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A B S T R A C T

Cratons such as the Guiana Shield are often considered as stable regions, undergoing long-term emergence and 
denudation due to buoyancy. However, by integrating geological and geomorphological observations with 
apatite fission-track analysis, we define a history involving repeated episodes of burial and exhumation over the 
last 500 Myr. Over much of the shield, the thermal history is dominated by the effects of earliest Jurassic 
magmatism, followed by Early Cretaceous exhumation coincident with the onset of seafloor spreading in the 
southern South Atlantic. Further episodes of regional exhumation occurred in Aptian-Albian time coincident with 
a global-scale plate reorganisation and in Eocene times coincident with a slowdown in the movement of the 
South American plate. Results from the Amazon Basin also define these four episodes. Thermal data from a deep 
well in the Amazon Basin show that the Early Cretaceous and Eocene exhumation episodes were preceded by 
burial by kilometre-scale thicknesses of cover, subsequently removed. Continuity of data from basin to shield 
suggests that burial extended across the shield. Early Cretaceous exhumation led to formation of a base- 
Cretaceous peneplain across the entire continent, from the Andes (during post-orogenic collapse) to the 
Amazon Basin and the Guiana Shield. This peneplain was then buried beneath Cretaceous–Paleogene sediments 
(remnants of which are preserved in the Amazon well) prior to the onset of Eocene exhumation, which also 
extended into in the offshore Casiporé Basin (based on our results from a deep well). The Eocene episode also 
correlates with post-orogenic collapse of the Andes. The history of repeated burial and exhumation defined for 
the Guiana Shield appears to be a common property of supposedly stable cratons. The correlation between 
Andean tectonics, episodes of exhumation defined here and changes in the motion of the South American plate, 
shows that plate-tectonic changes governed the vertical movements across the continent.

1. Introduction

Geological investigations are conventionally based on the study of 
the preserved rock record, but it is also important to consider the role of 
rocks which may once have been present but have subsequently been 
removed (“missing section”). Such investigations can offer insights, 
which are not otherwise possible, often revealing unexpected events 
during intervals previously regarded as representing stability and non- 
deposition (Green et al., 2022a; Japsen et al., 2024).

Because Phanerozoic rocks are largely absent across cratons, such 
regions are regarded by many as stable, undergoing only slow denuda
tion and emergence over long geological timescales in the absence of 

tectonic influence (Hendriks and Redfield, 2005; Artemieva, 2012; 
Egholm et al., 2013; Rouby et al., 2023). However, studies involving the 
integration of preserved and missing sections have shown that this 
description is not accurate. Many “cratonic” regions have undergone 
multiple episodes of both positive and negative vertical motion 
throughout the Phanerozoic, in which kilometre-scale thicknesses have 
been deposited and removed, leaving only minor remnants, if any, in the 
preserved geological record (Green et al., 2022a). These vertical motions 
can be recognized from stratigraphic information (Sloss, 1963, 1984), 
landscape studies (King, 1967; Bonow et al., 2009) and thermochro
nology (Kohn and Gleadow, 2019). Additional insights can often be 
gained from provenance studies in basins adjacent to cratonic regions (e. 
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g. Caracciolo, 2020).
The Guiana Shield (the northern part of the Amazonian Craton), 

dominated by Proterozoic rocks, is located in the north-east corner of 
South America, east of the Orinoco and north of Amazon rivers (Fig. 1; 
Gibbs and Barron, 1993; Kroonenberg and de Rover, 2010). It consti
tutes a craton in classical geological terminology and has thus often been 
regarded as relatively stable through the Phanerozoic, undergoing slow 
denudation and emergence reflecting cratonic buoyancy (Bajolet et al., 
2022; Rouby et al., 2023). Thermochronological studies of the shields 
north and south of the Amazon river have been interpreted as supporting 
this scenario, with accelerated cooling in the Early Cretaceous (Harman 
et al., 1998; de Pina et al., 2014; Derycke et al., 2021; Fonseca et al., 
2024). Episodes of erosion in the Guiana hinterland have also been 
inferred from studies of sediment provenance offshore and onshore 
(Roddaz et al., 2010; Hurtado et al., 2018; Rodrigues et al., 2023).

None of these studies provide evidence of previous sedimentary 
covers across the Guiana Shield during the Phanerozoic. To address this 
possibility, we present a study of the Guiana Shield east of 60◦W and the 
Amazon Basin to its south (which we will refer to as the Guiana Shield), 
together with the Atlantic margin to its north and east (Fig. 2). The 
stratigraphic record along the flanks of the shield provides evidence of a 
complex history. Cretaceous sediments rest on basement on the northern 
flank of the shield, and a Paleozoic cover is present on the southern flank 
(Fig. 3). The Amazon Basin contains a thick sequence of Paleozoic 
sedimentary rocks intruded by Early Jurassic dolerites below a base- 
Cretaceous unconformity overlain by Cretaceous and Paleogene sedi
ments, but Triassic and Jurassic sediments are absent (Cunha et al., 
2007). Cretaceous–Paleogene strata are thinned and disappear on the 
northern and southern flanks of the Amazon Basin (Caputo, 2011a; 
Caputo, 2011b). On the northern margin of the Guiana Shield, Upper 
Cretaceous strata are truncated below onlapping Paleocene units 
(Staatsolie, 2013; Griffith et al., 2016), and a pronounced late Eocene – 

Oligocene hiatus separates bauxites developed on Paleogene sediments 
from a Neogene overburden (Wong et al., 2009). Experience in other 
regions, such as NE Brazil, suggests that during the intervals represented 
by gaps in the preserved rock record, multiple episodes of both depo
sition and exhumation may have occurred (Japsen et al., 2012; Green 
et al., 2022b).

Major plate-tectonic changes affected northern South America from 
the Andes to the Guiana Shield during the Early Cretaceous opening of 
the South Atlantic (Szatmari, 1983; Caputo, 2014b; Szatmari and Milani, 
2016; Baby et al., 2025). A complex Cretaceous stratigraphy is well 
documented along the northern Guyanas margin (Basile et al., 2013, 
2023; Casson et al., 2021; Loncke et al., 2022), and major changes in the 
motion of the South American plate during the Cenozoic have been 
documented in recent studies (Stotz et al., 2023; Espinoza and Iaffal
dano, 2023). The presence of elevated planation surfaces across the 
Guiana Shield has been interpreted to represent phases of Cenozoic 
uplift (Bárdossy and Aleva, 1990; Sapin et al., 2016). The late Miocene 
reversal of the Amazon River may provide further evidence, although 
this has been considered to be due to a combination of Andean uplift and 
a drop in sea level (Figueiredo et al., 2009; Hoorn et al., 2010b; Caputo 
and Soares, 2016).

To bring these diverse observations into a coherent context, we have 
conducted a low-temperature thermochronology study of the Guiana 
Shield and its sedimentary covers, including the Amazon Basin, based on 
apatite fission-track analysis (AFTA) data and associated thermal history 
constraints in 70 samples of basement and sedimentary rocks from 
onshore outcrops and boreholes and one offshore well. The results reveal 
a series of Phanerozoic cooling episodes, dominated by Mesozoic and 
Cenozoic events. Integrating these results with stratigraphic evidence 
and observations of the landscape reveals a history involving multiple 
episodes of burial and exhumation. We conclude that the Guiana Shield 
has been far from stable through the Phanerozoic.

Fig. 1. Geology of north-eastern South America and adjacent offshore regions. Modified after Loparev et al. (2021) based on Cordani et al. (2016) and Schobbenhaus 
and Bellizzia (2001) with additions from Szatmari (1983) and Caputo (2014a). Regions covered by previous thermochronological studies are indicated – De: Derycke 
et al. 2021. F: Fonseca et al. (2024). H: Harman et al. (1998). P: de Pina et al. (2014). GA: Gurupá Arch. PA: Purus Arch.
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Fig. 2. The eastern Guiana Shield and the Amazon Basin. A. Elevation. Based on the SRTM model of Jarvis et al. (2008). Bb: Brownsberg (515 m a.s.l.). J: Julianatop 
(1280 m a.s.l.). JM: Jauarú Mountains. l: Lely Mountains (685 m a.s.l.). R: Mount Roraima (2810 m a.s.l.). T: Tafelberg (1010 m a.s.l.). B. Geology and sample 
locations. Modified after Gómez et al. (2019). B-1: Burnside-1. J-1: Jonkermans-1. P-1,2: Paramaribo-1,2. T-1: Tapoeripa-1. V: Venezuela. Geological profile PP’ 
in Fig. 3.
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2. Geological background

2.1. Plate-tectonic framework

The break-up of Pangea and the initiation of sea-floor spreading in 
the Central Atlantic Ocean began during the late Sinemurian, c. 190 Ma. 
Labails et al. (2010) suggested that the emplacement of the Central 
Atlantic Magmatic Province (CAMP) shortly before break-up provided 
the trigger for the onset of continental separation. Shallow intrusions 
and large lava-flow fields affected millions of square kilometers on the 
Pangea supercontinent at the Triassic–Jurassic boundary, c. 201 Ma 
(Marzoli et al., 2018). CAMP intrusives transect the basement rocks of 
the Guiana Shield and the Paleozoic sediments of the Amazon Basin, 
while CAMP (Apoteri) basalts are exposed along the Late Triassic – Early 
Jurassic Tacutu Graben (Crawford et al., 1985; Cunha et al., 2007; 
Kroonenberg and de Roever, 2010; Pinto et al., 2017). The separation of 
North and South America caused northwestern South America to move 
southwest along the continent-wide Pisco-Juruá fault, leading to rifting 
of the Guiana Shield and formation of the Tacutu Graben (Fig. 1; Szat
mari, 1983).

Numerous authors have studied the separation of South America 
from Africa during the Early Cretaceous (see review by Moulin et al., 
2010). Here we follow Szatmari and Milani (2016) who emphasized the 
effect of the plate-tectonic changes on the South American continent. 
The South Atlantic rift and the South Atlantic Magmatic Province 
(SAMP; including the Paraná-Etendeka LIP) formed as a result of 
extension following the clockwise rotation of South America relative to 
Africa from about 145 Ma (base of Cretaceous) until about 113 Ma 
(latest Aptian). Bookshelf tectonics along NE-trending strike-slip faults 
caused left-lateral movements of slices of South America, while it 
compressed most of the Equatorial margin. The Pisco-Juruá Fault was 
reactivated by left-lateral shearing during Early Cretaceous compres
sion. Caputo (2014b), however, dated this compressional event as 
Kimmerigian and named it the Juruá tectonic episode.

According to Szatmari and Milani (2016) these events took place 
over an anomalously hot upper mantle, that had been covered by an 
unbroken lithosphere during the Phanerozoic until its Early Cretaceous 
break-up. In the south, South America was driven westward by mantle 

flow from the hot, upwelling upper mantle in the southeast toward the 
downwelling, pre-Andean subduction zone in the west. In the north, the 
westward movement was impeded by connection between the thick 
lithospheres of the large Amazonian and West African cratons. The 
massive SAMP activity started with an early peak at 135 Ma (coincident 
with the onset of sea-floor spreading in the southern South Atlantic) and 
lasted until about 114 Ma, coincident with the onset of seafloor 
spreading in the Equatorial Atlantic Ocean.

Stotz et al. (2023) estimated the absolute plate motion of South 
America between c. 70 and 20 Ma. They found that the stage-angular 
velocity showed a general increase c. 70–52 Ma, followed by a 
decrease and remaining stable c. 46–19 Ma. Based on these observations 
and on a Poiseuille/Couette model for upper mantle flux in the 
asthenosphere, they identified two distinct directional changes in the 
Paleogene motion of the South American plate. First, in the Paleocene (c. 
66–52 Ma), there is an increase from slow westwards motion to counter- 
clockwise rotation, predominantly south-westward. Second, in the 
Eocene (c. 46–38 Ma), there is a slowdown and a change to clockwise, 
predominantly north-westward motion. Stotz et al. (2023) argued that 
these changes in motion of the South American plate were largely driven 
by plume push torques from the Sierra Leone and Tristan plumes, 
respectively located NE and SE of South America.

Espinoza and Iaffaldano (2023) provided well-defined estimates for 
the absolute plate-motion changes for South America and neighbouring 
plates, defining two slow-down events for South America; one for the 
movement of the South American and neighbouring plates between 9 
and 5 Ma and one for South America between 14 and 10 Ma.

The Andes constitute a prominent geological feature to the west of 
our study area, and we therefore summarize the key points in the tec
tonic evolution of the northern, central Andes, following Baby et al. 
(2025). These authors presented an integrated stratigraphic and struc
tural model of three superimposed orogens based on a crustal balanced 
cross-section. They showed that the Andes were built over 180 Ma 
during three orogenic periods (180–140 Ma; 100–50 Ma; 30–0 Ma), 
separated by two post-orogenic periods during which most Andean 
reliefs were erased (140–100 Ma; 50–30 Ma). Baby et al. (2025)
concluded that the first-order factors that controlled the birth of the 
Andes and its complex growth evolution, are plate dynamics and the 

Fig. 3. Geology and elevation across the Guiana Shield and the Amazon Basin along transect PP’ in Fig. 2. The profile has three components. (1) Elevation along 55◦

10′W (easting 70,000, UTM zone 21). (2) Sketch of the geology across the Amazon Basin, from a 1970 Elf Afrique-Amerique report (profile located c. 40 west of the 
elevation profile) with stratigraphy based on results from four boreholes indicated. We have added information based on the stratigraphy from well 1-SP-1-PA 
(Fig. 9). (3) Geology across the coastal plain of Suriname; based on Wong et al. (1998), Staatsolie (2013) and Griffith et al. (2016).
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motion of the South American plate.

2.2. The Guiana Shield

The Guiana Shield forms the northern part of the Amazonian Craton, 
the core of the South American continent, separated from its southern 
counterpart, the Brazilian Shield (also known as Guaporé Shield) by the 
Amazon–Solimões basin (Fig. 1; Gibbs and Barron, 1993; Kroonenberg 
and de Roever, 2010). Paleo- and Mesoproterozoic crystalline basement 
rocks, partly covered by the subhorizontal Paleoproterozoic Roraima 
Group sandstones dominate the Guiana Shield.

