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Abstract: Despite all the effort made towards an understanding of the sedimentary, tectonic and diagenetic
evolution of the pre-salt sequence and the Pre-Salt reservoirs of the Northern Campos Basin (East Brazil),
two knowledge gaps have yet to be filled: (1) a detailed study of diagenesis in the crystalline basement and
rift phases; and (2) the timing of diagenetic events that affected the pre-salt succession. In this study, samples
from these geologic units were analysed for mineral composition and paragenetic evolution, fluid temperature
and salinity, stable isotope compositions and laser ablation inductively coupled plasma mass spectrometer
derived U-Pb ages of carbonate phases. The U-Pb ages of replacive and vein-filling cements reveal three tec-
tono-diagenetic events, named the Barremian—Aptian (BADE, 125-117 Ma), the Albo—Cenomanian (ACDE,
103-98 Ma) and the Campanian—Maastrichtian (CMDE, 83-70 Ma). Each phase is characterized by distinct
minerals, precipitation temperatures and burial conditions. The hydrothermal qualifier, identified by the temper-
ature contrast between fluid and host rock, was initially high during BADE, then diminished over time (through
ACDE) until it achieved equilibrium with the host rocks during CMDE. Diagenetic events are not coeval with
magmatism but do coincide with known regional tectonic events described in the literature and are interpreted to
be the result of increasing intraplate stresses. Multidisciplinary studies that include diagenetic events con-
strained by geochronological data will certainly lead to more robust conceptual geologic models, and, therefore,
to a more reliable management of resources and strategies such as enhanced oil recovery, carbon capture, uti-
lization and storage, and drinking water.

Supplementary material: Supporting petrographic, QEMSCAN and CL imagery, detailed description of the
fluid inclusions, the analytical procedures and the complete results of LA-ICP-MS U-Pb geochronology are
available at https://doi.org/10.6084 /m9.figshare.c.7103900
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Secondary porosity formed by hypongenic karstifica-
tion of hydrothermal origin is of fundamental impor-
tance in the oil and gas industry, the mining industry
and in studies of shallow groundwater circulation in
the environmental industry (Corbella er al. 2004;
Loucks et al. 2004; Davies and Smith 2006; Klim-
chouk 2015; Parise ef al. 2018). The term ‘hydrother-
mal’ in this study refers to waters that are warmer
(>5-10°C) than the surrounding environment
(White 1957; Machel and Lonnee 2002; Davies and
Smith 2006). Speleogenesis, brecciation, dolomitiza-
tion, silicification, dissolution and ‘exotic’ minerals

that include Mississippi Valley-type (MVT) Zn—-Pb
ores observed in several geological contexts are the
products of hydrothermal diagenesis (Hesse 1989;
Davies and Smith 2006; Neilson and Oxtoby 2008).
Therefore, hydrothermal diagenesis is a process
related to hypongenic karstification and characterized
as a succession of events including speleogenesis (i.e.
generation of secondary porosity by dissolution) and
pore filling, which often work selectively within
structures and rock strata (Klimchouk 2012).

The Macabu Formation and the upper part of the
Coqueiros Formation constitute the Pre-Salt
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reservoirs in the Northern Campos Basin (SE Brazil;

Winter et al. 2007; Herlinger et al. 2017). They rep-

resent the post-rift (PR) and rift transition (RTR)

stages of the basin, respectively, and were deposited
during Barremian times (Tedeschi et al. 2019; Oli-
vito and Souza 2020; Pietzsch et al. 2020). The anal-
ysis of the petrographic, depositional, stratigraphic,
geochemical and palaeothermometric properties of
these reservoirs revealed a significant hydrothermal
influence during diagenesis as a result of magmatic
events under deep burial conditions (Herlinger
et al. 2017; Lima and De Ros 2019; Lima et al.

2020; Olivito and Souza 2020). Recently, this area

was re-examined in terms of basement geology and

its influence on the structural style of the faults that
affected the overlying rift sediments (Strugale er al.

2021). Furthermore, Strugale and Cartwright

(2022) proposed a comprehensive tectonostrati-

graphic evolution model for the entire pre-salt

sequence, recognizing two episodes of rifting fol-
lowed by selective PR inversion. Finally, the formal
stratigraphic column of the pre-salt sequences

(cf. Winter et al. 2007) was constrained by new dep-

ositional ages (Tedeschi et al. 2017; Tedeschi et al.

2019; Pietzsch et al. 2020; Sanjinés et al. 2022).

Importantly, there is no geochronological constraint

for the diagenetic events of the entire pre-salt

sequence, and the characterization and diagenetic
phases of the basement and the rift phases remain
poorly understood.

The diagenesis observed in rocks submitted to a
relatively simple, continuous burial history with a
few disturbances by magmatic events, such as the
pre-salt sequence of the Campos Basin, still exhibits
a quite complex paragenetic sequence (Lima and De
Ros 2019; Lima et al. 2020). The relative timing of
mineral formation is often difficult to establish in
thin sections because it is characterized by an alter-
nation of similar minerals, suggesting episodes of
in situ dissolution and precipitation which can be
attributed to diffusion (Pingitore 1982). Fracturing
and subsequent filling in deep burial contexts are
much more continuous in time and have strong feed-
back with rock and fluid chemistry (Laubach et al.
2019) despite the lack of absolute ages to attest this
interpretation. Fortunately, U-Pb geochronology
through laser ablation inductively coupled plasma
mass spectrometer (LA-ICP-MS) in carbonates has
become widely used, with emphasis on dating diage-
netic and brittle deformation events recorded in car-
bonate cements (Roberts ef al. 2020; Rochelle-Bates
et al. 2021; Ganade et al. 2022).

The aims of this work are to:

* Describe the host rocks, diagenetic products and
paragenetic evolution of the syn-rift and RTR sed-
iments, and the Precambrian basement;

¢ Characterize the diagenetic mineral phases in
terms of constitution, composition, absolute

ages, carbon (8'°C) and oxygen (5'%0) stable iso-
topes, palacotemperatures and fluid salinity;

* Depict the diagenetic environments and build a
time-constrained model for the diagenetic evolu-
tion of the Campos Basin and associated tectonic
and magmatic events.

Geological context

The study area is located 70 km offshore in the deep-
water context of the Northern Campos Basin, East
Brazil. It overlies a basement comprising the transi-
tion zone between the Cabo Frio Tectonic Terrain
(CFTD; cf. Schmitt et al. 2004) and the Oriental Ter-
rane of the Ribeira Belt, with both units having been
involved in the Brasiliano orogenetic tectonic events
of Ediacaran—-Cambrian age (Schmitt er al. 2016;
Stanton et al. 2019; Strugale et al. 2021) (Fig. 1a).
The Campos Basin formed by rifting of West Gond-
wana during the Early Cretaceous (Rabinowitz and
LaBrecque 1979; Chang et al. 1992) and evolved
during an initially magma poor, then magma-rich,
break-up stage (Morgan et al. 2020).

Extensional tectonics of rift phase 1 (RP1) prob-
ably started during the Berriasian and reached its
peak during rift phase 2 (RP2; the Hauterivian).
RP1 resulted in the formation of isolated NNE-
SSW-trending, east-west stacked grabens filled
with volcaniclastics and coarse arkoses of the Cabit-
nas, Itabapoana and Atafona formations. RP1 faults
were reactivated and new faults were nucleated dur-
ing RP2, resulting in extensive NE-SW half-graben
development that fringes a 10 km-wide regional
horst (the Guriri Fault System—GFS). The grabens
of RP2 were initially filled with reworked carbonates
and hybrid laminites in the depocentres, followed by
bioclastic rudstones (coquinas deposits) stacked onto
the structural highs and transitioning to lower energy
facies towards the depocentres (Strugale and Cart-
wright 2022). These units correspond to the lower
section of the Coqueiros Formation (Coq A; Olivito
and Souza 2020; Fig. 1b).

The upper section of the Coqueiros Formation is
interpreted as a RTR phase. Olivito and Souza
(2020) subdivided the RTR into three sets of facies
associations and organized them into four
seismic-stratigraphic units (Coq B-E; Fig. 1b). Coq
B-D represent an overall coarsening-up sequence
on which bioclastic rudstones and grainstones are
the main porous facies. On the other hand, Coq E
represents a restricted, evaporative environment
with a higher clay content. The overlying Macabu
Formation was deposited during the PR stage in a
highly evaporative alkaline lacustrine system (e.g.
Muniz and Bosence 2015; Lima and De Ros 2019;
Pietzsch et al. 2020). Following a gap, whose dura-
tion is under debate, extensive deposition of marine-
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Fig. 1. (a) Location of the studied area and simplified geological map of the onshore basement. (b) Stratigraphic
framework of the studied area. Stages are based on Strugale and Cartwright (2022) and references therein.
Lithostratigraphy is based on Winter ef al. (2007), where the horizons tSalt (top salt), BSU (base salt unconformity),
IPRU (internal PRU), PRU (post-rift unconformity), tRift (top rift), tSRII (top SRII), tI/A (top Itabapoana/Atafona
formations), and tBas (top basement) are the mapped seismic horizons. Tectonic stages (T.S.) are based on Strugale
and Cartwright (2022) and Winter et al. (2007). Tectonicstratigraphic sequences (TSS) are as defined in Strugale and
Cartwright (2022). Seismic-stratigraphic subdivisions (SSU) of the Coqueiros Formation are as proposed in Olivito
and Souza (2020). CFTD: Cabo Frio Tectonic Domain (cf. Schmitt ez al. 2004); Fm; formation; PRI and PRII,
post-rift sequences I and II, respectively; RP1 and RP2, rift phases 1 and 2, respectively; RTR, rift transition stage;

SRI, SRII and SRIII, syn-rift phases I-III, respectively.

derived evaporites of the Retiro Formation took
place during the Aptian, followed by shallow-marine
carbonates of the Quissama Formation (Winter et al.
2007; Sanjinés et al. 2022). The deposition of Quis-
sama carbonates triggered widespread thin-skinned
gravitational gliding of salt and related salt compres-
sion in the outer regions of the Campos Basin (Davi-
son 2007; Szatmari et al. 2021).

The pre-salt sequence corresponds to the sedi-
mentary and volcanic rocks bounded by the crystal-
line basement at the base and the evaporite layer on
the top. In other words, it includes the geological for-
mations encompassed in the Lagoa Feia Group,
except for the Retiro Formation (evaporites) and
the basal Cabitinas Formation (Fig. 1b). This specific
terminology was used by Strugale et al. (2021) and
Strugale and Cartwright (2022) because they were
the first to study an area on which the crystalline
basement was drilled, thus the entire pre-salt succes-
sion was investigated. On the other hand, the Pre-
Salt reservoir has an extensive usage in the literature
to refer to the RTR to the PR units comprising the
Macabu and the upper Coqueiros formations,

respectively, in the Campos Basin, and their equiva-
lents in the counterpart Santos Basin (the Itapema
and Barra Velha formations, respectively) (Carmi-
natti et al. 2008; Muniz and Bosence 2015; Fetter
et al. 2018).

Materials and methods

This study is based on 67 sidewall cores from 18
wells (Fig. 2). The strategy for sample selection
aimed to obtain novel data for RP1 and the Precam-
brian basement, and to investigate samples of RP2
and RTR tectonic stages which could represent end-
members of the most diagenetically altered rocks. In
these samples, the layering is blurred and features
such as vugs, fractures and brecciation are common.
Therefore, they are distinct from those in Lima and
De Ros (2019), Lima et al. (2020) and Olivito and
Souza (2020), based on high vertical resolution sam-
pling from fewer wells. Despite low vertical repre-
sentativeness, our samples came from wells widely
distributed in the study area though not representing
the syn-rift II (SRII) TSS (tectonicstratigraphic
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Cartwright 2022). (¢) Compilation of the samples used in this study and the respective analyses. Petrography was
performed in every sample. Notice that syn-rift phase II (SRII) is not penetrated by any well and is therefore included
within SRI tectonicstratigraphic sequences. W01, well number 01 etc.
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sequence) (not drilled) and having only a few repre-
sentatives of the SRIII TSS due to its low thickness
onto structural highs (Figs 1b & 2c¢; see also Strugale
and Cartwright 2022).

