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“To me a mountain is a Buddha. Think of the patience, hundreds of thousands of years just
sittin there bein perfectly perfectly silent and like prayin for all living creatures in that silence
and just waitin for us to stop all our frettin and foolin.”

— Jack Kerouac

“An ice age here, million years of mountain building there.
Geology is the study of pressure and time.

That’s all it takes really, pressure and time”

— The Shawshank Redemption
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ABSTRACT

The overarching goal of this thesis is the reconstruction of a coherent Late Neoproterozoic to
recent time-temperature-evolution to connect individual geological stages (environments) of
the Wilson Cycle, and consequently, follow the development from an active orogeny to an
intraplate and later passive continental margin environment induced by the interaction of the
“plate” and “plume mode”.

The research is based on the thermochronological analysis of Neoproterozoic basement rocks
along the South Atlantic passive continental margins in SE Brazil and NW Namibia as well as
the numerical modeling of the collected data. Moreover, the study combines multiple
geological archives, e.g. geo- and thermochronological data from the published geological
record and the stratigraphic records of sedimentary basins to constrain the entire time-
temperature-evolution.

In addition, the research aims to retrieve signals and traces of the Parana-Etendeka vertical
and horizontal plume movement during the Mesozoic SW Gondwana intraplate environment.
It quantifies the possibly plume-induced rock and surface uplift (dynamic topography)
preceding the Parand-Etendeka Large Igneous Province integrating all available
thermochronological data sets along the South Atlantic passive continental margins and the
stratigraphic records of the major sedimentary basins surrounding the Parand-Etendeka Large
Igneous Province.

By combining multiple geological archives, this thesis succeeds to reconstruct a possible and
coherent Late Neoproterozoic to recent time-temperature evolution. Thereby, this research
guantifies the timing, magnitude und rates of cooling and heating, or rather exhumation and
subsidence during the development of the individual geological environments.

The thesis therefore comprises the post-Pan African/Brasiliano orogenic cooling of rocks, the
burial and subsidence involving the heating of the Neoproterozoic basement rocks during the
Late Paleozoic Gondwana intraplate basin formation, and the thermal overprint caused by the
Parana-Etendeka flood basalt deposition and magmatic activity and following cooling during
the post-South Atlantic rift and breakup exhumation. Furthermore, signals and traces of the
Parana-Etendeka plume movement causing large scale rock and surface uplift prior to the
emplacement of the Parana-Etendeka Large Igneous Province are retrieved. As a result, it is
possible to determine spatial and temporal ranges for the plume movement-influenced area
on the Earth’s surface during the Mesozoic SW Gondwana intraplate environment. Thereby,
this thesis contributes to the understanding of the complex evolution of the individual yet
interconnected geological environments and the dynamic interplay of the driving endo- and
exogenous forces.
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KURZFASSUNG

Das Ubergeordnete Ziel dieser Dissertation ist die zusammenhdngende Rekonstruktion der
Zeit-Temperatur-Entwicklung seit dem spaten Neoproterozoikum, um die einzelnen
geologischen Stadien (Environments) des Wilson Zyklus zu verknipfen und somit der
gesamtheitlichen Entwicklung von einer aktiven Orogenese, Uber ein Zwischenplatten-, zu
einem passivem Kontinentalrand-Environment, bedingt durch den Einfluss des , Platten” und
,Plume Modes” zu folgen.

Um diese Entwicklung zu untersuchen, basiert die Arbeit auf der thermochronologischen
Analyse von neoproterozoischen Gesteinen entlang der passiven Kontinentalrdander im
Sidosten Brasiliens und Nordwesten Namibias und der numerischen Modellierung der
gewonnen Daten. Dariiber hinaus verbindet diese Arbeit verschiedene geologische Archive,
wie z.B. geo- und thermochronologische Daten aus der veroffentlichten geologischen
Datenbank und stratigraphische Tabellen der sedimentdren Becken, um eine hohere
Wahrscheinlichkeit der gesamtheitlichen Zeit-Temperaturentwicklung, auf Basis der Archive,
zu gewdhrleisten.

Ein weiteres Ziel dieser Arbeit ist es, Signale und Spuren der vertikalen und horizontalen
Konvektion des aufsteigenden Parand-Etendeka Plumes wahrend des mesozoischen,
sidwestlichen Gondwana-Zwischenplatten-Environments in den geologischen Archiven
aufzuspiren. Im Zuge dessen quantifiziert diese Arbeit die, der Parana-Etendeka
magmatischen GroRprovinz vorausgehende und durch den moglichen Plume Aufstieg
beeinflusste, Gesteins- und Oberflachenhebung (Dynamic Topography) und integriert dabei
alle verfligbaren thermochronologischen Datensdtze entlang der sidatlantischen
Kontinentalrander von Stiid Amerika und dem stdwestlichen afrikanischen Kontinents und die
stratigraphischen Tabellen der wichtigsten, und an die Parana-Etendeka magmatische
GrolRprovinz angrenzenden, sedimentdren Becken.

Durch die Verknipfung mehrerer geologischer Archive gelingt es dieser Arbeit eine mogliche
und zusammenhdngende Zeit-Temperaturentwicklung seit dem Neoproterozoikum zu
rekonstruieren. Dadurch kann die Forschung die zeitlichen Abschnitte, die GréRenordnung und
Raten der Abkihlung und Aufheizung, bzw. Exhumation und Subsidenz wahrend der
Entwicklung der einzelnen geologischen Stadien quantifizieren.

Somit umfasst diese Dissertation die Abklhlung der Gesteine nach der Pan
Afrikanischen/Brasilianischen Orogenese, die Uberlagerung und Subsidenz und damit
verbundene Aufheizung der Gesteine des neoproterozoischen Grundgebirges wahrend der
spat paldozoischen Beckenbildung im Zwischenplattenstadium, und der thermischen
Uberpragung der Gesteine, ausgeldst durch die Ablagerung der Parand-Etendeka Flutbasalte
und der begleiteten magmatischen Aktivitdt, und der nachfolgenden Abkihlung wahrend der,
dem Aufbrechen des stidatlantischen Ozeans folgenden Exhumation. Zusétzlich gelingt es der
Studie die Signale und Spuren von der, dem Auftreten der Parana-Etendeka magmatische
GrolRprovinz hervorgehenden groRflachigen Gesteins- und Oberflachenhebung in den
geologischen Archiven zu finden. Folglich ist es moglich Grenzen der raumlichen und zeitlichen
Dimension der, wdhrend des mesozoischen sldwestlichen Gondwana Zwischenplatten-
Environments und vom Parand-Etendeka Plume Aufstieg, beeinflussten Flache auf der
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Erdoberflache zu bestimmen. Durch diese Erkenntnisse kann diese Studie dazu beitragen, das
Verstandnis der komplexen Entwicklung der einzelnen jedoch verbundenen geologischen
Environments und das dynamische Zusammenspiel der treibenden endogenen und exogenen
Krafte zu verbessern.
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,The forces which display continents are the same as those which produce great fold-
mountain ranges. Continental drift, faults, and compressions, earthquakes, volcanicity,
transgression cycles and polar wandering are undoubtedly connected causally on a grand
scale. Their common intensification in certain periods of the Earth’s history shows this to be
true. However, what is cause and what effect, only the future will unveil.”

— Alfred Wegener, “The Origins of Continents and Oceans” (1929).



CHAPTER 1

1.1 STATE-OF-THE-ART

Ever since humankind has wandered and
inhabited the Earth, the appearance and
complexity of geological features observed
on the Earth’s surface, such as mountain
ranges, valleys, peneplains, and fluvial
systems have presented a challenge to
humans while continuously accompanying
and influencing their evolution.

By the beginning of the 21* century, we
understand these geological observations
as expressions of an ever-changing
topography that constitutes individual
geological environments, e.g. orogenies,
intracratonic planes, continental margins,
and oceans on the surface of the geological
system “Earth”. It is understood that these
landscape forming environments are
connected, driven by endogenous
dynamics — such as converging plate
tectonics, diverging continental drift and
breakup including rifting and sea-floor
spreading, and magmatic activity — and
affected exogenously by  erosion,
precipitation, weathering, and transport
and deposition of sediment material.
Continuously, geodynamic research has
brought forth unifying theories, such as the
Wilson  Cycle (Wilson, 1963, 1965)
describing the connections between
various plate tectonic stages
(environments) and the interplay of endo-
and exogenous forces on the Earth’s
surface (Fig. 1.1).

Consequently,  plate  tectonics and
significant vertical movement on the
Earth’s surface were linked to the
endogenous convection of material flow in
the Earth’s mantle and geo-dynamicists
began to perceive vertical deflections and
horizontal plate motion on the Earth’s
surface as a Lithosphere expression of
convective motion in the sublithospheric

STATE-OF-THE-ART

mantle (Crough, 1979; Fisher, 1989; Davies
and Richards, 1992; Davies, 1999). Based
on reconstructions of plate motion
(Gordon and Jurdy, 1986; Lithgow-
Bertelloni and Richards, 1997) integrating
large scale mantle heterogeneities and
mantle circulation, theoretical models of a
viscous, convecting sublithospheric mantle
were factored in potential influences on
the dynamics of the asthenosphere,
lithosphere and the Earth’s surface
(Morgan, 1965; McKenzie, 1977; Crough,
1979; Richards and Hager, 1984; Ricard et
al.,, 1984; Hager et al., 1985; Hager and
Gurnis, 1987; Fisher, 1889; Richards and
Engebretson, 1992; Bunge et al., 1998§;
Bunge and Glasmacher, 2018).

Earth surface topography resulting from
the dynamic motion of the sublithospheric
mantle is thus defined as dynamic
topography (Hager et al., 1985; Hager and
Gurnis, 1987; Braun et al., 2010).
Time-dependent changes in dynamic
topography link to the convective mantle
flow regimes, and are caused by horizontal
(plate mode) and vertical (plume mode)
material flow, and exogenous climate
change (Hager et al., 1985; Griffiths et al.,
1989; Davies, 1999; Davies et al., 2019).
The “plate mode” refers primarily to
cooling of the oceanic lithosphere and its
descent into the mantle by subduction but
may also appear on large spatial scales
(=10.000 km) during long-wavelength
mantle convection away from active
subduction zones (Bunge et al., 1998). This
occurs over long temporal scales (=100
Myr) as it can be interpreted physically as
the time needed to overturn the large-
scale mantle (Chase and Sprowl, 1983;
Bunge et al., 1998; Mller et al., 2019).
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Figure 1.1: Geological features on the Earth’s surface, the upper most lithospheric mantle, and the asthenosphere
showing the interaction of the various endo- and exogenous forces on, and near the Earth’s surface that lead to the
dynamic topography driven long-term landscape forming processes. Red Box: Time-temperature ranges of the
individual thermochronological thermochronometers indicating the history of cooling that rocks possibly experience
through rock and surface uplift and erosion (exhumation) (modified after Ehlers and Farley, 2003; Bauer et al.,

2010).

Whilst geologic evidence is consistent with
(Wilson, 1965),
topography may also occur in shorter

these scales dynamic
episodes of vertical movement at the
Earth’s surface (=10 Myr) and appears at
inter-regional scales seemingly unrelated
to large-scale mantle convection of the
plate mode (Griffiths and Campbell, 1990;
Ernst and Buchan, 2001a, b; Sengor, 2001).

Instead, the “plume mode” links to the rise

of mantle plumes from a hot thermal
at the Core Mantle
(Fig. 1.2). Mantle
estimate the total

boundary layer
(CMB)

circulation models

Boundary

plume heat transport in the range of 10
TW (e.g., Bunge, 2005; Schuberth et al.,,
2009; Simmons et al., 2009), suggesting
the plume mode to be responsible for
=30% of the global mantle heat budget
(Davies and Davies, 2020).
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Early Cretaceous

Jurassic

Figure 1.2: Visualization of the “plume mode” theory indicating the rise of the Parana-Etendeka plume from the
Core Mantle Boundary through the Earth’s mantle to its surface during the Mesozoic SW Gondwana intraplate
environment. L.: Lithosphere; A.: Asthenosphere; CMB: Core Mantle Boundary.
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Theoretical considerations based on the
dynamic topography response of Earth
models to internal non-lithospheric mantle
loads (e.g., hot rising plumes or cold
sinking lithosphere) imply deflections in
the order of +1 km (Colli et al.,, 2016),
causing the evolution, reactivation, and
horizontal  migration of lithospheric
structures and transient topography
changes on, and near the Earth’s surface
(Gurnis, 1988). There, long-term landscape
forming processes (Fig. 1.1) are expressed
by various signals and traces, e.g. extensive
and localized tectonic and magmatic
activity, rock and surface uplift and erosion
(exhumation), burial, subsidence and
inversion of sedimentary basins, and affect
the tectono-thermal dynamics on the
Earth’s surface and within its upper crust
(Franke, 2013; Miller et al., 2018).
Consequently, important information
about the interaction of mantle plume
movement and the Earth’s surface can be
derived from dynamic topography signals
and traces stored in various geological
archives, e.g. igneous, metamorphic,
magmatic, and sedimentary rocks near,
and on the Earth’s surface.

Whereas geochronological analysis
provides information about the intrusion,
crystallization, and cooling of rocks during
magmatic and metamorphic events,
stratigraphic records of sedimentary basins
convey insights into the evolution of
sediments and sedimentary rocks during
burial and exhumation.

Temperature sensitive methods, such as
low temperature thermochronological
(LTT) analysis provide important
information about the cooling and heating
history of rocks that contribute to the
understanding of the long-term time (t)-
temperature (T)-evolution of rocks in
various geological environments (Fig. 1.1,

STATE-OF-THE-ART

red box), i.e. along passive continental
margins around the world (e.g., Japsen et
al., 2012, 2014; Brown et al., 2014; Green
et al,, 2015, 2017; Braun, 2018).

However, until recently, most of the
research focused on specific geological
archives and the geological evolution of
individual geological environments of the
Wilson  Cycle, e.g., the intrusion,
crystallization and metamorphic
deformation with orogens, the syn- to
post-rift and breakup evolution of passive
continental margins, or the formation and
development of intraplate sedimentary
basins. Therefore, this thesis also
investigates the geological evolution of
distinct stages of the Wilson Cycle in detail,
but further aims to connect these
individual geological environments to
retrieve a coherent long-term t-T-
evolution, i.e. the development from an
active orogeny to intraplate and later
passive continental margin environment
induced by the inter action of “plate” and
“olume mode”. The study combines
multiple geological archives in research
areas suitable to address the following
research objectives.
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1.2 OBJECTIVES

This thesis focuses on the reconstruction of
the coherent long-term t-T-evolution of
the Neoproterozoic rocks along the South
Atlantic  passive  continental  margins
(SAPCM'’s) in SE Brazil and NW Namibia. By
investigating the tectono-thermal
dynamics and long-term landscape forming
geological processes on, and near the
Earth’s surface, the research addresses the
following key features accordingly to their
chronological order constraint from the
Late Neoproterozoic to recent time:

The Late Neoproterozoic to Early Paleozoic
syn- to  post-Pan  African/Brasiliano
orogenic cooling and exhumation of the
basement rocks.

Thermochronological data sets including
those presented in this thesis, only record
the cooling of rocks of the upper most
crust covering temperature ranges of
<300°C (Reiners and Brandon, 2006;
Reiners and Shuster, 2009). However, the
stratigraphic records of the sedimentary
basins in the study areas show the onset of
sedimentation during Mid Paleozoic time
(Johnson et al., 1996; Stollhofen et al.,,
1999; Milani et al., 2007) indicating that
rocks must have been below 300°C at the
time. Therefore, the thermochronological
data sets of this study only allow tracing
back the cooling of the rocks since the Late
Paleozoic.

Yet, this thesis intends to capitalize on the
connection of different geological stages
leading to the long-term landscape and t-T-
evolution covering the entire thermo-
dynamic  processes, such as the
crystallization and intrusion of rocks,
followed by post-orogenic cooling, and
exhumation to the Earth’s surface. Thus,

OBJECTIVES

this research adds geo- and thermo-
chronological data close to the presented
sample locations covering temperature
ranges of >300°C to connect information of
the preceding thermo-dynamic processes
to the modeled t-T-evolution constrained
by the thermo-chronological data of this
research.

Through this reconstruction and coupling
of the thermodynamic processes, the
thesis aims to address the timing and
magnitude, and rates of the Late
Neoproterozoic to Early Paleozoic syn- to
post-Pan African/Brasiliano orogenic
cooling and exhumation of the individual
crustal segments of the Neoproterozoic

basement.

The quantification of timing and rates of
subsidence during the major SW Gondwana
intracratonic sedimentary basin formation.
Following the Pan-African/Brasiliano
orogeny, the SW Gondwana intraplate
environment experienced rock and surface
uplift and erosion caused by post-orogenic
denudation of the Neoproterozoic mobile
belts during the Early to Mid Paleozoic and
Carboniferous to Permian syn- to post
Gondwana Ice Age processes (Frimmel et
al., 1998; Goscombe et al., 2003a, b;
Goscombe and Gray, 2007; Miller et al,,
2008; Basei et al., 2010). This mobilization,
transport and deposition of sedimentary
material led to the development of the
major SW Gondwana intraplate basins
(Stollhofen et al., 1999; Milani et al., 2007;
Basei et al., 2010). The research focuses on
the timing, magnitude, and rates of
subsidence  during the major SW
Gondwana intraplate sedimentary basin
formation in order to quantify the role of
basin inversion and sediment column, and
their effects on the thermochronological
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data of the study areas. Consequently, the
research also provides a method to verify
the stratigraphic data in the published
geological record.

The timing and causes, and rates of
exhumation during the pre- to syn-rift
South Atlantic breakup processes, the
interaction of plume movement, and the
magmatic activity of the Parand-Etendeka
LIP.

This time window that comprises the pre-
to syn-rift  South Atlantic breakup
processes is characterized by different
geological features that shall be addressed
explicitly within this thesis. The research
focusses on the Early Mesozoic transition
from the SW Gondwana intraplate basin
formation to the pre-South Atlantic
breakup possibly plume-influenced rock
and surface uplift and erosion leading to
the inversion of sedimentary basins within
the study area.

By applying theoretical models, such as the
event-based plume stratigraphic
framework (ePSF, Friedrich et al., 2008),
the study aims to quantify the impact of
plume movement on the intraplate,
tectono-thermal evolution of the upper
crust and its sedimentary basins
surrounding the Early Cretaceous Parana-
Etendeka LIP. To this end, two
comprehensive geological archives are
used, the stratigraphic records of the SW
Gondwana intraplate sedimentary basins,
and all available thermochronological data
sets surrounding the Parana-Etendeka LIP
area to retrieve signals and traces of the
vertical and horizontal material flow
preceding the Parana-Etendeka flood
basalt event (Krob et al., 2020b).

In this context, questions arise whether,
and in what way, such geological archives

OBJECTIVES

can retrieve plume event preceding rock
and surface uplift, and what uncertainties
have to be dealt with. The research sets
out to determine ranges for the influence
of plume movement on the Earth’s surface
on the spatial and temporal scales.
Furthermore, it intends to precisely
quantify the thermal influence of the
Parand-Etendeka magmatic activity on the
Neoproterozoic basement rocks of the
study areas.

Post-South Atlantic breakup and rift
evolution, surface uplift and erosion, and
tectonic activity.

The thesis integrates new thermo-
chronlogical data into the previously
published geological record for both sides
of the SAPCM’s, e.g. Green (1986),
Gallagher et al. (1994, 1995, 1998), Raab et
al. (2002), Brown, et al. (2014), and
Engelmann de Oliveira et al. (20164, b) that
on the one hand can help to verify the
observations made by the published
research, and on the other hand provides
new insights into the  complex
development of the rift-stages during the
South Atlantic breakup. Therefore, this
thesis concentrates on the post-breakup
cooling of the Neo-proterozoic basement
rocks and investigates a possible
reactivation of the predominant tectonic
structures (Franco-Magalhaes et al., 2010;
Karl et al., 2013; Salomon et al., 2015).

The study tests the possibility of an earlier
exhumation of the Late Cretaceous
Neoproterozoic basement to the Earth’s
surface and addresses the role, extention,
and thermal influence derived from
subsidence by the tectonic reactivation of
the Cenozoic onshore graben systems on
the Neoproterozoic basement rocks in SE
Brazil.
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Their role and thickness during the
geological evolution of the margin will be
discussed and comparisons drawn to the
post-rift evolution in NW Namibia.

Quantification of timing and duration of
single geological environments and the
connection of different geological stages of
the Wilson Cycle.

The connection of different geological
stages of the Wilson Cycle remains
complex and up to the present most of the
research along the South Atlantic passive
continental margin (SAPCM) in SE Brazil
and NW Namibia was either focused on the
Precambrian deformation, the Paleozoic to
Mesozoic intraplate development, or the
syn- to post-rift evolution (e.g., Goscombe
et al. 2003a, b, 2007, 2017; Foster et al.,
2009; Raab et al., 2002, 2005; Catuneaunu
et al., 2005; Miller et al, 2008; Brown et al.,
2014). For the first time, this research aims
to reconstruct an entire t-T-evolution
connecting these individual geological
stages  beginning  with  the Late
Neoproterozoic to Early Paleozoic syn- to
post-Pan  African/Brasiliano  orogenic,
followed by the Late Paleozoic to Mesozoic
intracratonic basin formation within the
SW Gondwana intraplate environment, to
the syn- to post-South Atlantic breakup
and rifting evolution (Krob et al., 2019,
2020a).

This approach shall enable the detailed
guantification of the timing and duration of
individual stages of the Wilson Cycle and
connects those stages to retrieve a
coherent long-term t-T-evolution providing
insights into the development from an
active orogeny to a intraplate and later
passive continental margin environment.

STUDY AREA AND APPROACH

1.3 STUDY AREA AND APPROACH

The present SAPCM’s of South America and
SW Africa, as part of the formerly
connected SW Gondwana intraplate
environment, constitute an excellent key
area and  geological  setting  for
understanding and reconstructing various
plate tectonic stages of the Wilson Cycle
(Fig 1.3).

Beginning in the Late Neoproterozoic to
Early Paleozoic, the contemporary SAPCMs
were part of the large-scale Pan
African/Brasiliano orogeny leading to the
formation of the Gondwana
supercontinent. During the Palaeozoic and
Lower Mesozoic (stage 1), the intracratonic
environment was characterized by erosion,
denudation of the Neoproterozoic mobile
belts, and large basin formation (stage 2,
Krob et al., 2019, 2020). Pre- to syn-rift
(embryonic), ocean spreading (juvenile)
and post-breakup (mature) processes
enabled the evolution from the intraplate
to the recent SAPCM environment since
the Upper Mesozoic (stage 3, Krob et al,,
2019, 2020a).

Furthermore, the study areas (Fig. 1.4)
provide several geological archives having
stored field and laboratory observations of
the geological evolution since the Late
Neoproterozoic, i.e. the Parana-Etendeka
related dike swarms and flood basalt
depositions of the Parana-Etendeka Large
lgneous  Province (LIP) showing a
geochemical signature of lithospheric- and
asthenospheric mantle source (Trumbull et
al., 2004, 2007). Therefore, it is very
convenient to investigate the SAPCM of SE
Brazil and NW Namibia using the available
geological archives (Krob et al., 2019,
2020a).
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Figure 1.3: Schematic view of the Wilson Cycle (Wilson, 1965, 1966) showing the single stages that affected the
geological evolution of the study areas since the Late Neoproterozoic (modified and redrawn from Pearson Prentice
Hall, Inc., 2008). SFC: Sdo Francisco Craton; PP: Paranapanema Cratons; RP: Rio de la Plata Craton; CO: Congo
Craton; ANG: Angola Craton; KA: Kalahari Craton.
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STUDY AREA AND APPROACH

Study area r
NW Namibia i
(Chapter 3) v

: Study area
| SE Brazil
— a (Chapter 2)

South
Atlantic
Ocean

Mesozoic SW Gondwana intraplate environment (Chapter 4) g

0 ——mmm 1000 km

Figure 1.4: Overview of the specific study areas (red boxes) approached in the individual chapters of this thesis.
While the present South Atlantic continental margins of SE Brazil in South America and NW Namibia in SW Africa
served as the base for the CHAPTERS 2 and 3, the former Mesozoic SW Gondwana intraplate environment,
contemporarily represented by the South American and SW African continents including the transition to the
offshore basins of the South Atlantic Ocean provided the bedrock for the research of CHAPTER 4. SRB: Southern

Ribera Belt; DFB: Dom Feliciano Belt; KB; Kaoko Belt; DB: Damara Belt.

Whereas the regional geology in SE Brazil
provides the basement rocks of the
(=margin parallel) southern Ribeira and
Dom Feliciano Neoproterozoic orogenic
belts, basement rocks of the (=margin
parallel) Kaoko and the (=margin
perpendicular) Damara Neoproterozoic
orogenic belts characterize the regional
geology of the NW Namibian SAPCM. Both
sides display Paleozoic and Mesozoic
sedimentary and volcanic rocks covering
the orogenic Neoproterozoic basement.
Therefore, this geological setting provides
a unique natural laboratory to study in
detail sole parts of the Wilson Cycle
(Wilson, 1963, 1965) and beyond that
allows combining individual geological

sections to retrieve a long-term landscape
and t-T-evolution (Krob et al., 2019,
2020a). In SE Brazil, the study area (Fig.
1.5) reaches from north of the city of Rio
de Janeiro to south of the city of
Floriandpolis, and from the coast to the
inland Ponta Grossa Arc (PGA, Fig. 1,5). The
topography of the SE Brazilian SAPCM can
be divided into three distinct areas as
follows. Beginning in the north, the two
mountain ranges of the inland Serra da
Mantigueira (SdaM) and the coastal Serra
do Mar (SdoM) extend from south of the
city of Sdo Paulo, in the S3o Paulo state to
the NE of the Rio de Janeiro state, just
north of its eponymous capital.
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Figure 1.5: Area of research in SE Brazil showing topographic transects (A-B, C-D, and E-F) within the study area of
CHAPTER 2. PGA: Ponta Grossa Arc; SG: Serra Geral, SdoM: Serra do Mar, SdaM: Serra da Mantiqueira, TB: Taubaté
Basin, IB: llhabela (Sdo Sebastido Island) (Stippich, in prep).
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Both NE-SW trending mountain ranges are
separated by the Taubaté Basin (TB). The
escarpment (Fig. 1.5; A-B) reaches
elevations of =1000-1500 m a.s.l. in the
inland Serra da Mantiqueira mountain
range, is interrupted by the Taubaté Basin
where elevations drop down to =500 m
a.s.l.,, and rise again within the Serra do
Mar mountains lying approximately around
1000 m above sea level (a.s.l.).

This topography can also be observed
further south in the surroundings of the
city of Curitiba in the Parand state. There,
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the southern tip of the Taubaté Basin
graben system separates the inland Serra
Geral (SG) mountains from the coastal
Serra do Mar. Generally, elevations are
slightly lower (<1000 m a.s.l.), only
reaching =1500 m a.s.l. in the Serra do Mar
mountain range (Fig. 1.5; C-D) and
correlate with those obtained in transect
south of the city of Floriandpolis in the
Santa Catarina state (Fig. 1.5; E-F). In the
south, the elevation drops from more than
=1250 m a.sl. down to the coastal
lowlands of =60 m a.s.l.

2000 m

1500 m—

‘i' 0 ——wmmm 100 km om

Figure 1.6: Area of research in NW Namibia showing topographic transects (A-B, C-D, and E-F) within the study area

of CHAPTER 3. BB: Brandberg; EC: Erongo Complex.

In NW Namibia, the study area extends
from the Angolan border in the north to
the area around Walvis Bay in the Erongo
State and the City of Windhoek, in the
Khomas State and from the coast to the
inner highlands of the Omaheke and
Kunene states. The topography reaches
similar extension as the escarpment in SE
Brazil. In the northern Kaoko Belt,
elevation increases from sea level to =1500
m a.s.l., just south of the city of Opuwo and
continues indicating a plateau towards the
inland of =1000 m a.s.l. (Fig. 1.6; A-B).
Further south, the second transect (Fig.
1.6; C-D) shows a slowly increasing

topography interrupted by the volcanic
Brandberg (BB) that reaches almost =2500
m a.s.l. Then the topography increases
continuously from =500 m to =1500 m
a.s.l. towards the Kamanjab Inlier further
inland, just north of the city of
Otjiwarongo, in the Otjozondjupa state.
South of the Brandberg, the Erongo
Complex (EC) also reaches similar
elevations interrupting the interregional
topography. In the south of the Erongo
state, the topography rises from sea level
around Walvis Bay to over 1500 m a.s.l.
north of Windhoek (Fig. 1.6; E-F).
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While CHAPTER 2 and 3 are limited to the
Neoproterozoic rocks of the onshore
SAPCM of SE Brazil and NW Namibia,
CHAPTER 4 widens the study area to
encompass the Mesozoic SW Gondwana
intraplate environment (Fig. 1.4). This
allows for the integration of the
comprehensive geological record, including
stratigraphic records of continental and
offshore basins, and thermochronological
datasets, both having stored field and
laboratory observations of the
sedimentological, thermal, and magmatic
evolution of both, the South American and
SW African continent. Building on this, the
systematic approach of this research shall
be outlined in the following.

Based mainly on field work, sample
preparation, and fission-track analyses, this
study provides thermochronological data
derived from apatite and zircon fission-
track (AFT and ZFT, respectively), and
apatite and zircon (U-Th-(Sm))/He dating
(AHe and ZHe, respectively) that were
performed on Neoproterozoic
metamorphic rocks along the SAPCM’s of
SE Brazil and NW Namibia. Sample
preparation and analyses followed the
same protocol as, e.g. Karl et al., 2013, and
Kollenz, 2015. Whenever possible all four
thermochronometry dating techniques
were applied to the samples, allowing for a
more robust evaluation of the spatial and
temporal cooling of the sampled rocks.
This thesis presents and processes the
thermochronological data including the
numerical modeling of the t-T-evolution
using the software code HeFty (Ketcham et
al., 2005, 2007a, b), the calculation of
exhumation and subsidence rates, and the
visualization of the thermochronological
data and the modeled t-T-evolution.
Furthermore, existing geo- and
thermochronological data derived from the

14
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published geological record was integrated
and attached to the modeled t-T-evolution
to reconstruct a possible coherent Late
Neoproterozoic to recent t-T-evolution
including pre- to syn-Pan African/Brasiliano
intrusion and crystallization, post-orogenic
rock cooling and exhumation, intraplate
basin formation and subsidence, plume
influenced pre- to syn-South Atlantic
breakup, and post-South Atlantic rifting
processes. Hence, this study uses
published  geochronological data of
Neoproterozoic basement samples such as
U-Pb, Sm-Nd and Rb-Sr analyses, and low
temperature thermochronology (LTT) data
revealed by K/Ar, “Ar/**Ar analyses. Based
on the entirety of geological data, the
research proposes a possible t-T-evolution
of the Neoproterozoic basement showing
its thermal structure at specific time steps
since the Late Neoproterozoic.

Finally, this research focuses on the
application of stratigraphic frameworks
and thermochronological data on the
Mesozoic SW  Gondwana intraplate
environment by combining the two
geological archives, stratigraphic records of
sedimentary basins, and thermo-
chronological data to retrieve a possible t-
T-evolution influenced by the Parana-
Etendeka plume movement.

However, each publication provides a
detailed description of the approach and
methodology, as well as further
information on the regional geological
setting of the individual study areas.
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1.4 THESIS STRUCTURE

This thesis comprises three publications
that have already been released in peer-
reviewed international journals and focus
on the reconstruction of the t-T-evolution
of the Neoproterozoic rocks along the
contemporary SAPCM’s of SE Brazil and
NW  Namibia. All publications were
composed with the contribution of several
co-authors that have been acknowledged
explicitly in  the DECLARATION OF
INDEPENDENCE, in the following CHAPTER
1.5, and during the CRediT author
statements prepended to each publication.
Moreover, each publication is self-
abstract,

containing, incorporating

geology,
results, discussion and

introduction, methodology,
conclusion

subchapters:

CHAPTER 2 presents a new multi-
thermochronometer data set including
AFT, ZFT, AHe, and ZHe data to reconstruct
a detailed t-T-evolution of the SE Brazilian
SAPCM from the Late Neoproterozoic to
recent, and therefore, integrates the
published geo- and thermochronological
record of SE Brazil. Thereby, it combines
the existing data with the numerical
modeling of new thermochronological data
presented within this study. Through this
reconstruction, the study addresses the
timing and magnitude of the Late
Neoproterozoic to recent thermodynamic
processes near and on the Earth’s surface,
and of the upper most crust. This chapter
is already published in the Journal of South
American Earth Sciences, Volume 92
(2019), 77-94,
https://doi.org/10.1016/j.jsames.2019.02.0
12.

THESIS STRUCTURE

CHAPTER 3 focuses on the Late
Neoproterozoic to recent long-term t-T-
evolution of the Kaoko and Damara belts in
NW Namibia, and therefore, acts as the
counterpart to CHAPTER 2. The study
combines numerical modeling of new
thermochronological data with previously
published geo- and thermochronological
data reconstructing a coherent long-term
t-T-evolution of the Neoproterozoic
basement rocks including the discussion of
thermo-dynamic processes on the Earth’s
surface, and of the upper most crust.
Moreover, the study highlights possible t-
differentiated
exhumation rates and draws a comparison

T-paths, introduces

to the t-T-evolution of other areas along
the SAPCM’s of South America and SW
Africa, including the opposite part, the SE
Brazilian SAPCM. This chapter is already
published in the International Journal of
Earth Sciences.
https://doi.org/10.1007/s00531-020-
01819-7.

CHAPTER 4 follows a new approach
applying stratigraphic frameworks and
thermo-chronological data to the Mesozoic
SW Gondwana intraplate environment to
retrieve the Parana-Etendeka plume
movement. Therefore, this study provides
a comprehensive overview of existing
geological archives, namely the
stratigraphic records of the continental and
marine basins of the Mesozoic SW
Gondwana intraplate environment and all
published thermo-chronological data along
the SAPCM’s of South America and SW
Africa. The study aims to identify signals
and traces of plume movement in the
geological archives using a theoretical
model to define spatial and temporal
ranges of plume movement-influenced
areas near and on the Earth’s surface.
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Thereby, the study combines both archives
to numerically model a possible t-T-
evolution of the SE Brazilian and NW
Namibian key areas. This chapter is already
published in the journal of Gondwana
Research,

https://doi.org/10.1016/j.gr.2020.02.010.

1.5 CONTRIBUTIONS

The presented chapters have benefited
from the input of several researches and
students which shall be acknowledged in
the following:

The involvement of Dipl. Geol. Markus Karl,
Dr. Sebastian Kollenz, and Dr. Melissa
Perner has contributed to CHAPTER 2
including the field trip organization,
sampling, sample preparation, and dating
analyses.

My contribution comprises the dating
analyses of the Laguna Block samples
during the work for my Bachelor thesis, the
processing of the collected data, the
numerical modeling, the compilation of
geo- and thermochronological data from
the published geological record, and the
discussion. Moreover, | authored the
original manuscript, figures, and tables that
served for the publication of the findings.
Furthermore, Prof. Dr. Ulrich A.
Glasmacher and  Prof. Dr. Peter
Hackspacher have contributed through
their support during field trip, in data
processing, and vigorous discussions.
Lastly, five unknown reviewers were
involved in the critical reading and
constructive revisions of the accepted
manuscripts.
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Dipl. Geol. Markus Karl, Dr. Melissa Perner
and Dr. Eric Salomon were involved in the
field trip organization and sampling for
CHAPTER 3. Dipl. Geol. Daniel Eldracher
(former Menges) conducted sample
preparation and the dating analyses.

My input concerns data processing,
numerical modeling, the compilation of the
geo- and thermochronological data from
the published geological record, and
discussion. Moreover, | authored the
original manuscript, figures, and tables that
served for the successful publication of the
findings. Furthermore, Prof. Dr. Ulrich A.
Glasmacher and  Prof. Dr. Peter
Hackspacher contributed through
supervision of the field trips and support in
data processing, and vigorous discussions.
Lastly, Prof. Dr. Paul Green, Prof. Dr. Peter
Kukla and two unknown reviewers were
involved in the critical reading and
constructive revisions during the successful
publishing process.

My involvement in CHAPTER 4 includes the
compilation of the data of the geological
archives, the data processing, numerical
modeling, and discussion. Moreover, |
authored the original manuscript writing,
figures, and tables that served for the
successful publication of the findings. Prof.
Dr. Ulrich A. Glasmacher, Prof. Dr. Hans-
Peter Bunge, and Prof. Dr. Anke M.
Friedrich provided the idea to this work
and were involved in the discussions and
critical reading. Lastly, two unknown
reviewers were involved in the critical
reading and constructive revisions of the
accepted manuscript.
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1.6  SUMMARY OF RESULTS, AND
CONCLUSIONS

For the first time, this thesis succeeds to
model a coherent long-term t-T-evolution
following the geological evolution of SW
Gondwana from a Late Neoproterozoic
active orogen to an intraplate, and later
passive continental margin environment
under the influence of the “plate” and
“plume mode” using various combined
geological archives.

Through this reconstruction, the thesis
proves Precambrian metamorphic and
magmatic, and Paleozoic to Mesozoic
sedimentary and volcanic rocks to be
important geological archives storing
temperature-sensitive information about
the upper mantle and crustal tectono-
thermal dynamics. Thereby, the research
allows assumptions related to the long-
term landscape forming processes on the
Earth’s surface, e.g. extensive and localized
tectonic and volcanic activity, exhumation
(rock and surface uplift and erosion), and
burial and crustal scale subsidence.
Summarizing, the thesis presents new
thermochronological data from fission-
track and (U-Th-(Sm))/He analysis on
apatite and  zircon derived  from
Neoproterozoic basement rocks of SE
Brazil and NW Namibia.

Furthermore, the study integrates over 35
previously published thermochronological
data sets meaning >1300 apatite fission-
track ages alone, along the SAPCM’s of
South America and SW Africa.

Moreover, the

research  compiled

comprehensive  geo- and  thermo-
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chronological data sets derived from U-Pb,
Sm-Nd, Rb-Sr, and K/Ar and “°Ar/*Ar
analysis to provide information about the
tectono-thermal processes, such as the
intrusion, crystallization, metamorphism,
and cooling of rocks in deeper temperature
ranges over 300°C of the upper most crust.
Additionally, the compilation of 18
stratigraphic  records of the major
continental and marine sedimentary basins
of the Mesozoic SW Gondwana intraplate
environment permits interpretations of the
sedimentary processes, e.g. deposition and
burial of sedimentary rocks, and their
exhumation on the Earth’s surface.

Where the thermochronological data of
this study covering temperature ranges
below 300°C lack in constraining coherent
t-T-paths, the research benefits from the
combination of geo- and thermo-
chronological data and sedimentological
knowledge from the published geological
record, and therefore, guarantees a viable
t-T-evolution of the Neoproterozoic rocks
of the study areas. Possible exhumation
and subsidence rates derived from
calculated cooling and heating rates
provide new insights in the geological
processes on the Earth’s surface.
Consequently, this research contributes
significantly to the understanding of the
interplay of the “plate” and “plume mode”-
driven endo- and exogenous dynamics and
their  influences on the dynamic
topography of the Earth’s surface.

In the following, the thesis addresses the
key objectives accordingly to their
chronological order constraint from the
Late Neoproterozoic to recent time:
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The Late Neoproterozoic to Early Paleozoic
syn- to post-Pan  African/Brasiliano
orogenic cooling and exhumation of the
basement rocks.

The Late Neoproterozoic to Early Paleozoic
evolution of SW  Gondwana is
characterized by the Pan African/Brasiliano
orogeny under the driving forces of the
“plate mode”. The thesis succeeds to
capitalize on the combination of the geo-
and thermochronological data to retrieve
the syn- to post-orogenic evolution of the
different crustal segments within the study
areas, and therefore, connects the
individual thermodynamic processes, such
as the intrusion, crystallization, and
metamorphism of rocks, and their post-
orogenic cooling, and exhumation to the
Earth’s surface.

The syn- to post-Late Neoproterozoic to
Early Paleozoic t-T-evolution of the SAPCM
in SE Brazil is shown to be very complex.
While the results of the northern, northern
inland (Ponta Grossa Arc, PGA), and the
southern areas led assume a rather fast
cooling and direct exhumation to the
Earth’s surface, the central part of the
SAPCM, the Pan African/Brasiliano post-
orogenic cooling and exhumation of
Neoproterozoic rocks occur to be threefold
(Krob et al., 2019):

(1) A rapid Late Neoproterozoic
exhumation of the basement rocks is
followed by (2) a phase of relatively
thermal stability where rocks are kept
within the crust (at temperatures of about
300-200°C) from the Early Cambrian to the
Devonian, and (3) a second fast
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exhumation moving Neoproterozoic rocks
to the surface until the Late Devonian
(Krob et al.,, 2019). The northern and
southern parts indicate a distinct syn- to
post-orogenic exhumation to the surface
implying a faster cooling, and erosion from
the Late
Devonian/Carboniferous.

Neoproterozoic to

Generally, the central areas are better
constrained by the published record, and
therefore, allow the assumption of the
proposed threefold evolution. In addition,
the lack of available data in the northern,
PGA, and southern areas results in the
revealed perpetual cooling and
exhumation.

Nevertheless, those observations correlate
with the revealed t-T-evolution of the NW
Namibian crustal segments that also show
three phases of exhumation with an almost
stable period in between two phases of
rapid exhumation (Krob et al., 2020a).
However, the published record of SE Brazil
infers that syn- to late orogenic intrusion
and crystallization of the rocks set in earlier
than on the NW Namibian side (Krob et al.,
2019; Krob et al.,, 2020a). Consequently,
syn- to post orogenic cooling indicates to
have set in earlier on the SE Brazilian side.
This is reflected by the interpolation maps
of the modeled thermal Neoproterozoic
basement  structure showing lower
temperatures in  near surface areas
reached earlier by the rocks in SE Brazil
than by the NW Namibian rocks (Fig. 1.7,
Early Ordovician). In general, the thermal
structure on the Namibian indicates that
the crustal segments cooled down rather
evenly showing a rather homogenous
temperature distribution.
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Figure 1.7: Left panel: Paleogeographic reconstruction of the Gondwana intraplate environment during the Early
Ordovician and the Early Devonian (redrawn after Torsvik and Cocks, 2017). Red box shows the study area of SE
Brazil and NW Namibia. Right Panel: Modeled 3D-interpolation maps showing the Neoproterozoic basement
thermal structure of the SE Brazilian-NW Namibian study at the corresponding time. The maps are based on paleo-
temperatures taken at specific time steps and were derived from the “weighted-mean” paths of the modeled t-T-
evolution of each modeled sample (black and white dots). Red colors indicate higher temperatures and therefore,
are generally assumed to lie deeper within the upper crust. Light colors rather show near surface areas (y-axis
shows temperature). Purple area: 160-140°C; Green area: 40-20°C. The black thick line indicates the former suture
line between the continents. The geographical reconstruction and graphical extraction were done after Torsvik et
al. (2009, 2013).
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Figure 1.8: (Previous page) Left panel: Paleogeographic reconstruction of the Gondwana intraplate environment
from the Late Devonian until the Late Carboniferous (redrawn after Torsvik and Cocks, 2017). Red box shows the
study area of SE Brazil and NW Namibia. Right Panel: Modeled 3D-interpolation maps showing the Neoproterozoic
basement thermal structure of the SE Brazilian-NW Namibian study at the corresponding time. For further
information, please see Figure 1.7.
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Nonetheless, the comprehensive
compilation of geo- and
thermochronological data available in NW
Namibia reveals much differentiated
cooling paths within the different
geological venues that shall not be
disregarded but altogether are assumed
less relevant for the presentative cooling
history of the entire crustal segments.

The final cooling and surface uplift of the
Neoproterozoic basement rocks is most
likely triggered by significant tectonic and
surface uplift, and erosion during the
Devonian (SE Brazil) and Late
Carboniferous (NW
Namibia). Changes in climate and direction

Devonian/Early

of erosion and transport of sediments
during the Late Paleozoic Gondwana
glaciation (Montafiez and Poulsen, 2013),
and later, far-field effects of the
Gondwanide orogeny (Zalan et al., 1991;
Trouw & De Wit, 1999) also may have
provoked  the  transition of the
predominant tectonic structures.
Therefore, this thesis expects glacial
erosion and transport of sedimentary
material combined with a temporally lower
geothermal gradient during the Late
Paleozoic Gondwana Ice House (Montafiez
and Poulsen, 2013) to have caused the
displayed Mid to Late Paleozoic ZFT and
AFT age distribution (Montafiez and
Poulsen, 2013; Krob et al., 202043, b).

During this period, both areas indicate a
more homogeneous thermal structure
before the Parana Basin subsidence sets in

(Fig. 1.8).

SUMMARY OF RESULTS AND CONCLUSIONS

However, the thermal structure indicates
that rocks in SE Brazil already experienced
subsidence while the NW Namibian rocks
were kept close to the Earth’s surface in
temperatures  ranges of  =40-20°C.
Montafiez and Poulsen, 2013 also assume
significant amounts of sediment material
transported to the southern and western
parts of the Gondwana intraplate
environment that support the displayed
thermal structure.

The quantification of timing and rates of
subsidence during the major SW Gondwana
intracratonic sedimentary basin formation.

The Late Paleozoic t-T-evolution marks a
transition on the predominant geological
conditions and is characterized by the
intraplate basin formation of the major
continental sedimentary basin of the
Paleozoic to Mesozoic SW Gondwana
intraplate environment (Fig. 1.9).

In SE Brazil, the t-T-evolution of the rocks
show trends of ongoing subsidence during
depositional sequences of the Parand Basin
from Mid to Late Paleozoic.

However, thermochronological data are
unable to constrain high temperatures
corresponding to the accumulation of
expected overlying sediment thicknesses
suggested by the existing stratigraphy
(Milani et al.,, 2007). In general, the
Namibian rocks did not experience as
much subsidence as the SE Brazilian rocks,
which sets in later towards the end of the
Paleozoic.

21



CHAPTER 1 SUMMARY OF RESULTS AND CONCLUSIONS

280 Ma,

Early Permian

Namibia
20

Brazil
South America

250 Ma,

Early Triassic

Laurenti

anee 8,

Brazil

South America

195 Ma, — Brazil

Early Jurassic

North America :

Brazil

Figure 1.9: (Previous page) Left panel: Paleogeographic reconstruction of the Gondwana intraplate environment
from the Early Permian until the Early Jurassic (redrawn after Torsvik and Cocks, 2017). Red box shows the study
area of SE Brazil and NW Namibia. Right Panel: Modeled 3D-interpolation maps showing the Neoproterozoic
basement thermal structure of the SE Brazilian-NW Namibian study at the corresponding time. For further
information, please see Figure 1.7.
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Whereas the Brazilian rocks reach
temperatures of between =100°C and
=200°C, the basement surface on the
Namibian side only reaches maximum
temperatures of =100°C by the end of the
Triassic meaning a difference of =3 km of
overlying sediments. Unfortunately, the
thermochronological ages of this research
do not store further evidence to better
constrain overlying sediment thicknesses
as most of the data experienced thermal
overprint by the later Parana-Etendeka
event. Nonetheless, most of the ZFT and
ZHe data of both study areas prove that
rocks most likely did not experience
temperatures >180°C since the post-
orogenic cooling, and therefore do not
permit sediment overburden as described
in the published literature (Milani et al.,,
2007). However, the
interpolation maps of the thermal

modeled

structure of the basement rocks indicate
that rocks could have reached temperature
of up to =160°C implying almost 5000 m of
overlying sediments by the beginning of
the Mesozoic at least for the SE Brazilian
area.

Summarizing, the results of this research
leave the question whether rocks store the
influences of the Late Paleozoic to
Mesozoic SW Gondwana intraplate basin
formation partly unanswered. Whereas
AFT and AHe data do not allow any
assumptions, ZFT and ZHe data can at least
constrain the upper limits of the reached
temperatures by the accumulated
overlying sediment material.

The timing and causes, and rates of
exhumation during the pre- to syn-rift
South Atlantic breakup processes induced
by the “plume mode” and influence of the
magmatic activity of the Parand-Etendeka
LIP.

SUMMARY OF RESULTS AND CONCLUSIONS

The investigation of the Parana-Etendeka
plume induced pre- to syn-rift South
Atlantic breakup processes took centre
stage during this thesis (CHAPTER 4). The
research proved that both archives reveal
significant signals and traces well in
advance of the flood basalt eruptions on
the Earth’s surface and it is possible to
recognize the timing of events and distinct
patterns of flood basalt event preceding
rock and surface uplift consistent with
those expected by theoretical models of
mantle plume movement (Krob et al,
2020b).

Thermochronological data from the
SAPCMs of SW Africa from NW Angola to
South Africa, and of South America, from
NE Brazil to northern Argentina expose
centers of thermally overprinted AFT ages
(<135 Ma) that overlap with the Parana-
Etendeka related dike swarms and flood
basalt depositions indicating a significant
thermal influence by the volcanic activity
of the Parana-Etendeka LIP. Combined with
the timing of hiatuses and unconformities
in the stratigraphy records, the AFT data
permits to define permissible ranges on
the temporal scale (Fig. 1.10).

Krob et al., 2020b propose a viable transit
time range prior the Parana-Etendeka LIP
event between ~85 Ma and ~30 Ma
leading to a permissible event horizon
between ~220 Ma and ~165 Ma.

The interpolation maps of the modeled
thermal basement structure visualize the t-
T-evolution under the influence of the
“plume mode” showing a halt of the
ongoing subsidence during the Parana and
NW Namibian basin formation by the end
of the Triassic/Early Jurassic as a signal of
the first plume movement (Figs. 1.9, 1.11).
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Figure 1.10: (Left) Possible ranges and temporal
limits of the Parana-Etendeka plume transit time
during the plume ascent (modified after Krob et
al.,, 2020b). The temporal scale includes the
Parana-Etendeka plume event (=135 Ma), and
the event horizon (=195 Ma) and transit time
(=60 Ma) predicted by the ePSF (red bars).
Orange bars illustrate the thermochronological
signals indicating the age peaks of all published
AFT cooling ages. Green bars signify the
depositional sequences recorded in the
stratigraphic records of the central basins
(Parana, Huab, and Waterberg). Black dashed
line: maximum hiatuses in the stratigraphic
records. Black rhombus indicates the possible
temporal ranges of the event horizon assuming a
decreasing probability towards the poorly
constrained upper and lower limits. Both
archives leave room for a possible event horizon
between =220 Ma and =165 Ma, and a Parana-
Etendeka transit time between =30 Ma and =85
Ma.

Figure  1.11: (Next page) Left panel:
Paleogeographic reconstruction of  the
Gondwana intraplate environment from the
Early Jurassic until the Mid Jurassic (redrawn
after Torsvik and Cocks, 2017). Red box shows
the study area of SE Brazil and NW Namibia.
Right Panel: Modeled 3D-interpolation maps
showing the Neoproterozoic basement thermal
structure of the SE Brazilian-NW Namibian study
at the corresponding time. For further
information, please see Figure 1.7.
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Figure 1.12: (Previous page) Left panel: Paleogeographic reconstruction of the Gondwana intraplate environment
from the Late Jurassic until the Early Cretaceous (redrawn after Torsvik and Cocks, 2017). Red box shows the study
area of SE Brazil and NW Namibia. Right Panel: Modeled 3D-interpolation maps showing the Neoproterozoic
basement thermal structure of the SE Brazilian-NW Namibian study at the corresponding time. For further
information, please see Figure 1.7.
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Following, this short phase of rock and
surface uplift, a renewed increase of
temperatures is caused by the thermal
influence of the Parana-Etendeka plume
head at the base of the lithosphere and the
emplacement of dike swarms within the
upper most crust (Fig. 1.12).

Consequently, the emplacement of Parana-
Etendeka related dike swarms causing local
volcanic activity, and the eruption of flood
basalts characterize the Late Jurassic to
Early Cretaceous t-T-evolution of the SW
Gondwana intraplate environment.
Whereas maximum temperatures on the
SE Brazilian side range between =80-160°C
in the northern regions and exceed 200°C
in the southern region (Krob et al., 2019),
the basement rocks of NW Namibia only
range between =60-120°C at the time
(Krob et al. 2020a, b).

It can be assumed that rocks were either
locally influenced for a relatively short time
by the convective heat flow (geothermal
gradient) caused by the crosscutting dike
swarms and accompanied local volcanic
activity, and/or reheated due to the
overburden thicknesses of the erupted
flood basalts (Krob et al., 2020b).
Furthermore, the plume stratigraphic
mapping, using the stratigraphic records is
suitable to demark a possible plume
center, plume margins and distal regions
(Friedrich et al., 2018). In addition, the
compiled thermochronological data expose
centers showing a significant thermal
Parana-Etendeka plume influence.
Together, both geological archives allow
this research to map permissible spatial
dimensions of a Parana-Etendeka plume
movement-influenced area (Fig. 1.12).
However, this research critically analysed
the revealed uncertainties, such as the
lateral significance and reliability of

SUMMARY OF RESULTS AND CONCLUSIONS

stratigraphic records, or the overprint of
AFT age information, that occur in both
contemporary geological archives.
Therefore, the studies draw the
conclusions that temporarily both data sets
lack in sensitivity to determine a precise
spatial dimension on the Earth’s surface,
and exact transit time and timing of initial
plume movement preceding the Parana-
Etendeka flood basalt eruptions (Krob et
al.,, 2020b). Consequently, the research
does not commit itself to neglect the high
uncertainty concerning the very outer
limits of the permissible ranges.
Nevertheless, the combined data is able to
validate the ePSF approach providing an
excellent fit to retrieve the possible
Parana-Etendeka plume movement when
applied to the Mesozoic SW Gondwana
intraplate environment. The combined
data proposes an asymmetric central area
that ranges from ~2.3 Mio km? (Fig. 1.12,
(1)) to ~2.75 Mio km® (Fig. 1.12, (2))
consistent with the predicted geological
patterns of a possible plume center.

This area allows diameters between =2000
km (horizontally, E-W) and =2200 km
(vertically, N-S) leading to a viable plume
center expanding over both contemporary
continental plates. Building on these
conclusions, a possible plume marginal
area can be defined extending from a
minimum of ~4 Mio km” to a maximum of
between ~9.3 Mio km” and ~10.6 Mio km?’
meaning a long-range Parana-Etendeka
plume movement-influenced area in the
SW Gondwana intraplate environment
with permissible diameters between =2200
km and =3000-4100 km (horizontally, E-W),
and between =2800 km and =5100 km
(vertically, N-S).
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Figure 1.13: (Previous page) Possible ranges and limits for the spatial distribution of the Parana-Etendeka LIP

influenced area on the Earth’s surface during a possible plume ascent (modified after Krob et al., 2020b). (1):
Possible spatial distribution when followed strictly the outlines of the ePSF (Friedrich et al., 2019). (2) Spatial

distribution showing a possible deviation in the spatial range including a critical uncertainty analysis regarding the

geological archives and the ePSF.

Post-South Atlantic breakup and rifting
evolution, surface uplift and erosion, and
tectonic activity.

The Post-South Atlantic breakup and rift t-
T-evolution is dominated by continuous
rifting, continental breakup, and sea floor
spreading that led to the surface uplift of
the basement rocks and intense erosion on
the Earth’s surface (Fig. 1.14). The
Neoproterozoic basment shows relatively
slow, post-eruption, thermal recovering
and rock cooling during the Early
Cretaceous that infers a thermal
reestablished upper crust following the
Parana-Etendeka event (Hu et al.,, 2018;
Krob et al., 2020b).

The rocks probably experienced different
amounts of cooling that indicate a complex
multi-stage rift evolution (Gallagher et al.,,
1998). Thermochronological data
presented in this study support the cooling
history revealing major post-Parana-
Etendeka cooling events during the Early to
Mid-Cretaceous accompanied by long and
complex and/or sequential and transient
denudation processes and tectonic activity
following the South Atlantic breakup
(Green, 1986; Gallagher et al., 1998; Raab
et al., 2002; Brown, et al., 2014).