The elastic thickness (representing the mechanical strength of the 
continental lithosphere) is high in the old cratonic nuclei of South 
America, such as the Amazonian Craton, which reaches a maximum 
value of c. 100 km south of the Amazon River (the Brazilian Shield) 
according to Tassara et al. (2007) or values above 70 km across the 
Amazonian Craton but with a minimum value corresponding to the 
Tacutu Graben according to Pérez-Gussinyé et al. (2007). The crustal 
thickness is generally above 40 km for the Amazonian Craton, but there 
are no systematic differences observed among the old cratonic nuclei, 
Neoproterozoic fold belts, and low-altitude intracratonic sedimentary 
basins, such as the Amazon Basin (Assumpção et al., 2013). Moho depth 
reaches a maximum of 60 km for the Guiana Shield but is also significant 
in the central part of the Amazon Basin (c. 45 km) (Lloyd et al., 2010). 
Lack of heat-flow data for the Amazonian Craton, does not allow for 
estimation of the thickness of its lithospheric root (Artemieva and 
Mooney, 2001).

Latest Proterozoic to earliest Paleozoic rifting along the Amazon 
Fault separated the two parts of the Amazonian Craton (Szatmari, 1983; 
Burke and Lytwyn, 1993). Thick successions of Phanerozoic sediments 
have accumulated on the Precambrian basement in the coastal areas 
along the Atlantic Ocean and along the Amazon River (Figs. 3 and 4).

Distinct planation surfaces separated by escarpments across the 
Guiana Shield indicate a history of episodic, vertical movements (King, 
1967; Green et al., 2013). Bárdossy and Aleva (1990) presented a review 
of studies of the landscapes of the Guiana Shield and suggested that five 
successive planation surfaces can be distinguished throughout the Gui
ana Shield (their Fig. 7.3-3), corresponding to S0–S4 surfaces mapped in 
Suriname by Sapin et al. (2016). Bárdossy and Aleva (1990) defined the 
Paleogene ‘Main Bauxite Level’ (the S1 surface of Sapin et al., 2016) as 
one of these planation surfaces. This interpretation in terms of discrete 
phases of uplift was, however, questioned by Kroonenberg and Melitz 
(1983), who argued that resistance of underlying rocks to deep weath
ering, controlled differences in elevation.

Two main categories of lateritic bauxites occur on and along the 
Guiana Shield (Bárdossy and Aleva, 1990; Carvalho et al., 1997; Balan 
et al., 2005; Monsels and van Bergen, 2017, 2019). Plateau bauxites 
occur as elevated plateau remnants on the shield, where they have 
developed on crystalline rocks of Proterozoic age. Lowland bauxites 
occur in the coastal zone along the northern margin of the shield, formed 
on the Paleocene–Eocene sediments of the Onverdacht Formation (Fm), 
1partly buried below Miocene and younger sediments and along the 
Amazon River, formed on the Paleogene sediments of the Alter do Chão 
Fm. Bárdossy and Aleva (1990) included both lowland and plateau 
bauxites in their definition of the Main Bauxite Level.

The methods applied in the previous studies, which have defined 
planation surfaces across the Guiana Shield, are not always well defined, 
but they appear to have two things in common. One is that they find that 
the planation surfaces below the summits were formed during the 
Cenozoic, the other that bauxites (e.g. the Main Bauxite Level) are 
considered to be useful as a reference level. However, planation surfaces 
are graded towards a base level by river erosion (King, 1967; Leopold 
and Bull, 1979). In contrast, the formation of bauxites is controlled by 
ground water, which serves as the medium for the removal of dissolved 
minerals and thereby leaving the parent rock enriched in aluminum. 
Trolard and Tardy (1987) thus stressed that water activity and 

temperature are the two major factors controlling the distribution of 
minerals in ferricretes and bauxites. Bauxites can thus form at any 
elevation, and their occurrence in the landscape is only indicative of sub- 
aerial exposure of the bedrock during their formation, rather than 
providing a reference level for a relative chronology based on the 
elevation of stepped planation surfaces.

2.3. The Guyanas margin

Offshore Suriname and French Guiana, the prominent bathymetric 
high of the Demerara Plateau extends more than 200 km from the coast 
(Fig. 1). The Demerara Plateau divides the margin (often referred to as 
the Guyanas margin) into two tectonic domains inherited from distinct 
geodynamic stages (Basile et al., 2023). A Jurassic stage represents the 
opening of the Central Atlantic Ocean, leading to the formation of the 
Jurassic divergent margin west of the Demerara Plateau. The subsequent 
Cretaceous stage involved opening of the Equatorial Atlantic Ocean. 
This led to the formation of the Cretaceous transform margin north of 
the Demerara Plateau and to the Cretaceous divergent margin east of the 
plateau.

The Early Cretaceous to Pliocene Guyana–Suriname Basin reaches 
into the coastal regions of Guyana and Suriname where the Upper 
Cretaceous – Neogene succession can attain thicknesses greater than 1 
km (Fig. 3) (Wong et al., 2009; Yang and Escalona, 2011; Staatsolie, 
2013; Casson et al., 2021; Delhaye-Prat et al., 2024). Several studies 
have highlighted the link between onshore drainage reorganization and 
offshore sedimentation (Sapin et al., 2016; Roddaz et al., 2021; Delhaye- 
Prat et al., 2024). The Early Cretaceous Casiporé Rift, east of the Guiana 
Shield, extends into Brazilian waters, off the Brazilian state of Amapá 
(Zalán et al., 2004).

The Cenozoic overburden along the coast of Suriname consists of 
Neogene–Holocene deposits separated by a late Eocene – Oligocene hi
atus (the Bauxite Hiatus; Wong et al., 2009) from underlying Paleocene 
to Eocene sediments. These progressively onlap tilted and truncated 
Coniacian–Maastrichtian strata below a pronounced base-Tertiary un
conformity (Wong et al., 2009; Staatsolie, 2013; Griffith et al., 2016; 
Monsels and Van Bergen, 2019).

On the Demerara Plateau, Aptian syn-rift units are overlain by post- 
rift Albian sediments deformed by NE-trending folds truncated by a late 
Albian subaerial unconformity, interpreted to represent peneplanation 
(Loncke et al., 2022). A major Maastrichtian–Paleocene sequence 
boundary, dated at c. 65 Ma in the deep offshore, separates Upper 
Cretaceous siliciclastics derived from the shield from Paleo
gene–Miocene deposits dominated by carbonates (Casson et al., 2021; 
Sapin et al., 2016). However, a series of base-Paleogene mass-transport 
and olistostromes occur in relation to a rapidly prograding platform 
edge off French Guiana (Sapin et al., 2016). A base-Pliocene sequence 
boundary in the deep offshore, reflects major subsidence due to sedi
ment loading caused by the emplacement of the Amazon cone (Sapin 
et al., 2016).

2.4. The Amazon Basin

The Amazon Basin is separated from the Marajó Basin in the east by 
the Gurupá Arch and from the Solimões Basin in the west by the Purus 
Arch (Fig. 1). The Amazon Basin contains two megasequences with a 
total thickness of 5 km (Fig. 3; Cunha et al., 2007; Moreira et al., 2023): 
A Paleozoic sequence (containing a considerable volume of CAMP in
trusives) and a Mesozoic–Cenozoic sequence (containing no Triassic to 
Jurassic sediments). The two megasequences are separated by a regional 
base-Cretaceous unconformity. The Paleozoic strata of Silurian to 
Permian age are progressively truncated along the northern and the 
southern margins of the basin towards the Guiana and Brazilian shields, 
respectively (Pastana, 1999b; Matsuda et al., 2010).

The continental sandstones and conglomerates of the Alter do Chão 
Fm are difficult to date but have often been considered as Cretaceous 
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(Aptian–Maastrichtian; Cunha et al., 2007). Caputo (2011a,b), however, 
reviewed available biostratigraphic evidence, which led him to define 
the Cretaceous Jazida da Fazendinha Fm (Aptian – Cenomanian), to 
redefine the Alter do Chão Fm as Cenozoic (Paleocene–Miocene) and to 
argue that the Jazida da Fazendinha Fm only occurs in the subsurface. 
The interpretation has been adopted by the Geological Survey of Brazil 
with the modification that the Alter do Chão Fm is Paleogene only 
(Gómez et al., 2019). According to Hoorn et al. (2010a), the charac
teristics of the Alter do Chão Fm (sensu Cunha et al., 2007) are typical 
for alluvial plain and fan environments, and the sedimentary sequences 
suggest a braided fluvial system. Rossetti and Netto (2006) documented 
marine influence on these deposits at a locality east of Manaus.

The Neogene deposits of the Solimões and Marajó formations in
crease in thickness towards the west (the Solimões Basin) and east (the 
Marajó Basin), respectively (Cunha et al., 2007).

2.4.1. The Monte Alegre dome
The Monte Alegre Dome is a pronounced geological and topographic 

feature on the plains north of the Amazon River, 10 km northwest of the 
city of the same name (Fig. 2B; Pastana, 1999a; Almeida and Pinheiro, 
2007; Figueira et al., 2012; Moreira et al., 2023). Semicircular outcrops 
of Paleozoic strata interrupted by extensive CAMP intrusives define the 
domal structure (c. 25 km across). The Paleozoic strata are juxtaposed 
with sandstones of the Alter do Chão Fm on the south-eastern and 
eastern side of the structure along normal faults. The sandstones are 
cemented along the south-eastern Ererê Fault, forming elongated highs 
which reach elevations up to 200 m above the surroundings. The center 
of the dome is low lying.

The age for the formation of the Monte Alegre Dome is disputed. 
Almeida and Pinheiro (2007) argued that the dome was an inversion 
structure resulting from tilting along faults striking in N-S, NW-SE and 
NE-SW directions and subsequently cross-cut by Cenozoic (post-Alter do 
Chão Fm) faults. They found that doming above the CAMP intrusives 
was of secondary importance, and thus that the inversion structure 
formed during Jurassic–Cretaceous times. Figueira et al. (2012) found 
that the structure was the result of doming above a CAMP intrusion, 
subsequently deformed during the Juruá tectonic episode (Szatmari, 
1983; Caputo, 2014b) and by a later tectonic episode. These episodes 
first caused inversion and then normal reactivation of the Ererê Fault.

2.4.2. Reversal of the Amazon River
The Foz do Amazonas Basin at the mouth of the Amazon River re

cords a major shift in the sedimentary system from predominantly car
bonate to siliciclastic sedimentation in the late Miocene (Figueiredo 
et al., 2007). The shift reflects the onset of the modern Amazon River as 
a transcontinental river, when it opened its pathway to the west, from 
the Marajó Basin, through deep headward erosion, capturing a vast 
drainage network from cratonic and Andean areas, which had previ
ously been diverted towards the Caribbean Sea (Caputo and Soares, 
2016). The reversal of the Amazon River and the initiation of the 
Amazon Fan began between 11.8 and 8.3 Ma corresponding to a 
regional, late Miocene (Tortonian) unconformity (Figueiredo et al., 
2009; Gorini et al., 2013; Caputo and Soares, 2016; Hoorn et al., 2017).

3. Methods and data

3.1. AFTA and VR data

In this study we use apatite fission-track analysis (AFTA) and vitri
nite reflectance (VR) in rock samples from outcrops and boreholes in 
order to define thermal histories and thereby define periods of burial 
and exhumation. The approach adopted here is described in detail 
elsewhere (Green and Duddy, 2012; Green et al., 2013, 2022b). AFTA 
provides constraints on the maximum paleotemperature and time of 
cooling in up to three paleothermal episodes; i.e. events in which sam
ples were hotter than they are now (Fig. 5; Section 4.1). VR provides an 
independent measure of the maximum post-depositional paleotemper
ature of a sedimentary unit. The resulting thermal history constraints, 
combined with either assumed or measured values of paleogeothermal 
gradient, can be used to define periods of burial and exhumation that are 
not evident from the preserved rock record.

We obtained AFTA and VR data in samples collected across the study 

Fig. 4. Lithostratigraphic scheme for the Amazon Basin, the Guiana Shield, coastal Suriname and the near-shore region of Suriname. Based on Caputo, 2011a,b, 
2014a; Caputo and Soares, 2016, and references therein; Delhaye-Prat et al., 2024; Cunha et al., 2007; Gómez et al., 2019; Kroonenberg and de Roever, 2010; Marzoli 
et al., 2018; Monsels and Van Bergen, 2019; Staatsolie, 2013; Wong et al., 2009. Note that the age of the Alter do Chão Fm is Paleogene according to Gómez et al. 
(2019). Regional events. (1) Paleozoic regional events after Cunha et al. (2007). (2) Mesozoic–Cenozoic regional events, see Section 2. (3) Sul-Americana peneplain 
formation in Brazil during late Eocene – Oligocene (King, 1956). (4) Onset of Juruá tectonics marked at 135 Ma at the onset of Early Cretaceous compression due to 
the clockwise rotation of South America relative to Africa (Szatmari and Milani, 2016), whereas Caputo (2014b) dated this inversion phase at 150 Ma in the Solimões 
Basin. (5) Andean phases after Baby et al. (2025). CAMP: Central Atlantic Magmatic Province. CAtl: Central Atlantic. EqAtl: Equatorial Atlantic. SA: South America. 
SAMP: South Atlantic Magmatic Province. SAtl: South Atlantic. SFS: seafloor spreading. SR: spreading rate. AO1–AO3: Andean Orogeny phases 1–3 and APO1–APO2: 
Andean post-orogenic phases 1–2.

Fig. 5. Thermal history interpretation of AFTA data in each sample based on 
episodic heating and cooling. By comparing apatite fission-track ages and track- 
length distributions as a function of wt% Cl with values predicted from a wide 
range of candidate histories, systematically varying peak paleotemperatures 
and timing at which cooling begins, we isolate conditions giving predictions 
that are consistent with measured data (see figure 25 of Green et al., 2013). 
Results are expressed as 95 % confidence intervals (c.i.) on the time at which 
cooling begins (t1, t2, t3) and the maximum/peak paleotemperature (T1, T2, 
T3) for up to three episodes. These are the points in the history that dominate 
the measured data, which contain little or no information on the intervening 
intervals (Green and Duddy, 2020). A large number of studies have led us to 
conclude that such histories represent the most appropriate scenario for 
extracting thermal history information from AFTA data (Green et al., 2022a). 
For basement samples we assume heating rates of 1 ◦C/Myr and cooling at 
10 ◦C/Myr, as shown. For sedimentary rocks or basement samples overlain by 
sediments, depositional ages can provide additional constraints on periods of 
surface exposure. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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area (Fig. 2B): AFTA in 31 samples of Precambrian rocks from outcrops 
and shallow boreholes across the Guiana Shield and the northernmost 
rim of the Brazilian Shield; AFTA in 17 samples of outcropping sedi
ments from the Amazon Basin with stratigraphic ages varying from 
Silurian to Paleogene; VR in 8 samples from outcrops in the Amazon 
Basin; AFTA and VR in 8 samples of Late Cretaceous age from five 
boreholes obtained from depths up to 1.1 km along the coast of Suri
name; AFTA and VR in 14 samples from two deep wells, 1-SP-1-PA in the 
Amazon Basin and 1-APS-18 in the offshore Casiporé Basin.