At least one standard-thickness polished thin-
section was extracted from each sample after clean-
ing using toluene and methanol in a Soxhlet appara-
tus or an ultrasonic bath in isopropanol. Some
thin-sections were stained with Alizarin Red S and
potassium ferricyanide to differentiate the carbonate
minerals as outlined by Dickson (1965). Thirteen
samples were cut and placed in resin pods for auto-
mated mineralogical distribution mapping using
QEMSCAN (FEI) equipment at Rocktype Ltd labo-
ratory in Oxfordshire (UK).

Mineralogy check using X-ray diffraction (XRD)
and stable isotope measurements (oxygen and car-
bon) were made at the Department of Earth Sciences,
University of Oxford (UK). Powder from 20 diage-
netic phases, selected from 12 wells, was generated
by micro-drilling and analysed on a PANalytical
Empyrean Series 2 powder X-ray diffractometer
operating at 40 kV and 40 mA with a Co Ko source
to establish mineralogy and to check for the presence
of carbonates. Four out of 20 were discarded due to
low or absent carbonate content. Carbonate powders
from the 16 remaining samples were analysed for
8'3C and 8'%0 on a Thermo Delta V Advantage iso-
tope ratio mass spectrometer (IRMS) equipment fit-
ted with a Gas Bench II peripheral. Within the Gas
Bench I1, the powdered samples, in 12 ml He-flushed
exetainers (Labco), were reacted with 100% phos-
phoric acid at 50°C. The relative '*C/'C values
are reported in the conventional 8'>C (%o) notation,
relative to the Vienna Pee Dee Belemnite (VPDB),
by assigning a value of +1.95%o exactly to NBS-19
reference material. The relative %0 / 10 values are
reported in the conventional 5'80 (%o) notation, rel-
ative to VPDB, on a normalized scale such that the
880 of NBS-19 is —2.2%c. Reproducibility of
in-house marble standard NOCZ during these analg/t-
ical runs was 0.03%o for 8'°C and 0.07%o for 3'°0
(1o, n = 8), with average 5'>C = 2.22%, and 5'%0
= —1.94 %o within the combined uncertainty of the
long-term average of NOCZ (8"*C =217 +
0.06%¢; 8'°0 = —1.90 + 0.09%q; 103 n = 120).

Ten thick thin-sections (>>100 um) from six wells
were selected to obtain U-Pb ages of carbonates from
several paragenetic phases. Initially, the samples
were imaged through cathodoluminescence (CL) to
support the identification of growth phases that
would guide the spots for LA-ICP-MS. The cold
cathode cathodoluminescence (CC-CL) analysis
was performed using a NewTec Scientific Catho-
dyne® system installed at the British Geological Sur-
vey (BGS; Nottingham, UK). Frame-by-frame
images were stitched using the imageJ plug-in and
methodology of Preibisch et al  (2009).

Subsequently, samples were analysed using the
LA-ICP-MS U-Pb geochronology procedures of
Roberts et al. (2017). The analyses were performed
in the Geochronology and Tracers facilities at the
BGS (Nottingham, UK). A static spot ranging from
60 to 100 pm was used depending on the target
size; spot sizes were kept consistent for each session,
and between samples and reference materials. All
quoted ages are lower intercept 206Pb/238U dates
from Tera-Wasserburg plots, at 20, with propagated
systematic uncertainties. Regressions are unanchored
as the spread in data permits the accurate assessment
of the upper intercept (the initial 2*’Pb/?°°Pb), and
goodness of fit is evaluated using the mean square
of weighted deviates (MSWD). More details on the
quality controls are available in Rochelle-Bates
et al. (2022).

Fluid inclusions (FI) on pore-filling saddle dolo-
mite, prismatic and macrocrystalline quartz, and
blocky and vein-filling calcite, were studied in dou-
ble-polished rock chips. Microthermometric mea-
surements of individual fluid inclusions were
conducted by Pore Scale Solutions Ltd using a
Linkam TMSG600 heating and freezing stage
attached to a Zeiss Axio Imager microscope. FIs were
described using the approach of Roedder (1984),
where Fls were classified according to genetic type
(primary, secondary and pseudo-secondary) and
linked to the paragenetic phase. Groups of genetically
related FIs were considered as fluid inclusion assem-
blages (FIA). The microthermometric analyses
followed the general temperature-cycling methodol-
ogy for the study of FIs in diagenetic cements
outlined by Goldstein and Reynolds (1994). Homog-
enization temperature determinations (Ty,) were
made before ice-melting determinations. The ice-
melting data were used to model salinity for aqueous
Fls. The calculation of the salinity of FIs was under-
taken by comparing microthermometric data with
the phase relations in experimentally determined salt—
water—gas systems under equilibrium conditions for
the NaCl-H,0, CaCl,—H,0 and NaCl-H,0-CaCl,
systems (e.g. Oakes ef al. 1990). Where paired tem-
perature of final ice melting (Tj..) and temperature
of hydrate melting (Tyyq) were available, the code
CalcicBrine (Naden 1996) was used to calculate
salinities in terms of the NaCl-CaCl,—H,O system.
In the absence of Ty,yq data, salinities were calculated
in terms of the NaCl-H,O system for T;., > —21.3°C
and by artificially extending the freezing-point sup-
pression curve (NaCl-H,O) for Tj.. < —21.3°C.

Results

This section aims to present the detailed investiga-
tions performed on the studied samples, from petrog-
raphy and geochemistry to geochronology (Fig. 2b).
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Initially, samples were described as either host rock
or diagenetic facies. In the latter, the original lithol-
ogy and texture are unrecognized due to the intensity
of diagenesis. From that starting point, focus shifted
to diagenetic products (cements, vugs, fractures and
veins), which were investigated using QEMSCAN,
stable isotopes, FI microthermometry and U-Pb geo-
chronology. These data allowed the characterization
of the diagenetic events and their environments,
and the correlation of them with the tectonic and mag-
matic events of the Campos Basin.

Petrography

The rocks described through petrography were ini-
tially classified into five lithofacies (crystalline base-
ment, bioclastic grainstones and rudstones, hybrid
arenites and siltstones, arkoses and conglomerates).
These lithofacies will be briefly discussed in ‘Host
rocks’ below, since our focus is on the diagenetic pro-
ducts. Because the SRI conglomerates and arkoses
have not been described in the previous works in
the north of the Campos Basin, a brief petrographic
description is provided. Otherwise, the reader is
referred to previous publications on the crystalline
basement (Strugale er al. 2021) and on the RTR and
PR sequences (Herlinger et al. 2017; Lima and De
Ros 2019; Lima et al. 2020; Olivito and Souza
2020). Three diagenetic-related facies (dolostones,
cherts and breccias) were recognized and described,
which often include tectonic and compaction-related
features, such as fractures, veins and stylolites. Mosa-
ics of the thin-sections and further QEMSCAN imag-
ery are provided as supplementary material to
provide a context for the textures that could not be
seen from thin-section snapshots, and the complex
distribution of the minerals.

Host rocks

Crystalline basement: These samples are granites
with variable quantities of phyllosilicates. Two out
of 11 basement samples from wells 01 and 02
(W01 and WO02) exhibit widespread brecciation
and a discrete vein network, respectively. These frac-
tures are filled by quartz, pyrite and dolomite—anker-
ite (Figs 3a & 4b). The brittle deformation in these
samples could be related to their proximity to the
northern branch of the GFS (GFSN branch; Fig. 2b).

Conglomerates and arkoses: These are consti-
tuted of lithic conglomerates and arkoses with fine
to granule-size grains, representing the SRI sequence
(Fig. 1b). There are also conglomerates related to
footwall erosion related to syn-rift III (SRIII), but
they are indistinct within the samples analysed (Stru-
gale and Cartwright 2022). The lithic grains are
made of basement and basalt with dimensions up
to pebble size. In the conglomerates, the clasts are

commonly covered by oxide rim (probably hematite;
Fig. 3b). In the arkoses, clasts are dominated by
equal proportions of feldspars (mostly K-feldspars)
and quartz, followed by detrital muscovite, lithic
grains and zircon; the grains are mostly angular
and the rocks are poorly sorted (Fig. 3c). The cement
is carbonatic and constituted of Fe-dolomite to
ankerite, which often replaces feldspar grains, lead-
ing to an abundance of up to one-third of the sample.
Feldspar replacement by Al-phyllosilicates is also
common. QEMSCAN data, however, suggests that
ankerite replaces the feldspar grains and Fe-dolomite
to ankerite constitutes the cement (see inset on
Fig. 3c). The constitution and paragenetic phases
of SRI are similar to observations made in the equiv-
alent section in the Central Campos Basin (Carvalho
and De Ros 2015).

Conglomerates occur in all the wells that pene-
trated the SRIsequence, but coarser and composition-
ally more heterogeneous specimens occur in W05,
located along the trace of the GFSN branch (Fig. 2).
The occurrence of conglomerates with basement
and basalt clasts is related to significant footwall
uplift and erosion during the SRII and SRIII
sequences (Strugale and Cartwright 2022) (Fig. 1b).
Samples from W14, W25 and W33, located away
from the GFS branches, tend to have a more homoge-
neous composition and well-sorted character with
minor lithic fragments (Fig. 2b).

Bioclastic rudstones and grainstones: The bio-
clasts are commonly constituted of disaggregated
bivalves and ooids replaced by micrite, fine-grained
blocky dolomite and chalcedony (Fig. 3d). The
cement could be either blocky to prismatic quartz or
blocky calcite. Extensive vug-related porosity could
occur in the intragrain space when it is not partially
or completely obliterated by macrocrystalline calcite
(Fig. 5a). Vugular porosity is common, but many of
the analysed samples are completely recrystallized
by calcite, quartz and minor dolomite (Figs 6a &
7b, respectively). Veins are predominantly filled by
calcite, sometimes with fracture walls lined with pris-
matic quartz. One vein in a bioclastic rudstone has a
distinct suite of minerals constituted of massive
pyrite with minor nuclei of chalcopyrite and nearby
vugs partially filled by Sr-barite (Fig. 4e).

The occurrence of bioclastic rudstones and grain-
stones in the SRIII 4+ RTR with moderate to high
shell reworking is interpreted as a predominantly
shallow lacustrine depositional environment, influ-
enced by longshore and storm currents (Olivito and
Souza 2020). These authors also observed an overall
coarsening-up and shallowing-up sequence from
SRIII to RTR sequences. The wells located in the
hanging wall of the GFSN branch (W06, W08 and
W15) also have the occurrence of high-energy lithof-
acies as RTR prograding mounds onto low-energy
deposits (Strugale and Cartwright 2022). These low-
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Fig. 3. (a) Brecciated Precambrian basement with post-deformational overgrowth of pyrite (Py), blocky quartz (BQ),
prismatic quartz (PQ) and saddle ankerite (SAk) onto a clast of basement (BC) (XPL). (b) Lithic conglomerate
constituted of clasts of basement and basalt clasts (BaC) cemented with saddle ankerite (SAk). Notice the oxide rim
(OR) around some of the clasts (PPL). (¢) Very coarse arkose with K-feldspar (K-Feld) clasts and cement made of
pyrite (Py), blocky ankerite (BAk) and saddle ankerite (SAk) (PPL). Qtz, detrital quartz. The small insets show the
blue-stained Fe-dolomite cement and zircon grain (Zr) (left) and QEMSCAN imagery showing K-Feld partially
replaced by ankerite (purple), Al-phyllosilicates (light green) and ankerite/Fe-dolomite (blue) cement. (d) Rudstone
made of fragmented bivalve bioclasts replaced by blocky dolomite (BD) with intraparticle space with botryoidal
chalcedony (Ch) and blocky calcite (BC) (PPL). (e) Bioclastic arenite with ostracod (Os) and fragmented bivalves
(Bv) in a matrix of blocky dolomite (BD), saddle dolomite (SD), microcrystalline quartz (MQ) and Mg-clay (XPL).
(f) Siltstone with detrital quartz and white mica in Mg-clay matrix and post compaction pyrite nodules (Py) (XPL).

energy facies constitute the next group of samples to  sequences. They are characterized by variable pro-
be described. portions of clastic and bioclastic constituents in a

