.24 0 0

Sample P1.40 is a saponite-rich (assemblage C) (Figure 8b), representative of the
microfacies MF-1 (Figure 8b), in addition to the matrix-type microfabric, shows laminar
and skeletal microfacies, the latter featuring detrital minerals such as muscovite and biotite,
among others, which shows high contents of Al2O3 (18-22%) and K2O (14-18%). The point
EDS analysis of the Mg-smectites shows Al2O3 contents varying between 3 and 5%.

The sample P1.38 is representative of the microfacies MF-4 with smectite predominance
(assemblage C). It shows a detail of deformed laminae (red dashed line) of smectite from
saponite-type (S) with laminar morphologies coating carbonate (Figure 8c).

Sample P1.35 of exclusively kerolite (k) composition (assemblage A), generally presents
a face-to-face arrangement (Figure 8d), with frequent deformation of the clay by compaction.
Locally, the honeycomb microfabric can be observed [2]. Point EDS analyses of the Mg-clay
in kerolitic samples, like P1.35, show low Al2O3 values reaching a maximum of 1.08%
(Table 2).

4. Discussion

Wright [27] discusses the sedimentological model from the identification of basic
cyclothems occurring in the Barra Velha Fm [11], proposing that they would represent
cycles of flooding and evaporation. In the first moment there would be inflow of fresh
water, probably run-off water, which would decrease the salinity-alkalinity and would
deepen the lake (expansion). In these lower salinity-alkalinity conditions, the lake could
become colonized by ostracods and vertebrates, mainly nearby streams, while below
the wave base, carbonate mud may be deposited (laminated carbonates), in addition to
silica deposition (triggered by the reduced alkalinity). With water residence time, salinity-
alkalinity gradually increase, interstitial silica gels can develop, followed by deposition
of Mg-silicate gels overlying the laminated carbonates [14,31] in high-alkalinity waters
(pH > 10). The spherulites would grow within the Mg-silicate gel and could be the seed of
fascicular (shrub-like) calcite, supported by hybrid forms between spherulites and shrubs
identification [15,16,32]. Some shrubs with good porosity show evidence that they probably
had Mg-clays matrices. It is possible that this matrix would have been removed by wave
action as a result of progressive shallowing [27]. Otherwise, shrubs would be nucleated
above the wave base surface in a higher energy, shallower facies environment [14]. The
carbonate and clay factory of the Barra Velha Fm can also be influenced by microbial
mediation. Microbial mats would favor deposition of laminated carbonates alternating
with wavy Mg-clay sheets [33,34]. Nevertheless, microbialites, in the sense of Burne and
Moore [35], were not recognized in the petrographic study. The growth of spherulites,
shrubs, and coalesced forms can be influenced by microorganisms [34,36,37]. Laboratory
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experiments show the growth of radial-spherular calcite in saline and alkaline solutions
in the presence of organic acids [38]. Spherulites and coalesced forms were observed
when alginic acid even in low salinity solution [39]. The formation of kerolite along with
varying amounts of smectite, and the formation of sepiolite and palygorskite, may be
associated with extracellular polymeric substances (EPS) in modern environments [40–42].
Stevensite formation is reported to be associated with thrombolites in low saline water of
the Lake Clifton [43]. Although evidence of microbial mediation as the main depositional
mechanism that has been reported locally in the Barra Velha Fm, the data set analyzed
shows no indication of biological mediation for the formation of carbonates or Mg-clay.
No evidence of microbial texture or nucleation by bacteria was found in the spherulites.
Trapping and binding or branching structures, among others that would indicate microbial
mediation [35,44], were not found in the shrubs. Microorganism activity in the formation
of Mg-clay also does not seem to have occurred due to their high ordering crystallinity and
the absence of microbial structures.