Data are provided in seven Supplementary Data files, as follows:
Supplementary Data 1: Details of all samples with GC1196 prefix 

plus outcrop samples with GC1230 prefix, and full analytical details and 
data for AFTA and VR determinations in these samples. Stratigraphy of 
the section intersected in each of the Suriname boreholes, plus other 
details.

Supplementary Data 2: Basic AFTA parameters and thermal history 
interpretations in all outcrop and downhole samples analysed, derived 
as described in Section 4.1.

Fig. 6. Mean confined track length plotted against apatite fission-track age. A. Samples from this study (squares) and from published studies (circles) within this or 
adjacent regions (Derycke et al., 2021; Fonseca et al., 2024; Harman et al., 1998 (Brazilian Shield); de Pina et al., 2014). Locations in Fig. 1. B. Samples as in A, also 
including data from other regions of northeast Brazil (Harman et al., 1998 – São Francisco Shield; Morais Neto et al., 2006; Turner et al., 2008; Japsen et al., 2012). 
Despite the scatter, the data generally define a consistent profile suggesting a similar thermal history framework across a wide area of South America, defined by a 
series of common paleo-thermal episodes, but with individual samples in different regions undergoing variable degrees of heating and cooling in individual episodes. 
Note: error bars are shown for data from this study only, for clarity. Error bars on other data would be similar.
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Supplementary Data 3: AFTA parameters and thermal history in
terpretations in samples from the Suriname boreholes and thermal his
tory interpretations.

Supplementary Data 4: Thermal history reconstruction in well 1- 
SP-1-PA, including stratigraphic data, present-day thermal gradients, 
AFTA and VR data and thermal history interpretations, paleogeothermal 
gradient and removed section estimates.

Supplementary Data 5: Thermal history reconstruction in well 1- 
APS-18, including stratigraphic data, present-day thermal gradients, 
AFTA and VR data and thermal history interpretations, paleogeothermal 
gradient and removed section estimates.

Supplementary Data 6: Fission-track counts, track lengths and wt% 
Cl in all individual grains from all samples analysed.

Supplementary Data 7: Location of individual samples and bore
holes and selected photos in kmz format for GoogleEarth.

The relationship between mean track length and fission track age in 
samples from outcrops and shallow boreholes, together with data from 
other studies within the region (Fig. 6A) and data from adjacent areas 
(Fig. 6B), define a common trend, albeit with considerable scatter, 
although this is in accord with analytical uncertainties. This suggests a 
similar thermal history framework across a wide region, but with the 
magnitude of key paleo-thermal episodes varying from sample to sam
ple. Ages are colour coded on the map in Fig. 7. AFT ages and mean track 
lengths in samples from the Suriname boreholes are plotted against 
depth in Supplementary Data 3, while results in wells 1-SP-1-PA and 1- 
APS-18 are plotted in similar fashion in Supplementary Data 4 and 5.

3.2. Digital elevation model and mapping of low-relief surfaces

We developed a digital elevation model of the study area based on a 
model with a spatial resolution of c. 90 m (SRTM data; Jarvis et al., 
2008). We resampled the original data to a 100-m model in order to limit 

the amount of data. This model was used as data source for the con
struction of the elevation map of the study area (Fig. 2A) and of 3D 
images of the landscape. We also extracted maximum and minimum 
elevations in a swath that extended 25 km on each side of transects and 
plotted these swath profiles together with the topographical profiles.

We produced a map at a scale of 1:1.000.000 with a contour interval 
of 100 m which provided a reasonable picture of the general landscape 
features on the map, such as flats, escarpments, deeply incised valleys 
and the residual areas between the deeply incised valleys. We also 
extracted a grid of topographical profiles with a 25-km spacing from the 
DEM, 18 profiles N-S and 21 profiles W-E. We produced paper plots of 
the altitude along the profile together with the maximum and minimum 
elevation within a swath extending 25 km on each side of the centre line 
at the same scale as the contour map and a vertical exaggeration of 10:1.

The contour map was used as the basis for the mapping. Areas with 
relatively few contours represent low-relief landscapes and thus possibly 
represent palaeo-surfaces. We identified a low-relief surface where 100- 
m contours are spaced more than 1 km apart, corresponding to slopes 
less than 6.5◦ (Bonow et al., 2003). We identified the levels of the low- 
relief surfaces on the map and on the profiles. To ascertain that the 
interpretation was consistent, we checked that the surfaces on each 
profile tied at the profile intersections. We used the maximum and 
minimum elevations along the swath to support the mapping (Bonow 
et al., 2009; Bonow and Japsen, 2021). In the low-relief areas, the 
maximum elevation along the swath coincides with the surface, whereas 
the maximum trace alone allowed us to follow low-relief surfaces into 
more dissected areas. The minimum elevation indicates the base level to 
which the rivers were graded.

To distinguish where the surfaces were influenced by different ge
ology, we compared our mapped surfaces with geological maps of the 
area (https://geosgb.cprm.gov.br/, IBGE 2004, 2008, Kroonenberg et al. 
2016). Finally, we used the method of stratigraphic landscape analysis 

Fig. 7. Apatite fission-track ages in samples from outcrops and shallow boreholes. The predominance of ages less than 200 Ma in Proterozoic basement emphasises 
the importance of Mesozoic events in the region. Circles: This study. Small squares: North − Derycke et al. (2021). South: de Pina et al. (2014). Geology legend and 
sample locations in Fig. 2.
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Fig. 8. Constraints on the onset of cooling in multiple paleo-thermal episodes derived from AFTA data in individual samples. Individual values for discrete events in 
each sample are listed in Supplementary Data 2. Cooling events earlier than 400 Ma are not shown. A. Constraints for samples from outcrops and shallow boreholes. 
Grey boxes: Stratigraphic ages (if none are shown, then stratigraphic ages are older than 400 Ma). B. Constraints for samples from the onshore Suriname boreholes 
(sample numbers in Supplementary Data 3). Depositional ages are defined by the purple vertical column, almost synchronous with the 77–62 Ma cooling episode. C. 
Constraints for samples from Amazon Basin well 1-SP-1-PA (prefix GC1230). D. Constraints for samples from offshore well 1-APS-18-AP (prefix GC1230). Horizontal 
coloured bars: 95 % confidence intervals on the onset of cooling. Vertical columns: Constraints for the onset of the cooling episodes defined assuming that the 
episodes are regionally synchronous. Colour coding illustrates attribution of cooling to regional episodes in Table 1. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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to establish a denudation chronology for the formation of the mapped 
surfaces (Green et al., 2013; Lidmar-Bergström et al., 2013).

4. Thermal history interpretation

4.1. Extracting thermal history information from AFTA and VR data

4.1.1. Principles
The approach that we take in extracting thermal history information 

from fission tracks in apatite differs in several respects from those taken 
by other workers. Different approaches are compared and contrasted by 
e.g. Green et al. (2013), Vermeesch and Tian (2014, 2018, 2020), Gal
lagher and Ketcham (2018, 2020), Green and Duddy (2020, 2021). 
Widely adopted approaches involve software such as HeFTy and QTqt to 
define the thermal history between the onset of track retention and the 
present day often within a framework of continuous cooling (see Ver
meesch and Tian (2014) for a review). Less appreciated is that AFT data 
are insensitive to the detail of a thermal history (particularly in histories 
involving slow cooling) because of the dominance of temperature over 
time in fission-track annealing kinetics (Green and Duddy, 2020, 2021). 
As a result, thermal histories derived from these approaches are non- 
unique and are conditional on the specified form of thermal history.

Acknowledging these problems, we adopt a different approach based 
on a framework of episodic heating and cooling. Such a history is clearly 
appropriate to samples of sedimentary rock, but as reviewed by Green 

et al. (2022a), numerous lines of evidence suggest that a similar 
framework is also relevant to many basement terrains. Green et al. 
(2013, 2018) describe further examples where such histories are 
appropriate, in a variety of settings. Our approach involves explicitly 
determining maximum or peak paleotemperatures and the time at which 
cooling began, in up to three episodes (Green and Duddy, 2020, 2021; 
Fig. 5; see also figure 27 of Green et al. (2013).

Because AFTA data are dominated by maximum temperature, they 
preserve no evidence of the history during heating prior to the onset of 
cooling (e.g. during burial). For this reason the history between suc
cessive cooling episodes cannot be resolved. Therefore, for samples of 
outcropping basement we assume heating and cooling rates of 1 ◦C/Myr 
and 10 ◦C/Myr, respectively. An order of magnitude change in heating 
rate is equivalent to around a 10 ◦C difference in the paleotemperature 
required to produce a given degree of annealing. For sedimentary rocks 
or basement overlain by sediments, depositional ages can be used to 
provide additional constraints.

It is important to note that deriving the timing of cooling in this way 
does not rely on samples in which all fission tracks have been totally 
annealed prior to cooling but is based on both the fission-track age and 
track-length distribution and their variation with composition (wt% Cl). 
In addition, in all but the simplest case of rapid cooling from > 110 ◦C, 
apatite fission-track (AFT) ages on their own have no meaning in terms 
of representing the timing of cooling but represent the balance between 
accumulation of tracks by spontaneous fission and the reduction in track 

Fig. 8. (continued).
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density due to thermally-controlled shortening of tracks (e.g. Green and 
Duddy, 2012). Length reduction is continuous at all temperatures and 
accelerates at higher temperatures but is appreciable even at tempera
tures below 60 ◦C (Gleadow and Duddy, 1981; Donelick et al., 1990). 
For this reason, the concept of partial annealing zone (PAZ) has no 
practical relevance.

Thermal history solutions, represented by 95 % confidence intervals 
on the maximum/peak palaeotemperature and the time at which cooling 
from that palaeotemperature began, are extracted from data in each 
sample by comparing measured data (AFT age and track-length distri
bution as they vary with wt% Cl) with values predicted from candidate 
thermal histories using likelihood theory similar to that outlined by 
Gallagher (1995). By systematically varying the magnitude of maximum 
paleotemperature and the onset of cooling in each episode, the range of 
values giving predictions, that are consistent with the measured data 
within 95 % confidence intervals, can be defined (Fig. 5).

Where three episodes are defined, the earliest episode is defined 
primarily from the AFT age data (and represents the episode in which 
samples cooled below ~ 110 ◦C and began to retain tracks), while the 
two more recent episodes are defined principally from the distribution of 
track lengths (see figure 27 of Green et al. 2013). The kinetics of fission- 
track annealing in apatite vary significantly with chlorine content, and 
acceptable histories are required to match the AFT age and length dis
tribution and the variation of these with wt% Cl in each sample, which is 
measured using an electron microprobe.

Maximum post-depositional paleotemperatures are derived from VR 
values using the kinetics of Burnham and Sweeney (1989). This model 
provides consistent interpretations with those derived from AFTA (e.g. 
Green et al., 2004, 2017a; Japsen et al., 2007, 2012, 2023).

Having defined timing constraints on cooling episodes in each sam
ple, we then compare values from all samples within a restricted region 
to assess if all results can be explained by a small number of common (i. 
e. synchronous) episodes. If so, the range of common overlap defines the 
best estimate of the onset of cooling in synchronous episodes. In a large 
number of studies in different parts of the world, we have found that this 
approach provides consistent definition of regional cooling episodes 
across large areas (Green et al., 2022b).

4.1.2. This study
Estimates of the onset of cooling in up to three paleothermal episodes 

derived from AFTA data in each outcrop sample are compared in Fig. 8A. 
Horizontal bars denote the 95 % confidence interval on the timing of 
cooling (analogous to the ± 2σ range), as illustrated in Fig. 5. Similar 
plots for samples from the Suriname boreholes are shown in Fig. 8B and 
for the two deep wells in Fig. 8C,D.

Note that during the preparation of the reports that provide the basis 
for this study (Supplementary Data 1, 4 and 5), the sedimentary units 
indicated as Alter do Chão on maps and well reports were considered to 
be of Aptian to Maastrichtian age (Cunha et al., 2007). Subsequently, we 
were made aware of the work of Caputo (2011a,b) (adopted by the 
Brazilian Geological Survey, CPRM) in which these deposits are sepa
rated into a Cretaceous and a Paleogene unit, the Jazida da Fazendinha 
Fm and the Alter do Chão Fm, respectively (Fig. 4).

Results from outcrops and wells are discussed below in terms of 
broad groupings, followed by a regional synthesis.

4.2. Guiana Shield

AFT ages in samples of Precambrian rocks from the Guiana Shield are 
generally between 100 and 200 Ma, with mean confined track lengths 
between 12 and 13 µm with a few between 13 and 14 µm (Fig. 6). A few 
samples give older ages with shorter mean track lengths. AFT ages 
younger than 200 Ma in samples of Precambrian rocks indicate signifi
cant Mesozoic paleothermal effects but provide no direct indication of 
the timing and magnitude. Estimates of the onset of cooling in different 
samples show a high level of consistency (Fig. 8), and combining results 
from all samples, suggests that most can be accounted for in terms of five 
synchronous cooling episodes (Table 1), while two samples define 
earlier episodes.

4.3. Amazon Basin

4.3.1. Northern basin margin around Manaus
Three samples of Cretaceous–Paleogene sandstone and three of 

Silurian, plus two basement samples, were analysed from this region. 
AFT ages are mostly between 100 and 200 Ma with mean track lengths 

Table 1 
Intervals defining the onset of cooling episodes (Ma) based on AFTA data in 70 samples.