Hybrid arenites and siltstones: These occur in  notable proportion of magnesian clay (mostly ste-
the seven wells and indistinctly in SRI-SRIII  vensite; see Herlinger e al. 2017) or organic
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Fig. 4. Aspects of diagenetic products and accessory detrital and diagenetic minerals. (a) Breccia constituted of a
microcrystalline quartz as matrix with saddle dolomite (SD), botryoidal quartz (BQ), prismatic quartz (PQ), late
porous microcrystalline quartz (mQ) and open vugs (PPL). (b) Shear fracture filled with pyrite (Py). The damage
zone is constituted of basement clast (BC) with prismatic quartz (PQ) and macrocrystalline quartz (MQ) onto it
(XPL). (¢) Microcrystalline quartz (mQ) matrix and a vug filled with prismatic Sr-barite (SB) and dolomite (Dol)
(XPL). (d) Siltstone with abundant organic matter (O) on which is observed detrital quartz (dQ), mica (M) and zircon
(Zr) (XPL). (e) Sulfide vein constituted of macrocrystalline pyrite (Py), some chalcopyrite (Cpy) and Sr-barite to
celestine (SB/Ce) (RL). (f) Svanbergite cubes (Sv) in a matrix of partially dissolved microcrystalline quartz (mQ)

and some macrocrystalline quartz (MQ) (PPL).

matter in the matrix. They are composed of detrital
quartz and white mica of coarse silt to fine sand
grain size, peloids, disarticulated bivalve shells
and ostracods (Fig. 3e); zircon is a common detrital

accessory (Fig. 4d). The samples are sometimes
completely replaced by dolomite as rhombs and
aggregates (Figs 5e & 8a, d), microcrystalline
quartz (chert), and blocky chalcedony as nodules
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Fig. 5. Silica and carbonatic diagenetic products. (a) Ooids and peloids replaced by blocky calcite and vug partially
filled with macrocrystalline calcite (MC) (PPL). BC, blocky calcite. (b) Extensive vugular porosity in the interface
zone between dolostone (left) made of euhedral and blocky dolomite (DR/BD), and chert made of microcrystalline
quartz (mQ) and blocky quartz (BC). Vugs in chert have minor Sr-barite crystals (PPL). (¢) Succession of diagenetic
products made of microcrystalline quartz (mQ), blocky calcite (BC), blocky chalcedony (Ch) and macrocrystalline
quartz (MQ) (XPL). (d) Succession of diagenetic products where early blocky dolomite (BD) is followed by
microcrystalline quartz (mQ) and chalcedony (Ch), and finally by quartz as veins (MQv) and vug-filling megacrystals
(MQ) (XPL). DR, dolomite rhombs. (e) Two generations of dolomite cementation. Extensive early blocky dolomite
cement (BD) on the right, with subsidiary dolomite rhombs (DR) in a layer with silica-rich matrix (mQ) on the left,
both superimposed by late veins of hyaline dolomite (Dv) (XPL). (f) Breccia constituted of chert clasts (CC) and
dolostone clasts (DC) in a matrix intensively cemented by hyaline blocky calcite (BC) and saddle dolomite (SD)
(XPL). The inset shows the respective stained colours.

and layers (Fig. 8b). Pyrite is also abundant and filled stratabound fractures (Fig. 3f). Hyaline dolo-
occurs as either post-compaction dendritic nodules  mite veins occur as fracture fill in chert layers
or subvertical veins that are cross-cut by partially and as vug fill in chert nodules, suggesting that
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Fig. 6. Two images of the stylolites observed in a sample of bioclastic rudstone intensively cemented by calcite. (a)
PPL photomosaic showing two systems of stylolites that cross-cut most of the recrystallized matrix constituents.
Notice that minor stylolites are cross-cut by major stylolites. (b) High-resolution QEMSCAN imagery showing the
main mineral constituents of the stylolitic levels. Notice the late vug-fill by Sr-barite and anhydrite.

chert may be more brittle than the dolostones
(Fig. 8b, d).

Diagenetic products

Dolostones: These are predominantly made up of
dolomite rhombs and aggregates of blocky dolomite
in a matrix of Mg-clays, organic matter and detrital
clasts (Fig. 8a); in some cases, dolomite crystals rep-
resent nearly 100% of the sample (see discussion in
(Warren 2000). Dolostones commonly occur inter-
laminated with or hosting chert nodules (Fig. 5d, e
& 8b). Dolomite rhombs, aggregates and saddle
dolomite are also common diagenetic products in
bioclastic grain and rudstones, although not particu-
larly abundant in these facies and often preceding
calcite cements (Fig. 3d).

Saddle dolomite has been associated solely with
hydrothermal diagenesis since it often occurs as the
latest phase of vug filling and reveals high formation
temperatures (Lima et al. 2020), while blocky dolo-
mite and dolostones have been interpreted as an eo/
mesodiagenetic product of Mg-clay rich lithologies
(Lima and De Ros 2019). However, some low-
energy deposits have minor dolomite (Fig. 3f), and
dolomite rhombs are sometimes engulfed by saddle
dolomite, calcite cements and calcite veins, suggest-
ing a temporal series (Fig. Se, f). In addition, dolo-
mite thombs apparently precede silica cementation
(Fig. 5d). Thus, dolomitization is interpreted as one
of the earliest diagenetic phases.

Cherts: This term describes samples or strata that
consist mainly of siliceous cement, which frequently
masks the original rock and replaces the protolith as
microcrystalline, prismatic quartz and macrocrystal-
line quartz, and chalcedony. Chert cement or entire
samples constituting it are widely distributed

throughout the SRIII and RTR sequences. Chalce-
dony and microcrystalline quartz aggregates com-
monly exhibit halos of immiscible material, thus
configuring botryoidal textures (Figs 3d & 4a). Frac-
turing and dissolution occur in quartz cements and
result in networks of interconnected fractures and
vugs with significant secondary porosity. Vugs and
fractures are commonly filled with minerals such as
svanbergite, Sr-barite, calcite and blocky dolomite
(Fig. 4c, f & 8f).

The occurrence of chert interlaminated with dolo-
stone probably relates to the primary sedimentary lay-
ering, since dolostones reflect a higher abundance of
Mg-clay minerals in the host rock and thus lower dep-
ositional energy. Therefore, cherts formed in less
argillaceous facies, although the common presence
of floating dolomite rthombs in cherts suggests that
some clays were present. However, such an interpre-
tation could be problematic because the mechanisms
that govern the coexistence of siliceous cement and
dolomitization are not well understood (Hesse 1989;
Packard er al. 2001; Bustillo 2010). Also, it is often
impossible to identify the protolith of cherts and
thus assess its primary porosity, making any assump-
tion on the original clay content and primary porosity
problematic. On the other hand, dolomitization of
Mg-clays releases orthosilicic acid, which could
explain the common occurrence of siliceous cements
in dolostones (Lima and De Ros 2019). Hybrid lithol-
ogies contain detrital quartz that could also provide
diagenetic silica. However, extensive quartz precipi-
tation in fractured basement suggests that it may con-
stitute an external source of silica (Fig. 4b). Hence, the
abundance of silica cement across the sedimentary
section suggests the presence of an external source
of silica that could either be represented by the crystal-
line basement or by the SRI arkoses.
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Fig. 7. Comparison between calcite and dolomite veins. (a) Veins of macrocrystalline calcite (MCv) in dolostone
with some microcrystalline quartz (mQ) cement (PPL). (b) Vein constituted of macrocrystalline calcite (MCv) with a
rind of prismatic quartz (PQ) onto a host rock of bioclastic rudstone cemented by blocky calcite (BC) (PPL, stained).
(¢) Sub-vertical macrocrystalline calcite-filled vein (MCv) with subsidiary veins at right angle in a host rock
constituted of microcrystalline quartz (mQ) and chalcedony (Ch) (XPL). (d) System of sub-vertical dolomite-filled
veins (Dv) in a layered hybrid siltstone (XPL). (e) High-resolution QEMSCAN imagery and (f) photomosaic of a
crack-vein in basement (Feld, feldspar; Qtz, quartz sample filled by a sequence of blocky dolomite (BD) with pyrite
(Py) nodules, saddle Fe-dolomite (Fe-SD) and ankerite (PPL). Notice in ‘¢’ the compositional gradation/zonation
from dolomite, Fe-dolomite than ankerite towards the centre of the vein. (g) Cathodoluminescence (CL) image of the
fracture of (e) and (f) showing bright red-orange colour for the blocky dolomite (BD), pale orange colour with well-
developed growth rims (Fe-SD) and dull brown with speckled orange in the later ankerite gap deposit (Gd) in the
centre. FW: fracture wall.

Breccias: These were identified in samples from  them distinct from the conglomerates. Two types
both the basement and sedimentary sections and of breccia occur, clast-supported in situ breccias
are solely composed of intraclasts, which makes (cracking breccia) and matrix-supported breccias.



M. Strugale et al.

Fig. 8. Tectonic and compaction features. (a) Ptygmatic folding in microcrystalline quartz (mQv) veins in a matrix of
blocky dolomite (BD) and microcrystalline quartz cement (mQ) (XPL). (b) Contact of dolomitized siltstone and a
layer of microcrystalline quartz (mQ) with a dolomite vein (Dv) (XPL). (¢) Vein initially filled with lined prismatic
quartz (PQ) and later blocky calcite (BCv). The matrix is made of replacive blocky calcite (BC) and microcrystalline
quartz (mQ) cement (XPL). (d) Dolostone with replacive calcite cement showing an early bed-parallel calcite vein
(MCv1) crossed by a vertical macrocrystalline calcite vein (MCv2) (PPL). (e) Stained section showing stylolites (Sty)
associated to vugular porosity in a matrix made of peloids replaced by blocky calcite (BC) and blocky dolomite (BD)
(PPL). (f) Chert (mQ) showing multiple events of fracturing, brecciation, dissolution and selective filling of
macrocrystalline calcite (MCv) (PPL). Fr, fracture.

Breccias occur relatively close (<50 m in depth) to Breccias in basement rocks are exemplified in
unconformities, where samples from WOl and Figure 4b, on which a shear fracture exhibits exten-
W15 are next to tRift unconformity, and the W18  sive brecciation, resembling a fault plus damage-
sample is close to PRU (Fig. 2c). zone system. This breccia is filled with pyrite, quartz
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and saddle Fe-dolomite. Within the sedimentary suc-
cession, several samples show some degree of frac-
turing that has locally generated brecciated textures
(Figs 4e & 8f) but are best exemplified in
Figure 5f. These are dilatational, cement-supported
breccias comprising up to 1 cm angular clasts of
microcrystalline quartz and subsidiary dolostone
clasts; both occur in the matrix as finer fractions.
Earlier cement is constituted of blocky and saddle
dolomites, followed by pervasive blocky to macro-
crystalline calcite cement.

The breccia of Figure 5f is interpreted to have
formed at some depth since both chert and dolostone
clasts were lithified prior to brecciation, to form a
hydrothermal-related breccia that was later cemented
by calcite. Breccias are a common product of
hydrothermal diagenesis in the context of hypogenic
karstification and occur along faults and below low-
permeability strata (e.g. Davies and Smith 2006;
Kyne er al. 2019). However, the possibility of this
breccia being surficial and related to epigenetic
karst is not excluded, since it is relatively close to
the PRU unconformity. Matrix-supported breccias
are also a common product of epigenetic karst
(Loucks 1999).

Tectonic, compaction and dissolution features

Tectonic and compaction features are represented by
veins filled with carbonates, quartz and occasionally
sulfides; stylolites, open fractures partially filled with
calcite or dolomite, and folded sand dykes also
occur. Veins and fractures are either bedding-parallel
or orthogonal with respect to the sedimentary layer-
ing. Brecciated texture is commonly associated with
fracture sets, especially in cherts.

It was impossible to determine the direction of
veins in unstratified rocks, such as basalt and base-
ment. Their walls are straight and sharp in more
cohesive rocks (basement, basalts and cherts) and
wavy to irregular in porous ones (arkoses, rudstones
and dolostones).

