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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 �lled: (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, �uid 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-�lling 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 quali�er, identi�ed by the temper-
ature contrast between �uid 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
�uid inclusions, the analytical procedures and the complete results of LA-ICP-MS U–Pb geochronology are
available at https://doi.org/10.6084/m9.�gshare.c.7103900

Secondary porosity formed by hypongenic karsti�ca-
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 et al. 2004;
Loucks et al. 2004; Davies and Smith 2006; Klim-
chouk 2015; Parise et 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, silici�cation, 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 karsti�cation and characterized
as a succession of events including speleogenesis (i.e.
generation of secondary porosity by dissolution) and
pore �lling, 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 signi�cant hydrothermal
in�uence 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 in�uence on the structural style of the faults that
affected the overlying rift sediments (Strugale et 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 dif�cult 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 �lling in deep burial contexts are
much more continuous in time and have strong feed-
back with rock and �uid 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 et 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 (�13C) and oxygen (�18O) stable iso-
topes, palaeotemperatures and �uid 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 et 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 �lled
with volcaniclastics and coarse arkoses of the Cabiú-
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 �lled 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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derived evaporites of the Retiro Formation took
place during the Aptian, followed by shallow-marine
carbonates of the Quissamã Formation (Winter et al.
2007; Sanjinés et al. 2022). The deposition of Quis-
samã 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 Cabiúnas Formation (Fig. 1b). This speci�c
terminology was used by Strugale et al. (2021) and
Strugale and Cartwright (2022) because they were
the �rst 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

Fig. 1. (a) Location of the studied area and simpli�ed 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 et 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 de�ned 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 et 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.
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Fig. 2. (a) Index map of the wells used in this study. (b) Well location overlapped to structural contours of the top of
rift transition surface, main structural compartments and simpli�ed fault framework (adapted from Strugale and
Cartwright 2022). (c) 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 K� 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
�

13C and �
18O on a Thermo Delta V Advantage iso-

tope ratio mass spectrometer (IRMS) equipment �t-
ted with a Gas Bench II peripheral. Within the Gas
Bench II, the powdered samples, in 12 ml He-�ushed
exetainers (Labco), were reacted with 100% phos-
phoric acid at 50°C. The relative 13C/12C values
are reported in the conventional �

13C (‰) notation,
relative to the Vienna Pee Dee Belemnite (VPDB),
by assigning a value of +1.95‰ exactly to NBS-19
reference material. The relative 18O/16O values are
reported in the conventional �

18O (‰) notation, rel-
ative to VPDB, on a normalized scale such that the
�

18O of NBS-19 is �2.2‰. Reproducibility of
in-house marble standard NOCZ during these analyt-
ical runs was 0.03‰ for �

13C and 0.07‰ for �
18O

(1�, n = 8), with average �
13C = 2.22‰ and �

18O
= �1.94 ‰ within the combined uncertainty of the
long-term average of NOCZ (�13C = 2.17+
0.06‰; �

18O = �1.90+ 0.09‰; 1�; n = 120).
Ten thick thin-sections (.100 µm) 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 identi�cation of growth phases that
would guide the spots for LA-ICP-MS. The cold
cathode cathodoluminescence (CC-CL) analysis
was performed using a NewTec Scienti�c 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 µm 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 2�, with propagated
systematic uncertainties. Regressions are unanchored
as the spread in data permits the accurate assessment
of the upper intercept (the initial 207Pb/206Pb), and
goodness of �t 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-�lling saddle dolo-
mite, prismatic and macrocrystalline quartz, and
blocky and vein-�lling calcite, were studied in dou-
ble-polished rock chips. Microthermometric mea-
surements of individual �uid 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 FIs were classi�ed according to genetic type
(primary, secondary and pseudo-secondary) and
linked to the paragenetic phase. Groups of genetically
related FIs were considered as �uid 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 (Th) were
made before ice-melting determinations. The ice-
melting data were used to model salinity for aqueous
FIs. The calculation of the salinity of FIs was under-
taken by comparing microthermometric data with
thephase relations in experimentally determined salt–
water–gas systems under equilibrium conditions for
the NaCl–H2O, CaCl2–H2O and NaCl–H2O–CaCl2
systems (e.g. Oakes et al. 1990). Where paired tem-
perature of �nal ice melting (Tice) and temperature
of hydrate melting (Thyd) were available, the code
CalcicBrine (Naden 1996) was used to calculate
salinities in terms of the NaCl–CaCl2–H2O system.
In the absence of Thyd data, salinities were calculated
in terms of the NaCl–H2O system for Tice � �21.3°C
and by arti�cially extending the freezing-point sup-
pression curve (NaCl–H2O) for Tice , �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 classi�ed into �ve lithofacies (crystalline base-
ment, bioclastic grainstones and rudstones, hybrid
arenites and siltstones, arkoses and conglomerates).
These lithofacies will be brie�y 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 et 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 W02) exhibit widespread brecciation
and a discrete vein network, respectively. These frac-
tures are �lled 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 �ne
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 SRI sequence, 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 signi�cant 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, �ne-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 �lled 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 �lled by Sr-barite (Fig. 4e).

The occurrence of bioclastic rudstones and grain-
stones in the SRIII + RTR with moderate to high
shell reworking is interpreted as a predominantly
shallow lacustrine depositional environment, in�u-
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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