A. Episodes of regional extent

Guiana Shield 202–197 136–122 118–88 42–36

Amazon N Manaus 207–188 157–130 118–94 50–23
Amazon N M. Alegre 245–175 145–121 115–106 55–18
Amazon S Itaituba 220–180 168–92 − 54–20
Well 1-SP-1-PA 235–194 157–115 116–90 65–24
Well 1-APS-18 208–175 153–107 − 58–17
Suriname boreholes 200–183 − 115–100 58–0
Synthesis 200–197 136–130 115–106 42–36
Chronostratigraphy Earliest Jur “Neocomian” “Albian” Eocene

B. Episodes resolved in in a limited number of samples

Guiana Shield 833–422 358–235 − − −

Amazon N Manaus 504–370 273–250 − − −

Amazon N M. Alegre >269 − − 59–55 16–6
Amazon S Itaituba 651–447 283–215 − − −

Well 1-SP-1-PA − − − − −

Well 1-APS-18 − − − − −

Suriname boreholes 458–305 295–223 77–66* − −

Synthesis 458–447 273–250 77–66* 59–55 16–6
Chronostratigraphy Late Ord Permian Camp–Maast “Late Pal” Miocene

Italics: Cooling in the sediment source region.
(*) Onset of cooling defined by AFTA 77–62 Ma in Maastrichtian sandstones, so the cooling must have begun prior to 66 Ma. Suriname boreholes: Burnside-1. 
Jonkermans-1, Paramaribo-1,2, Tapoeripa-1. Names used as short-hand for reference. “Albian”: latest Aptian – mid-Albian. “Late Pal”: late Paleocene (late Paleo
cene – earliest Eocene). “Neocomian”: Valanginian–Hauterivian. Abbreviations: Camp–Maast: Campanian–Maastrichtian. Jur: Jurassic. Late Ord: Late Ordovician. M. 
Alegre: Monte Alegre.
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between 12 and 13 µm, while two give older ages but with similar mean 
track lengths. These data overlap with the field of Guiana Shield samples 
in Fig. 6A, suggesting a similar thermal history framework. Comparing 
timing constraints in Fig. 7 shows that results in the three Creta
ceous–Paleogene sandstones can be explained in terms of three common 
cooling episodes with cooling beginning between 157 and 130 Ma, 118 
and 94 Ma and between 50 and 23 Ma. The two earlier of these episodes 
represent pre-depositional cooling in the sediment provenance region 
(Table 1). Results from pre-Cretaceous samples generally define earlier 
episodes but also define a more recent cooling consistent with the most 
recent episode defined from the Cretaceous–Paleogene samples.

4.3.2. Southern basin margin around Itaituba
Of six samples of Paleozoic sediments and basement analysed from 

locations around Itaituba (mainly along the Tapajós River), four give 
AFT ages between 148 and 190 Ma and mean track lengths between 12 
and 13 µm, while two give older ages with shorter lengths. These data 
fall within the field defined by samples from the Guiana Shield (Fig. 6A), 
suggesting a similar thermal history framework. Thermal history con
straints in Fig. 8 show that data in most samples are consistent with 
regional cooling episodes which began between 212 and 180 Ma and 
between 54 and 20 Ma (Table 1). Data in sample GC1196-81 suggest 
rather later cooling (beginning between 122 and 92 Ma), but compari
son with results from other areas suggests that the constraint from this 
sample can be regarded as an outlier. Earlier episodes are also defined in 
some samples.

Two Upper Devonian samples contained sufficient material for VR 
analysis, both showing bimodal data with mean values 0.4 % and 0.6 % 
(Supplementary Data 1). AFTA data in adjacent samples of similar age 
consistently define cooling from > 110 ◦C (though in different episodes), 
so it seems that these VR values are rather low. This is probably due to 
the presence of lamalginite (recorded in the maceral descriptions in 
Supplementary Data 1), which is commonly associated with suppression 
of VR levels.

4.3.3. Northern basin margin around Monte Alegre
AFT ages in outcrop samples in the area around Monte Alegre, 

including Cretaceous–Paleogene and Paleozoic sediments and one 
sample of basement, are generally between 80 and 150 Ma, with track 
lengths between 11.5 and 12.5 µm, overlapping the field of Guiana 
Shield data slightly, in the higher age range (Fig. 6A). Again, these data 
suggest major Mesozoic paleothermal effects but with differences in 
magnitude compared to Guiana Shield samples.

Thermal history constraints in Fig. 8 show that all but one of the 
Cretaceous–Paleogene samples require three episodes of cooling from 
elevated paleotemperatures. In these samples, the earliest cooling 
episode, defining cooling from paleotemperatures above 110 ◦C, is 
interpreted as pre-depositional, representing cooling in sediment source 
regions. Combining constraints in these samples suggests that cooling in 
this episode began in the interval 115–106 Ma (Table 1). Three of the 
pre-Mesozoic samples define cooling within an interval that appears to 
be slightly earlier, beginning in the interval 145 to 121 Ma, while two 
also define an early episode, beginning between 245 and 175 Ma. Two of 
the Paleozoic samples and all but one of the Cretaceous–Paleogene 
samples also define a later cooling episode from 90 to 100 ◦C or more 
which began between 59 and 55 Ma. This episode is resolved only in 
samples from this region. All samples also define a later episode from 
paleotemperatures generally around 60 to 70 ◦C. Timing constraints in 
individual samples are somewhat inconsistent but tend to be later than 
those in the final cooling phase defined in samples from other regions.

Constraints in two samples in which the Paleocene event were not 
recognized (plus the younger age component in sample GC1196-112) 
give slightly earlier constraints in this most recent episode, and if 
these are regarded as possibly representing the unresolved effects of 
both episodes, constraints in the remaining samples define cooling 
which began between 16 and 6 Ma. This Miocene episode is only 

resolved around Monte Alegre, in contrast to the rest of the study area 
where Eocene cooling dominates the most recent history (Fig. 8). This 
may be due to the high Paleocene paleotemperatures unique to the 
Monte Alegre region masking the Eocene episode and allowing resolu
tion of Miocene cooling, which is not resolved in other samples. Alter
natively, Miocene cooling may be restricted to the Monte Alegre region.

Two Paleozoic samples contained sufficient material suitable for 
reliable VR measurement, with mean values of 0.9 % and 4.72 % 
(Supplementary Data 1). AFTA data in adjacent samples define cooling 
from > 110 ◦C, which began in the interval 245–175 Ma, and it seems 
likely that the paleotemperatures indicated by the VR data were reached 
during this episode.

4.3.4. Amazon Basin, well 1-SP-1-PA
Well 1-SP-1-PA intersected around 450 m of Cretaceous–Paleogene 

section, around 550 m of Permian and over 2200 m of the deeper 
Paleozoic section, with major unconformities between these units 
(Fig. 9B). The well also contains numerous intrusions regarded in the 
well report as representing Penatecaua (CAMP) igneous activity at ~ 
200 Ma. Note that Caputo (2011a,b) reported that in the 1-AC-1-PA well, 
about 90 km north of 1-SP-1-PA, the post-Paleozoic section could be 
divided into 425 m of Cenozoic and 120 m of Cretaceous sediments.

AFTA data were obtained in two samples from the upper 400 m of 
Cretaceous–Paleogene section, two from the Permian and three from 
deeper Paleozoic units, with excellent apatite yields in all but the 
deepest sample. VR data were obtained in one Cretaceous–Paleogene 
sample, one Permian and three Paleozoic samples. Thermal history 
constraints derived from AFTA data in pre-Cretaceous units can be 
explained in terms of three paleothermal episodes, with cooling begin
ning in the intervals 235 to 194 Ma, 157–115 Ma and 65 to 24 Ma 
(Table 1). In addition, cooling which began between 116 and 90 Ma is 
seen in samples from the Cretaceous–Paleogene section and is inter
preted as representing cooling in the provenance terrain. The two earlier 
episodes fall within the interval represented by the Permian–Cretaceous 
unconformity while the most recent episode post-dates the Creta
ceous–Paleogene sediments at the surface.

Post-depositional paleotemperatures derived from AFTA and VR 
data in this well show very high values from VR around the intrusions 
(Fig. 9B) and given the ~ 200 Ma age of these intrusives, we regard the 
earliest of the episodes derived from AFTA as also representing the ef
fects of these intrusions. Paleotemperature constraints from AFTA 
defining the two more recent episodes define linear depth profiles sub- 
parallel to the present-day temperature profile and are interpreted as 
representing heating due to deeper burial prior to cooling due to 
exhumation. The timing of these two cooling episodes defined from 
AFTA correspond to two prominent unconformities in the stratigraphic 
section intersected in the well, showing that such an interpretation is 
reasonable.

For a paleogeothermal gradient equal to the present-day value of 
18 ◦C/km, the paleotemperatures require between 2.8 and 3.4 km of 
additional burial in the earlier episode and between 1.1 and 1.8 km 
additional burial in the later episode (Fig. 9C).

4.4. Offshore Casiporé Basin, well 1-APS-18-AP

Well 1-APS-18-AP is located in the Early Cretaceous Casiporé Basin 
in the north-western part of the Foz do Amazonas Basin (Figs. 1 and 2B). 
The well intersected around 850 m of Miocene to Recent section, 
separated by an unconformity from underlying Paleocene and Maas
trichtian units, separated by a further unconformity from an Albian 
section in which the well reached a depth of 3987 m (Fig. 9B). AFTA 
data were obtained in seven samples from the Albian section, with 
excellent apatite yields in all samples. VR data were also obtained in one 
Miocene sample, one Paleocene and seven Albian samples.

Thermal history constraints derived from the AFTA data can be 
explained in terms of three paleothermal episodes, with cooling 
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beginning in the intervals 208 to 175 Ma, 153 to 107 Ma and 58 to 17 Ma 
(Table 1). The two earlier episodes pre-date deposition of the Albian 
section and are interpreted as representing cooling in sediment prove
nance regions. Cooling which began between 58 and 17 Ma in samples of 
Albian age is post-depositional and correlates with the unconformity 
between Paleocene and Miocene units in this well. Note that data in the 
deepest sample from this well, GC1230-38, appear to be anomalous, and 
are regarded as originating from contamination, possible due to use of 
down-hole additives while drilling.

Paleotemperatures derived from AFTA and VR data (Fig. 9B) are 
highly consistent and define a linear profile sub-parallel to the present- 
day temperature profile. We therefore interpret the Cenozoic paleo
thermal episode as due to deeper burial prior to cooling due to exhu
mation. The match between the timing constraint from AFTA and the 
interval represented by the Paleocene–Miocene unconformity in the 
penetrated section supports this interpretation. For a paleogeothermal 
gradient equal to the present-day value of 26.5 ◦C/km, the paleo
temperatures require between 1.0 and 1.4 km of additional burial in this 
episode (Fig. 9C).

4.5. Suriname Atlantic margin boreholes

Eight samples of Upper Cretaceous sandstones from five boreholes 
along the Suriname coast were analysed by AFTA, with VR de
terminations in six samples from four boreholes. AFT ages are between 
100 and 220 Ma, significantly older than the depositional age of the host 
unit (70–65 Ma) (Fig. 8B), and mean track lengths are between 11 and 
13 µm. These samples are dominated by tracks formed prior to deposi
tion, and in some cases the ages have been divided into discrete groups 
before thermal history solutions were obtained (details in Supplemen
tary Data 2). Thermal history solutions derived from AFTA data in these 
samples define a number of cooling episodes which pre-date deposition 
of the host unit (Slides 7 to 11, Supplementary Data 3). Data in all 
samples are consistent with cooling which began in the intervals 200 to 
183 Ma and between 77 and 62 Ma. While this latter interval overlaps to 
some degree with the depositional age, we interpret this event as pre- 
depositional, as the paleotemperatures are higher than those defined 
from VR (below), thereby constraining the onset of cooling to between 
77 and 66 Ma. Most samples allow some degree of heating and cooling 
after deposition, providing upper limits to the maximum paleotemper
ature, but only sample GC1166-59 from the Tapoeripa-1 borehole shows 
clear evidence of post-depositional heating, cooling from between 52 
and 80 ◦C sometime in the last 58 Myr.

Mean VR values in samples from these boreholes are generally be
tween 0.25 and 0.35 %, consistent with values expected at the prevailing 
present-day temperatures (Supplementary Data 3). However, the mean 
VR value of 0.36 % measured in sample GC1196-59.1, although based 
on only 5 measurements, defines a maximum paleotemperature of 59 ◦C 

which is within the range of 52–80 ◦C defined from AFTA from the same 
interval. The consistency of the two methods indicates that the sample 
interval has been hotter in the past.

4.6. Synthesis

Inspection of the thermal history constraints derived from AFTA in 
individual samples in Supplementary Data 2 shows that estimates of the 
onset of cooling in various episodes are consistent with common values, 
suggesting broadly synchronous cooling in different regions. This is 
illustrated by allocation of results to separate columns in Supplementary 
Data 3 and by the vertical, coloured columns in in Fig. 8. This being so, 
we seek to compare paleotemperature and timing constraints in adjacent 
samples and combine them to define the minimum number of common 
cooling episodes that can explain results across the region on the 
expectation that similar paleotemperatures in adjacent samples reflect 
the same event. Comparing the timing constraints from all samples 
suggests that most of the data can be explained in terms of four dominant 
episodes beginning in the following time intervals (cf. Table 1), viz: 

200–197 Ma Earliest Jurassic (“CAMP”)
136–130 Ma Valanginian–Hauterivian (“Neocomian”)
115–106 Ma Latest Aptian – mid-Albian (“Albian”)

42–36 Ma Eocene

We use names in quotes as a short-hand for reference. “CAMP” in
dicates cooling following the CAMP intrusive event (Section 5.3). In 
contrast, other cooling events have been resolved in a limited number of 
samples only and are defined to begin in the following intervals, viz: 

458–447 Ma Late Ordovician
273–250 Ma Permian

77–66 Ma Campanian–Maastrichtian
59–55 Ma Late Paleocene – earliest Eocene (“late Paleocene”)
16–6 Ma Miocene

The origin and extent of these episodes is discussed in Section 5.