The modeled thermal structure implies a
differentiated t-T-evolution of the SAPCM
of SW Africa and South America (Courtillot
et al., 1999; Torsvik et al., 2009, 2013; Hu
et al., 2018; Andrés-Martinez et al., 2019).
Continental breakup is assumed to have
taken place along the old Pan
African/Brasiliano orogeny suture line
(Buiter and Torsvik, 2014) dividing the

investigated area. Consequently, the
research considers both thermal structures
of the Neoproterozoic basement
individually (Fig. 1.14). The t-T-evolution of
the Neoproterozoic basement thermal
structure indicates a similar t-T-history for
both, SE Brazil and NW Namibia. However,
the temperature distribution remains
inhomogeneous  showing  significantly
higher temperatures on the southern SE
Brazil side throughout the entire Mesozoic
SW Gondwana intraplate environment
(Krob et al., 2019, 20204, b). In general, the
research records higher experienced
temperatures in the southern regions on
both side of the plume central area that
infer a stronger thermal overprint by the
Parand-Etendeka flood basalts.

Moreover, the study concludes that pre-
plume movement thermal structures and
conditions probably already existed and
were not totally reset or overprinted by
the effect of the Parana-Etendeka plume
movement (Krob et al., 2019, 20203, b).
While the course of isolines illustrates the
significant age increase towards the inland
and different age spectra exist in the
subdivided longitudinal Eastern, Central
and Western (Kaoko) zones in NW
Namibia, isolines in SE Brazil also follow the
younger NW-SE trending structures during
the Early Cretaceous. This supports a
possible reactivation and movement of the
Precambrian shear zones and change in
the predominant tectonic activity during
the South Atlantic breakup, and syn-to post
rift stages (Brown et al., 2014; Salomon et
al., 2015, 2017).
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Figure 1.14: (Previous page) Left panel: Paleogeographic reconstruction of the Gondwana intraplate environment
from the Early Cretaceous until the Late Paleogene (redrawn after Torsvik and Cocks, 2017). Red box shows the
study area of SE Brazil and NW Namibia. Right Panel: Modeled 3D-interpolation maps showing the Neoproterozoic
basement thermal structure of the SE Brazilian-NW Namibian study at the corresponding time. For further
information, please see Figure 1.7.
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Whereas in SE Brazil, regional tectonic and
volcanic activity, and local graben
sedimentation indicates that the basement
rocks most likely reached the Earth’s
surface at the end of the Cretaceous,
evidence supporting a similar geological
evolution lacks for the NW Namibian
counterpart. However, NW Namibian rocks
also show a relatively homogeneous Late
Cretaceous to recent cooling correlating
with the SE Brazilian SAPCM. Generally, the
northern areas indicate to have cooled
down fast whereas the southern regions of
the Laguna Block in SE Brazil and the
Damara Belt in NW Namibia cooled down
slower reaching the Earth’s surface within
the last =24 Myr (Fig. 1.14).

Quantification of timing and duration of
single geological environments and the
connection of different geological stages of
the Wilson Cycle.

By the reconstruction of the possible t-T-
evolution of the Neoproterozoic basement
rocks in SE Brazil and NE Namibia, the
research allows only few assumptions
towards the timing and duration of single
geological environments and the possible
connection of different geological stage of
the Wilson Cycle.

Beginning in the Late Neoproterozoic to
Early Paleozoic, published geo- and
thermo-chronological data permit the
quantification of the timing of the syn-to
post-orogenic intrusion, and crystallization
and metamorphic processes. Furthermore,
the new ZFT and ZHe data of this research
can be assumed to constrain the transition
from syn-to post-orogenic magmatic and
metamorphic processes in the upper crust
to the tectonic and sedimentological
dynamics near, and on the Earth’s surface.
Following, by the combination of

SUMMARY OF RESULTS AND CONCLUSIONS

thermochronological and  stratigraphic
data, the thesis succeeds to retrieve a
viable t-T-evolution as described by
theoretical models. The research clearly
reveals signals and traces induced by the
dynamic topography of the “plume mode”.
Nevertheless, the  transition from
intraplate environment dominated by
interregional basin formation to significant
vertical deflections leading to the inversion
of the predominant sedimentary basins
remains less constrained. This also vyields
for the post-South Atlantic breakup
evolution as the data rather exposes a
long-time multi-stage rift and persistent
post-break up evolution.

Concluding, the data shows that the Late
Neoproterozoic to Early and Mid Paleozoic
t-T-history might not be necessarily
connected with the Upper Paleozoic to
Late Mesozoic, and Cenozoic evolution.
However, the repeated movement of the
predominant tectonic structures imply to
have been active during different
geological stages and may have survived
individual plate tectonics environments,
supporting the differentiated movement of
the individual crustal blocks that mirrored
by the t-T-evolution of the Neoproterozoic
basement structure. Nevertheless, the
research does not commit it selves to make
assumptions about the duration of single
geological environments as the geological
archives often lack in sensitivity to better
constrain the timing of the individual plate
tectonic stages. Moreover, the outcome of
this research reveals that the transition
between different geological environments
and its driving forces present itself to be
very complex and occur rather fluently.
Therefore, it remains very uncertain to
determine temporal ranges of the
predominant “plate” and “plume mode”
phases.
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1.7 FUTURE PERSPECTIVES

This thesis carries forward a new approach
by combining various geological archives to
retrieve  the coherent t-T-evolution
connecting different geological
environments since the Late
Neoproterozoic. Thereby, the research
recognizes dynamic topography signals and
traces on the Earth’s surface induced by
the respective predominant driving forces
(“plate” and “plume mode”). However,
geological archives, such as thermo-
chronological data and stratigraphic
records showed to often lack in sensitivity
and revealed uncertainties that can lead to
significant error strings when combined.
Nevertheless, the thesis perfectly proved
the approach as possible to validate
theoretical models, and further on, verify
the geodynamic research.

Therefore, it would be highly interesting to
apply the approach to other geological
environments, i.e. intraplate environments
and Large Igneous Provinces as size and
volume of vertical material flow, the
composition and viscosity of mantle and
the Earth’s crust, and the nature of the
Earth’s surface differ from plume ascent to
plume ascent and will surely effect the
timing of events and spatial distributions.
Thus, the southernmost African Karoo
plume event and the Afar plume in NE
Africa would be highly suitable to
investigate the effects of the “plume
mode” induced dynamic topography on
the respective geological environments.
Consequently, this thesis proposes the
systematic  extension of geological
archives, i.e. thermochronological data sets
over wider areas also covering transitional
regions to better constrain, and therefore,
understand the t-T-evolution from the Late
Neoproterozoic SW Gondwana orogen to
the South Atlantic passive continental
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margin environment induced by
“plate” and “plume mode”.
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ABSTRACT

South-eastern Brazil is as an important geological archive for understanding and reconstructing various plate tectonic stages of the Wilson Cycle. In the
Neoproterozoic, the area of the today's South Atlantic passive continental margin (SAPCM: e.g. between Sao Paulo and Laguna) of south-eastern Brazil underwent
subduction, followed by the collision of the contemporary plates of South America and Africa creating a Neoproterozoic orogeny within the supercontinent
Gondwana. During the Palaeozoic and Lower Mesozoic (stage 1), the future SAPCM, as an intracratonic area, experienced erosion, denudation of the Neoproterozoic
mobile belts (Pan African/Brasiliano orogeny), and large basin formation (Parand Basin) (stage 2). Possibly plume-driven pre-to syn-rift (embryonic), ocean
spreading (juvenile), and post-break up (mature) processes led to the recent evolution of the SAPCM since the Upper Mesozoic (stage 3).

For the first time, this research aims to reconstruct the syn-to post-orogenic t-T-evolution of Neoproterozoic basement rocks of the SE coastal region of Brazil
covering the entire geological evolution since the Late Neoproterozoic. Therefore, this study uses geochronological and thermochronological data combined with
numerical modelling. This includes published geochronological data of Neoproterozoic basement samples such as U-Pb, Sm-Nd and Rb-Sr analyses, and low tem-
perature thermochronology (LTT) data revealed by K/Ar, “°Ar/*°Ar analyses. To this existing LTT data set, we report new apatite (AFT) and zircon (ZFT) fission-
track, and (U-Th-Sm)/He (AHe, ZHe) data. Numerical modelling of that LTT data attached to the existing geochronological data indicates the following evolution:

- Stage 1: In the central part of the future SAPCM, the Pan African/Brasiliano post-orogenic cooling and exhumation (uplift and erosion of Neoproterozoic rocks to
the surface) history occurs in three phases: (i) rapid Late Neoproterozoic exhumation, (ii) a period of relative thermal stability (temperatures of about 200-300 °C) in
which rocks reside at upper crust levels during the Early Cambrian to Devonian, and (iii) a second rapid exhumation phase moving the Neoproterozoic basement
rocks to the surface during the Devonian. The northern and southern parts indicate a distinct post-orogenic exhumation suggesting faster cooling and exhumation
from the Late Neoproterozoic to Devonian/Carboniferous than in the central section.

- Stage 2: A phase of subsidence leading to the formation of the Parané Basin followed by pre-to syn-rift processes and the emplacement of the Parana-Etendeka
flood basalts.

- Stage 3: Post-South Atlantic break up processes, such as erosion and exhumation.

1. Introduction

“Passive” continental margins are “first-order” archives of the
Earth's surface documenting information from the interplay of en-
dogene and exogene forces. The South Atlantic passive continental
margin (SAPCM) in south-eastern Brazil not only provides information
related to continental rifting, syn-to post-break up dynamics, and cli-
mate changes, but also stores the syn-to post-Late Neoproterozoic
evolution since the assembly of West Gondwana. The large scale Pan
African/Brasiliano orogeny (Pimentel et al., 1999) included the amal-
gamation of several cratons and microplates around the Sao Francisco-
Congo (SFC) Craton. During the Early Palaeozoic post-orogenic regional

* Corresponding author.
E-mail address: florian.krob@geow.uni-heidelberg.de (F.C. Krob).

https://doi.org/10.1016/j.jsames.2019.02.012

uplift and erosion triggered cooling and denudation of the Neoproter-
ozoic mobile belts (Soares et al., 2001, 2008; Santos et al., 2015;
Valeriano et al., 2008; Florisbal et al., 2012). Deposition of the material
eroded at that time caused subsidence of the Parané Basin (Basei et al.,
2010). Since the Upper Mesozoic, the SAPCM in south-eastern Brazil
was subject of pre-to syn-rift, ocean spreading, and post-break up pro-
cesses.

Neoproterozoic metamorphic and magmatic rocks characterize the
exposed geology between Sao Paulo and Floriandpolis (Fig. 1). The
Neoproterozoic basement is cut by mafic dykes of Lower Cretaceous,
and alkaline to carbonatite intrusions of Early and Late Cretaceous age.
To the West, the basement is overlain by Palaeozoic and Mesozoic
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Positions and directions of fracture zones were taken from Cobbold et al. (2001), Meisling et al. (2001), Riccomini et al. (2005), Strugale et al. (2007), Franco-
Magalhaes et al. (2010), and Karl et al. (2013). Onshore extensions only show tendencies, and are not confirmed trends. SFZ: Santos fracture zones; PFZ: Peruibe
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siliciclastic and carbonate sequences of the Parana Basin. Lower Cre-
taceous Parand-Etendeka flood basalts and rhyolites cover the Jurassic
siliciclastic sedimentary rocks. In some areas, the Lower Cretaceous
Parané-Etendeka sequence is overlain by siliciclastic rocks of Upper
Cretaceous age. Locally, thin Eocene to Miocene siliciclastic sediments
overlay the Neoproterozoic basement.

The research presented here focuses on the reconstruction of the
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syn-to post-orogenic thermal evolution of Neoproterozoic rocks as part
of the Southern Ribeira and Dom Feliciano belts. Through this re-
construction we aim to address the timing and magnitude of syn-to
post-Late Neoproterozoic cooling and surface uplift, and erosion (ex-
humation), the timing and rate of subsidence, exhumation, and erosion
during the formation of the Parana Basin, the thermal influence of the
Parana-Etendeka flood basalts, and the extent and tectonic influence of
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Cenozoic onshore graben systems such as the Taubaté Basin.

To answer these outstanding questions, the research uses published
geochronological data of Neoproterozoic basement samples, such as U-
Pb, Sm-Nd and Rb-Sr analyses, and low temperature thermochronology
(LTT) data revealed by the K/Ar, “°Ar/3°Ar analyses. To this existing
data set, this study presents new information on the time (t)- tem-
perature (T)-evolution of rocks in low temperature ranges derived from
dating techniques, such as fission-track (FT) and (U-Th-Sm)/He (He)
dating on apatite and zircon. We use the numerical modelling software
code HeFty (Ketcham et al., 2007a, b) to obtain thermal history in-
formation from the LTT data. We use current fission track annealing
models and helium diffusion kinetics combined with geological con-
straints from previous work to determine the t-T-evolution of crustal
segments. By assuming a geothermal gradient and surface temperatures
over time, we are able to calculate rates of exhumation, erosion, and
subsidence.

2. Geological setting
2.1. Precambrian basement

The formation of the Neoproterozoic basement in south-eastern
Brazil (Fig. 2) was part of a succession of several thermo-tectonic events
during the consolidation of the Gondwana supercontinent in the Late
Neoproterozoic-Early Palaeozoic (ca. 650-490 Ma). This series of colli-
sional processes is referred to as the Pan African/Brasiliano orogeny
(Pimentel et al., 1999; Hackspacher and Godoy, 1999; Cordani et al.,
2000; Alkmim et al., 2001; Schmitt et al., 2004). During the Late
Neoproterozoic, the Paranapanema Craton and the Goias Massif were
transported towards the East, and amalgamated with the W-SW margin
of the SFC Craton (0.64-0.61 Ga) (Pimentel et al., 1999; Almeida et al.,
2000; Alkmim et al., 2001; Valeriano et al., 2008; Heilbron et al.,
2008). This early phase of collision, involved subduction of oceanic
lithosphere, smaller terranes and magmatic arcs, followed by folding
and thrusting along former continental margins, and led to the forma-
tion of the Brasilia Belt. The complex orogenic domain is dominated by
high-grade metamorphic rocks that reached their metamorphic peak in
the southern part around 0.65-0.63 Ga, and magmatic intrusions
(Pimentel et al., 2000; Valeriano et al., 2008).

Ongoing subduction and progressive rotation of the continental
blocks (0.6-0.5Ga, Valeriano et al., 2008) involving several micro-
plates, drove convergence of the Sdo Francisco, Congo, and Angola
cratons and formed two compressional, metamorphic, and magmatic
fold belts (Campos Neto, 2000; Heilbron et al., 2000, 2017;

Detailed view -

[ Cratons
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Hackspacher et al., 2000; Alkmim et al., 2001). In the North, the Ara-
cuai Belt merges into the Central and Southern Ribeira Belt in the
South. Both complex orogenic belts stretch along the S-SE margin of the
Sao Francisco Craton, show the same structural trend, and indicate a
common Neoproterozoic collisional history (Heilbron et al., 2000). The
Ribeira Belt has its metamorphic climax between 600 and 560 Ma
(Machado et al., 1996; Brueckner et al., 2000). It roughly coincidences
with the Araguai Belt (peak metamorphism: ~580-560 Ma, Soares
et al.,, 2008, 2011; Alkmim et al., 2017), and thus, belongs to the
younger orogens of the Pan African/Brasiliano orogeny (Heilbron et al.,
2000).

The NE-trending Ribeira Belt (Fig. 2) is the largest geo-tectonic unit
of the West Gondwana Assembly, extending over 1400 km along the
SAPCM of Brazil (Brito Neves et al., 1999; Heilbron et al., 2000; Silva
et al., 2005). Its geology is characterized by Palaeo-to Neoproterozoic,
high amphibolite to granulite-facies metasedimentary, and magmatic
rocks. They represent a long term generation of different marine-to
continental arc complexes (860-620 Ma), that continuously collided
with several microcontinents against the passive margin of the Sao
Francisco Craton (620-510 Ma) (Machado et al., 1996; Schmitt et al.,
2004; Trouw et al., 2013; Valeriano et al., 2016). The Southern Ribeira
Belt mainly contains Palaeo-to Neoproterozoic, metavolcano-sedimen-
tary, and metasedimentary rocks (Faleiros et al., 2011; Valeriano et al.,
2016).

Continuous movement of the southern cratonic blocks of the
Gondwana Assembly led to further collisional events in the Late
Precambrian to Early Cambrian. The converging Rio de la Plata and
Kalahari cratons pressed into the Northern Luis Alves, Paranapanema,
and Angola cratons, creating orogenic belts along the south-western
margin of the Angola Craton (Kaoko Belt), and between the Angola and
Kalahari cratons (Damara Belt). The Dom Feliciano Belt (Fig. 2), as the
western counterpart, stretches over 1200 km along the eastern margin
of the Rio de la Plata Craton (Alkmim et al., 2001; Oyhantcabal et al.,
2007; Basei et al., 2008; Bruno et al., 2018). The orogenic belt reaches
from the state of Santa Catarina in south-eastern Brazil to southern
Uruguay. Its Brazilian geology is dominated by calk-alkaline to alkaline
granitoid rocks of the Eastern Granitoid Belt, low grade metavolcano-
sedimentary rocks (greenschist and amphibolite facies) of the supra-
crustal Schist Belt, and metamorphic sedimentary and volcanic rocks of
the Foreland Basins (Basei et al., 2008). However, these rocks are less
affected by deformation and metamorphism (Hartmann et al., 2003;
Passarelli et al., 2010; Basei et al., 2000, 2008, 2011).

The Ribeira and Dom Feliciano belts are separated by continental
fragments of the Luis Alves (LAC) microplate (Fig. 2). These granitic-

Fig. 2. Left: Location of Neoproterozoic mobile
belts and cratons in South America and Africa
(Western Gondwana) modified after Heilbron
et al. (2008). Neoproterozoic belts: 1. Brasilia
Belt; 2. Aracuai Belt and Central Ribeira Belt; 3.
Southern Ribeira Belt; 4. Dom Feliciano Belt; 5.
West Congo Belt; 6. Kaoko Belt; 7. Damara Belt.
Major Cratons: AM: Amazonia; SF: Sao Fran-
cisco; LA: Luis Alves; RP: Rio de la Plata; WA:
West Africa; CO: Congo; ANG: Angola; KA: Ka-
lahari. Right: Tectonic units of the Dom Feli-
ciano and Ribeira belts modified after Heilbron
et al. (2008). Cratonic fragments: SFC: Sao
Francisco-Congo; LAC: Luis Alves; RPC: Rio de la
Plata. Tectonic units: a: post-Cambrian sedi-
mentary rocks of the Parand Basin; Ribeira Belt:
b: Apiai Terrane; c: Curitiba Terrane; d: Oriental
Terrane; e: Occidental, Paraiba do Sul and Embu

MoEe-Mi

Neoproterozoi Atlantic Ocean
CI Cam?arian belts \ i W terranes; f: Sdo Gabriel Belt; g: Brasilia Belt; h:
1 1 ! L cratonic cover; i: Sao Francisco basement. Major
cities: RJ: Rio de Janeiro; SP: Sao Paulo; CR:
Curitiba; PA: Porto Alegre; MV: Montevideo.
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migmatitic-granulitic rocks of the allochthonous microcontinent are
located between Curitiba and Florianopolis in south-eastern Brazil and
were most likely not affected by Neoproterozoic tectono-thermal
overprint (Palaeoproterozoic K-Ar ages). However, the domains north
and south of the LAC experienced intense Neoproterozoic migmatiza-
tion and crustal melting during the Pan African/Brasiliano orogeny
(Basei et al., 1999, 2008).

The post-orogenic processes started during the Early Cambrian
(~530Ma) and most likely continued until the Early Ordovician
(~490-480 Ma) (Soares et al., 2001, 2008; Florisbal et al., 2012; Santos
et al.,, 2015). They were characterized by intense post-collisional
magmatism along old major shear zones (Florisbal et al., 2012; Bento
dos Santos et al., 2010, 2014; Bruno et al., 2018). Erosion and surface
uplift, due to the collapse and denudation of Neoproterozoic mobile
belts, generated an enormous supply of sediment material for the Pa-
laeozoic to Mesozoic development of the major basins (Basei et al.,
2010).

2.2. Tectonic structures

The study area comprises two predominant tectonic systems
(Fig. 1). On the one hand, NE-SW trending shear zones and thrust belts
crosscut the Neoproterozoic basement. Those tectonic structures are of
Precambrian age and have proven to be important lineaments for the
regional geological evolution (Basei et al., 1995, 1999, 2008, 2010,
2011; Bruno et al., 2018). While Hiruma et al. (2010) reported repeated
reactivation of the Precambrian tectonic structures further north, such
knowledge about similar structures in the south is uncertain.

On the other hand, seismic offshore data revealed large NW-SE
trending fracture zones (Fig. 1) dominating the younger geological
evolution of the study area (Santos Fracture Zone (SFZ), Peruibe Frac-
ture Zone (PFZ), Sao Jer6nimo-Curiuva Fracture Zone (SJCFZ), Rio
Alonzo Fracture Zone (FFZ) and Florianépolis Fracture Zone (FFZ))
They extend onshore, and subdivide the region in different crustal
blocks (Santos, Peruibe, Ilha Comprida, Curitiba, Florian6polis and
Laguna) (Petrobras, partly unpublished, Cobbold et al., 2001, Meisling
et al.,, 2001; Riccomini et al.,, 2005; Strugale et al., 2007, Franco-
Magalhaes et al., 2010; Karl et al., 2013). Those tectonic features are
interpreted as Paleozoic to Mesozoic transfer zones and have been
probably reactivated repeatedly (Cobbold et al., 2001; Karl et al.,
2013). However, their age and timing of movement and possible re-
activation over time is still uncertain and its influence on the evolution
of the individual blocks needs further investigation (Cobbold et al.,
2001; Meisling et al., 2001; Riccomini et al., 2005; Strugale et al., 2007;
Torsvik et al., 2009; Franco-Magalhaes et al., 2010; Karl et al., 2013;
Salomon et al., 2015).

2.3. Parand Basin subsidence

According to the published stratigraphy by Milani et al. (2007)
(Fig. 3), the Parana Basin subsidence initiated during the Ordovician
(Rio Ivai), followed by a second depositional sequence (Parana) from
Early to Late Devonian. Subsequent to a significant hiatus, sedimenta-
tion evidently continued in the Late Carboniferous/Early Permian
(Gondwana ), and progressed during the Early to Late Triassic
(Gondwana II). There is no evidence of further deposition leading to an
hiatus from Late Triassic to Late Jurassic, followed by aeolian sands of
the Botucatu Formation (Gondwana III), and the occurrence of the
Parana-Etendeka flood basalts (Gondwana III, Serra Geral Formation).
These continental flood basalts (~1700m), and acid volcanic rocks
overlay discordantly the sedimentary sequence in the southern and
western part of the Parana Basin. The Parana-Etendeka flood basalts are
dated at 133.0 = 1.0Ma (*°Ar/*°Ar) (Renne et al., 1992, 1996), and
correlate with the syn-rift stage of the South Atlantic rift evolution
(Torsvik et al., 2006) (Tab. S1, see supplementary data). Within the
Ponta Grossa Arch (PGA), two large NW-SE trending Early Cretaceous
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magmatic dyke swarms crosscut the metamorphic basement and extend
into the Parana Basin sequence (Franco-Magalhaes et al., 2010;
Florisbal et al., 2014). Chemical and isotopic composition of these
dykes correlate with those of the flood basalts, implying that the dyke
swarms could have acted as feeder channels for the volcanic rocks. Ages
of lenticular alkaline to carbonatitic magmatic bodies occurring within
the Jurassic siliciclastic rocks, range between 138.4 = 1.3 and
127.6 + 1.2Ma (*°Ar/3°Ar) (Amaral et al., 1967; Gomes et al., 1987;
Sonoki and Garda, 1988; Renne et al., 1996). Riccomini et al. (2005)
published slightly younger ages of 101-105 Ma (K-Ar).

2.4. Post-break up evolution

Based on onshore and offshore data, the post-rift evolution of the
SAPCM in south-eastern Brazil is not continuous but described as se-
parate events which took place during the Late Cretaceous, the
Paleogene, and the Neogene to Quaternary (Tab. S1, Fig S1). Thermo-
chronological ages around 90 Ma indicate the exhumation and tectonic
denudation of high-elevated areas ocurred during the Late Cretaceous
as a response to the drifting of the South American Platform over a
thermal anomaly (Trindade hotspot) (Gallagher et al., 1994, 1995;
Tello et al.,, 2003; Hackspacher et al., 2004, 2007; Engelmann de
Oliveira et al., 2016). This rock and surface uplift, and exhumation
were accompanied by intense alkaline magmatism (90-80 Ma).

During the Early Palaeogene, tectonic activation of onshore graben
systems along the coast most likely caused the onset of subsidence
within onshore basins such as Resende, Taubaté, Sao Paulo,
Pariqueragu and Curitiba (from NE to SW) (Salamuni et al., 2003;
Hiruma et al.,, 2010). Additionally, Cobbold et al. (2001) discuss a
significant decrease of sediment supply for the central Santos Basin in
Early Eocene indicating a change in transport direction of sediment.

In the Taubaté Basin (Fig. S1), Palaeocene to Eocene sediments
overlie unconformably crystalline Neoproterozoic rocks (Cogné et al.,
2011, 2012, 2013) leading to the assumption that the basement had
reached the surface before the activation of onshore graben systems in
the Early Cenozoic. Palaeocene to Eocene thermochronological ages
indicating reactivation of the SAPCM in south-eastern Brazil are related
to block faulting and exhumation. These are associated to the formation
of the NE-SW continental rift basins and consequent exhumation of the
flanks along both sides of the Palaeogene rifts (Franco-Magalhaes et al.,
2010). Contemporaneously, the SE border of the Parand Basin was
uplifted to the surface, tilted, and eroded (Zalén et al., 1990).

Inversion of the graben system took place during the Neogene
(Riccomini, 1989; Riccomini et al., 2004), and was caused by right-
lateral transpression (Cobbold et al., 2001). Post-Miocene, the proto-
Serra do Mar experienced block faulting and exhumation, while trans-
pression inverted the continental rift basins (Almeida and Carneiro,
1998; Salamuni et al., 2003; Franco-Magalhaes et al., 2010), leading to
a surface uplift of the Serra do Mar (Fig. S2) (Almeida et al., 1998;
Hiruma et al., 2010). The onshore supply of sediments for the offshore
basins during the Oligocene and Miocene occurred from the SW of the
study area towards the Santos Basin (unpublished data by Petrobras;
Cobbold et al., 2001).

During the Miocene, the transport direction changed and sediments
were supplied from the NE as well. Recent thermochronological data
support this change in the direction of the sediment supply (Franco-
Magalhaes et al., 2010). Furthermore, thermochronological data in-
dicate movement along NW-SE trending fault zones (e.g. Sdo Jerdénimo-
Curitva and Rio Alonzo Fault Zones) leading to a distinct exhumation
in the NE of the PGA (Franco-Magalhaes et al., 2010; Karl et al., 2013).
Early Cretaceous flood basalts and Late Cretaceous sedimentary rocks
are tilted with a dip to the NW.
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3. Methods
3.1. Thermochronology

Thermochronology is based on the accumulation and thermally
controlled retention of isotopic daughter products and linear crystal
defects produced during the radioactive decay of parent. Due to the
temperature sensitivity of the thermochronometers, ages provide in-
formation about the cooling history of the rock, rather than mineral
crystallization ages (although in some cases they do record crystal-
lization ages as well).

For this research, apatite and zircon fission-track (AFT and ZFT,
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respectively), and apatite and zircon (U-Th-Sm)/He dating (AHe and
ZHe, respectively) were performed on Neoproterozoic metamorphic
rocks along the coast between Sao Paulo in the north and Laguna in the
south (BR10-XX, Fig. 1). Samples preparation and analyses followed the
same protocol as, e.g. Karl et al. (2013). Whenever possible all four
thermochronometry dating techniques were applied to the samples,
allowing a more robust evaluation of the spatial and temporal cooling
of the sampled rocks. Twenty-seven samples contained apatite and/or
zircon grains in quantities, to allow AFT/ZFT, and AHe/ZHe dating
(Fig. S5.1-S5.4; Tables 3.1-3.6). For the results and interpretation, we
applied the critical use of AHe and ZHe data. In this context, we chose
the crystal size and form as the selection criterion for zircon and apatite
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grains for the (U-Th-Sm)/He system as it is used in such data (Brown
et al., 2013; Beucher et al., 2013; Green and Duddy, 2018), as well as
their homogeneity in grain size and chemical content (U, Th, Sm, low
radiation damage (eU)). Therefore, we only present clear grains for
apatite and clear, light coloured grains for zircon, respectively when the
requirement for a full morphology was fulfilled.

Mineral dating technique corresponds to a specific closure tem-
perature (T(c)) and total annealing temperature (T (an)). When tem-
peratures exceed T(c) and T (an) over certain time, the chronometer is
reset. Partial annealing or rather retention occurs when temperatures or
required time did not fulfil the conditions for a total annealing/reten-
tion. For further interpretations the following temperatures were used
for T(c), and partial annealing (PAZ), or rather partial retention (PRZ)
zones, respectively for apatites and zircons, performed during this re-
search:

- AFT (PAZ): between 110 °C/10 Myr and 60 °C/10 Myr (Gleadow and
Duddy, 1981).

- AHe: T(c): ~75°C/1 Myr (Dodson, 1973) and PRZ: between 70 °C/1
Myr and 40 °C/1 Myr (Wolf et al., 1996, 1998; Farley, 1996, 2000;
Stockli et al., 2000).

- ZFT (PAZ): between 330 °C/10 Myr and 190 °C/10 Myr (Garver and
Kamp, 2002; Garver, 2003; Hurford, 1986; Rahn et al., 2004;
Reiners and Brandon, 2006).

- ZHe: T(c): ~180°C/1 Myr and PRZ: between 200°C/1 Myr and
170°C/1 Myr (Reiners et al., 2002, 2004)

3.2. Thermal modelling: time-temperature (t-T) paths and geological model

Thermal modelling of thermochronological data allows us to re-
construct the cooling history for several crustal segments. HeFTy"
(v.1.9.3.) (Ketcham, 2005; Ketcham et al., 2007a, b; 2009) was used to
test time-temperature (t-T) paths against the thermochronological data
set. The software code runs paths through t-T-constraints to find pos-
sible solutions for a t-T-history considering the input data. When pos-
sible, all available thermochronometers were combined and jointly
modelled (supplementary data, table S5). For the first time, HeFty
Version 1.9.3 permits to combine several zircon and apatite grains from
the (U-Th-Sm)/He system.

The thermochronological data sets used for the numerical modelling
are:

- AFT: single grain ages, confined spontaneous fission-track length
distribution (> 50 individual length) corrected for c-axis related
angle (Donelick et al., 1999; Ketcham, 2017, 5.5M, 2009), etch pit
size (Dparm), annealing kinetics of Ketcham et al. (2007a,b)

- AHe: U-, Th-, and Sm concentration, radius of the single grains,
uncorrected single grain ages, diffusion kinetics of Flowers et al.
(2007, 2009).

- ZFT: only the central age, implemented as external t-T-constraints
when necessary to improve thermal modelling

- ZHe: U-, Th-, and Sm concentration, radius of the single grains,
uncorrected single grain ages, diffusion kinetics of Guenthner et al.
(2013).

To define a possible t-T-evolution we tested our thermo-
chronological data against a geological evolution model and an inverse,
numerical model was performed. The geological evolution model is
determined by t-T-constraints and based on published knowledge of the
geological history (Milani et al., 2007). Therefore, Specific t-T-con-
straints (Tab. S2, with a range corresponding to their uncertainty) were
set corresponding to assumed geological events. For all geological t-T-
constraints we applied the same coordinates to guarantee a better
comparability of the t-T-histories for the modelled samples in their
respective blocks (Tab. S2). However, fixed t-T-coordinates may vary
slightly from each other in exceptional cases, e.g. t-T-histories of the
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samples during the last exhumation in Late Cenozoic.

Palaeo-geothermal gradients published by Hamza et al. (2005) were
used for the interpretation of the t-T-models and the calculation of
exhumation, and subsidence rates, respectively. We decided to work
with a homogenous and arithmetical mean palaeo-geothermal gradient
of 30 °C/km for the entire modelled time. The palaeo-geographical re-
construction of the research area was taken from Scotese et al. (1992,
1999) (Fig. S3, S4) and leads to palaeo-surface temperatures of an
average of 10 °C for Precambrian to Palaeozoic time, and an mean of
25 °C since Mesozoic time.

Interpolation maps showing the thermal structure of Neoproterozoic
basement surface of the study area were generated using the Golden
Software Surfer’. Palaeotemperatures at specific time steps were taken
directly from the “weighted-mean” paths of the modelled t-T-evolution.

3.3. Exhumation and subsidence rates

The change in temperature (AT) over time (At) was used to de-
termine the cooling or heating rate (AT/At) using the “weighted-mean”
paths of the modelled t-T-models. The cooling and heating rates were
divided by a fixed geothermal gradient (30°/km) to obtain an ex-
humation and subsidence rate, respectively. All rates are expressed as
positive rates, and relate to exhumation or subsidence according to the
decrease and increase of temperature over time.

4. Results

All ages obtained (Fig. 4, Tab. S3) are younger than their strati-
graphic age. Also, the ages from each thermochronometer conform to
an expected relationship given their decreasing closure temperature
(i.e. ZFT > ZHe > AFT > AHe age). The elevations of the samples
range from almost sea level up to around 1000 m a.s.l. These results
were combined with published LTT data from Karl et al. (2013)
(nineteen samples, BR09-XX, 11 from basement, 8 sedimentary rocks,
Fig. S5.1-S5.4; Tables 3.1-3.6).

4.1. Zircon fission-track data

Zircon fission-track analyses was performed on 22 samples (Fig.
S5.1; Fig. §6.1, S6.2; Tab. S4.2). The results can be divided into three
distinctive regions, beginning with relatively homogenous ages in the
northern blocks (Santos, Peruibe, Ilha Comprida, and Curitiba). In these
blocks, ages range between 387.8 + 57.0Ma and 255.1 *+ 33) Ma.
Only two ages (188.8 + 27.6 Ma for BR10-05 and 145.5 + 16.8 Ma
for BR10-02) do not lie in the general age range. Further to the south,
samples from the Florianopolis Block yielded older ages that range from
539.9 = 68.4Ma to 314.1 = 39.8 Ma. Those ages show an increasing
trend from the far north to the middle block. The Laguna Block in the
south differs in age from the other blocks, showing relatively young
ages between 230.8 = 32.1 Ma and 108.4 = 15.0 Ma. All single grain
age distributions fulfilled the requirement of the x>test with va-
lues > 5% indicating a homogenous distribution with respect to 1o-
error of the single grain ages (Galbraith, 1981).

4.2. Zircon (U-Th-Sm)/He data

Twenty-five samples could be dated using ZHe analyses. 16 of these
samples have also been dated using ZFT (Fig. S5.2, Tab. S4.3). Their age
distribution is consistent with the ZFT age distribution. ZHe ages range
between 414.2 + 33.1Ma and 207.3 = 16.6Ma in the northern
blocks (Santos, Peruibe, Ilha Comprida and Curitiba) with the exception
of BR10-05, which was collected at the coast and yielded an age of
119.9 = 9.6 Ma. This younger age correlates with a significantly
younger ZFT age at this location. Further inland, a ZHe age of
129.7 = 10.4Ma for BR09-01 is also anomalously younger than the
surrounding ZHe ages. The Florianopolis Block reveals an age spectra



CHAPTER 2 RESULTS

F.C. Krob, et al. Journal of South American Earth Sciences 92 (2019) 77-94

Time Scale Cam. Ord. SiluR Devon. [Carben. Permian Triassic JuUrassic

:nn:m - -

200

Northern Blocks
Santos Block BR10-01* 4 (2 S ¥
BR10-02 —e— e
BR10-03 —e— e
BR10-04* e e
BR10-05* —e— ek
¢ BR10-07* Hoo—— ]
BR10-08* —e— e
{ BR10-09* -] ek
BR10-10* e 'y
A BR10-11* ot Y.
f BRO9-01* [
BR09-02 ey

Peruibe Block

llha Comprida
Block

Curitiba B[DCk' BR10-12* ] ks
BR10-15* [ e
BR10-17A —ton4+

\ BR10-18 i aiei

Florianopolis Block

BR09-27 e
BR09-28
BR10-16A He]
BR10-20* ] |totie e Fe
BR10-21* ———— - e e
BR10-22* S e e | !
BR10-23* — e
BR10-24* . —o—| L 2" " ¥
BR10-25* f————1¢++H e re
BR10-26* o b
BR10-27* S ee| ° By
BR10-29* e

Laguna Block

[ ]
¥

BRO9-45* F—e—taq |k
BR09-46* ywre
BROO-47* i 1o

BRO9-50* —————— ]
BR0O9-51* e
BR09-52* e
BR09-53* e
BR10-32* |l |

600 500 400 300 200 100 0
Time [Ma]

Legend
| OZFT il AET BR10-01 Basement , Formation

Sample age

Sedimentary

rock sample Modelled

-e— ZHe 4 AHe

Fig. 4. All thermochronological data of this study plotted against time [Ma]. Orange bars signify age of depostion for sedimentary rock samples.

83 49



CHAPTER 2

F.C. Krob, et al.

varying from 459.9 + 36.8 Ma to 270.0 + 21.6 Ma except BR10-20
with  three grain ages between 203.3 + 16.3Ma and
182.5 = 14.6 Ma. In the south, as observed in the ZFT data, the Laguna
Block shows distinctively younger ages with a tight range from
124.9 = 0.6 Ma to 98.5 * 7.9 Ma.

4.3. Apatite fission-track data

For thirty-nine samples, at least 18 grains could be dated with AFT
analysis except for BR10-07 (12 grains), BR09-17 and BR09-35 (5
grains each) (Fig. S5.3; Fig. S6.3-56.6; Tab. S4.4, S4.5). All ages are
significantly younger than the zircon ages (ZFT and ZHe). All single
grain age distributions passed the > test with values between 58 and
100% indicating a heterogeneous distribution with respect to 1o-error
of the single grain ages (Galbraith, 1981). Only the Palaeocene sedi-
ment sample (BR09-05b, XZ: 5.2%) and a Jurassic sandstone (BR09-42,
%% 1.0%) failed >-test with lower values probably representing two
different populations.

The Florianopolis Block represents the oldest ages between
125.8 = 8.9Ma and 85.2 = 5.3Ma. A trend of younger ages is ob-
served to the north where AFT ages range from 102.9 = 9.8 Ma to
63.0 = 6.1 Ma. There is only one sample in the Santos Block that re-
veals a significant older age of 130.7 = 8.8 Ma. Figure S5.3 shows AFT
ages published by Franco-Magalhaes et al. (2010) which generally show
younger ages between 70 and 40 Ma, and some very young ages below
10 Ma.

The Laguna Block shows anomalously younger ages between
78.0 = 5.8 Ma and 59.5 * 5.2 Ma along the coast. Also, the AFT ages
form a trend of old ages in the north and younger ages in the south that
is consistent the trend in ZFT and ZHe data. There is one Jurassic
sandstone sample that fits that range with 79.7 + 10.9 Ma further in-
land. Further to the west, a Cretaceous basalt sample (Parana volcanic
suite) revealed a younger AFT-age of 47.7 = 11.0 Ma.

Apatite fission-track length and etch pit size (Dparw) data 36 was
acquired for samples. In average, 5.8 Dpar@’/grain, and 123.2 Dparﬁ/
sample, respectively were counted meaning a total of 4682 etch pit
sizes for all apatite grains (Tab S4.5). The mean Dpa,® value for each
sample ranges between 1.0 and 2.1 pm with an average Dpar® value of
1.4 um. This wide range indicates a relatively inhomogeneous compo-
sition concerning the fluorine and chlorine content of apatite. We
measured 40.6 track lengths per sample, meaning 1504 track lengths of
confined fission-tracks for all samples. Sixteen samples obtained be-
tween 52 and 101 measured confined fission-track lengths (75 confined
track lengths/grain) that could be used for numerical modelling of the
thermal history. Mean track lengths vary between 9.3 pm and 15.8 pm.
The correction of the confined track lengths for their crystallographic
orientation led to a slightly different distribution between 9.8 and
16.3 pm.

4.4. Apatite (U-Th-Sm)/He data

Twenty apatite grains were analysed with (U-Th-Sm)/He dating
(Fig. S5.4; Tab. S4.6). The a-ejection corrected single grain AHe ages
mostly range between 107.3 = 8.6 Ma and 59.5 + 2.0 Ma showing no
obvious trends in age for the individual blocks. Also, no correlation
between grain size and single grain age could be observed. Younger
ages between 58.9 = 3.5Ma and 43.0 = 2.8 Ma were also obtained,
often along faults.

4.5. Thermal history modelling

Using HeFty®, thermal histories for 27 basement samples were
modelled. By combining multiple thermochronometers when possible
and imposing known geological constraints we find t-T-paths consistent
with both the thermochronological data (Tab. S3) and geological his-
tory (Tab. S1; S2). For 16 samples, the high number of measured fission
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tracks in apatite (> 52) allow robust constraints on the t-T path
through 60-110 °C, with ZHe and AHe providing thermal information
over hotter and colder temperatures, respectively. Even when the
number of track lengths is low, combining AFT with ZHe and AHe still
provides a detailed dataset to model. For the first time, HeFty~ v. 1.9.3
allowed to model successfully multiple combined grains for zircon and
apatite, for those samples where grains ages are equal within error.
Despite the lack of measured confined fission-track lengths, eleven
samples could be modelled combining ZHe and AHe data (Tab. S5).
Combining ZHe data, which constrains temperatures between 170 and
200 °C (Reiners et al., 2002, 2004) with AHe data covering tempera-
tures between 40 °C and 70 °C (Wolf et al., 1996, 1998; Farley, 1996,
2000; 2002; Stockli et al., 2000) still guarantees a solid dataset behind
the t-T-models. To improve thermal modelling, ZFT ages were im-
plemented as external t-T-constraints for eleven samples.

All models show the t-T-evolution since Late Neoproterozoic time
over temperatures below 300 °C (Fig. S7.1-7.8). The geological model
derived from Milani et al. (2007) assumes an exhumation to the surface
of Neoproterozoic basement rocks after the Pan African/Brasiliano or-
ogeny, followed by the onset of sedimentation and therefore ongoing
formation and subsidence of the Parand Basin mainly during the De-
vonian. Though, for some localities sedimentation started earlier during
the Ordovician or later during the Permian. To test how the samples
were influenced thermally in time by the overlying sediment column of
the Parand Basin depositional sequences, t-T-models have been per-
mitted to run mainly unconstrained covering wide temperature inter-
vals. The constraint boundaries for those temperature intervals have
been assumed for either none sediments deposited, or calculated max-
imum thicknesses of deposited sediments during depositional sequences
(Tab. S6). From Late Mesozoic, the t-T-evolution is dominated by the
syn- and post-rift evolution of the SAPCM including possible exhuma-
tion to the surface during the Early Cenozoic. A possible thermal in-
fluence triggered by the Palaeogene evolution of the onshore graben
systems parallel to the recent coast was tested subsequently against the
data set before the final exhumation to the surface occurred.

For all samples (Fig. S7.1-7.8), 50 000 t-T-paths have been tested
against the data set. In general, thermal modelling yielded for a high
goodness of fit (G.O.F.). However, to provide comparability of the
modelled samples we accepted lower values of the G.O.F. without
omitting thermochronometers or t-T-constraints to gain better values.
Therefore, t-T-models passed our requirements when good fits were
found. Altogether, t-T-models reveal between 8 and 6952 good, and
between 87 and 12345 acceptable t-T-paths, while the majority shows
results > 120 good and > 350 acceptable t-T-paths. The AFT age and
confined fission-track length distribution for 14 samples reproduced
with an excellent goodness of fit (G.O.F.) > 81%, and for 11 samples a
GOF > 85%. Only two samples revealed a G.O.F. of 19 and 79% for the
AFT age, and five samples between 22 and 79% for the confined fission-
track length distribution. For the ZHe data, the obtained t-T-models of
19 samples indicate a G.O.F. > 75% whereas three samples provide
31-55%. While eight modelled samples show a G.O.F. > 82% for the
AHe data, six samples could be reproduced between 19 and 59%. One
possibility to explain lower values of the G.O.F. can be traced back to
the difficulty of finding t-T-models capable of satisfying the complex
data of different thermochronometers from multiple grains. The more
thermochronological data combined in HeFty” resulted in thermal his-
tories with a poorer G.O.F. to the individual thermochronometers.

5. Interpretation and discussion

For discussion and interpretation of the t-T-evolution of the
Neoproterozoic basement, published geochronological data (Tab. S7)
were directly incorporated into the modelled t-T-histories (Fig. 5) to
cover the entire syn-to post-Late Neoproterozoic evolution of the SE
coastal region of Brazil along the SAPCM (stages 1-3). Thermal mod-
elling histories were used to make estimates on exhumation and
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subsidence rates.

5.1. Stage 1: Late Neoproterozoic to Upper Palaeozoic — syn-to post-
orogenic cooling, erosion and uplift (exhumation)

The Neoproterozoic basement in south-eastern Brazil was formed
during the Pan African/Brasiliano orogeny (Machado et al., 1996;
Topfner, 1996; Hackspacher and Godoy, 1999; Cordani et al., 2000;
Alkmim et al., 2001). Therefore, the Late Neoproterozoic to Upper
Palaeozoic is characterized by post-orogenic cooling of the rocks and
exhumation. Published geochronological data combined with thermo-
chronological data of this study indicate a very complex and distinct
geological evolution of the different crustal blocks along the south-
eastern coast of Brazil (Fig. 5; 6, A-E).

Previously published geochronological data (Tab. S7) from the
Ponta Grossa Arch (PGA, inland Curitiba Block) implies initial cooling
(from 700 to 800 °C) of the Neoproterozoic basement during the Late
Neoproterozoic (~650-580 Ma; U-Pb, Sm-Nd, Rb-Sr) (Siga et al., 1995,
2003; 2007, 2009; Prazeres Filho et al., 2003, 2005; Faleiros, 2008;
Tassinari et al., 2008; Salazar et al., 2008). The possible cooling path of
the metamorphic rocks in this area continues through the latest Edia-
caran to Early Palaeozoic (550-500 Ma; Ar-Ar, K-Ar) (Siga et al., 1995;
Campagnoli, 1996; Machado et al., 2007; Faleiros, 2008; Kaulfuss,
2011). Due to the lack of further data and the first occurrence of se-
dimentary rocks close to the samples (Fig. 1; 3, Rio Ivai, Milani et al.,
2007) the exhumation of the basement in the PGA can be assumed until
the end of the Ordovician.

The exhumation history of the northern Santos Block (Fig. 5; 6, A-E;
Tab. S7) correlates with the exhumation history of the PGA showing a
relatively fast exhumation to the surface until the end of the Devonian.
Initial cooling of the metamorphic basement took place between ~650
and ~570Ma (U-Pb) north and south of the City of Sao Paulo
(Hackspacher et al., 2000; Dias Neto, 2001; Tassinari, 2008; Passarelli
et al., 2008; Alves et al., 2013). Sm-Nd, Rb-Sr, and K-Ar-ages (Dias
Neto, 2001; Hackspacher et al., 2001) between ~560 and ~ 460 Ma
indicate an initial period of slower cooling. This is followed by fast
exhumation during the Early Palaeozoic. The occurrence of Parani
sediments (Milani et al., 2007) constrains the exhumation of the Neo-
proterozoic basement during the Devonian (Fig. 3).

Further south, post-orogenic cooling of the central blocks of
Peruibe, Ilha Comprida, Curitiba (coastal), and Florianopolis differs
clearly from the northern area and the PGA (Fig. 5; 6, A-E; Tab. S7). The
post-orogenic cooling and exhumation of Neoproterozoic rocks indicate
to be threefold.

(1) Geochronological data (Tab. S7) showing ages between ~650 and
530 Ma (U-Pb, Sm-Nd, Rb-Sr) imply that initial rock uplift and rapid
cooling took place during the Late Neoproterozoic. Ar-Ar ages be-
tween ~600 and ~570 Ma (Machado et al., 2007; Kaulfuss, 2011)
support the described cooling (Fig. 5).

Younger K-Ar ages covering lower temperatures of 300-400 °C
range between ~550 and ~490Ma for the Peruibe Block
(Passarelli et al., 2001, 2008), and around 575, and between ~ 505
and ~490Ma in the Ilha Comprida Block (Passarelli et al., 2001,
2006) indicating a decrease in cooling rate and rock uplift velocity
(Fig. 5). In the Curitiba Block (coastal) K-Ar ages range between
~620-600, and ~550-500 Ma (Siga et al., 1995; Campagnoli,
1996; Kaulfuss, 2011). This data is supported by Ar-Ar ages around
615Ma and between ~590 and ~550Ma (Siga Jr. et al., 1995;
Faleiros, 2008; Kaulfuss, 2011). K-Ar ages between ~585 and
540 Ma (Passarelli et al., 2010) continue the cooling path for the
Florianopolis Block. In this Early Cambrian to Devonian period,
rocks remained at middle to upper crustal levels at temperatures of
about 200-300 °C (Fig. 5; 6, D, E). Florisbal et al. (2012) and Bento
dos Santos et al. (2010, 2014) also described a relatively long
period (> 80Ma) with higher temperature conditions, and slow

(2)

52

86

INTERPRETATION AND DISCUSSION

Journal of South American Earth Sciences 92 (2019) 77-94

cooling within the middle and lower crust due to intense post-col-
lisional magmatism along the major shear zones.

New ZFT and ZHe ages of this study (Fig. 8A and B) are consistent
with the t-T-evolution of the Neoproterozoic basement rocks and sup-
port the assumption of a stable period as thermochronological data do
not allow an earlier and faster rock uplift to the surface. In the Peruibe,
Ilha Comprida, and Curibita Block, ZFT and ZHe ages range between
~440 and ~220 Ma, and ~450 and ~260 Ma, respectively (Fig. 4; 8;
Tab. S3). ZFT ages imply a stable and old Florianopolis Block in the
centre of the study area with ages between ~500 and ~ 300 Ma.
Valeriano et al. (2016) describe post-collisional magmatism possibly
caused by break-off of the subducted lithospheric slab following the Pan
African/Brasiliano orogeny during the Early Palaeozoic, leading to in-
trusions of post-collisional granites into the Precambrian basement
within the Ribeira Belt in the North (City of Santos up to the state of
Espirito Santo). Hence, ZFT and ZHe ages between ~ 500 and ~ 300 Ma
may also represent cooling ages of post-collisional activities.

The interpolation maps of the age distribution of the Neoproterozoic
basement (Fig. 8A and B) clearly indicate how the Florianopolis Block is
bordered by the Florianopolis fracture zone (FFZ) and Rio Alonzo
fracture zone (RAFZ). Siga Jr. et al. (1995) also refer to K-Ar horn-
blende and biotite ages of 2.1-1.7 Ga within the Luis Alves Terrane as
an indication for stable crustal segments during the Pan African/Bra-
siliano orogeny within the Florianopolis Block. This evolution can also
be seen in the ZHe data that range between ~400 and ~ 300 Ma.

(3) Sedimentary rocks of the Upper Palaeozoic close to the sampled
rocks of this study infer a rapid exhumation moving the
Neoproterozoic rocks to the surface during the Late Devonian
(Peruibe, Ilha Comprida, Curitiba) and the Carboniferous/Early
Permian (Florianopolis).

In the far South, there only exist few geochronological data for the
Laguna Block (Fig. 5; 6, A-E, Tab. S7). Initial post-orogenic cooling is
stored in U-Pb data (zircon) ranging between ~640 Ma and ~ 580 Ma
(Silva et al., 1997 and unpublished; Hartmann et al., 2003; Jelinek
et al., 2005). Due to Permo-Carboniferous sedimentary rocks close to
the samples, exhumation to the surface can be assumed from Late
Carboniferous to the Early Permian. However, the t-T-evolution of the
Laguna Block from the Late Neoproterozoic to the Upper Palaeozoic
remains uncertain. We suggest the Paleozoic tectonic exhumation of the
mobile belts and deposition of the lower sequences of the Parand Basin
to cause the major contrast in the t-T-evolution of the different blocks.

5.1.1. Exhumation rates during the Late Neoproterozoic to Upper
Palaeozoic

Results of our thermal modelling of the combined geo- and ther-
mochronological data can be used to determine exhumation rates for
the distinct t-T-evolution of the individual blocks.

The PGA area (Curitiba Block) and the Santos Block, in the north,
show an initial exhumation rate of ~0.25 mm/a (640-580 Ma), and
~0.03 mm/a (640-510 Ma) respectively (Fig. 7; Tab. S8). This rela-
tively fast exhumation continued with rates of ~0.07 mm/a (580-
430 Ma) for the PGA and ~1.23 mm/a (510-500 Ma), and ~0.07 mm/
a (500-380 Ma) for the Santos Block (Fig. 7; Tab. S8).

(1) During the initial cooling and rock uplift of the middle blocks, ex-
humation rates are similar at ~0.27 mm/a (600-550 Ma, Peruibe),
0.23 mm/a (620-560 Ma, Ilha Comprida), 0.33 mm/a (600-560 Ma,
Curitiba (coastal)), and 0.37 mm/a (600-560 Ma, Florianopolis)
(Fig. 7; Tab. S8).

(2) During the relatively long and stable period from the Early
Cambrian to the Devonian where rocks remained at upper crust
levels, exhumation rates slow down to ~0.02 mm/a (550-400 Ma,
Peruibe), ~0.01 mm/a (560-430 Ma, Ilha Comprida), ~0.02 mm/a
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(560-370 Ma, Curitiba (coastal)), and ~0.01 mm/a (560-430,
Florianopolis) (Fig. 7; Tab. S8). These rates are consistent with
observations made by Florisbal et al. (2012) and Bento dos Santos
et al. (2010, 2014) who describe low cooling rates (~1°C/Ma)
within the middle and lower crust due to intense post-collisional
magmatism along the major shear zones.

(3) The final Palaeozoic uplift to the surface reveals exhumation rates
of ~0.22 mm/a (400-360 Ma, Peruibe), ~0.09 mm/a (430-330 Ma,
Ilha Comprida), ~0.11 mm/a (370-300 Ma, Curitiba (coastal)), and
~0.05 mm/a (460-310 Ma, Florianopolis) (Fig. 7; Tab. S8).

The southern Laguna Block shows Late Neoproterozoic to Upper
Palaeozoic exhumation rates of ~0.13 mm/a (620-530 Ma) and ~0.07
mm/a (530-330 Ma) (Fig. 7; Tab. S8).

5.1.2. Age and timing of movement along tectonic structures

The age and timing of movement along the predominant tectonic
systems of the SE Brazilian coastal region is part of a major debate in
Brazil (Basei et al., 1995, 1999; 2008, 2010; 2011; Cobbold et al., 2001;
Meisling et al., 2001; Torsvik et al., 2009; Franco-Magalhaes et al.,
2010; Hiruma et al., 2010; Karl et al., 2013; Bruno et al., 2018).
However, our thermochronological data and its t-T-evolution models do
not permit us to make any suggestion concerning the formation age and
possible reactivation of the Precambrian NE-SW trending shear zones
and thrust belts. The interpolation maps of the thermal basement
structure also indicate light N-S trends for the Late Neoproterozoic to
Upper Paleozoic t-T-evolution (Fig. 6, A-D).

This N-S trends shifts during the Devonian/Carboniferous (Fig. 6E
and F), and the course of temperature isolines indicates to follow more
similar NW-SE trends of the younger Paleozoic fracture zones. There-
fore, our data support a distinct thermal evolution along the future
SAPCM and infer possible movement along fracture zones separating
the different blocks (Figs. 5 and 6). Similar large W-E trending struc-
tures exist in the Damara Belt on the African side and have been dated
back to the Precambrian (Coward and Daly, 1984; Raab et al., 2002;
Goscombe and Gray, 2008; Foster et al., 2009; Brown et al., 2014;
Goscombe et al., 2017). Still, our results do not permit any reasonable
prediction about the formation age of the NW-SE trending fracture
zones in south-eastern Brazil. However, the distinct t-T-evolution allows
the assumption that repeated reactivation and movement along the
Paleozoic fracture zones could have possibly played a role over time.
Such trends in the thermal structure of the Neoproterozoic basement
cannot be observed before the Devonian and therefore, leaves the
question about a more accurate age unanswered.