Regarding the carbonate factory and the deposition of magnesian silicates, Netto et al. [2]
proposed that laminated carbonates (MF-1) would have been deposited intercalated with
Mg-clay and/or inherited minerals in relatively deeper waters, while Mg-rich spherulites
(MF-2) (dolomite and/or Mg-calcite) associated with Mg-clays would have formed from
the replacement of Mg-clays during eodiagenesis. The shrubs (MF-3) would have grown
within the Mg-clays as a product of abiotic chemical precipitation like ray-crystal shrubs in
hot-spring travertine depositional systems [45–47]. The described facies are consistent with
deposition in a lacustrine environment and would agree with the sedimentological and
geochemical cycles identified by Wright and Barnett [11]. Nevertheless, both models are
limited in identifying climatic cycles, since identified facies can occur under wet or arid
climate if hydrochemical conditions do not change drastically. Even the presence of quartz
and chalcedony that could indicate freshwater input [28] can be explained by the amount
of non-stoichiometric silica in the initial structure of Mg-silicate gels that can be released as
the material becomes more crystalline [48,49].

The identification of mineralogical sequences can contribute significantly to the more
precise identification of these flooding and evaporation cycles, since two main processes are
involved in the authigenesis of clay minerals [1,50–53]: (i) formation by direct precipitation
from solution (neoformation), and (ii) development by transformation of precursor phases,
e.g., pyroclastic materials and detrital clays.

The identification of saponite [2,4] in samples associated with the presence of illite,
presenting reflection 001 at near 10 Å (Figures 5 and 6), and the occurrence of detrital grains,
indicates a different geochemical pathway formation than that suggested for the formation
of kerolite and stevensite.

Direct precipitation from a solution containing simple or complex ions involves crys-
tallization of a new mineral, so no preexisting mineral structure is “inherited”. Mineral
formation from solution is controlled mainly by kinetics. The model of the kinetics of
nucleation and growth of minerals was established by Galán and Pozo [54]. Two pro-
cesses explain the precipitation of a mineral from water: nucleation and subsequent crystal
growth. Nucleation is properly produced when a solution is supersaturated with respect to
a particular solid or mineral phase [55]. This type of nucleation from aqueous solution is
called homogeneous, in contrast to that which occurs on the surface of a preexistent solid
(heterogeneous nucleation). Once nucleation has taken place, crystal growth can take place
by adding ions and/or molecules to the surface of the crystal nuclei (“classical” crystal
growth) [54] or by aggregating and subsequently bonding the crystal nuclei to each other
(“nanoparticle” behavior) [53,56].
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In this context, both kerolite and stevensite should be a result of authigenesis by
neoformation [57–59]. The strong homogenization of the textures of the Mg-clays, possibly
due to the degree of diagenesis in the Santos basin, makes it difficult to differentiate
them. Nevertheless, it is possible that the nucleation kinetics of kerolite and stevensite
were homogeneous.

The formation of authigenic clay minerals by transformation of precursor phases has
been termed “neoformation by addition” [50]. The mechanisms involved remain a matter
of debate, with several hypotheses being proposed [60]. More recently, an update of the
subject has been provided by Tosca [53], pointing out the diffuse boundaries between
the mechanisms of epitaxy (precipitation on preexisting natural surfaces) and topotaxy
(transformation and reaction of pre-existing surfaces) as processes leading to formation of
authigenic Mg-silicates after detrital clay precursors. A detailed review on authigenesis in
minerals was reported by Pozo and Calvo [1]. The saponite, in turn, is interpreted as being
neoformed by topotaxic transformation of detrital Al-smectites in a Mg2+ rich medium
or weathering of mafic rocks, which would come from stream water events or moments
of higher humidity between long periods of aridity. However, direct neoformation from
solution cannot be ruled out, depending on the available Al-particle content.

The mineralogical assemblages identified do not show a specific correlation with the
interpreted microfacies, i.e., kerolite- or smectite-rich assemblages can occur in any of the
microfacies. This suggests that the deposition/neoformation of Mg-clays is more correlated
to the hydrochemistry of the lake than the cyclothems identified by Wright and Barnett [11]
in their various papers on pre-salt sedimentation, whose model, while considering the
cycles of flooding and evaporation, also correlates the facies to the bathymetry/energy of
the system, e.g., shrubs are nucleated above the base of wave action or would be placed
in this energy range during periods of greater lake shrinkage (evaporative period). The
spherulitic facies would be formed in an intermediate period, between maximum lake
shrinkage and maximum expansion, while the laminated carbonates would be representa-
tive of the periods of maximum expansion (maximum flooding, deeper water lake). The
lake water chemistry would be the key to whether or not Mg-silicate gels occur.