4.7. Comparison with previous studies in the region

AFT data from previous studies from locations close to our study area 
show a similar trend to data from this study in Fig. 6A. The relative 
uniformity of thermal histories across a wider area of northeast South 
America is further emphasised in Fig. 6B, in which additional data sets 
are compared with those from within and around our study area. We 
interpret this uniformity as defining a common style of history across the 
region, albeit with different regions experiencing differing magnitudes 
of heating and cooling in individual episodes (cf. Japsen et al., 2021a; 

Fig. 9. Paleothermal data from wells 1-SP-PA-1 and 1-APS-18-AP, defining burial and exhumation histories for the Amazon Basin and the offshore Casiporé Basin 
(locations in Fig. 2B). A. AFTA parameters for samples plotted against sample depth and present-day temperatures for the two boreholes. Solid lines in the left panel 
shows the increasing stratigraphic age with depth for each well. Dashed lines show the variation of fission-track age and mean track length with depth for apatites 
containing < 0.1, 0.5, 1.0, and 1.5 wt% Cl predicted from the Default Thermal History (DTH), which is the history expected if samples have not been hotter than their 
present-day temperature after deposition. The DTH was derived from the preserved sedimentary section and the present-day thermal gradient calculated from 
corrected borehole temperatures in each well. In the 1-SP-1-PA well, all but one of the measured ages are significantly younger than expected from the DTH scenario, 
showing that the section has been hotter in the past. In the 1-APS-18-PA well, most ages are older than predicted from the DTH, showing that the samples are 
dominated by tracks formed prior to deposition, but mean track lengths are much less than expected from the DTH, again showing that samples have been hotter in 
the past. B. Paleotemperature constraints from AFTA and VR data for the Neocomian and Eocene paleothermal episodes in the 1-SP-1-PA well (left) and for the 
Eocene episode in the 1-APS-18-AP well (right) (Table 1). Legend for the stratigraphic columns in Fig. 2B (Alter do Chão Fm in well 1-SP-1-PA marked as Cretaceous; 
Paleocene–Maastrichtian sediments in well 1-APS-18-AP marked as Paleogene). Constraints for each episode in both wells (Supplementary Data 2) define linear 
profiles, subparallel to the respective present-day temperature profile but offset to higher paleotemperatures compared to the present-day temperature profile. This is 
characteristic of heating due predominantly to deeper burial. Maximum post-depositional paleotemperatures derived from VR data are consistent with the maximum 
Eocene paleotemperatures defined from AFTA in well 1-APS-18-AP, whereas the high VR values in well 1-SP-1-PA reflect heating during the emplacement of CAMP 
magmatic bodies. RKB: Relative to kelly bushing. TVD: True vertical depth. C. Ranges of allowed paleo-gradients and removed section (hyperbolic ellipsoids) 
required to explain paleothermal profiles in the two boreholes within 95 % confidence limits. Surface temperature 26 ◦C in all cases. Values of removed section based 
on constant geothermal gradients corresponding to the present-day conditions are also indicated (vertical lines).
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Japsen et al., 2021b; Green et al., 2022b). The conclusions of these 
previous studies further emphasise the similarity in thermal history 
styles across the region.

Harman et al. (1998) interpreted their results from the Brazilian and 
the São Francisco shields, to the south of our study region, in terms of 
two phases of cooling at ~ 130 Ma and 60 to 80 Ma, interpreted to 
reflect intracontinental deformation caused by changes in plate motion.

Gonzaga et al. (2000) used VR and AFT data to show that the extent 
of the Amazon Basin in the past was larger than the present configura
tion. They suggested that 1800 m of sedimentary section had been 
eroded along the basin margins, with exhumation beginning in the mid- 
Cretaceous, ~110 Ma.

de Pina et al. (2014) reported AFT data in 12 samples of basement 
and Paleozoic sediments from outcrops around the southern margin of 
the Amazon Basin, from locations close to our own in that region. They 
interpreted their results in terms of an early cooling episode (which 
began between 306 and 280 Ma) and a later cooling event (which began 
between 117 and 98 Ma) as well as heating at ~ 200 Ma related to the 
Penatecaua (CAMP) magmatism. These events are consistent with epi
sodes identified in this study (Fig. 8; Table 1).

Derycke et al. (2021) interpreted AFT data in 4 samples and (U-Th)/ 
He ages from the Guiana Shield in terms of deep burial (5–7 km) after ~ 
1.2 Ga, followed by slow exhumation until thermal effects of magmatic 
activity at 200 Ma and subsequent exhumation between 140 and 90 Ma, 
which eventually brought the samples close to the surface. While the 
two most recent events are consistent with our interpretations and those 
of others, the absence of paleothermal effects around 200 Ma stands at 
odds with other studies and our own results. We suggest that this is due 
to inclusion of (U-Th)/He data by Derycke et al. (2021) as the thermal 
response of this technique is poorly calibrated and available diffusion 
models underestimate the role of radiation damage in affecting thermal 
stability of helium in apatite (Green and Duddy, 2018).

To the northwest of our study area, Fonseca et al. (2024) reported 
AFT ages in 20 samples between 79 and 177 Ma defining Early Creta
ceous cooling and exhumation, which they interpreted in terms of 
extensional tectonics in Andean basins.

A common result of these studies is definition of Early Cretaceous 
exhumation in areas separated by large distances. While this is also a 
dominant feature of our own results, they define a more complex history 
involving a number of distinct cooling episodes, most of which represent 
exhumation. Given the similarity of data and thermal history in
terpretations across a wide area, we suggest that the controlling mech
anisms are of a regional nature, as discussed further below.

5. Integration of AFTA results with geological evidence

Here we compare the timing and other aspects of the nine episodes 
defined from AFTA across the study area (Table 1) with evidence from 
the geological record onshore and offshore (Figs. 4 and 10) to provide 
insights into the nature of each episode. Fig. 11 illustrates the mapped 
extent of seven of the episodes in terms of peak paleotemperature from 
which samples cooled in each event. Note that the intervals quoted 
represent the time at which cooling began, and we do not suggest that 
cooling was restricted to these intervals.

5.1. Late Ordovician episode (began between 458 and 447 Ma)

This episode is defined in some basement samples and in the prov
enance signal of Phanerozoic sediments. The onset of the episode cor
relates with the base-Paleozoic unconformity in the Amazon Basin 
(Fig. 10).

5.2. Permian episode (began between 273 and 250 Ma)

This episode is resolved in samples of basement and of pre-Permian 
sediments across the area (Fig. 11A) and in the provenance signal in 

samples of Cretaceous sediments in the Suriname boreholes. The timing 
of this episode may correspond to the unconformity at the base of the 
Permian red beds of the Andirá Fm in the Amazon Basin (Fig. 4). Cunha 
et al. (2007) estimated the age of the unconformity to 295 Ma and re
ported that the Arari Member (of the Nova Olinda Fm) below the un
conformity indicates strong regression due to uplift and erosion of the 
basin margins. The age of the Nova Olinda Fm as well as of the Andirá 
Fm is a matter of dispute (Playford and Dino, 2000).

5.3. Earliest Jurassic (CAMP) episode (began between 200 and 197 Ma)

This episode is resolved in Precambrian and Paleozoic samples from 
the entire study area, with only restricted regions not showing cooling 
from > 110 ◦C at this time (Fig. 11B). It is also identified in the prove
nance signature of most samples from Cretaceous–Paleogene sediments. 
The absence of cooling in this episode in samples from the east of the 
shield is probably because samples in this region only cooled below ~ 
110 ◦C and began to retain tracks in the Neocomian episode (Section 
5.4). Given the pervasive effects of the earliest Jurassic episode across 
the rest of the region, we consider it likely that this region also under
went cooling in this episode.

Based on the timing of this episode defined from AFTA and the very 
high paleotemperatures defining this event in well 1-SP-1-PA (Fig. 9), 
we regard this episode as representing heating due to the effects of 
magmatic bodies intruded throughout the region during the CAMP 
event, which affected the entire study area with peak activity at c. 201 
Ma (Cunha et al., 2007; Kroonenberg and de Roever, 2010; Marzoli 
et al., 2018; Moreira et al., 2023). Results from the 1-SP-1-PA well define 
very high paleotemperatures adjacent to intrusive bodies. Whether 
contact heating can explain the regional nature of this episode seems 
unlikely, and a contribution from elevated heat flow is possible. No 
evidence for exhumation during this episode has been identified.

5.4. Neocomian episode (began between 136 and 130 Ma)

This episode is recognized in pre-Cretaceous samples across the study 
area (Fig. 10C) and corresponds to the major base-Cretaceous uncon
formity in the Amazon Basin, which separates Lower Cretaceous and 
Permian sediments and also truncates CAMP intrusives (Fig. 3; Cunha 
et al., 2007; Caputo, 2014a). The episode is furthermore recorded in the 
pre-depositional history of Cretaceous–Paleogene samples in the Man
aus region. The results from well 1-SP-1-PA indicate that this episode 
reflects deeper burial and subsequent exhumation of c. 3 km of Permian 
to lowermost Cretaceous sediments (Fig. 9C). Vilacís et al. (2022) used 
the principles of hiatus mapping (Friedrich et al., 2018) to argue that the 
absence of Jurassic strata below the Cretaceous succession in South 
America was indicative of high topography in the Late Jurassic. How
ever, our results document that the hiatus represents a period of subsi
dence and burial followed by Neocomian exhumation.

Neocomian paleotemperatures across the northern part of the study 
area define an interesting pattern (Fig. 11C). Samples to the south-east 
in this region reached paleotemperatures above 110 ◦C, whereas sam
ples to the north-west cooled from lower paleotemperatures in this 
episode. We interpret this pattern to represent the effects of differential 
vertical movements along a NE-trending fault – which we will refer to as 
the Trans-Suriname Fault – with the region to its south-east exhumed 
from greater depth than the region to its north-west. The fault trace is 
well constrained by samples located near the border between Suriname 
and French Guiana on the coast and in south-western Suriname. The 
sharp contrast between the two zones would appear to rule out differ
ential basal heat flow as a cause of the difference. The fault trace is 
parallel to that of the Pisco-Juruá Fault, which was reactivated by left- 
lateral shearing during Early Cretaceous compression (Fig. 1; Szat
mari, 1983), and this supports the interpretation that the Trans- 
Suriname Fault was active during the Neocomian episode. We note 
that the extrapolation of the Trans-Suriname Fault into the offshore 
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Fig. 11. Maps of palaeotemperatures derived from AFTA data in samples from outcrops and shallow boreholes. Individual samples are attributed to palaeothermal 
episodes listed in Table 1 and thermal history constraints in individual samples are listed in Supplementary Data 2. A. Permian. B. Earliest Jurassic (CAMP). In the 
eastern part of the shield, CAMP values are probably overprinted by high Neocomian palaeotemperatures. C. Neocomian. Contrasting values define the NE-trending 
Trans-Suriname Fault. D. Albian. Only resolved where Neocomian palaeotemperatures are high. E. Early Paleocene. F. Eocene plus Miocene cooling resolved in the 
Monte Alegre area. Geology legend and sample locations in Fig. 2.
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domain, coincide with the Demerara Plateau which separates the 
Jurassic divergent margin to the west of the plateau from the Cretaceous 
transform margin to the east (Basile et al., 2023).

Neocomian paleotemperatures are offset by 15 ◦C or more across the 
Trans-Suriname Fault, corresponding to a vertical offset in the order of 1 
km, assuming a likely geothermal gradient for basement or 15 ◦C/km. 
Today, there is no vertical offset along the fault trace, presumably 
because such offsets were levelled out by exhumation during the for
mation of the base-Cretaceous peneplain, which probably extended 
across sedimentary basins as well as areas of exposed basement (see 
Section 7.1). However, the fault trace defined here coincides with two 
left-lateral faults mapped in north-west French Guiana, close to the 
border with Suriname in the Montagnes Françaises (or ‘Gaa Kaba’; c. 4◦

30′S, 54◦ 15′W) (Delor et al., 2001; Delor et al., 2003 – their Fig. 4).
The variation of Neocomian paleotemperature across the Trans- 

Suriname Fault is echoed in the pattern of the paleotemperatures in 
other Mesozoic episodes across the Guiana Shield. CAMP paleotemper
atures have been overprinted by the high Neocomian paleotemperatures 
to the SE of the fault (Fig. 11B), and Albian paleotemperatures are only 
resolved where the Neocomian values are high (Fig. 11D). Whereas we 
interpret the variation in Neocomian paleotemperatures as reflecting 
differential vertical movements, the spatial variation in the other 
Mesozoic episodes is more likely to reflect difficulties in resolving 
multiple episodes, influenced by variation in the Neocomian 
paleotemperatures.

Caputo (2014b) referred to the Neocomian event defined here as 
Juruá tectonism and reported that the compression caused inversion of 
the Brazilian Acre and Solimões basins, leading to formation of an 
extensive base-Cretaceous peneplain, which as our results show, 

extended into the Amazon Basin. In the offshore domain, Berriasian to 
Aptian shortening caused crustal-scale folds and thrusts in the NE 
margin of the Guyana Basin (Trude et al., 2023).

Significant variation in the Neocomian paleotemperatures across the 
Monte Alegre Dome (Fig. 12; Section 2.4.1) indicates that the structure 
is likely to be the result of this tectonic episode, in agreement with the 
interpretation of Almeida and Pinheiro (2007). Sample GC1196-96, 
located at the centre of the dome, cooled from > 125 ◦C in this 
episode, whereas sample GC1196-114, located in a marginal position, 
cooled from between 98 and 107 ◦C. These differences may be explained 
if the central sample 96 of Middle Devonian age (Ereré Fm) was more 
deeply buried prior to the Neocomian inversion compared to the mar
ginal sample 114 of Permo-Carboniferous age (Nova Olinda Fm). The 
Early Cretaceous formation of the Monte Alegre Dome is supported by 
observations reported by Szatmari and Milani (2016) for the Solimões 
Basin. There, Early Cretaceous compression caused deformation of 
previously undisturbed Paleozoic sediments and CAMP diabase sills, 
forming hydrocarbon-bearing anticlines up to 600 m high, erosionally 
overlain by flat-lying late Aptian to Albian sediments.

Major Early Cretaceous exhumation in the region has been reported 
in previous thermochronology studies of the region (Section 4.7), as well 
as by Japsen et al. (2012) across a wide area of NE Brazil. While esti
mates of the onset of cooling vary to some degree, the recognition of 
cooling at this time over such a wide region emphasises the continental 
scale of this episode. This conclusion is further supported by observa
tions from the Andes, where the relief of the Eastern Cordillera was 
largely erased during a major post-orogenic, erosional event between 
140 Ma and 135 Ma (Baby et al., 2025). The erosional event in the Andes 
was followed by subsidence and sedimentation of a Lower Cretaceous 

Fig. 12. The Monte Alegre Dome. A. Topography B. Geology (Almeida and Pinheiro, 2007; Pastana, 1999a) and sample locations, annotated with peak paleo
temperatures in different episodes (colour coding as Fig. 8A). Location of maps in Fig. 2.
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fluvio-deltaic and marine transgressive succession.
We interpret the Neocomian exhumation as representing the com

bined effect of (1) uplift and erosion due to doming above the hot and 
upwelling mantle and (2) the major phase of compression that occurred 
due to the Early Cretaceous clockwise rotation of South America 
(Szatmari and Milani, 2016). Absence of rift sediments below the Paraná 
basalts in SE Brazil may indicate that the region was thermally elevated 
before and during initial volcanism (Szatmari and Milani, 2016). This 
suggestion agrees with the interpretation of Campbell (2007), who 
showed that doming above a rising plume upon its arrival in the upper 
mantle may be several thousand kilometres across.