Furthermore, we suggest changes in climate and direction of erosion
induced by the upcoming Gondwana glacial period (Montafiez and
Poulsen, 2013), and later, far-field effects of the Gondwanide orogeny
(Zalan et al., 1991; Trouw and de Wit, 1999) that may have provoked
the transition of the predominant tectonic structures, and therefore, the
transition of the temperature isoline orientation.

5.2. Stage 2: Upper Palaeozoic to Early Cretaceous — Parand Basin
formation and the Parand-Etendeka plume activity, pre-to syn-break up
processes

The Upper Palaeozoic to Early Cretaceous t-T-evolution of the
Neoproterozoic basement rocks (Fig. 1; Fig. 5.2, F-J) along the SAPCM
is characterized by formation of the Parana Basin. According to Milani
et al. (2007), subsidence of the Parana Basin started during the Ordo-
vician (PGA), the Devonian (Santos, Peruibe, Ilha Comprida), or rather
the Permo-Carboniferous (Curitiba, Florianopolis, Laguna). Ongoing
sedimentation of five second order depositional sequences occurred in
the centre of the basin until syn-rift stage in Early Cretaceous. Strati-
graphic records revealed a total accumulation thickness of sedimentary
rock of ~5500-~5900m (Fig. 3; Tab. S6) overlying the Neoproter-
ozoic basement rocks until the Early Cretaceous. By using already
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described palaeo-parameters (surface temperatures: ~10/~ 25 °C (Figs.
S3; S4); geothermal gradient: 30°C/km), these columns would have
heated the basement to temperatures between ~200 and ~220°C.
Adding 1700 m (Serra Geral Formation) of Parana-Etendeka flood ba-
salts during syn-rift stage would imply > 7600 m of sediment column
(> 275°C) by the end of Gondwana III depositional sequence in the
northern blocks. In the South, accumulated sedimentary rocks starting
in the Carboniferous/Permian (Gondwana I) would have reached an
overlying thickness of > 4500m (> 170 °C) until the Botucatu For-
mation (Gondwana III) just before syn-rift stage, or rather > 6200 m
(> 230°C) of sediment column adding Parané-Etendeka flood basalts
during syn-rift stage. The assumed overlying thicknesses, and therefore
elevated temperatures would have had reset the entire ZFT and ZHe
thermochronometers and resulted in the homogeneous ages of Early to
Mid-Cretaceous. This thermal overprint cannot be found in most of the
thermochronological data (Fig. 8A-D), old zircon ages (~500 and
~300 Ma, Florianopolis Block) indicate that temperatures did not ex-
ceed ~185-160 °C/1Myr since the post-orogenic cooling of the Neo-
proterozoic basement. This evolution continues further to the North, as
the Curitiba and Ilha Comprida blocks can be interpreted as transition
zones also showing old zircon ages between ~400 and ~300Ma.
Thermal modelling (Fig. 5) also supports this, by not exceeding max-
imum temperatures of 160 °C since the exhumation during Early to Late
Palaeozoic for the northern blocks. Results show homogeneous and
lower temperature t-T-evolution histories with a few exceptions (BR10-
05, BR09-01 and BR10-20) that could have been thermally influenced
by intrusions during the syn- and post-rift stage causing partly younger
zircon ages. The Laguna Block shows a distinct thermal evolution
reaching temperatures from 160 to 220 °C (Fig. 6, J) by the end of the
syn-rift stage.

5.3. Two possible scenarios are presented

(1) Thermal modelling shows maximum temperatures between 80 and
160°C (Fig. 6H-J) that would correspond to a column of
2000-4600 m of overlaying Parand Basin sedimentary rocks until
syn-rift stage in the northern blocks. Cogné et al. (2011, 2012, and
2013) also indicate sediment thicknesses between 2000 and 5000 m
eroded during post-rift stage for the northern coastal area between
Sao Paulo and Rio de Janeiro. For the southern Laguna Block
(Fig. 6, J), maximum temperatures between 160 and 220 °C in-
dicate a column of 4600-6600 m of overlying rocks. Following the
assumption of homogeneous sedimentation in the study area, the
Laguna block could have been covered by ~2000 m of flood basalts
during syn-rift stage. This scenario does not allow any deposition of
Parana-Etendeka flood basalts north of the Laguna block.

The research area is located far from the Parana basin centre where
the stratigraphic record by Milani et al. (2007) was taken and might
be an outer part where significantly less to almost no sedimentary
rocks were deposited during second order deposition sequences in
Palaeozoic and Mesozoic time. This would imply temperatures be-
tween 80 and 160 °C in the North (Fig. 6H-J), and > 200 °C in the
Laguna Block (Fig. 6, J) were caused exclusively by the thermal
influence of the Parand-Etendeka magmatic activity.

2

However, thermochronological data and thermal modelling show
distinct thermal evolution of the study area (Fig. 6, F-J). All thermo-
chronological evidence indicates much less sediments deposited and
almost no recognized thermal overprint for ZFT and ZHe ages, neither
caused by subsidence, nor thermal influence by the Parané-Etendeka
Large Igneous Province for the northern blocks.

5.3.1. Subsidence rates during the Upper Palaeozoic to Early Cretaceous
Thermal history models suggest subsidence rates (Fig. 7; Tab. S8)

between ~0.01 (Santos) and ~0.02 mm/a (Curitiba, PGA) for the

northern blocks. In the Laguna Block, t-T-evolution paths provide
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Fig. 6. Late Neoproterozoic to recent temperature evolution. Maps show the temperature distribution of the old Neoproterozoic surface at specific time steps based
on the t-T-paths obtained from modelling our thermochronological data. Red colours signify that the Neoproterozoic basement was in depth at high temperatures.
Whereas lighter colours indicate temperatures of the Neoproterozoic surface near the surface. Isolines show temperatures. No data were available for the white area
(western African part of Gondwana (before 135 Ma). Positions and directions of fracture zones were taken from Cobbold et al. (2001), Meisling et al. (2001),
Riccomini et al. (2005), Strugale et al. (2007), Franco-Magalhaes et al. (2010), and Karl et al. (2013). Onshore extensions only show tendencies, and are not

confirmed trends.

subsidence rates of ~0.03 mm/a (330-145Ma), followed by ~0.05
mm/a (145-120 Ma).

5.4. Stage 3: Early Cretaceous to recent — post-break up processes, erosion
and surface uplift (exhumation)

The Early Cretaceous to recent t-T-evolution (Fig. 5; 6, K-O) of the
SAPCM in south-eastern Brazil is characterized by post-break up pro-
cesses, such as cooling, erosion and surface uplift (exhumation). The t-
T-history in the blocks of Florianopolis and those in the North evolved
as follows. While ZFT and ZHe data have been mostly unaffected
thermally during the syn- and post-rift tectonic evolution, AFT and AHe
data were completely reset during the formation of dike swarms and the
emplacement of the Parana-Etendeka flood basalts. Most samples cool
down from temperatures between 80 and 120°C (~2800m) to
60-80 °C (~ 1300 m) around 95 Ma (Fig. 6; K, L). The timing of cooling,
and exhumation, respectively, correlates with observations by Cogné
et al. (2011, 2012, and 2013). However, the AFT and AHe age dis-
tribution (Fig. 8; C, D) is very complex. As already observed for the
zircon ages (ZFT and ZHe), the Florianopolis Block also shows the
oldest ages for the AFT (~120-100 Ma) and AHe (~90-70 Ma) data.
Combined thermochronological data lead to the interpretation that the
old and stable Florianopolis Block exhumed earlier along FFZ and RAFZ
than the other blocks indicating the reactivation of these large fracture
zones during syn- and post-rift evolution of the SAPCM. NE-SW
trending isolines for ZFT, AFT and AHe data also correlate with NE-SW
trending fracture zones (Fig. 8). To the North, AFT ages are around
~80 Ma. This implies an event causing young reset AFT ages during the

post-rift stage. The thermal overprint can also be seen in the AHe data
as ages varying between ~90 and ~70 Ma, due to a thermal anomaly
induced by the Trinidade hot spot during the Late Cretaceous and Early
Palaeogene (Thompson et al., 1998; Ernst and Buchan, 2001; Meisling
et al., 2001, Storey et al., 2001; Tello et al., 2003; Hackspacher et al.,
2004, 2007). Further inland, published AFT data by Franco-Magalhaes
et al. (2010) show very young ages (< 70 Ma) indicating a thermal
overprint caused by post-rift reactivation of the old Precambrian shear
zones due to the evolution of continental rift basins (Franco-Magalhaes
et al., 2010). Young AHe ages from 60 to 50 Ma along the coast might
also be related to the activation of onshore structures. AFT ages in this
area are comparable with published data by Hackspacher et al. (2004)
and Engelmann de Oliveira et al. (2016) and indicate a trend of in-
creased ages to the North, which correlate with published AFT-ages by
Gallagher et al. (1994).

Cooling since the Early Cretaceous (Fig. 5; 6, K-O) implies three
phases of surface uplift and erosion during the post-rift evolution for the
blocks north of the City of Florianopolis. Stratigraphic records show
Early Cenozoic sedimentary rocks overlying the Neoproterozoic base-
ment rocks in several onshore basins along the south-eastern Brazilian
coast (Salamuni et al., 2003; Hiruma et al., 2010; Cogné et al., 2011,
2012, and 2013). This indicates that basement rocks were already ex-
humed to the surface by the end of the Cretaceous/Early Cenozoic.

The second post-rift phase began during Early Cenozoic. Tectonic
and volcanic activity within onshore graben systems such as the
Taubaté Basin led to erosion and sedimentation into onshore and off-
shore basins. The thermochronological data set was tested against such
a possible thermal influence initiated during onshore graben system
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Fig. 7. Calculated exhumation and subsidence rates, derived from combined geochronological and thermochronologial t-T-modelling of the thermal evolution of the
individual blocks of the SAPCM in south-eastern Brazil (Fig. 5). For further information see methods, chapter 3.4. Blue bars indicate exhumation (derived from
cooling rates), red bars signify subsidence (derived from heating rates). The thickness of the bars implies higher/lower rates.

89

55



CHAPTER 2

F.C. Krob, et al.

Zircon Fission-Track Age

24° 5

26°5

28°5—

52°W

50°W

Legend

[]

Sample

26°S

28°S

46°W

INTERPRETATION AND DISCUSSION

Journal of South American Earth Sciences 92 (2019) 77-94

Zircon (U-Th-Sm)/ Helium Age

0 m—r— 100 km

52°W

E Fracture Zone . 80. Agein[Ma]
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Franco-Magalhaes et al. (2010), and Karl et al. (2013). Onshore extensions only show tendencies, and are not confirmed trends.

activity (Palaeogene to Neogene) leading to regional heating, or rather
subsidence of several onshore basins along the coast. The t-T-models
allow possible heating with subsidence reaching temperatures between
20 and 45 °C meaning less than 800 m of sedimentary rocks deposited
(Fig. 5; 6, M, N) as thermochronological data shows no thermal over-
print for the corresponding time interval. Still, thermal modelling in-
dicates possible extended onshore basins along the coast from the North
as far as the Florianopolis Block. The third phase of the post-rift evo-
lution is characterized by the final exhumation within the Neogene.
In the South, the Laguna Block stands out significantly from the
other blocks. Zircon ages (ZFT and ZHe) are fully reset showing ages
of < 140 Ma during the syn- and post-rift evolution of the SAPCM. This
block reached the highest temperatures (160-220 °C, Fig. 5; 6, J, K)
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during syn- and post-rift stage. Therefore, we assume that the Laguna
block was kept in higher temperatures until the end of the Lower Cre-
taceous and then later experienced exhumation driven cooling. Higher
temperatures could be either attributed to a thicker column of over-
laying sedimentary rocks and/or Parana-Etendeka flood basalts. Also, a
temporally increased geothermal gradient caused during volcanic ac-
tivity (flood basalts and dyke swarms) could have played a role.
Nevertheless, thermochronological data shows that the Neoproterozoic
basement underwent a significant thermal overprint within the Laguna
Block. AFT and AHe ages range between ~80 and ~ 60 Ma and show a
homogenous age distribution for this block (Fig. 8C and D). Steady
cooling and exhumation to the surface characterized the t-T-evolution
of the Southern Laguna Block. Thermal modelling does not permit any
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reheating during the onset of the onshore graben system activity in the
Early Cenozoic (Salamuni et al., 2003; Hiruma et al., 2010; Cogné et al.,
2011, 2012, and 2013). Therefore, we suggest that rocks experienced
higher temperatures for longer time, and exhumation occurred later
than in the northern blocks. Thermal history models and the inter-
polation maps of the thermal structure of the Neoproterozoic basement
indicate that the Neoproterozoic basement rocks of the Laguna block
were kept in temperatures between ~60 and ~80 °C (1300-2000 m)
(Fig. 5; 6, M, N).

During Serra do Mar uplift in the south (Almeida et al., 1998;
Hiruma et al., 2010), thermal modelling indicates rapid cooling leading
to the assumption that the final exhumation of the Neoproterozoic
basement took place within the last 20 Myr. The Laguna Block appears
to have cooled down slower having experienced more time at higher
temperatures. Distinct, ongoing erosion from the north to the south
could have also played a role for the individual exhumation.

5.4.1. Exhumation and subsidence rates

Three phases of cooling and exhumation of Neoproterozoic rocks
during the postrift evolution occurred for the blocks north of
Florianopolis. (1) From Early Cretaceous (~ 135 Ma) to Early Cenozoic
(~55Ma) t-T-models reveal exhumation rates of ~0.03 mm/a
(Santos), ~0.05 mm/a (Peruibe), ~0.05 mm/a (Ilha Comprida),
~0.03 mm/a (Curitiba, coastal), ~0.07 mm/a (Curitiba, PGA), and
~0.04 mm/a (Florianopolis) (Fig. 7; Tab. S8). (2) A second phase is
characterized by possible erosion and sedimentation into onshore and
offshore basins. Possible subsidence reveals rates of ~0.01. (3) Within
the Neogene, t-T-models for these blocks provide rates of ~0.02 mm/a
for the final exhumation (Fig. 7; Tab. S8).

The Laguna block shows distinct exhumation rates for its different
exhumation history since the Early Cretaceous. From Early (~120 Ma)
to Late (~70 Ma) Cretaceous, cooling, or rather exhumation set in with
rates ~2.30°C/Ma and ~0.08 mm/a, respectively. During the Early
Cenozoic, exhumation slows down to ~0.025 mm/a (70-24 Ma). The
final exhumation within the last 20 Myr reveals rates of ~0.056 mm/a
(Fig. 7; Tab. S8).

6. Conclusions

We present an extensive new multi-thermochronometer dataset to
reconstruct a detail t-T-evolution of the Brazilian SAPCM. To cover the
entire temperature range from post-orogenic cooling to near-surface
processes published geochronological data were directly integrated into
the thermochronological data of this study to reconstruct the syn-to
post-Late Neoproterozoic t-T-evolution of the SE coastal region of
Brazil.

The syn-to post-Late Neoproterozoic to Upper Palaeozoic t-T-evo-
lution of the SAPCM in south-eastern Brazilian margin is shown to be
very complex. In the central part of the SAPCM, the Pan African/
Brasiliano post-orogenic cooling and exhumation of Neoproterozoic
rocks occurs in three stages: (1) A first rapid, Late Neoproterozoic ex-
humation of the basement; (2) a phase where rocks are kept within the
crust (at temperatures of about 200-300 °C) from the Early Cambrian to
the Devonian; (3) and a second rapid exhumation moving
Neoproterozoic rocks to the surface occurred in the Late Devonian. The
northern and southern parts indicate a distinct syn-to post-orogenic
exhumation to the surface implying a faster cooling, and erosion from
Late Neoproterozoic to Devonian/Carboniferous.

Quantification of timing and rates of subsidence, exhumation, and
erosion is possible using numerical modelling. From the Upper
Palaeozoic, the t-T-evolution of the SAPCM in south-eastern Brazil is
characterized by ongoing subsidence during the formation of the
Parand Basin. The t-T-evolution of the samples show trends of on-going
subsidence during depositional sequences of the Parand Basin.
However, thermochronological data are unable to constrain high tem-
peratures corresponding to the accumulation of overlying sediment
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thicknesses suggested by from existing stratigraphy (Milani et al.,
2007). Maximum temperatures of the thermal modelling are reached
during syn- and early post-South Atlantic rift stage, which has been
described by Engelmann de Oliveira et al. (2016). While ZFT and ZHe
ages north of Florianopolis Block have not been affected thermally since
the formation of the basement during the Late Neoproterozoic, most of
the zircon and apatite ages have been completely reset thermally by
syn- and post-South Atlantic rift processes. Numerical modelling also
indicates a distinct evolution of the study area with a significant
thermal overprint in the southern Laguna Block (reset ZFT and ZHe
data) most likely caused by the Parana-Etendeka flood basalt vol-
canism. The Florianopolis and northern blocks indicate less to almost
no thermal overprint experienced during syn- and post-rift stage of the
South Atlantic. The role of dyke swarms in the Curitiba and Ilha
Comprida blocks remains still unclear though AFT and AHe ages in-
dicate thermal overprint in the North. Nevertheless, it is clear that
temperatures never exceeded ~160 °C though ZFT and ZHe ages have
not been reset in the North during Paranéd-Etendeka magmatic activity.

Cooling and exhumation of the Neoproterozoic basement rocks
began during post-rift stage and continued until surface uplift during
Early Cenozoic in the north. However, thermal modelling allows low
reheating, corresponding to subsidence for the Florianopolis and the
northern blocks during Early Cenozoic. This indicates a possible
thermal influence coeval with the onset of tectonic and volcanic activity
in onshore graben systems including erosion and sedimentation into
onshore and offshore basins. In the south, the Laguna Block shows a
distinct exhumation evolution reaching the surface within the last 24
Myr, which also correlates with observations made by Engelmann de
Oliveira et al. (2016).

Finally, geo- and thermochronological data shows that the Late
Neoproterozoic to Early Paleozoic t-T-history might not be necessarily
connected with the Upper Paleozoic to Cenozoic geological evolution.
From the Upper Paleozoic, NW-SE trending structures predominate the
SE coastal region of Brazil. There may have been several movements
along NW-SE trending Paleozoic fracture zones and distinct exhumation
between the several blocks over time. Especially, exhumation in the
northern blocks differs from the Laguna Block in the south. The
Florianopolis Block stands out as the coolest and most stable block
showing the oldest ages for zircon and apatite. It directly faces the
younger Laguna Block in the South, just separated by the large
Florianopolis fracture zone that has possibly been reactivated several
times since the Paleozoic.
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Abstract

This research aims to reconstruct the Late Neoproterozoic-to-recent long-term time—temperature-evolution of the NW Namib-
ian Kaoko and Damara belts combining numerical modeling of new thermochronological data with previously published
geochronological data, i.e., U-Pb, Sm—Nd, and Rb—Sr analyses, and K/Ar, OArPAr low-temperature thermochronology.
Consequently, we retrieve a coherent long-term time—temperature-evolution of the NW Namibian Neoproterozoic basement
rocks including rates of exhumation and subsidence periods over the last~500 Myr. Neoproterozoic basement rocks indicate
fast post-Pan African/Brasiliano cooling and exhumation, reheating, or rather subsidence during the development of the
Paleozoic-to-Mesozoic SW Gondwana intraplate environment and a significant thermal overprint of the rocks during South
Atlantic syn- to post-rift processes, and therefore, resemble the opponent SE Brazilian time—temperature-evolution. We
provide an overview of thermochronological data including new apatite and zircon fission-track data derived from Neoprote-
rozoic, Late Paleozoic, and Lower Cretaceous rocks. Apatite fission-track ages range from 390.9 +17.9 Ma to 80.8 +6.0 Ma
in the NW Kaoko Belt with youngest ages confined to the coastal area and significant age increase towards the inland. New
zircon apatite fission-track data reveal ages between 429.5 +47.8 and 313.9 +53.4 Ma for the rocks of the Kaoko Belt. In
the central Damara Belt, new apatite fission-track ages range between 138.5 +25.3 Ma to 63.8 +4.8 Ma. Combined apatite
fission-track age distributions from Angola to Namibia and SE Brazil correlate for both sides of the South Atlantic passive
continental margin and the reset AFT ages overlap with the lateral Parana—Etendeka dike swarm distribution.

Keywords Long-term z—T-evolution - Thermochronology - Numerical modeling - South Atlantic passive continental margin
of NW Namibia
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Paleozoic-to-Mesozoic intraplate development, or the syn-
to post-rift evolution (e.g., Goscombe et al. 2003a, b, 2007,
2017; Foster et al. 2009; Raab et al. 2002, 2005; Catuneaunu
et al. 2005; Miller 2008; Brown et al. 2014; Milani et al.
2015). Moreover, this area provides a unique natural lab-
oratory to study in detail sole stages of the Wilson cycle
(Wilson 1963, 1965; Stanistreet et al. 1991) and beyond
that allows connecting those individual geological stages to
retrieve a coherent long-term —T-evolution, i.e., the devel-
opment from an orogeny to a passive continental margin
environment.

In a recent study, Krob et al. (2019) published a coherent
long-term t—T-evolution including rates of exhumation and
subsidence periods over the last~500 Myr of the western
side of the SAPCM, the SE Brazilian passive continental
margin. Consequently, this research focusses on the long-
term t—T-evolution of the eastern counterpart, the NW
Namibian passive continental margin. We present a large
number of thermochronological data including new apatite
and zircon fission-track (AFT, ZFT) data, integrate them to
published AFT data sets along the Angolan-to-Namibian
SAPCM (Silva et al. 2019; Green and Machado 2015; Raab
et al. 2002, 2005; Brown et al. 2014), and provide a compari-
son of AFT data sets from both the Angolan-to-Namibian,
and SE Brazilian SAPCM.

We combine numerical modeling of our data set with geo-
and thermochronological data (U-Pb, Sm—Nd and Rb-Sr,
and K/Ar, “°Ar/°Ar, AFT) from previous work (e.g., Seth
et al. 1998; Goscombe et al. 2003a, b, 2005a, b; Kroner
et al. 2004; Gray et al. 2006; Foster et al. 2009; Milani et al.
2015) to reconstruct the coherent long-term —7-evolution of
the Neoproterozoic basement rocks along the NW Namib-
ian Kaoko and Damara belts (Fig. 1). Through this recon-
struction, we retrieve the timing and rates of (a) the syn- to
post-Pan African cooling and exhumation, (b) the heating,
or rather subsidence during the intraplate basin formation of
the Karoo Supergroup, and (c) the thermal influence of the
Lower Cretaceous Parand—Etendeka Large Igneous Province
(LIP) event, and the SAPCM syn- to post-rift evolution.

Geological setting

Late Neoproterozoic-to-early Paleozoic evolution—
Pan African/Brasiliano orogeny

From the Late Neoproterozoic to Early Paleozoic (ca.
650-490 Ma), the Pan African/Brasiliano Orogeny took
place during the large-scale consolidation of the Gondwana
supercontinent (Fig. 2) (e.g., Stanistreet et al. 1991; Gos-
combe and Gray 2008; Foster et al. 2009; Frimmel et al.
2011; Nascimento et al. 2016). Following an early phase
of collisional events in the northern parts of the Gondwana
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Assembly (Amazonia, Paranapanema, Goias, Sao Francisco,
and Congo cratons), continuous movement of the cratonic
blocks (Rio de la Plata, Luis Alves, Angola, and Kalahari
cratons) in the southern part led to the amalgamation of the
SE Brazilian Dom Feliciano, and the NW Namibian Kaoko
and Damara Neoproterozoic mobile belts (ca. 560-490 Ma)
(e.g., Goscombe et al. 2003a, b, 2007; Gray et al. 2006;
Miller 2008; Oyhantcabal et al. 2011; Schmitt et al. 2012).

The coastal, NW-trending Kaoko Belt extends from
northern Namibia to the Huab Basin in the south (Fig. 3).
The basement consists of the Archean and Paleo- to Meso-
proterozoic rocks of the Congo Craton that are overlain by
more than 1000 m of Neoproterozoic para-metamorphic
(sedimentation age: 770-600 Ma) and igneous rocks of the
Damara Sequence (Miller 1983; Frimmel et al. 1998, 2011;
Hoffman et al. 1998; Goscombe et al. 2003a, b, 2007; Gos-
combe and Gray 2008; Nascimento et al. 2016). The Kaoko
Belt is subdivided into three individual zones that comprise
several tectonic domains. The Western Kaoko Zone (WKZ)
involves the Coastal Terrane representing a transpressive
magmatic arc, and the Orogen Core (Fig. 2c, d) that both
obducted onto the Congo Craton (Fig. 2e, f; Central Kaoko
Zone, CKZ). The Eastern Kaoko Zone (EKZ) contains the
Northern Platform and the Epupa Metamorphic Complex in
the north (Fig. 2g, EMC) (Goscombe et al. 2007). Finally,
the Ugab Zone (Fig. 2h) as part of the Orogen Core repre-
sents the most southern part of the Kaoko Belt (Goscombe
et al. 2007; Miller 2008, 2013).

The EW-trending Damara Belt stretches from the coast to
the Waterberg Basin further inland and comprises Precam-
brian basement rocks of the Kalahari Craton also overlain by
Neoproterozoic para-metamorphic and igneous rocks of the
Damara Sequence (Fig. 3) (Miller 1983). Several tectonic
zones subdivide the Damara Belt in the Northern (NZ, Outjo
Zone), Northern and Southern Central (NCZ and SCZ, Swa-
kop Zone), and Southern (SZ, Khomas Zone) zones (Fig. 2).
In the south, the Southern Margin Zone (Hakos Zone) and
the Southern Nama Foreland border the southern Damara
Belt and represent the transition towards the southern Kala-
hari Craton (Miller 2008).

Late Paleozoic-to-Jurassic evolution—SW
Gondwana intraplate formation of sedimentary
basins

Following the Pan African Orogeny, the SW Gondwana
intraplate environment experienced a long period of predom-
inantly surface uplift, and erosion caused by post-orogenic
denudation of the Neoproterozoic mobile belts during the
Early-to-Middle Paleozoic, and Carboniferous-to-Permian
syn- to post-Gondwana Ice Age processes (Frimmel et al.
1998; Goscombe et al. 2003a, b; Goscombe and Gray 2008;
Miller 2008). Subsequently, geological conditions changed
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Fig.1 Schematic workflow showing the approach of this research
study. Sample preparation of Neoproterozoic rock samples from the
NW Namibian Kaoko and Damara belts were performed at the insti-
tute of Earth sciences, Heidelberg University (right panel). Fission-
track dating on apatite and zircon provided apatite and zircon single
grain ages, apatite confined fission-track length, and etch pit size
(Dpar®) data (Eldracher, in prep.). We used the published geologi-
cal record to generate a numerical modeling set-up by transferring
single geological events into time (f)-temperature (7)-constrained

towards the Late Paleozoic and renewed transport and dep-
osition of sediments led to the development of the major
SW Gondwana intraplate basins, e.g., the southern African
Karoo and the SE Brazilian Parana basins (Stollhofen et al.
1999).

boxes (left panel). By testing our thermochronological data against
the modeling set-up, we derived continuous 7—7-paths that were com-
bined with previous geo- and thermochronological data to reconstruct
a possible coherent long-term 7—7T-evolution for the Neoproterozoic
basement rocks in NW Namibia. Thereby, we are able to make esti-
mations on exhumation and subsidence rates and generate interpola-
tion maps of the Neoproterozoic basement thermal structure. Colors
of boxes: yellow: data compilation; blue: methods and approach;
green: results

In the NW Namibian Huab (southern Kaoko Belt) and
the Waterberg (eastern Damara Belt) basins, localized
sedimentation of the Karoo Supergroup started during the
Late Carboniferous discordantly onto Damara orogen rocks
(Fig. 4). Siliciclastic rocks of the Carboniferous-to-Permian
Dwyka Group were deposited during the Gondwana Ice Age,
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[ Cratons
[] Neoproterozoic/
Cambrian belts

= 18°5

Atlantic Ocean

Fig.2 Left: Neoproterozoic mobile belts and cratons in South Amer-
ica and Africa (SW Gondwana) modified after Heilbron et al. (2008).
Red rectangle shows study area. Neoproterozoic belts: 1: Brasilia
Belt; 2: Araguai Belt and Central Ribeira Belt; 3: Southern Ribeira
Belt; 4: Dom Feliciano Belt; 5: West Congo Belt; 6: Kaoko Belt; 7:
Damara Belt. Major Cratons: AM Amazonia, SF Sao Francisco, LA
Luis Alves, RP Rio de la Plata, WA West Africa, CO Congo, ANG
Angola, KA Kalahari, PP Paranapanema. Right: Tectonic units of the
NW Namibian Kaoko and Damara belts (modified after Goscombe
et al. 2003a, b; Hoffmann et al. 2004; Miller 2008; Jung et al. 2014):
a Bangweulo shield; b Mesozoic sedimentary and volcanic rocks

whereas Ecca and Drakensberg sedimentary and volcanic
rocks indicate that the climate became progressively more
arid changing from tropical and subtropical to more desert-
like depositional environments (Miller 2008). In the Huab
Basin, post-glacial sediments (Ecca and Beaufort Group)
consist of siliciclastic units intercalated with coal seams and
carbonate rocks. In contrast, these sedimentary sections are
lacking within the Waterberg Basin where sedimentation
resumed with mainly siliciclastic rocks (Dwyka-to-Stromb-
erg Group) with only minor intercalation of carbonate units
(Ecca Group) until the Early Jurassic. These sedimentary
rocks (<750 m) are overlain by a siliciclastic section (Etjo
Fm) interfingering with basaltic flows (5 m, Rooival Fm)
that are correlated to the Karoo LIP event of Early Jurassic
time (~ 183+ 1 Ma, Johnson et al. 1996; Duncan et al, 1997,
Catuneaunu et al. 2005).

Late Jurassic-to-Cenozoic evolution-break-up,
and syn- to post-rift processes.

The Late Jurassic-to-Early Cretaceous evolution of the
Namibian SAPCM was dominated by continuous pre- to
post-rift processes, e.g., tectonic and surface uplift, erosion,
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subsidence, and sedimentation, as well as the emplace-
ment of dike swarms and flood basalts caused by the Par-
and—Etendeka plume movement (e.g., Courtillot et al. 1999;
Sengor 2001; Ernst and Buchan 2001a; Trumbull et al. 2007;
Hu et al. 2018).

In the western Huab Basin, this geological evolution is
recorded by Etendeka volcanic rocks overlying Upper Juras-
sic-to-Lower Cretaceous eolian sediments (Twyfelfontein
Formation) (Fig. 4) (Miller 2008). These sedimentary rocks
interfinger with the overlying volcanic rocks (Jerram et al.
1999; Salomon et al. 2016), and both sections correlate with
its Brazilian counterparts, the sedimentary Botucatu, and
volcanic Serra Geral formations (Milner 1986; Stollhofen
et al. 2000; Miller 2008). Together with these Brazilian Par-
ana basin volcanic rocks, the Etendeka flood basalts form the
Lower Cretaceous Parana—Etendeka LIP that emplaced dur-
ing the South Atlantic syn-rift stage. In Africa, the Etendeka
volcanic suite covers more than 78,000 km? (Fig. 3), and
maximum preserved thicknesses reach ~900 m (Milner et al.
1992; Peate 1997, Stollhofen et al. 1999). However, Etend-
eka dike swarms indicate a wider area of originally lava
covered area reaching as far north as the Angolan border
and as far west as the southern Waterberg Basin area within
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the Damara Belt (Peate 1997; Trumbull et al. 2004, 2007,
Torsvik et al. 2009, 2014). The dike swarms have most likely
acted as feeder channels for the volcanic rocks and follow
the Kaoko (~margin parallel) and the Damara (~ margin
perpendicular) belt structures (Trumbull et al. 2004, 2007;
Salomon et al. 2017). Radiometric ages for the volcanic
rocks range from~ 135 to~ 127 Ma (Trumbull et al. 2004,
2007; Baksi 2018) indicating ongoing magmatic activities
along the Namibian SAPCM for approximately up to 10 Myr
(Milner et al. 1995).

Following the Parana—Etendeka magmatic activity, the
NW Namibian SAPCM rocks experienced post-rift cooling
and exhumation. In the NW Kaoko Belt, published AFT ages
range from~ 80 to~50 Ma along the coast and from ~330
to~260 Ma further inland (Brown et al. 2014). In the
Damara Belt, published AFT data revealed age from~ 120
to~70 Ma. Further south (Windhoek area), AFT ages range
between ~ 550 and ~200 Ma (Raab 2001; Raab et al. 2002,
2005; Brown et al. 2014). Brown et al. (1990) proposed

Central Kaoko Zone, EKZ Eastern Kaoko Zone, ST Sesfontein thrust,
PMZ Purros mylonite zone, TPSZ Tree palms shear zones, OT Otjo-
horongo thrust, OmL Omaruru lineament, OL Okahandja lineament.
For further information, see supplementary material, table S1

cooling of the coastal rocks during the Early Cretaceous-to-
Cenozoic post-rift processes due to erosion of up to 3.5 km
of sediments and transport to the offshore basins.

Tectonic structures

In the Kaoko Belt, predominant tectonic zones are of Neo-
proterozoic age [Sesfontein Thrust (ST), Purros Mylonite
Zone (PMZ), and Tree Palms Shear Zone (TPSZ)], and
follow the ~NW trend dividing the mobile belt into the
longitudinal Eastern, Central, and Western (Kaoko) Zones
(Fig. 3) (Goscombe et al. 2003a, b). Salomon et al. (2015)
assume partial reactivation of the tectonic structures dur-
ing the South Atlantic opening, with estimated normal
offsets < 1200 m. Kukulus (2004) also assumes major post-
flood basalt deposition tectonic activity due to the offset of
tilted basal Etendeka volcanic rocks.

South of the Kaoko Belt (Fig. 3), major margin perpen-
dicular lineaments [Otjohorongo Thrust (OT), Omaruru

@ Springer
71



CHAPTER 3 GEOLOGICAL SETTING

International Journal of Earth Sciences

tcril}rono-h stLittlho- G max. Lithology max. depos. | F. Events
stratigra ratigra Col. ir-
QGQ :@3’ graphy | col. |yuan Waterberg ] Envir @:a%
m] |Basin Basin onment.
S m |z ” &
o 8
8
c
(7]
(8]
Tl =]
=
E
] ~100
2
Etendeka g
127 M
Group 53000 Tafelberg Fm. s ? A
Twyfelfontein Fm. eolic | cont. [137 Ma 2
~57 | Flood fcont S
Drakensb. Basalts ] o
Rooiwal Fm. ——
Etjo Fm. ~150 | fiuv., eolic | cont. -
= Stormberg ) . fluviatil,
p Karoo Omingonde Fm <550 | deltaic, p—
= Super- <= eolic,
group Beaufort Doros Fm. evaporites
ai-As Fm.
Foca o120 ﬁ%araﬂ’ié Fin et
i e Verbrande F = ;—E:;T c/m. Gond-
Dwyka| <150 | o , |esm. wana |-300
i e 57 | fuvati e
~ Dwyka Fm. Age
L
a 2
o @400 400
s &
=
(%)
5
=
3
[=]
S 500
£
m
(&}
Pan
African/
Brasiliano
orogeny
600 ~600
+ + + + + + + + +
+ + + + + + + + )
(3] + + + + + + + + +
=} + o+ 4+ o+ o+ o+ o+ o+ A
N Y T TR T T T
B + + + + + + + + +
“6 + + + + + + + + +
= Damara F + + + + o+ o+ o+ o+ 4
o + o+ + + + + + + o+
% 700 Sequenoe L+ + o+ o+ o+ o+ o+ o+ 4 700
+ + + + + + + + #*
+ 0+ + o+ 4+ o+ o+ o+ 4
+ + + + + + + + +
+ + + + + + + + 4
+ + + + + + + + +
+ 0+ + + o+ o+ o+ 4
+ + + + + + + + +
BASEMENT + +

[ Basat [ ] Limestone |]]] Coal Siliciclastica Basement

@ Springer
72



CHAPTER 3

International Journal of Earth Sciences

METHODS

«Fig.4 Simplified stratigraphic W-E transect through the NW Namib-
ian sedimentary Huab and Waterberg basins with corresponding
chronostratigraphy, lithostratigraphy, max. column deposited, lithol-
ogy, depositional environment, facies (F.), and events (after Johnson
et al. 1996; Stollhofen et al. 1999; Catuneaunu et al. 2005). For loca-
tions of the basins, see Fig. 3

Lineament (OmL), and Okahandja Lineament (OL)] extend
across the EW-trending Damara Belt following the pre-
Damara metamorphic basement structures of the intracon-
tinental branch and also have probably been reactivated dur-
ing the break-up processes (Raab et al. 2002, 2005; Brown
et al. 2014; Salomon et al. 2015, 2017).

Methods
Thermochronology

Thermochronology is based on the accumulation and ther-
mally controlled retention of isotopic daughter products and
linear crystal defects produced during the radioactive decay
of a parent. Due to the temperature sensitivity of thermo-
chronometers, ages provide information about the thermal
history of the rock, rather than mineral crystallization ages
(although in fast cooled volcanic rocks, they do record crys-
tallization ages).

For this research, apatite and zircon fission-track (AFT
and ZFT, respectively) analyses were performed on 89
samples of Neoproterozoic metamorphic, and magmatic,
Carboniferous-to-Permian sedimentary, and Lower Creta-
ceous volcanic rocks along the NW Namibian Kaoko and
Damara belts (Fig. 3, Tab. S1). Sample preparation and
analyses followed the same protocol as, e.g., Karl et al.
(2013). Whenever possible, two thermochronometry dating
techniques were applied to the samples, allowing a more
robust evaluation of the spatial and temporal cooling of the
sampled rocks. However, only a few samples (25) contained
apatite and zircon grains in quantities, to allow AFT and
ZFT analyses.

Fission-track dating techniques correspond to a specific
total annealing temperature [7 (an)]. When temperatures
exceed T (an) over a certain time, the chronometer is totally
reset. Partial annealing occurs when temperatures or required
time did not fulfil conditions for total annealing. For further
interpretations, this research uses temperatures between
110 °C/10 Myr and 60 °C/10 Myr for the partial anneal-
ing zone (PAZ) for the AFT analysis (Gleadow and Duddy
1981), and between 330 °C/10 Myr and 190 °C/10 Myr for
ZFT analysis (Garver and Kamp 2002; Garver 2003; Hur-
ford 1986; Rahn et al. 2004; Reiners and Brandon 2006).

Numerical modeling of continuous t-T-paths
(t-T-evolution)

Thermal modeling of thermochronological data was used
to determine continuous cooling and heating histories
(t-T-evolution) of individual samples (Fig. 1). The numeri-
cal modeling software code HeFTy® (v.1.9.3.) (Ketcham
2005; Ketcham et al. 2007a, b, 2009,2017) allows for recon-
struction of the +—T-evolution of the Neoproterozoic base-
ment to quantify the exhumation and subsidence history of
several crustal segments of the upper crust.

Therefore, we used the existing information derived from
the published geological record, such as metamorphic ages,
magmatic events, and lithostratigraphic data that were trans-
ferred into single constrained —7-boxes and embedded into
the modeling software (Fig. 5). The t—T-constraints differ
across sample locations within the key area. However, the
same —7T-coordinates were applied strictly to samples of the
same geological area to guarantee a better comparability of
the +—T-histories of the modeled samples in their respective
regions.

Then, HeFTy® performs a so-called inverse model and
seeks paths that fit through the —7T-constraints considering
the input thermochronological data. Thereby, we test our
thermochronological data against specific +—7-constraints
derived from the published geological record to retrieve
continuous long-term 7—T-paths since the Late Paleozoic.
The thermochronological data sets used for the numerical
modelling are: AFT single grain ages, confined spontane-
ous fission-track length distribution (> 50 individual length)
corrected for c-axis related angle (Donelick et al. 1999; Ket-
cham et al. 2007a, b, 2009), etch pit size (D ®), and anneal-
ing kinetics of Ketcham et al. (2007a, b).

par

Reconstruction of the t-T-paths and calculation
of rates

Thermochronological data presented in this study only cover
the last ~400-300 Ma and we, therefore, integrated pub-
lished geo- and thermochronological data (U-Pb, Sm—Nd
and Rb-Sr, and K/Ar, *°Ar/*Ar, AFT) to our own data set
to reconstruct a coherent +—7T-path over more than 500 Ma.
Most of the geo- and thermochronological data are con-
fined to specific geological regions or only describe local
geological phenomena, i.e., intrusions or contact metamor-
phism that do not provide information of the +—7T-evolution
of entire crustal blocks and segments. Therefore, we chose
published data, which we consider relevant for our study
locations. Consequently, the published geochronological
data reflect the main intrusion, crystallization, metamor-
phic, and cooling processes, and constrain the presented
t—T-evolution. Published ages were transferred to specific
temperature areas according to their effective closure, and/
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«Fig.5 Numerical modeling set-up for samples of the Namibian
Damara Sequence located in the Kaoko Belt (upper), and Damara
Belt (lower). The set-up was generated from previous work and uses
field observations and published stratigraphic (Johnson et al. 1996;
Duncan et al. 1997; Catuneaunu et al. 2005; Miller 2008), paleo-geo-
graphic (Scotese et al. 1992, 1999; Torsvik et al. 2009, 2014), and
-climatic knowledge (Wygrala 1989; Brown et al. 1990). We took
single geological events from the published geological record, i.e.,
metamorphic ages, magmatic events, and lithostratigraphic data and
transferred the given information into specific /~7T-constraints applied
to the numerical modeling software code HeFTy® (v.1.9.3.) (Ketcham
2005; Ketcham et al. 2007a, b, 2009,2017). The connected tables
below the +—T-evolution show further explanations for the applied
t—T-constraints

or annealing temperatures including wide ranges of errors,
both in time, and temperature (Fig. S1; Pollard et al. 2002).
In a further step, we drew average —T-paths connecting the
existing data taking into account that uncertainties related
to the time, temperature, locations, and the probability of
the reconstructed cooling paths often entail the generation
of error strings, and should not be disregarded.

This critical view also holds for the calculation of exhu-
mation and subsidence rate that directly base on the course
of the differentiated —7-path and do not reflect the timing
of geological events, e.g., single intrusion and/or metamor-
phism ages. The intervals were also constrained by the dif-
ferent cooling paths and describe the distance from tipping
point to tipping point. The change in temperature (A7) over
time (Af) was used to determine the cooling or heating rate
(AT/At) using the “weighted-mean” paths of the models
t—T-histories. The cooling and heating rates were divided
by an assumed geothermal gradient to obtain an exhumation
and subsidence rate, respectively.

Geothermal gradients depend on the predominant average
heat flow over long-term periods including the heat genera-
tion and thermal conductivity of rocks, metamorphic reac-
tions, and descendent waters (Barker et al. 1986; Rybach
et al. 1988; Yalgin et al. 1997; Burov 2009). There exist
short-term periods with anomalously high or low geother-
mal gradients, e.g., in direct surrounding of intrusions or
during Ice House periods. However, quantitative research
of the thermal influence in relation to distance or depth
(e.g. intrusions, dikes, or ice shields), and the effect and
duration of those anomalous periods (e.g., intrusion or mag-
matic activity in LIP environments) is lacking (Barker et al.
1986; Rybach et al. 1988; Yalcin et al. 1997; Burov 2009).
Therefore, we decided to work with a homogenous and arith-
metical mean paleo-geothermal gradient of 30 °C/km for
the entire modeled time (Brown et al. 1990). The paleo-
geographical reconstruction of the research area was taken
from Scotese et al. (1992,1999) and leads to paleo-surface
temperatures of an average of 10 °C for Precambrian-to-Late
Paleozoic time, and an mean of 25 °C since Mesozoic time
(Wygrala 1989). All rates are expressed as positive rates and

are related to exhumation or subsidence according to the
decrease and increase of temperature over time.

Results
Apatite fission-track data
Kaoko belt

For the Kaoko belt igneous and sedimentary rocks, alto-
gether 72 samples, revealed at least between 10 and 29
grains that could be dated with AFT analysis (Figs. 6; S1;
Table S2). Six samples revealed only between 3 and 9 grains,
and therefore, their age information remain less certain.
Except for 8 samples (all 0%), all single grain age distribu-
tions (of 64 samples) passed the Chi-square test with val-
ues > 5% indicating a homogeneous distribution with respect
to 1o-error of the single grain ages (Galbraith 1981).

AFT ages of the Precambrian Damara Sequence (58 sam-
ples) range between 390.9 +17.9 Ma and 81.3 +4.2 Ma. In
general, AFT ages are younger along the coast and ages
increase systematically inland within the Central and East-
ern zones (Figs. 6, 7; S1). Sedimentary rocks of the Karoo
Supergroup (9) revealed ages between 342.2 +18.3 Ma and
96.5 + 8.4 Ma. Magmatic rocks of the Etendeka Group (5)
provided ages between 125.6 +23.6 Ma and 103.5 +4.9 Ma.

Confined spontaneous fission-track length and etch
pit size (Dpar®) data were acquired for all 72 Kaoko Belt
samples (Table S3) showing Dpar® values between 0.8 and
1.8 um (average: 1.2 um). This range indicates a relatively
inhomogeneous composition concerning the fluorine and
chlorine content of apatite. We measured altogether 2529
lengths of confined spontaneous fission tracks for all 72
Kaoko Belt samples. For 24 samples, between 50 and 152
confined spontaneous fission-track lengths could be meas-
ured and were integrated to the software code HeFTy® to
model the ~T-evolution. Mean track lengths vary between
7.9 and 14.8 um. The c-axes correction of the confined track
lengths led to a length distribution between 9.8 and 15.4 pym.

Damara Belt

For 17 Damara Belt rock samples (Figs. 6; S2; Table S2),
at least 15 grains could be dated with AFT analysis except
for NA11-69B (five grains). All single grain age distribu-
tions passed the Chi-square test with values > 5% indicating
a homogeneous distribution with respect to 1c-error of the
single grain ages (Galbraith 1981).

AFT ages of the Precambrian Damara Sequence (15)
range between 138.5+25.3 and 63.8 +4.8 Ma. In general,
AFT ages are younger along the coast and ages increase
systematically inland towards the Waterberg Basin
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Fig.6 Simplified geological map of the study area in NW Namibia
showing the regional apatite fission-track (AFT) age distribution in
the Kaoko and Damara belts (modified after Frimmel et al. 2011;
locations of shear zones after Foster et al. 2009; Salomon 2015).
Dots: Neoproterozoic samples; rectangles: Paleozoic-to-Mesozoic
Karoo samples; triangles: Late Jurassic-to-Early Cretaceous Etend-

(Figs. 6, 7; S2). AFT analysis revealed only one age for a
Karoo conglomerate (88.4 +7.2 Ma) and Etendeka granite
(71.6+5.2 Ma).

Confined spontaneous fission-track length and etch pit
size (Dpar®) data were acquired for all Damara Belt sam-
ples (Table S3). We measured 1963 etch pit sizes for all
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apatite grains. The mean Dpar® value for each sample ranges
between 1.1 and 1.6 um with an average Dpar® value of
1.3 um. This narrow range indicates a homogeneous com-
position concerning the fluorine and chlorine content of apa-
tite. We measured 736 confined spontaneous fission-track
lengths for all Damara Belt samples. Eight samples obtained
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between 51 and 111 measured confined spontaneous fission-
track lengths that were applied to the software code HeFty®
for the numerical modeling of the +—T-evolution. Mean track
lengths vary between 8.6 and 13.5 um. The c-axes correction
of the confined track lengths led to a distribution between
11.9 and 14.5 pm.

Zircon fission-track ages

ZFT analyses were performed on 29 rock samples of the
Kaoko Belt (Figs. 8; S3; Tab. S4). All ages obtained for the
Precambrian Damara Sequence (26 samples) are younger
than their stratigraphic age. ZFT ages range between
429.5+67.8 and 313.9 +53.4 Ma. Only two samples, NA11-
89G (118.2+25.1 Ma) and NA11-91 (233.5+43.5 Ma) in
the north, show younger ages and do not lie in the general
age trend (Fig. 9). However, both samples revealed only two
grains to perform FT analysis and therefore, the reliability
of the age information remains uncertain. Furthermore, both
samples have abnormal high uranium contents in relation to
the other samples. This also holds for only three measured
grains of the gneiss sample NA11-126 (316.3 +£70.7 Ma).
Nevertheless, all single grain age distributions fulfilled
the requirement of the y*-test with values > 5% indicating
a homogenous distribution with respect to 1o-error of the
single grain ages (Galbraith 1981) with the exception of
NA11-106 (436.8 +45.9 Ma) that fails the y*-test (0.01%).

Three sedimentary rock samples (NA11-118, NA11-
135GO, NA11-135R) of the Karoo Supergroup revealed
ZFT ages between 365.6 +30.6 Ma and 377.2+30.4 Ma
and, therefore, represent detrital ages.

Numerical modeling of the t-T-evolution

Using the software code HeFty® (v.1.9.3.; Ketcham 2005;
Ketcham et al. 2007a, b, 2009, 2017), the inverse numerical
modeling of the /—T-evolution of the Neoproterozoic base-
ment rocks within the NW Namibian Kaoko and Damara
belts was applied to test the thermochronological data set
against single geological events (-—7T-constraints) described
in the published geological record (Fig. 5).

For 29 samples (Tab. S3), a high number of measured
fission tracks in apatite (> 51) allow robust constraints on
the —T-path through 60-110 °C. In general, 50 000 -7~
paths have been tested against the data set and yielded a high
goodness of fit (G.O.F.) (Figs. S4.1-S4.8) (Ketcham et al.
2007a, b). However, to provide comparability of the modeled
samples, lower G.O.F. values were also accepted without
omitting t—T-constraints to gain better results. Therefore,
t—T-models passed our requirements when good fits were
found. Altogether, +—T-models reveal between 1 and 519
good, and between 3 and 2681 acceptable +—T-paths, while
34% of the models show > 100 good paths, and 58% > 30.

More than 1000 acceptable paths could be reproduced by
38% of the models, and > 100 by 93%. The AFT age and
confined fission-track length distribution for 86%, or rather
55% of the samples were reproduced with an excellent
G.O.F. of >80%. Therefore, we find sufficient r—T-paths
consistent with both the thermochronological data and geo-
logical history.

The sole numerical modeling of our thermochronologi-
cal data focusses on the —~T-evolution since Carboniferous
time over temperatures below 300 °C (Fig. 10). The pub-
lished record suggests that Neoproterozoic basement rocks
had reached the surface before the the onset of the Karoo
sedimentation during the Early-to-Late Paleozoic SW Gond-
wana intraplate environment (Johnson et al. 1996; Stollhofen
et al. 2000; Catuneaunu et al. 2005; Milani et al. 2007).
During the Triassic, the models show coherent heating of
the samples showing the ongoing subsidence of the Paleo-
zoic-to-Mesozoic basins (Huab and Waterberg). From Early
Jurassic, t—T-models allow cooling inferred from possible
initial plume movement during pre-rift-processes (Sengor
2001). All models show a possible cooling to temperatures
near or at the Earth’s surface. The evolution is followed by a
reheating during the Early Cretaceous that reflects the ther-
mal influence caused by the emplacement of dike swarms
and accompanied volcanic activity, and the deposition of the
Etendeka flood basalts. Maximum temperatures are reached
especially in the southern Damara Belt (~ 120 °C). Then,
renewed cooling sets in during the Early Cretaceous and
continues until the Cenozoic.

Interpretation and discussion

For discussion and interpretation of the proposed —T-evo-
lution of the Neoproterozoic basement, published geo- and
thermochronological data (Tables S5.1-S5.6) were directly
incorporated into the modeled —7-histories to retrieve a
coherent syn- to post-Late Neoproterozoic evolution of the
NW Namibian Kaoko and Damara belts (Fig. 11). The pro-
jected +—T-paths were used to make estimates on exhumation
and subsidence rates (Fig. 12a, b) and reflect an average and/
or “weighted”-mean t—T-path of the modeled /~T-histories
including wide error ranges for temperatures as well as on
the temporal scale related to each dating method. We are
well aware of the uncertainties and the generated error string
entailed by the calculation of long-term exhumation and sub-
sidence rates covering large areas over long-time periods.
Nevertheless, we would like to propose these long-term rates
as an approximation approaching the long-term tempera-
ture processes. Finally, temperature interpolation maps of
the Neoproterozoic basement surface were used to approach
a visualization of the +—T-evolution of the SW Gondwana
intraplate thermal structure (Fig. 13).
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«Fig.7 Detailed interpolation map showing a possible modeled pro-
jection of the regional AFT age distribution of the NW Namibian
Kaoko and Damara belts. Samples of this study (white) are integrated
to published AFT data by Brown et al. (2014) (black), and Raab et al.
(2002, 2005) (purple) using the Golden Software Surfer®. Whereas
yellow-to-red colors indicate younger ages, green-to-blue colors
imply older ages. Isolines show age in [Ma] without error. Colored
dots (Neoproterozoic Damara basement rocks), rectangles (Late Pale-
ozoic-to-Mesozoic Karoo sedimentary rocks), and triangles (Lower
Cretaceous Etendeka sedimentary and volcanic rocks) show sam-
ple locations according to the references. Isolines show age in [Ma]
without error. ST Sesfontein thrust, PMZ Purros mylonite zone, TPSZ
Tree palms shear zones, OT Otjohorongo thrust, OmL Omaruru line-
ament, OL Okahandja lineament. Dashed box: locations of ZFT data
see Figs. 8 and 9
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Late Neoproterozoic-to-Early Paleozoic—
syn-Pan-to-post-Pan African cooling
and exhumation

The Late Neoproterozoic-to-Early Paleozoic is characterized
by post-Pan African cooling and exhumation of the Neopro-
terozoic basement rocks. The published geochronological
data indicate a very complex and distinct geological evo-
lution of the different crustal segments (Figs. 10, 11). We
assume individual cooling paths within each crustal segment
based on the published data. Therefore, we propose cooling
paths reflecting the cooling of pre-Pan African deformation
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Fig.8 Simplified geological map of the study area in NW Namibia
showing the regional zircon fission-track (ZFT) age distribution in the
Kaoko and Damara belts (modified after Frimmel et al. 2011; loca-
tions of shear zones after Foster et al. 2009; Salomon 2015). Dots:
Neoproterozoic samples; rectangles: Paleozoic-to-Mesozoic Karoo
samples; triangles: Late Jurassic-to-Early Cretaceous Etendeka sam-

ples. WKZ Western Kaoko Zone, CKZ Central Kaoko Zone, EKZ
Eastern Kaoko Zone, ST Sesfontein thrust, PMZ Purros mylonite
zone, TPSZ Tree palms shear zones, OT Otjohorongo thrust, OmL
Omaruru lineament, OL Okahandja lineament. For further informa-
tion, see supplementary material, tables S1 and S4
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Fig.9 Detailed interpolation
map showing a possible mod-
eled projection of the regional
ZFT age distribution of the NW
Namibian Kaoko Belt using the
Golden Software Surfer®. For
orientation, see Fig. 7 (dashed
box). Whereas yellow-to-red
colors indicate younger ages,
green-to-blue colors imply older
ages. White dots show sample
locations of the Neoprotero-
zoic Damara basement rocks.
Isolines show age in [Ma]
without error. ST Sesfontein
thrust, PMZ Purros mylonite
zone, TPSZ Tree palms shear
zones, OT Otjohorongo thrust,
OmL Omaruru lineament, OL
Okahandja lineament
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intrusion and crystallization of rocks, the evolution most
likely representing the syn-Pan African intrusion/crystalli-
zation, main metamorphism and subsequent cooling of the
area, as well as the cooling of post-Pan African deformation
intrusion and crystallization of rocks. These cooling paths
connect the individual published data that often stem from
different locations and, thus, are not linked to each other.
Nevertheless, we consider the projected cooling paths to
represent a possible 7—T-evolution of the crustal segments
along the contemporary SAPCM of NW Namibia.
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In the northern Kaoko Belt, geochronological data from
the northern WKZ (Figs. 10, 11, green (1); Table S5.1)
show U-Pb crystallizations and metamorphic ages of the
Neoproterozoic basement rocks between ~575 and ~ 540 Ma
(Goscombe et al. 2005a, b). We suggest three individual
cooling paths for the Orogen Core (Fig. 11, dark blue dashed
lines) in the northern area of the WKZ: the first and second
cooling path describes syn-orogenic cooling either con-
necting the U-Pb ages and *“*Ar/*’Ar hornblende cooling
ages around 540 Ma (Gray et al. 2006), or the Sm—Nd meta-
morphic age of ~506 Ma by Goscombe et al. (2005a, b).
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Fig. 10 Simplified geological map of the study area in NW Namibia
showing the results of the inverse numerical modeling in different
areas of the Kaoko and Damara belts (modified after Frimmel et al.
2011; locations of shear zones after Foster et al. 2009, Salomon
2015). Windows show the continuous “weighted-mean” +—7-paths of
the samples since the Late Carboniferous modeled with the software
code HeFty® (Ketcham et al. 2007a, b; 2017). Samples were subdi-
vided in individual areas of the northern area of the Western Kaoko
Zone (WKZ, green), the northern central area of the Central Kaoko

We propose relatively fast cooling with exhumation rates
between ~0.3 mm/a (path 1) and ~0.1 mm/a followed by
very fast exhumation with~1.17 mm/a (path 2) (Fig. 12a,
WKZ, Orogen Core). Both —T-paths most likely show
homogeneous cooling from ~3500 Ma on (*°Ar/*°Ar, Gray
et al. 2006), and therefore, we propose ongoing cooling con-
necting ZFT ages of this study of either Early Devonian,
or Carboniferous age. Consequently, post-orogenic cooling
initially decreased showing exhumation rates between ~0.02
and ~0.01 mm/a, and therefore, we assume that rocks have
been kept at middle-to-upper crustal levels at temperatures
of about ~300-200 °C. However, we assume both scenarios
probable to reflect the syn- to post-orogenic cooling based
on the most constrained cooling path for the northern Oro-
gen Core.