On the other hand, the identification of mineralogical sequences (Figures 5 and 6)
shows a greater dependence on the hydrochemical conditions of the lake, since the forma-
tion of magnesian clays is mainly controlled by alkalinity (pH), salinity and p(CO2) [61].
The stability relationships of hydrated Mg-silicates in relation to solute activities indicates
that the equilibria between sepiolite, stevensite and kerolite depend on salinity (Na+ con-
centration), pH and Mg2+ concentration [18,51]. High salinity favors the formation of
stevensite while sepiolite and kerolite form under lower salinity conditions, where sepiolite
formation is favored when the Si4+/Mg2+ ratio is higher. An increase in pH and Mg content
in the solution is more favorable for kerolite precipitation, which can explain the lack of
sepiolite in the analyzed samples. The metastability of kerolite relative to sepiolite was
corroborated experimentally by Stoessell [62].

Sequences 1 and 2 (Figures 5 and 6) show that there is a basic sequence for sedi-
mentation of the Mg-clays that starts with cyclic inputs of detrital material, in particular
Al-smectites and illite-mica (flooding period) followed by kerolite and stevensite neoforma-
tion (evaporative period).

Sequence 1 shows in the base, an input of inherited saponite and/or Al-smectite,
which in a Mg2+ rich environment is transformed into saponite, is usually associated with
detrital grains. There may be evidence of illite at near 10 Å in assemblage C, overlain by
gradual intercalation between saponite and kerolite in assemblage CB, implying kerolite
neoformation or reworking, which should be predominant in the spherulitic microfacies
(assemblage A), which is overlain by the kerolite-stevensite mixed layers (assemblage B),
both indicating increasing salinity and pH. Finally, with even higher salinity, in addition to
a high Mg2+/Si4+ ratio, the predominance of stevensite occurs, indicating that the lake is in
a period of maximum evaporation. The same pattern occurs in sequence 2.
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This model is in agreement with the experimental work of Tosca and Masterson [63]
which indicate that at a temperature of 25 ◦C and low salinity (NaCl = 0.0 mol/kg), at pH >
8.7 and a high Mg2+/Si4+ ratio the formation of kerolite is favored, although in lower propor-
tions if pH is higher than 9.0. Whereas at a relatively high salinity (NaCl = 0.46 mol/kg) and
high Mg2+/Si4+ ratio the formation of kerolite and stevensite are favored as a function of
pH, where higher pHs favor stevensite.

It is noteworthy that this interval is marked by the presence of quartz and chalcedony,
which may mark the greater influx of water with higher SiO2 concentration in the lake or
this excess is a result of the release of non-stoichiometric Si from the initial Mg-silicate gels
structure with increasing crystallinity [48,49], given that the kerolite found in the Santos
Basin pre-salt shows a higher ordering (“crystallinity”) than that found in the Madrid
Basin [2].

Several authors have tried to present a model for the deposition of the Barra Velha
Formation and, in general, there is the understanding that the lakes would be hyper-alkaline
and with high salinity. The causes, however, are still controversial. Some hypotheses have
been invoked to explain a persistent high pH in a lake system: (i) input of mantle CO2 into
the lake waters [27,28,64], or (ii) reduced infiltration rates of lake waters into ground water
aquifers [18]. In addition, it is suggested that the sources of Ca2+, Mg2+ and SiO2, among
others would come from the leaching and chemical weathering of basalts by phreatic
and hydrothermal waters [65], and felsic rocks in a very extensive, shallow and endorheic
lake [21]. The observation of a basic sequence of deposition of magnesian clays controlled by
the hydrochemistry of the lake shows that the contribution of several sources is responsible
for the deposition of the Barra Velha Formation.

A simplified general geological and hydrological model for the deposition of the Barra
Velha Formation can be seen in Figure 9a (modified from Pietzsch [21]), it is suggested that
the sources of ions to the lake may come from drainage (runoff and stream water), ground
water, and convection circulation throughout deep fault zones.