5.5. Albian episode (began between 115 and 106 Ma)

This episode is recorded in samples from the Guiana Shield, but only 
from the eastern part where high Neocomian palaeotemperatures allow 
resolution of this episode (Fig. 11D). It is furthermore recorded in the 
pre-depositional history of the Cretaceous–Paleogene samples in the 
Manaus and Monte Alegre regions, in samples from the wells in the 
Amazon and Casiporé basins and in some Upper Cretaceous samples 
from the Suriname margin. This suggests that the Cretaceous–Paleogene 
units deposited at the margins of the Guiana Shield were derived from 
the shield during Albian exhumation, which conforms with the Aptian to 
Cenomanian age of the Jazida do Fazendinha Fm in the Amazon Basin 
(Fig. 4) and with the Albian age of the km-thick deposits of the offshore 
Casiporé Fm (Fig. 9B).

On the Demerara Plateau, Albian uplift and subaerial erosion – 
subsequent to breakup – produced a peneplain across folded Albian 
sediments, indicative of compression (cf. Fig. 8 of Loncke et al., 2022). 
The peneplain was transgressed in late Albian times during thermal 
subsidence of the margin (Basile et al., 2013, 2023; Loncke et al., 2022; 
Delhaye-Prat et al., 2024). Basile et al. (2023) thus discussed the pos
sibility of a hotspot driving the ‘huge’, post-rift Albian uplift north of the 
Guiana Shield. Albian uplift and erosion affected NE Brazil (Harman 
et al., 1998; Turner et al., 2008; Japsen et al., 2012) and the Guinea 
Plateau on the conjugate margin of Africa, resulting in an unconformity 
of regional extent, well beyond the limits of the transform deformational 
belt (Loncke et al., 2022).

We consider it likely that the Albian exhumation observed both 
offshore and onshore are expressions of the same geological process. The 
area affected by the exhumation episode is thus indeed regional, while 
Albian subsidence and burial affected other basins.

The onset of the Albian episode overlaps with the opening of the 
Equatorial Atlantic during the Aptian–Albian boundary and with the 
definitive water connection between the Central Atlantic and the South 
Atlantic oceans by mid-Albian times (Moulin et al., 2010; Szatmari and 
Milani, 2016). Baby et al. (2025) attributed the second Andean orogenic 
period, which began at c. 100 Ma, to a westward shift of the South 
American plate starting in the late Albian, triggering compressive 
deformation in the overriding plate. The episode is likely related to a 
global-scale plate reorganization around 105 Ma (Matthews et al., 2012; 
Malekpour-Alamdari, 2024), which Gürer et al. (2022) argued was due 
to a plate-tectonic chain reaction that caused a change in the relative 
motions between the African and Eurasian plates.

5.6. Campanian–Maastrichtian episode (began between 77 and 66 Ma)

This episode is defined in borehole samples of Maastrichtian age 
from the Suriname Atlantic margin only (similar to the outcropping 
Nickerie Fm; Wong et al., 2009). We interpret the episode as repre
senting pre-depositional cooling in sediment provenance regions, 
shortly before deposition of these sediments. Along the Guyanas conti
nental margin, a mid-Campanian unconformity truncates Upper Creta
ceous strata, including incisions hundreds of metres deep (Casson et al., 
2021; Staatsolie, 2013). It thus seems likely that these uppermost 
Cretaceous sandstones are sediments derived from exhumation in the 

hinterland, which remains undetected in our outcrop sampling.
The regional importance of this episode is supported by a range of 

observations. Late Cretaceous exhumation was widespread across NE 
Brazil (Harman et al., 1998; Morais Neto et al., 2006; Japsen et al., 2012). 
A post-Coniacian increase in sediment input from the inner part of the 
Guiana Shield was deduced from provenance constraints derived from 
sediments in a well in the Guyana-Suriname Basin (Roddaz et al., 2021). 
An Aptian–Maastrichtian continent-wide, drainage system in the northern 
South America, which provided sediment input to western basins, reached 
its maximum extension in the early Maastrichtian. This system is thought 
to have developed in response to Late Cretaceous uplift of north-eastern 
South America, in particular during major Campanian progradation 
(Vallejo et al., 2017; Hurtado et al., 2018; Rodrigues et al., 2023).

The onset of the Campanian–Maastrichtian episode began shortly after 
a sharp decrease in South Atlantic spreading rates at c. 80 Ma (Granot and 
Dyment, 2015). Japsen et al. (2012) noted that Campanian exhumation in 
NE Brazil coincided with this decline in sea-floor spreading, leading these 
authors to suggest that the uplift and the decline in spreading rate had a 
common cause, lateral resistance to plate motion.

5.7. Late Paleocene episode (began between 59 and 55 Ma)

This episode is defined only in five samples in the Monte Alegre re
gion where AFTA data define paleotemperatures around 100 ◦C prior to 
the onset of late Paleocene cooling (Fig. 11E, 12). Four of these samples 
are from units mapped as Alter do Chão Fm (Pastana, 1999a), with three 
of these from the cemented sandstones of Serra do Ereré near the center 
of the dome, while one is from unconsolidated sandstones in a marginal 
position. The fifth sample is of Paleozoic sandstone from the center of 
the dome. The late Paleocene paleotemperature for all four samples of 
Alter do Chão sandstone are thus of similar magnitude, irrespective of 
the degree of the consolidation of the sandstones, and all these samples 
are near the fault zones. Furthermore, the Paleozoic sample from the 
center of the dome shows similar paleotemperatures as the Alter do Chão 
samples along the fault zones.

The late Paleocene episode is thus not restricted to cemented sand
stones and also not directly related to the fault zones. It is possible that 
the high paleotemperatures reflect heating due to hot fluids, combined 
with some degree of deeper burial. Hot fluids may be related to the 
extensional faults affecting the sandstones of the Alter do Chão Fm 
(Almeida and Pinheiro, 2007; Figueira et al., 2012) and may have been 
responsible for the intense cementation in places within those sand
stones. Given that the episode is resolved in samples of the Alter do Chão 
Fm at different locations, it seems likely that this unit is of Paleocene or 
older age in the Monte Alegre region. While cooling related to this 
episode remains undetected outside the Monte Alegre region, it is 
possible that these effects may have been more widespread. Perhaps the 
late Paleocene paleotemperatures over much of the region were lower 
and cannot be resolved from the Eocene episode for which paleo
temperatures typically are between 60 and 80 ◦C.

A range of observations from across the region indicate that Paleo
cene exhumation was widespread. In the Amazon Basin, a base- 
Paleocene unconformity separates the Alter do Chão Fm from the 
Jazida do Fazendinha Fm (Fig. 3,4; Caputo 2011a,b), indicating that 
Paleocene exhumation extended beyond the Monte Alegre area. On the 
coastal plain of Suriname, the sedimentary cover contains an uncon
formity at the Cretaceous–Tertiary boundary, where Paleocene to 
Eocene sediments progressively onlap tilted and truncated Upper 
Cretaceous strata (Fig. 3; Wong et al., 1998; Staatsolie, 2013; Griffith 
et al., 2016; Monsels and Van Bergen, 2019). Along the Guyanas margin, 
a base-Tertiary unconformity defines the top of the late Albian – 
Maastrichtian megasequence (Sapin et al., 2016; Casson et al., 2021). 
The unconformity separates Upper Cretaceous fine clastics and black 
shales from a Palaeogene–Miocene system dominated by carbonates 
except for basal mass-transport complexes (Sapin et al., 2016). Ac
cording to the high-resolution stratigraphic framework established by 
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Casson et al. (2021), lower Paleocene sediments are absent along the 
entire margin. Finally, in western Amazonia, lower Paleocene deposits 
are also absent (Roddaz et al., 2010; Custódio et al., 2023). These ob
servations suggest that the late Paleocene tectonic episode was of 
regional significance, despite the limited evidence from AFTA.

Late Paleocene exhumation corresponds to the increase in the motion 
of the South American plate that occurred during the Paleocene (c. 
66–52 Ma), that Stotz et al. (2023) found was driven by flux in the 
asthenosphere from the Sierra Leone plume, that thus resulted in dy
namic topography across South America.

5.8. Eocene episode (began between 42 and 36 Ma)

This episode is identified in almost all samples analysed, both from 
outcrop and from the two deep wells (Figs. 9 and 11F; see also Section 
5.9). In offshore well 1-APS-18-AP, the onset corresponds to the un
conformity between Miocene and Paleocene units, implying this episode 
reflects deeper burial and subsequent exhumation of c. 1 km upper 
Paleocene – Eocene sediments. In Amazon well 1-SP-1-PA, the onset 
corresponds to the unconformity at the top of the Alter do Chão Fm, 
implying this episode reflects deeper burial and subsequent exhumation 
of c. 1.5 km of Paleocene–Eocene sediments.

On the coastal plain of Suriname, this episode correlates with the late 
Eocene – Oligocene Bauxite Hiatus during which intense weathering 
resulted in bauxitization of the upper part of the coarse clastic sediments 
of Paleocene–Eocene age (Fig. 10; Wong et al., 1998, 2009). Further 
inland, the oldest ages for formation of lateritic duricrusts developed on 
Paleoproterozoic basement rocks, record a weathering event at c. 36 ± 5 
Ma for boulders downslope of Brownsberg plateau (Ansart et al., 2022). 
These ages thus confirm exposure of the plateau (c. 500 m a.s.l.) after 
exhumation in the Eocene. Ansart et al. (2022) concluded that their 
study ‘highlights an important erosion episode that shaped the 
Brownsberg mountain in the early Cenozoic’. We suggest that the 
Eocene episode of exhumation defined here led to the formation of the 
plateau surface, whereas the present relief below the plateau is the result 
of post-Eocene uplift and incision.

In the Kaw mountains, south of Cayenne, French Guiana, two phases 
of weathering were likewise defined (Heller et al., 2022): One around 
30 Ma and one since the late Miocene. A similar timescale for weath
ering was found for sediments of Alter do Chão Fm and Neogene deposits 
on fluvial terraces in the western Amazon Basin near Manaus by Gau
theron et al. (2022). They reported two episodes, one between 42 and 
18 Ma and one between 8 and 1 Ma. Thus, constraints on weathering 
chronology across the region support the evidence presented here for a 
major phase of Eocene exhumation.

Several studies from the wider region have provided evidence for a 
significant Eocene tectonic phase. Rodríguez Tribaldos et al. (2017)
found that northernmost South America was uplifted at 40–30 Ma based 
on drainage analysis of river profiles. Japsen et al. (2012) provided 
evidence for Eocene exhumation in NE Brazil based on AFTA data from 
deep wells, although with a slightly different timing relative to the 
present study (onset of exhumation beginning between 48 and 45 Ma). 
According to Baby et al. (2025), the Late Cretaceous – Early Eocene 
Andean orogen was largely eroded and erased in mid-Eocene times, 
probably between 50 and 46 Ma, before being sealed by a regional 
transgressive sedimentary succession. We suggest that this post- 
orogenic, erosive phase in the Andes corresponds to the Eocene 
episode of exhumation defined in our study area.

The onset of the Eocene episode of exhumation correlates with the 
abrupt slowdown in the motion of the South American plate that 
occurred during the Eocene (c. 46–38 Ma; Stotz et al., 2023), which Baby 
et al. (2025) also suggested to be associated with the post-orogenic 
peneplanation in the Andes. The slowdown in the motion of the plate 
correlates with prominent Eocene unconformities along the Atlantic 
margin of Brazil. Cobbold et al. (2001, Cobbold et al. (2007), Cobbold 
et al. (2010) explained these as the result of plate-wide compression, 

which would also result in onshore uplift. It thus seems likely that the 
Eocene uplift and the slowdown of the South American Plate had a 
common cause, lateral resistance to plate motion.

5.9. Miocene episode (began between 16 and 4 Ma)

This episode is defined only in the Monte Alegre area, where many 
samples also define high paleotemperatures prior to late Paleocene 
cooling (Fig. 11F). It is possible that these high Paleocene values allow 
resolution of the Miocene episode, while precluding resolution of the 
Eocene episode (due to the short intervening time interval), which 
dominates data in other regions.

The onset of the Miocene episode corresponds to a late Miocene 
(Tortonian) unconformity, onshore and offshore Suriname (Staatsolie, 
2013; Delhaye-Prat et al., 2024), in the Foz do Amazonas Basin and 
inland coastal areas (Arai, 2006; Gorini et al., 2013; Hoorn et al., 2017) 
as well as in the Amazon Basin and in basins further west (Caputo and 
Soares, 2016, and references therein). The Tortonian unconformity has 
been interpreted as corresponding to a ‘remarkable’ sea-level drop 
(Caputo and Soares, 2016). We suggest that the Miocene episode of 
cooling, defined in samples around Monte Alegre and the stratigraphic 
evidence from across the region, correspond to a regional episode of 
uplift and erosion.

This interpretation is supported by observations from the wider re
gion. In North-East Brazil, Miocene exhumation (beginning somewhat 
earlier, between 18 and 15 Ma) was defined in a study based on AFTA 
data in samples from outcrops and from deep boreholes (Japsen et al., 
2012). In the eastern foreland basins of the Eastern Cordillera, a mega- 
wetland developed in proto-Amazonia in response to flexural subsidence 
during early-middle Miocene (Baby et al., 2025). The wetland system 
ended in the late Miocene with the arrival of fluvial sands derived from 
the rising Andes and with regional exhumation of parts of the sub- 
Andean foreland basins (Eude et al 2015, Baby et al., 2025).

The onset of the Miocene episode defined here, overlaps with mid-to- 
late Miocene slowdowns in the movement of South America between 14 
and 5 Ma (Espinoza and Iaffaldano, 2023). It thus seems likely that the 
Miocene uplift and the slowdown of the South American plate had a 
common cause, lateral resistance to plate motion.

We conclude that late Miocene uplift led to the reversal of the 
Amazon River, which caused a major shift in the sedimentary system at 
the mouth of the Amazon River and along the Guyanas margin from 
predominantly carbonate to siliciclastic sedimentation (Section 2.4.2; 
Figueiredo et al., 2007; Gorini et al., 2013; Sapin et al., 2016). At this 
time, the Amazon River “opened its pathway to the west, from the 
Marajó Basin, through deep headward erosion, capturing a vast drainage 
network from cratonic and Andean areas, which had previously been 
diverted towards the Caribbean Sea” (Caputo and Soares, 2016).