Zone (CKZ, blue), the central area of the Western and Central Kaoko
Zone (orange), and the Ugab Zone of the Southern Kaoko Belt (SKB,
yellow) within the Kaoko Belt, and the northern central and south-
ern zones (red) of the Damara Belt. WKZ Western Kaoko Zone, CKZ
Central Kaoko Zone, EKZ Eastern Kaoko Zone, ST Sesfontein thrust,
PMZ Purros mylonite zone, TPSZ Tree palms shear zones, OT Otjo-
horongo thrust, OmL Omaruru lineament, OL Okahandja lineament.
For further information, see supplementary material figures S6.1—
S6.8

A third possible path (3) describes syn- to post-orogenic
cooling from~540 Ma onwards connecting U-Pb, Sm-Nd
(Goscombe et al. 2005a, b; Gray et al. 2006) and Carbon-
iferous ZFT ages of this study showing exhumation rates
of ~0.08 mm/a until the Early Carboniferous. There exists
one younger U-Pb post-kinematic age by Goscombe et al.
(2005a, b) around ~505 Ma that reflects differentiated
late- or post-deformation cooling from Early Paleozoic to
Carboniferous, and we propose a homogeneous long-term
exhumation rate of ~0.3 mm/a due to the lack of further data
constraining this post-deformation cooling path.

Towards the east, the northern central area of the CKZ
(Figs. 10, 11, blue (2); Table S5.2) shows a different syn-
to post-orogenic cooling. However, less data were available
within this area leaving the possible cooling less constrained
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«Fig. 11 Coherent long-term time (f)—temperature (7)-evolution of
the individual areas of the Kaoko and Damara belts in NW Namibia.
Published geochronological data were directly incorporated into the
“weighted-mean” t-T-paths (Fig. 10) of the samples modeled with
the software code HeFty® (Ketcham et al. 2007a, b) to reconstruct the
entire syn-to post-Late Neoproterozoic —T-evolution of the SAPCM
in NW Namibia. Dashed blue lines show possible —7T-paths for the
published geochronological data. Numbers show the differentiated
t—T-paths for the individual area that were used for the calculation of
cooling and heating, and exhumation and subsidence rates, respec-
tively. Grey bar: Pan African/Brasiliano orogeny (e.g., Goscombe and
Gray 2008; Foster et al. 2009; Frimmel et al. 2011; Nascimento et al.
2016); red line: Parand-Etendeka event Trumbull et al. 2004, 2007;
Baksi 2018). For further information of the geochronological data,
see supplementary material, tables S5.1-S5.6 and figures S7.1-7.6

(Table S5.2). Kroner et al. (2010) describe old U-Pb ages
between ~ 1800 and ~ 1200 Ma that represent pre-Pan Afri-
can deformation crystallization of the Pre-Damara rocks
of the Congo Craton. However, our proposed cooling path
sets in during syn-Pan African cooling recorded by a meta-
morphic Sm—Nd age by Goscombe et al. (2003b) followed
by an *°Ar/*°Ar age of ~470 Ma (Gray et al. 2006). There-
fore, we present only one average cooling path including
the intrusion, metamorphism, and post-orogenic cooling
for the northern central area of the CKZ. Consequently,
exhumation initially occurred from Late Neoproterozoic
with rates of ~0.06 mm/a, and probably increased dur-
ing the Ordovician/Silurian to 0.2 mm/a (Fig. 12a, CKZ,
northern central area). The post-Pan African cooling can
be better constrained by ZFT ages of this study, and thus,
we assume differentiated cooling from the Silurian to Car-
boniferous. Whilst a ZFT range of ~429 Ma that allows a
relatively homogeneous exhumation (0.1 mm/a) directly to
near surface temperatures (~ 15 °C), we propose individual
cooling paths including the ZFT data of Devonian to Car-
boniferous age with possible exhumation rates between ~0.3
and ~0.1 mm/a. Therefore, post-Pan African cooling of the
northern central area of the CKZ permits a similar stable
phase showing very slow cooling of < 0.5 °C/Ma until the
Late Devonian/Early Carboniferous.

Further south in the central area of the WKZ and CKZ
[Figs. 10, 11, orange (3); Table S5.3], the geological record
comprises a large set of solid geochronological data that
allow constraining the differentiated cooling paths for the
individual crustal segments. Based on the data, we suggest
four individual cooling paths for the western Coastal Terrane
during the syn-to-post-Pan African —T-evolution (Fig. 11,
orange (3), sky blue lines) that join together from the Late
Cambrian on for the post-Pan African exhumation. U-Pb
ages between ~ 705 and ~690 Ma indicate pre-Pan African
deformation crystallization (Seth et al. 1998; Kroner et al.
2004) that are combined with **Ar/*°Ar ages between ~ 540
and ~ 520 Ma (Foster et al. (2009) and constrain this separate
pre-deformation cooling path (1) from~ 700 to~520 Ma.

Due to the lack of further data, we assume a homogeneous
cooling with exhumation rates of ~0.1 mm/a (1) (Fig. 12a,
WKZ and CKZ, Coastal Terrane). Younger U-Pb zircon
and monazite ages indicate syn-Pan African crystallization
between ~ 660 and ~620 Ma, and from~580 to~510 Ma
(Seth et al. 1998; Goscombe et al. 2005a, b; Konopasek
et al. 2008) that either can be combined with a Sm—Nd age
of ~534 Ma (path 2) (Jung et al. 2014), or an **Ar/**Ar horn-
blende age of ~546 Ma (path 3) (Foster et al. 2009) to pro-
vide two distinct cooling paths. In both cases, the cooling
shows a relatively slow initial cooling with exhumation rates
of ~0.04 mm/a that is followed by faster exhumation with
rates between ~ 0.3 and ~0.2 mm/a until the Early Paleozoic
(Fig. 12a, WKZ and CKZ, Coastal Terrane, 2, 3, and 4).

In the Orogen Core (Figs. 10, 11, orange (3), dark blue
lines), syn-Pan African crystallization is recorded by U-Pb
ages ranging between ~ 580 and ~ 540 Ma (Seth et al. 1998;
Goscombe et al. 2005a, b) that correlate with Sm—Nd meta-
morphic ages between ~ 580 and ~ 570 Ma (Goscombe et al.
2003a, b). Syn-Pan African cooling set in with Sm—Nd
cooling ages between ~ 550 and ~ 500 Ma (Goscombe et al.
2005a, b; Foster et al. 2009; Jung et al. 2014) followed by
OArPAr ages on hornblende, and on muscovite and biotite
around 530 Ma, and between ~ 530 and ~ 500 Ma, respec-
tively (Goscombe et al. 2005a, b; Gray et al. 2006; Foster
et al. 2009). Therefore, we suggest two relatively homoge-
neous t—T-paths including the syn-Pan African intrusion,
metamorphism, and cooling of the rocks within the Orogen
Core from Late Neoproterozoic to Early Cambrian showing
both an average exhumation rate of ~0.3 mm/a (Fig. 12a,
WKZ and CKZ, Orogen Core cooling path).

In the Escape Zone [Figs. 10, 11, orange (3), purple line],
only one Sm—Nd age of ~574 Ma indicates syn-Pan Afri-
can metamorphism in the CKZ (Goscombe et al. 2003b).
The cooling of the Escape zone is recorded by “°Ar/*Ar
hornblende data between ~530 and ~520 Ma (Foster et al.
2009) correlating with the data of the Orogen Core that
also yields for the *°Ar/*°Ar data on muscovite and biotite
(~527-519 Ma, Gray et al. 2006). Consequently, we suggest
a single average cooling path representing the syn-Pan Afri-
can metamorphism and cooling of the Escape Zone rocks
from the Late Neoproterozoic to Late Cambrian (0.1 mm/a).

For all three crustal segments (Coastal Terrane, Orogen
Core, Escape Zone), 40A1/* Ar data on muscovite and biotite
show Cambrian Age, and therefore, we assume relatively
simultaneous post-Pan African cooling from the Late Cam-
brian to Early Carboniferous for the central area of the WKZ
and CKZ (orange). We suggest the cooling paths for the
crustal segments connecting either ZFT data> 380 Ma, or
between ~ 360 and ~310 Ma, while segments of the WKZ
generally tend to be older. Consequently, the cooling paths
connecting ages > 380 Ma allow a more direct exhumation
to low-temperature areas with rates of ~0.05 mm/a. When
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<« Fig. 12 a Calculated cooling and heating rates, derived from com-
bined geochronological and thermochronologial +~7-modeling of the
thermal evolution in the individual areas of the Western-to-Eastern
Kaoko Zones. The differentiated cooling paths refer to the individual
t—T-paths of Fig. 11. For further information, see text, chapter 3.3.
Blue and red bars indicate cooling and heating [°C/Ma]. The thick-
ness of the bars implies higher/lower rates. Black numbers [mm/a]
indicate calculated exhumation and subsidence rates derived from
the cooling and heating rates. b Calculated cooling and heating rates,
derived from combined geochronological and thermochronologial
t—T-modeling of the thermal evolution in the individual areas of the
Southern Kaoko and Damara belts. The differentiated cooling paths
refer to the individual /~T-paths of Fig. 11. For further information,
see text, chapter 3.3. Blue and red bars indicate cooling and heating
[°C/Ma]. The thickness of the bars implies higher/lower rates. Black
numbers [mm/a] indicate calculated exhumation and subsidence rates
derived from the cooling and heating rates

combined with the younger ZFT ages, the individual cooling
paths rather correlate with the northern areas of the WKZ
and CKZ (green and blue), also indicating a stable phase at
temperatures between 300-200 °C with exhumation rates
of <0.01 mm/a.

In the SKB [Figs. 10, 11, yellow (4), Table S5.4],
U-Pb crystallization ages on zircon and monazite are
recorded between ~550 and ~500 Ma (Van de Flierdt
et al. 2003; Schmitt et al. 2012; Milani et al. 2015; Gos-
combe et al. 2017) followed by Sm—Nd metamorphic
ages around ~491 Ma that can be connected to K/Ar and
A1/ Ar data between ~ 515 and ~490 Ma (Gray et al. 2006;
Goscombe et al. 2007, 2017). We suggest a t—T-path includ-
ing intrusion/crystallization, metamorphism, and cooling of
the Orogen Core rocks in the Ugab Zone. Syn-Pan African
cooling set in from Late Neoproterozoic/Early Cambrian
with rates of ~0.1 mm/a. Then, exhumation rates increased
to~ 1.2 mm/a during the Late Cambrian, and dropped again
to 0.06 mm/a during the Early Ordovician (Fig. 12b, SKB,
Ugab Zone, Intr.-met.-cooling path). Seth et al. (2000)
recorded a single U-Pb around ~456 Ma of a Voetspoor
syenite that represents a post-Pan African deformation intru-
sion within the Ugab Zone. This age can be connected to
YA Ar ages of ~496 Ma and ~ 438 Ma for the same loca-
tion (Voetspoor contact aureole schist, Gray et al. 2006).
Therefore, we suggest a post-deformation t—7-path for the
Voetspoor intrusion with cooling rates >20 °C/Ma for the
first ~20-30 Ma followed by slower cooling with exhu-
mation rates of ~0.07 mm/a (Fig. 12b, SKB, Ugab Zone,
post-def. path). Nevertheless, we assume the first intrusion-
metamorphism-cooling path as more probable representing
the +—T-evolution of the Ugab Zone. We propose exhumation
rates of ~0.06 mm/a, and 0.07 mm/a (post-def. path) that
indicate relatively simultaneous cooling of the entire area
from Silurian to Late Carboniferous.

In the NCZ of the southern Damara Belt, crystallization
and cooling of rocks are recorded for three individual loca-
tions (Figs. 10, 11, dark red (5); Tab. S5.5). At the Salem
granitic suite, Miller and Burger (1983) record a U-Pb crys-
tallization and metamorphic age for the Oetmoed granite
around ~ 590 Ma (Milani et al. 2015). U-Pb crystallization
and metamorphic ages on monazite range between ~ 538
and ~470 Ma, and is backed with Sm—Nd metamorphic ages
of ~510 Ma and ~473 Ma (Jung et al. 2000a, b). Unfortu-
nately, there do not exist any ZFT ages and the existing AFT
data are thermally overprinted by younger events. We sug-
gest two separate intrusion—metamorphism-cooling paths
(Fig. 12b, Damara Belt, NCZ, intrusion-met.-cooling path)
for the entire syn- and post-Pan African period until the final
exhumation to the surface during the Late Carboniferous
(Miller 2008). In both cases, the cooling path sets in dur-
ing the Late Neoproterozoic with rates of ~0.07 mm/a (1)
and ~0.05 mm/a (2), and rocks experienced the final exhu-
mation with rates of ~0.1 mm/a until the Late Carboniferous.

A second intrusion is recorded for the Okombahe gran-
ite showing Rb—Sr ages between ~ 553 and ~514 Ma, and
from ~495 to~465 Ma (Haack and Martin 1983). Unfortu-
nately, there are no data to further constrain the Okombahe
granite cooling path, and therefore, we propose average cool-
ing paths beginning either with the Rb—Sr ages > 514 Ma,
or the Rb—Sr ages <495 Ma and present long-time cooling
to surface near areas during the Late Carboniferous with
long-term exhumation rates between ~01 and ~0.08 mm/a
[Fig. 12b, Damara Belt, Okombahe granite cooling path (1
and 2)].

For our samples close to the Waterberg Basin east of
Otjiwarongo (NA11-09, -10, -11), we would like to intro-
duce an Otjiwarongo area cooling path that is only recorded
by a U-Pb age of ~550 Ma (Lobo-Guerrero Sanz 2005),
and, therefore, is poorly constrained. However, we present a
long-term exhumation rate from the Late Neoproterozoic to
the Late Carboniferous with an average rate of ~0.1 mm/a
(Fig. 12b, Damara Belt, NCZ, Otjiwarongo cooling path).

In the SZ of the Damara Belt (Figs. 10, 11, red (6), Tab.
S5.6), published U-Pb crystallization and metamorphic ages
on monazite range between ~ 527 and ~ 505 Ma (Kukla et al.
1991) followed either by syn-Pan African Sm—Nd cooling
ages between ~ 545 to~511 Ma, or late- to post-Pan Afri-
can cooling Sm—Nd and Rb-Sr ages between ~500 and
488 Ma, and ~490 and ~470 Ma, respectively (Jung and
Mezger 2001). The cooling path is continued by *°Ar/*°Ar
ages on hornblende (~505 Ma), and muscovite and biotite
(~496-482 Ma, Gray et al. 2006). Therefore, we suggest
three individual syn-to post-Pan African cooling paths from
the Late Neoproterozoic to Late Carboniferous. The first path
includes the first Sm—Nd ages (~ 545-511 Ma) and connects
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Fig. 12 (continued)

to the **Ar/*Ar ages showing an exhumation rate until the
Late Cambrian of initially ~0.2 mm/a, and then 0.05 mm/a
for the post-orogenic period [Fig. 12b, Damara Belt, SZ,
(1)]. A second possible cooling path connects to the group of
younger Sm—-Nd ages (< 500 Ma), and combines the Rb—Sr
cooling ages with the “°Ar/*’Ar ages that result in a differen-
tiated cooling with exhumation rates of ~0.6 mm/a followed
by post-orogenic exhumation with rates of ~0.06 mm/a
[Fig. 12b, Damara Belt, SZ (2)]. The third possible /—T-path
follows the post-Pan African Rb—Sr cooling ages showing
exhumation rates of initially ~0.02 mm/a, and then continues
with~0.1 mm/a [Fig. 12b, Damara Belt, SZ (3)].
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In general, syn-to post-Pan African crustal cooling and
exhumation correlates for the northern Kaoko Belt within
in the WKZ and CKZ [Figs. 10, 11, green (1), orange(3)].
While intrusion and crystallization occurred earlier in the
Coastal Terrane, syn-Pan African cooling coincides with
cooling paths of the northern and central Orogen Core show-
ing fast cooling until the end of the Cambrian. This also
yields for the Ugab Zone [Fig. 11, yellow (4)], as part of
the Orogen Core in the SKB where rocks experienced fast
Early Cambrian syn-Pan African cooling to temperatures
around 300-200 °C. Within the northern Kaoko Belt, ZFT
data allow constraining the post-orogenic t—T-paths that
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show decreasing cooling rates from the Late Cambrian on
indicating an almost thermally stable period during the Early
Paleozoic (~Late Cambrian to ~ Early Carboniferous). This
correlates with the +~T-evolution for the SE Brazilian Flori-
anopolis, Peruibe, Curitiba, and ITha Comprida blocks. Krob
et al. (2019) revealed high exhumation rates between ~ 0.4
and ~ 0.2 mm/a during the Late Neoproterozoic, followed by
an almost stable phase with exhumation rates between ~0.02
and ~0.01 mm/a reaching from the Early Cambrian to the
Devonian.

Unfortunately, ZFT data lack for the Ugab Zone, and
therefore, the post-Pan African cooling during the Early-to-
Late Paleozoic is less constrained. Nevertheless, a similar
t—T-evolution showing an almost stable period without a
decrease in temperature during the post-Pan African cooling
as for the northern Kaoko Belt and in SE Brazil cannot be
ruled out. However, we propose to enlarge the thermochro-
nological data set, especially the ZFT data to better constrain
the post-orogenic cooling as such data would provide the
transition from high rock temperatures involved during syn-
orogenic processes to lower temperature areas (<300 °C) of
the upper crust and near the Earth’s surface providing more
information about the post-orogenic evolution.

Consequently, the t—T-evolution of the northern central
CKZ [Figs. 10, 11, blue (2)] remains less constrained due to
the lack of geochronological and thermochronological data.
We present a poorly constrained cooling path that differs
from the WKZ and CKZ in the northern Kaoko Belt indi-
cating the main crustal cooling during the Early Paleozoic.

All locations within the southern Damara Belt show
similar syn- and post-Pan African crustal cooling and exhu-
mation. Generally, geo- and thermochronological ages are
slightly younger as in the Kaoko Belt indicating that crus-
tal cooling set in later, and therefore, rocks stayed longer
in high temperature ranges (> 300 °C). This +—T-evolution
is also illustrated by the interpolation maps that provide
a possible visualization of the Neoproterozoic basement
thermal structure. During the Ediacaran-to-Early Cambrian
t—T-evolution, basement rocks show a relatively homoge-
neous thermal structure (Fig. 13b). Basement temperatures
of the southern Damara Belt correlate with those of the
Kaoko Belt showing high temperatures (~750-600 °C) for
the entire study area. The visualized —T-evolution of the
thermal structure implies that basement rocks in the north-
ern Kaoko Belt cooled down earlier than within the SKB
and Damara Belt showing a trend of decreasing temperature
within the study area beginning in the north and followed
by the south (Fig. 13b—d). We assume that an inner core of
the Damara Belt remained in high temperatures the longest
(Fig. 13d), and then cooled down faster than the Kaoko Belt
until the Devonian (Fig. 13e) showing a more inhomogene-
ous temperature distribution of the basement surface.

Late Paleozoic-to-Late Jurassic—SW Gondwana
intraplate basin formation, subsidence, and South
Atlantic pre- to syn-rift processes

Following the post-Pan African denudation processes rock
cooling, and surface uplift and erosion continued during
the Late Paleozoic-to-Mesozoic Gondwana intraplate envi-
ronment. The +—7-paths show exhumation of all samples to
areas close to the surface by the end of the Carboniferous.
Therefore, temperatures of the basement thermal structure
range in near surface areas between ~25 and 20 °C. We
assume that all crustal segments of the Kaoko and Damara
belts experienced a relatively homogeneous —T-evolution
from the Late Paleozoic, and, therefore, describe a continued
t—T-evolution including exhumation and subsidence rates
for the individual areas regardless the different Pan African
crustal segments.

ZFT ages and old AFT ages of this study (Figs. 6, 8)
range between ~430 and 310 Ma, and ~ 390 and 280 Ma,
respectively, indicating significant tectonic and surface
uplift, and erosion during the Devonian-to-Permian. We
assume glacial erosion and transport of sedimentary mate-
rial, and a temporally lower geothermal gradient during the
Late Paleozoic Gondwana Ice House (Montafiez and Poulsen
2013) to have triggered the final Paleozoic cooling and sur-
face uplift of the Neoproterozoic basement resulting in the
displayed ZFT and AFT age distribution. This correlates
with the increase of sedimentation and continuous forma-
tion of the surrounding sedimentary basins. Montafiez and
Poulsen (2013) observed significant amounts of sediments
transported towards the southern and the western parts of
the Gondwana intraplate environment. Stratigraphic records
of the major African and South American basins indicate
deposition of Upper Paleozoic-to-Lower Mesozoic glacial
and siliciclastic sedimentary rocks (Stollhofen et al. 1999;
Catuneaunu et al. 2005; Milani et al. 2007; Uliana et al.
2014; Krob et al. 2019) supporting the removal of enormous
amounts of sediments. Before the Gondwana Ice House, the
thermal structure of the Neoproterozoic basement (Fig. 13e)
reveals temperatures between ~ 180 and ~ 120 °C suggest-
ing an overburden thickness between ~ 3.5 and ~5.5 km that
would have been removed by the glacial erosion until the
end of the Carboniferous. However, precise calculations of
removed sediment thicknesses which might have been even
larger due to the temporally decreased geothermal gradient
during the glacial period are still lacking.

Nevertheless, most likely glacial driven cooling, surface
uplift, and erosion are recorded by renewed fast exhumation
rates between ~ 0.8 and ~0.2 mm/a in the WKZ and CKZ of
the northern Kaoko Belt during the Early-to-Late Carbon-
iferous (Fig. 12a, b). Thus, wide areas of the Kaoko Belt
show a threefold division of Paleozoic exhumation that is

@ Springer
87



CHAPTER 3

INTERPRETATION AND DISCUSSION

International Journal of Earth Sciences

Late Neoproterozoic - Late Palaeozoic Late Palaeozoic - Early Cretaceous

@ Springer
88

syn- to post-Pan African orogeny

basin formation to syn-Break up

Since Early Cretaceous
post-Break up to recent

&1
A: 600 Ma Vo E K: 120 Ma
&) QI
S g
v §,I
N 3
sufficient 21
Data (8l
al
s
gl
-
() ————— )| K| Y [o4] 1

B: 550 Ma

C: 500 Ma

Based on published geochronological data

Based on numerical modeling of own data

%

@_6 o |J: 135 Mal
Q}Q/

Based on numerical modeling of own data



CHAPTER 3

International Journal of Earth Sciences

INTERPRETATION AND DISCUSSION

«Fig. 13 Coherent Late Neoproterozoic-to-recent —7-evolution of the
SAPCM in NW Namibia showing the interpolated thermal structure
of the Neoproterozoic basement surface at specific time steps (a—o)
based on the #-T-paths obtained from modeling of our own ther-
mochronological (black line) and published geochronological data
(dashed black line). Red colors signify that the Neoproterozoic base-
ment was in depth at higher temperatures, whereas lighter colors indi-
cate lower temperatures. No data were available for the white areas

also observed in the Late Neoproterozoic-to-Late Paleozoic
t—T-evolution of the SE coastal region of Brazil (Krob et al.
2019).

Sedimentation and intraplate subsidence recommenced
in the Kaoko and Damara belts during the Late Carbon-
iferous to Late Permian with the formation of the major
SW Gondwana intraplate basins (Stollhofen et al. 1999;
Catuneanu et al. 2005; Milani et al. 2007). Increasing tem-
peratures of the Neoproterozoic basement rocks reflect the
deposition of sedimentary material (Fig. 13f-h). Slow sub-
sidence occurred with rates between ~(0.02 and ~0.01 mm/a
(~330/310-195 Ma) until the Early Jurassic (Fig. 12a, b).
The ongoing subsidence stopped during the Early Juras-
sic recorded by a hiatuses in the stratigraphic records. We
assume predominant pre- to syn-rift, possibly plume-driven,
surface uplift, and erosion during this period (Courtillot
et al. 1999; Sengor 2001; Hu et al. 2018; Krob et al. 2019).
Exhumation rates range between~0.04 and ~0.02 mm/a
(~155-135 Ma).

Late Jurassic to recent—SAPCM syn- to post-rift
processes, and the thermal influence of the Parana-
Etendeka LIP

The emplacement of Parana—Etendeka dike swarms, local
volcanic activity, and the eruption of flood basalts domi-
nate the Late Jurassic-to-Early Cretaceous t—T-evolution
of the SW Gondwana intraplate environment. We assume
that rocks were either locally influenced for a relatively
short time by the convective heat flow (geothermal gradi-
ent) caused by the crosscutting dike swarms and accom-
panied local volcanic activity, and/or reheated due to the
overburden thicknesses of the erupted flood basalts. Thus,
the calculation of subsidence rates remains uncertain. How-
ever, Neoproterozoic rocks show heating rates between ~ 1.2
and ~4.5 °C/Ma (~ 155-135 Ma) during pre-to syn-rift pro-
cesses indicating higher rates towards the south, and in direct
proximity to contemporary Etendeka flood basalt deposi-
tions. The thermal basement structure reveals maximum
temperatures of ~80-120 °C between ~ 135 and ~ 120 Ma
reaching higher temperatures in the southern Damara Belt
(Fig. 13j, k) (Brown et al. 2014). However, maximum tem-
peratures for NW Namibia do not reach temperatures as high
as on the SE Brazilian side where the basement rocks range
between ~ 80 and 160 °C in the northern regions and over

200 °C in the southern region (Krob et al. 2019). Conse-
quently, the Neoproterozoic basement shows relatively slow,
post-eruption, thermal recovering, and rock cooling during
the Early Cretaceous indicating a thermally reestablished
upper crust that also has been observed in SE Brazil (Hu
et al. 2018; Krob et al. 2019).

The ZFT and inland AFT ages (Fig. 14), although
younger than their stratigraphic age, did not experience
any thermal overprint caused by volcanic activity during
the Early Cretaceous Parana—Etendeka Large Igneous Prov-
ince and, therefore, correlate with observations of earlier
studies (Raab et al. 2002, 2005; Brown et al. 2014). Nev-
ertheless, we assume that AFT ages of intermediate age
(~300-200 Ma) might have been partially influenced by
the Parana—Etendeka event and probably would have been
older originally (>300 Ma). However, those ages reveal
a medium track length distribution when plotted against
their corrected mean confined track lengths (Fig. 15a, c¢)
and accordingly indicate a mixture of pre- and post-cooling
track accumulation (Green 1986; Lewis et al. 1992; Gal-
lagher et al. 1997, 1998; Green et al. 1998). The young-
est AFT ages along the coast (Fig. 15a, c¢), and within the
Damara Belt (b, d) are fully reset showing relatively long
mean track lengths and reflect a significant Parana—Etend-
eka thermal influence (Fig. 15a, b). However, the so-called
boomerang plots (Green 1986; Gallagher et al. 1998) do
not confirm an idealized pattern and indicate that the rocks
experienced different amounts of cooling and a denudation
history more complex than a single-stage rift elevated event
(Gallagher et al. 1998). Nevertheless, we are able to rec-
ognize a major post-Parand-Etendeka cooling event during
the Cretaceous, but also assume long and complex and/or
sequential and transient denudation processes following the
South Atlantic break-up due to a wide range of mean track
lengths (Green 1986; Gallagher et al. 1998; Raab et al. 2002;
Brown et al. 2014). On the SE Brazilian side, boomerang
plots (Fig. S6) reveal results that allow assumptions of a
similar complex multi-stage rift evolution for the Early-to-
Middle Cretaceous (100-80 Ma) (Gallagher et al. 1988;
Krob et al. 2019). Whereas in SE Brazil, regional tectonic
and volcanic activity, and local graben sedimentation indi-
cates that the basement rocks most likely reached the Earth’s
surface at the end of the Cretaceous, evidence supporting
a similar geological evolution lacks for the NW Namibian
counterpart. Therefore, we only provide exhumation rates
for the entire post-rift to recent phase with rates ranging
between~0.01 and ~0.03 mm/a (Fig. 12a, b).

Subsequently, results of this study add to previously
published observations and contribute significantly to the
general understanding of the AFT data showing most of
the totally reset ages with long mean track lengths congru-
ent with the Parana-Etendeka dike swarm distribution in
the southern Damara Belt (Figs. 14, 15c¢, d). Furthermore,
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«Fig. 14 Detailed interpolation map showing a possible modeled pro-
jection of the major apatite fission-track (AFT) data sets from Angola
to NW Namibia using the Golden Software Surfer®. Whereas yellow-
to-red colors indicate younger ages, green-to-blue colors imply older
ages. Isolines show age in [Ma] without error. Colored dots (Archean-
to-Early Paleozoic basement rocks), squares (Karoo sedimentary
rocks), and triangles (Lower Cretaceous sedimentary and volcanic
rocks) show sample locations colored according to the references. ST
Sesfontein thrust, PMZ Purros mylonite zone, TPSZ Tree palms shear
zones, OT Otjohorongo thrust, OmL Omaruru lineament, OL Oka-
handja lineament

results show that the projected temperature isolines reflect
the major cratonic boundaries in NW Namibia. Therefore,
we propose that the old cratonic structures and individual
crustal segments are still stable. Whereas the isolines do not
point out any differences across the major lineament zones
and, therefore, do not allow any interpretation of regional
movement or reactivation along the NE-SW trending shear
zones in the Damara Belt, isolines in the Kaoko Belt follow
significantly the NW-SE-trending shear zones, i.e., the ST,

PMZ, and the TPSZ (Fig. 14, and Fig. 7 in detail). Moreover,
the course of isolines illustrates the significant age increase
towards the inland and different existing age spectra in
the subdivided longitudinal Eastern, Central, and Western
(Kaoko) zones. This supports the possible reactivation and
movement of the Precambrian shear zones during the South
Atlantic break-up, and syn-to post-rift stages (Brown et al.
2014; Salomon et al. 2015, 2017).

Concluding, the modeled projection of our AFT data
combined with previous AFT studies along the Angolan-
to-Namibian and SE Brazilian SAPCM (Fig. 16; for fur-
ther details, see Fig. 14 and supplementary material, Fig.
S7) outline areas showing high thermal overprint by the
Parana—Etendeka LIP (ages < Parand—Etendeka age) that
coincide with the lateral Parand—Etendeka dike swarm
distribution indicating a highly asymmetric plume central
area (Torsvik et al. 2009, 2014; Franke 2013) with pos-
sibly two different eruption sources (black circles): (1)
the Ponta Grossa Arc (PGA) together with the area north
of the NW Namibian Etendeka flood basalt depositions,
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Fig. 15 Boomerang plots showing (a, b) the apatite fission-track
(AFT) data set of this research study plotted against their corrected
mean confined track lengths (L) for the NW Namibian Kaoko and
Damara belts, and ¢, d the integration of our AFT data to results of
previous AFT data from NW Namibia by Raab et al. (2002, 2005)
and Brown et al. (2014) (right). For the integration, we plotted the
AFT ages against their (uncorrected) mean confined track lengths

Apatite fission-track age [Ma]

(Ly). While old ages with long track lengths most likely reflect
“source” ages that have not reached high post-depositional anneal-
ing temperatures, young ages having long track lengths reflect totally
reset cooling ages. Samples showing both intermediate AFT ages and
mean confined track lengths possibly represent “mixed” ages having
a mixture of pre- and post-cooling track lengths accumulation (Green
1986, Lewis et al. 1992; Gallagher et al. 1997, 1998)
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Fig. 16 Detailed view of the Lower-to—Upper Cretaceous SAPCM
of Africa and South America (top left corner): a Comparison of
the interpolation maps showing the modeled projection of the AFT
age distribution of the major thermochronological data sets along
the SAPACM in SE Brazil [Gallagher et al. 1994, 1995 (red); Tello
Saenz et al. 2003 (blue); Hiruma et al. 2010 (turquoise); Franco
Magalhaes et al. 2010 (brown); Jelinek et al. 2014 (light green);
Engelmann de Oliveira et al. 2016a, b (anthracite); Karl et al. 2013;
Krob et al. 2019 (yellow)]; Angola [Green and Machado 2015
(green); Silva et al. 2019 (light grey)), and Namibia (Raab et al. 2002,
2005 (purple); Brown et al. 2014 (black); and this study (white)].
Circles: Archean-to-Early Paleozoic basement rocks; squares: Upper
Paleozoic-to-Lower Mesozoic sedimentary rocks; triangles: Lower
Cretaceous sedimentary and volcanic rocks. Paleo-geographic recon-

and (2) the Rio Grande do Sul (RGdS) dikes together
with Damara Belt dike swarms in the south. On the South
American side, large parts of the flood basalts are still
preserved. Where volcanic rocks are eroded, dike swarms
appear crosscutting the basement and its overlying sedi-
mentary rocks. Generally, the AFT ages reflect these
geological observations on the Earth’s surface reaching
further inland on the South American SAPCM. A wide
area of young ages occurs north of Rio de Janeiro (RdJ)
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structions were taken from Torsvik et al. (2009, 2014). For a more
detailed view of the separated margins and individual sample loca-
tions, see Fig. 14, and supplementary material, figure S3. The mod-
eled interpolation maps were generated using the Golden Software
Surfer®. Whereas yellow-to-red colors indicate younger ages, green-
to-blue colors imply older ages. Isolines show age in [Ma] without
error. Colored dots show samples locations. b Regional Parana—
Etendeka related dike swarm distribution (white bars) and contempo-
rary flood basalt depositions (white areas) (after Renne et al. 1996;
Peate et al.1997; Marzioli et al. 1999; Thompson et al. 2001; Trum-
bull et al. 2004, 2007; Gibson et al. 2006; Franco Magalhaes et al.
2010; Travasso 2014; Florisbal et al. 2014; Guedes et al. 2016; Hart-
mann et al. 2016) combined with the AFT age distribution along the
SAPCM in SE Brazil, and Angola to NW Namibia

where no evidence of erupted flood basalts and/or dike
swarms exists and rocks rather experienced a period of
intensified post-rift surface uplift and erosion than a
thermally induced overprint (Jelinek et al. 2014). Milani
et al. (2007) also describe large amounts of sedimentary
material within the offshore records that support peri-
ods of enormous exhumation for the northern SE Bra-
zilian SAPCM. On the opposite continental margin, only
a few published data exist along the central-to-northern
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Angolan continental margin, and volcanic remnants of the
Parand—Etendeka LIP are missing. Therefore, the contem-
porary data set does not allow further interpretation. In
general, thermochronological data provide an excellent
archive to better understand the thermal influence caused
by the Parand—Etendeka LIP. More data covering a wider
range especially in the north (Angola), and the south
would be needed to support assumptions of a greater lat-
eral sphere of originally lava covered area (Jackson et al.
2000; Torsvik et al. 2009, 2014).

Conclusions

This research study focused on the coherent long-term
t—T-evolution of the Neoproterozoic basement rocks of the
NW Namibian Kaoko and Damara belts. We presented an
overview of new thermochronological data and combined
them with the existing geochronological data, such as U-Pb,
Sm-Nd, and Rb-Sr analyses, and low-temperature ther-
mochronology (LTT) data from K/Ar, “°Ar/*°Ar analysis.
Thereby, we propose a possible coherent long-term —7-evo-
lution of the Neoproterozoic basement rocks compatible
with both, the published geological record, i.e., stratigraphic
sections and geochronological ages, and our new thermo-
chronological data.

Modeled ~T-histories correlate with the 7—T-evolution of
the Neoproterozoic basement rocks of the SE coastal region
in Brazil. Models show fast syn-to-post-Pan African oro-
genic cooling and exhumation of the basement rocks during
the Late Neoproterozoic-to-Early Paleozoic. New ZFT data
range between ~430 and ~310 Ma for the rocks of the Pre-
cambrian Kaoko Belt and likely indicate a period of intense
erosion during the Late Paleozoic Gondwana glaciation. The
Late Paleozoic-to-Late Jurassic +—T-evolution is character-
ized by major intraplate basin formation and the most likely
plume interacted pre-to syn-rift, and South Atlantic break-up
processes, such as rock and surface uplift, and erosion. Dur-
ing the Parana—Etendeka volcanic activity, the Neoprotero-
zoic basement in NW Namibia reached maximum tempera-
tures between ~ 80 and ~ 120 °C, and, therefore, experienced
less thermal influence as the SE Brazilian counterpart (up
to>200 °C). Following, the —T-reconstruction indicates a
relatively slow, post-eruption thermal recovering and rock
cooling during the Lower Cretaceous.

AFT ages along the coast and within the Damara Belt
are fully reset by the Parana—Etendeka volcanic event and,
mostly range between ~ 150 and ~ 60 Ma, which correlates
with the previous studies showing a long and complex post-
rift cooling phase. Further inland ages increase significantly,
and older AFT data may represent partially reset ages. AFT
age distributions extending from Angola to Namibia and

from eastern to south-eastern Brazil correlate for the African
and South American SAPCM and coincide with the lateral
Parand—Etendeka dike swarm distribution. Finally, we also
suggest a greater lateral sphere of originally lava covered
area. However, more data covering a wider range in the
north, and the south would be needed to fully understand
the thermal influence caused by the Parana—Etendeka LIP.
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ABSTRACT

Since plate tectonics has been linked to material flow in the Earth's mantle, it is commonly accepted that
convective motion in the sublithospheric mantle results in vertical deflections and horizontal plate motion on
the Earths surface. Those mantle flow-driven vertical deflections are recognized through significant signals and
traces in the sedimentary records (unconformities and missing sections). Recently, Friedrich et al. (2018)
introduced an event-based plume stratigraphic framework that uses such signals in the stratigraphic record to
detect the geological evolution near, and on the Earth's surface in areas of interregional scale caused by mantle
plume movement. Information about these dynamic processes is stored in geological archives, such as (1)
stratigraphic records of sedimentary basins and (2) thermochronological data sets of igneous, metamorphic,
and sedimentary rocks.
For the first time, this research combines these two geological archives and applies them to the Mesozoic SW
Gondwana intraplate environment to retrieve the Parani-Etendeka plume movement prior to the Parana-
Etendeka LIP. We compiled 18 stratigraphic records of the major continental and marine sedimentary basins
and over 35 thermochronological data sets including >1300 apatite fission-track ages surrounding the Parana-
Etendeka Large Igneous Province to test the event-based plume stratigraphic framework and its plume
stratigraphic mapping to retrieve the timing and spatial distribution of the Parana-Etendeka plume.
The plume stratigraphic mapping, using the stratigraphic records is suitable to demark a possible plume center,
plume margins and distal regions (Friedrich et al., 2018). Thermochronological data reveal centers of a significant
thermal Parana-Etendeka plume influence. Both archives show significant signals and traces of mantle plume
movement well in advance of the flood basalt eruptions. Our LTT data combined with stratigraphic records are
modeled successfully with respect to a viable mantle plume driven thermal evolution and therefore, we suggest
that thermochronological data, in combination with stratigraphy records have the potential to retrieve the
Paranéa-Etendeka plume movement.

© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

lately (Bunge and Glasmacher, 2018). Evidence for dynamic topography
changes over geologic time comes from passive continental margins, in

Ever since plate tectonics has been linked to material flow in the
Earth's mantle (Wilson, 1963, 1965; Davies and Richards, 1992), it is
commonly accepted that convective motion in the sublithospheric
mantle results in vertical deflections and horizontal plate motion on
the Earth's surface (Davies, 1999; Davies et al., 2019). Those mantle
flow-driven vertical deflections, known as ‘dynamic topography’
(Hager et al., 1985; Braun, 2010), have attracted considerable attention

* Corresponding author.
E-mail address: florian.krob@geow.uni-heidelberg.de (F.C. Krob).

https://doi.org/10.1016/j.gr.2020.02.010

particular in the South Atlantic region (Paton et al., 2008; Guillocheau et
al.,, 2012; Autin et al., 2013; Dressel et al., 2015), where spreading rate
changes appear to correlate with uplift events, presumably owing to
variations of upper mantle flow (Colli et al., 2013; Colli et al., 2014;
Brune et al.,, 2016). Dynamic topography thus links to the convective
mantle flow regime. Theoretical considerations based on the dynamic
topography response of Earth models to internal loads (e.g., hot rising
plumes or cold sinking lithosphere) imply that the Earth's surface
sustains deflections on the order of +1 km (Colli et al., 2016), resulting
in significant signals and traces in the sedimentary records
(unconformities and missing sections, e.g., Stille, 1919).

1342-937X/© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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Geodynamicists explore mantle convection in terms of the so-called
plate and plume mode (Davies, 1999; Davies et al., 2019; Heron, 2018).
The former refers to cooling of the oceanic lithosphere and its descent
into the mantle by subduction. The latter links to the rise of mantle
plumes from a hot thermal boundary layer at the Core Mantle Boundary
(CMB). A strong plume mode is inferred from mantle circulation
models. These place the total plume heat transport into the range of
10 TW (e.g., Bunge, 2005; Schuberth et al., 2009; Simmons et al.,
2009), suggesting that the plume mode may account for ~30% of the
global mantle heat budget (e.g., Davies and Davies, 2010). This makes
it important to explore dynamic topography signals that link to the
plume mode.

Recently, Friedrich et al. (2018) introduced an event-based plume
stratigraphic framework (ePSF) that predicts the existence of such
signals in the stratigraphic record to describe the geological evolution
near, and on the Earth's surface in areas of interregional scale. The
ePSF, which follows plume scaling proposed by Campbell and Griffiths
(1990) predicts that vertical mantle plume movement produces distinct
temporal and spatial patterns of episodic rock and surface uplift
accompanied by crustal deformation, the evolution, reactivation, and
horizontal migration of tectonic structures, subsidence and inversion
of sedimentary basins, and the emplacement of dike swarms and flood
basalts. Depending on the location above the ascending plume head,
either one or two episode of broad uplift and subsidence result in
formation of regional-scale unconformities, i.e., hiatuses.

However, quantitative research connecting vertical material flow in
the Earth's mantle and crust with structural, topographic, and magmatic
surface expressions in intraplate environments remains elusive and is
highly dependent on the properties of the assumed Earth model
(Bunge et al., 1998; Bunge and Glasmacher, 2018). Therefore, less is
known about the timing and rates of such dynamic processes and
their spatial distribution prior to the flood basalt eruptions.
Nevertheless, information about these dynamic processes is stored in
geological archives, such as stratigraphic records of sedimentary basins
and thermochronological data sets of igneous, metamorphic, and
sedimentary rocks.

The contemporary continents of SW Africa and South America, as
part of the former Mesozoic SW Gondwana intraplate environment
provide excellent data of both, stratigraphic records and
thermochronological data sets, having stored the sedimentological,
thermal, and magmatic evolution surrounding the Parana-Etendeka
Large Igneous Province (LIP) (Fig. 1). Furthermore, the geochemical
signature of its Lower Cretaceous flood basalts was linked to those of
lithos- and asthenospheric mantle source in the past (Trumbull et al.,
2007; Keiding et al., 2013; Will et al., 2016; Stroncik et al., 2017;
Owen-Smith et al.,, 2017, 2019; Hartmann et al., 2019).

Hence, for the first time, this research combines these two geological
archives and applies them to the Mesozoic SW Gondwana intraplate
environment to retrieve the Parana-Etendeka plume movement prior
to the Parana-Etendeka LIP flood basalt eruptions (Fig. 2). Together,
these two archives provide excellent data to quantify the temporal
scale and spatial distributions of the Parana-Etendeka plume-driven
surface deflections during the Mesozoic SW Gondwana intraplate
environment along the present South Atlantic passive continental
margins (SAPCM) of SW Africa and South America.

2. The event-based plume stratigraphic framework (ePSF)

The ePSF (Friedrich et al., 2018) transcribes ascending mantle
plume-related surface modifications that result in successive
topographic and sedimentological responses recognized through
distinct signals and traceable patterns in the stratigraphic records.
Those stratigraphic responses are expressed by unconformities,
hiatuses, and the inversion of basins, and allow systematic and testable
predictions about the evolution of an ascending mantle plume. In the

104

following, we provide a short comprehensive description of the various
phases of the ePSF (see supplementary material, Fig. S1):

2.1. Phase A - incipient plume head

The initiation of the plume movement at the CMB is defined as event
horizon in the stratigraphic records. Colli et al. (2018) estimate ascent
velocities of the rising plume head around 25-50 km/Myr. Friedrich et
al. (2018) considered an exemplary ascent velocity of about 50 km/
Myr leading to an event horizon at about 60 Myr prior to the eruption
of plume derived flood basalts at the Earth's surface.

2.2. Phases B, C, and D - rising Plume head and impact at base of lithosphere

As the plume head ascends through the non-lithospheric mantle the
Earth's surface successively responds to the transient vertical
movement with continuous vertical deflection (doming). This primary
large wavelength structural doming mirrors the vertical material flow
in the non-lithospheric mantle and appears to be limited to an
amplitude of 0.5 to 2 km of surface uplift over a radius of about
1000 km (Griffiths et al., 1989; Griffiths and Campbell, 1990; Ernst
and Buchan, 2001; Sengor, 2001; Guillocheau et al., 2018). With
decreasing plume head depth the radius of the evolving dome above
the plume axis shrinks simultaneously leading to the development of
a fast and narrow uplifting center, and slower uplifting peripheral
regions (plume margin). Regional scale erosion pattern (Cox, 1989)
dominate above the plume head prior to the plume arrival at the base
of the lithosphere, and radial transport and deposition of sediments
shifts from the plume center towards the marginal and distal regions.
Continuously, the plume margin experiences decreased relative rock
and surface uplift and the decrease of the uplifting dome's diameter
entails the subsidence of the margin.

2.3. Phases E, F - climax and collapse of plume head

When the plume head reaches the base of the lithosphere, it flattens
out and a large volume of the vertically transported material is directed
horizontally (~10° km?; Duncan and Richards, 1991). On the Earth's
surface, this deflection of vertical material flow results in the
extensional collapse of the previously uplifted central dome. The
inversion of topography triggers other endogenic processes, such as
narrow rifting that may lead to oceanic spreading and the emplacement
of dike swarms (Courtillot et al., 1999). Only little of the excess mantle
material (~10%) reaches the Earth's surface probably using the dike
swarms as feeder channels and results in the deposition of flood basalts
(Burke and Wilson, 1972; Burke and Dewey, 1973; Cox, 1989; Campbell
and Griffiths, 1990; Sengor, 1995; Ernst and Buchan, 2001).

Concurrently, the majority of mantle material is deflected
horizontally beneath the lithosphere where it may spread laterally,
preferably under regions of thinned lithosphere (Courtillot et al.,
1999; ~10° km?, Duncan and Richards, 1991). Thicker lithosphere,
such as cratonic roots, probably diverts the lateral asthenospheric
material flow (Sleep, 1997; Ebinger and Sleep, 1998) leading to highly
asymmetric rock and surface uplift, and erosion as the marginal areas
experience a lateral extension >2000 km (Campbell and Griffiths,
1990; Campbell, 2007).

2.4. Phases F, G - lateral spreading, crustal deformation, rifting and thermal
relaxation

Following the flood basalt eruptions, lateral spreading and crustal
deformation continue causing broad lithospheric-scale rifting and
ongoing horizontal plate motion. Crustal segments eventually
experience slow thermal relaxation. Erosion of the uplifted margins
leads to renewed in- and outward directed transport and deposition
of sediments, forming incipient successor basins.
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Fig. 1. Simplified overview showing the geological archives of the Mesozoic SW Gondwana intraplate environment along the contemporary SAPCMs from NW Angola to South Africain SW
Africa and from NE Brazil to SE Argentina in South America. The figure includes all major Paleozoic to Mesozoic, continental (brown) and marine (blue), sedimentary basins (numbers and
letters) surrounding the Parani-Etendeka Large Igneous Province (LIP) (dashed circle, Franke, 2013), and on- and offshore Parana-Etendeka flood basalt depositions (black) and Parana-
Etendeka related dike swarm locations (thin black lines) (Following numbers in square brackets refer back to the references accordingly to their order constraint within the reference list of
the publication and additional references in the supplementary material [Sxx]. [1]; [66]; [84]; [85]; see supplementary material: [S13]; [S14]; [S18]; [S31]; [S32]; [S44]; [S50]; [S72]; [S81];
[S96]; [S97]; [S100]; [S102]; [S103]). Paleogeographic reconstructions were taken from Torsvik et al. (2006, 2009, 2013). Onshore basins: SW Africa: 1: Huab; 2: Owambo; 3: Waterberg; 4:
Karasburg; 5: Aranos; 6: Central Kalahari; 7: Mid-Zambezi; 8: Central Karoo; 9: Congo; South America: 10: Paranaiba; 11: Sdo Francisco; 12: Parana (Brazil), 13: Parana (Uruguay); 14:
Salado; 15: NE Paleo/Cretaceous; 16: Cuyana; 17: Neuquén; 18: San Jorge; 19: Austral-Magallanes; offshore basins: SW Africa: a: Lower Congo; b: Kwanza; c: Benguela; d: Namibe; e:
Walvis Ridge; f: Walvis; g: Luderitz; h: Orange; i: Cape; South America: j: Sergipe; k: Central basins; I: Mucurri; m: Espirito Santo; n: Campos; o: Santos; p: Pelotas; q: Salado offshore;
1: Colorado. For further information see Figs. 3a, b, c. (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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Fig. 2. Schematic workflow showing the approach of this research study. First archive (left panel): We compiled published stratigraphic records of the major continental and offshore
basins in SW Africa and NE-SE South America and tested the event-based plume stratigraphic framework (ePSF, Friedrich et al., 2018) to retrieve the timing of uplift and subsidence
and propose spatial distributions on the Earth's surface affected by the rising Parana-Etendeka plume. Second archive (right panel): We used published thermochronological data sets
along the contemporary South Atlantic passive continental margins (SAPCM) from NW Angola to South Africa and Zimbabwe, and NE Brazil to NE Argentina (for references, see
supplementary material, Tables S1, S2, S3) and integrated our latest thermochronological data in NW Namibia (Krob et al., 2020; Eldracher (former Menges), pers. comm.) and SE
Brazil (Karl et al., 2013; Krob et al., 2019) to retrieve the thermal influence of the ascending Parana-Etendeka plume. The combination of both archives (middle panel) permits the
inverse numerical modeling of our thermochronological data to test them (Karl et al., 2013; Krob et al., 2019; Krob et al., 2020; Eldracher, pers. comm.) against a geological evolution
model (GEM) that has been derived from field observations, published stratigraphic records, tectonic evolution, and timing of events described within the ePSF. For further
information and references, see Figs. S5 and S6. Explanation of coloured boxes: yellow: data compilation and explanation; blue: methods and approach; green: results; red: discussion.
(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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3. First archive: stratigraphic records of the Paleozoic to Mesozoic
SW Gondwana intraplate sedimentary basins

3.1. Pre plume-event evolution of the major continental basins surrounding
the Early Cretaceous Parand-Etendeka LIP

Intraplate environments occur within continental and oceanic
plates. Moreover, the amalgamation of converging continental plates,
oceanic crust, and smaller crustal to large-scale supercontinents can
produce complex lithological and structural inhomogeneous
environments ( Santosh et al., 2009; Nance et al., 2014; Pirajno and
Santosh, 2015). Preparatory to the Mesozoic SW Gondwana intraplate
environment, the Pan African/Brasiliano orogeny (~650-490 Ma) led
to the formation of the Gondwana supercontinent (e.g. Frimmel et al.,
2011). These convergent processes were followed by a long period of
post-collisional rock cooling, tectonic and surface uplift, and erosion of
the Neoproterozoic igneous, metamorphic, and sedimentary rocks.
Early to Late Paleozoic collapse and denudation, as well as Mesozoic
denudation of the Neoproterozoic mobile belts supplied enormous
amounts of sediments to ensure the Late Paleozoic to Mesozoic
evolution of the major sedimentary basins (Figs. 1, #1-19 and #a-r;
3a, #1-9; 3b, #10-19; 3c, #a-r). Extensive intraplate foreland basins,
such as the Karoo (#8) and the Parana (#12) basins formed in front of
the northward-moving Cape Fold Belt (Stollhofen, 1999).

The Paleozoic to Mesozoic geological evolution in the later center of
the Parana-Etendeka LIP along the contemporary SAPCMs of NW
Namibia and SE Brazil is dominated by deposition of sediments,
subsidence, and diagenesis. In NW Namibia (Figs. 1, 3a; S2), the Huab
(#1), Owambo (#2), and Waterberg (#3) basins possibly mirror its
sedimentary evolution. Subsidence of the Neoproterozoic basement
set in with the onset of Karoo sedimentation during the Late
Carboniferous. All three basins provide evidence of siliciclastic
deposition of the Dwyka, Ecca, and Beaufort groups (Johnson et al.,
1996; Stollhofen et al., 2000; Catuneanu et al., 2005). In the Owambo
and Waterberg basins, siliciclastic and volcanic deposition of the Etjo
and Rundu/Rooivall formations discordantly overlie earlier Karoo
sedimentary rocks (Mountey and Howell, 2000). The volcanic rocks
are correlated to the Karoo igneous event (~180 Ma; Johnson et al.,
1996; Duncan et al., 1997; Catuneanu et al., 2005; Jourdan et al.,
2005). Flood basalt deposits of Parana-Etendeka age (~135 Ma; Renne
etal, 1992; Renne et al., 1996; Torsvik et al., 2006) are lacking, although
Parana-Etendeka related dike swarms can be found in proximity to the
basin (Turner et al., 1994; Trumbull et al., 2004; Trumbull et al., 2007;
Thompson et al., 2001; McMaster et al., 2019). In the western Huab
Basin, siliciclastic sedimentary rocks of the arid Twyfelfontein
Formation and the flood basalts (Tafelberg Formation) of the Etendeka
Group correlate with its Brazilian counterparts of the sedimentary
Botucatu, and the volcanic Serra Geral Group (Milner, 1986; Stollhofen
et al., 2000; Miller, 2008 ; Rosetti et al., 2018).

On the opposite margin in South America (Figs. 1, 3b; S2),
sedimentary rocks of the Parana Basin (#12) document the geological
evolution of the later Parana-Etendeka LIP central area in SE Brazil.
Ordovician to Jurassic, siliciclastic and carbonate rocks overlay the
Neoproterozoic basement (Milani et al., 2007). However, mainly marine
rocks are related to the lower Parana Basin supersequences (Rio Ivai and
Parand) followed discordantly by Late Carboniferous to Triassic
sedimentary rocks (Gondwana I and II). From Late Triassic to Late
Cretaceous, erosional processes with an unclear onset occurred as no
evidence of further sedimentation is recorded. Deposition resumed
with overlaying eolian sands of the Botucatu Formation and the
occurrence of Parana-Etendeka flood basalts (Serra Geral Group). The
flood basalts of both, NW Namibia and SE Brazil, are coeval with the
syn-rift stage of the South Atlantic rift evolution (Renne et al., 1992;
Renne et al., 1996; Torsvik et al., 2006).