In the bioclastic grain and rudstones of SRIII 4
RTR sequences, calcite is the predominant vein-
filling mineral, followed by quartz (e.g. Fig. 7b).
Notice that within these lithologies the vein compo-
sition resembles that of the fracture wall (Figs 6b &
7b). On the other hand, dolomite is the principal
vein-fill in dolostones, hybrid siltstones and arenites
(Fig. 7d).Veins in basement and basalt are filled by
dolomite to ankerite series, including Fe-dolomites
that are either lining the fracture walls (Fig. 7e—g)
or disseminated within the cataclastic matrix (Figs
3a & 4b). In the first example, the transition from
rims of blocky dolomite with pyrite nodules to
ankerite is evident. Following partial dissolution of
the blocky dolomite, saddle Fe-dolomite with well-
defined growth rims formed, followed by gap

deposits (cf. Laubach et al. 2019) constituted by
ankerite exhibiting speckled CL. In the second
case, cataclastic-related cements are made of speck-
led saddle Fe-dolomite and saddle ankerite which are
associated with early pyrite and rims of prismatic
quartz to blocky quartz (Fig. 3a).

In bioclastic grainstones and rudstones, as well as
cherts and some dolostones of SRIII + RTR, veins
of macrocrystalline calcite predominate and are
chemically homogeneous according to QEMSCAN
images (Fig. 7a—c). Other minerals that occur within
calcite veins are dolomite, as floating thombs, and
rims of blocky and prismatic quartz that precede cal-
cite precipitation (Figs 7b & 8c). An exception is the
vein or vug in bioclastic rudstone shown in
Figure 4e. This vein is mainly filled by non-replacive
pyrite nodules, some of which exhibit nuclei of chal-
copyrite and sphalerite; pyrite is increasingly frac-
tured towards the margins. These fractures were
filled with fibro-radial Sr-barite and anhydrite,
which also fills open vugs in nearby host rock, sim-
ilarly to that observed in Figure 6b. Although pyrite
is a common diagenetic product in clay-rich rocks —
because of thermochemical sulfate reduction of
organic matter and the formation of pyrite nodules
(Machel 2001) — its occurrence as fracture-fills
in either basement or SRIII rudstones, and in Fe-
rich dolomites, suggests remobilization during
diagenesis.

Quartz veins are less common and are typically
related to quartz-rich lithologies (Figs 5d & 8&c).
Due to the difficulty of recognizing sedimentary lay-
ering in samples with intense quartz cementation, it
was not possible to recognize a preferred orienta-
tion. One exception is a subvertical, folded quartz
vein in dolostone which suggests the mechanical
compaction of a sand dyke during burial and its
eodiagenetic emplacement (Fig. 8a). In Mg-clay-
rich lithologies, dolomite veins were identified
crossing chert layers interlaminated with siltstones
(Fig. 8b).

Stylolites were observed in bioclastic rudstones,
hybrid lithofacies and cherts, despite the abundance
of clay minerals in the host rock (Fig. 6a). Petrog-
raphy and QEMSCAN mapping show that stylo-
lites are characterized by high concentrations of
clay minerals (mostly illite), pyrite, barite, anatase
(rutile), phosphate, anhydrite and quartz grains
that were involved during the stylolite development
(Fig. 6b). Contact relationships between bioclasts,
cements and stylolites show truncations which sug-
gest multiple events of dissolution and mineral con-
centration by pressure solution. Well-developed
stylolites cross-cut the thinner ones and most of
the cement phases. On the other hand, stylolites
in interlaminated hybrid facies tend to occur in
the contact zone between chert and dolostone.
When occurring in bioclastic rudstones and cherts,
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stylolites are often accompanied by symmetric
porosity enhancement, similar to observations in
the Maestrat Basin, Spain (Martin-Martin et al.
2018).

QEMSCAN bulk composition

The bulk compositions of the samples analysed by
QEMSCAN (QS50 and QS4) provide the propor-
tions of major and some minor elements. Examples
of QS4 images are shown in Figures 3c, 6b and 7e.
Table 1 reveals quartz and calcite as the most abun-
dant minerals in the carbonate phases, followed by
the dolomite group (dolomite to ankerite) and acces-
sory minerals in the form of Al-phyllosilicates, ana-
tase (rutile), phosphates, pyrite and barite /celestine.
The proportions of K-feldspar and plagioclase are
similar, and quartz predominates in the basement,
which is granodioritic in composition. The arkose
of W25 has a prevalence of K-feldspar and quartz
over plagioclase, which could be related to the diage-
netic replacement of the latter by ankerite (Fig. 3c).
Overall porosities range from 0.56 to 16.02% and
show no correlation with any mineral constituent.

Stable isotopes

The range of 8'°C values is mostly concentrated in
an interval between —1.68%0 and 1.66%o, with a
mean value of 0.85%o (Table 2, Fig. 9). These results
are similar to those described for diagenetic phases in
these rift sediments by Lima er al. (2020), even
though samples from the present study are largely
from rift units that were not sampled by the latter
study. This observation is also valid for mineral
phases like Fe-dolomite cement in arkoses and cal-
cite cement in in situ breccia. The observed ranges
for 8'°C are compatible with either marine-water or
freshwater carbonates (Hoefs 1997) and do not
reflect forced hydrocarbon maturation by hydrother-
mal diagenesis, as observed in the counterpart
Namibe Basin in Africa (Rochelle-Bates et al.
2021). There is no correlation between 5'>C and
580 values, which is also a feature of previous stud-
ies in the Campos, Santos and Kwanza basins
(Ceraldi and Green 2017; Farias et al. 2019; Lima
et al. 2020; Pietzsch et al. 2020).

In contrast to the restricted §'C values, 5'%0 val-
ues from the analysed carbonates show a wider var-
iation (from —0.72%o0 to —9.65 %o — Fig. 9). It is
observed that coarser, vein-filling calcite and dolo-
mite have lower 8'®0 than the pore-filling carbonate
cements and the replacive carbonates. For example,
in Figure 7b the blocky calcite cement in the matrix
and the macrocystalline calcite vein-fill have 5'%0
values of —3.57%0 and —8.79%o, respectively. This
decrease to lower 8'*0 towards the youngest mineral
phases suggests either differences in the temperature

of the fluid and/or in the oxygen isotopic composi-
tion of the vein fluid (5'%0,,). Therefore, the progres-
sive decrease in 8'%0 over time is interpreted to
reflect repeated recycling events (dissolution and
precipitation) causing lower 8'%0 in later cements.
In other words, veins are the latest diagenetic phase
and yield the lowest 5'%0 values (c. —8.79%0)
because the host rock provides oxygen isotopes
with lower 880 (—3.57%c). These, in turn, are
lower than the earliest microcrystalline calcite (c.
—1.00%0, Fig. 9). Despite the analysed samples
being representative of the most diagenetically
altered lithofacies, our 8'%0 results still fit within
the ranges of both syngenetic and hydrothermal
phases in the Campos Basin (Lima ez al. 2020).

Fluid inclusions

Over 360 liquid plus vapour (L + V) FIs were ana-
lysed in 7 rock wafers representing the major mineral
phases (quartz, calcite and dolomite) to detect spatial
variations in the homogenization temperature (T})
and salinity. Figure 10 presents a graphic summary
of Ty, and salinity (wt% NaCl eq.) determinations
for the mineral phases investigated. The complete
dataset is shown in Table 3 and the detailed descrip-
tion are presented as supplementary material.

The majority of FIs are primary and aqueous.
Numerous FIs are defined as pseudosecondary
since they could not be categorized as either primary
or secondary. Considering such uncertainty, we opt
to disregard the morphology of the FIs and classify
them as primary or pseudosecondary. Only a few
hydrocarbon-bearing FIs were described, and these
do not contain a resolvable aqueous phase.

Ty, average at 106.1°C (median of 105°C) and
increase with depth (Fig. 10c). Ty, in calcites show
unimodal distributions with peaks around 95 and
105°C, respectively; macrocrystalline quartz shows
two major quartiles, at 100-105 and 120-125°C.
While the overall Ty, range of the dolomite phases
is similar to that of calcite and quartz, they have
more dispersed distributions and do not exhibit any
pattern. Despite the similarity of values from the pre-
sent study with those of Lima er al. (2020), the wide
range of T}, observed is nevertheless interpreting as
reflecting variable fluid temperature during the
diagenesis.

The salinities are generally high for all mineral
phases except saddle dolomite (Fig. 10b). The aver-
age and median salinities are 21.9 and 22.8 wt%
NaCleq., respectively. Blocky calcite and macrocrys-
talline calcite veins have contrasting distributions,
right- and left-skewed, respectively. Therefore,
blocky calcite has the highest average and median val-
ues for salinity (22.7 and 23.7 wt% NaCl eq.,
respectively).


https://doi.org/10.6084/m9.figshare.c.7103900

Table 1. Bulk composition of the samples analysed by QEMSCAN at 50 pm resolution

Depth  Well TSS Calcite Dolomite Fe- Ankerite Quartz K- Plagioclase Al- Anatase Phosphate Pyrite Barite Anhydrite Chalcopyrite Sphalerite OtherPhases Porosity
(m) Dolomite Feldspar phyllosilicates/

Illite /Smectite
XX585 W01 RTR 02 10.7 0.7 0.0 78.3 0.0 0.0 1.8 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.2 7.7
XX90 W01 BAS 0.1 2.6 1.1 0.4 29.8 25.5 31.1 7.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 22
XX93 W02 BAS 0.1 0.9 24 10.7 33.8 17.8 16.0 72 0.1 0.1 54 0.0 0.0 0.0 0.0 0.3 5.0
XX60 W08 RTR 1.8 55.0 1.5 0.0 253 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 16.0
XX11 ~ WI0 RTR 90.2 0.0 0.0 0.0 1.5 0.0 0.0 1.0 0.0 1.4 0.2 0.1 0.0 0.0 0.0 0.0 55
XX80 WI4 SRIII 54.8 0.0 0.0 0.0 24.1 0.0 0.0 0.0 0.0 0.0 9.7 2.2 0.6 0.0 0.0 0.1 83
XX422 W18 RTR 29.5 9.0 1.2 0.0 482 0.0 0.0 0.9 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.1 10.9
XX48.5 W18 RTR 33.8 0.6 0.1 0.0 622 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0
XX75 W20 RTR 220 0.9 0.0 0.0 75.7 0.0 0.0 0.4 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.8
XX40 W21 RTR 25 19.0 1.0 0.0 46.1 0.3 0.0 17.8 0.2 4.0 1.1 0.0 0.3 0.0 0.0 0.3 7.5
XX48 W21 RTR 4.0 0.0 0.0 0.0 90.6 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 52
XX75 W25 SRI 03 8.6 4.1 9.0 21.0 272 0.2 22.7 0.6 0.3 1.1 0.0 0.0 0.0 0.0 0.4 44
XX08 W33 RTR 84.6 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 14.6

BAS, crystalline basement; RTR, rift transition; SRI and SRIII, syn-rift phases I and III, respectively; TSS, tectonostratigraphic sequence (Fig. 1b).
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Table 2. Stable isotope 8'°C and 5'®0 from several lithofacies, including with distinct diagenetic cements

TSS Mineral Well Depth XRD mineralogy 83C  sd. 80 sd. Sampling observation
phase (m)
Basement SD Wo01  XX90 DOL 98%, CAL 2% —1.68 0.03 —9.65 0.03 Manual picking of vein-filling saddle dolomite
RTR BD/SD W08  XX60 DOL 94%, QTZ 6% —1.04 0.02 —-843 0.04 Sampled from blocky to saddle cloudy dolomite replacive cement
in bioclastic rudstone

RTR BD W08 XX60  DOL 98%, QTZ 2% 0.95 0.05 —0.72 0.04 Sampled from hyaline vug-filling dolomite

RTR BC W10 XX11 CAL 88%, QTZ 12% 0.76 0.02 —0.74 0.02 Sampled blocky calcite replacive cement in bioclastic rudstone

RTR BD W13 XX16 DOL 75%, QTZ 17%, 0.23 0.02 —1.36 0.02 Sampled from dolostone (microcrystalline blocky dolomite)
CAL 8%

RTR BD W13 XX68.1 DOL 78%, QTZ 20% 1.00 0.02 —1.18 0.04 Sampled from dolostone (microcrystalline blocky dolomite)

SRIIT BC W14  XX75 QTZ 56%, CAL 44% 1.02 0.05 —0.75 0.03 Bulk sampling from quartz rich (detrital) and replacive blocky

calcite cement

RTR BC W16 XX28.5 CAL 80%, QTZ 20% —321 0.03 —1.54 0.03 Bulk sampling from recrystallized hybrid arenite

RTR BC W18 XX42.2 QTZ 61%, CAL 35%, 1.36 0.07 —=7.01 0.16 Sampled from intraclast macrocrystalline calcite cement in
DOL 3% chert-rich breccia