According to this model, the base of the cycles was set at the periods of lake expansion
and wet periods, when water plus sediments from various source areas are discharged
into the lake. At this time, the contribution of silica-laden groundwater recharge can be
even more relevant. The deposition of detrital grains rich in Al-smectites, later transformed
to saponite [2,4], may occur in distal areas, being deposited interbedded with laminated
carbonates and/or together with reworked material from marginal lake sites. In addition,
the relative dilution of lake water, reducing its alkalinity and salinity, would favor kerolite
deposition in the early stage of lake evolution (Figure 9b). With the establishment of
more arid climate and decreasing freshwater inputs to the lake, the evaporative stage
begins, where salinity and pH tend to increase, which would favor the neoformation of
stevensite [66,67], which could also be favored by Mg2+ depletion [68], resulting in the
formation of random mixed layers (Figure 9c). Finally, in the maximum shrinkage stage
dry weather sets in, increasing the salinity of the lake and favoring the neoformation of
stevensite (Figure 9d).
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charge plus ground water contributing to lake water dilution favoring the neoformation of sapo-
nite by transformation of Al-smectite in a high Mg2+ environment. (c) shows the retractive lake 
stage with a relative low salinity favoring the neoformation of kerolite. Variations in the salinity 
can favor neoformation of stevensite or generate kerolite-stevensite mixed layers. (d) represents 
the maximum lake retraction with high pH and salinity favoring stevensite neoformation (Modi-
fied from Netto [2]). 

  

Figure 9. Scheme showing the conceptual depositional model for the post-rift stage, including main
Mg-clay minerals authigenic pathways. (a) shows a simplified conceptual model illustrating the
geology and hydrology of the Barra Velha Fm as a large and shallow endorheic lake (modified from
Pietzsch [21]). (b) illustrate the expansive lake stage with runoff water and sediment discharge
plus ground water contributing to lake water dilution favoring the neoformation of saponite by
transformation of Al-smectite in a high Mg2+ environment. (c) shows the retractive lake stage with
a relative low salinity favoring the neoformation of kerolite. Variations in the salinity can favor
neoformation of stevensite or generate kerolite-stevensite mixed layers. (d) represents the maximum
lake retraction with high pH and salinity favoring stevensite neoformation (Modified from Netto [2]).
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5. Conclusions

The vertical distribution of established mineralogical assemblages is not homogeneous,
with Mg-smectite-rich assemblages being observed in the lower portion, while kerolite-
rich ones are found in the upper portion which may be associated with 1st to 3rd order
stratigraphic cycles. The recognition of Mg-clay deposition sequences controlled by the
lake hydrochemical features, allows the suggestion of a sedimentological model for the
studied area. The base of the cycle would be fixed at the lake expansion stage (flood period),
being characterized by the occurrence of saponite, which may be associated with laminated
carbonates in deeper regions or intraclastic carbonates in shallower environments, while
in shallow open lake environments kerolite neoformation could take place locally. The
representative assemblages of this stage are C and CB, with local assemblage A. The lake
expansion stage would be followed by the initial lake shrinkage stage with onset of the arid
period, represented by kerolitic assemblages (A and B), initially characterized by exclusive
deposition of kerolite, but also by neoformation of stevensite in mixed layers with kerolite.
Finally, the stage of maximum shrinkage with the predominance of stevensite neoformation,
with the representative assemblages of C and CB.

Saponite formation would result from the transformation of detrital Al-smectites
in a Mg-rich medium. Kerolite and stevensite would be neoformed under the control
of the lake’s hydrochemical variations, where kerolite would be formed at times of lake
water dilution (lower salinity and pH), while higher salinity and/or decreased Mg2+

concentration would lead to the formation of mixed kerolite-smectite layers. The levels
with stevensite predominance would be formed at times of very high salinity (maximum
lake retraction).

The occurrence of silicification was observed mainly in the samples from the upper
portion of the well and was generally associated with kerolitic assemblages. This may
indicate that the presence of silica is associated with silica-laden groundwater recharge and
can be correlated with eodiagenesis in humid periods, as can the occurrence of saponite
and the kerolite-stevensite mixed layers. The homogenization of the Mg-clays textures into
laminar, may have occurred during compaction. This process may also have been aided by
the dolomitization observed in most of the analyzed samples. Further studies would be
conducted to understand the effects of burial diagenesis.
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