Several major continental basins surround the Parana-Etendeka LIP
on both continents (Fig. 1). In SW Africa, further to the east and the

south, stratigraphic records of the Karasburg (#4), Aranos (#5), the
Central Kalahari (#6), and the Mid Zambezi (#7) basins indicate a
similar geological evolution dominated by sedimentary rocks of the
Karoo (#8) Supergroup (Fig. 3a) (Johnson et al., 1996; Catuneanu et
al., 2005; Haddon et al., 2005; Nxumalo et al., 2011; Berti, 2014; Phiri
et al,, 2016). Further northeast, the geological evolution of the central
African Congo Basin (#9) is characterized by Early Paleozoic,
Carboniferous to Triassic, and Jurassic to Cretaceous depositional
sequences (Crosby et al., 2010; Kadima et al., 2011).

In South America (Figs. 1, 3b), two large sedimentary basins record
the Late Paleozoic to Mesozoic geological evolution in NE Brazil.
Whereas the northern Paranaiba Basin (#10) documents almost
continuous deposition from the Silurian to the Late Cretaceous, only
Carboniferous to Permian, and Cretaceous sedimentary rocks can be
found in the stratigraphic record of the Sdo Francisco Basin (#11)
further south (Milani et al., 2007).

Sedimentary sections of the Argentine Salado (#14, onshore),
Northeastern Paleozoic/Cretaceous (#15), Cuyana (#16), Neuquén
(#17), San Jorge (#18), and Austral-Magallanes (#19) basins show a
differentiated, younger evolution mostly dominated by Mesozoic
sedimentary rocks (Kokogian et al., 1993; Carol et al., 2010; Baristeas
et al,, 2013; Naipauer et al,, 2014; Uliana et al,, 2014).

3.2. Post-Parand-Etendeka plume event evolution of the southern-central
SAPCM offshore basins

Continuous narrow rifting, the opening of the South Atlantic, and
oceanic spreading triggered Gondwana to move further apart leading
to the syn- to post-rift evolution of several offshore basins along the
SAPCMs (Figs. 1, 3¢, #a-r). Along the SW African SAPCM, finer-grained
marine sediments dominate the stratigraphic records of the offshore
basins from the Congo in the north to South Africa in the south.
Parana-Etendeka volcanic rocks (Etendeka Formation) occur in the
Kwanza (#b), and Benguela (#c) basins of Angola, in the Namibian
basins of Namibe (#d), Walvis (#f), Luderitz (#g), and along the Walvis
Ridge (#e), and partly in the Orange Basin (#h) offshore South Africa
(Light et al., 1992; Bray et al., 1998; Marzoli et al. 1999; Schmidt 2004;
Luft et al., 2005; de Vera et al., 2010; Guiraud et al. 2010; Nicolai et al.
2013; Schroder et al., 2015; Scarselli et al., 2016) These flood basalt
depositions do not extend as far north as the Lower Congo Basin (#a),
and as far south as the Cape Basin (#i) (Schmidt, 2004; Shone et al.,
2005; ; Anka et al., 2013; Franke, 2013; Marcano et al., 2013).

The offshore basins of SE Brazil, Uruguay, and NE Argentina are
characterized by mostly siliciclastic rocks with interposed depositions
of either fine- or coarse-grained material (Milani et al., 2007; Carol et
al., 2010; Contreras et al., 2011; Marcano et al., 2013). The Campos
(#n), Santos (#0), Pelotas (#p) and Salado (#q, offshore) basins stand
out due to the presence of volcanic flood basalt deposits of the Serra
Geral Group (Milani et al., 2007; Rosetti et al., 2018).

3.3. Plume stratigraphic mapping of the Parand-Etendeka LIP

We applied the ePSF (Friedrich et al., 2018) to map the full spatial
distribution on the Earth's surface that may have been affected by the
Parand-Etendeka plume movement. The ePSF outlines signals and
traces triggered by the plume movement that are expressed by distinct
patterns in the stratigraphic records, e.g. hiatuses and missing sections
prior to (pre-transit time), and following (transit time) the event
horizon (initiation of the plume movement at the D) (Fig. 4a). The
transit time (depth of the Earth's mantle [km]/ average velocity of
plate motion [cm/a]) describes the time of the plume head ascent
from the initial plume movement (at time — 1, event horizon) to the
event of the flood basalt eruptions (at time 0) (Iaffaldano and Bunge,
2015). The post plume evolution follows the flood basalt eruptions.
Following the approach outlined by the ePSF, as an initial guess, the
event horizon (—1) was set as ~60 Myr (transit time) prior the
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Parana-Etendeka flood basalt eruptions (0). Then, we grouped the
stratigraphic records of the sedimentary basins accordingly to similar
patterns as described by the plume stratigraphic mapping approach
and defined central, marginal, and distal regions to map and propose a
full spatial distribution of the Parana-Etendeka plume affected area on
the Earth's surface (Figs. 4b, c, d; 5).

The ePSF defines the central area above the plume head with the
occurrence of dike swarms and flood basalt depositions over
stratigraphic unconformities and hiatuses. Characteristic stratigraphic
records show hiatuses prior to the event horizon indicating a long
continuous phase of rock uplift and erosion during the ascent of the
rising mantle plume (Fig. S1). The ePSF expects a collapse of the central
dome above the plume head, followed by the inversion and a renewed
inward-directed phase of sedimentation. Consequently, the occurrence
of (eolian/fine-grained) sedimentary rocks prior to the deposition of the
flood basalts is essential for the plume center.

For the plume margin, the ePSF also implies a hiatus prior to, and
following the event horizon, as intermediate sedimentary sections
undergo initial surface uplift and erosion during the incipient ascent of
the plume head correlating with the surface uplift in the plume center.
This evolution is followed by a phase of sedimentation (Fig. 4a, unit 2,
orange) signalizing a first inversion related to the transient narrowing
surface uplift of the plume center and accompanied relative subsidence
of the margin. Subsequently, sedimentary sections show renewed
outward-directed surface uplift and erosion as the plume head collapses
and spreads laterally. Ideally, intermediate units (unit 2) are still
preserved. However, marginal sedimentary sections are complex,
dominated by multiple episodes of transient surface uplift and
subsidence, resulting in repeated inversion of the margin region
(Friedrich et al., 2018). Flood basalts can occur, though thinner deposits
are expected.

Concluding, distal regions are those that hypothetically comprise
nearly complete sedimentary sections that did not experience any
plume-related surface uplift and erosion, and their geological evolution
seems to be clearly disconnected from any plume related impact.

3.4. Results and discussion of the stratigraphic mapping of the Parand-
Etendeka LIP

3.4.1. Plume Center

The sedimentary sections of the NW Namibian Huab (#1) and the SE
Brazilian (#12), and Uruguayan (#13) Parana basins (Figs. 4b, c; 5)
fulfill all requirements of the plume stratigraphic mapping to define
them as part of the plume center. Their stratigraphic records show
hiatuses and large missing section for the time before and after the
event horizon. Furthermore, a section of eolian or fine-grained
siliciclastic rocks is recorded for all three basins interfingering with
the overlaying Parana-Etendeka flood basalts. Therefore, their
stratigraphic records are consistent with the set of criteria (i.e., hiatus
pattern) expected based on the ePSF.

However, the strict compliance to the set of criteria would leave out
areas showing expected indications of a potential plume center (e.g.,
dike swarms and flood basalt depositions, Ernst and Buchan, 1997).
Therefore, we decided to extend the set of criteria of the ePSF, to include
areas of the combined occurrence of Parana-Etendeka related dike

swarms and flood basalt depositions to broaden the Parana-Etendeka
LIP central area (Fig. 5). Doing so also allows including the offshore
basins showing evidence of flood basalt depositions (Franke, 2013;
Stica et al., 2014). This holds from north to south for the African Kwanza
(#b), Benguela (#c), Namibe (#d), Walvis (#f), and Luderitz (#g) basins
and the Walvis Ridge (#e) (Etendeka Formation) (Fig. 4d). The
southernmost Orange Basin (#h) and the Brazilian Espirito Santo
Basin (#m) in the north may represent the transition from center to
margin partly showing flood basalt deposition. The stratigraphic records
of the following Campos (#n), Santos (#0), Pelotas (#p), and Salado
(#q) basins display flood basalts of the Serra Geral Group and can be
associated with the central area of the Parana-Etendeka LIP (Franke,
2013).

3.4.2. Plume margin

We suggest the Namibian Owambo (#2), Waterberg (#3) and
Karasburg (#4) basins as the marginal regions on the SW African plate
(Figs. 4b, ¢, 5). Their sedimentary sections show large unconformities
indicating long and/or intense phases of surface uplift and erosion.
However, neither evidence of flood basalt depositions in their
stratigraphic records exists, nor are they clearly described in published
literature.

Furthermore, there is evidence of siliciclastic sedimentary rocks
(Etjo Formation) followed by flood basalts that correlate in age with
the Karoo LIP event (Rundu/Rooiwal Formation). Therefore, we assume
that the signal of the Parand-Etendeka plume movement and its
predicted stratigraphic patterns on the Earth's surface might have
been disturbed by the large-scale effects of the prior Karoo event and
its stratigraphic consequences. Nevertheless, due to the clear influence
by vertical movement and the proximity to the Parana-Etendeka related
dike swarms these sections were attributed to the marginal region (Fig.
5).

Although, preserved Parana-Etendeka flood basalt deposits in the NE
Argentine Salado Basin (#14) imply a central impact in the stratigraphic
record, a section possibly correlated with a unit 4b is missing. Also, there
is no evidence of dike swarms related to the Parana-Etendeka LIP.
Therefore, the Argentine Salado Basin (#14) more likely represents
the plume margin.

3.4.3. Distal regions

The SW African Aranos (#5), Central Kalahari (#6), Mid Zambezi
(#7), and Central Karoo (#8) basins show sedimentary sections rather
interrupted or more likely dominated by the earlier Karoo event (Figs.
4b, ¢, 5) (Duncan et al.,, 1997). However, they clearly dispose hiatuses
and large missing sections for the Late Jurassic to Late Cretaceous
indicating long phases of surface uplift and erosion. Nevertheless, their
stratigraphic records do not fulfill the requirement of the ePSF to define
them as central or marginal regions. The geological evolution of the
central African Congo Basin (#9) is clearly disconnected from the
geological evolution of the basins located in SW Africa (Kadima et al.,
2011) and does not follow any stratigraphic patterns as predicted by
the ePSF. This also holds for the stratigraphic records of the Argentine
basins (#15-19) that do not show evidence of a possible plume
influence when viewed in the frame of the model.

Fig. 3. a: Stratigraphic records of the major continental, Paleozoic to Mesozoic, sedimentary basins in SW Africa. For further explanations concerning sedimentology and lithologies, see
legend in Fig. 3c. Basins and corresponding references (please see supplementary material): (1) Huab: [S12], [S51]; (2) Owambo: [S12], [S51]; (3) Waterberg: [S12], [S51]; (4)
Karasburg: [S3], [S12], [S51]; [S72]; (5) Aranos: Following numbers in square brackets refer back to the references accordingly to their order constraint within the reference list of the
publication and additional references in the supplementary material [Sxx]. [S3], [S12], [S51]; [S77]; (6) Central Kalahari: [S12], [S40], [S51], [S77], [S82]; (7) Mid Zambezi: [S12], [S51],
[S77], [S82]; (8) Central Karoo: [S3], [S12], [S51]; [S77]; (9) Congo: [S17]; [S52]. b: Stratigraphic records of the major continental, Paleozoic to Mesozoic, sedimentary basins in South
America. For further explanations concerning sedimentology and lithologies, see legend in Fig. 3c. Basins and corresponding references (please see supplementary material): (10)
Paranaiba: [53]; (11) Sdo Francisco: [53]; (12) Parana (Brazil): [53]; (13) Parana (Uruguay): [53]; (14) Salado: [S11]; (15) Northeastern Paleo/Cretaceous: [S105]; (16) Cuyana:
[S105]; (17) Neuquén: [S75], [S105]; (18) San Jorge: [S105]; (19) Austral-Magallanes: [S2], [S105]. c: Stratigraphic records of the major marine, Lower Cretaceous to recent,
sedimentary basins along the SAPCM of SW Africa and South America. Basins and corresponding references (please see supplementary material): SW African: (a) Lower Congo: [2],
[S72]; (b) Kwanza: [S36], [S72], [S76], [S88]; (c) Benguela: [S88], [S89]; (d) Namibe: [S88], [S89]; (e) Walvis Ridge: [S7], [S88]; (f) Walvis: [S7], [S67], [S88]; (g) Luderitz: [S64], [S88];
(h) Orange: [S19], [S64], [S65], [S71], [S87], [S88]; (i) Cape: [S88], [S92]; South American basins: (j) Sergipe: [53]; (k) Central basins: [53]; (1) Mucurri: [53]; (m) Espirito Santos: [53];
(n) Campos: [53]; [S15], [S71], 0) Santos: [53]; [S15], (p) Pelotas: [53]; [S15], (q) Salado: [S11]; (r) Colorado: [S65], [S71], [S80], [S107].
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3.4.4. Critical view and uncertainty analysis
This study's approach requires a sincere analysis of appearing
uncertainties during the application of the stratigraphic framework
outlined by the ePSF, and therefore, we critically reviewed our findings
for both, the compiled stratigraphic records and the theoretical model.
Whereas the definition of a plume center proved to be relatively
viable, the mapping of the plume margin and the distal areas turn out

to be possibly flawed. Nevertheless, we the stratigraphic records display
signals and traces of the plume movement well when applied to the
Parana-Etendeka LIP within the Mesozoic SW Gondwana intraplate
environment. By using the ePSF, we recognize hiatuses and
unconformities in the sedimentary sections of the plume center and
the margin preceding the Parana-Etendeka LIP event, and it is viable
to map a spatial distribution of the mantle plume affected area within
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Fig. 4. a: Diagram of the plume stratigraphic mapping approach as published within the ePSF (modified after Friedrich et al., 2018). Theoretical time scale and chronostratigraphic chart
that would result from a plume-head event that initiated at the core-mantle boundary. Time scale on left is relative to mantle-plume models and shows the plume transit time (laffaldano
and Bunge, 2015) pinned to the eruption of the flood basalts (at time 0) and the event horizon (at time — 1). Information on chronostratigraphic charts does not account for the thickness
of a unit (refer to stratigraphic column), but best represents the formation time b: Plume stratigraphic mapped stratigraphic records of the major continental, Paleozoic to Mesozoic,
sedimentary basins in SW Africa. Based on the chronostratigraphic record and the predicted map pattern by Friedrich et al., 2018 (Fig. 4a), we defined the individual sedimentary
sections as plume center, a plume margin, or distal region. The lower red line indicates the plume event horizon ~60 Myr (transit time) prior the Parana-Etendeka LIP event (upper
red line). For further information concerning sedimentology and lithologies, please see Fig. 3a and 3c. c: Plume stratigraphic mapped stratigraphic records of the major continental,
Paleozoic to Mesozoic, sedimentary basins in South America. Based on the chronostratigraphic record and the predicted map pattern by Friedrich et al., 2018 (Fig. 4a), we defined the
individual sedimentary sections as plume center, a plume margin, or distal region. The lower red line indicates the plume event horizon ~60 Myr (transit time) prior the Parana-
Etendeka LIP event (upper red line). For further information concerning sedimentology and lithologies, please see Fig. 3b and 3c. d: Plume stratigraphic mapped stratigraphic records
of the major marine, Lower Cretaceous to recent, sedimentary basins along the SAPCM of SW Africa and South America. Based on the chronostratigraphic record and the predicted
map pattern by Friedrich et al., 2018 (Fig. 4a), we defined the individual sedimentary sections as plume center, a plume margin, or distal region. The thin red line indicates the Parana-
Etendeka LIP event. For further information concerning sedimentology and lithologies, please see Fig. 3c. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

the Mesozoic SW Gondwana intraplate environment. However, the
observed uncertainties allow a range in both, the spatial and the
temporal scale.

Several stratigraphic records of the Mesozoic SW Gondwana
intraplate environment possibly permit a slightly deviated definition
moving away from the strict requirements for the stratigraphic patterns
outlined by the ePSF. Particularly, the stratigraphic records of the
southern African basins show uncertainties regarding their classifications.
The Owambo (#2), Waterberg (#3), and Karasburg (#4) basins provide
large hiatuses but lack Etendeka volcanic rocks, though Etendeka related
dike swarms occur in the vicinity, and therefore, allow a possible
definition as part of the plume center for this area. Nevertheless, they
also contain preserved volcanic rocks of the Karoo LIP, and thus, indicate
a strong influence by the previous Karoo LIP event. Consequently, the
large hiatuses could also stem from the Karoo event.

Beyond the possible plume center, the stratigraphic records permit
more possibilities to widen the plume margin. In the north, an inclusion
of the Brazilian Paranaiba (#10) and the S3o Francisco basins (#11) is
more likely due to their hiatuses and missing sections. The sedimentary
section of the northern most Paranaiba (#10) Basin might also show a
potential Central American Magmatic Province (CAMP) signal providing
CAMP related flood basalt depositions (Milani et al., 2007). We also
recognize a similar timing of the hiatus in the Argentine NE Paleo./
Cretaceous (#15) Basin that entitles an inclusion to a possible plume
margin, though possibly following sections are not preserved.

Towards the south, the plume margin may be wide, as the
sedimentary sections of the Argentine San Jorge (#18) and Austral-
Magallanes (#19) basins indicate a similar timing of the hiatus correlating
with the central basins in the plume center. Nevertheless, an
interpretation towards the south and the southwestern areas is highly

complex due to the previous large-scale Karoo LIP event effects and its
stratigraphic consequences (Storey et al., 2013; Navarrete et al.,, 2019).
A possible scenario could be a coupled combination of rock and surface
uplift signals of both consecutive plume events leading to overlapping
long-time uplifted areas expressed by large hiatuses and missing sections
as seen in the Sierra Australis and Sierra Septentrionales (Kollenz et al.,
2016). This could also yield for the Uruguayan Parana (#13), Salado
(#14), NE Paleo./Cretaceous (#15), and Neuquén (#17) basins. However,
these areas can be still defined as the Parana-Etendeka plume margin.

On the African side, an interference of the Karoo plume effects is also
highly imminent as the sedimentary sections of the central southern
African basins (#5-8) most likely reveal consequences of the large-
scale Karoo LIP event (Storey et al., 2013; Navarrete et al., 2019)
comprising Karoo-related flood basalt depositions and fine-grained
siliciclastic sections. Therefore, we are not able to recognize Parana-
Etendeka plume related stratigraphic signals in those records
constraining the western ranges of the plume margin relatively clearly
to a minimum on the contemporary African continent.

We assume a highly differentiated predisposition of the mantle
rheology concerning upper mantle viscosities and lithosphere rigidities
for the SW Mesozoic Gondwana intraplate environment (Richards and
Hager, 1984; Mitrovic, 1996; Lithgow-Bertelloni and Gurnis, 1997;
Yang and Gurnis, 2016;) that enabled the formation of the displayed
basin geometry (Watts et al., 1982; Beaumont, 1978; White and Lovell,
1997; Petersen et al., 2010, 2018), and probably had its role on the
ascent of the rising plume head, the direction of lateral deflected
asthenospheric material flow (Sleep, 1997; Ebinger and Sleep, 1998)
and lastly the spatial distribution of the Parana-Etendeka flood basalts
on the Earth's surface (Sacek and Usami et al., 2013). Therefore, we
assume that the predisposition of the Karoo LIP may have prevented
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Fig. 5. Plume stratigraphic mapped, lateral distribution of the Parana-Etendeka LIP during the Mesozoic SW Gondwana intraplate environment. Based on the chronostratigraphic record
and the predicted map pattern by Friedrich et al., 2018 (Fig. 4a), we defined the individual sedimentary sections as plume center, a plume margin, or distal region. For further information
concerning names of basins, reference for paleogeography and location of flood basalt depositions and Parana-Etendeka related dike swarms, please see Figs. 1, 4b, c, d. Red area: possible
plume center; green area: plume margin; blue area: distal regions. For further information, please see Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

the rising Parana-Etendeka plume head from influencing the present
southern African continent during the initial ascent (~Late Triassic/
Early Jurassic). Otherwise, the stratigraphic records of the southern-
central African basins (#2-8) show hiatuses implying surface uplift
and erosion beginning during the Mid Jurassic and may indicate traces
of the predominantly uplifted areas during the lateral deflection of
asthenospheric mantle flow as the plume head reached the top of the
lithosphere (Sleep, 1997; Ebinger and Sleep, 1998).

In the north-western Parana-Etendeka LIP area, the sedimentary
record of the Congo (#9) Basin also leaves room for speculation as we
recognize an early hiatus signalizing a potential Parana-Etendeka LIP
related surface rock and surface uplift. Sedimentation recommenced
during the Late Jurassic that possibly implies the deposition of
eastwards transported sediment material indicating the flattening of
the plume head at the base of the lithosphere and the horizontal
deflection of the initially vertical transported material (Leng and
Zhong, 2010). Such a signal can also be recognized in the southern
Austral-Magallanes (#19) Basin where deposition is reinstated
evidently during the Late Jurassic.

However, we would like to emphasize that overestimation of
individual stratigraphic data is as always imminent. Sedimentary
sections are often fraught with large uncertainties related to the
reliability of the lateral extension, since stratigraphic records are highly
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dependent on borehole locations, e.g. this research had to rely on a
single stratigraphic profile for the entire Parana Basin. Therefore, this
research often had to cope with single sedimentary sections reflecting
the geological evolution of entire basins comprising large areas and
different geological regimes. Consequently, this study had to build on
to the assumption of homogenous depositions waiving the lateral
discrepancies of the sedimentological evolution that should not be
ruled out. Further uncertainties that have to be dealt with include
erosional unconformities (nonconformities; Fig. 4a; Friedrich et al.,
2018) and the temporal interpretation of hiatuses, and unpreserved
but potentially originally existing sections. Signals of events can also
be disturbed or overprinted by other geological events and, therefore,
the accuracy and clarity can be a significant problem. Moreover, rocks
get eroded differently and other parameters, such as climate, chemical
and physical weathering, and the composition of rocks should be
taken into account when analysing stratigraphic records. Whereas the
spatial distribution of the Parand-Etendeka plume influenced area on
the Earth's surface can be relatively clearly constrained, a similar
interpretation to constrain the temporal range of the plume ascent
remains rather uncertain. Whereas, the hiatuses in the stratigraphic
records of the central basins (#1, #12, and #13) indicate an upper
limit for the event horizon not exceeding the Early Triassic, the data
does not provide a similar assumptions towards a lower limit as most
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Fig. 6. Simplified Overview of the existing low temperature thermochronology (LTT) data sets along the SAPCMs of SW Africa from NW Angola to South Africa and Zimbabwe, and South
America from NE Brazil to NE Argentina (Google Earth). For further information and references, please see supplementary material (Table S1).

of the records lack preserved sedimentary sections to better constrain a
possible transit time.

4. Second Archive: thermochronological data sets of the SW African
and NE to SE South American SAPCM

4.1. Low-temperature thermochronology (LTT) data sets

Low-temperature thermochronology (LTT) data sets are excellent
geological archives to quantify temperature-sensitive processes, such
as the cooling and heating of rocks of the upper Earth's crust. While
most of the LTT studies along the contemporary SAPCMs from NW
Angola to South Africa, and Zimbabwe on the SW African plate and
from NE Brazil to NE Argentina on the NE to SE South American plate
dispose apatite FT and He data, information about the cooling of rocks
from FT and He dating on zircon remains less comprehensive.
Nevertheless, compiled data sets of both, FT and He analyses on apatite
and zircon provide an excellent overview (Fig. 6; Table S1, for references
please see supplementary material) to investigate whether existing LTT
data sets are able to retrieve a possible thermal influence of the Parana-
Etendeka plume movement.

On the SW African side, apatite fission track (AFT) ages with
youngest values confined to the coastal areas and significant age
increase towards the inland range between ~60 Ma and ~550 Ma (Fig.
6, A-G). The trend of younger ages along the coast is also observed on
the opposite South American SAPCM with a wide range of AFT ages
between ~40 Ma to ~480 Ma (K-Q). Towards the south, data sets from
Uruguay (P) and Argentina (Q) indicate older AFT ages reaching from
~200 Ma, and ~130 Ma respectively, to ~325 Ma, or rather ~250 Ma.

Fewer data exists of (U-Th-(Sm))/He analyses on apatite (AHe)
showing ages between ~50 Ma and ~180 Ma along the Angolan
SAPCM, and between ~60 Ma and ~160 Ma in South Africa (Fig. 6, A, E,
and H). In Zimbabwe (I) AHe ages correlate with the AFT age range
revealing ages between ~95 Ma and ~475 Ma. In SE Brazil, AHe data
shows ages between ~45 Ma and ~125 Ma (M, and N). For the
Uruguayan (P) and Argentine (Q) SAPCM, AHe data reaches also older
ages between ~90 Ma, and ~120 Ma, respectively, and ~300 Ma, or
rather ~165 Ma corresponding to the AFT age distribution in these
regions.

For both dating techniques using zircon (ZFT and ZHe) few data
exists along the SW African SAPCM. However, ZFT data lies between
~310 Ma and ~440 Ma for areas in NW Namibia (Fig. 6, B), and in SW
South Africa (E, and H). ZFT Ages of Zimbabwe (I) indicate a wide age
spread ranging from younger ages ~100 Ma and reach old ages of up
to ~500 Ma. Along the SW African SAPCM only one data set (E)
represents the ZHe dating technique with ages between ~235 Ma and
~340 Ma. While ZFT ages on the opposite SAPCM range between
~105 Ma and ~540 Ma for SE Brazil (Fig. 6, M, N, and O), only one
published ZFT age of ~230 Ma exists in NE Argentina (Q). The ZHe age
distribution in SE Brazil (N) generally corresponds to the ZFT age
trend, showing ages between ~70 Ma and ~525 Ma. Whereas ZHe data
representing the Uruguayan (P) SAPCM provides the oldest ages
between ~460 Ma and ~560 Ma, Argentine (Q) ZHe data correlates
with the SE Brazilian data reaching from ~160 Ma to ~500 Ma.

4.2. Visualization of apatite fission-track data sets

The visualization of multiple thermochronological data provides
the possibility to investigate data sets related to their lateral age
distribution. We decided to work with apatite fission track data
solely due to the broad existence of published data, their probable
reliability, and comprehensive lateral distribution along the SAPCMs
of SW Africa and Zimbabwe, and NE to SE South America. We provide
histograms of the AFT data sets showing the temporal correlations
and traces to retrieve the Parana-Etendeka plume movement and
plotted the coherent AFT age distribution of the whole study area
to investigate the possible spatial dimension of the Parana-Etendeka
plume surface uplift and thermally influenced area. Therefore, we
only used (reset) Precambrian basement rock samples and reset
sedimentary rock samples (when AFT age < formation age) since
detritus ages (AFT age > formation age) would not represent the
actual position of one's sample location and most likely lead to a
wrong age interpretation.

4.3. Results and discussion: thermochronological data sets in the
perspective of the event-based plume stratigraphic framework (ePSF)

The coherent large-scale overview of the AFT age distribution
integrates all AFT data sets surrounding the Parana-Etendeka LIP and
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enables the investigation of a large amount of data in the frame of the
ePSF (Fig. 7). We compiled altogether 579 (from NW Brazil to
Argentina), or rather 741 (SW Africa and Zimbabwe) AFT ages of over
35 research studies (Figs. 7, 8; for further information and references,
see supplementary material Figs: S3; S4; Tables S1; S2; S3) to apply the
ePSF on the thermochronological data surrounding the Parana-Etendeka
LIP during the Mesozoic SW Gondwana intraplate environment.

The majority of the reset ages (~70-80% (SW Africa) and ~60-70%
(South America)) lie around or are younger than the Parana-Etendeka
flood basalt event (1) (Fig. 8; ~135 Ma) and therefore, most likely infer
a thermal overprint caused by the Parana-Etendeka volcanic activity.
Post-volcanic cooling and thermal relaxation of the upper Earth's crust
as predicted by the ePSF (Fig. 8, blue bar) and Hu et al. (2019) combined
with syn- to post-rift rock and surface uplift, and erosion led to the
displayed accumulation of AFT ages. Those thermally influenced ages
form several well constrained age centers along the SAPCMs from NW
Angola to South Africa and from NE Brazil to NE Argentina (Fig. 7, white
circles A and B). The two most significant areas are exposed within the
(A) Ponta Grossa Arch in SE Brazil and the opposite NW Namibian
Damara Belt, and along the (B) Rio de Janeiro state coastal strip and the
opposite Angolan SAPCM. Those areas coincide with the Parana-Etendeka
flood basalt depositions and the lateral Parana-Etendeka related dike
swarms distribution on both sides of the continents indicating a highly
asymmetric plume central area with possibly two different eruption
sources. Whereas we define the Angolan to Namibian and SE Brazilian
coastal areas as part of the plume center, the South African region implies
a differentiated thermal evolution (Braun et al., 2014).

A second significant smaller peak of accumulated AFT ages is
observed between ~220 Ma and ~180 Ma meaning a total of ~5% (SW
Africa) and ~8% (South America) of the displayed ages having formed
during the Late Triassic/Early Jurassic and may reflect the initial plume
movement (2) (Fig. 8; ~195 Ma, ePSF) that caused initial rock and
surface uplift, and erosion during the incipient doming on the Earth's
surface. Detritus ages (AFT age > formation age) for SW Africa clearly
indicate a peak of ages following the first plume movement (2) and
the subsequent phase of rock cooling. Though, their source is unknown
and therefore their information leaves little room for interpretation.

In general, ages increase from the coastal areas towards the
continental inland on both sides. Though, data sets are elusive within
the continents and the age distribution is less constrained. However,
areas showing ages of ~200 Ma coincide with the plume margin defined
by the plume stratigraphic mapping (Fig. 5). The oldest ages are displayed
in NE South Africa and Zimbabwe most likely indicating a Parana-
Etendeka plume undisturbed geological evolution (distal regions).

A third accumulation of AFT ages (~12% (SW Africa) and ~18% (South
America) may correspond to erosional processes during and following
the Gondwana Ice House period (~350-220 Ma, pre-Transit time;
Montafiez and Poulsen, 2013).

4.4. Critical view and uncertainty analysis

The application of thermochronological data on the Mesozoic SW
Gondwana intraplate environment provide an excellent approach to
trace possibly plume-related rock and surface uplift of parts of the
upper crust (dynamic topography; Hager et al., 1985; Braun, 2010).

Yet, the interpretation of thermochronological data is complex and
requires uncertainty analysis. The thermochronological data are spread
over a large region, often lack in comprehensive age information, and
are often influenced by the regional geology that impedes assumptions
regarding interregional scale forces. Especially along the northern
SAPCM of Brazil and along South Africa, non-plume related rifting and
tectonic processes have to be considered to explain vertical movement.
Braun et al. (2014) suggest Mid Cretaceous rock and surface uplift and
increased erosion to be responsible for the rock cooling and therefore,
the South African AFT age distribution. This also holds for the NE
Brazilian SAPCM that is most likely syn- to post-rift related (e.g., Japsen
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et al., 2012) and lacks Parana-Etendeka flood basalt depositions and
Parana-Etendeka related dike swarms.

As for the SE Brazilian and NW Namibian SAPCM's, we suggest plume
induced differentiated rock and surface uplift in the crust together with a
strong thermal influence either explained by a temporal higher
geothermal gradient derived from the Parana-Etendeka related dike
swarms, and/or the eruption and deposition of the Parana-Etendeka
flood basalts to explain the AFT age distribution. Moreover, the existing
flood basalt depositions on- and offshore (Milani et al., 2007; Petrobras
unpublished) combined with the geochemical determinations proving
mantle plume signature (Trumbull et al., 2007; Keiding et al., 2013; Will
et al, 2016; Stroncik et al., 2017; Owen-Smith et al., 2017, 2019;
Hartmann et al., 2019) leave little room for interpretation. Although,
non-plume-related vertical movement provide an excellent opportunity
to explain local geological processes along the SAPCM's, for most of the
data in SE Brazil, NW Namibia and also Uruguay a non-plume related
evolution does not simply produce an equally good satisfactory
explanation (Hueck et al., 2018; Krob et al., 2019). However, these
different interpretations of the geological evolution provide the possibility
to support a possible plume center, and marginal and distal regions
outlined by the plume stratigraphic mapping (Figs. 5, 7).

Nevertheless, another major problem to trace and constrain pre-
eruption Parana-Etendeka plume movement includes the fact that most
of the ages have been thermally overprinted during the volcanic activity
and/or erupted flood basalts and/or non-plume related pre-to post-rifting
processes, and therefore, often no information exists about the geological
evolution prior to the Parana-Etendeka flood basalt event. Therefore, it
remains very uncertain to better constrain a possible Parana-Etendeka
plume horizon and verify the initial guess of a transit time of ~60 Ma
(Colli et al.,, 2018). Nevertheless, the LTT data trace a possible signal of
the first plume movement expressed by the accumulation of AFT ages
that indicates cooling between ~220 and ~180 Ma, and therefore, possibly
widens the range of the ePSF event horizon (~195 Ma).

5. Combining both archives: stratigraphic records and LTT data sets

5.1. Inverse numerical modeling to retrieve the t-T-evolution of the Parand-
Etendeka plume central area

When combined, both archives, stratigraphic and LTT data allow
numerical modeling the t-T-evolution of the rocks of the Earth's upper
crust that contribute to the understanding of long-term landscape
evolution processes, such as rock uplift and exhumation (surface uplift
and erosion), or rather subsidence and sedimentation of rocks on and
near the Earth's surface (Fig. S5). As a formerly connected key area,
the present SAPCMs of NW Namibia and SE Brazil are highly suitable
to reconstruct the t-T-evolution of the Neoproterozoic basement
under the influence of the vertical Parana-Etendeka plume movement
most likely reflecting the tectono-thermal evolution of the Parana-
Etendeka LIP central area (Torsvik et al., 2009; Franke, 2013).

Inverse numerical modeling of cooling and heating paths (t-T-history)
provides the ability to test thermochronological data by using current
fission-track annealing models (Ketcham et al., 2007a, b) and helium
diffusion kinetics (Flowers et al., 2009; Guenthner et al., 2013) against a
constrained possible t-T-evolution derived from a geological evolution
model (GEM). To retrieve the t-T-evolution under the influence of the
vertical plume movement, we applied our thermochronological data set
along the SAPCMs of NW Namibia (Krob et al., 2020; Eldracher pers.
comm.) and SE Brazil (Karl et al., 2013; Krob et al., 2019) derived solely
from metamorphic rocks of the Neoproterozoic basement to the software
code HeFTy® (v.1.9.3; Ketcham, 2005; Ketcham et al., 2007a, b, 2009,
2017). For each individual sample the thermochronological data set was
applied to HeFTy®. Whereas the thermochronological data set of NW
Namibia only provided AFT data, the data set of SE Brazil allowed
combining multi-chronometer thermochronological modeling using up
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to four different thermochronometers (AFT, AHe, ZFT, and ZHe) for individual samples.
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Fig. 7. Apatite fission-track (AFT) age distribution showing all AFT data sets along the SAPCMs of SW Africa from NW Angola to South Africa and Zimbabwe, and South America from NE
Brazil to NE Argentina. AFT ages were subdivided in three groups: red dot: syn- to post-plume evolution (< 135 Ma); yellow square: Transit time (200-135 Ma); green triangle: pre-Transit
time (>200 Ma). For further information on the AFT data and corresponding references, please see Figs. S3, S4; Tabs: S2, S3). The figure includes all major Paleozoic to Mesozoic, continental
(brown) and marine (blue), sedimentary basins (numbers and letters) surrounding the Parana-Etendeka LIP (dashed circle, Franke, 2013), and on- and offshore Parana-Etendeka flood
basalt depositions (black) and Parana-Etendeka related dike swarm locations (thin black lines) (Following numbers in square brackets refer back to the references accordingly to their
order constraint within the reference list of the publication and additional references in the supplementary material [Sxx].[1]; [66]; [84]; [85]; see supplementary material: [S13];
[S14]; [S18]; [S31]; [S32]; [S44]; [S50]; [S72]; [S81]; [S96]; [S97]; [S100]; [S102]; [S103]). White circles (A and B) indicate possible plume centers showing predominantly AFT ages of
the syn- to post-plume event (red) and coincide with Parana-Etendeka related dike swarm locations. Paleogeographic reconstructions were taken from Torsvik et al. (2006, 2009,
2013). Onshore basins: SW Africa: 1: Huab; 2: Owambo; 3: Waterberg; 4: Karasburg; 5: Aranos; 6: Central Kalahari; 7: Mid-Zambezi; 8: Central Karoo; 9: Congo; South America: 10:
Paranaiba; 11: Sdo Francisco; 12: Parana (Brazil), 13: Parana (Uruguay); 14: Salado; 15: NE Paleo/Cretaceous; 16: Cuyana; 17: Neuquén; 18: San Jorge; 19: Austral-Magallanes;
offshore basins: SW Africa: a: Lower Congo; b: Kwanza; c: Benguela; d: Namibe; e: Walvis Ridge; f: Walvis; g: Luderitz; h: Orange; i: Cape; South America: j: Sergipe; k: Central
basins; I: Mucurri; m: Espirito Santo; n: Campos; o: Santos; p: Pelotas; q: Salado offshore; r: Colorado. For further information see Figs. 3a, b, c. (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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Fig. 8. Histograms of the AFT data sets along the SAPCMs of SW Africa from NW Angola to
South Africa and Zimbabwe (upper), and South America from NE Brazil to NE Argentina
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Africa) and 707 (South America) reset AFT ages (AFT age < formation age); white: 27
(SW Africa) and 34 (South America) detritus AFT ages (AFT age > formation age);
yellow bars: highlight exposed AFT age peaks; 1: Parana-Etendeka flood basalt event
(~135 Ma; Renne et al., 1992; Renne et al., 1996; Torsvik et al., 2006); 2: initial plume
movement as predicted by the ePSF (Friedrich et al., 2018); 3: Gondwana Ice House
period (Montafiez and Poulsen, 2013). Upper blue (cooling) and red (heating) bars
highlight the expected thermal processes as predicted by the ePSF. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

5.2. Geological evolution model (GEM)

The GEM pretends a possible geological evolution assuming tectono-
thermal processes (t-T-evolution) on the Earth's surface above the
ascending plume head (Fig. S1) against the thermochronological data
set is tested (Fig. S5). Therefore, it uses field observations and published
stratigraphic (Figs. 3 a, b, ¢; S2), paleo-geographic (Scotese and Golonka,
1992; Scotese et al., 1999; Torsvik et al., 2009), and -climatic knowledge
(Wygrala, 1989), the ascending mantle plume model (Campbell and
Griffiths, 1990; Colli et al., 2018; Bunge and Glasmacher, 2018), and the
ePSF (Fig. S1, Friedrich et al., 2018). Thereafter, the GEM is transferred
into specific t-T-constraints (Figs. S6.1-S6.3) and applied to the modeling
software.
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The GEM mainly supervises the t-T-evolution (<300 °C) from the
Triassic to Lower Cretaceous and predicts a first exhumation during the
Early to mainly Late Paleozoic (Johnson et al., 1996; Stollhofen et al.,
2000; Catuneaunu et al., 2005; Milani et al., 2007). During the Triassic,
we simulate coherent heating assuming the ongoing subsidence of the
Late Paleozoic to Mesozoic basins (Parana, Huab, Owambo, and
Waterberg). From Early Jurassic, t-T-models are constrained by the
observations of the stratigraphic records (e.g. occurring hiatuses and
unconformities) that correlate with assumptions made by the ePSF and
possibly reflect the initial plume movement. Therefore, the GEM
simulates cooling assuming transient surface uplift during the plume
head rise (Campbell and Griffiths, 1990; Bunge and Glasmacher, 2018).
Following, t-T-constraints pretend a reheating during the Early
Cretaceous assuming the thermal influence caused by the emplacement
of dike swarms and the deposition of the Parana-Etendeka flood basalts.
Concluding, the GEM predicts renewed cooling during the Early
Cretaceous that continues throughout the Cenozoic. Individual GEM-
derived t-T-constraints may differ between sample locations within the
different regions. However, equal t-T-coordinates were applied strictly
to samples of the same geological region to guarantee better
comparability of the t-T-histories of the modeled samples in their
respective areas. Then, HeFTy® performs an inverse model and seeks
paths that fit through the t-T-constraints considering the input
thermochronological data.

5.3. Results of the numerical modeling of the t-T-evolution

The individual results of the inverse numerical modeling of the t-T-
evolution of the Neoproterozoic basement are displayed in fig. S7
(NW Namibia) and fig. S8 (SE Brazil) (see supplementary material).
For all samples, 50,000 t-T-paths were tested against the
thermochronological data set. In general, the numerical modeling
yielded high values of the statistic approach “goodness of fit (G.0O.F.)".
The G.O.F. quantifies the probability that a given t-T path generates
the thermochronological data set under the assumption of the GEM-
generated t-T constraints and therefore, t-T-models passed our
requirements when good fits were found. Altogether, all t-T-models
reproduced the plume-driven t-T-evolution under the supervision of
the given GEM-generated t-T-constraints to our complete satisfaction
and the results are discussed together with the 3D visualization of the
Neoproterozoic basement thermal structure in chapter 5.5.

5.4. 3D-visualization of the t-T-evolution

The sole information of cooling and heating processes of spatially
distributed samples urges a better visualization of the t-T-evolution in
space, and time to contribute to the understanding of a complex t-T-
history. Therefore, 3D-interpolation maps of the projected Neoproterozoic
basement thermal structure were generated using the Golden Software
Surfer® (Figs. 9a, b, ¢, d). The maps are based on Paleo-temperatures at
specific time steps derived from the “weighted-mean” paths of the
modeled t-T-evolution of the individual samples (Figs. S9.1-59.16). This
approach allows transferring local t-T-information from individual
samples into space, and time to reconstruct the 3D thermal structure of
the intraplate, Neoproterozoic Gondwana basement surface.

The change in temperature is illustrated by the spatial movement
and expansion of the green (20-40 °C) and purple (140-160 °C) areas.
A regression or vanishing of the green area accompanied by a
progressing purple area over subsequent time steps indicates an
increase in temperature, whereas a phase of cooling is demonstrated
by the progression of the green area accompanied by a regression of
the purple area.
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5.5. Results of the 3D-visualization: the thermal structure of the and SE Brazil) is characterized by steady heating. On the Brazilian

Neoproterozoic, Gondwana basement surface side, temperatures range from ~80-140 °C (Upper Triassic) and

rise to ~100-180 °C (Lower Jurassic), while temperatures in

The Mesozoic t-T- evolution of the 3D thermal structure of the Namibia reach from ~40-60 °C and increase to ~60-100 °C

Neoproterozoic surface can be divided into four phases: during the same time period. Towards the Lower Jurassic, a

tipping point of the t-T-evolution can be observed by less

(1) From the Upper Triassic (~250 Ma) to the Lower Jurassic movement of the temperature isolines indicating a slowing
(~190 Ma) (Fig. 9a), the central plume area (today's NW Namibia down of the ongoing rock heating.
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(2) Thereafter, a phase of cooling sets in during the Lower Jurassic
(~185 Ma) and continues until the Middle Jurassic (~160 Ma)
(Fig. 9b). Temperatures decrease from ~100-180 °C to ~80-
140 °C on the Brazilian area, and from ~40-80 °C to ~20-60 °C
on the Namibia area, respectively.

(3) This cooling is followed by a second phase of heating from the
Upper Jurassic (~155 Ma) to the Lower Cretaceous (~138 Ma)
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(Fig. 9c). During this period, temperatures decrease from 80 to
140 °C to 120-160 °C (SE Brazil) and from 40-80 °C to 40-
100 °C (NW Namibia), respectively.

(4) The last phase (135 Ma to 95 Ma) is marked by slow, steady
cooling on both sides (Fig. 9c). On the Brazilian side, maximum
temperatures (~80-180 °C) are reached at around 135 Ma and,
thereafter, rocks cool down to ~60-120 °C (~95 Ma). The
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Namibian side shows temperatures from ~60-120 °C (135-
125 Ma) that decrease to temperatures between ~60 °C and
~100 °C.

Summarizing the results of the 3D-visualization, temperatures on
the Brazilian side and in the southern part of the central plume area
are significantly higher than those for the Namibian counterpart and
the northern areas of the central plume area showing a differentiated
thermal structure, and t-T-evolution of the intraplate basement surface.

5.6. Discussion: stratigraphic records vs. LTT data sets vs. the ePSF.

Vertical movement of deep mantle material, originating from the
CMB has been linked to the dispersal of the Gondwana supercontinent
and the Parana-Etendeka LIP by numerous research studies in the past
(Gurnis, 1988; Courtillot et al., 1999; Torsvik et al., 2006, 2014;
Maruyama et al., 2007; Trumbull et al., 2007; Santosh et al., 2009;
Yoshida and Santosh, 2011; Nance et al., 2014; Pirajno and Santosh,
2015; Torsvik, 2019). Ductile mantle dynamics, such as rapid upwelling
of the mantle plume generated significant plume-lithosphere
interactions using pre-existing heterogeneities in lithospheric structures
(Sengor, 2001; Hu et al., 2018). The ascending mantle plume triggered

Temp. [°C] Scale

O Brazilian @ African Sutur line
= samples samples between
! n continents

cratonic lithosphere modifications, including lithospheric delamination
and destabilization, intraplate deformation and crustal thinning, and
pre-drift extension, rifting, continental break up, and sea floor spreading
(Courtillot et al., 1999; Torsvik et al., 2009, Tosrvik and Cocks, 2013;
Andrés-Martinez et al., 2019). The t-T-evolution of the Neoproterozoic
basement, as a part of the upper crust provides an essential link between
the significant cratonic lithosphere modifications and their direct
responses to the tectonic, geomorphological, and sedimentological
processes near the Earth's surface.

Unfortunately, our modeled thermochronological data only provide
information about the t-T-evolution of a narrow zone along the present
continental margins of SE Brazil and NW Namibia. Whereas the
geological evolution of other areas along both SAPCM's can be also
explained by non-plume related rifting events, we favor a plume- and
flood basalt eruptions and magmatic activity-influenced t-T-evolution
for the area of SE Brazil and NW Namibia (Krob et al.,, 2019; Krob et al,,
2020). Furthermore, the drawn contour lines of the thermal structure
on the Neoproterozoic basement are highly dependent on our rather
unsystematic distributed sample locations including better constrained
areas (e.g. along the present coast) and rather poorly constrained regions
(further inland), and therefore, the contour maps illustrate a modeled
projection of the data. However, the modeled contour maps permit
assumptions of the t-T-evolution of the Neoproterozoic basement
thermal structure during the SW Gondwana intraplate environment.
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During the Triassic (Fig. 10a, left column: ~220 Ma), the geological
evolution of the plume center on the Earth's surface is characterized
by the ongoing, and yet undisturbed Parana Basin sedimentation (Fig.
10a, middle column). Therefore, the Gondwana intraplate environment
experienced subsidence displayed by increasing temperatures of the
Neoproterozoic basement rocks during the Early Mesozoic (Fig. 10a,
right column, ~220 Ma to ~195 Ma). Generally, the 3D-thermal structure
of the basement indicates an inhomogeneous thermal structure most
likely caused by lateral differentiated sedimentation. Basement rocks
in SE Brazil reached higher temperatures during the Late Paleozoic,
and, therefore, are assumed to have been deeper within the upper
crust. Maximum temperatures between ~100-200 °C suggest ~2-6 km
(~30 °C/km, Brown et al., 1990; Hamza et al., 2005; surface temperate
of ~25 °C during the Mesozoic, Wygrala, 1989) of overlaying
sedimentary rocks prior to the plume initiation, and has been also
observed by Milani et al. (2007). In NW Namibia, basement rocks
experienced lower temperatures during the Late Paleozoic and,
therefore, might have been closer to the Earth’ surface. Deposited
sediments are assumed to have reached thicknesses of less than
~2 km (<~80 °C) until the Lower Jurassic.

As the plume head detached from the CMB (D) and started to rise
through the deep non-lithospheric mantle (~195 Ma; ~60 Myr. prior
to the Parana-Etendeka event), the lithosphere reacted with incipient
intraplate deformation and rock uplift (Torsvik et al., 2009, 2013;
Miiller et al., 2019). Hu et al. (2018) also detect destabilization,
delamination, and tectonic uplift of intracratonic lithosphere in the
Gondwana intraplate environment during the Mesozoic. On the Earth's
surface, sedimentation ceased in the center area, and doming and
erosion of surface rocks set in (Fig. 10a, middle column, Parana and
Huab Basin) indicating a tipping point for the t-T-evolution of the
Neoproterozoic basement. The Lower Jurassic t-T-evolution of the
Neoproterozoic basement shows a transition from increasing (Fig. 10a,
~220-195 Ma) up to a threshold (195-190 Ma), and subsequently
decreasing temperatures (Fig. 10b, ~190-175 Ma, right column).
Concurrently with the transient rise of the plume head, rock uplift and
erosion continued to dominate above the plume head (Fig. 10b, left
and middle column). Thus, the hiatuses and large missing sections in
the sedimentary records of the Parana and Huab basins perfectly display
the evolution of the plume center predicted by the ePSF.

Exhumation processes continued until the Upper Jurassic (Fig. 10b,
left column, ~155 Ma) when the plume head reached the base of the
lithosphere, and the dome above the plume axis began to collapse.
This initialized a second tipping point in the t-T-evolution of the upper
crust (Fig. 10b, right column). The inhomogeneous thermal structure
remains, though the change of temperature occurs inconsistently on
both sides. Exhumation processes led to a decrease in temperature of
the basement rocks. On the South American plate, the basement rocks
were cooled down more rapidly from ~200-100 °C to ~140-80 °C
implying an erosion between ~0.5 km and ~2 km from the Lower to
Upper Jurassic. The basement rocks were still kept in depths between
~1.5 km and ~4 km. However, temperatures, or rather depths of
basement rocks were generally higher towards the center of the Parana
Basin indicating a trend of lower temperatures towards the suture line
between the cratonic plates. Thus, more sediment material was eroded
in the Parana Basin area as compared to the recent SAPCM. The trend

continues on the African side. Temperatures decrease from ~80-60 °C
to ~60-40 °C. This means an erosion of ~0.7 km of sedimentary rocks that
exhumed the African basement rocks relatively close to the surface.

The impact of the plume head at the base of the lithosphere
accompanied by initial lateral spreading of mantle material within the
asthenosphere possibly induced the surface uplift of the plume margin
(Fig. 10c, left column, ~155 Ma to ~138 Ma). The central dome on the
Earth's surface collapsed and the plume center experienced subsidence
caused by the inward directed sedimentation of the renewed inversed
margin erosion. In the stratigraphic record (Fig. 10c, middle column),
this tipping point is displayed by an unconformity section of eolian
sediments (Botucatu and Twyfelfontein formations). Consequently,
the thermal structure of the upper crust shows a reheating of the
Neoproterozoic basement rocks. However, the rapid increase in
temperature is more likely related to the concurrent emplacement of
the dike swarms than to deposited sediment thickness (<500 m) that
would have not been significant for the thermochronological systems.
Therefore, the interpretation of the basement depth within the upper
crust during the Lower Cretaceous remains uncertain, and higher
temperatures are most likely induced by a higher geothermal flux
rather than subsidence.

The incipient lateral spreading of the plume head within the
asthenosphere reinforced the transient lithospheric intraplate
deformation and rapid crustal thinning leading to pre-drift-extension
and incipient rifting (Courtillot et al., 1999; Torsvik et al., 2009, 2013;
Hu et al,, 2018). The climax and collapse is attained during the eruption
and deposition of the Lower Cretaceous Parana-Etendeka flood basalts
(Fig. 10d, left, and middle column). The Neoproterozoic basement
reached maximum temperatures between ~120 and ~180 °C on the
South American side and between ~60 °C and ~120 °C on the African
side resetting most of the thermochronological ages during this period
(Brown et al., 1990, 2014; Raab et al., 2002, 2005; Krob et al., 2020 ).

Continuous rifting, continental break up, and sea floor spreading led
to a differentiated t-T-evolution of the SAPCM of SW Africa and South
America (Courtillot et al., 1999; Torsvik et al., 2009, 2013; Hu et al.,
2018; Andrés-Martinez et al., 2019). Continental break up probably
occurred along the old Pan African/Brasiliano orogeny suture line
(Buiter and Torsvik, 2014) dividing the area, and, therefore, the thermal
structures of the Neoproterozoic basement must be considered
individually (Fig. 10d, right column). However, thermal structures on
both sides show relatively slow, post-eruption thermal recovering and
rock cooling indicating a thermally reestablished upper crust during
the Lower Cretaceous (Hu et al.,, 2018). Furthermore, the t-T-evolution
of the Neoproterozoic basement thermal structure indicates a similar
t-T-history for both, SE Brazil and NW Namibia. However, the
temperature  distribution remains inhomogeneous showing
significantly higher temperatures for southern SE Brazil throughout
the entire Mesozoic SW Gondwana intraplate environment (Krob et
al., 2019). Moreover, southern regions of the plume central area on
both sides, generally, experienced higher temperatures possibly
inferring a stronger thermal overprint by the Parana-Etendeka flood
basalts. Therefore, we suggest that pre-plume movement thermal
structures and conditions already existed and were not totally reset or
overprinted by the effect of the Parana-Etendeka plume movement
(Krob et al., 2019; Krob et al., 2020 ).

Fig. 9. a: Modeled 3D-interpolation maps showing the Neoproterozoic basement, thermal structure of the plume central area during the Mesozoic SW Gondwana intraplate environment
from the Early Triassic to Late Jurassic. The maps are based on paleo-temperatures taken at specific time steps and were derived from the “weighted-mean” paths of the modeled t-T-
evolution of each modeled sample (black and white dots). Red colors indicate higher temperatures and therefore, are generally assumed to lie deeper within the upper crust. Light
colors rather show near surface areas (y-axis shows temperature). During this first period, the Neoproterozoic basement, thermal structure is characterized by continuous heating
illustrated by the progression of the purple area (160-140 °C) accompanied by the vanishing of the green area (40-20 °C) over subsequent time steps. The black thick line indicates
the former suture line between the continents. The geographical reconstruction and graphical extraction were done after Torsvik et al. (2009, 2013). b: Modeled 3D-interpolation
maps showing the Neoproterozoic basement, thermal structure from the Early to Late Jurassic. During this second period, the Neoproterozoic basement, thermal structure is
characterized by continuous cooling illustrated by the regression of the purple area (160-140 °C) accompanied by the expansion of the green area (40-20 °C) over subsequent time
steps. c: Modeled 3D-interpolation maps showing the Neoproterozoic basement, thermal structure from the Upper Jurassic to Lower Cretaceous. During this third period, the
Neoproterozoic basement, thermal structure is characterized by continuous heating illustrated by the progression of the purple area (160-140 °C) accompanied by the regression of
the green area (40-20 °C) over subsequent time steps. d: Modeled 2D-interpolation maps showing the Neoproterozoic basement, thermal structure from the Lower to Upper
Cretaceous. (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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6. Final discussion and interpretation

The analysis of stratigraphic records displaying the
sedimentological evolution on the Earth's surface, and the
corresponding t-T-evolution of the Neoproterozoic basement rocks
derived from thermochronological data sets, as part of the upper
crust show the complex patterns and responses between the
individual, but connected systems. Geodynamic research implies
that vertical material flow in the sublithospheric mantles causing
tectonic uplift and exhumation above an ascending mantle plume
can occur well in advance to the flood basalt eruptions on the Earth's
surface (Campbell and Griffiths, 1990; Davies, 1999; Braun, 2010;
Colli et al., 2014, 2013; Bunge and Glasmacher, 2018).