RTR BD W18 XX43.6 DOL 63%, QTZ 37% 1.07 0.04 —2.38 0.04 Sampled from dolostone matrix

RTR BCv W18 XX43.6 CAL 99%, QTZ 1% 1.02 0.02 —8.79 0.03 Manual picking of vein-filling macrocrystalline calcite

RTR BC W18 XX48.5 CAL 96%, QTZ 4% 0.61 0.02 —3.57 0.04 Sampled from replacive calcite cement in bioclastic rudstone

RTR BC W21 XX37 CAL 59%, QTZ 41% 1.37 0.04 —5.64 0.04 Sampled from calcite nodule in Mg-clay rich siltstone

RTR BD W21 XX44 CAL 74%, DOL 17%, —0.62 0.04 -2.68 0.03 Bulk sampling from dolostone intensively recrystallized by
QTZ 9% replacive calcite

SRI BD W25  XX75 ORT 78%, ANK 12%, —047 0.09 —4.02 0.17 Bulk sampling from arkose cemented by Fe-dolomite
QTZ 10%

RTR BC W33 XX08 CAL 100% 1.66 0.03 —1.76 0.03 Bulk sampling from bioclastic rudstone with replacive blocky

calcite cement

BC: blocky calcite; BD, block dolomite; RTR, rift transition; s.d., standard deviation; SD, saddle dolomite; SRI and SRIII, syn-rift phases I and III, respectively; TSS, tectonic-stratigraphic stage; XRD, X-ray
diffraction. XRD mineralogy: ANK, ankerite; CAL, calcite; DOL, dolomite; ORT, orthoclase; QTZ, quartz; BCv, blocky calcite in veins.
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Fig. 9. O-C stable isotopes composition by (a) diagenetic products and (b) wells. In both figures, the results shown
in Table 2 are represented by bigger symbols superposed onto the data compiled in Lima et al. (2020), represented by
smaller symbols and regions that represent data from rift (r) and post-rift (s) units compiled from previous works.
Notice that some diagenetic products are missing in previous publications because they were not investigated before
or were not observed in this work.
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for aqueous Fls computed using the NaCI-H,O system. Bars are coloured according to the host mineral. (c)
Cross-plots of depth x Ty, and 8'%0 x T;, with respective trend lines. Points representing Ty, are coloured according
to mineral phases. Depth increases to the right.



Table 3. Statistical summary of the results obtained in aqueous and petroleum inclusions

Well  Depth Min phase Strat.  Lithofacies Type UV colour Fill Tim Thya Tice (°C) Ty (°C) Ty (°C) Salinity Salinity Notes
(m) unit (HC-bearing range range avg. (n) (wt% NaCl (wt% NaCl
(TSS) only) eq.) + CaCl,
eq.)
W02  XX93 MQ (inner) Bas. Basement AQ - L+V —19.5 111 111 (1) 22
w02  XX93 MQ (outer) Bas. Basement AQ L+V —21.5-22.6  95-134 108 (6) 23.5-24.2
W02  XX93 MQ Bas. Basement AQ L+V -3.5 99-105 102 (2) 5.7 Metastable
Tice
w02  XX93 MQ (inner)  Bas. Basement AQ L+V —6.5-23 111-123 1165 (4) 9.9-24.5
W02  XX93 MQ (inner)  Bas. Basement AQ L+V 85 85 (1)
w02 XX93 MQ (inner) Bas. Basement AQ L+V —18.5 107 107 (1) 21.2
W10 XX36 RTR  Bioclastic packstone ~ AQ L+V —18.6 157 157 (1) 21.3
(silicified)
W13 XX68 MQ RTR  Chert AQ L+V —11.3-22.8 112-132  124.5 (6) 15.2-24.4
W13 XX68 MQ RTR  Chert AQ L+V 104-123 116 (5)
W13 XX68 MQ RTR  Chert HC Orange L1+L2+V 89-102 94 (3)
W13 XX68 MQ RTR  Chert AQ L+V —20.1-22.4 118 118 (1) 22.4-24.1
W13 XX68 MQ RTR  Chert AQ L+V —19.5-22.6 122 122 (2) 22.0-24.2
W13 XX68 MQ RTR  Chert AQ L+V —22.8 121-138  129.5(2) 24.4
WI8 XX483 MQ RTR Bioclastic rudstone HC Green-white L+ V 57-111 84 (2)
WI8 XX483 MQ RTR  Bioclastic rudstone AQ L+V —14.7 132 132 (1) 18.2
WI8 XX483 MQ RTR  Bioclastic rudstone AQ L+V —16.0 122 122 (1) 19.3
WI8 XX483 MQ RTR  Bioclastic rudstone AQ L+V —15.3-16.6 104-129  109.6 (5) 18.7-19.7
W18 XX48.3 MQ RTR  Bioclastic rudstone AQ L+V 122-136 129 (2)
W18 XX483 MQ RTR  Bioclastic rudstone AQ L+V —18.2-19.2 124-131  127.6 (7) 21-21.7
W10 XX36 MCv RTR Bioclastic packstone  AQ L+V —-19 73-90 81.8 (4) 21.6
(silicified)
W10 XX36 MCv RTR Bioclastic packstone ~ AQ L+V —19-20.3 85-132 113.4 (11) 21.6-22.6
(silicified)
W10 XX36 MCv RTR  Bioclastic packstone ~ AQ L+V —52 —22.5-22.7 —18.1-20.2 114-153  132.7 (11) 20.7-22.5 17.5-18.2
(silicified)
W10 XX36  MCv RTR  Bioclastic packstone ~ AQ L+V —52 22.5 —19.1 139-156  147.5(2) 21.7 18
(silicified)
W10 XX36 MCv RTR Bioclastic packstone ~ AQ L+V —52 —21.5 —19.3 113 113 (1) 21.8 20.9 Metastable
(silicified) Tice
WI0  XX36 MCv RTR Bioclastic packstone ~ AQ L+V 113 113 (1)
(silicified)
WI0 XX36  MCv RTR  Bioclastic packstone ~ AQ L+V —52 —23.8 —229 107-118  112.5(2) 245 16.8
(silicified)
WI0 XX36  MCv RTR  Bioclastic packstone ~ AQ L+V —52 22.9-23.1 —20.2-22.8 111-147  122.8 (7) 22.5-244  17.7-19.5
(silicified)
W10 XX36  MCv RTR  Bioclastic packstone ~ AQ L+V —52 -225 —18.5-21.5 116-145  124.5 (6) 21.2-235 195
(silicified)
W10 XX36 MCv RTR Bioclastic packstone ~ AQ L+V —19.7 110 110 (1) 22.1 Metastable
(silicified) Tice
WI10  XX36 MCv RTR Bioclastic packstone ~ AQ L+V —52 —19.5-22.4 109-121 112.6 (5) 22.2-24.1
(silicified)
W18 XX48.3 MCv RTR  Bioclastic rudstone AQ L+V —11.3 83-106 94.3 (3) 15.2
W18 XX48.3 MCv RTR  Bioclastic rudstone AQ L+V -52 —22.3-225 -—20.3-21.3  96-109 104.8 (6) 22.6-23.3 18.8-19.9
W18 XX48.3 MCv RTR Bioclastic rudstone AQ L+V —20.8 93 93 (1) 229
W18 XX483 MCv RTR  Bioclastic rudstone AQ L+V —52 —13.8 93-120 105.3 (3) 22.9-249
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W18 XX483 MCv RTR Bioclastic rudstone AQ L+V —40-52.5 —21.4-222 89-134 107.2 (11) 23.4-23.9

WI8 XX48.3 MCv RTR  Bioclastic rudstone AQ L+V —50-52 —16.5-21.7  83-98 90.9 (14) 19.7-24.2 Some
metastable
Fls

W10  XX11 BC RTR  Bioclastic rudstone AQ L+V —45-52 —13.5-22.7 —-16.5-22.7  65-126 95.9 (32) 19.5-244  19.4-212

W10 XX11 BC RTR  Bioclastic rudstone AQ L+V —10.8-19.8 103-122 110 (9) 14.7-22.2

W10 XXl BC RTR  Bioclastic rudstone AQ L+V —5.0-10.7 93 93 (1) 7.9-14.6

W10 XXl11 BC RTR Bioclastic rudstone AQ L+V —20.5-22.6 82-103 95.4 (5) 22.7-23.5

w10  XX11 BC RTR  Bioclastic rudstone AQ L+V —21.8 63 63 (1) 23.7

W18 XX422 BC RTR  Bioclastic rudstone AQ L+V —35-52.0 —10.0-12.0 —19.5-22.8  78-107 95.2 (17) 22.0-244  20.6-24.8

W18 XX422 BC RTR  Bioclastic rudstone AQ L+V —40.0 —15.0 —19.8-22.1  55-106 87.3(9) 22.2-239

W18 XX422 BC RTR  Bioclastic rudstone AQ L+V =35 —22.1-22.5  99-103 101 (2) 23.9-24.2

W18 XX422 BC RTR  Breccia AQ L+V —9.0 —19.2-22.8  75-123 99.5 (4) 21.8-244  21.1

W18 XX422 BC RTR  Breccia AQ L+V —40 —0.5 —21.8 113 113 (1) 23.7 242

W18 XX422 BC RTR  Breccia AQ L+V —52 —9.0-16 —22.0-229 157 157 (1) 23.8-245 204-21.7

W18 XX422 BC RTR  Breccia AQ L+V —9.0 —18.5-23.5  73-121 92.7 (14) 21.2-249  21.1

W18 XX422 BC RTR  Breccia AQ L+V —15.0-17.0 -225 87-137 107.6 (8) 24.2 20.5-20.8

W18 XX422 BC RTR  Breccia AQ L+V —46.0 —13.0-150 —-22.3-22.6  88-121 99.5 (10) 24.0-242  20.9-21.2

W01 XX58.5 SD Bas. Basement HC Blueish L+V 110-146  126.6 (9)

W02  XX93 SD Bas. Basement AQ L+V —10.2-13.8  73-113 95.6 (4) 14.5-17.4 Dolom. 2

w02  XX93 SD Bas. Basement AQ L+V —10.2 88-111 98.4 (5) 14.1 Dolom. 2

W02  XX93 SD Bas. Basement AQ L+V —8.0-18.5 87-157 121 (5) 11.7-21.2 Dolom. 2

w02 XX93 SD Bas. Basement AQ L+V —-15.0 95-113 101 (3) 18.5 Dolom. 2

w02 XX93 BD Bas. Basement AQ L+V —225 111-112  111.5(2) 242 Dolom. 1

w02  XX93 BD Bas. Basement AQ L+V —16.5-23.8  97-116 109.3 (7) 23.5-25.1 124 Dolom. 1

w02  XX93 BD Bas. Basement AQ L+V —22.0 84-102 96 (3) 18.6-23.8 Dolom. 1

w02  XX93 BD Bas. Basement AQ L+V —52 —24.6 —239 111 111 (1) 252 15.3 Dolom. 1

W18 XX422 BD RTR  Breccia AQ L+V —16.5-22.5  97-109 104.5 (4) 23.5-24.2

Fluid inclusions (FIs) are hosted in hydrothermal macrocrystalline quartz (MQ), replacive calcite (MC) and vein-filling macrocrystalline calcite (MCv), blocky dolomites (BD) and saddle dolomites (SD) in
basement rocks (Bas.), and also in bioclastic rudstones and silicified bioclastic packstone of the rift transition sequence (RTR). For the fill, L 4+ V means liquid + vapour and L1 + L2 + V is liquid 1 + liquid
2 + vapour. Tgy, is the temperature of the first melting; Tpyq is the temperature of the hydrate melting; Tic. is the temperature of final ice melting; Ty, is the temperature of homogenization, of which the range and
average (avg.) of values are presented. Salinity (wt% NaCl eq. and wt% NaCl + CaCl, eq.) are equivalent salinities estimated using the equilibrium conditions predicted experimentally for the NaCl-H,O and
NaCl-H,0-CaCl, systems, respectively. AQ, Aqueous; HC, HC-bearing. Dolom.1 and Dolom. 2 are based on relative timing as suggested by petrography.
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The observation of very low temperatures of first
melting (Ty,,) is indicative of the presence of CaCl,
in the aqueous system. Where it was possible to col-
lect paired Ti.. and Tyyg data (n = 35), salinities
were modelled in the system NaCl-CaCl, (Naden
1996). Salinities modelled in this way tend to be sim-
ilar to those calculated in the NaCl-H,O system for
21 FlIs (21-26 wt% NaCl + CaCl, eq.). However,
blocky calcite has values above and macrocrystalline
calcite below 20 wt% NaCl-CaCl, eq. Calculated
NaCl/CaCl, ratios indicate that Na* is the dominant
cation and NaCl/NaCl-CaCl, is typically between
0.8 and 0.9 [by weight].