6. Landscape development

From our landscape analysis (Section 3.2), we have identified four 
planation surfaces, which define the regional landscape of the eastern 
Guiana Shield. The characteristics of these low-relief and slightly tilted 
surfaces are illustrated by the map, the generalized profile and by the 3D 
images in Fig. 13: 

1. The Upper Guiana Surface (UGS) identified in the central part of the 
shield at elevations between 450 and 600 m a.s.l. (Fig. 13A1)

2. The Middle Guiana Surface (MGS) identified at elevations between 
350 and 500 m a.s.l. around the central part of the shield (Fig. 13A2).

3. The Lower Guiana Surface (LGS) identified south of the Jauarú 
Escarpment (new name after the Jauarú Mountains) across the sed
iments of the Alter do Chão Fm along the Amazon River and across 
basement rocks further south and in peripheral parts of the shield at 
elevations between 200 and 250 m a.s.l. (Fig. 13A3)
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Fig. 13. Planation surfaces identified across the central part of the study area corresponding to the geological profile in Fig. 3. A. 3D images of surfaces identified on 
the Guiana Shield (location in Fig. B). The scale of the images is shown by the long/lat grid; elevation in meters.A1. The Upper Guiana Surface (UGS) in the central 
part of the shield, at elevations between 450 and 600 m a.s.l. A clear dendritic pattern of shallow valleys characterize the surface, suggesting that it was graded by 
rivers across bevelled crystalline bedrock (Ritter et al., 1995).A2. The Middle Guiana Surface (MGS) west of the highest part of the shield, at elevations between 350 
and 500 m a.s.l., also showing a preserved dendritic pattern of shallow rivers, now slightly incised due to recent uplift. A3. The Lower Guiana Surface (LGS) south of 
the Amazon River developed across the sandstones of the Alter do Chão Fm and basement further south at elevations between 200 and 250 m a.s.l. A4. The Atlantic 
Guiana Surface (AGS) across basement and the sediments of the coastal zone of Suriname. It rises from sea level to about 200 m inland around 300 km from the coast. 
Residual mountains rise above the surface such as the bauxite-capped Brownsberg (Bb) and the elongated ridge that corresponds to Precambrian doleritic dykes 
(Kroonenberg and Melitz, 1983). B. Topography with major escarpments and remnants of planation surfaces indicated. Location of map in Fig. 2A. C. Generalized N-S 
profile illustrating the relation between planation surfaces and escarpments along the profile PP’’ in B. The high-level surfaces are tilted towards the south, while the 
AGS is graded towards the base-level of the Atlantic Ocean in the north. The development of the AGS by river incision has resulted in destruction of the high-level 
surfaces and formation of the Mitaraka Escarpment. Black crosses: Summits. Red crosses: Bauxite deposits (after Théveniaut and Freyssinet, 2002; Monsels and van 
Bergen, 2017, 2019). Bb: Brownsberg. J: Julianatop. l: Lely Mountains. T: Tafelberg. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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4. The Atlantic Guiana Surface (AGS) identified across basement and 
sediments of the coastal zone of Suriname north of the Mitaraka 
Escarpment (new name after the Mitaraka Mountains along the 
border between Suriname, French Guiana and Brazil). The AGS is a a 
vast plain of low, relative relief (<100 m except for residual moun
tains; Fig. 13A4) with shallow rivers. It rises from sea level to about 
200 m inland around 300 km from the coast.

Formation of planation surfaces in steps such as these happens suc
cessively by an older surface being uplifted and incised, and after some 
time, a younger surface forms below it, primarily by widening of valleys 
(King, 1967; Leopold and Bull, 1979). This means that the youngest 
surface in a stack is at the lowest position in the landscape, and that the 
four planation surfaces identified across the Guiana Shield reflect four 
episodes of uplift with subsequent valley incision and valley widening.

Numerous CAMP intrusives transect basement rocks and Paleozoic 
sediments within our study area without any known occurrence of 
extrusive rocks related to this magmatic event (Marzoli et al., 2018). 
However, equivalent (Apoteri) basalts do occur in surrounding regions, e. 
g. along the Tacutu Graben (Pinto et al., 2017). Volcanic rocks are thus 
likely to have reached the surface during the CAMP event also within our 
study area, and therefore their absence may indicate that they have been 
removed by exhumation. In any case, the intrusives are truncated at the 
surface across the shield or by the base-Cretaceous unconformity in the 
Amazon Basin. This implies that the uppermost parts of the intrusives that 
penetrate the basement rocks have been removed by post-CAMP erosion.

The UGS is the most elevated and therefore the oldest of the plana
tion surfaces. As the surface postdates CAMP magmatism, the denuda
tion that led to its formation corresponds to the first post-CAMP episode 
of exhumation, that is the Neocomian episode, which affected both the 
Guiana Shield and the Amazon Basin, where it resulted in the formation 
of the base-Cretaceous unconformity (Fig. 10,11C). Caputo (2014b)
identified a base-Cretaceous peneplain in the Acre and Solimões basins 
(Fig. 1), which our results show extended across the Amazon Basin as 
well, and thus that the Neocomian episode resulted in peneplanation 
across a very wide region. This implies that the UGS identified in the 
central part of the shield is a remnant of the base-Cretaceous peneplain 
graded to a base level, which must have been governed by sea level in 
the Central Atlantic Ocean at this time when marine sediments accu
mulated on the Demerara Plateau (Casson et al., 2021).

The LGS cuts across rocks of different age and lithology along the 
Amazon River and in the shield areas proper, which is typical of a 
planation surface graded to base level (Ahnert, 1998; Lidmar-Bergström 
et al., 2013). It truncates the Paleogene sediments of the Alter do Chão 
Fm, and the timing for its formation therefore corresponds to the episode 
of Eocene uplift and erosion (Fig. 11F). Caputo and Soares (2016) were 
aware of the plateaus along the Amazon River. They noted the elevated 
flanks, c. 200 m above the bottom of the river valley and the presence of 
numerous bauxitic and non-bauxitic plateaus developed on the sedi
ments of the Alter do Chão Fm. The presence of such horizons is a typical 
result of late Eocene – Oligocene weathering, also in the Amazon Basin 
(Balan et al., 2005; de Oliveira et al., 2016; Gautheron et al., 2022). 
These observations provide further support for the notion that LGS is the 
result of Eocene denudation. We further suggest that the LGS corre
sponds to the mid-Tertiary or sub-Miocene Sul-Americano surface in 
Brazil of King (1956; 1967) and to the Eocene Higher Surface in NE 
Brazil of Japsen et al. (2012).

The MGS was therefore the result of uplift and erosion that happened 
between the Neocomian and Eocene episodes, most likely during the 
Albian episode which also resulted in the formation of the (now buried) 
late Albian peneplain on the Demerara Plateau (Loncke et al., 2022).

According to this chronology, the AGS was graded to base level in 
post-Eocene times, i.e. following the Miocene episode of exhumation, 
which most likely began in the Tortonian (Section 5.9). The Miocene 
phase raised the LGS along the Amazon River (Fig. 13A3), leading to the 
incision of the present-day valley and the Tortonian reversal of the 

Amazon River (Caputo and Soares, 2016), which thus confirms the 
timing of the final phase of the chronology suggested here. Conse
quently, the Guiana Shield only reached its present elevation after 
Miocene uplift.

Our view on the landscape development across the Guiana Shield 
differs from previous work, in particular because we consider the for
mation of bauxites to be controlled by ground water in contrast to the 
development of planation surfaces which is governed by base level 
(Section 2.2.1). Therefore, the Main Bauxite Level of Bárdossy and Aleva 
(1990) cannot be used as datum for a denudation chronology. The dif
ference between the two approaches is illustrated by the profile in 
Fig. 13C. Bárdossy and Aleva (1990) considered the summits of the Lely 
and Brownsberg mountains to be part of a late Paleogene planation 
surface (the Main Bauxite Level). However, we find that the only pre
served planation surface in this part of the region is the AGS, which 
occurs at low elevations. Any remnants of the Paleogene LGS, which was 
graded to base level during the formation of the bauxites now preserved 
in these summits, have been destroyed during the formation of the AGS. 
Furthermore, the high-level remnants of the Early Cretaceous UGS along 
the Mitaraka Escarpment, corresponds to the Paleogene S1 surface of 
Sapin et al. (2016).

As we will argue in the following Section, the preservation of the UGS 
and the MGS is likely due to their burial below a protective sedimentary 
cover subsequent to their formation.

7. Burial and exhumation histories

7.1. Burial prior to Neocomian exhumation

Results from Amazon Basin well 1-SP-1-PA show that the Neocomian 
paleotemperatures reflect deeper burial by c. 3 km of Permian to 
lowermost Cretaceous sediments, subsequently removed by exhumation 
resulting in the major base-Cretaceous unconformity in the Amazon 
Basin (Figs. 9 and 14C). Results from outcropping Paleozoic sediments 
on the northern and southern flank of the Amazon Basin show that 
paleotemperatures reached around 100 ◦C prior to Neocomian cooling 
and exhumation, also reflecting burial below several kilometres of 
Paleozoic to lowermost Cretaceous sediments (Fig. 14B). In contrast, the 
top of the Paleozoic section penetrated by the 1-SP-1-PA borehole, the 
Permian Andirá Fm, is projected to have reached a Neocomian paleo
temperature of about 80 ◦C prior to exhumation. This value is lower than 
those recorded for the Paleozoic units exposed on the flanks of the basin, 
possibly reflecting more exhumation on the basin flanks than in the 
center. This difference might reflect broad folding of basin and present- 
day shield areas, typical for the Juruá tectonics reported elsewhere in 
the region (Szatmari, 1983; Caputo, 2014b).

Neocomian paleotemperatures in samples of basement from the 
shield east of the Trans-Suriname Fault (Fig. 11C) are somewhat higher 
than those of the outcropping Paleozoic sediments on the basin flanks 
(typically > 110 ◦C cf. ~ 100 ◦C, respectively). Results from samples of 
outcropping basement just south of the sedimentary cover in the coastal 
zone of Suriname show that paleotemperatures there reached c. 100 ◦C 
prior to Neocomian exhumation, which later was followed by subsi
dence and accumulation of sediments of which a Maastrichtian cover is 
preserved in the coastal zone (Fig. 14A).

The Paleozoic sediments present in the Amazon Basin thin towards 
the shield areas to the north and south and are progressively truncated in 
these directions, where major structures which could have accommo
dated differential exhumation are absent (Fig. 3; Pastana, 1999b; Mat
suda et al., 2010). These observations, combined with the uniformity of 
Neocomian paleotemperatures across the Guiana Shield, suggest that 
the km-thick cover of Paleozoic to lowermost Cretaceous sediments, 
which was present in the basin prior to Neocomian exhumation, also 
extended across the shield. However, some thickness of basement may 
also have been eroded in the shield regions during this episode (Fig. 15).
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7.2. Burial prior to Eocene exhumation

Results from Amazon Basin well 1-SP-1-PA show that Eocene pale
otemperatures reflect deeper burial by c. 1.5 km of Paleocene–Eocene 
sediments, subsequently removed by exhumation resulting in the major 
unconformity defining the top of the Alter do Chão Fm in the Amazon 
Basin (Figs. 9 and 14C).

All but one of the Precambrian samples from the central part of the 
Guiana Shield have Eocene paleotemperatures in the range from 70 to 
75◦ when projected to sea level using a geothermal gradient for base
ment of 15 ◦C/km. Eocene heating of basement samples at elevations 
near the Middle Guiana Surface (MGS), which was probably the result of 
Albian exhumation (Section 6), thus reflects burial below a cover of 
Upper Cretaceous – Eocene sediments. Therefore, we interpret the 
observed Eocene paleotemperatures to represent heating below a sedi
mentary cover about 2 km thick for samples near the MGS (now at c. 
400 m), i.e. sufficiently thick to have reached above the present-day 
highest summit in the region (Julianatop, 1280 m a.s.l.).

Results from Maastrichtian samples from the Suriname coastal 
boreholes show that paleotemperatures reached around 65 ◦C prior to 
Eocene cooling and exhumation, corresponding to heating below a cover 
of Maastrichtian–Eocene sediments, c. 2 km thick (Fig. 14A). Data in 
basement samples near the coastal region record similar Eocene paleo
temperatures, indicating removal of a similar sedimentary cover, also 
including some amount of basement rocks.

The thick sedimentary covers that had accumulated on the northern 
and southern flanks of the Guiana Shield in the Eocene, thus extended far 
onto the shield, even across the entire shield as the above analysis shows.

Further, Eocene paleotemperatures in samples from offshore well 1- 
APS-18-AP reflect deeper burial by c. 1 km of upper Paleocene – Eocene 
section (Fig. 9C), removed during subsequent exhumation. Combining 
these results from the onshore and offshore domains, further underlines 
the regional scale of the Eocene exhumation episode.

7.3. Burial prior to Miocene exhumation

In contrast to other regions, results from Paleozoic and Paleogene 
sandstones in the Monte Alegre region define Miocene paleotemper
atures around 70 ◦C, indicative of heating below a thick cover of 
Cenozoic sediments. The high Paleocene paleotemperatures in this re
gion most likely allow the resolution of the Miocene episode (Section 
5.9; Fig. 14B), which is elsewhere unresolved from Eocene 
paleotemperatures.

8. Discussion

8.1. Implications for craton development

Cratons are often assumed to be characterised by long-term stability, 
undergoing slow and progressive denudation over hundreds of millions 
of years. However, an increasing body of evidence has led to the real
isation that many cratonic regions have undergone exhumation during 
the Phanerozoic (King, 1967; Kohn and Gleadow, 2019; Caracciolo, 

2020) with numerous observations pointing to a history involving 
repeated episodes of km-scale burial and exhumation (Sloss, 1963; 
Green et al., 2022a). The Guiana Shield provides an interesting case in 
the discussion about craton stability because Paleozoic and Upper 
Cretaceous sediments rest on basement along its southern and northern 
margins, respectively, thus providing stratigraphic evidence of differ
ential subsidence across the shield. Furthermore, CAMP intrusives 
transect the basement rocks of the Guiana Shield, in contradiction to the 
claim of Pérez-Gussinyé et al. (2007) that the cratonic interiors of South 
America are strong enough to inhibit tectonism.