However, quantitative research comprising theoretical models of
vertical material flow in the Earth's mantle and the crust remain highly
dependent on the properties of the assumed Earth model (Braun,
2010; Bunge and Glasmacher, 2018). Theoretical observations often
lacks information about the timing and ranges of dynamic processes
and fails to cope with the geology on the Earth's surface. Thus,
theoretically calculated parameters, e.g. mantle and lithosphere
rheologies were not paramount to our study as such values produce
large uncertainties and we focussed on the complex geological
observations keeping theoretical knowledge at a minimum. Moreover,
this research carries forward the idea of monitoring and attesting
geodynamic theories by comparing observations from the upper crust,
near, and on the Earth's surface with theoretical models of the Earth's
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Fig. 10. a: Stratigraphic records vs. numerical modeling of LTT data sets vs. ePSF. Diagrams show predicted vertical movement processes during the plume head rise in the non-lithospheric
mantle and its direct influence on the asthenosphere, lithosphere and surface processes in the upper crust and on the Earth's surface mirrored in the corresponding stratigraphic records of
the central basins of the Parana-Etendeka LIP and the 3D thermal structure of the Neoproterozoic basement as part of the plume central area. Read from left to right and bottom to top. Left:
The plume mode and its stratigraphic record (modified after Friedrich et al.,, 2018) from pre-plume initiation (~220 Ma) to incipient plume head rise (~195 Ma). Red box shows study area
(sa) and its approximate position on the Earth's surface. For further details, see Fig. S1. Middle: Stratigraphic records of the plume central basins of the Parana-Etendeka LIP. For a more
detailed view, see Fig. S2. Right: 3D structure of the Neoproterozoic basement in the plume central area. For further details, see Figs. 9a, b, ¢, and d. b: Left: The plume mode and its
stratigraphic record (modified after Friedrich et al., 2018) during the ongoing plume head rise (~190 Ma and ~175 Ma). Red box shows study area (sa) and its approximate position on
the Earth's surface. For further details, see Fig. S1. Middle: Stratigraphic record of the central basins of the Parana-Etendeka LIP. For a more detailed view, see Fig. S1. Right: 3D
structure of the Neoproterozoic basement of the plume central area. For further details, see Figs. 9a, b, ¢, and d. c: Left: The plume mode and its stratigraphic record (modified after
Friedrich et al., 2018) from plume head impact at the base of the lithosphere (~155 Ma) to the collapse of the plume head (~138 Ma). Red box shows study area (sa) and its
approximate position on the Earth's surface. For further details, see Fig. S1. Middle: Stratigraphic record of the central basins of the Parana-Etendeka LIP. For a more detailed view, see
Fig. S1. Right: 3D structure of the Neoproterozoic basement of the plume central area. For further details, see Figs. 9a, b, ¢, and d. d: Left: The plume mode and its stratigraphic record
(modified after Friedrich et al., 2018) from eruption of flood basalts (~135 Ma) to lateral spreading and thermal relaxation (~125 and ~115 Ma). Red box shows study area (sa) and its
approximate position on the Earth's surface. For further details, see Fig. S1. Middle: Stratigraphic record of the central basins of the Parana-Etendeka LIP. For a more detailed view, see
Fig. S1. Right: 2D structure of the Neoproterozoic basement of the plume central area. For further details, see Figs. 9a, b, ¢, and d. (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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Fig. 10 (continued).

mantle. By this approach, we are able to align and probably even
constrain the theoretical research.

The ePSF is designed to compare sole observations on the Earth's
surface to the geological evolution predicted by theoretical models.
Both geological archives reveal significant signals and traces of flood
basalt eruptions preceding rock and surface uplift caused by the
Parana-Etendeka plume movement on the Earth's surface when
analysed independently. We recognize rock and surface uplift driven
hiatuses and unconformities preceding the Parani-Etendeka LIP event
in the stratigraphic records of the Mesozoic SW Gondwana intraplate
environment sedimentary basins. By applying the ePSF, we are able to
map a spatial distribution of the mantle plume affected area proposing
a possible plume center and a margin region. Furthermore, we perceive
the timing of events and distinct temporal patterns in both geological
archives as described by the ePSF. Finally, the model provides to
probability to combine both archives and test them against a possible
t-T-evolution derived from its pretended geological evolution. Thus,
we would like to conclude that our combined data succeeds to validate
the ePSF displaying a viable t-T-, and geological evolution near, and on
the Earth's surface during the Parana-Etendeka plume movement.

The stratigraphic records seem to confirm the predicted signals and
traces of plume movement when applied to the Parand-Etendeka LIP
within the Mesozoic SW Gondwana intraplate environment.
Nevertheless, there exist uncertainties related to the reliability of the
original lateral extent of sedimentary sections, since stratigraphic

records are highly dependent on borehole locations. Signals of events
can also be disturbed or overprinted by other geological events. The
erodibility of rocks, and climate and weathering is often uncertain and
not considered in the interpretation of stratigraphic records, and,
therefore, accuracy and clarity can be a significant problem. Regarding
the thermochronological data, this research had to deal with difficulties,
such as thermal overprint of most of the data, the consideration of the
regional geological evolution, or the lack of comprehensive age
information, and interregional scale unsystematically distributed data
sets. The applied approach requires critical analysis of temporal and
spatial uncertainties of, both, the geological archives and the predicted
stratigraphic patterns of the ePSF. Consequently, we would like to
introduce possible ranges of both, the spatial distribution and on the
temporal scale (Fig. 11).

Whereas the dimensions of the plume center are well constrained by
all geological observations, we propose to significantly widen the plume
margin, as we recognize a greater range of initial Parana-Etendeka
caused rock and surface uplift. However, especially in the southern
and south-western areas, the role and possible interference of the
preceding large-scale Karoo LIP event (Storey et al., 2013; Navarrete et
al.,, 2019) and its stratigraphic consequences, most likely leading to
overlapping long-time hiatuses in the sedimentary sections, remain
uncertain. While the widely distributed thermochronological data are
not inconsistent with results from the plume stratigraphic mapping of
the Parana-Etendeka plume, the combined geological data set cannot
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Fig. 10 (continued).

better constrain the spatial range of the Parana-Etendeka influenced
area on the Earth's surface. Furthermore, we do not commit ourselves
to propose an exact position of the Parana-Etendeka plume eruptions
but assume that a mantle plume of such size would have influenced
large areas of both continental plates. However, the applied plume-
stratigraphic mapping shows a highly asymmetric plume center
indicating a greater lateral sphere of originally lava covered area
(Jackson et al., 2005; Torsvik et al., 2009, 2014; Franke, 2013) (Fig. 11).

Furthermore, we introduce a possible temporal range for the Parana-
Etendeka plume event horizon, and its transit time on the temporal scale
(Fig. 11). Though, the probability towards the very poorly constrained
upper and lower limits decreases enormously and we assume a smaller
range, similar to the temporal predictions of the ePSF, is more likely.
Nevertheless, on the base of the combined geological archives, we
propose the upper limit of the event horizon does not exceed
~220 Ma, and the lower limit is not <165 Ma permitting a permissible
transit time range between ~30 Ma and ~85 Ma. This range would lead
to a possible range of ascent velocities of the rising plume head of
~35-100 km/Myr partly overlapping with the transit time range inferred
by Colli et al. (2018). Therefore, the limits of the possible temporal range
are highly uncertain. Neither geological archive used in this study,
presently, is precise enough to determine an exact transit time
preceding the Parana-Etendeka flood basalt eruptions. Nevertheless,
our analysis validated the ePSF approach. Thus, the model provides an
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excellent fit to retrieve a possible Parana-Etendeka plume movement
when applied to the Mesozoic SW Gondwana intraplate environment.

Eventually, LTT data may also permit to better trace the initial plume
movement when assured that samples did not experience thermal
overprints afterwards. Therefore, we propose the systematic extension
of thermochronological data over wider areas also covering marginal
regions, and Paleozoic and Mesozoic sedimentary rocks to better
constrain, and therefore, understand the t-T-evolution of the Mesozoic
SW Gondwana intraplate environment.

7. Conclusions

For the first time, we combined two geological archives, i.e.
stratigraphic records and thermochronological data sets, both having
stored the sedimentological, magmatic, and thermal evolution
surrounding the Parani-Etendeka LIP and tested the event-based
plume stratigraphic framework to retrieve the spatio-temporal patterns
that are consistent with geological predictions caused by mantle plume
movement.

Both archives show significant signals and traces well in advance of
the flood basalt eruptions on the Earth's surface and we recognize the
timing of events and distinct patterns of flood basalt event preceding
rock and surface uplift consistent with those expected by mantle
plume movement. Furthermore, our LTT data combined with
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Fig. 10 (continued).

stratigraphic records of the sedimentary basins allow for successful
inverse, numerical modeling of a viable mantle plume driven t-T-
evolution and therefore, we suggest that thermochronological data, in
combination with published stratigraphy records have the potential to
retrieve the Parana-Etendeka plume movement.

The stratigraphic records of the SW Gondwana intraplate
environment sedimentary basins provide permissible spatial
dimensions of a Parana-Etendeka plume movement-influenced area.
We propose an asymmetric central area that ranges from ~2.3 Mio
km? to ~2.75 Mio km? showing the predicted geological patterns of a
possible plume center. This area permits diameters between
~2000 km and ~2200 km (horizontally, E-W) and ~2200 km (vertically,
N-S) providing a plume center extending over both contemporary
continental plates. Moreover, we define a possible plume marginal
area extending from a minimum of ~4 Mio km? to a maximum of
between ~9.3 Mio km? and ~10.6 Mio km? leading to a long-range
Parana-Etendeka plume movement-influenced area in the SW
Gondwana intraplate environment with permissible diameters
between ~2200 km and ~3000-4100 km (horizontally, E-W), and
between ~2800 km and ~5100 km (vertically, N-S).

Thermochronological data from the SAPCMs of SW Africa from NW
Angola to South Africa, and of South America, from NE Brazil to northern
Argentina expose centers of thermally overprinted AFT ages (<135 Ma)
that overlap with the Parana-Etendeka related dike swarms and flood
basalt depositions indicating a significant thermal influence by the

volcanic activity of the Parana-Etendeka LIP. Combined with the timing
of hiatuses and unconformities in the stratigraphy records, the AFT data
permits to define permissible ranges on the temporal scale. We propose
aviable transit time range prior the Parana-Etendeka LIP event between
~85 Ma and ~30 Ma leading to a permissible event horizon between
~220 Ma and ~165 Ma.

However, we critically revealed uncertainties, such as the lateral
significance and reliability of stratigraphic records, or the overprint of
AFT age information, in both contemporary geological archives, and
therefore, conclude that both data sets lack in sensitivity to determine
a precise spatial dimension on the Earth's surface, and exact transit
time and timing of initial plume movement preceding the Parana-
Etendeka flood basalt eruptions. Consequently, the outer limits of the
permissible ranges are highly uncertain. Nevertheless, the analysis
validated the ePSF approach and the model provides an excellent fit to
retrieve a possible Parana-Etendeka plume movement when applied
to the Mesozoic SW Gondwana intraplate environment. Moreover, we
propose the systematic extension of thermochronological data over
wider areas also covering marginal regions, and Paleozoic and Mesozoic
sedimentary rocks to better constrain, and therefore, understand the t-
T-evolution of the Gondwana intraplate environment.

Concluding, this research carries forward the idea of monitoring and
attesting geodynamic theories by comparing observations from the
upper crust, near, and on the Earth's surface with theoretical models
of the Earth's mantle. Size and volume of vertical material flow, the
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Fig. 11. Possible ranges and limits for the spatial distribution of the Parana-Etendeka LIP influenced area on the Earth's surface and on the temporal scale during a possible plume ascent.
Left Panel: Possible ranges of the spatial distribution of the Parani-Etendeka plume influenced area on the Earth's surface. (1): Possible spatial distribution when followed strictly the
outlines of the ePSF (Friedrich et al., 2019). For further details, please see Fig. 5. (2) Spatial distribution showing a possible deviation in the spatial range including a critical uncertainty
analysis regarding the geological archives and the ePSF. Right Panel: Possible ranges of the Parand-Etendeka plume transit time during the plume ascent. The temporal scale includes
the Parand-Etendeka plume event (~135 Ma), and the event horizon (~195 Ma) and transit time (~60 Ma) predicted by the ePSF (red bars). Orange bars illustrate the
thermochronological signals indicating the age peaks of all published AFT cooling ages (For further details, please see Fig. 8). Green bars signify the depositional sequences recorded in
the stratigraphic records of the central basins (Parand, Huab, and Waterberg, for further details, please see Figs. 3a, b; and S2). Black dashed line: maximum hiatuses in the
stratigraphic records. Black rhombus indicates the possible temporal ranges of the event horizon assuming a decreasing probability towards the poorly constrained upper and lower
limits. Both archives leave room for a possible event horizon between ~220 Ma and ~165 Ma, and a Parana-Etendeka transit time between ~30 Ma and ~85 Ma. (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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composition and viscosity of mantle and the Earth's crust, and the
nature of the Earth's surface differ from plume ascent to plume ascent
and will surely effect the timing of events and spatial distributions,
e.g., for the Afar plume in NE Africa (initial uplift ~30 Ma prior to the
volcanic activity, Sengér, 2001). Therefore, it would be highly
interesting to apply the combined geological archives, stratigraphic
records and thermochronological data to other intraplate environments
and its large igneous provinces to either validate or better constrain the
approach and findings of our research.
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APPENDIX

Tables S1—S8:

A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Table A. 1: Sub phases of the syn- to post-rift evolution of the SAPCM, t-t-interval in [Ma], geological events, and

sedimentary consequences for the study area. Geological history is based on published work by Hackspacher et al.
(2004), Riccomini et al. (2004), Franco-Magalhaes et al. (2010), Hiruma et al. (2010), Cogné et al. (2011, 2012,
2013), Karl et al. (2013), and Engelmann de Oliveira et al. (2016).

. Sedimentary consequences for the
. Geological events
Time interval [Ma] study area
Syn- to post-rift
- 133+1Ma: Eruptions of Parana flood Erosion and Sedimentation in
135-90 )
basalts onshore and offshore basins
Post-rift
- =90 Ma: Start of Bauru
90-65 Sedimentation Erosion and Sedimentation in
- =90-80 Ma: Intrusion and extrusion onshore and offshore basins
of alkaline magma
65-55 Inversion of Parand Basin Erosion and Sedlmentatlorlw n
onshore and offshore basins
- =55 Ma: Start of Taubaté Basin Erosion and Subsidence of
55-24 subsidence onshore basins, Sedimentation in
- volcanic activity onshore and offshore basins
240 - =24 Ma: Start of surface uplift of Erosion and Sedimentation in
Serra do Mar onshore and offshore basins

Table A. 2: Overview of t-T-constraints derived from the geological model showing t-t-interval, T-T-interval and

information/cause behind. Constraint boundaries were implemented in the software code HeFTy® and slightly

modified when necessary.

Constraint boundaries Information behind/ Cause
. Temperature
Time interval [Ma] interval [°C]
700-500 200-300 Rock Formation Age
465-425 5-40 Rio Ivai Supersequence Sedimentation
405-360 5-80 Parana Supersequence Sedimentation
305-250 5-205 Gondwana | Supersequence Sedimentation
240-220 5-215 Gondwana Il Supersequence Sedimentation
155-133 60-290 Gondwana Il Supersequence Sedimentation
66-50 20-40 Inversion of Parand basinAand Start of Taubaté Basin
subsidence
24-0 20-50 Uplift of Serra do Mar, uplift to surface, Erosion
Depends on sample age 200-240 ZFT age information
Depends on sample age 160-200 ZHe age information
Depends on sample age 60-110 AFT age information
Depends on sample age 50-75 AHe age information
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Table A. 3: All thermochronological samples with corresponding ages, which are shown on map (age < formation
age) and were used for modelling (*).Sample number, L.: Lithology, S: Stratigraphy, E.: Elevation a.s.l. [m], ZFT age,
ZHe age, AFT age, AHe age. Gns: gneiss; grt: granite; grd: granodiorite; sch: schist; rhy: rhyolite; s: sandstone; hor:
hostrock; cha: chalcosilicate; peb: pebbles; N. Neoproterozoic; P.: Permian; Ca.: Carboniferous; J./C.:
Jurassic/Cretaceous; Pa.: Paleogene.

Sample number L. S. a.s.:z..[m] ZFT ZHe AFT AHe
Santos Block
BR10-01* E N. | 694 130.748.8 | 95.545.7
Peruibe Block
BR10-02 sch N. 689 145.5+£16.8 80.616.6
BR10-03 gns N. 55 353.7+48.8 69.5+6.5
BR10-04* gns N. 36 366.5+1.7 89.616.5
BR10-05* gns N. 29 188.8+£27.6 119.949.6 88.0+6.3 81.5+4.9
Ilha Comprida Block
BR10-07* gns N. 56 292.4£51.7 ;giéi;i; 73.0+£8.4
BR10-08* gns N. 193 262.8+32.4 207.3216.6
58.943.5
BR10-09* gns N. 218 362.6£51.1 368.3£29.5 69.0+8.4 16.942 8
BR10-10 grd N. 547 102.949.8 479429
83.1+5.0
BR10-11* gns N. 728 387.8£57.0 gég;i;ii 67.8+7.1 93.845.6
91.845.5
Curitiba Block
BR0O9-01* rhy N. 990 129.7£104
BR09S-02 rhy N. 1046 255.1+33.3
BR0OS-05B peb Pa. 751 63.0+6.1 59.5+2.0
BR10-12* cha N. 693 349.5£52.9 323.4£25.9 85.0+6.8 78.3+4.7
BR10-15%* grt N. 913 355.9428.5 70.9+7.4 75.014.5
BR10-17 hor N. 777 300.0£33.8 295.9423.7 78.015.4 82.2+4.9
BR10-18 grt N. 102 300.0+44.3 281.5+22.5
Florianopolis Block
BR0O9S-16 S J./C. 945 93.248.1
BR09-24 S P. 797 125.849.6
BR0O9-26 peb P./Ca. 895 118.9+7.8 92.0+1.9
BR0O9-27 gns N. 903 120.6+£8.9
BR09-28 grt N. 830 539.9468.4 101.9+11.9
BR10-16 grt N. 897 93.5+8.7
203.3+16.3
BR10-20* gns N. 129 314.1+39.8 182.5+14.6 98.5+6.9 43.0£2.6
191.6£15.3
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Sample

L. S. ZFT ZHe AFT AHe
number a.s.l. [m]
299.1+£23.9
1% + + +
BR10-21 gns N. 37 467.1+64.7 310.9+24.9 106.3+10. 52.4+3.1
BR10-22* gns 25 432.5+64.2 391.3£31.3 104.4+8.4 85.245.1
BR10-23* gns 51 459.9+36.8 102.9+7.0
61.9+£3.7
-24% + +
BR10-24 grd N. 151 411.0£32.9 105.5+6.3 78 6+4.7
453.5+36.3
Bt + + +
BR10-25 grd N. 66 481.1+68.7 435.0434.8 104.5¢7.5 45.4+2.7
306.1+24.5
-26* + +
BR10-26 grt N. 51 299 1423.9 125.8+8.9 107.3+8.6
BR10-27* grt 211 414.3+64.3 398.6£31.9 85.245.3 78.316.3
BR10-29* grt 13 375.4+£30.0
Laguna Block
BR09-35 S J. 931 79.7£10.9
BR09-42 S P. 760 108.4+15.0 59.5£5.2
BR09-43 S J.JC. 630 124.9+0.6 - 54.8+£0.5
BR09-45* grd N. 194 125.6+16.5 106.248.5 76.4£5.9 63.2+1.0
87.247.0
BR09-46* grt N. 133 69.815.6 78.216.3
72.945.8
BR09-47* grt N. 0 230.8+32.1 124.249.9
BR0O9-50* grt N. 27 217.3164.3 76.216.6
BR0O9-51* grt N. 7 76.716.1
BR0O9-52* grt N. 13 73.4£5.6
BR0O9-53* grt N. 20 70.7t4.6
98.5£7.9
BR10-32* grt N. 17 106.4+13.9 115.349.2 78.01£5.8
117.5¢9.4
BR10-34 grt N. 20 68.4£5.2
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Table A. 4.1: Summary of the dated samples in SE Brazil with corresponding sample numbers, coordinates, block,
lithology, stratigraphic age, and elevation ([m] a.s.l.).*: Samples were used for modeling. The samples of the Tables
6.1-6.6 were taken, prepared, processes, and dated by Dipl. Geol. Markus Karl, Dr. Melissa Perner, Dr. Sebastian
Kollenz and myself, and analysed and modeled within this thesis.

Sample . . . . . Elevation

number Longitude Latitude Block Lithology Stratigraphic Age (masl]
BR10-01* -47.066167 | -23.937014 Santos shist Neoprot. 694
BR10-02 -47.197786 -24.047448 Peruibe mica shist Neoprot. 689
BR10-03 -47.371101 -24.209567 Peruibe gneiss Neoprot. 55
BR10-04* -47.453992 -24.287623 Peruibe gneiss Neoprot. 36
BR10-05* -47.655567 -24.351499 Peruibe mafic gneiss Neoprot. 29
BR10-07* -48.107322 -24.756174 | llha Comprida mafic gneiss Neoprot. 56
BR10-08* -48.214800 -24.819181 | Ilha Comprida gneiss Neoprot. 193
BR10-09* -48.216107 -24.854436 | Ilha Comprida gneiss Neoprot. 218
BR10-10 -48.405987 -24.969814 | Ilha Comprida mafic Neoprot. 547
BR10-11* -48.508220 -24.994649 | Ilha Comprida mafic gneiss Neoprot. 728
BR0O9-01* -50.002778 -24.756028 Curitiba rhyolite Neoprot. 990
BR09-02 -50.028222 | -24.851139 Curitiba rhyolite Neoprot. 1046
BR09-05B -50.349556 -25.105528 Curitiba pebbles Paleocene 751
BR10-12* -48.728815 -25.100749 Curitiba calcosilicate Neoprot. 693
BR10-15* -49.141517 -25.670478 Curitiba granite Neoprot. 913
BR10-17 -48.955296 -25.854945 Curitiba hostrock Neoprot. 777
BR10-18 -48.892551 -25.970910 Curitiba granite Neoprot. 102
BR0O9-16 -51.578528 -25.858500 Florianopolis sandstone Jurassic 1219
BR09-24 -50.067056 -25.868167 Florianopolis sandstone Permian 959
BR09-26 -49.746028 -25.770167 Florianopolis pebbles Carbon./ Permian 895
BR09-27 -49.526917 -25.683500 Florianopolis gneiss Neoprot. 903
BR09-28 -49.786389 -26.116667 Florianopolis granite Neoprot. 830
BR10-16 -48.084813 -25.846006 Florianopolis granite Neoprot. 897
BR10-20* -48.933681 -26.235959 Florianopolis gneiss Neoprot. 129
BR10-21* -48.972989 -26.464876 Florianopolis gneiss Neoprot. 37
BR10-22* -49.017046 -26.608871 Florianopolis gneiss Neoprot. 25
BR10-23* -49.199346 -26.890775 Florianopolis gneiss Neoprot. 51
BR10-24* -49.013877 | -26.874146 Floriandpolis granodiorite Neoprot. 151
BR10-25* -48.890703 -27.007167 Florianopolis granodiorite Neoprot. 66
BR10-26* -48.921248 -27.245727 Floriandpolis granite Neoprot. 51
BR10-27* -48.812697 | -27.277589 Floriandpolis granite Neoprot. 211
BR10-29* -48.646658 | -27.277321 Floriandpolis granite Neoprot. 13
BR0O9-17 -51.521611 -26.200972 Laguna andesite Cretacious 903
BR0O9-35 -50.193083 -27.866528 Laguna sandstone Jurassic 931
BR09-42 -49.527083 -28.394194 Laguna sandstone Jurassic 760
BR09-43 -49.508361 -28.388083 Laguna sandstone Permian 630
BR0O9-45* -49.306389 -28.360639 Laguna granodiorite Neoprot. 194
BR0O9-46* -49.114694 -28.294778 Laguna granite Neoprot. 133
BR09-47* -48.766278 -28.469722 Laguna granite Neoprot. 0
BR0O9-50* -49.178583 -28.697250 Laguna granite Neoprot. 27
BR0O9-51* -49.051778 -28.580389 Laguna granite Neoprot. 7
BRO9-52* -48.968083 -28.446528 Laguna granite Neoprot. 13
BR0O9-53* -48.858167 -28.425528 Laguna granite Neoprot. 20
BR10-32* -48.660976 -27.931087 Laguna granite Neoprot. 17
BR10-34 -48.702006 -28.251693 Laguna granite Neoprot. 20
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Table A 4. 1: Summary of zircon fission-track data. Sample number, *: Sample were used for modeling, L

Lithology, F.a.:

Formation age, U: uranium concentration in pg/g, n: number of counted grains, pS: density of

spontaneous tracks (x 105/cm?), Ns: number of spontaneous tracks, pl: density of induced tracks (x 105/cm?), NI:

number of induced tracks, P (y?) is the probability that single grain ages are consistent and belong to the same

population. Test is passed if P (y

2) > 5% (Galbraith 1981). Ages calculated using a C-value of 113.43 + 7.86 a/cm? for

zircon. Gns: gneiss; grd: granodiorite; grt: granite; ms: mica schist; cal: calcosilicate; s: sandstone; rhy: rhyolite. For

further descriptions see Table A. 4.1.

Sample U (std Central i(1lo

numger L F.A. [u(g/g]) n [xlogjcmz] Ns [x105p/lcm2] Ni | eI [?\j:] [I&/Ia])
Peruibe Block
BR10-02 ms Neoprot 320.9 (89.8) 20 246.8 | 757 46.9| 144 | 100.0| 145.5]| 16.8
BR10-04* | gns Neoprot 153.5 (47.6) 20 296.6 | 994 22.7 76| 100.0| 353.7| 48.8
BR10-05* | ms Neoprot 271.0(70.5) 12 2743 486 39.5 70| 100.0| 188.8| 27.6
Ilha Comprida Block
BR10-07* | gns Neoprot 182.6 (38.3) 11 291.0| 365 33.5 42 99.7| 292.4| 51.7
BR10-08* | gns Neoprot 126.4 (40.4) 20 178.2 | 839 22.7 | 107 99.2 | 262.8| 324
BR10-09* | gns Neoprot 115.9 (51.0) 18 201.0| 790 18.3 72| 100.0| 362.6| 51.1
BR10-11* | gns Neoprot 63.5 (16.5) 19 139.0| 770 11.6 64| 100.0| 387.8| 57.0
Curitiba Block
BR0O9-02 rhy Neoprot 50.3 (16.1) 19 61.1| 587 8.1 78| 100.0| 255.1| 33.3
BR10-12* | cha Neoprot | 138.85 (45.8) 16 255.1| 646 23.7 60| 100.0| 349.5| 529
BR10-17 grt Neoprot 132.9 (49.2) 20 215.9] 1332 22.9| 141| 100.0| 300.0| 33.8
BR10-18 grt Neoprot 158.5 (31.7) 12 265.2| 622 27.7 65| 100.0| 300.0| 44.3
Florianopolis Block
BR0O9-28 grt Neoprot 1.05 (0.4) 21 311.2 | 1866 16.0 96| 100.0| 539.9| 68.4
BR10-20* | gns Neoprot 170.3 (44.3) 16 282.51 1003 27.6 98| 100.0| 314.1] 39.8
BR10-21* | gns Neoprot 77.2 (22.4) 19 191.0| 1153 12.3 74| 100.0| 467.1| 64.7
BR10-22* | gns Neoprot 106.8 (31.0) 19 246.6 | 905 16.9 62| 100.0| 432.5| 64.2
BR10-25* | grd Neoprot 82.1(25.4) 20 208.1] 1136 12.5 68| 100.0| 481.1| 68.7
BR10-27* | grt Neoprot 139.1 (44.5) 20 306.5| 791 21.3 55| 100.0| 4143 64.3
Laguna Block
BR0O9-42 s| Neoprot. | 396.72 (111.1) 8 230.2 | 383 76.3| 127 13.5| 108.4| 15.0
BR09-45* | grd Neoprot | 487.21 (389.8) 7 252.8| 409 69.8 | 113 239 | 125.6| 16.5
BR0O9-47* | grt Neoprot 2.45(1.1) 13 2.8 | 533 0.4 79| 100.0| 230.8| 32.1
BR09-50* | grt Neoprot 2.64 (0.8) 3 2.9 89 0.5 14 98.1| 217.3| 64.3
BR10-32* | grt Neoprot 232.2 (90.5) 11 126.8 | 377 34.6| 103 99.9| 106.4| 13.9
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Table A 4. 2: Summary of zircon (U-Th-(Sm))/He data. Grains were only used when ZHe age < formation age and

when ZFT > ZHe Age < AFT. Sample number, *: Grains were used for modeling, L.: Lithology, M: mass, Contributing

U, Th, Sm, and He concentration, eU = [U] + 0.235 [Th] (concentration in weight %), Ft: a-ejection factor for apatite

and zircon calculated after Farley et al. (1996), Uncorrected (Uncorr.) ages and +10 error are corrected (corr.) for o-

ejection with accordant +1c error. Gns: gneiss; grd: granodiorite; grt: granite; ms: mica shist; cal: calcosilicate; s:
sandstone; rhy: rhyolite. For further descriptions see Table A. 4.1.

Sm He eU Unco Corr.
sample L. M u Th [ug/g | [nmol/g | Th/U | [ug/g | Ft rr. #(1o) age #(1o)
number (el | [ue/el | [ne/sl ] ] 1 age [Ma] [Ma] [Ma]

Peruibe Block

BR10-04-3* | gns | 20.80 39.8 16.7| 0.60 75.18 | 0.42| 43.7| 0.84]| 3079 1.4 366.5 1.7
BR10-05-1* | gns | 14.21| 574.6| 108.00| 7.80| 319.60| 0.19|599.5| 0.82| 98.3 79| 119.9 9.6
Ilha Comprida Block

BR10-07-1* | gns 565 1284 53.10| 0.80| 166.20| 0.41| 140.6| 0.74|213.3| 17.1| 288.2| 23.1
BR10-07-2* | gns 9.17 | 115.1 71.55 1.58 | 174.65| 0.62| 131.6| 0.79| 240.2| 19.2| 303.8 | 24.3
BR10-08-1* | gns 5.75| 289.4 82.60| 1.30| 266.40| 0.29|308.4| 0.76| 1575 12.6| 207.3| 16.6
BR10-09-1* | gns | 18.60| 86.80 2140 | 1.70| 154.80| 0.25| 91.8| 0.82|302.0| 24.2|368.3| 29.5
BR10-11-1* | gns | 10.00 | 35.94 18.35| 0.88 73.51| 051 40.1| 0.79]3285| 26.3|414.2| 33.1
BR10-11-2* | gns 5.75| 46.23 12.23| 0.61 81.08| 0.26| 49.1| 0.76|297.8| 23.8|3929| 314
Curitiba Block

BR09-01-1* | rhy | 4.74 35.5 52.70| 3.71 25.12 | 1.48)| 478 0.74| 96.0 7.7 129.7| 10.4
BR10-12-2* | cal 4.95| 249.6 41.80 | 22.50 68.20 0.37|271.1| 0.74]239.3| 19.1| 323.4| 259
BR10-15-1* | grt| 15.63 | 80.31 3566 | 0.53| 14330| 0.44| 885| 0.82|291.7| 23.3|3559| 285
BR10-17-1 grt| 11.53| 140.6| 161.23| 0.63| 232.08| 1.15|177.7| 0.80| 236.2| 189 295.9| 23.7
BR10-18-2 grt 4,18 | 263.6| 37249 | 3.85| 387.20| 1.41|349.4| 0.71]|2009| 16.1| 2815 225
Florianopolis Block

BR10-20-1* | gns 9.58 | 769.9| 153.00| 1.00| 701.00| 0.20| 805.1| 0.78| 159.1| 12.7| 203.3| 16.3
BR10-20-2* | gns| 10.13 | 474.7| 101.80| 0.70| 394.80| 0.21|498.2| 0.79|144.2| 11.5]| 1825| 14.6
BR10-20-3* | gns 8.34 | 653.0| 140.42 1.01| 562.67| 0.22|6854| 0.78|150.1| 12.0| 191.6| 153
BR10-21-1* | gns 6.95| 107.1 6490 | 0.60| 154.60| 0.61| 122.0| 0.77]230.3| 184 299.1| 239
BR10-21-3* | gns 9.58 | 128.6| 102.14| 0.72| 200.46| 0.79| 152.1| 0.77|238.4| 19.1| 3109 | 249
BR10-22-3* | gns | 10.12 | 159.3 90.30| 0.90| 312.30| 0.57|180.1| 0.80|313.0| 25.0|391.3| 31.3
BR10-23-3* | gns | 12.74| 79.13 5396 | 0.26| 190.19| 0.68|91.55| 0.81|371.3| 29.7| 459.9| 36.8
BR10-24-1* | grd 8.74| 175.6| 136.30| 2.10| 367.00| 0.78|207.0| 0.78| 320.6| 25.6|411.0| 329
BR10-25-1* | grd | 16.81| 72.90 74.89 | 1.16| 184.50| 1.03|90.15| 0.81|365.9| 29.3|453.5| 36.3
BR10-25-3* | grd | 19.76 | 88.20 73.80| 0.30| 207.00| 0.84| 105.2| 0.81|352.4| 28.2|435.0| 34.8
BR10-26-1* | grt| 11.86| 164.6 58.19| 1.13| 242.08| 0.35|178.0| 0.80| 246.1| 19.7| 306.1| 24.5
BR10-26-2* | grt| 34.06| 166.1 4391 | 0.42| 24994 | 0.26|176.2| 0.86| 256.6| 20.5|299.1| 23.9
BR10-27-3* | grt| 10.20| 63.70 36.10| 0.40| 126.90| 0.57|72.00| 0.79| 3149 | 25.2|398.6| 319
BR10-29-3* | grt| 13.78 0.60 0.40| 0.00 1.10| 0.66| 0.70| 0.80|300.3| 24.0| 375.4| 30.0
Laguna Block

BR09-43-1* S 8.2 | 102.3 52.36 | 11.76 6094 | 051 1146| 0.78| 97.7 0.5 1249 0.6
BR09-45-2* | grt| 4.86| 568.0| 200.49| 4.83| 313.05| 0.35|615.2| 0.74| 93.6 75| 126.5| 10.1
BR0O9-46-1* | grt| 15.15| 878.3 | 259.58 | 39.25 | 366.23 0.319393| 0.82| 715 57| 87.2 7
BR09-46-2* | grt| 11.69| 762.3| 375.65|22.71| 293.58| 0.49|850.5| 0.81| 63.4 51| 78.2 6.3
BR09-46-3* | grt 428 | 663.0| 43752 | 25.26| 223.41| 0.66| 765.8| 0.74 54 43| 729 5.8
BR09-47-3* | grt 9.3| 659.2| 817.45| 26.59| 458.92| 1.24|851.3| 0.80| 99.4 8.0| 124.2 9.9
BR10-32-1* | grt 6.13 | 487.2 | 143.30| 4.20| 211.60| 0.29|520.2| 0.76 | 74.9 6.0| 98.5 7.9
BR10-32-2* | grt| 4.09| 643.0| 234.36| 2.41| 316.93| 0.36|697.0| 0.73| 83.6 6.7 | 115.3 9.2
BR10-32-3* | grt 2.60| 266.5 87.50| 0.97| 123.74| 0.33|286.6| 0.68| 79.4 6.4| 117.5 9.4
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Table A 4. 3: Summary of apatite fission-track data. L.: Lythology; F.a.: Formation age; U: uranium concentration in

ug/g, n: number of counted grains, ps. density of spontaneous tracks (x 105/cm2), N,: number of spontaneous tracks,

p: density of induced tracks (x 10°/cm?), N;: number of induced tracks, P (x?) is the probability that single grain ages

are consistent and belong to the same population. Test is passed if P (y

2) > 5% (Galbraith 1981). Ages calculated

using a C-value of 349.07 £15.53 a/cm? for apatite. Gns: gneiss; grd: granodiorite; grt: granite; ms: mica shist; cal:
calcosilicate; s: sandstone; and: andesite; rhy: rhyolite; ba: basalt. For further descriptions see Table A. 4.1.

Central
Sample number | L. F.a. L[L(gs;:]) n [x105p/scm2] Nsg [x105p/lcm2] N, | c?[%] [a’\ﬁ:] TS:])
Santos Block
BR10-01* | mst| Neoprot.| 21.5(12.0)[25 123] 626 22.6]1146| 99.7] 1307 8.8
Peruibe Block
BR10-02* ms | Neoprot. 10.7 (7.5) | 22 3.8| 283 114 848 | 99.8 80.6 6.6
BR10-03* gns | Neoprot. 2.8(1.5) |25 0.9| 189 3.3| 660| 99.6 69.5 6.5
BR10-04* gns | Neoprot. 9.0(6.9) | 21 3.9| 416 10.6 | 1132 | 100.0 89.6 6.5
BR10-05 gns | Neoprot. 18.5(7.4) | 21 7.41 706 17.2 11647 | 99.2 88.0 6.3
llha Combrida Block
BR10-07 gns | Neoprot. 7.7(6.6) | 12 2.3 | 133 6.3| 375| 80.2 73.0 8.4
BR10-09 gns | Neoprot. 34(2.1)]20 1.1] 118 3.3| 353| 76.3 69.0 8.4
BR10-10 gns | Neoprot. 5.8(1.8) |21 2.8| 255 56| 510| 97.7| 1029]| 9.8
BR10-11 gns | Neoprot. 4.8(2.7) | 20 15| 166 4.6 | 506 |100.0 67.8 7.1
Curitiba Block
BR0O9-05B peb | Paleogene 7.6(4.1) |20 2.2 | 274 7.4| 922 5.2 63.0 6.1
BR10-12 cal | Neoprot.| 19.1(12.8) |18 7.0| 420 16.9]1021| 89.8 85.0 6.8
BR10-15 grt | Neoprot. 4.2(2.6) |24 13| 175 3.9| 511]100.0 70.9 7.4
BR10-17 grt | Neoprot. | 47.4(18.5) |20 185| 902 49.112393| 75.0 78.0 5.4
Florianopolis Block
BR0O9-16 and Creta. 4.55(0.9) | 20 2.2 | 295 3.5| 462 | 90.3 93.2 8.1
BR0O9-24 s | Carb./Per. | 14.02 (13.0) | 30 5.7| 439 10.6| 819| 78.0| 1258 9.6
BR0O9S-26 peb | Carb./Per | 18.96 (15.0) | 57 8.8 | 1940 18.3 | 4046 118.9 7.8
BR0O9-27 gns | Neoprot.| 11.55(3.9) |20 6.7 | 549 81| 670| 99.8| 120.6 8.9
BR0O9-28 grt | Neoprot. 3.4(3.0) | 27 16| 141 2.5| 218|100.0| 101.9| 119
BR10-16 grt | Neoprot. 7.6(3.8) | 22 32| 264 7.1| 584 | 99.8 93.5| 8.7
BR10-20 gns | Neoprot.| 25. 8 (11.9) | 22 11.7| 818 24.7 11719 | 96.5 98.5 6.9
BR10-21 gns | Neoprot. 8(1.7) | 25 19| 223 3.7| 443]100.0| 106.3| 10.0
BR10-22 gns | Neoprot. 3 O (1.8) | 25 15| 334 3.1| 689| 99.3| 1044| 8.4
BR10-23 gns | Neoprot.| 17.0(10.7) |23 76| 573 16.211221| 92.1| 102.9 7.0
BR10-24 grd | Neoprot. 20.4(9.2) | 20 9.7| 966 20.6 | 2046 | 99.4| 105.5 6.3
BR10-25 grd | Neoprot. 9.8(3.5) | 20 48| 461 10.3| 995| 98.4 | 104.5 7.5
BR10-26 grt | Neoprot. 6.4 (1.9) | 22 40| 532 72| 961| 98.0| 125.8| 89
BR10-27 grt | Neoprot.| 27.1(10.3) |19 109 | 737 29.6 1991 | 76.4 85.2 5.3
Laguna Block
BR0O9S-17 ba Creta. 8.67(4.4)| 5 19 24 86| 107| 914 47.7 | 11.0
BR0O9-35 S Jurassic 9.84(3.4)| 5 3.6 90 7.1| 178 | 89.8 79.7 | 10.9
BR0O9-42 S Jurassic | 28.05 (10.9) | 19 8.6 | 495 21.3 (1235 1.0 59.5 5.2
BR0O9-45 grd | Neoprot.| 12.36 (6.6) | 20 46| 304 13.8| 919| 58.7 76.4 5.9
BR0O9-46 grt | Neoprot. 9.93(6.6) | 23 3.3| 269 109 | 888 | 99.9 69.8 5.6
BR0O9-50 grt | Neoprot. 17.4(7.3) | 21 6.6 | 226 19.7| 678 99.29 76.2 6.6
BR0O9-51 grt | Neoprot. | 23.98 (10.1) | 25 9.1| 282 26.6 | 824]100.0 76.7 6.1
BR0O9-52 grt| Neoprot.| 15.18(6.4) |21 5.4| 307 16.7] 949]99.69| 734| 56
BR0O9-53 grt | Neoprot. | 16.99 (7.3) | 24 59| 483 18.6 | 1523 | 98.92 70.7 4.6
BR10-32 grt| Neoprot. 12.0(6.9) | 23 4.1] 381 12.3]1145| 98.5 78.0 5.8
BR10-34 grt| Neoprot.| 14.4(7.5)]18 46| 350 16.0]1210| 76.7| 684 5.2
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Table A 4. 4: Summary of apatite fission-track length and Dpar data. Sample number, *: Data were used for

modeling, n CT: number of measured confined tracks, CT mean: mean confined track length, std: standard

deviation, skew: skewness of distribution relative to the mean value (measure of asymmetry of the distribution), Lc

mean: mean track length after c-axis correction, n Dpar: number of etch pit diameters measured, Dpar mean: mean

etch pit diameter. For further descriptions see Table A. 4.1.

Sample n cr CT std Lc mean | Lc std n Dpar Dpar Dpar
number cT mean [um] CT skew [um] [um] Lc skew Dpar mean std ckew
[pm] [um] | [pm]

Santos Block
BR10-01* | 84] 126 18] -0793] 139] 12| -0769] 125] 18] 03] -0519
Peruibe Block
BR10-02* 13 12.5 2 -1.828 14.2 1 -1.535 108 1.4 0.2 0.382
BR10-03 1 15.8 - 16.3 - - 125 1.2 0.2 0.949
BR10-04* 59 12.8 1.4 -0.188 14.0 11 -0.529 193 1.3 0.2 0.316
BR10-05* 52 13.2 1.1 -0.904 14.4 0.7 -0.807 170 1.5 0.2 0.100
Ilha Comprida Block
BR10-07 3 14.2 1.1 -1.668 15.0 0.5 0.662 54 1.8 0.3 0.897
BR10-09 - - - - - - - 96 1.6 0.2 0.398
BR10-10 6 14.2 0.4 0.737 15.4 0.3 0.855 106 1.8 0.4 0.403
BR10-11 - - - - - - - 100 1.1 0.2 0.276
Curitiba Block
BR0O9-05B - - - - - - - 181 1.1 0.2 0.570
BR10-12 8 13.3 1.3 0.255 14.6 0.9 0.081 88 1.4 0.2 0.071
BR10-15 3 9.4 2.3 1.110 11.3 3.1 -1.530 121 1.4 0.3 0.370
BR10-17 54 11.7 1.8 -0.941 13.6 1 -0.061 116 1.6 0.2 0.293
Florianopolis Block
BR0O9S-24 84 11.0 1.9 0.800 13.0 1.5 0.200 30 1.4 0.1 -0.100
BR0O9-26 91 11.5 1.7 -0.100 14.4 14 -0.600 57 1.4 0.1 1.700
BR0O9-27 9 10.5 1.8 -0.700 12.4 1.3 0.020 50 1.4 0.2 0.210
BR09-28 2 9.3 2.1 - 9.8 2.6 - 26 1.3 0.2 -0.220
BR10-16 1 121 - - 13.9 - - 108 1.2 0.2 -0.058
BR10-20* 67 12.6 1.9 0.319 14.0 1.3 0.493 135 1.5 0.3 0.542
BR10-21 12 12.5 1.9 0.177 13.9 11 0.348 143 1.8 0.3 0.196
BR10-22 3 12.8 1.5 -0.508 13.8 14 0.894 125 1.6 0.2 -0.339
BR10-23* 72 13.5 1.4 -0.417 14.6 0.9 -0.316 196 1.9 0.3 0.213
BR10-24* 71 12.9 1.6 -0.766 14.1 1.2 -1.343 161 1.6 0.2 0.301
BR10-25* 66 13.1 1.4 0.219 14.3 11 -0.328 230 2.1 0.3 0.299
BR10-26* 55 13.2 1.6 -0.661 14.4 1.2 -1.462 220 1.4 0.2 0.101
BR10-27* 76 13.1 1.4 -0.331 14.4 0.9 -0.544 318 1.6 0.2 0.269
Laguna Block
BR0O9S-17 - - - - - - - 12 1.0 0.3 0.450
BR0O9-35 - - - - - - - 5 1.2 0.1 0.200
BR09-45* 95 10.7 1.8 0.174 12.9 1.2 -0.016 140 1.4 0.1 1.5
BR09-46* 93 10.7 1.8 0.478 12.1 1.7 -0.331 165 1.4 0.2 1.6
BRO9-50* 80 11.7 1.7 -0.404 13 1.7 -1.184 160 1.3 0.1 1.5
BR0O9-51* 101 12.2 1.6 -0.402 13.7 1.2 -1.235 175 1.4 0.1 1.7
BR0O9-52* 78 11.8 1.7 -0.465 12.9 2.1 -1.549 145 1.3 0.1 1.6
BR0O9-52* 100 11.5 1.9 -0.121 131 1.8 -1.068 165 1.3 0.1 1.5
BR10-32* 55 12.5 1.9 -0.057 14.0 1.3 -0.388 243 1.3 0.2 0.232
BR10-34 10 11.6 1.5 -0.100 134 1.3 -1.454 90 1.5 0.2 -0.215
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Table A 4. 5: Summary of apatite (U-Th-(Sm))/He data. Grains were only used when AHe age < formation age and

when AFT > AHe Age. Sample number, *: Grains were used for modeling, M: mass, contributing U, Th, Sm, and He

concentration, eU = [U] + 0.235 [Th] (concentration in weight %), Ft:a-ejection factor for apatite and zircon

calculated after Farley et al. (1996), Uncorrected (Uncorr.) ages and +1c error are corrected (corr.) for a-ejection

with accordant 1o error. For further descriptions see Table A. 4.1.

Unc

Sample M [:Jg/ Th Sm [nHmil/ Th/ eU Et orr. i()lo (;og:. i()lo

number | [ugl | " (ug/g] | [me/e] gl U | lue/el [al\jz] Ma] | Ma] | [Ma]
Santos Block
BR10-01-3* | 1.30 | 459 | 562 | 477] 191] 122] 590] 062 ] 594 36| 955]| 57
Peruibe Block
BR10-05-3* | 13.7 | 409 | 508 2929 | 199] 124 541] 082 664 ] 40] 815] 49
Ilha Comprida Block
BR10-09-2* | 3.79 | 168 | 014 | 1377 | o043] 009 | 178|074 | 436| 26| 589| 35
BR10-09-3* | 2.74 | 088 | 071 | 592| 019] 081 | 108|070 327 | 20| 469 | 28
BR10-103 | 074 | 534 | 1024 | 6394 | 117] 192| 802|055 261 | 16| 479| 29
BR10-11-1* | 2.85 | 1.05 | 3.64 | 2542 | o065] 347| 202]| 068 565| 34| 831] 50
BR10-11-2* | 136 | 3.60 | 1451 | 4293 | 227[ 403| 715]| 060 567 | 34| 938]| 56
BR10-11-3* | 241 | 2.00 | 827 3696 | 143] 413| 409|067 ]| 617 | 37] 918]| 55
Curitiba Block
BRO9-05B-3 | 0.56 | 183 | 2756 | 2439 | 413 | 151 | 2476 051 | 303 | 10[ 595[ 20
BR10-12-1* | 138 | 871 | 460 | 600 | 262] 053| 980|063 | 493 | 30| 783 | 47
BR10-15-2* | 409 | 160 | 370 | 5020 | o080 ] 241| 190 072 | 540] 32| 750[ 45
BR10-17-1 | 321 | 47.1 | 7200 | 4810 2010 ] 153 | 3040 ] 070 | 575 | 35[ 82| 49
Florianopolis Block
BRO9-26-1 | 3.88 | 125 | 213 3968 | 621 | 17| 1754 07| 641 | 13 92| 19
BR10-20-3* | 1.26 | 6.73 | 024 | 2547 | 104|004 623]| 064 | 276 | 17| 430] 26
BR10-21-3* | 322 | 154 | o011 | 2355| 036] 007 | 168] 073|382 | 23| 524 31
BR10-22-2* | 343 | 122 | 092 | 4580 | 059] 075| 166|070 | 595 | 36| 852 | 51
BR10-24-1* | 813 | 792 | 148 1005| 221][ 019 831|079 489| 29| 619]| 37
BR10-24-3* | 2.28 | 19.4 | 1439 | 3655 | 667 ] 074 2289 ] 068 | 534 | 32| 786 | 47
BR10-25-2* | 092 | 571 | 096 | 5254 | 093] 017 619] 060 271 | 16| 454 | 27
BR10-26-2* | 1.56 | 4.03 | 1083 | 1278 | 234 ] 269 | 658 | 060 | 646 | 52| 1073 | 86
BR10-27-3 | 348 | 243 | 3680 | 1192 | 1010 ] 152 | 3340 070 | 548 | 44| 783 [ 63
Laguna Block
BRO9-43-1 10| 438| 1262 | 465 | 1271 | 288 | 7347 | 058 | 318 | 03| 548] 05
BRO9-45-1 | 3.94 | 19.4 | 1525 | 4047 58] 078 2304] 073 458 07| 632 1
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Table A. 5: Overview of sample data which was used for modelling. Sample number, Block (S.: Santos; P.: Peruibe;

I.C.: llha Comprida; C.: Curitiba; F.: Florianopolis; L.: Laguna), ZFT Constraint: x when implemented in HeFTyw; ZHe:
number of grains implemented for the ZHe system (x); AFT lengths: x when implemented in HeFty; AHe: number of

grains implemented for the AHe system (x).

Sample number Block ccza:l—t. ZHe AFT age + length AHe
BR10-01 S. X X
BR10-04 P. X X
BR10-05 P. X X X
BR10-07 I.C. 2x
BR10-08 I.C. X X
BR10-09 l. C. X X 2x
BR10-11 l. C. X 2 X 3x
BR09-01 C. X
BR10-12 C. X X X
BR10-15 C. X X
BR10-20 F. X 3x X X
BR10-21 F. X 2 X X
BR10-22 F. X X X
BR10-23 F. X X
BR10-24 F. X X 2x
BR10-25 F. X 2x X X
BR10-26 F. 2x X X
BR10-27 F. X X X
BR10-29 F. X
BR09-45 L. X X X
BR09-46 L. X 3x
BR09-47 L. X
BR09-50 L. X X
BR09-51 L. X
BR09-52 L. X
BR09-53 L. X
BR10-32 L. 3x X

147



APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Table A. 6: Parana Basin deposition sequences and corresponding assumed sediment thicknesses (Milani et al.,
2007) and expected temperatures. Sequence: Name of depositional sequence, Formation, Period, Time [Ma]:
occurrence in [Ma], Time A [Ma]: time interval in [Ma], col [m]: accumulated sediments for At; Total Col. [m]:
accumulated sediment columns of each time interval, assumable deposited on top of the basement, Temp. [°C]:
expected temperatures, calculated from total column with corresponding surface temperatures and geothermal
gradient including an error (+10°C).

. . ) Time A | Col. Uoiz] Temp.
Sequence Formation Period Time [Ma] Col. .
[Ma] | [m] [ml [°Cl
Bauru Total Cretaceous 90-70 20 | 260 7888 300-280
Gondwana Total Jurassic/ Cretaceous 155-130 25 | 215 7628 290-265
Gondwana Serra Geral Cretaceous 140-130 10 | 170 7628 -
Gondwana Botucatu Jurassic/ Cretaceous 155-140 15 450 5928 -
Gondwana Il Santa Maria Triassic 240-220 20 | 300 5478 215-190
Gondwana | Total Carb./ Permian. 305-250 55 | 382 5178 205-185
Gondwana | Passa Dois Permian 280-250 30 | 167 5178 -
Gondwana | Guata Permian 290-280 10 | 650 3508 -
Gondwana | [tararé Carb./ Permian 305-290 15 150 2858 -
Parana Total Devonian 415-360 55 | 997 1358 80-40
Parana Ponta Grossa Devonian 405-360 45 660 1358 -
Parana Furnas Devonian 415-405 10 337 698 -
Rio Ival Total Ordovician/ Silurian 465-445 40 | 361 361 -
Rio Ivaf Vila Maria Silurian 440-425 15 38 361 40-10
Rio Ivai lapd Ordovician 445-440 5 70 323 -
Rio Ivaf Alto Gracas Ordovician 465-445 20 | 253 253 -
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Table A. 7: Compiled published geochronological data for the Southern Ribeira and Dom Feliciano belts in south-
eastern Brazil. Data is presented blockwise and organised according to the dating method and closing temperature.
Location, Rock type, Age [Mal], tError [Ma], Primary reference, Secondary reference (where data was found).