Ty, were compared with stable isotope data when
3'80 and T, data are available for the same sample or
the same mineral phase in the same well. The aver-
age T, value for the most abundant carbonate
phase was considered. Despite significant disper-
sion, there is a positive correlation between T}, and
depletion in 5'%0 (Fig. 10c).

U-Pb geochronology and the timing of
diagenesis

Twenty Tera-Wasserburg concordia plots were
obtained from selected cements in nine samples
from six wellbores. They sampled crack-filled
veins, vug-filling, replacive, and cements of dolo-
mites and calcite in the crystalline basement, from
SRI arkoses, RTR breccias and bioclastic rudstones.
Each plot represents one analysis consisting of
pooled 2*¥U /2%Pb v. 2°7Pb /2°°Pb data from a single
mineral phase identified by CL imagery. Six exam-
ples of concordia plots are shown in Figure 11a—f
and are focused on results obtained within the
same well. To investigate potential age variations
within minerals presumably from the same diage-
netic phase, whenever possible analyses were con-
ducted on various cements of the same sample
(Fig. 11g—j). Besides showing clear differences
within the dolomite phases (Fig. 7e-g), petrography
and CL imagery were not able to distinguish calcites
formed at different ages. Three of the plots were con-
sidered unsuccessful because of: (1) high common
lead content; or (2) samples with analytical uncer-
tainties that preclude regression.

Figure 12 shows a detailed compilation of the
samples with geochronologic, C-O stable isotopes
and FI data. They are presented from a geologic per-
spective, with their position reflecting the strati-
graphic unit and wellbore location. Figure 13
provides a summary of measured ages, Ty, from the
FI study and the subsidence curve with predicted
temperatures at burial conditions. The chosen Ty, val-
ues occurred in the same mineral phases as those
whose absolute ages were identified by U-Pb geo-
chronology. These data are correlated to tectonic

and magmatic events, and with the lithostratigraphic
column of the Campos Basin (Winter et al. 2007;
Fetter 2009). For example, blocky and macrocrystal-
line calcite are not grouped by age in Figure 13
because their petrographic similarity suggests they
might have developed over several diagenetic stages
(see Fig. 11h).

The absolute ages are clearly clustered into three
intervals that coincide with the post-rift (PR) inver-
sion (Strugale and Cartwright 2022) and with tec-
tonic events described in the post-salt layers of the
Campos Basin (Fetter 2009). These periods are inter-
preted as episodes of diagenetic mineral formation
and recrystallization. Due to their contemporaneity
with tectonic events, they are interpreted as tectono-
diagenetic events, named the Barremian—Aptian
(BADE; 125-117 Ma), the Albo—Cenomanian
(ACDE; 103-98 Ma) and the Campanian—Maas-
trichtian (CMDE; 83-70 Ma). A Hauterivian age
was obtained for a saddle ankerite vein in the base-
ment, but it has over 20 Ma of uncertainty and there-
fore could be part of the first cluster of ages
(Fig. 11j). The ages that determined the first cluster
were obtained in dolomites, while the ages for the
second and third cluster of ages came predominantly
from calcites.

BADE ages were obtained in carbonate veins in
the basement and in saddle dolomite crystals from
a brecciated chert of the RTR sequence (Fig. 11a—
c). The ages of 124.6 + 1.75Ma and 117.62 +
4.99 Ma were collected from the blocky dolomite
and saddle Fe-dolomite phases shown in
Figure 11j; unfortunately, no reliable age was
obtained in the ankerite gap deposit or in the breccia-
fill saddle ankerite of Figure 3a. Finally, ages of
123.72 + 2.17Ma and 120.56 + 2.88 Ma were
measured in saddle dolomites and dolomite over-
growths in the matrix of the sample in Figure 4a
(chert).

The clustered ages of BADE and the Fe-rich char-
acter of mineral phases suggest that the same fluid is
likely to have percolated across the basement and
RTR units under similar burial conditions. Petro-
leum FI data in saddle dolmites provide a T}, range
of 110-146°C. These temperatures are significantly
higher than the estimated values based on the subsi-
dence curve (c. 70°C, Fig. 13), attesting to the impo-
sition of a hydrothermal qualifier on BADE at
shallow burial conditions (cf. Machel and Lonnee
2002).

It seems likely that the Campos Basin was under
a high geothermal gradient inherited from volca-
nism associated with the SRI sequence, even
though there does not appear to be any Barre-
mian—Aptian age magmatism in the near vicinity.
The ages of BADE are in part older than the
depositional age of the hosting RTR (Coqueiros
Formation) based on the traditional stratigraphic
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Fig. 11. (a—f) Tera-Wasserburg concordia plots showing pooled **U /2°Pb v. 2°7Pb/?*°Pb data for carbonate phases
from samples collected in the lower section of the pre-salt interval and cements in basement rocks. Quoted age
uncertainty includes propagated systematic uncertainties. Data point error ellipses are 20. (g—j) Examples of different
mineral phases dated in same sample through U-Pb geochronology. (g) Bioclastic rudstone with vein- and vug-filling
calcite (cathodoluminescence (CL) imagery). (h) Dolostone with two generation of MCv veins resolved by
geochronology (PPL mosaic). (i) Bioclastic rudstone showing contrasting ages for matrix and vug-filling calcites. (j)
Dolomite to ankerite vein filling in fractured basement. See the supplementary material for the complete explanation
of the methodology and untreated results. MSWD, mean square of weighted deviates.

chart of the Campos Basin (Winter et al. 2007), Another characteristic of BADE is that minerals
suggesting that this unit could be older than previ- reflect a fluid enriched in Fe, which is exemplified
ous interpretations. in Figure 11j. This suggests that the fracture-fill
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Fig. 12. At the top, a pair of summarized geological cross-sections show simplified U-Pb ages and mean
homogenization temperature (T,) for different diagenetic mineral phases from samples 1 to 9. Detailed datasets are
present in the descriptive boxes at the bottom with the numbers respective to the cross-sections. Selected samples are
those with geochronologic data, except for sample 7. It is shown due to its proximity to samples 8 and 9. A crop of
Figure 2a is shown to contextualize the well location with the approximate position of the cross-section.

pyrite found in some samples of basement and RTR  phase (Lima et al. 2020). Fe-rich carbonate cements

(Figs 3a & 4e) may have originated at this time
rather than during the most recent diagenetic

are commonly formed from fluids that percolated
basement, basalts and arkoses prior to reaching
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Fig. 13. Ages obtained for mineral phases identified. Temperatures in black are the homogenization temperature (T},)
intervals obtained from fluid inclusions. Ages are superimposed to subsidence curves (stippled and dotted lines) and
predicted temperatures (in red) (Lima et al. 2020). Tectonic events rift phase (RP1) and rift phase 2 (RP2), and
inversion (INV.) are according to Strugale and Cartwright (2022), while the three that follow are according to Fetter
(2009). (1) Stratigraphic charts according to Winter et al. (2007), including the magmatic events (Mag), where * is
the age of onshore tholeiitic dykes (Santiago et al. 2020). (2) Stratigraphic charts according to Figure 1. Cb,
Cabitinas; Cq, Coqueiros; Fm, Formations; Gr, Group; I/A, Itabapoana and Atafona; M, Macabu; Quiss, Quissama;

R, Retiro (evaporites).

sites of mineral precipitation (Everett et al. 1999;
Dewit et al. 2014).

The ages that defined the ACDE were obtained
from two wells where the oldest value (103.3 +
2.82 Ma) was measured in matrix-replacing blocky
calcite. Interestingly, in the same sample, vug-filling
macrocrystalline calcites resulted in a younger age
of 74.44 + 0.84 Ma (Fig. 11f, i), which corresponds
to the subsequent CMDE event. Three values within a
system of MCv veins of 101.45 + 0.4 Ma (Fig. 11d),
98.67 + 0.61 Ma and 97.71 + 0.73 Ma (Fig. 11h)
were obtained from different regions. It is pertinent
to emphasize that neither conventional petrography,
QEMSCAN mapping nor CL imagery were able to
distinguish these different generations. Individual
crystals might have developed asynchronously or
over a long period of time, as was the case with the
quartz-filled fractures described by Lander and Lau-
bach (2015) for quartz-filled fractures.

Ty, data shows entrapment temperatures higher
than those predicted by a subsidence curve of c.
85°C, but not as high as during BADE (Fig. 13).
Nevertheless, T}, values are still at least 5°C hotter
than the host rock and the diagenetic environment
is thus considered hydrothermal (cf. White 1957),

but at deeper burial conditions than BADE
(Fig. 13). There was no magmatism recorded in the
Campos Basin during the Albo—Cenomanian (Win-
ter et al. 2007). Fetter (2009) observed a peak of
deformation at this age in restored sections of the
post-salt of the Campos Basin.

The youngest cluster of U-Pb ages spans the
Campanian and most of the Maastrichtian (83—
70 Ma; Fig. 13). CMDE ages came from eight
pooled datasets obtained from the same samples
where the ACDE was measured. With one exception
(dolomite in Fig. 11g), all the data came from vein-
and vug-filling calcites (Fig. 11g—i).

The petrographic descriptions show no clear para-
genetic relationship between calcite formation and
matrix replacement or vein filling. The latest matrix-
replacing cements were identified on CL imagery as
marginal, but contrasting ages on the MCyv calcites
were only possible from the geochronology (Figs
11e & 11f). Ages from both cements (replacive and
vug-fill) and fracture-fill (macrocrystalline calcite)
are indistinguishable, including a sample that con-
tains veins related to both the ACDE and the
CMDE (Fig. 11h), although the youngest ages were
obtained in veins.
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The time relation between U-Pb clustered ages
and tectonic events suggests recurring events of
matrix replacement and vug filling which could be
attributed to hydrothermal diagenesis in association
with brittle deformation related to structural diagen-
esis. Structural diagenesis is the study of the relation-
ships between deformation or deformational
structures and chemical changes to sediments
(cf. Laubach er al. 2010). The diagenetic setting
used to define each tectono-diagenetic event is a
function of the local (host) temperature as suggested
from the burial depth obtained from the subsidence
curve, as well as the fluid temperatures obtained
from FI analysis, following the classification of
Machel and Lonnee (2002). Accordingly, the diage-
netic settings of the BADE, ACDE and CMDE are
shallow, intermediate deep and deep burial, respec-
tively, and the hydrothermal qualifier decreases
with time, reaching equilibrium during the end of
the Cretaceous (Fig. 13). In brief, the differences
between ambient (host rock) temperature and fluid
temperature decreases throughout from the Barre-
mian, thus the similarity in the temperatures sug-
gested that there is no hydrothermal signature after
Maastrichtian times.

Discussion
Diagenetic environments

Numerous and diverse studies are required in order
to establish the definition and boundary conditions
needed for diagenesis (Choquette and James 1987;
Machel 1999; Morad et al. 2000; Klimchouk
2012). The deep burial realm (cf. Machel 1999) is
perhaps the most prolonged, complex and arguably
the least well understood of all diagenetic realms.
A recently published review paper compares termi-
nologies relating to diagenetic environments for
marine carbonates (Immenhauser 2022). In addition,
there are classifications based on temperature con-
trasts between the fluid responsible for mineral for-
mation and ambient or host-rock temperature
(Machel and Lonnee 2002). The terms hydrothermal
and geothermal were proposed by these authors,
based on the assumption that a fluid classified as
hydrothermal should be at least 5-10°C hotter than
the host rock (White 1957).