Here we have provided further insights into the ups and downs of this 
supposedly stable craton by integration of AFTA data with geological 
constraints (Section 7). In the shield areas proper, where Phanerozoic 
sedimentary cover is absent, the AFTA results cannot be directly used to 
discriminate between a history of progressive, continual cooling and one 
of episodic burial and exhumation (Fig. 15). However, the similarity of 
Neocomian and Eocene paleotemperatures in outcrop samples of sedi
ments and basement rocks, adjacent to and exposed on the shield, 
respectively, suggests that significant thicknesses of sediments were 
removed from both shield and basinal areas in the two main phases of 
exhumation. For a history of slow, continuous cooling to be appropriate 
for the Guiana Shield, the removed rock must have been basement in 
shield areas and sediment in the basin, which would require major 
tectonic dislocations (faults or other structures) between basin and 
shield (Fig. 15B), but no such structures are known (Pastana, 1999b; 
Matsuda et al., 2010). Since both Neocomian and Eocene episodes of 
exhumation are regional and appear to be synchronous in both the 
Amazon Basin and in the Guiana Shield, we conclude that the preceding 
burial phases recorded in the basin must also have affected the shield 
(Fig. 15C).

These considerations emphasise the need to combine thermochro
nological data from basement rocks with geological evidence from 
surrounding regions as pointed out by Green et al. (2022a). Failure to do 
so results in a false impression of the tectonic development (Derycke 
et al., 2021, Bajolet et al., 2022; Rouby et al., 2023).

8.2. Episodes of exhumation and Andean tectonics

There is a striking correlation between the episodes of uplift and 
erosion defined here, major changes in the movement of the South 
American plate (Section 2.1) and the tectonic phases in the Andes, in 
particular during the two post-orogenic phases representing periods 
during which most of the relief of the Andes was erased (Fig. 10; Baby 
et al., 2025).

The first of the post-orogenic phases in the Andes resulted in erasure 
of most of the relief of the Eastern Cordillera between 140 Ma and 135 
Ma and in formation of an Early Cretaceous regional erosional uncon
formity (Baby et al., 2025). This phase coincided with 1) exhumation 
and peneplanation across the Guiana Shield, the Amazon, Solimões and 
Acre basins during Neocomian (or Juruá) tectonics (Sections 5.4, 6) and 
2) the onset of sea-floor spreading in the southern South Atlantic and 
massive magmatic activity there at c. 135 Ma during the Early Creta
ceous clockwise rotation of South America (Szatmari and Milani, 2016). 

Fig. 14. Burial/exhumation and heating/cooling histories for samples on and adjacent to the Guiana Shield. A. Suriname coast, outcrop sample GC1196-64 
(basement, 20 m a.s.l., 60 km south of the Tapoeripa well) constrained by results from sample GC1196-59 (Maastrichtian Nickerie Fm from well Tapoeripa-1, 
639 m below sea level). Annotation ‘1′ (in triangle): Exhumation of apatite grains to the surface in sediment provenance areas is shown prior to deposition of the 
Maastrichtian Nickerie Fm. B. Northern flank of the Amazon Basin, outcrop sample GC1196-114 (130 m a.s.l., Upper Carboniferous Nova Olinda Fm) constrained by 
results from sample GC1196-115 (130 m a.s.l., Paleogene Alter do Chão Fm). Miocene rather than Eocene cooling is defined for samples from the Monte Alegre 
region, but it is likely that both Eocene and Miocene episodes affected these samples, as shown. Annotation ‘1′ (in triangle): Exhumation to near the surface prior to 
deposition of the Lower Cretaceous Jazida da Fazendinha Fm (now removed). C. Amazon Basin, sample GC1230-42 (Permian Andirá Fm from well 1-SP-1–PA, depth 
533 m, − 348 m a.s.l.) just below Cretaceous–Paleogene sediments of the Jazida do Fazendinha and Alter do Chão Fms (Section 5.2.4; Fig. 9). The Miocene episode of 
cooling is not resolved for samples in this well, but the episode is included based on the assumption that it was regional in extent and affected this location to some 
degree. Annotations (in triangles) ‘1′: Exhumation to the surface prior to deposition of the Jazida da Fazendinha Fm. ‘2′: Exhumation to a depth of 532 m (c. 35 ◦C). 
Red lines indicate paleotemperatures deviating from uniform burial-exhumation and heating–cooling histories related to heating from CAMP intrusives. Permian, 
Albian and late Paleocene cooling episodes are not resolved in these samples. Constant paleogeothermal gradient of 18 ◦C/km and surface temperature of 26 ◦C are 
assumed (cf. Fig. 9). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In the Andes, the exhumation was followed by subsidence and sedi
mentation of the Lower Cretaceous fluvio-deltaic and marine long-term 
transgressive succession (Baby et al., 2025). In the Amazon Basin, the 
exhumation was followed by subsidence and deposition of the Jazida da 
Fazendinha Fm.

The second post-orogenic Andean phase in the Eocene resulted in 
erasure of most of the Late Cretaceous – early Eocene Andean orogen 
and in the formation of a planar unconformity (known as the ‘post-Incaic 
unconformity’), which was sealed by a regional transgressive sedimen
tary succession across a widespread coastal-plain mega-wetland known 
as “Pozo System” (Hoorn et al., 2010b; Baby et al., 2025). This phase 
coincided with 1) exhumation and peneplanation of the Guiana Shield 
and the Amazon Basin (Section 5.8, 6) and 2) an abrupt slowdown in the 
motion of the South American plate (c. 46–38 Ma; Stotz et al., 2023).

These correlations show that plate-tectonic changes govern the tec
tonic phases in the entire region. In particular, we suggest that the 
correlation between Miocene tectonics in the Andes and those identified 
here (Section 5.9), reflects common driving causes related to plate- 
tectonic changes (Espinoza and Iaffaldano, 2023) rather than influ
ence of Andean uplift on the Amazonian landscape and the Guiana 
Shield (Figueiredo et al., 2009; Hoorn et al., 2010b). Our interpretation 
aligns with that of Baby et al. (2025), who concluded that the first-order 
factors, which controlled the complex evolution of the Andes, are plate 
dynamics and the motion of the South American plate. Similarly, Stotz 
et al. (2023) argued that changes in the motion of the South American 
plate cannot be attributed to the variation in the Andean orogeny but 
rather to active flow in the upper mantle (Colli et al., 2014). The general 
correlation between episodic vertical motions of the continents and the 
phases of fragmentation of Pangea as well as the subsequent changes in 
plate motion has been noted by previously (Janssen et al., 1995; Mat
thews et al., 2012; Colli et al., 2014; Japsen et al., 2012, 2014, 2016, 
2023, 2024; Green et al., 2013, 2018).

We have previously argued that broadly synchronous episodes of 
burial and exhumation often have affected regions separated by large 
distances (Green et al., 2018; Japsen et al., 2024). This observation aligns 
with the conclusion of Gürer et al. (2022) who argued that plate-tectonic 
chain reactions allow for long-term propagation of plate-tectonic changes 
through a plate circuit and thus provide a possible dynamic connection of 
otherwise enigmatic global plate reorganizations.

8.3. Plate-tectonic changes and the vertical movements of the continent

As pointed out by Japsen et al. (2024), vertical motion along passive 
continental margins and within their interior may be due either to sub- 
lithospheric processes (e.g. dynamic support from the mantle; Pekeris, 
1935; Griffiths and Campbell, 1990; Rodríguez Tribaldos et al., 2017; 

(caption on next column)

Fig. 15. Conceptual illustration of possible explanations of Neocomian paleo
temperatures (at c. 135 Ma) across the Guiana Shield and Amazon Basin (A). B. 
Option I: At outcrops across the shield, additional rock thickness required to 
attain paleotemperatures prior to the onset of Neocomian exhumation was 
basement rock, whereas in the basin heating was due to additional sedimentary 
units. C. Option II: Neocomian paleotemperatures across the whole region were 
the result of burial below a sedimentary cover (with a possible contribution of 
an additional thickness of basement in the shield, eroded during subsequent 
exhumation).Option I represents the conventional interpretation of low- 
temperature thermochronology data in basement regions, where cooling is 
interpreted as representing progressive emergence of a cratonic region. This 
requires a major structure separating basin from basement, as indicated by fault 
F, but no such structure is known (Pastana, 1999b; Matsuda et al, 2010). Option 
II represents an alternative interpretation, which is consistent with the pro
gressive truncation of the Paleozoic strata towards the shield and with the 
continuity of cooling from basin to basement. This scenario implies a history of 
episodic burial and exhumation for both basin and basement. The figure is 
based on Neocomian paleotemperatures in Figs. 11 and 14B,C and a paleo
geothermal gradient of 30 ◦C/km and a surface temperature of 20 ◦C, for 
simplicity, but a range of alternatives is possible.
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Stotz et al., 2023) or to compressive stresses that build up during 
changes in plate motion (Cobbold et al., 2007; Cloetingh and Burov, 
2010). Furthermore, there may be superimposed effects of intraplate 
deformation and mantle-lithosphere interaction (Cloetingh et al., 2013; 
François et al., 2018). Cloetingh et al. (2015) therefore argued that 
sedimentary basins frequently are characterized by a polyphase evolu
tion, such as we have documented to be the case for the Amazon Basin. 
We note that the polyphase evolution in this case is more than just a 
perturbation of a general trend of subsidence and burial, as we have 
shown that for Amazon well 1-SP-1-PA, that the total thickness of the 
missing sections exceeds that of the preserved rock section (Fig. 9B,C). 
Vertical motion is in turn be amplified by a flexural, isostatic response to 
erosional unloading of the uplifted region (both onshore and offshore) 
and depositional loading of adjacent basins (Molnar and England, 
1990), but the initial uplift of peneplains formed by erosion to the base 
level of the adjacent sea requires a tectonic trigger.

It is therefore important to investigate the interplay of the tectonic 
forces by geodynamic modelling, constrained by observations of the 
vertical movements of the crust, such as those presented here. In 
particular, how the vertical movements of the South American continent 
have developed in the plate-tectonic setting between the Andean sub
duction zone and the passive margin along the Atlantic Ocean. This is 
intriguing because this setting has resulted in both Andean orogeny and 
post-orogenic collapse (Baby et al., 2025), while the Guiana Shield and 
Amazon Basin experienced exhumation and peneplanation, broadly 
simultaneously with the Andean phases (this study).

9. Conclusions

The combination of AFTA and VR data with geological and 
geomorphological observations presented here define a complex history 
involving repeated episodes of burial and exhumation of the Amazon 
Basin and the Guiana Shield. 

• Earliest Jurassic cooling (began 200–197 Ma) affected much, if not 
all of the region, and is attributed to the effects of CAMP magmatism.

• Neocomian exhumation (began 136–130 Ma; corresponding to Juruá 
tectonics) coincided with compression due to the clockwise rotation of 
South America and the onset of sea-floor spreading in the southern 
South Atlantic and massive magmatic activity there at c. 135 Ma. 
Neocomian exhumation removed c. 3 km of Permian to lowermost 
Cretaceous sediments in the Amazon Basin and a rock column (domi
nated by sediments) of similar thickness across the Guiana Shield, 
resulting in the major base-Cretaceous unconformity in the basin and in 
a planation surface across the central part of the shield, that we term the 
Upper Guiana Surface, UGS. The exhumation affected the northern part 
of the continent, leading to a base-Cretaceous peneplain that extended 
from the Andes to the Amazon Basin and the Guiana Shield.

• Neocomian tectonics produced a NE-trending, km-scale vertical 
offset across the Guiana Shield, defined here as the Trans-Suriname 
Fault. The offset was levelled out during subsequent peneplanation.

• The Monte Alegre Dome on the northern margin of the Amazon Basin 
formed during Neocomian compression.

• Albian exhumation (began 115–106 Ma) affected a wide region 
offshore and onshore (where it probably resulted in the formation of 
the Middle Guiana Surface, MGS) and contributed to the sedimentary 
input to subsiding basins, offshore as well as offshore. The episode 
corresponds to the opening of the Equatorial Atlantic margin and 
with a global-scale plate reorganization.

• Eocene exhumation (began 42–36 Ma) removed thick rock columns 
in the Amazon Basin, in the offshore Casiporé Basin and on the 
Guiana Shield, resulting in the formation of the Lower Guiana Sur
face, LGS, e.g. along the Amazon River. The episode correlates with 
the Eocene post-orogenic collapse of the Andes, with the Bauxite 
Hiatus on the Guyanas margin and with compressional, Eocene 

unconformities along the Atlantic margin of Brazil, likely related to 
an abrupt slowdown in the movement of the South American plate.

• Five additional episodes of exhumation (Late Ordovician, Permian, 
Campanian–Maastrichtian, late Paleocene and Miocene) were 
resolved in a limited number of samples, but a range of observations 
attest to their regional significance.

• Miocene exhumation (began 16–6 Ma) is of special interest because it 
correlates with a regional, late Miocene (Tortonian) unconformity, 
onshore and offshore. This episode resulted in the formation of a vast 
coastal planation surface, the Atlantic Guiana Surface, AGS, along 
the Guyanas Atlantic margin and in the incision of the present-day 
valley along the Amazon River below the uplifted LGS, leading to 
the reversal of the Amazon River. It correlates with a slowdown in 
the movement of the South American plate.

• The Guiana Shield, which was peneplained in the Early Cretaceous, 
reached its present elevation after Miocene uplift subsequent to 
intervening episodes of both uplift and subsidence.

• The correlation between Andean tectonics phases, the episodes of 
exhumation defined here and major changes in the motion of the 
South American plate, shows that plate-tectonic changes governed 
the vertical movements of the continent.
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2022. The sediment routing systems of Northern South America since 250 Ma. Earth 
Sci. Rev. 104139. https://doi.org/10.1016/j.earscirev.2022.104139.
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Custódio, M.A., Roddaz, M., Santos, R.V., Antoine, P.-O., Marivaux, L., Stutz, N.S., 
Dantas, E.L., Jaramillo, C., Louterbach, M., Hurtado, C., Oliveira Gonçalves, G., 
2023. New stratigraphic and paleoenvironmental constraints on the Paleogene 
paleogeography of Western Amazonia. J. S. Am. Earth Sci. 124, 104256. https://doi. 
org/10.1016/j.jsames.2023.104256.

de Oliveira, S.B., da Costa, M.L., dos Prazeres Filho, H.J., 2016. The lateritic bauxite 
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da Bacia do Amazonas, Rio Tapajós-Estado do Pará. Bol. Geociências Petrobras 18, 
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