Santos Block

+
Location Rock type [ANgI:] Error Primary reference Secondary reference
[Ma]

U-Pb (SHRIMP), zircon, T(cl): =700-800° C
Complexo charnockite 571.0 | 20.0 Tassinari (2008) Basei et al. (2010)
Complexo granite 576.0 | 16.0 Tassinari (2008) Basei et al. (2010)
Complexo aplite 584.0 | 13.0 Tassinari (2008) Basei et al. (2010)
Complexo charnockite 577.0 | 32.0 Tassinari (2008) Basei et al. (2010)
Complexo granitoid 567.0 | 27.0 Tassinari (2008) Basei et al. (2010)
Complexo granodiorite 620.0 | 11.0 Tassinari (2008) Basei et al. (2010)
U-Pb (LA-ICP-MS), zircon, T(cl): =700-800° C
Lagoinha bt-granite 581.0 4.9 Alves et al. (2013)
Caucaia bt-granite 583.2 3.6 Alves et al. (2013)
Itapeti bt-granite 578.6 5.1 Alves et al. (2013)
Sabaulna bt-granite 577.3 4.8 Alves et al. (2013)
Santa Catarina bt-granite 631.8 5.4 Alves et al. (2013)
Mongagua n/a 590-630 n/a Pasarelli et al. (2008)
Cubatdo SZ (CSZ) | n/a 600.0 n/a Pasarelli et al. (2008)
Mongagua amph-bt-monzogranite 612.4 31 Passarelli et al. (2004
Mongagua bt-monzogranite 579.0 | 11.0 Passarelli et al. (2004)
Mongagua bt-monzogranite 578.0 | 12.0 Passarelli et al. (2004)
Mongagua bt-tonalite 647.0 8.6 Passarelli et al. (2004)
Complexo metasediment 571.0 | 10.0 Dias Neto (2001)
Complexo metagrabbro 577.0 | 23.0 Dias Neto (2001)
Complexo metagrabbro 593.0 | 10.0 Dias Neto (2001)
Complexo gneiss 571.0 | 50.0 Dias Neto (2001)
Complexo amphibolite 580.0 n/a Dias Neto (2001)
Complexo amphibolite 608.0 n/a Dias Neto (2001)
North  of Sdo | metavolcanic 628.0 9.0 | Hackspacher et al. (2000
U-Pb (LA-ICP-MS), monazite, T(cl): =500-650° C
North  of Sdo | paragneiss 607.0 3.0 | Hackspacher et al. (2004)
North  of Sdo | paragneiss 625.0 3.0 | Hackspacher et al. (2004)
North  of Sdo | paragneiss 598.0 7.0 | Hackspacher et al. (2004)
North  of Sdo | paragneiss 608.0 9.0 | Hackspacher et al. (2004)
U-Pb (TIMS), monazite, T(cl): =500-650° C
Serra Q. Cangalha | mus-bt-granite 664.1 1.3 Alves et al. (2013)
Santa Branca mus-bt-granite 594.7 1.2 Alves et al. (2013)
Guacuri mus-bt-granite 589.8 7.7 Alves et al. (2013)
Maud bt-granite 588.0 2.0 Alves et al. (2013)
Sm-Nd, isochron, whole rock, T(cl): =650° C
Complexo paragneiss 519.0 | 13.0 Dias Neto (2001)
Complexo paragneiss 482.0 9.5 Dias Neto (2001)
Complexo paragneiss 469.0 | 24.0 Dias Neto (2001)
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. Age * Error . Seconda
Location Rock type [Ivgia] [Ma] Primary reference referencZ
Sm-Nd, isochron, garnet-RT, T(cl): =600° C
Complexo Costeiro gneiss 529.0 n/a Dias Neto (2001)
Complexo Costeiro gneiss 559.0 n/a Dias Neto (2001)
Complexo Costeiro pegmatite 528.0 17.0 Dias Neto (2001)
Complexo Costeiro pegmatite 562.0 n/a Dias Neto (2001)
Rb-Sr, isochron, whole rock, T(cl): =500-750° C
Complexo Costeiro paragneiss 547.0 32.0 Dias Neto (2001)
Complexo Costeiro paragneiss 463.0 190.0 Dias Neto (2001)
Rb-Sr, isochron, plag-RT, T(cl): =550° C
Complexo Costeiro gneiss 508.0 n/a Dias Neto (2001)
Complexo Costeiro gneiss 518.0 n/a Dias Neto (2001)
Complexo Costeiro gneiss 507.0 n/a Dias Neto (2001)
Complexo Costeiro gneiss 521.0 n/a Dias Neto (2001)
Complexo Costeiro gneiss 487.0 3.8 Dias Neto (2001)
Rb-Sr, isochron, plag-muscovite, T(cl): =500° C
Complexo Costeiro gneiss 509.0 n/a Dias Neto (2001)
Complexo Costeiro pegmatite 481.0 190.0 Dias Neto (2001)
Rb-Sr, isochron, apatite-biotite, T(cl): =450° C
Complexo Costeiro | apatite | 488.0 8.5 | Dias Neto (2001) |
Rb-Sr, isochron, plag-biotite, T(cl): =400° C
Complexo Costeiro gneiss 469.0 n/a Dias Neto (2001)
Complexo Costeiro gneiss 483.0 7.3 Dias Neto (2001)
Complexo Costeiro amphibolite 467.0 8.9 Dias Neto (2001)
Complexo Costeiro amphibolite 464.0 32 Dias Neto (2001)
K-Ar, hbl-biotite, T(cl): *300-450° C
North of Sdo Paulo I paragneiss | 580-600 n/a | Hackspacher et al. (2001b) |
K-Ar, muscovite, T(cl): #350° C
Complexo Costeiro paragneiss 475.0 11.6 Dias Neto (2001)
Complexo Costeiro paragneiss 419.0 9.9 Dias Neto (2001)
Complexo Costeiro paragneiss 491.0 10.4 Dias Neto (2001)
Complexo Costeiro paragneiss 486.0 9.4 Dias Neto (2001)
Complexo Costeiro paragneiss 506.0 14.7 Dias Neto (2001)
Complexo Costeiro gneiss 473.0 14.0 Tassinari (1988) | Dias Neto (2001)
Complexo Costeiro migmatite 470.0 14.0 Tassinari (1988) | Dias Neto (2001)
K-Ar, biotite, T(cl): =300° C
Cubatdo Shear Zone | n/a 500.0 n/a Pasarelli et al. (2008)
Complexo Costeiro paragneiss 470.0 10.7 Dias Neto (2001)
Complexo Costeiro leptinite 462.0 13.0 Tassinari (1988) | Dias Neto (2001)
Complexo Costeiro gneiss 443.0 13.0 Tassinari (1988) | Dias Neto (2001)
Complexo Costeiro migmatite 483.0 14.0 Tassinari (1988) | Dias Neto (2001)
Complexo Costeiro migmatite 475.0 14.0 Tassinari (1988) | Dias Neto (2001)
Complexo Costeiro migmatite 496.0 14.0 Tassinari (1988) | Dias Neto (2001)
Complexo Costeiro gneiss 460.0 14.0 Tassinari (1988) | Dias Neto (2001)
Complexo Costeiro gneiss 480.0 16.0 Tassinari (1988) | Dias Neto (2001)
K-Ar, amphibole, T(cl): =200° C
Complexo Costeiro paragneiss 491.0 17.5 Dias Neto (2001)
Complexo Costeiro paragneiss 465.0 8.7 Dias Neto (2001)
Complexo Costeiro paragneiss 428.0 41.0 Dias Neto (2001)
Complexo Costeiro leptinite 480.0 14.0 Tassinari (1988) | Dias Neto (2001)
K-Ar, feldspar, T(cl): =200° C
Complexo Costeiro | leptinite 455.0 13.0 Tassinari (1988) | Dias Neto (2001)
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Peruibe Block
t
Domain Rock type hge Error Primary reference Secondary
(Ma) reference
[Ma]

U-Pb (LA-ICP-MS), zircon, T(cl): =700-800° C
Registro n/a | 590-610 n/a Pasarelli et al. (2008)
Embu n/a | 750-800 n/a Pasarelli et al. (2008)
Registro bt-monzogranite 580.0 | 23.0 Passarelli et al. (2004)
U-Pb (LA-ICP-MS), monazite, T(cl): =500-650° C
Embu n/a | 580-610 n/a Pasarelli et al. (2008)
Juréia Massif paragneiss 741.0 7.0 Passarelli et al. (2006)
Juréia Massif gneiss 752.3 4.3 Passarelli et al. (2004)
Juquia granite 598.0 8.8 Passarelli et al. (2004)
Sm-Nd, isochron, whole rock, T(cl): =650° C
'St;t'”s Massif, granulite | 607.0 | 13.6 Picanco (1994) Passare”('zztla;)'
'St;t'”s Massif, gneiss | 5820 | 22.0 Picanco (1994) Passare"('zztlz)'
Rb-Sr, isochron, whole rock, T(cl): *500-750° C
'Stst'”s Massif, gneiss | 601.0 | 32.0 Picanco (1994) Passare”('zztl‘:)'
K-Ar, hornblende, T(cl): =500-550° C
Iststlns Massif, granulite 656.0 n/a Picanco (1994) Passarell(lzztlagl).
K-Ar, muscovite, T(cl): #350° C
Embu | nfal] 5500] n/a] Pasarelli et al. (2008) |
K-Ar, biotite, T(cl): #300° C
Registro n/a | 490-510 n/a Pasarelli et al. (2008)
Embu n/a 500.0 n/a Pasarelli et al. (2008)
Embu mylonite 492.7 | 13.9 Passarelli (2001)
Embu mylonite 413.0 8.8 Passarelli (2001)
Embu mylonite 496.7 9.3 Passarelli (2001)
Embu mylonite 367.7 7.3 Passarelli (2001)
Miracatu, Sp biotite gneiss 504.0 9.0 Passarelli (2001) Passarelli et al.

(2018)
IStFa)tlns Massif, granulite | 590-580 n/a Picango (1994) Passarell(lzztlagl).
Ilha Comprida Block

+
Domain Rock type (':Ag:) Error Primary reference Secondary reference
[Mal

U-Pb (SHRIMP), zircon, T(cl): =700-800° C
Iporanga Segeunce metavolcanic 573.0 | 34.0 Campanha et al. (2008b) Siga Jr. et al. (2011)
Iporanga Segeunce granite clasts 593.0 | 15.0 Campanha et al. (2008b) Siga Jr. et al. (2011)
U-Pb (TIMS), zircon, T(cl): =700-800° C
Varginha Granite granite 604.0 n/a Siga Jr. et al. (2011)
Varginha Granite granite 616.0 n/a Siga Jr. et al. (2011)
Varginha Granite granite 650.0 n/a Siga Jr. et al. (2011)
Varginha Granite granite 631.0 n/a Siga Jr. et al. (2011)
U-Pb (LA-ICP-MS), zircon, T(cl): =700-800° C
Iguape n/a | 580-600 n/a Pasarelli et al. (2008)
lguape bt-monzogranite 599.0 | 15.0 Passarelli et al. (2004)
Serra do Cordeiro bt-monzogranite 581.6 3.8 Passarelli et al. (2004)
Votupoca bt-monzogranite 582.5 8.7 Passarelli et al. (2004)
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Domain Rock type (':Ag:) i[’IfAr;c])r Primary reference Secondary reference
Tres hbl-bt- 605.1 2.0 Prazeres Filho et al.
Tres granite 610.0 3.0 Prazeres Filho et al.
Tres hbl-bt-gneiss 608.0 5.0 Prazeres Filho et al.
U-Pb (LA-ICP-MS), monazite, T(cl): =500-650° C
sete granite 631.0 23.0 Passarelli et al. (2004)
Barras
Rb-Sr, isochron, whole rock, T(cl): *<500-750° C
Tres . Prazeres Filho et al. Prazeres Filho et al.
Cérregos granite 605.0 n/a (2000) (2000)
K-Ar, muscovite, T(cl): =350° C
Serrinha mylonite 575.0 16.0 Passarelli et al. (2006)
lguape mylonite 575.2 15.7 Passarelli (2001)
K-Ar, biotite, T(cl): =300° C
Serrinha mylonite 482.0 12.0 Passarelli et al. (2006) Passarelli et al. (2006)
Serrinha mylonite 493.0 9.0 Passarelli et al. (2006) Passarelli et al. (2006)
lguape granite 505.0 15.7 Passarelli (2001) Passarelli (2001)
lguape mylonite 481.5 12.1 Passarelli (2001) Passarelli (2001)
lguape mylonite 493.4 9.2 Passarelli (2001) Passarelli (2001)
Curitiba Block
t
Domain Rock type Age (Ma) | Error Primary reference Secondary reference
[Ma]

U-Pb (SHRIMP), zircon, T(cl): =700-800° C
Abapd Sequence metavolcanic 645.0 | 30.0 Siga Jr. et al. (2009) Siga Jr. et al. (2011)
Abapd Sequence metavolcanic 641.0 | 11.0 Siga Jr. et al. (2009) Siga Jr. et al. (2011)
Abapd Sequence metavolcanic 628.0 | 18.0 Siga Jr. et al. (2009) Siga Jr. et al. (2011)
Tres Corregos granite 601.0 | 13.0 Tassinari (2008) Basei et al. (2010)
Itaoca pluton monzogranite 623.0 | 10.0 Salazar et al. (2008)
Cunhaporanga monzogranite 627.0 8.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Tres Corregos monzogranite 616.0 | 11.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Tres Corregos monzogranite 608.0 | 11.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Tres Corregos diorite 608.0 | 24.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Cunhaporanga monzogranite 603.0 9.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Tres Corregos granodiorite 601.0 | 13.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Tres Corregos gtz-monzogranite 601.0 | 22.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Cunhaporanga granodiorite 601.0 7.0 | Prazeres Filho et al. (2005) Santos et al. (2015)
Cunhaporanga granite 533.0 | 15.0 | Prazeres Filho et al. (2005) Basei et al. (2010)
Tres Corregos granite 645.0 | 10.0 | Prazeres Filho et al. (2005) Basei et al. (2010)
Tres Corregos granite 582.0 | 14.0 | Prazeres Filho et al. (2005) Basei et al. (2010)
Itaicoca Belt metavolcanic 628.0 | 18.0 Siga Jr. et al. (2003)
Itaicoca Belt metavolcanic 636.0 | 30.0 Siga Jr. et al. (2003)
U-Pb (TIMS), zircon, T(cl): =700-800° C
Abap3d Sequence metavolcanic 636.0 | 30.0 Siga Jr. et al. (2009) Siga Jr. et al. (2011)
Curitiba gneiss 595.0 n/a Siga Junior et al. (1995) | Passarelli et al. (2018)
Curitiba gneiss 577-617 n/a Siga Junior et al. (1995) | Passarelli et al. (2018)
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+
Domain Rock type Age Error Primary reference Secondary
(Ma) reference
[Ma]

U-Pb (LA-ICP-MS), zircon, T(cl): =700-800° C
Itaicoca Belt metavolcanic 628- n/a Siga Jr. et al. (2009) Siga Jr. et al.
Ndcleo Setuva gneiss 570.0 45.0 Siga Jr. et al. (2007)
Cunhaporanga granodiorite 625.0 10.0 Prazeres Filho et al.
Cunhaporanga bt-monzogranite 588.0 70.0 Prazeres Filho et al.
Tres Cérregos hbl-bt-granodiorite 633.0 3.0 Prazeres Filho et al.
Tres Corregos hbl-bt-granodiorite 628.0 16.0 Prazeres Filho et al.
Tres Corregos hbl-bt-qgtz- 604.0 4.0 Prazeres Filho et al.
U-Pb (EPMA), monazite, T(cl): ®500-650° C
Cajati feldspar 589.0 12.0 Faleiros (2008) Faleiros (2011)
Cajati feldspar | 575-600 n/a Faleiros (2008) Faleiros (2011)
Sm-Nd, isochron, whole rock, T(cl): *650° C
Curitiba gneiss 595.0 30.0 Siga Jr. et al. (1995) Passarelli et al.
Mandirituba amph-gneiss 585.0 30.0 Siga Jr. et al. (1995) Passarelli et al.
Rb-Sr, isochron, whole rock, T(cl): =500-750° C
Atuba Quarry bt-amph-gneiss 598.0 48.0 Siga Jr. et al. (1995) Passarelli et al.
Atuba Quarry bt-amph-gneiss 617.0 14.0 Siga Jr. et al. (1995) Passarelli et al.
Ar-Ar, amph-hbl, T(cl): =500-550° C
Atuba Complex n/a | 570-580 n/a Machado et al. (2007) Faleiros (2011)
Tigre Nuclei gtz-monzodiorite 598.0 1.2 Kaulfuss (2011) | SigaJr.etal. (2011)
K-Ar, amph-hbl, T(cl): =500-550° C
Tigre Nuclei | gtz-monzodiorite | 618.0 | 36.0 Kaulfuss (2011) | Siga Jr. et al. (2011)
Ar-Ar, muscovite, T(cl): =350° C
Betara quartzite 614.0 2.0 Kaulfuss (2011) | SigalJr.etal.(2011)
Atuba Complex n/a | 560-570 n/a Machado et al. (2007) Faleiros (2011)
K-Ar, muscovite, T(cl): #350° C
Betara | quartzite | 604.0 | 11.0 Kaulfuss (2011) | SigaJr. et al. (2011)
Ar-Ar, biotite, T(cl): =300° C
Cajati paragneiss 555.0 4.0 Faleiros (2008) Faleiros (2011)
Ndcleo Setuva orthogneiss 588.0 1.0 Siga Jr. et al. (1995) Passarelli et al.
K-Ar, biotite, T(cl): =300° C
Atuba Complex n/a | 500-550 n/a Campagnoli (1996) Faleiros (2011)
Atuba Complex gneiss 600.0 20.0 Siga Jr. et al. (1995) Passarelli et al.

153




APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Floriandpolis Block

+
Domain Rock type (/’-:Ag:) Erro Primary reference Sr::‘::rnednacz
r
U-Pb (SHRIMP), zircon, T(cl): =700-800° C
Camborit Complex granodiorite | 590-630 n/a Silva et al. (2005), Florisbal et al.
) ) bt- Chemale Jr. et al. Florisbal et al.
Rio Pequeno Granite monzogranite 626.0 7.0 (2003), Lopes (2008), (2012)
Florisbal et al. (2010)
ltapema granite t.)t— 640.0 n/a Chemale Jr. et al. Florisbal et al.
monzogranite (2003), Lopes (2012)
Itajai Basin syenogranite 560.0 9.0 Basei et al. (2008) Basei et al. (2010)
Itajai Basin granite 529.0 | 16.0 Basei et al. (2008) Basei et al. (2010)
Itapema Granite monzogranite | 590-630 n/a | Hartmann et al. (2003) )
Vargem Grande Flo. Batholith 611.0 3.0 Silva et al. (2002) | Jelinek et al. (2005)
Alto Varginha Flo. Batholith 579.0 8.0 Silva et al. (2002) | Jelinek et al. (2005)
Rancho Queimado- Flo. Batholith 608.0 7.0 Silva et al. (2002) | Jelinek et al. (2005)
Aguas Mornas gneiss 595.0 n/a Silva et al. (2000)
Camborit Complex monzogranite 611.0 5.0 Silva et al. (unpubl.) Hartmann et al.
Valsungana Granite monzogranite 596.0 9.0 Silva et al. (unpubl.) Hartmann et al.
Maruim tonalite tonalite 610.0 6.0 Silva et al. (unpubl.) Hartmann et al.
Camborit Complex bt- 593.0 9.0 Silva et al. (1999) Hartmann et al.
Itajai Basin syenogranite 563.0 | 12.0 Cordani et al. (1999) Basei et al. (2010)
U-Pb (TIMS), zircon, T(cl): =700-800° C
Mariscal Granite metatonalite | 646. | 15.0 Chemale et al. (2012) | Santos et al. (2015)
Quatro Ilhas Granitoid felsic volcanic | 615. 7.0 Chemale et al. (2012) | Santos et al. (2015)
Morro dos Macacos, Sp granite | 588. 3.0 Chemale et al. (2012) | Santos et al. (2015)
Morro dos Macacos bt-monzogranite | 590. 3.3 Chemale Jr. et al. Florisbal et al.
Estaleiro Granite Complex hbl-bt- | 602. 3.4 Chemale Jr. et al. Florisbal et al.
Porto Belo Complex orthogneiss | 646. | 15.0 Chemale Jr. et al. Florisbal et al.
Santa Luzia Granite Flo. Batholith 600. 7.0 Basei (unpubl.) | Jelinek et al. (2005)
Guabiruba Granite Flo. Batholith 478. | 14.0 Basei (unpubl.) | Jelinek et al. (2005)
Valsungana Granite Flo. Batholith 647. | 12.0 Basei (unpubl.) | Jelinek et al. (2005)
Major Gercino Suite Flo. Batholith 640. n/a Basei et al. (1995) | Jelinek et al. (2005)
U-Pb (LA-ICP-MS), zircon, T(cl): =700-800° C
Quatro Ilhas Granitoid metatonalite | 649. | 10.0 Chemale et al. (2012) Santos et al.
Brusque Group granite | 623. 6.0 Chemale et al. (2012) Santos et al.
Quatro Ilhas Granitoid felsic volcanic | 617. 6.0 Chemale et al. (2012) Santos et al.
Zimbros Granite granite | 587. 8.0 Chemale et al. (2012) Santos et al.
Serra dos Macacos ) 611. Chemale Jr. et al. Florisbal et al.
) monzogranite 9.0
Granite 0 (2003), Lopes (2008) (2012)
Rio Pequeno Granite bt-monzogranite 622. 150 Chemale Jr. et al. Florisbal et al.
0 (2003), Lopes (2008), (2012)
Mariscal Granite mus—pt— 609. 30 Chema!e Jr.etal. Florisbal et al.
syenogranite 0 (2003), Florisbal et al. (2012)
Quatro Ilhas Granitoid bt-monzogranite 625. 7.0 Chema!e Jr.etal Florisbal et al.
0 (2003), Florisbal et al. (2012)
Quatro Ilhas Granitoid bt-monzogranite 614. 4.0 Chema!e Ir.etal. Florisbal et al.
0 (2003), Florisbal et al. (2012)
Major Gercino Suite bt-monzogranite | 609. | 16.0 Passarelli et al. (2010)
Major Gercino Suite bt-monzogranite | 614. 2.0 Passarelli et al. (2010)
Camborit Complex bt-monzogranite | 638. | 32.0 Basei et al. (2000) Hartmann et al.
Camborit Complex bt-monzogranite | 628. 7.0 Silva et al. (1999) Hartmann et al.
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. Age + Error .

D
omain Rock type (Ma) [Mal Primary reference Secondary reference
Rb-Sr, isochron, whole rock, T(cl): *500-750° C
Quitandinha bt-amph-gneiss 595.0 41.0 Siga Jr. et al. (1995) | Passarelli et al. (2018)
Quitandinha bt-amph-gneiss 577.0 17.0 Siga Jr. et al. (1995) | Passarelli et al. (2018)
K-Ar, muscovite, T(cl): =350° C
Major ) .
Gercino Suite mylonite 569.0 14.0 Passarelli et al. (2010)
Major mylonite 539.0 13.0 Passarelli et al. (2010)
Gercino Suite
K-Ar, biotite, T(cl): =300° C
Mapr . monzogranite 575.0 12.0 Passarelli et al. (2010)
Gercino Suite
Major ) .
Gercino Suite syenogranite 584.0 25.0 Passarelli et al. (2010)
Mapr . monzogranite 561.0 18.0 Passarelli et al. (2010)
Gercino Suite
Major ) .
Gercino Suite syenogranite 572.0 10.0 Passarelli et al. (2010)
Major ) .
Gercino Suite mylonite 569.0 10.0 Passarelli et al. (2010)
Laguna Block
A t
Domain Rock type ge Error Primary reference Secondary reference
(Ma)
[Ma]
U-Pb (SHRIMP), zircon, T(cl): #700-800° C
Pedra Grande Suite granodiorite | 613.0 5.0 Jelinek et al. (2005)
Pedra Grande Suite monzogranite | 595.0 5.0 Jelinek et al. (2005)
Serra do Tabuleiro Granite Flo. Batholith | 594.0 8.0 Silva et al. (1997) | Jelinek et al. (2005)
Tabuleiro Granite Flo. Batholith | 617.0 9.0 Silva et al. (unpubl.) | Jelinek et al. (2005)
Paulo Lopes Granite Flo. Batholith | 626.0 8.0 Silva et al. (unpubl.) | Jelinek et al. (2005)
. ) ) Hartmann et al.

Paulo Lopes Granite monzogranite | 628.0 8.0 Silva et al. (unpubl.) (2003)
Pedras Grandes Suite monzogranite | 613.0 5.0 Silva et al. (unpubl.) Hartman?;)tozl).
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Table A. 8: Calculated cooling and heating rates, respectively, taken from numerical modeling and converted into
exhumation and subsidence rates, respectively. Paleo-surface temperatures are =10°C for pre-Mesozoic time and
=25°C from Mesozoic to recent time. Block, Description: cooling or heating, t-t-segment [Ma], At, T-T-segment [°C],
AT, Cooling/ Heating rate [°C/ km], exhumation/ subsidence rate [mm/ a).

t-t T-T Cooling Exhumation
Block Description Segment At Segment AT rate rate
[Ma] [ [*C/Ma] [mm/a]
Cooling 640-510 130 750-650 100 0.77 0.026
Cooling 510-500 10 650-280 370 37.00 1.233
Cooling 500-380 120 280-15 265 2.21 0.074
Santos Heating 380-150 230 15-110 95 0.41 0.014
Cooling 150-55 95 110-25 80 0.84 0.028
Heating 55-24 31 25-35 10 0.32 0.011
Cooling 24-0 24 35-20 15 0.63 0.021
Cooling 600-550 50 750-350 400 8.00 0.267
Cooling 550-400 150 350-280 70 0.47 0.016
Cooling 400-360 40 280-15 265 6.63 0.221
Peruibe Heating 360-135 225 15-140 125 0.556 0.019
Cooling 135-55 80 140-25 115 1.44 0.048
Heating 55-24 31 25-36 11 0.36 0.012
Cooling 24-0 24 36-20 16 0.67 0.022
Cooling 620-560 60 750-340 410 6.83 0.228
Cooling 560-430 130 340-290 50 0.39 0.013
Cooling 430-330 100 290-15 275 2.75 0.092
llha Comprida Heating 330-135 195 15-150 135 0.69 0.023
Cooling 135-55 80 150-26 124 1.55 0.052
Heating 55-24 31 26-37 11 0.36 0.012
Cooling 24-0 24 37-20 17 0.71 0.024
Cooling 640-580 60 760-310 450 7.50 0.250
Curitiba Cooling 580-430 150 310-15 295 1.97 0.066
Heating 430-135 295 15-200 185 0.63 0.021
(Ponta Grossa -
area) Coolllng 135-55 80 200-27 173 2.14 0.072
Heating 55-24 31 27-34 7 0.23 0.008
Cooling 24-0 24 34-20 14 0.59 0.019
Cooling 600-560 40 750-350 400 10.00 0.333
Cooling 560-370 190 350-260 90 0.47 0.016
Curitiba Cooling 370-300 70 260-15 245 3.50 0.117
Heating 300-135 165 15-100 85 0.52 0.017
(coastal) Cooling 135-55 80 100-25 75 0.94 0.031
Heating 55-24 31 25-33 8 0.26 0.009
Cooling 24-0 24 33-20 13 0.54 0.018

156




APPENDIX

A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

t-t T-T Cooling Exhumation
Block Description Segment At Segment AT rate rate
[Ma] [*C] [*C/Ma] [mm/a]
Cooling 600-560 40 750-310 440 11.00 0.367
Cooling 560-460 100 310-270 40 0.40 0.013
Cooling 460-310 150 270-15 255 1.70 0.057
Florianopolis Heating 310-135 175 15-120 105 0.60 0.020
Cooling 135-55 80 120-25 95 1.19 0.040
Heating 55-24 31 25-34 9 0.29 0.010
Cooling 24-0 24 34-20 14 0.58 0.019
Cooling 620-530 90 760-420 340 3.78 0.126
Cooling 530-330 200 420-15 405 2.03 0.068
Heating 330-145 185 15-170 155 0.8 0.028
Laguna Heating 145-120 25 170-210 40 1.60 0.053
Cooling 120-70 50 210-95 115 2.30 0.077
Cooling 70-24 46 95-60 35 0.76 0.025
Cooling 24-0 24 60-20 40 1.67 0.056
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Figures S1-6:

NW Taubaté Basin SE

_ Pocos de Caldas Legend
24-0Ma Santos Basin
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Sea level

Paleogene - Neogene
siliciclastic rocks
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Rift Sequence
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Figure A. 1: 2D-transects of the post-rift- Early Cretaceous to recent geological evolution of the SAPCM in SE Brazil
showing onshore graben system activity of the Taubaté Basin (modified after Almeida et al., 1998). Schematic
sections and geological evolution are based on published work by: Hackspacher et al., 2004; Riccomini et al., 2004;
Franco-Magalhaes et al., 2010; Hiruma et al., 2010; Cogné et al., 2011, 2012, 2013; Karl et al., 2013; Engelmann de
Oliveira et al., 2016.Time intervals of this figure correspond with Table A. 1.
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Figure A. 2: Area of research in south-eastern Brazil, showing topographic transects (A-B,C-D,E-F). SG: Serra Geral,
SdoM: Serra do Mar, SdaM: Serra da Mantiqueira, TB: Taubaté Basin, IB: Ilhabela (Sdo Sebastido Island) (Stippich, In
prep, 2018).
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Figure A. 3: Reconstruction of global position of the research area undergoing different climates for Precambrian to
Late Paleozoic time, assuming an average surface temperature of =10°C. Climate record and global position of
working area were taken from Scotese and Golonka (1992).
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Figure A. 5. 1: Central zircon fission-track (ZFT) ages [Ma] plotted including 1c-error [Ma]. Positions and directions
of fracture zones were taken from Cobbold et al. (2001), Meisling et al. (2001), Riccomini et al. (2005), Strugale et
al. (2007), Franco-Magalhaes et al. (2010), and Karl et al. (2013). Onshore extensions only show tendencies and are
not confirmed trends.
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Figure A. 5. 1: Zircon (U-Th-(Sm))/He (ZHe) ages [Ma] plotted including lo-error [Ma]. Positions and directions of
fracture zones were taken from Cobbold et al. (2001), Meisling et al. (2001), Riccomini et al. (2005), Strugale et al.
(2007), Franco-Magalhaes et al. (2010), and Karl et al. (2013). Onshore extensions only show tendencies and are not
confirmed trends
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Figure A. 5. 2: Central apatite fission-track (AFT) ages [Ma] plotted including 1o-error [Ma]. Positions and directions
of fracture zones were taken from Cobbold et al. (2001), Meisling et al. (2001), Riccomini et al. (2005), Strugale et
al. (2007), Franco-Magalhaes et al. (2010), and Karl et al. (2013). Onshore extensions only show tendencies and are
not confirmed trends.
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Figure A. 5. 3: Apatite (U-Th-(Sm))/He (AHe) ages [Ma] plotted including 1o-error [Ma]. Positions and directions of
fracture zones were taken from Cobbold et al. (2001), Meisling et al. (2001), Riccomini et al. (2005), Strugale et al.
(2007), Franco-Magalhaes et al. (2010), and Karl et al. (2013). Onshore extensions only show tendencies and are not
confirmed trends.
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Figure A. 6. 1: (Next page) A) BR10-01, B) BR10-04, C) BR10-05. Time (t)-Temperature (T)-evolution paths with
corresponding corrected confined spontaneous fission-track length-distribution (Lc) using the numerical software
code HeFty® (Richard A. Ketcham). For every sample a standard amount of 50 000 paths were modeled. A:
Accepted paths (green); G: Good paths (yellow); D: Dated age (with error); M: Modeled age; G.O.F.: Goodness of fit;
Ng: Number of grains counted; Nt: Number of confined spontaneous fission-track lengths measured. The thin black
path shows the “best-fit-path”, the thick blue path the “weighted-mean-path”.
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Figure A. 6. 2: A) BR10-07, B) BR10-08, C) BR10-09, D) BR10-11. For further information, please see Figure 6.1.
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Figure A. 6. 3: A) BR09-01, B) BR10-12, C) BR10-15. For further information, please see Figure 6.1.
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Figure A. 6. 4: A) BR10-20, B) BR10-21, C) BR10-22. For further information, please see Figure 6.1.
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Figure A. 6. 5: A) BR10-23, B) BR10-24, C) BR10-25, D) BR10-26. For further information, please see Figure 6.1.
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Figure A. 6. 7: A) BR09-45, B) BR09-46, C) BR09-47, D) BR0O9-50. For further information, please see Figure 6.1.

173



APPENDIX

.51 Dev.Carb. Pe. Tri. Jura.

TTT T ITT T IT T T 0T

Temperature [°C]

TR T T T I

400
Time [Ma]

300 200

Cam. Ord. 5i. Dev.Carb. Pe. Tri. Jura.

TTTT T T T 0T

Temperature [°C]

CLLG T LT T BRI B A |

700 600 500 400 300

Time [Ma]

200 100

Time Temperature History

Ord. 51, Dev.Carb. Pe. Tri. Jura.

60

=]
=]

TTTTTTT T T T T 0T

=
(=3

Temperature [°C]

A BT E N B R A | T

600 500 400 300

Time [Ma]

200 100

Time Temperature History
.Carb, Pe. Tri. Jura,

Temperature [°C]

D:75.5 (5.6) Ma;

M: 75.7 Ma;

G. .97; Ng: 2

400 300
Time [Ma]

A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

BR 09-51 (Laguna Block)

He Zircon: Zircon Diffusional Profile

centration
o o
o &

. Con
(=
=

m,
S <
)

D:117.5(9.5) Ma
M:1087 Ma
GOF:035

Total He: 5.342e+17afg

Length distribution
D:13.7(1.2) pm Modell results
| M:14.0(1.2) pm P:50000;
06| GOF:1.00 A:3156;
7Nt:1ﬂl G:1189;
05 D:79.7 (6.1) Ma;
> L M: 79.7 Ma;
504l G.OF.:1.00;
Z Ng: 28;
]
L 0.
02
0.1
0 4 8121620
Length [um]
BR 09-52 (Laguna Block)
Length distribution
D:12.9(2.0) ym Modell results
|- M:13.6 (1.4 um P:50000;
06| GOF:097 A:1623;
|- Nt:100 G:295;
05 D:76.4(5.4) M;
E’f = M: 76.5; Ma;
g 04 G.OF.:098;
g L Ng: 21;
& 03
02
0.1
0 4 8121620
Length [um]
BR 09-53 (Laguna Block)
Length distribution
D:13.1(1.8) pm) Modell results
| M:13.5 (1.8) i P:50000;
06 | GOF:091 A 1016;
| Ne:100 G:177;
051 D:71.7 (4.6) Ma;
o L M:72.1 Ma;
S oal G.OF.:093;
g L Ng: 25;
@
T 03
021
0.1
0 48121620
Length [pm]
BR 10-32 (Laguna Block)
Length distribution ] He Zircon: Zircon Diffusional Profile
D: 141 (13) pm EMZ D:115.3(92) Ma
| M:13901.20pm € , [ M:1083Ma
06| GOF:091 £ [ GoR0ss
| Nt:56 E [ Total He: 1.299e+18a/g
05 207
> 0 T T I N Y S B
g r 0 01 02 03 04 0506 07 08 09 10
ﬂjl Normalized Radius
g | He Zircon: Zircon Diffusional Profile
&= 0
s Tk
H 0:986(7.9)Ma
E 06l M:1089Ma
& ou GOF:019
S 0
£ 0 Total He:9.695e+17a/g
s
2L

0

T TR T S RO T B
0 01 02 03 04 05 06 07 08 09 10
Normalized Radius

0 4 8121620
Length [um]

0 T TR T R R RO N
0 01 02 03 04 05 06 07 08 09 10

Normalized Radius

Figure A. 6. 8: A) BR09-51, B) BR09-52, C) BR09-53, D) BR10-32. For further information, please see Figure 6.1.
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Tables S1—S5

Table B. 1: Summary of all samples of the NW Namibian Kaoko and Damara belts that were prepared to perform
fission-track analysis with corresponding sample number, longitude, latitude, altitude [m a.s.l.], formation age, and
lithology. The samples of the Tables B. 1-4 were taken by Dipl. Geol. Markus Karl, Dr. Melissa Perner and Dr. Eric
Salomon, prepared, processes and dated by Dipl. Geol. Daniel Eldracher, and analysed and modeled within this

B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

thesis.

:3:?; Longitude Latitude ﬁnlt:l';dle] Formation age Lithology
Kaoko Belt
Damara Group
NA11-30 -20.392289 13.301956 39 Neoproterozoic | granite
NA11-53 -19.554694 13.345450 725 Neoproterozoic | granite
NA11-54 -19.635436 13.417022 695 Neoproterozoic | mylonite
NA11-62 -19.159192 13.579175 533 Neoproterozoic | schist
NA11-63 -18.891556 13.293833 542 Neoproterozoic | mica-schist
NA11-65 -18.791708 13.009433 320 Neoproterozoic | gneiss
NA11-66 -18.789156 12.959639 299 Neoproterozoic | granite
NA11-71 -17.839308 13.271531 1114 Neoproterozoic | amphibolite
NA11-72 -17.804728 12.992364 1255 Neoproterozoic | gneiss
NA11-73 -17.794233 12.846425 1307 Neoproterozoic | gneiss
NA11-74 -17.995858 12.864108 1094 Neoproterozoic | gneiss-migmatite
NA11-76 -18.089633 12.713514 975 Neoproterozoic | gneiss (mylonitic)
NA11-79 -18.089061 12.691958 982 Neoproterozoic | Gneiss (mylonitic
NA11-80 -17.793156 12.526672 926 Neoproterozoic | granite
NA11-81 -17.788792 12.532692 894 Neoproterozoic | gneiss
NA11-83 -17.666531 12.666386 657 Neoproterozoic | gneiss (biotitic)
NA11-84 -17.704611 12.595108 669 Neoproterozoic | gneiss (biotitic)
NA11-85 -17.804144 12.470272 879 Neoproterozoic | mica schist
NA11-86 -17.813089 12.428350 838 Neoproterozoic | mica schist
NA11-87 -17.209811 12.152289 340 Neoproterozoic | gneiss
NA11-88 -17.384933 12.245839 647 Neoproterozoic | orthogneiss
NA11-89 -17.568189 12.277094 791 Neoproterozoic | granitic gneiss
NA11-90 -17.568189 12.277094 791 Neoproterozoic | granite
NA11-91 -17.568189 12.277094 791 Neoproterozoic | pseudotachylite
NA11-92 -17.672206 12.288231 765 Neoproterozoic | gneiss
NA11-93 -17.808339 12.326717 778 Neoproterozoic | amphibolite
NA11-94 -17.808339 12.326717 778 Neoproterozoic | granitic gneiss
NA11-95 -17.950972 12.343394 822 Neoproterozoic | amphibolite
NA11-96 -18.120242 12.357022 636 Neoproterozoic | syenite
NA11-98 -18.242386 12.409581 628 Neoproterozoic | granite
NA11-99 -18.381311 12.437658 502 Neoproterozoic | amphibolite
NA11-103 -18.656747 12.655008 402 Neoproterozoic | meta-sediment
NA11-104 -18.665383 12.639292 388 Neoproterozoic | meta-sediment
NA11-105 -18.718394 12.606869 332 Neoproterozoic | migmatite
NA11-106 -18.750561 12.593106 303 Neoproterozoic | granite
NA11-107 -18.710933 12.637306 431 Neoproterozoic | migmatite
NA11-109 -18.808625 12.702703 471 Neoproterozoic | granite (mylonitic)
NA11-110 -18.874200 12.794758 310 Neoproterozoic | granite (mylonitic)
NA11-111 -18.904069 12.817533 198 Neoproterozoic | gneiss
NA11-115 -18.924064 12.838800 301 Neoproterozoic | mica-schist
NA11-116 -18.960664 12.884222 479 Neoproterozoic | granite (mylonitic)
NA11-117 -19.011994 12.942311 639 Neoproterozoic | granite
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Ei:gl:r Longitude Latitude EL\n:c l:fﬁ Formation age Lithology
NA11-120 -19.195336 13.088344 556 Neoproterozoic | granite (mylonitic)

NA11-121 -19.274056 13.115306 408 Neoproterozoic | gneiss
NA11-122 -19.311103 13.142667 334 Neoproterozoic | syenite
NA11-123 -19.347044 13.163833 264 Neoproterozoic | gneiss
NA11-124 -19.322533 13.240483 309 Neoproterozoic | gneiss (amphibolitic)
NA11-125 -19.307553 13.267697 325 Neoproterozoic | gneiss
NA11-126 -19.294422 13.299956 333 Neoproterozoic | gneiss (mylonitic)
NA11-127 -19.284894 13.314850 332 Neoproterozoic | gneiss-migmatite
NA11-128 -19.248922 13.335022 354 Neoproterozoic | gneiss (mylonitic)
NA11-129 -19.239797 13.366950 366 Neoproterozoic | gneiss
NA11-130 -18.779078 12.854967 511 Neoproterozoic | mylonite
NA11-131 -18.731756 12.735617 573 Neoproterozoic | gneiss
NA11-132 -18.744322 12.693667 519 Neoproterozoic | gneiss
NA11-133 -18.489925 12.793136 626 Neoproterozoic | ultramylonite
NA11-136 -18.236072 12.659786 882 Neoproterozoic | mylonite
NA11-140 -18.265325 13.351917 825 Neoproterozoic | mica-schist
Karoo Supergroup

NA11-75 -18.078361 12.737281 972 Carbon. /Permian | sandstone
NA11-77 -18.091417 12.737281 960 Carbon. /Permian | sandstone
NA11-78 -18.089675 12.737281 985 Carbon. /Permian | sandstone
NA11-112 -18.905228 12.825367 217 Carbon. /Permian | sandstone
NA11-113 -18.905228 12.825367 217 Carbon. /Permian | sandstone
NA11-118 -18.905228 12.986700 679 Carbon. /Permian | sandstone
NA11-134 -18.492128 12.791442 632 Carbon. /Permian | sandstone
NA11-135 -18.499800 12.80565 590 Carbon. /Permian | conglomerate
NA11-137 -18.499800 12.741256 862 Carbon. /Permian | sandstone
Etendeka Group

NA11-21 -20.334036 14.108358 781 L. Cretaceous | basalt
NA11-24 -20.271061 13.744697 902 L. Cretaceous | basalt
NA11-55 -19.831058 13.492444 686 L. Cretaceous | basalt
NA11-108 -18.708089 12.636653 424 L. Cretaceous | basalt-dike
NA11-114 -18.905289 12.825203 217 L. Cretaceous | basalt
Damara Belt

Damara Group

NA11-09 -20.399178 16.707472 1486 Precambrian | granodiorite
NA11-10 -20.694008 16.846731 1637 Precambrian | granodiorite
NA11-11 -20.648031 16.917344 1590 Precambrian | granite
NA11-14 -20.503921 17.243085 559 Precambrian | granite
NA11-20 -20.564395 14.531667 572 Precambrian | granite
NA11-40 -22.843796 15.384432 755 Precambrian | granite
NA11-42 -22.693578 15.852794 1254 Precambrian | granite
NA11-43 -22.517992 15.857761 964 Precambrian | granite
NA11-44 -22.177083 15.606714 836 Precambrian | granite
NA11-46 -21.982679 15.422987 1172 Precambrian | granite
NA11-49 -21.277386 15.225139 938 Precambrian | granite
NA11-52 -20.754594 14.218636 553 Precambrian | granite
NA11-69A -21.529778 16.858241 1483 Precambrian | gabbro
NA11-698B -21.529778 16.858241 1483 Precambrian | granite
NA11-70 -22.004200 16.930392 1297 Precambrian | granite

Karoo and Etendeka groups

NA11-68 -21.067064 16.384592 1505 Carbon. /Permian | conglomerate
NA11-50 -21.087121 14.680067 939 L. Cretaceous | granite
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Table B. 2: Apatite fission-track (AFT) data of Kaoko and Damara belt samples with corresponding sample number,
L.: Lithology, E.: Elevation [m a.s.l.], n: number of counted grains, U: uranium concentration in pg/g, pS: density of
spontaneous tracks (x 105/cm?), Ns: number of spontaneous tracks, pl: density of induced tracks (x 105/cm?), NI:
number of induced tracks, P (y?) is the probability that single grain ages are consistent and belong to the same
population. Test is passed if P (x?) > 5% (Galbraith 1981). Ages calculated using a C-value of 344.47+13.83 a/cm? for
apatite. For further descriptions see Table B. 1.

Alt. Ps o} Central
:zmgleer [m n L[Ju(;/t;) [x10°/ Ng [x10°/c N, 2 [%] age T’(\Alg])
a.s.l] cm?] m?] [Ma]

Kaoko Belt

Damara Group

NA11-30 39 7 46.0 (33.5) 16.3 377 40.5 936 37.16 82.1 6.0
NA11-53 725 20 13.4 (6.6) 15.8 1669 13.7 1446 99.59 234.1 12.7
NA11-54 695 20 22.4(19.3) 10.6 775 20.3 1490 84.33 107.2 6.5
NA11-62 533 20 27.5(17.6) 26.0 1660 25.5 1625 82.57 210.8 11.3
NA11-63 542 20 6.6 (3.2) 6.9 1020 6.7 999 71.88 211.5 12.8
NA11-65 320 | 23 8.9 (3.0) 3.9 855 9.3 | 2072 | 98.48 87.0 5.0
NA11-66 299 | 20 50.0 (26.0) 22.8 1748 50.2 | 3860 | 33.75 95.7 4.8
NA11-71 1114 29 20 9(7.9) 40.6 6835 26.0 4366 5.28 390.9 17.9
NA11-72 1255 20 3(2.1) 9.9 2049 6.7 1395 89.68 308.2 16.5
NA11-73 1307 22 9 2(3.4) 12.4 2138 11.1 1641 7.51 326.7 18.1
NA11-74 1094 20 22.2 (10.4) 23.0 1273 24.7 1363 35.92 198.9 11.8
NA11-76 975 21 7.7 (2.0) 12.4 1488 9.5 1145 77.16 324.0 18.1
NA11-79 982 22 13.2 (8.0) 7.1 1135 159 2554 | 66.88 112.5 6.0
NA11-80 926 | 20 8.2 (7.5) 10.6 1429 10.5 1419 0.00 309.8 36.7
NA11-81 894 21 35.9(11.1) 15.6 1181 48.2 3639 | 47.33 85.7 4.5
NA11-83 657 21 5.4(3.7) 5.3 264 6.6 327 99.29 210.9 19.5
NA11-84 669 23 28.4 (8.8) 13.1 2178 35.4 5910 16.32 96.7 4.8
NA11-85 879 4 21.9(7.0) 21.6 261 25.9 314 0.00 208.8 69.2
NA11-86 838 26 19.4 (4.0) 23.8 4569 24.5 4715 8.08 242.1 11.3
NA11-87 340 22 24.2 (6.0) 11.0 1606 28.9 4196 10.57 93.0 4.9
NA11-88 647 | 23 26.9 (8.3) 17.6 1368 36.5 | 2839 | 57.96 125.3 6.6
NA11-89 791 18 81.3(19.5) 64.5 3114 98.4 4750 5.48 168.3 8.4
NA11-90 791 17 57.7 (32.9) 47.4 1061 51.2 1148 8.83 192.6 13.0
NA11-91 791 22 32.5(7.1) 36.7 4380 40.1 4796 0.00 221.2 13.8
NA11-92 765 21 30 0(6.9) 27.5 2374 37.1 3199 | 48.13 185.3 8.9
NA11-93 778 29 .0(2.8) 6.6 787 5.1 602 74.88 331.9 23.2
NA11-94 778 26 25 9 (9.9) 24.3 3307 34.3 4661 7.44 176.6 8.5
NA11-95 822 20 29.3 (10.0) 37.7 5540 30.9 4537 0.00 262.3 14.7
NA11-96 636 21 56.3 (16.3) 28.7 1792 67.9 4244 25.54 107.9 54
NA11-98 628 8 24.1(7.7) 11.2 189 34.0 572 73.29 83.0 7.0
NA11-99 502 22 30.1(7.8) 14.8 737 37.7 1877 22.38 98.6 6.2
NA11-103 402 21 55.4 (31.6) 18.4 1742 56.3 5333 10.06 81.3 4.2
NA11-104 388 | 20 17.5 (8.6) 8.1 1042 21.9 | 2799 | 36.04 93.3 5.1
NA11-105 332 16 38.2 (21.4) 16.0 670 42.8 1795 37.02 93.9 5.8
NA11-106 303 21 46.5(17.7) 26.3 1228 55.8 2604 | 92.86 119.1 6.4
NA11-107 431 20 47.1(15.6) 27.5 2995 60.0 6540 32.28 116.2 5.4
NA11-109 471 20 68.6 (15.1) 37.0 3461 87.5 8187 92.65 108.3 4.9
NA11-110 310 20 16.6 (7.9) 8.3 1021 23.3 2861 63.37 95.7 5.2
NA11-111 198 20 15.2 (11.5) 7.0 364 18.0 936 57.74 99.0 7.3
NA11-115 301 14 33.7(9.1) 17.5 446 39.6 1008 | 45.10 1114 7.8
NA11-116 479 | 22 28.0(15.1) 14.3 1510 31.1 | 3285 0.00 118.0 10.2
NA11-117 639 | 20 38.9(9.3) 18.4 2131 42.8 | 4962 | 97.97 93.3 4.5
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Alt. Ps o) Central
:jr:gl:r [m n L[Ju(;;:]) [x10%/ Ng [x10%/ N, c? [%] age T'(\z:])
as.l] cm?] cm?] [Ma]

NA11-120 556 20 25.3(7.8) 19.1 1262 30.5 | 2017 0.00 148.9 11.9
NA11-121 408 20 43.8 (9.6) 24.6 1516 52.8 | 3256 | 40.65 1154 5.9
NA11-122 334 21 24.8 (6.9) 14.2 1426 30.1 | 3026 | 38.72 116.3 6.1
NA11-123 264 20 23.4(10.1) 13.6 2253 299 | 4948 | 80.51 121.2 5.8
NA11-124 309 28 6.8 (3.0) 3.6 1100 9.2 | 2773 4.52 106.0 6.3
NA11-125 325 22 13.9(5.7) 8.2 1449 18.1 | 3183 60.62 120.8 6.3
NA11-126 333 20 24.7 (14.6) 10.4 1587 269 | 4101 52.98 84.3 4.3
NA11-127 332 20 27.8 (14.7) 13.2 1843 29.1 | 4078 | 45.30 98.5 4.9
NA11-128 354 20 27.5(17.9) 12.9 885 25.1 | 1730 | 60.44 111.6 6.5
NA11-129 366 14 5.5 (4.3) 4.0 428 5.6 592 73.28 190.6 14.4
NA11-130 511 20 24.3(12.4) 9.5 1423 25.2 | 3750 | 73.35 83.2 4.3
NA11-131 573 21 22.7(7.7) 11.2 670 28.7 | 1721 11.16 96.2 6.4
NA11-132 519 20 29.4 13.2 882 37.2 | 2484 20.95 94.7 5.7
NA11-133 626 22 3.8(3.1) 3.1 483 4.3 680 | 96.77 181.8 13.1
NA11-136 882 19 2.9(2.1) 3.1 368 2.9 353 19.54 253.5 22.6
NA11-140 825 20 15.7 (10.4) 21.7 1278 16.6 979 93.99 282.8 16.7
Karoo Supergroup
NA11-75 972 24 22.4(13.0) 38.4 2794 23.7 | 1724 14.02 342.2 18.3
NA11-77 960 23 15.4 (14.5) 18.8 2020 16.0 | 1716 0.00 327.9 28.8
NA11-78 985 20 17.9 (12.0) 25.3 1916 17.5 | 1327 89.87 305.0 16.6
NA11-112 217 18 24.7 (13.3) 19.8 697 31.8 | 1120 0.00 179.3 20.2
NA11-113 217 9 46.6 (21.4) 20.6 577 56.1 | 1572 0.52 96.5 8.4
NA11-118 679 21 20.4 (5.3) 24.4 2711 25.6 | 2841 30.64 236.7 11.6
NA11-134 632 9 17.4(11.1) 12.8 114 22.8 203 30.87 145.1 18.5
NA11-135 590 19 15.4 (14.3) 9.5 639 14.2 949 14.09 174.2 12.1
NA11-137 862 22 3.4 (3.7) 4.4 452 3.5 365 7.73 302.8 27.6
Etendeka Group
NA11-21 781 10 25.2 (20.9) 11.9 410 22.5 777 60.35 103.5 7.6
NA11-24 902 20 95.1(79.9) 36.3 2807 71.0 | 5492 99.97 103.5 4.9
NA11-55 686 3 8.0(7.7) 5.4 48 8.8 79 61.43 125.6 23.6
NA11-108 424 21 55.4 (17.2) 28.1 2758 67.6 | 6645 16.07 106.0 5.1
NA11-114 217 23 28.7 (18.4) 14.4 1421 35.5 | 3512 58.69 108.0 5.6
Damara Belt
Damara Group
NA11-09 1486 21 38.3(16.5) 19.6 936 44,6 | 2127 5.76 97.5 6.3
NA11-10 1637 24 28.4 (18.4) 13.1 698 31.7 | 1692 13.53 91.2 6.4
NA11-11 1590 20 51.7 (20.7) 20.8 1028 56.6 | 2792 85.5 80.5 4.5
NA11-14 559 24 19.0 (3.8) 9.5 1736 23.8 | 4354 5.99 86.8 4.7
NA11-20 572 20 20.1(7.4) 9.5 1150 20.5 | 2465 95.97 94.1 5.1
NA11-40 755 15 16.6 (5.0) 5.5 353 16.9 | 1078 | 99.97 63.8 4.8
NA11-42 1254 20 27.6 (5.8) 9.5 965 28.0 | 2851 99.92 66.1 3.7
NA11-43 964 20 49.6 (9.4) 18.7 1535 49.7 | 4085 90.88 73.5 3.8
NA11-44 836 20 10.4 (2.3) 3.5 506 10.5 | 1514 | 99.58 65.6 4.4
NA11-46 1172 20 22.9(12.1) 6.9 880 20.9 | 2647 95.32 65.5 3.8
NA11-49 938 20 21.4(8.8) 7.7 951 20.6 | 2552 19.13 73.7 4.4
NA11-52 553 20 21.8 (4.6) 7.2 1160 22.4 | 3591 90.13 65.5 3.5
NA11-69A 1483 15 6.2 (2.7) 4.3 76 6.3 111 98.68 129.2 20.0
NA11-69B 1483 5 17.1(26.1) 6.3 55 8.6 75 51.95 138.5 25.3
NA11-70 1297 16 88.0(78.3) 38.7 400 69.4 718 20.22 104.7 8.5
Karoo and Etendeka groups
NA11-68 1505 22 29.2 (16.3) 12.7 310 27.1 663 59.34 88.4 7.2
NA11-50 939 16 22.9(11.2) 7.3 392 20.5 | 1095 98.17 71.6 5.2
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Table B. 3: Apatite fission-track (AFT) length and Dpar® data of the Kaoko and Damara belt samples with
corresponding sample number, n CT: number of measured confined tracks, CT mean: mean confined track length,
std: standard deviation, skew: skewness of distribution relative to the mean value (measure of asymmetry of the
distribution), Lc mean: mean track length after c-axis correction, n Dpar®: number of etch pit diameters measured,
and Dpar® mean: mean etch pit diameter. Samples with >50 confined track lengths were used for numerical
modeling. For further descriptions see Tables B. 1and B. 2.