Most classification schemes are based on burial
depth, in which a steady increase in temperature is
expected as burial depth increases (e.g. Machel
1999). The diagenetic history of the Pre-Salt reser-
voirs of the Northern Campos Basin was described
using this model (Lima and De Ros 2019; Lima
et al. 2020). The gradual increase in burial condi-
tions and, as a result, of temperature during thermal
subsidence, has been used to explain the diagenetic
evolution of the Campos Basin (Fig. 13). From the

Paleocene, magmatic events in the basin increased
the heat flow in the basement, triggering a fault-
linked flux of hot brines that modified the rocks
through extensive hydrothermal diagenesis.

The data collected during this research provided
absolute ages and temperatures of crystallization of
different mineral phases, from which three tectono-
diagenetic events are evident, namely BADE,
ACDE and CMDE (Fig. 13). Additionally, the
fluid temperatures at the time of mineral formation
are provided by T, measurements taken from dated
minerals, which are compared to model temperatures
based on the subsidence curve. Hence, a novel set-
ting for diagenetic environments and their geologic
evolution for the pre-salt of the Northern Campos
Basin during the Cretaceous is proposed (Fig. 14).

The classification of diagenetic environments (or
realms) based on burial depth (Machel 1999) and the
temperature contrast between mineral formation
temperature (and the related fluid) and the host
rock (Machel and Lonnee 2002) are the basis for
the proposed diagenetic evolution shown in Fig-
ure 14. In general, the diagenetic evolution of the
pre-salt sequence is characterized by a marked tem-
perature contrast during BADE events that progres-
sively decreases as sediments are buried, and then
reaches equilibrium during the Campanian. The ori-
gin of the heat source and the fluids remain problem-
atic and is likely to be the combination of several
sources, including magmatism and the hydrodynam-
ics of deep-seated fluids. Potential sources and their
implications are discussed in Lima ez al. (2020). In
addition, when compared with the magmatic events
in the Campos Basin our results suggest that these
might not have been present during the events of
hydrothermal diagenesis, though recurring tectonic
activity almost certainly was (Figs 13 & 14).

Paragenetic sequence

The previously published paragenetic sequences
assumed that subsidence leads to progressive burial
or mesodiagenesis (Herlinger et al. 2017; Lima and
De Ros 2019; Lima et al. 2020). The same principle
was applied to the SRI sequence in the Central Cam-
pos Basin (Carvalho and De Ros 2015). Better diage-
netic environment definitions were made possible
with the availability of geochronologic data, and it
is apparent that paragenetic evolution is not linear
but rather punctuated by episodes of fracturing and
fluid flow that leads to mineral dissolution and pre-
cipitation (Figs 13 & 14). Hence, a new age-
constrained paragenetic evolution for the basement
and SRI sediments is proposed, as well as for the
SRIII + RTR sequences (Fig. 15). This paragenetic
relationship could be useful to reinterpret the mineral
paragenesis using the geochronologic framework
here interpreted for the PR Macabu Formation by
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conventional petrography in previous publications
(Herlinger et al. 2017; Lima and De Ros 2019;
Lima et al. 2020).

Fracturing and dissolution probably occur con-
temporaneously with diagenetic phases for each
event because mineral formation occurs concurrently
with deformation events in the basement (Fetter
2009; Strugale ef al. 2021). Therefore, it is assumed
that the pre-salt sequence is mechanically coupled to
the basement despite any strain partitioning that
might be related to contrasts in mechanical proprie-
ties (Turner and Williams 2004). Consequently,
strain propagated throughout the whole section
results in fault reactivation and related fracturing in
the fault-related damage zones of both the basement
and sedimentary section (Kelly et al. 1999; Walsh
et al. 2018). In addition, mechanical coupling sug-
gests that stress affected the whole sedimentary sec-
tion, leading to widespread fracturing and
subsequent mineral precipitation and recrystalliza-
tion. Evidence for this is the network of calcite
veins formed during two diagenetic events in the
same sample (Fig. 11f).

Despite the relatively well constrained diagenetic
evolution presented in Figure 15, the age of emplace-
ment of pyrite, chalcopyrite and sphalerite remains
unclear and could have happened during either
BADE or ACDE events, or both. Therefore, it is rec-
ommended that pyrite nodules in clay-rich litholo-
gies, as well as fracture/vug-filling in basement
and carbonates, should be the subject of a geochro-
nological study based on the Re-Os system (see
Creaser et al. 2002 and Hnatyshin et al. 2020).

Diagenetic evolution and controls

The BADE has a hydrothermal character (AT = 55—
70°C) and occurred during or just after deposition of
the PR sequence (Fig. 14) and has important implica-
tions for the depositional ages of the pre-salt
sequence. According to Winter ez al. (2007), the dep-
osition of the Coqueiros Formation occurred at c.
122—123 Ma, which is close to ages obtained in the
vug- and vein-filling dolomites of BADE
(Fig. 11j). Furthermore, T}, values from petroleum
FIs in these dolomites are >110°C and consequently
likely to be related to a hitherto unknown burial
event which would also have affected the maturation
of organic matter (e.g. Davies and Smith 2006).
Therefore, BADE ages are interpreted to favour
recent publications that consider both the Macabu
and Coqueiros formations as Barremian in age
(Tedeschi et al. 2019; Pietzsch et al. 2020; Strugale
and Cartwright 2022) (Figs 1b & 13).

Mantle plume-induced thermal anomalism during
the early break-up of the South Atlantic Ocean
resulted in lithospheric thinning, rifting and an anom-
alous thermal gradient (Chang et al. 1992; Moulin

et al. 2010). The Campos Basin was initially
magma poor, but then became magma rich as oceanic
crust formed in Albian times (Morgan ef al. 2020).
However, the Cabitnas volcanics are part of the
SRI sequence (Fig. 1b) and are dated at 136—
130 Ma (Mizusaki et al. 1992). It is therefore sug-
gested that there is no magmatic event coeval with
the BADE. Magmatic events have been considered
the primary heat source for diagenetic hydrothermal
fluids in the Campos Basin (Herlinger er al. 2017;
Lima and De Ros 2019), but despite the cooling
that occurred at the end of the Cabitinas volcanism,
heat flow was probably still significant during the
BADE. A tectonic event is still considered necessary
to provide the pathways for hydrothermal fluids from
a deep-seated realm to the sedimentary section.
Davies and Smith (2006) noted the role of transten-
sional faults as ideal sub-vertical conduits for hydro-
thermal fluids, connecting a deep-seated setting to the
shallower sections. The tectonic regime that operated
during the two rift phases was transtensional, where
basement structures were reactivated and could
have connected deep-seated fluids to the newly
deposited pre-salt sediments (Strugale et al. 2021;
Strugale and Cartwright 2022). However, only one,
highly uncertain, age related to the rift phase (131.1
+ 21 Ma) was obtained and therefore there is little
evidence for syn-rifting hydrothermal diagenesis.

A common pathway for hot fluids is active faults
operating through the fault-valve mechanism (cf.
Sibson 1981, 1992). Strugale and Cartwright
(2022) also recognized deformation related to selec-
tive reactivation of rift faults along the Guriri Fault
System during the PR phase, which likely lasted
until the end of the Albian. Therefore, it is suggested
that the BADE could be related to PR inversion and,
more importantly, that U-Pb ages represent evidence
of this inversion because dated minerals were
emplaced in fractures and breccias in the basement
(Fig. 13). This also indicates that the basement was
involved in PR deformation. In addition, it also sug-
gests that active near-surface hydrothermal venting
formed the fault-controlled mounds identified in
the PRII sequence (Strugale and Cartwright 2022).

The occurrence of hydrothermal venting coeval
with the deposition of the Macabu Formation is
likely to have resulted in deposits related to subaerial
and subaqueous hydrothermal vents despite basin-
scale geochemical data not being conclusive
(Pietzsch et al. 2018; Pietzsch et al. 2020). In addi-
tion, mantle-derived CO; is interpreted as the carbon
source for hydrothermal diagenesis (Lima et al.
2020), and magmatic-related hydrothermal-venting
complexes were identified in the shallow water
domain of the Campos Basin (Alvarenga et al.
2016). Finally, based on the analogue of present-day
lacustrine carbonates (Bischoff et al. 1993; Dekov
et al. 2014), fault-related hydrothermal-venting
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mounds were interpreted as being common as
reservoir-scale geobodies in the Santos Basin (Bar-
nett et al. 2018; Fetter et al. 2018).

Intensive silicification, often resulting in exten-
sive layers spanning tens to hundreds of metres, rep-
resents the predominant hydrothermal diagenetic
phenomenon observed in the Pre-Salt reservoirs of
the Campos, Santos and Kwanza basins (Vieira de
Luca et al. 2017; Tritlla et al. 2018; Lima and De
Ros 2019; Lima et al. 2020). Its relative timing with
respect to the carbonate phases is difficult to establish.
Figure Sc, d suggest alternation of carbonate- and
silica-rich fluids along time, but the relative order is
unclear. Similar values of T}, and salinity from FIs
also point in this direction, thus suggesting an evolu-
tion of the fluid chemistry through time.

Dolomitization, although less pronounced, con-
sistently precedes silicification (Lima and De Ros
2019). Moreover, an examination of the spectral
gamma ray logs has revealed the presence of atypical
U concentration within the intensely silicified inter-
vals. Plausibly, this U anomaly might be linked to
the occurrence of APS group minerals (Sr and Al
phosphates and sulfates), exemplified by svanbergite
whose chemical composition allows for U diadochy
(Lima et al. 2020). Nonetheless, it is imperative to
undertake further comprehensive investigations to
unequivocally establish the veracity of this option.

The minerals considered ‘exotic’ in the carbonate
samples are described as pyrite, chalcopyrite, spha-
lerite, Sr-barite and svanbergite (Fig. 4c, e-f & 6b).
For basement samples, the dolomite—ankerite series
and pyrite-filling fractures can also be considered
‘exotic’ (Fig. 7e—g). This mineral suite was initially
considered to be the latest diagenetic phase (Herlin-
ger et al. 2017). Our interpretation is that it could be
part of any of the diagenetic events (Fig. 13), but
more likely related to the BADE and/or the ACDE
(Fig. 15). Stable isotopes and FI studies were used
to classify this phase as hydrothermal (Lima and
De Ros 2019; Lima et al. 2020). The CMDE is
mostly likely of a non-hydrothermal nature because
of the lack of a temperature contrast between host
rock and fluid. Nevertheless, this does not exclude
it as a potential source for the hydrothermal fluids.
In addition, Ty, for Sr-barite ranges between 125
and 135°C (Lima et al. 2020), which is compatible
with the T}, observed during the BADE. Pyrite is
clearly earlier than Sr-barite in carbonates and it is
the earliest filling stage of basement fractures
(Fig. 4b). Therefore, it is suggested that the ‘exotic’
mineral suite is likely to be coeval with the BADE
and is potentially the last mineral generating event.
However, temperature and burial conditions during
the ACDE and CMDE do not exclude the possibility
of both sulfide and sulfate precipitation (Fig. 15).

During the ACDE, another pulse of hydrothermal
diagenesis occurred, characterized by lower

temperature fluids (Fig. 14). The ACDE, similar to
the BADE, isn’t related to magmatism but rather to
a tectonic event that may be seen in the post-salt suc-
cession (Fetter 2009). As seen in the BADE, the lack
of coeval volcanism suggests that deep-seated fluids
of hydrothermal character could have been released
during sub-seismic-scale reactivation of faults in
both the basement and pre-salt section (Sibson
1981; Eichhubl and Boles 2000; Bezerra et al.
2021). Although episodes of intrusive and extrusive
magmatism occurred during the Late Cretaceous in
the Campos Basin (Thomas Filho et al. 2000;
Matos 2021), their effect on the thermal profile of
the sedimentary column was apparently limited in
extent. However, due to the lack of comprehensive
sampling in many parts of the Campos Basin, it is
currently impossible to entirely ignore the existence
of yet undiscovered magmatic events. Consequently,
further in-depth studies are imperative to confirm the
absence of any link between magmatic events and
the origin of hydrothermal fluids.

For the CMDE, the latest diagenetic event, the
volcanism interpreted as responsible for triggering
hydrothermal diagenesis in the pre-salt of the Cam-
pos Basin is validated (Lima et al. 2020). Moreover,
the CMDE is also coeval with a tectonic event
described in the post-salt sequence (Fetter 2009)
(Fig. 13). However, T}, values show a slight overall
cooling during the Cretaceous, with fluid tempera-
tures within the hydrothermal event observed to be
consistent with the predicted burial temperature
towards the end of the CMDE. Therefore, the
CMDE is described as a geothermal diagenetic
event taking place at 3—4 km depth (Fig. 14). This
geothermal classification refers to minerals formed
at similar temperatures to the host rocks (Machel
and Lonnee 2002). Accordingly, the term ‘geother-
mal’ could be omitted unless special emphasis
needs to be placed on the nature of the mineralization
event. Therefore, for comparative purposes, the
CMDE is referred to as geothermal in the present
study. However, because of inherent uncertainties
in temperature measurements of both FIs and pre-
dicted burial, further studies are required to conclu-
sively rule out any potential hydrothermal origin
for the CMDE. Additionally, it should be noted
that Ty, obtained from FIs represent only the mini-
mum trapping temperatures. Therefore, it is likely
that the paragenesis of the CMDE precipitated at
temperatures higher than those measured by Ti.
Finally, despite the coeval magmatism and the
CMDE, it remains likely that hydrothermal or geo-
thermal diagenetic events in the Campos Basin are
dependent on tectonic and not magmatic events.
The relation between magmatism and the various
tectonic events is a question that remains open.

Replacive and vein-filling cements coeval with
fracturing, but without a clear input of hydrothermal
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fluids as suggested by the CMDE, are not evident.
Compaction of pore in clastic sediment is viewed as
either a mechanical or coupled mechanical-chemi-
cal, process during which mineral content and diffu-
sion are fundamental controls on the constitution of
the cements (Pingitore 1982; Bjgrlykke 1999).
More recently, Laubach er al. (2010) proposed the
term ‘structural diagenesis’, which aims to combine
deformation and chemical changes in sediments.
This concept was further explored in a review paper
in which fracture patterns can be interpreted as chem-
ical transformations in a mechanical context in which
fractures could remain open for over 40 Ma (Laubach
et al. 2019). Thus, the contemporaneity of tectonic
and diagenetic events, combined with extensive
replacive and fracture-filling mineralization without
coeval basin-scale magmatism (Figs 13—15), militate
in favour of structural diagenesis for the pre-salt
sequences of the Northern Campos Basin.

Structural diagenesis also involves chemical reac-
tions that are coeval with deformation. In this study,
the cements and fracture-fill that either mimic or dif-
fer from the host rock mineralogy are common in
both the ACDE and CMDE. Calcite is by far the pre-
dominant cement, and there is no occurrence of this
mineral phase in the sequence that predates 103 Ma
(Fig. 13). On the other hand, vein- and vug-filling
dolomites are the principal carbonate phases related
to the BADE, with both sulfates and sulfides occur-
ring (Fig. 15). The progressive increase in the Fe con-
tent in the dolomites of BADE (Fig. 7e—g) suggests an
increasing Fe enrichment in the fluid that ultimately
resulted in precipitation of pyrite, chalcopyrite and
sphalerite. It was not possible to conclude if such
enrichment in Fe was the effect of a more efficient
hydrothermal flow bringing Fe from the basement
and SRI, or whether it simply reflects the proximity
of studied samples to these units. As observed in
Lima er al. (2020), mineralogy, T}, and salinity are
compatible with MVT ore deposits (Paarlberg and
Evans 1977; Leach et al. 2005), although the close
relation with normal faults makes this case more sim-
ilar to the Irish subtype (Hitzman and Beaty 1996;
Hitzman er al. 2002; Wilkinson et al. 2005). MVT-
type deposits are notable examples of basinal fluids
being circulated at basin-scale dimension.

Depositional, diagenetic and hydrothermal
events along the continental margins of the
South Atlantic Ocean

U-Pb geochronology has been recently used to date
carbonate cements and reveal diagenetic, tectonic
and magmatic events in different positions along
the Atlantic Ocean (Roberts and Walker 2016;
Rochelle-Bates er al. 2021; Ganade et al. 2022).
Regarding the Central Segment of the South Atlantic

Ocean (cf. Moulin et al. 2010), the U-Pb ages pre-
sented in this work are novel for the Campos Basin
but have been used to study depositional and diage-
netic cements in the adjacent Santos Basin (Lawson
et al. 2022; Rochelle-Bates et al. 2022; Fig. 1a) and
also in its African counterpart, the Namibe Basin
(Rochelle-Bates et al. 2021). Figure 16 presents a
geochronologic and geographic frameworks compa-
rable studies and is compared with the ages and
tectono-diagenetic events described in this work.
For the Santos Basin, Lawson er al. (2022)
obtained ages of 115.83 + 1.65 Ma (isotope dilu-
tion thermal ionization mass spectrometry (ID-
TIMS) U-Pb dating), 114.46 + 4.72Ma and
109.73 + 9.26 Ma (LA-ICP-MS dating) — inter-
preted as the depositional age of the Barra Velha For-
mation, the equivalent of the Macabu Formation in
the Campos Basin. A similar age was obtained in car-
bonate shrubs and spherulites of the Barra Velha For-
mation, where U-Pb LA-ICP-MS dating yields a
pooled age of 106.9 + 4.3 Ma (Rochelle-Bates
et al. 2022). However, the latter have interpreted
these ages as diagenetic and not depositional.
Regardless of their interpretation, these ages occur
between the BADE (125-118 Ma) and the ACDE
(103-98 Ma; Fig. 16). It is relevant to note that
these ages were obtained in cements formed under
shallow- to intermediate-burial conditions (between
1 and 2 km) and are thus clearly diagenetic (Fig. 14).
Younger hydrothermal cements were found in the
pre-salt rocks of both the Santos and Namibe basins
(Rochelle-Bates er al. 2021, 2022), where an Upper
Cretaceous magmatic-related hydrothermal diagene-
sis, with ages of 82—74 and 90-80 Ma, respectively,
have been detected. These ages are similar to our
CMDE (Fig. 16). Even younger Paleocene ages
were obtained in both the Santos (59.2 + 5.3 and
58.0 + 4.6 Ma) and Namibe (56.8 + 4.8 Ma)
basins (Rochelle-Bates et al. 2021, 2022). Fetter
(2009) used balanced sections to describe a peak of
deformation with a similar age in the post-salt of
the Campos Basin (Fig. 13). The lack of Paleocene
to Eocene diagenetic events in the Northern Campos
Basin could be related to sampling bias, which may
not have sampled the equivalent cement studied here.
These observations suggest that tectonism, mag-
matism and enhanced diagenesis could be controlled
by regional-scale tectonics because similar diage-
netic ages were observed along both margins of the
Central Segment in the South Atlantic Ocean regard-
less of coeval magmatic events. Given the symmetry
between the margins, regional tectonic events could
be attributed to episodes of increasing oceanic
spreading, possibly also reflecting the evolving
dynamics of the Andean Orogen. Intraplate tectonics
is an important mechanism for the deformation of
both intracratonic and continental-margin basins of
the South American continent during the
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Fig. 16. Compilation of the geochronologic data from diagenetic carbonate cements available for the Brazilian
Margin (Ganade et al. 2022; Lawson et al. 2022; Rochelle-Bates et al. 2022) and Namibe Basin (Rochelle-Bates
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spectrometry (LA-ICP-MS), except *3, which was obtained by U-Pb isotope dilution. CAMP, Central Atlantic
magmatic province; EQUAMP, Equatorial Atlantic magmatic province; PMP, Parand magmatic province.

Phanerozoic (Assumpcao 1992; Cobbold ez al. 2007,
Milani and De Wit 2008; Bezerra et al. 2011).
Despite the good temporal correlation between oro-
genic pulses in the Andean Orogen with tectonic
and magmatic events in the South Atlantic (Cobbold
et al. 2007; Mohriak et al. 2008), other workers have
justified these events based only on pulses of more
rapid oceanic spreading in the Meso-Atlantic chain
(Kukla et al. 2018). Fetter (2009) interpreted three

tectonic events that affected the post-salt package
in the Central Campos Basin, namely during the
Albian, Campanian and Paleocene, and these can
be correlated with the clustered ages and tectono-
diagenetic events evident from this study (Figs 12
& 13). However, Fetter (2009) did not allude to the
causative mechanism.

Regarding the clustering of ages obtained from
diagenetic cements seen in Figure 16, two patterns
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are observed: while Paleocene ages are well clus-
tered around the interval of 60-50 Ma in the Santos,
Namibe and Rio de Peixe basins, early and late Cre-
taceous ages are scattered and cannot be correlated
across the ocean. Firstly, the earliest diagenetic
cements dated in the Namibe Basin are at least
10 Ma younger than the ages obtained in the Santos
Basin and around 30 Ma younger than the BADE,
whereas Cretaceous diagenetic ages across the San-
tos and Campos basins are quite similar; the ACDE
and CMDE are in phase with clustered ages for San-
tos Basin (Fig. 16). Regarding the BADE, although
marginally time-related to the earliest cements of
the Santos Basin, it is also correlated (though youn-
ger) to 140-125 Ma ages of diagenetic cements
dated by LA-ICP-MS in NE Brazil (Ganade et al.
2022). The latter ages are in turn correlated with
the 135-120 Ma Equatorial Atlantic Magmatic Prov-
ince (EQUAMP) (Hollanda e al. 2019) and the 135—
134 Ma Parana-Etendeka Province (Rocha er al.
2020). If all the geochronologic data from diagenetic
cements of the Brazilian Margin are assembled
(Fig. 16), they suggest that earliest diagenetic-related
cements are progressively younger southwards, and
perhaps follows a continent-scale pattern of tectonic
events whose loci migrated from north to south dur-
ing Mesozoic times. Such a pattern does not appear
to follow the magmatic events in terms of location
and ages, and suggests a southward strain migration.

Conclusions

The crystalline basement, SRI volcanoclastics and
arkoses, SRIII and RTR sediments are described as
host rocks and diagenetic products.

Wellbore samples from the Northern Campos
Basin reveal a complex paragenetic evolution. Base-
ment and SRI show Fe-rich dolomites, pyrite and
quartz as diagenetic products. SRIII and RTR have
a wide predominance of quartz and calcite. Locally,
chalcopyrite, pyrite, sphalerite and Sr-barite consti-
tute a distinct phase that have similarities with Irish
MVT Zn-Pb ore deposits.

FIs in quartz, calcite and dolomite cements
revealed Ty, in the range 90-130°C and correlate to
present-day depths. Fluids are moderately to highly
saline (>21 wt% NaCl eq. and >15 wt% NaCl-
CaCl, eq.), and stable 8'3C values in carbonate
cements are clustered between —1.68 and 1.66%o,
while 5'0 exhibits a greater variation (between 0
and —10%o0 VPDB (Vienna Peedee Belemnite iso-
tope) reference). The lowest 5'%0 in carbonates are
correlated with higher T, and latest diagenetic
phases (veins and vug-fillings).

The U-Pb ages of replacive and vein-filling
cements reveal three tectono-diagenetic events,
namely the BADE (125-117 Ma), ACDE (103-

98 Ma) and CMDE (83-70 Ma). These events were
coeval with regional tectonic events related to
basin inversion as results of propagation of intraplate
stress that affected the crystalline basement and over-
lain sedimentary section. There was no apparent cor-
relation between magmatic and diagenetic events.

Each of the tectono-diagenetic events occurred
under contrasting diagenetic settings. A hydrother-
mal qualifier complementary to burial depth is
needed to describe the temperature contrast between
fluid and host rock at the time of diagenesis. There-
fore: the BADE is hydrothermal, shallow burial; the
ACDE is hydrothermal, intermediate to deep burial;
and the CMDE is (geothermal) deep burial.

The tectonic events leading to fault reactivation
and fracturing allowed hot basinal brines to move
upward along faults, but also created fracture net-
works within the sedimentary layers that enhanced
the lateral flow of these brines. Therefore, tectonism
is interpreted as the trigger process for the diagenetic
episodes. Contemporaneous tectonic and diagenetic
events are interpreted as examples of structural dia-
genesis (cf. Laubach ez al. 2010).

U-Pb geochronology has been deployed here as a
fundamental tool to recognize tectonic events that
affected carbonate sedimentation, extending the lim-
ited number of previous studies worldwide that have
used this dating technique in this way. The observa-
tion of carbonates that are side by side, indistinct
under the petrographic microscope and with same
QEMSCAN signature, but showing ages 20 Ma
apart, demonstrated the importance of the geochro-
nology to refine the relative order of some of the
paragenetic products.
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