Sample n e CT std CcT Le Lcstd n Dpar Dpar Dpar
number cT mean [um] skew mean [um] Lc skew Dpar mean std skew
[um] [um] [um] [um]

Kaoko Belt
Damara Group
NA11-30 5 12.4 1.2 -0.43 14.0 1.0 -0.78 35 14 0,2 0.71
NA11-53 24 12.0 1.5 -0.54 135 1.1 -0.44 120 1.2 0.2 -0.29
NA11-54 4 13.2 0.6 -1.87 14.5 0.2 -1.17 100 13 0.2 -0.15
NA11-62 19 11.2 2.1 -0.73 13.1 13 -0.15 105 1.2 0.2 0.55
NA11-63 2 10.5 0.3 - 11.7 1.4 - 100 13 0.1 -0.24
NA11-65 1 10.7 - - 13.1 - - 115 11 0.2 0.60
NA11-66 13 12.1 1.2 0.70 13.7 0.8 0.09 110 11 0.1 0.30
NA11-71 94 11.9 14 -0.65 135 0.9 -0.13 145 1.6 0.2 0.43
NA11-72 8 12.7 0.9 0.93 14.1 0.7 -0.15 105 1.5 0.2 0.03
NA11-73 7 7.9 3.4 1.76 11.3 2.5 -0.17 110 1.1 0.3 0.47
NA11-74 10 10.4 1.9 1.28 12.6 1.1 1.61 115 13 0.1 0.14
NA11-76 50 8.3 2.3 -0.40 11.6 1.1 -0.98 185 1.2 0.2 0.19
NA11-79 12 9.4 2.5 -0.03 11.7 2.1 -0.72 110 1.2 0.3 0.35
NA11-80 22 11.0 1.4 1.43 13.0 0.8 0.79 100 1.8 0.4 -0.57
NA11-81 8 10.8 1.0 0.13 12.8 1.1 -0.46 110 1.2 0.1 0.12
NA11-83 0 - - - - - - 105 1.2 0.1 0.05
NA11-84 92 12.0 13 -0.14 13.6 1.0 -0.55 285 1.2 0.1 0.24
NA11-85 8 7.9 2.9 0.52 9.8 2.9 0.08 20 13 0.2 -0.21
NA11-86 74 9.7 2.2 0.12 12.2 1.4 -0.69 130 13 0.3 0.35
NA11-87 11 12.5 1.6 0.20 14.0 1.1 -0.04 109 1.2 0.2 0.47
NA11-88 2 10.6 2.3 - 11.7 2.9 - 115 1.2 0.2 -0.15
NA11-89 151 11.6 1.6 -0.85 13.3 1.1 -0.69 165 1.0 0.1 0.06
NA11-90 51 11.2 1.8 -0.22 13.0 1.2 -0.09 90 1.0 0.1 0.60
NA11-91 72 10.2 2.4 -0.46 12.5 14 0.01 110 1.3 0.2 0.22
NA11-92 51 10.8 2.0 -0.46 12.8 14 -0.40 110 1.6 0.4 0.17
NA11-93 3 13.1 1.4 -1.11 14.3 1.1 0.35 145 1.4 0.2 0.10
NA11-94 152 9.5 2.4 -0.13 12.2 1.4 -0.32 130 1.2 0.2 0.68
NA11-95 111 11.2 2.2 -0.03 13.3 1.5 -0.06 110 15 0.2 0.04
NA11-96 63 11.9 1.8 -1.16 13.7 0.9 -0.29 160 14 0.2 -0.06
NA11-98 3 14.8 0.3 1.55 154 0.6 -0.70 40 14 0.3 -0.04
NA11-99 14 9.6 2.4 -0.32 12.6 1.1 0.48 110 1.3 0.2 -0.48
NA11-103 82 12.8 1.0 0.04 14.1 0.7 0.12 150 14 0.2 0.29
NA11-104 22 12.7 1.1 -0.36 14.2 0.8 -0.21 140 1.2 0.2 0.05
NA11-105 14 12.7 1.1 0.67 14.2 0.8 -0.88 95 1.2 0.1 -0.17
NA11-106 63 12.7 1.0 -0.91 14.1 0.7 -0.87 160 13 0.2 0.05
NA11-107 112 12.8 1.1 -0.36 14.2 0.7 -0.36 155 13 0.2 0.36
NA11-109 104 13.1 1.0 -0.35 14.4 0.7 -0.19 170 13 0.1 -0.77
NA11-110 8 11.2 1.6 0.26 13.1 14 -1.21 115 1.2 0.2 0.27
NA11-111 0 - - - - - - 100 1.1 0.1 0.08
NA11-115 2 12.0 0.5 - 13.3 1.0 - 70 1.1 0.1 0.62
NA11-116 34 12.0 1.4 -0.30 13.6 1.0 -0.29 140 1.2 0.2 0.26
NA11-117 92 12.8 0.9 -0.40 14.2 0.6 -0.58 245 1.2 0.1 0.00
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Sample n cT CT std CcT Le Lc std n Dpar Dpar Dpar
number CT mean [pum] skew mean [pum] Le skew Dpar mean std skew
[um] [pm] [um] | [um]

NA11-120 10 13.0 1.1 0.68 14.5 0.6 0.80 100 1.1 0.1 -0.16
NA11-121 | 116 11.8 1.3 -0.11 13.5 0.8 -0.14 245 1.1 0.2 1.63
NA11-122 24 12.3 1.5 -0.84 13.9 0.9 -0.31 160 1.2 0.1 -0.41
NA11-123 93 11.7 1.9 -0.67 13.6 1.1 -0.12 190 1.2 0.1 -0.06
NA11-124 2 11.9 2.3 - 13.8 1.3 - 140 1.2 0.2 0.10
NA11-125 6 13.1 1.1 0.53 14.3 0.6 -0.17 110 1.2 0.2 -0.15
NA11-126 37 12.8 0.7 -0.04 14.2 0.5 -0.73 165 1.3 0.2 0.08
NA11-127 98 12.5 1.2 -0.17 14.0 0.8 -0.40 245 1.4 0.2 -0.12
NA11-128 11 11.9 1.9 0.23 13.7 1.2 0.32 105 1.4 0.2 1.18
NA11-129 0 - - - - - - 70 1.3 0.2 -0.26
NA11-130 53 12.9 1.0 0.02 14.3 0.7 -0.49 205 1.3 0.2 0.25
NA11-131 6 11.5 2.0 -0.40 13.2 1.5 -0.97 105 1.0 0.1 0.04
NA11-132 28 11.3 1.8 -0.71 13.3 1.0 -0.38 100 1.0 0.1 -0.27
NA11-133 0 - - - - - - 110 1.1 0.2 0.57
NA11-136 0 - - - - - - 95 1.0 0.1 0.08
NA11-140 53 11.8 1.2 0.10 13.3 1.0 -0.23 125 1.4 0.2 0.04
Karoo Supergroup

NA11-75 32 11.1 1.7 -0.13 13.2 1.0 0.66 140 1.5 0.2 0.48
NA11-77 58 9.7 1.7 -0.07 12.2 1.2 0.25 120 1.3 0.2 1.69
NA11-78 20 11.3 1.7 -0.32 13.2 1.1 0.00 115 1.4 0.2 -0.09
NA11-112 5 114 1.4 1.71 13.6 0.9 1.61 90 1.2 0.2 0.49
NA11-113 2 12.3 1.3 - 13.6 1.4 - 45 1.1 0.2 0.39
NA11-118 34 10.9 2.3 0.06 13.0 1.4 0.18 115 1.1 0.1 0.33
NA11-134 0 - - - - - - 45 1.1 0.2 0.85
NA11-135 3 10.8 0.8 0.00 12.8 1.1 -1.61 95 1.2 0.1 0.07
NA11-137 0 - - - - - - 109 1.2 0.2 0.07
Etendeka Group

NA11-21 16 11.7 14 -0.61 134 0.9 0.06 65 1.0 0.1 0.70
NA11-24 93 12.4 1.2 0.00 13.9 0.8 -0.38 110 13 0.1 -0.39
NA11-55 0 - - - - - - 15 0.8 0.1 -0.54
NA11-108 52 12.9 1.0 -0.62 14.3 0.6 -0.28 125 13 0.1 0.04
NA11-114 7 10.4 2.1 0.05 12.6 14 -0.64 120 1.2 0.2 0.56
Damara Belt

Damara Group

NA11-09 111 12.4 1.2 -0.83 13.7 0.9 -0.70 105 1.6 0.2 0.14
NA11-10 101 12.1 1.2 -0.13 13.7 0.9 -0.59 140 14 0.2 0.41
NA11-11 101 12.2 1.2 0.48 13.6 0.9 0.40 105 1.5 0.2 0.07
NA11-14 28 11.7 1.4 0.12 13.2 11 -0.03 135 14 0.2 -0.17
NA11-20 18 12.2 1.2 0.13 13.8 0.8 0.38 120 11 0.2 0.26
NA11-40 7 11.9 1.7 1.67 13.5 0.7 -0.87 75 13 0.2 0.16
NA11-42 53 12.0 1.2 -0.74 13.5 1.0 -0.70 175 13 0.2 0.70
NA11-43 102 12.6 13 -0.46 14.0 0.9 -0.62 155 14 0.2 0.84
NA11-44 3 12.7 0.9 -1.39 13.9 0.3 1.53 105 13 0.2 0.13
NA11-46 8 13.5 13 -0.35 14.5 1.0 -0.98 100 1.3 0.2 0.68
NA11-49 51 12.0 14 -0.22 13.6 0.9 -0.23 170 13 0.2 0.04
NA11-52 51 11.9 14 -1.02 134 1.0 -0.43 175 14 0.2 0.41
NA11-69A 0 - - - - - - 73 1.2 0.2 0.22
NA11-698B 0 - - - - - - 25 1.2 0.3 0.74
NA11-70 51 11.3 1.2 0.34 13.0 1.0 -0.41 85 1.2 0.2 0.06
Karoo Supergroup
NA11-68 43] 108] 15] -001] 128] 11] 054 140] 13] 02] 039
Etendeka Group
NA11-50 | 8] 86| 21] -025] 119 ] 13] 068 80| 13] o02] -003
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Table B. 4: Zircon fission-track (ZFT) data of the Kaoko Belt samples with corresponding sample number, lithology,
altitude [m a.s.l.], n: number of counted grains, U: uranium concentration in ug/g, , pS: density of spontaneous
tracks (x 105/cm?), Ns: number of spontaneous tracks, pl: density of induced tracks (x 105/cm?), NI: number of
induced tracks, P (y?) is the probability that single grain ages are consistent and belong to the same population. Test
is passed if P (x?) > 5% (Galbraith 1981). Ages calculated using a C-value of 122.4145.25 a/cm? for zircon. Gn: gneiss;
sch: schist; amp: amphibolite; sed: sediment; mig: migmatite; rhy: rhyolite; myl: mylonite; con: conglomerate; gr:
granite. For further descriptions see Table B. 1.

Alt.

sumple [m U (std Ps o} Centra | #(1o
u
E Lo |, |0 [ug;g]) X107 | N | 107 | N | @[ | lage | )
number sl

] cm?] cm?] [Ma] | [Ma]
Kaoko Belt
Damara Group
NA11-84 gn 669 | 20 167.8 (65.4) 356.8 4768 31.2 417 46.85 388.2 26.3
NA11-86 sch 838 | 8 187.0 (86.0) 306.2 1127 30.4 112 79.63 3383 | 36.6
NA11-89G gn 791 2 (372113'15) 410.8 102 120.8 30 64.98 118.2 25.1
NA11-91 pta 791 2 277.1(41.6) 334.8 239 49.0 35 89.28 233.5 | 435
NA11-95 amp 822 | 22 168.1 (50.4) 283.3 2748 29.5 286 83.33 334.0 25.4
NA11-99 amp 502 | 14 (110932'7?; 321.8 2291 27.0 192 54.10 413.0 | 359

NA11-103 sed | 402 | 21 | 175.3(47.3
NA11-105 mig | 332 | 3 228.5(38.9

3233 3005 30.2 | 281 | 99.69 362.7 | 276
470.0 1118 40.4 96 | 96.86 | 4014 | 46.1

NA11-106 gr | 303 | 20 | 145.4(53.8 325.7 4039 23.8 | 295 0.01 436.8 | 459
NA11-109 gr| 471 | 4 197.2 (86.8 376.6 319 31.9 27 15.96 385.6 | 87.7
NA11-110 gr| 310 ] 21 | 127.0(38.1 256.1 2438 22.3 212 85.14 3911 | 329

NA11-111 gn 198 | 22 | 133.5(65.4
NA11-116 gr| 479 | 6 195.7 (35.2
NA11-117 gr| 639 | 5 234.3 (56.2
NA11-120 gr | 556 | 19 | 214.8(55.9

)
(38.9)
(53.8)
(86.8)
(38.1)
(65.4) | 2287 | 3184 | 215 | 300 | 61.26 | 359.4 | 26.8
(35.2) | 3618 593 | 311 | 51| 9506 | 390.0 | 59.4
(56.2) | 4209 553 | 426 | 56| 8470 | 3385 | 497
(55.9) | 3259 | 2336 | 350 | 251 | 99.71| 322.2 | 256
NA11-122 | rhy | 334 | 21 | 208.1(49.9) | 359.8 | 2849 | 36.2 | 287 | 99.93 | 3414 | 259
NA11-124 gn | 309 | 7 | 259.7(57.1) | 426.1 378 | 462 | 41| 99.00 | 313.9 | 534
(40.2)
(67.0)
(53.3)
(65.4)
(55.0)
(50.3)
(44.1)
(44.9)

NA11-125 gn 325 | 12 143.4 (40.2 312.9 1246 25.4 101 70.80 4131 | 46.4
NA11-126 gn 333 3 291.3 (67.0 450.8 216 48.0 23 96.09 316.3 70.7
NA11-128 gn 354 9 213.2(53.3 422.0 1165 36.2 100 99.04 392.1 | 443
NA11-129 gn 366 9 218.0 (65.4 360.2 790 35.1 77 90.08 3525 | 448
NA11-131 gn 573 | 16 177.5(55.0 297.0 2985 29.8 299 76.85 3444 | 25.7
NA11-133 myl 626 | 15 152.4 (50.3 309.7 1221 26.1 103 99.98 402,2 | 44.8
NA11-136 myl 882 7 129.7 (44.1 211.9 585 17.0 47 98.04 429.5 67.8
NA11-140 sch 825 | 17 128.2 (44.9 236.0 1215 21.6 111 100.0 3786 | 41.0
Karoo Supergroup
NA11-118 sst 679 | 21 142.3 (59.8) 248.0 2934 21.9 259 65.66 377.2 30.4
NA11-
135G0
NA11-
135R

con | 590 | 11 | 120.8(20.5) 263.7 1640 223 | 139 | 9856 | 396.3 | 39.0

con | 590 | 16 | 158.7(34.9) 293.3 2286 27.6 | 215 100.0 365.6 | 30.6
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Table B. 5. 1: Western Kaoko Zone — northern area (green). Compiled published geochronological data for the NW

Namibian Kaoko and Damara belts. Data is organised according to the geological region/domain and dating method
(closing temperature) with corresponding rock type, age [Ma], zerror [Ma], primary reference, and secondary

reference (where data was found).

Western Kaoko Zone - northern area (green)

. Age +Er. . Secondary

Rock type Analysis [Ma] [Ma] Interpret. Primary Reference Reference
Western Kaoko Zone, northern Orogen Core
meta-quartz | U-Pb (SHRIMP), Goscombe et al. Goscombe
arenite zircon >724 >1 metamorph. (2005) | etal. (2005)
Late-M2, U-Pb (SHRIMP), Goscombe et al. Goscombe
pre-SZ peg zircon 26138 49 crystal. (2005) | et al. (2005)
Late-M2, U-Pb (SHRIMP), Goscombe et al. Goscombe
pre-SZ peg. zircon 2430 >8 crystal. (2005) | et al. (2005)
Post-

) ) U-Pb (SHRIMP), Goscombe et al. Goscombe
kinematic Jircon 507.6 53 crystal. (2005) | et al. (2005)
pes.
quartz-pelite | Sm-Nd isochron, Goscombe et al. Goscombe
mylonite garnet 2065 >4 metamorph. (2005) | et al. (2005)

40 39
) ) Ar/”Ar, ) Gray et al.
mafic gneiss hornblende 533.0 4.0 cooling Gray et al. (2006) (2006)
40, 39 Hackspache
Ar/”A Hack h l.
amphibolite horrr:bler:’de 525.0 7.0 cooling ackspac e(rzf)toil) retal.
(2004)
. 40 39
mylonitic Ar/Ar, ) Gray et al.
orthogneiss muscovite 481.0 3.0 cooling Gray et al. (2006) (2006)
mylonitic 40, 39 - ) Gray et al.
orthogneiss Ar/~"Ar, biotite 509.0 3.0 cooling Gray et al. (2006) (2006)
amphibolite | zircon fission-track 413.0 35.9 cooling this study -
schist zircon fission-track 338.3 36.6 cooling this study -
amphibolite | zircon fission-track 334.0 25.4 cooling this study -
amphibolite | apatite fission-track 262.3 14.7 cooling this study -
schist apatite fission-track 242.1 11.3 cooling this study -
h
ﬁtseeudotac y apatite fission-track 221.2 13.8 cooling this study -
granite apatite fission-track 192.6 13.0 cooling this study -
gneiss apatite fission-track 168.3 8.4 cooling this study -
amphibolite | apatite fission-track 98.6 6.2 cooling this study -

Table B. 5. 2: Central Kaoko Zone — northern central area (blue). For further information, please see Table B. 5. 1.

Central Kaoko Zone - northern central area (blue)

. Age +Er. . Secondary
Rock type Analysis [Ma] [Ma] Interpret. Primary Reference Reference
Central Kaoko Zone - Escape Zone/Epupa Complex
U-Pb (SHRIMP), 1800- . Kroner et
n/a Jircon 1200 n/a crystal. Kroner et al. (2010) al. (2010)
meta-pelite metamorph. Goscombe et al. Goscombe
schist Sm-Nd, garnet 743 97 (2003b) | et al. (2005)
70, 39 -
) Ar/”Ar, whole cooling Gray et al.
. . (2
schist rock 467.0 3.0 Gray et al. (2006) (2006)
mylonite zircon fission-track 429.5 67.8 cooling this study -
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Rock type Analysis [AB;SI:] E—LNIIE;] Interpret. Primary Reference ii?::::z
gneiss zircon fission-track 388.2 26.3 cooling this study -
schist zircon fission-track 378.6 41.0 cooling this study -
gneiss zircon fission-track 348.6 51.1 cooling this study -
amphibolite | apatite fission-track 390.9 17.9 cooling this study -
n/a apatite fission-track 32680(; n/a cooling Brown et al. (2014) Browr(wztztlazll).
gneiss apatite fission-track 326.7 18.1 cooling this study -
gneiss apatite fission-track 324.0 18.1 cooling this study -
granite apatite fission-track 309.8 36.7 cooling this study -
gneiss apatite fission-track 308.2 16.5 cooling this study -
schist apatite fission-track 282.8 16.7 cooling this study -
schist apatite fission-track 253.5 22.6 cooling this study -
gneiss apatite fission-track 210.9 19.5 cooling this study -
gneiss apatite fission-track 96.7 4.8 cooling this study -

Table B. 5. 3: Western and Central Kaoko Zone — central area (orange). For further information, please see Table B.
5.1.

Western and Central Kaoko Zone - central area (orange)

. Age +Er. . Secondary
Rock type Analysis [Ma] [Ma] Interpret. Primary Reference Reference

Western Kaoko Zone, Coastal Terrane
granitic ) crystal. . Milani et al.
orthogneiss U-Pb (TIMS), zircon 703.0 1.0 Kroner et al. (2004) (2015)
granitic U-Pb (SHRIMP), crystal. ) Milani et al.
orthogneiss | zircon 694.0 9.0 Kroéner et al. (2004) (2015)
granitic ) crystal. ) Milani et al.
orthogneiss U-Pb (TIMS), zircon 661.0 21.0 Kroner et al. (2004) (2015)
granitic . Q-Pb (SHRIMP), 656.0 30 crystal. Seth et al. (1998) Milani et al.
orthogneiss zircon (2015)
granitic ) crystal. ; Milani et al.
orthogneiss U-Pb (TIMS), zircon 655.0 39.0 Kroner et al. (2004) (2015)
mafic ) crystal. Konopasek et al. | Milani et al.
volcanic U-Pb (SIMS), zircon 650.0 5.0 (2008) (2015)
mafic U-Pb  (LA-ICP-MS), 645.0 50 crystal. Konopasek et al. | Milani et al.
volcanic zircon ' ' (2008) (2015)

-peli -P HRIMP I
meta-pelite | UPb — (SHRIMP), | 45| 35 crysta Franz et al. (1999) | oscombe
gneiss zircon et al. (2005)
L U-Pb (SHRIMP), crystal. Goscombe et al. Goscombe
granitesill | . 0, 640 n/a (2005) | et al. (2005)
) U-Pb (SHRIMP), crystal. Goscombe et al. | Milani et al.
leucogranite Jircon 637.7 5.8 (2005) (2015)
granitic U-Pb (SHRIMP), crystal. Milani et al.
. ) h I (1
orthogneiss zircon 630.0 8.0 seth etal. (1998) (2015)
) crystal. Konopasek et al. | Milani et al.
melt patch U-Pb (SIMS), zircon 630.0 4.0 (2008) (2015)
) U-Pb (SHRIMP), crystal. Goscombe et al. | Milani et al.
25. 15.

leucogranite Jircon 625.0 5.0 (2005) (2015)
U-Pb  (LA-ICP-MS), crystal. Konopasek et al. | Milani et al.
melt patch Jircon 625.0 10.0 (2008) (2015)
) U-Pb (SHRIMP), crystal. Goscombe et al. | Milani et al.
leucogranite Jircon 620.0 18.0 (2005) (2015)
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. Age[M + Error . Secondary

Rock type Analysis al [Ma] Interpr. Primary Reference Reference
) ) U-Pb (SHRIMP), crystal. Goscombe et al. Milani et al.
gneiss granite Jircon 576.0 11.0 (2005) (2015)
) ) crystal. Konopasek et al. Milani et al.
grt-granite U-Pb (SIMS), zircon 575.0 10.0 (2008) (2015)
) U-Pb (LA-ICP-MS), crystal. Konopdsek et al. Milani et al.
granite Jircon 572.0 4.0 (2008) (2015)
) U-Pb (LA-ICP-MS), crystal. Konopasek et al. Milani et al.
grt-granite Jircon 571.0 9.0 (2008) (2015)
) U-Pb (SHRIMP), crystal. Goscombe et al. Milani et al.
syenogranite Jircon 568.0 5.0 (2005) (2015)
. U-Pb (SHRIMP), crystal. Milani et al.
granite Jircon 565.0 13.0 Seth et al. (1998) (2015)
ranite U-Pb (SIMS), zircon 562.0 11.0 crystal. Konopasek et al. Milani et al.
€ ' : : (2008) (2015)
granitic ' Q—Pb (SHRIMP), 558.6 73 crystal. Franz et al. (1999) Goscombe et
orthogneiss zircon al. (2005)
granitic U-Pb (SHRIMP), crystal. Kroner et al. | Goscombe et

) ) 549.0 4.0
orthogneiss zircon (2004) al. (2005)
) U-Pb (SHRIMP), crystal. Goscombe et al. Milani et al.
pegmatite Jircon 530.5 53 (2005) (2015)
Post-kinematic | U-Pb (SHRIMP), 531.0 6.0 crystal. Goscombe et al. | Goscombe et
peg. monazite ) ) (2005) al. (2005)
Post-kinematic | U-Pb (SHRIMP), 5145 49 crystal. Goscombe et al. | Goscombe et
peg. monazite ' ' (2005) al. (2005)
granite Sm-Nd, garnet 534.0 9.0 cooling Jung et al. (2014) Juni%tlzl).
40 39 -
) ) Ar/”Ar, cooling Foster et al. Foster et al.
mafic gneiss hornblende 546.0 5.0 (2009) (2009)
. 40, 39 ) cooling Foster et al. Foster et al.
paragneiss Ar/”"Ar, muscovite 528.0 6.0 (2009) (2009)
granite zircon fission-track 436.8 45.9 cooling this study -
migmatite zircon fission-track 401.4 46.1 cooling this study -
granite zircon fission-track 391.1 329 cooling this study -
gneiss zircon fission-track 359.4 26.8 cooling this study -
granite apatite fission-track 119.1 6.4 cooling this study -
schist apatite fission-track 111.4 7.8 cooling this study -
gneiss apatite fission-track 99.0 7.3 cooling this study -
granite apatite fission-track 95.7 5.2 cooling this study -
migmatite apatite fission-track 93.9 5.8 cooling this study -
Western Kaoko Zone, southern Orogen Core
granitic U-Pb (SHRIMP), crystal. Goscombe et
: ) h I (1
orthogneiss zircon >80.0 3.0 seth etal. (1998) al. (2005)
granitic U-Pb (SHRIMP), crystal. Goscombe et
orthogneiss zircon >78.0 >70 Seth etal. (1998) al. (2005)
melt U-Pb (SHRIMP), crystal. Goscombe et al. | Goscombe et
) ) 573.8 4.0
segregation zircon (2005) al. (2005)
) U-Pb (SHRIMP), crystal. Goscombe et al. Milani et al.
1. 4.
pegmatite zircon 2618 ? (2005) (2015)
Late M2 | U-Pb (SHRIMP), 549 19 crystal. Goscombe et al. | Goscombe et
graniite vein zircon ' ' (2005) al. (2005)
) U-Pb (SHRIMP), crystal. Kroner et al. Milani et al.
pegmatite zireon 2330 6.0 (2004) (2015)
) metamorph. Goscombe et al. | Goscombe et
- . 16.

metapelite Sm-Nd, garnet 579.0 6.0 (2003) al. (2003)
meta-pelite metamorph. Goscombe et al. | Goscombe et
gneiss Sm-Nd, garnet 579.0 15.0 (2003b) al. (2005)
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+
Rock type Analysis AgelM Error | Interpr. Primary Reference Secondary
al Reference
[Ma]
meta-pelite metam Goscombe et al. Goscombe et al.
gneiss Sm-Nd, garnet >71.2 6.1 orph. (2003b) (2005)
paragneiss Sm-Nd, garnet 548.0 5.0 | cooling Jung et al. (2014) Jung et al. (2014)
orthogneiss Sm-Nd, garnet 544.0 4.0 | cooling Jung et al. (2014) Jung et al. (2014)
paragneiss Sm-Nd, garnet 544.0 5.0 | cooling Jung et al. (2014) Jung et al. (2014)
granite Sm-Nd, garnet 536.0 5.0 cooling Jung et al. (2014) Jung et al. (2014)
orthogneiss Sm-Nd, garnet 527.0 8.0 cooling Jung et al. (2014) Jung et al. (2014)
calcsilicate Sm-Nd, garnet 527.0 7.0 cooling | Foster et al. (2009) Foster et al. (2009)
orthogneiss Sm-Nd, garnet 526.0 15.0 | cooling Jung et al. (2014) Jung et al. (2014)
paragneiss Sm-Nd, garnet 521.0 9.0 | cooling Jung et al. (2014) Jung et al. (2014)
meta-pelite cooling Goscombe et al. Goscombe et al.
gneiss Sm-Nd, garnet 504.7 8.0 (2005) (2005)
meta-pelite cooling Goscombe et al. Goscombe et al.
schist Sm-Nd, garnet 504.6 4.7 (2005) (2005)
amphibolite 40Ar/39Ar, 5329 6.6 cooling Goscombe et al. Goscombe et al.
gneiss hornblende ' ’ (2005) (2005)
psammtic A/ A, 528.0 20| €M | Grayetal 2006) | Gray et al. (2006)
schist hornblende ' ' ¥ ' ¥ )
amphibolite 40Ar/”Ar, 526.5 6.5 cooling Goscombe et al. Goscombe et al.
gneiss hornblende ' ' (2005) (2005)
— i

granitic “ar/*Ar, muscovite | 530.0 70 | %" | Fosteretal. (2009) | Foster et al. (2009)
mylonite
psemmite 40Ar/”Ar, muscovite 527.0 6.0 cooling | Foster et al. (2009) Foster et al. (2009)
granm'c “ar/*Ar, muscovite 524.0 7.0 cooling Foster et al. (2009) Foster et al. (2009)
mylonite

— i
fcssi?tm't'c “ar/PAr, muscovite | 518.0 30| 99" | Grayetal. (2006) |  Gray et al. (2006)

— i
_fcssis”“tm't'c “ar/*Ar, muscovite | 507.0 30| 998 | Grayetal (2006) |  Gray et al. (2006)
grgl:i:étlsed “Oar/*°Ar, muscovite 492.0 3.0 cooling Gray et al. (2006) Gray et al. (2006)
gneiss ©ar/*Ar, biotite 531.0 5.0 | cooling Gray et al. (2006) Gray et al. (2006)

- i
fcssismtmt'c “ar/*Ar, biotite 528.0 20| M8 Grayetal. (2006) |  Gray et al. (2006)
granite zircon fission-track 390.0 59.4 | cooling this study -
granite zircon fission-track 385.6 87.7 | cooling this study -
gneiss zircon fission-track 344.4 25.7 | cooling this study -
rhyolite zircon fission-track 341.4 259 cooling this study -
granite zircon fission-track 338.5 49.7 cooling this study -
granite zircon fission-track 322.2 25.6 cooling this study -
granite apatite fission-track 148.9 11.9 cooling this study -
gneiss apatite fission-track 121.2 5.8 | cooling this study -
granite apatite fission-track 118.0 10.2 | cooling this study -
rhyolite apatite fission-track 116.3 6.1 | cooling this study -
migmatite apatite fission-track 116.2 5.4 | cooling this study -
gneiss apatite fission-track 115.4 5.9 | cooling this study -
granite apatite fission-track 108.3 4.9 cooling this study -
gneiss apatite fission-track 96.2 6.4 cooling this study -
gneiss apatite fission-track 94.7 5.7 | cooling this study -
me’Fa- apatite fission-track 933 5.1 | cooling this study -
sediment
granite apatite fission-track 93.3 4.5 cooling this study -
mylonite apatite fission-track 83.2 4.3 cooling this study -
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+ .
Rock type Analysis AgelM Error Interpr. Primary Secondary
al Reference Reference
[Ma]
Central Kaoko Zone, Escape Zone
meta-pelite metamorph | Goscombe et al. Goscombe et al.
«chist Sm-Nd, garnet 574.3 9.7 (2003b) (2005)
40 39
. Ar/”Ar, ) Foster et al. Foster et al.
calcsilicate hornblende 530.0 6.0 cooling (2009) (2009)
amphibolite 40Ar/39Ar, ) Goscombe et al. Goscombe et al.
schist hornblende 2260 4.0 cooling (2005) (2005)
40 39 .
. Ar/”Ar, cooling Gray et al.
schist hornblende 526.0 4.0 (2006) Gray et al. (2006)
40 39
) ) Ar/”Ar, ) Foster et al. Foster et al.
mafic gneiss hornblende 524.0 6.0 cooling (2009) (2009)
20, /39
) ) Ar/~Ar, ) Foster et al. Foster et al.
mafic schist hornblende 521.0 8.0 cooling (2009) (2009)
schist ©ar/PAr, muscovite | 527.0 5.0 cooling Graz'zztozl)' Gray et al. (2006)
schist “Oar/*°Ar, muscovite 525.0 3.0 cooling Graé%toé;)' Gray et al. (2006)
schist “Ar/Ar, muscovite | 524.0 5.0 cooling Graz’zztoeg)' Gray et al. (2006)
li l.
schist “Ar/Ar, muscovite | 522.0 5.0 cooling Graz'zzto"g) Gray et al. (2006)
schist “Oar/*°Ar, muscovite 518.0 4.0 cooling Graé%toé;)' Gray et al. (2006)
schist “ar/*Ar, biotite 527.0 5.0 cooling Graz’zztoeg)' Gray et al. (2006)
li l.
gneiss “ar/*Ar, biotite 519.0 5.0 cooling Graz'zeotoas) Gray et al. (2006)
gneiss zircon fission-track 4131 46.4 cooling this study -
mylonite zircon fission-track 402,2 44.8 cooling this study -
gneiss zircon fission-track 392.1 44.3 cooling this study -
gneiss zircon fission-track 352.5 44.8 cooling this study -
gneiss zircon fission-track 316.3 70.7 cooling this study -
gneiss zircon fission-track 313.9 53.4 cooling this study -
granite apatite fission-track 234.1 12.7 cooling this study -
schist apatite fission-track 211.5 12.8 cooling this study -
schist apatite fission-track 210.8 11.3 cooling this study -
gneiss apatite fission-track 190.6 14.4 cooling this study -
mylonite apatite fission-track 181.8 13.1 cooling this study -
gneiss apatite fission-track 120.8 6.3 cooling this study -
gneiss apatite fission-track 111.6 6.5 cooling this study -
mylonite apatite fission-track 107.2 6.5 cooling this study -
gneiss apatite fission-track 106.0 6.3 cooling this study -
gneiss apatite fission-track 98.5 4.9 cooling this study -
granite apatite fission-track 95.7 4.8 cooling this study -
gneiss apatite fission-track 87.0 5.0 cooling this study -
gneiss apatite fission-track 84.3 4.3 cooling this study -
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Table B. 5. 4: Southern Kaoko Belt — Ugab Zone (yellow). For further information, please see Table B. 5. 1.

Southern Kaoko Belt - Ugab Zone (yellow)

. Age + Error Primary Secondary
Rock type Analysis [Ma] [Ma] Interpret. Reference Reference
Ugab Zone
- ) Van de Flierdt I
gtz-diorite U-Pb (TIMS), zircon 540.0 3.0 crystal. et al. (2003) Milani et al. (2015)
hbl- . ) Schmitt et al. I
monzodiorit | U-Pb (SHRIMP), zircon 534.0 4.5 crystal. (2012) Milani et al. (2015)
e
granitic vein | U-Pb (SHRIMP), zircon | 533.5 6.1 crystal. SChm't(tzztlzl)' Milani et al. (2015)
Voetspoor Seth et al
intrusion U-Pb (TIMS), zircon 530.2 3.2 crystal. (ZOOOj Seth et al. (2000)
syenite
hbl-gtz- ) Schmitt et al. -
monzonite U-Pb (SHRIMP), zircon 530.0 4.5 crystal. (2012) Milani et al. (2015)
) ) Schmitt et al. I
bt-granite U-Pb (SHRIMP), zircon 528.0 5.4 crystal. (2012) Milani et al. (2015)
U-Pb (LA-ICP-MS), WITS-RTX .
leucosome Jircon 513.0 7.0 crystal. (2011-2013) Milani et al. (2015)
southern U-Pb (SHRIMP), - B Goscombe et Goscombe et al.
zone monazite =505 =30 crystal. al. (2017) (2017)
Voetspoor Seth et al
intrusion U-Pb (TIMS), zircon 456.0 20.0 crystal. (2000)' Seth et al. (2000)
syenite
metapelite Sm-Nd isochron, Goscombe et Goscombe et al.
gneiss garnet 4910 33.0 metamorph al. (2007) (2007)
amphibolite | 40, 39 ) Goscombe et Goscombe et al.
Ar/~"Ar, h | 13. 7. |
schist r/>"Ar, hornblende 513.0 5 cooling al. (2005) (2005)
amphibole 40, 39 ) Gray et al.
schist Ar/”"Ar, hornblende 513.0 5.0 cooling (2006) Gray et al. (2006)
southern - ) Goscombe et Goscombe et al.
Jone K/Ar, biotite =490 =40 cooling al. (2017) (2017)
southern 40, 739 — N - ) Goscombe et Goscombe et al.
Jone Ar/” Ar, biotite =490 =40 cooling al. (2017) (2017)
Voetspoor
contact 40, 39 . ) Gray et al.
aureole Ar/~"Ar, biotite 496.0 2.0 cooling (2006) Gray et al. (2006)
schist
Voetspoor
contact 40, 39 — ) Gray et al.
aureole Ar/~"Ar, biotite 438.0 2.0 cooling (2006) Gray et al. (2006)
schist
mica 40, 39 I ) Gray et al.
quartzite Ar/~"Ar, biotite 497.0 1.0 cooling (2006) Gray et al. (2006)
granite apatite fission-track 94.1 5.1 cooling this study -
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Table B. 5. 5: Damara Belt — Northern Central Zone (red). For further information, please see Table B. 5. 1.

Damara Belt - Northern Central Zone
. Age + Error Primary Secondary
Rock type Analysis [Ma] [Ma] Interpret. Reference Reference
Swakop Zone
Oetmoed ) Miller and Milani et al.
granite U-Pb (TIMS), zircon 589.0 40.0 crystal. Burger (1983) (2015)
Otjiwarongo I
. .| U-Pb (SHRIMP), Lobo-Guerrero Milani et al.
feramte/pegmatl Jircon 550.0 5.0 crystal. Sanz (2005) (2015)
Oetmoed U-Pb (SHRIMP), 538- n/a metamorph Jung et al. | Goscombe et al.
migmatite monazite 520 ph (2000b) (2005)
Oetmoed U-Pb (SHRIMP), 526- n/a crvstal Jung et al. | Goscombe et al.
granite monazite 516 ¥ (2000a) (2005)
Oetmoed U-Pb (SHRIMP), 513- Jungetal. | Goscombe et al.
. i n/a crystal.
granite monazite 504 (2000a) (2005)
Oetmoed U-Pb (SHRIMP), 510- n/a metamorph Jung et al. | Goscombe et al.
migmatite monazite 505 ph (2000b) (2005)
Oetmoed U-Pb (SHRIMP), 492— Jung et al. | Goscombe et al.
) i n/a crystal.
granite monazite 488 (2000a) (2005)
Oetmoed U-Pb (SHRIMP), 487— n/a metamoroh Jungetal. | Goscombe et al.
migmatite monazite 470 ph- (2000b) (2005)
Okombahe . ) Haack et al. Haack and
Salern granite Rb-Sr, whole rock 553.0 63.0 intrusion (1980) Martin (1983)
Okombahe ) ) Gohn and Haack and
diorite Rb-Sr, whole rock 550.0 22.0 intrusion Haack unpubl. Martin (1983)
Okombahe . ) Haack et al. Haack and
granite Rb-Sr, whole rock 514.0 22.0 intrusion (1980) Martin (1983)
Sorris-Sorris ) ) Hawkesworth Haack and
granite, Rb-Sr, whole rock 495.0 15.0 intrusion etal. (1982) Martin (1983)
Okombahe ) ) Haack et al. Haack and
granite Rb-Sr, whole rock 479.0 16.0 intrusion (1980) Martin (1983)
Okombahe . ) Haack et al. Haack and
granite Rb-Sr, whole rock 478.0 27.0 intrusion (1980) Martin (1983)
Okombahe ) ) Haack et al. Haack and
granite Rb-Sr, whole rock 465.0 31.0 intrusion (1980) Martin (1983)
Oetmoed Sm-Nd isochron Jung etal. | Goscombe et al.
! 11. 11. h.
migmatite garnet >11.0 0| metamorp (2000b) (2005)
Oetmoed Sm-Nd isochron, Jung etal. | Goscombe et al.
migmatite garnet >08.0 6.0 | metamorph. (2000b) (2005)
Sm-Nd isochron Jung etal. | Goscombe et al.
| " 473, . h.
eucosome garnet 3.0 3.0 metamorp (2000b) (2005)
Sm-Nd isochron, Jung et al. | Goscombe et al.
leucosome garnet 473.0 5.0 metamorph. (2000b) (2005)
n/a apatite fission-track 120- n/a coolin Raab et al Raab et al
P 80 g (2002) (2002)
granodiorite apatite fission-track 97.5 6.3 cooling this study -
granodiorite apatite fission-track 91.2 6.4 cooling this study -
granite apatite fission-track 86.8 4.7 cooling this study -
granite apatite fission-track 80.5 4.5 cooling this study -
granite apatite fission-track 73.7 4.4 cooling this study -
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Table B. 5. 6: Damara Belt — Southern Zone (red). For further information, please see Table B.

5. 1.
Damara Belt - Southern Zone
Rock type Analysis Age | +Error Interpret Primary Reference Secondary
P ¥ [Ma] [Ma] pret. ry Reference
Khomas Zone
ngetsa'ub U-Pb (S.HRlMP)’ 527 n/a metamorph. Kukla et al. (1991) Kukla et al. (1991)
migmatite monazite
ngetsa‘ub U-Pb (S.HRlMP)’ 525 n/a metamorph. Kukla et al. (1991) Kukla et al. (1991)
migmatite monazite
ngetsa‘ub U-Pb (S.HRlMP)’ 524 n/a metamorph. Kukla et al. (1991) Kukla et al. (1991)
migmatite monazite
ngetsa'ub U-Pb (S.HRlMP)’ 522 n/a metamorph. Kukla et al. (1991) Kukla et al. (1991)
migmatite monazite
ngetsa‘ub U-Pb (S.HRlMP)’ 520 n/a metamorph. Kukla et al. (1991) Kukla et al. (1991)
migmatite monazite
Kui fi -P HRIMP
UItSEb m | U-Pb (S. ) 513 n/a metamorph. Kukla et al. (1991) Kukla et al. (1991)
pelite monazite
Dave:t'saub' u-Pb (S.HRlMP)' 507 n/a crystal. Kukla et al. (1991) Kukla et al. (1991)
granitic vein | monazite
Otjimbingw |\ o1 (sHRIMP)
e : ’ 507 n/a crystal. Kukla et al. (1991) Kukla et al. (1991)
- monazite
granodiorite
Donkerhuk | U-Pb (SHRIMP), 505 5.0 crystal. | Kuklaetal. (1991) | Kukla et al. (1991)
granite monazite
) ) 487. . Jung and Mezger Jung and Mezger
migmatite Rb-Sr, whole rock 9 n/a cooling (2001) (2001)
) ) 469. ) Jung and Mezger Jung and Mezger
migmatite Rb-Sr, whole rock 0 n/a cooling (2001) (2001)
) ) 472. ) Jung and Mezger Jung and Mezger
migmatite Rb-Sr, whole rock 3 n/a cooling (2001) (2001)
. ) Sm-Nd  isochron, | 543. ) Jung and Mezger Jung and Mezger
) |
migmatite garnet 0 5.0 cooling (2001) (2001)
) ) Sm-Nd isochron, | 539. ) Jung and Mezger Jung and Mezger
migmatite garnet 0 8.0 cooling (2001) (2001)
) ) Sm-Nd isochron, | 528. ) Jung and Mezger Jung and Mezger
migmatite gamnet 0 11.0 cooling (2001) (2001)
) ) Sm-Nd  isochron, | 511. . Jung and Mezger Jung and Mezger
16. |
migmatite garnet 0 6.0 cooling (2001) (2001)
migmatite Sm-Nd isochron, | 497. 50 coolin Jung and Mezger Jung and Mezger
€ garnet 0 ‘ g (2001) (2001)
) ) Sm-Nd  isochron, | 496. ) Jung and Mezger Jung and Mezger
10. |
migmatite garnet 0 0.0 cooling (2001) (2001)
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. Age + Error | Interpr . Secondary
Rock type Analysis [Ma] [Ma] ot Primary Reference Reference

) ) Sm-Nd isochron, ) Jung and Mezger | Jungand Mezger
migmatite garnet 492.0 5.0 cooling (2001) (2001)

) ) Sm-Nd isochron, ) Jung and Mezger | Jungand Mezger
migmatite garnet 488.0 9.0 | cooling (2001) (2001)
Garob mine, | “Ar/ Ar, .
<hist hornblende 505.0 2.0 | cooling Gray et al. (2006) | Gray et al. (2006)

- 20, /39
Okapuka,  mica | “Ar/"Ar, 496.0 3.0 | cooling Gray et al. (2006) | Gray et al. (2006)
shist muscovite
. .. 40 39
garnet-biotite Ar/ A, 495.0 3.0 | cooling Gray et al. (2006) | Gray et al. (2006)
schist muscovite
©ar/Far
biotite schist ) 495.0 3.0 | cooling Gray et al. (2006) | Gray et al. (2006)
muscovite

Khomas “Oar/Ar
Hochland, mica S 486.0 3.0 | cooling Gray et al. (2006) | Gray et al. (2006)
shist muscovite
Kuiseb River, | “Ar/ Ar, .
shist muscovite 477.0 3.0 | cooling Gray et al. (2006) | Gray et al. (2006)
SG:igct’b MINE, | 2071 39r biotite 494.0 50 | cooling Gray et al. (2006) | Gray et al. (2006)
Heinitzburg, shist | “CAr/>Ar, biotite 488.0 3.0 | cooling Gray et al. (2006) | Gray et al. (2006)
Khomas
Hochland, mica | “°Ar/**Ar, biotite 482.0 4.0 | cooling Gray et al. (2006) | Gray et al. (2006)
shist
n/a ?rzgt('te fission- 190-150 n/a | cooling Brown et al. (2014) Browrezetz)tlzzl).
n/a ?r’;illt('te fission- 120-60 n/a | cooling Raab et al. (2002) | Raab et al. (2002)
Damara granite ﬁgﬁﬂte fission- 104.7 8.5 | cooling this study -
Damara granite ﬁgﬁﬂte fission- 735 3.8 | cooling this study -
Damara granite ?rzgt('te fission- 66.1 3.7 | cooling this study -
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Figures S1—S7:
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Figure B. 1: Geo- and Thermochronometers that are in current use, and their effective closure temperatures (T.)
used in this study to reconstruct the t-T-evolution from >800°C to near surface temperatures (modified after Pollard
et al., 2002 adapted from P.Fitzgerald, S. Baldwin, G. Gehrels, P.Reiners and M. Ducea).

Figure B. 2: (Next page) Apatite fission-track (AFT) real age distribution in the Kaoko and Damara belts (modified
after Frimmel et al., 2011; Location of shear zones after Foster et al., 2009, Salomon, 2015). Boxes show sample
number (NA11- xx), Central AFT age + 1o-error. WKZ: Western Kaoko Zone; CKZ: Central Kaoko Zone; EKZ: Eastern
Kaoko Zone; ST: Sesfontein thrust; PMZ: Purros mylonite zone; TPSZ: Tree palms shear zones; OT: Otjohorongo
thrust; OmL: Omaruru lineament; OL: Okahandja lineament. For further information Tables B. 1 and B. 2.
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Figure B. 3: (Previous page) Simplified geological map of the study area in NW Namibia showing the regional zircon

fission-track (ZFT) real age distribution in the Kaoko Belt (modified after Frimmel et al., 2011; Location of shear

zones after Foster et al., 2009, Salomon, 2015). Boxes show sample number (NA11- xx), Central ZFT age + 1c-error.

For further information see Tables B. 1 and B. 4.
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Figure B. 4. 1: (Next page) A) NA11-71, B) NA11-77, C) NA11-84, D) NA11-86. Time (t)-Temperature (T)-evolution
paths with corresponding corrected confined spontaneous fission-track length-distribution (Lc) using the numerical
software code HeFty® (Richard A. Ketcham). For every sample a standard amount of 50 000 paths were modeled. A:
Accepted paths (green); G: Good paths (yellow); D: Dated age (with error); M: Modeled age; G.O.F.: Goodness of fit;
Ng: Number of grains counted; Nt: Number of confined spontaneous fission-track lengths measured. The thin black
path shows the “best-fit-path”, the thick blue path the “weighted-mean-path”.
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NA11-71 (Kaoko Belt - Damara Group)
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NA11-89 (Kaoko Belt-Damara Group)
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Figure B. 4. 1: Namibia, Kaoko Belt: A) NA11-89, B) NA11-90, C) NA11-91, D) NA11-92. For further

information, please see Figure B. 4. 1.
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NA11-94 (Kaoko Belt-Damara Group)
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Figure B. 4. 2: Namibia, Kaoko Belt: A) NA11-94, B) NA11-95, C) NA11-96, D) NA11-103. For

information, please see Figure B. 4. 1.
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Figure B. 4. 3: Namibia, Kaoko Belt: A) NA11-106, B) NA11-107, C) NA11-109, D) NA11-117. For further information,

please see Figure B. 4. 1.
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NA 11-121 (Kaoko Belt - Damara Group)
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Figure B. 4. 4: Namibia, Kaoko Belt: A) NA11-121, B) NA11-123, C) NA11-127, D) NA11-130. For further information,

please see Figure B. 4. 1.
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NA 11-140 (Kaoko Belt - Damara Group)

Time Temperature History Length distribution
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Figure B. 4. 5: Namibia, Kaoko Belt: A) NA11-140. For further information, please see Figure B. 4. 1.
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Figure B. 4. 6: Namibia, Damara Belt: A) NA11-09, B) NA11-10, C) NA11-11, D) NA11-42. For further information,

please see Figure B. 4. 1.

204

B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

NA11-09 (Damara Belt - Damara Group)
Time Temperature History Length distribution
A Neopd8 ] Carb. Pe. Tri. Jura.

D:13,98(1,0) um
|M: 13,69 (0,9) pm

0.6 |GOF:092
[Nt 111

o 05k
¥ o
3 c
§ g
o o
2 o
g P: 50000; [
= A:337;

G:35;

D: 98,8 Ma;

M: 97,1 (6,0) Ma;
G.O.F.:0,76; Ng: 21;

oSO | | 1l
500 400 300 200 100 0 48121620
Time [Ma] Length [um]

NA11-10 (Damara Belt-Damara Group)
Time Temperature History Length distribution

[ I Y Cam. Ord. Sil Dev. [Garb! Pe. Tri. Ul

D: 13,78 (1,0) pm
|M: 13,73 (0,9) pm
F:

06

o 05
v ol
3 c
g g o4
[ o
g P: 50000; £ 03
& A:124;

G:6; 0.2

D: 90,1 Ma;

M:90,4(5,6) Ma;

G.O.F.:0,95; Ng: 24;

3000 o 1o Ly by b
600 500 400 300 200 100 0 48121620

Time [Ma] Length [um]

bd

NA11-11 (Damara Belt-Damara Group)
Time Temperature History Length distribution

D:13,57 (1.1} pm
|M: 13,65 (0,9) pm
06|6.OF:053

[Nt: 101

g
v >
3 =4
g g
E g
£ P: 50000; fin
= A 40;

G:1;

D: 79,8 Ma;

M:79,1 (4,4) Ma;
G.OF.0,87; Ng: 20;

300 0 48121620
Time [Ma] Length [pm]

NA11-42 (Damara Belt - Damara Group)

Time Temperature History Length distribution
D v. (Carb. Pe. Tri. Jura. £:140(1,0) pm
|M: 135 (1,0) pm
06 |GOF: 071
[Nt: 53
e 051
[ g
5 c
g o 504—
g P: 50000; Lozl
& A:1708; -
G: 85; 021
D: 65,8 Ma; L
M: 66,3 (3,8) Ma; 01
G.0.F.:0,9; Ng: 20; -
Ry | Lo b by b i1l
600 500 400 300 200 100 0 48121620
Time [Ma] Length [um]



APPENDIX

B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

NA11-43 (Damara Belt - Damara Group)

Time Temperature Histo

PN T Cam. Ord. Sil Dev. [Garby Pe. Tri. Jira)

o T TTT T T I I

P: 50000;

A:2681;

G: 385;

D: 73,5 Ma;

M:73,6 (3,9) Ma;
G.0.F.:0,99; Ng: 20;

P TN T I Y T A BB

500 400 300 200 100

Temperature [°C]

Frequency

Length distribution

D: 14,08(1,1) ym
IM: 14,0 (0,9) pm
0.6|GOF:098

INt: 102

0 4 8121620

Time [Ma] Length [um]
NA11-49 (Damara Belt-Damara Group)
Time Temperature History Length distribution
B n Cam. Ord. Si. Dev. Carb. Pe. Tri. Jura. D:13,84(1,0) pm
r IM: 13,63 (0,9) pm
E 06[GOF:10
E INt: 51
goF 0s]-
v 100 T
2 .0F g o4l
gk g I
£ r & 03|
] -
021
M: 73,6 (4,3) Ma; 0.1
G.O.F.:0,82; Ng: 20; -
oo™ | 4 oy 1 L b b |
600 500 400 300 200 100 0 4 8121620
Time [Ma] Length [pm]
NA11-52 (Damara Belt-Damara Group)
Time Temperature History Length distribution
C »-uum Ord. Si. Dev. Carb. Pe. Tri. Jura. 0:137(11) ym
- IM: 13,42 (1,0) pm
'_ 06 |GOF:099
E INt: 51
g F osf
v 100 o
3 — c
8 140 3
o - jod
g P: 50000; £
= A:1305
G: 85;
D: 66,8 Ma;
M: 65,5 (3,6) Ma;
G.0.F.:0,72; Ng: 20;
Pl b b b b

500 400 300 200 100
Time [Ma]

NA11-70 (Damara Belt - Damara Group)

Time Temperature History

D ZsiCam. Ord. Si. Dev. Carb. Pe. Tri. Jura.

TTTTTTTI T I IrTrT

Frequency

P:50000;
A:200;
G11;
D:106,0 Ma;
M: 106,0 (8,0) Ma;
f G.O.F.:0.95;Ng: 16;
30009, \ | 0 L Lo b b
600 500 400 300 200 100
Time [Ma]

Temperature [°C]

0 4 8121620
Length [um]

Length distribution

D:133(1.2) pm
M:12,96 (1,0) um
[GOF:081

Elt: 51

0 4 8121620
Length [pm]

Figure B. 4. 7: Namibia, Damara Belt: A) NA11-43, B) NA11-49, C) NA11-52, D) NA11-70. For further information,

please see Figure B. 4. 1.
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Figure B. 5. 1: Coherent long-term t-T-evolution of the Western Kaoko Zone (WKZ), northern area.. Published
geochronological data were directly incorporated into the “weighted-mean” t-T-paths (Fig. 10) of the samples
modeled with the software code HeFty® (Ketcham et al., 2007) to reconstruct the entire syn-to post- Late
Neoproterozoic t-T-evolution of the SAPCM in NW Namibia. Dashed blue lines show possible t-T-paths for the
published geochronological data. Grey bar: Pan African/Brasiliano orogeny (e.g., Goscombe and Gray, 2008; Foster
et al,, 2009, Frimmel et al., 2011; Nascimento et al. 2016); red line: Parana-Etendeka event Trumbull et al., 2004,
2007; Baksi, 2017). For further information of the geochronological data see Table B. 5. 1.

Figure B. 5. 1: (Next page, upper Figure) Coherent long-term t-T-evolution of the Central Kaoko Zone, northern
central area. For further information, see capture of Figure B. 5. 1 and Table B. 5. 2

Figure B. 5. 2: (Next page, lower Figure) Coherent long-term t-T-evolution of the Western and Central Kaoko Zone,
central area. For further information, see capture of Figure B. 5. 1 and Table B. 5. 3.
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Figure B. 5. 3: (Previous page, upper Figure) Coherent long-term t-T-evolution of the Southern Kaoko Belt, Ugab
Zone. For further information, see capture of Figure B. 5. 1 and Table B. 5. 4.

Figure B. 5. 4: (Previous page, lower Figure) Coherent long-term t-T-evolution of the Damara Belt, Northern Central
Zone. For further information, see capture of Figure B. 5. 1 and Table B. 5. 5.
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Figure B. 5. 5: Coherent long-term t-T-evolution of the Damara Belt, Southern Zone. For further information, see capture of Figure B. 5.
1and Table B. 5. 6.
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Figure B. 6: Boomerang plots showing the apatite fission-track (AFT) data set (A) of the SE Brazilian data (Krob et al.,
2019) plotted against their corrected mean confined track lengths (L.), and (B) the integration of the AFT data to
results of previous AFT data from SE Brazil by Tello Saenz et al.,, 2003; Gallagher et al., 1994, 1995, Franco
Magalhaes et al., 2014; Hiruma et al.,, 2010; Cogné et al., 2012; Engelmann de Oliveira et al., 2016. For the
integration the AFT ages were plotted against their (uncorrected) mean confined track lengths (Lo). While old ages
with long track lengths most likely reflect “source” ages that have not reached high post-depositional annealing
temperatures, young ages having long track lengths reflect totally reset cooling ages. Samples showing both
intermediate AFT ages and mean confined track lengths possibly represent “mixed” ages having a mixture of pre
and post cooling track lengths accumulation (Green, 1986, Lewis et al., 1992; Gallagher et al., 1997, 1998).
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Figure B. 7: Detailed interpolation map showing a possible modeled projection of the AFT age distribution of the
major apatite fission-track (AFT) data sets from eastern to south-eastern Brazil using the Golden Software Surfer®.
Whereas yellow to red colors indicate younger ages, green to blue colors imply older ages. Isolines show age in [Ma]
without error. Colored dots (Neoproterozoic basement rocks), squares (Upper Paleozoic sedimentary rocks) and
triangles (Lower Cretaceous sedimentary and volcanic rocks) show sample locations according to the references.
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Tables S1 —S3:

Table C. 1: Overview of all SAPCM related low temperature thermochronology (LTT) data sets in SW Africa from NW
Angola to South Africa and Zimbabwe, and in South America from NE Brazil to NE Argentina. Region, group (circled
areas on Figure 6), age spread [Ma] of specific LTT dating technique: ZFT: zircon fission-track, ZHe: zircon (U-Th-
(Sm))/He, AFT: apatite fission-track, AHe: apatite (U-Th-(Sm))/He, and reference.

Age [Ma] spread of LTT dating technique

Region Gr. Reference
ZFT | ZHe AFT AHe
African SAPCM
Angola A ~60 — 250 Jackson & Hudec, 2005
Angola A =120-275 =50—-180 | Silvaetal., 2019
Angola A ~110-300 Green & Machado, 2015
Namibia B =310-430 =60 —-400 Krob et al., 2020
Namibia B =45 - 300 Luft et al., 2005
Namibia C ~60 — 550 Brown et al., 2014
Namibia C =60 — 550 Raab et al., 2002, 2005
Namibia C ~65—350 Haack, 1983
South Africa D =70-275 Brown et al., 1990
South Africa E =365—-440 | =235-340 =65 - 180 =60 —120 | Kounov et al., 2008, 2009, 2012
South Africa F ~90 - 160 Tinker et al., 2008
South Africa G ~75-225 Green et al., 2017
South Africa | H | =160-440 =60 — 165 =70-160 | Wildmann et al., 2015, 2016
South Africa H =70—145 | Stanley et al,, 2013
SE Africa
Zimbabwe | ~100 — 550 ~300—-470 | =95-475 | Mackintosh et al., 2017
Zimbabwe | =70-270 Noble et al., 1997
South American SAPCM
NE Brazil K =40 - 350 Jelinek et al., 2014
NE Brazil K ~75-390 Japsen et al., 2012
NE Brazil K =50-180 Morais Neto et al., 2008, 2009
NE Brazil K ~80-330 Turner et al., 2008
NE Brazil K ~75-310 Harman et al., 1998
NE Brazil K =210 - 265 Amaral et al., 1997
CE Brazil L =60 — 145 Van Ranst et al., 2019
CE Brazil L <75 340 Engelmann de Oliveira et al.,
2016
CE Brazil L =40 - 280 Hiruma et al., 2010
CE Brazil L =40 - 180 Carmo, 2005
SE Brazil M =100 - 360 Pocos de Caldas, unpublished.
SE Brazil M =40 - 340 Doranti-Tiritan et al., 2014
SE Brazil M =50 —-240 Souza et al., 2014
SE Brazil M ~30-80 Franco Magalhaes, et al., 2014
SE Brazil M ~130-390 Curvo et al,, 2013
SE Brazil M ~60 —330 =45—125 | Cognéetal., 2011, 2012
SE Brazil M ~240 — 400 ~50 — 480 Hackspacher et al., 2004, 2006,

2007
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. Age [Ma] spread of LTT dating technique
Region Gr. Reference
ZFT ZHe AFT AHe
SE Brazil M =55-160 Tello Saenz et al., 2003
SE Brazil M =50 -330 Gallagher et al., 1994, 1995
SE Brazil N =255-390 =200-415 =65-130 =60—-110 | Krob etal., 2019
SE Brazil N =105 —-540 =70—-525 =45-135 =30-95 Karl et al., 2013
SE Brazil N =6 —60 Franco Magalhaes, et al., 2010
SE Brazil o ~210— 390 75 — 340 Engelmann de Oliveira et al.,
2016
SE Brazil 0 =130 —365 Bicca et al., 2013
SE Brazil 0 =70-290 Borba et al., 2002, 2003
Uruguay p =460 — 560 =90—-300 | Huecketal., 2018
Uruguay p =180 — 445 Uruguay, unpublished.
Uruguay P =200 -325 Kollenz, 2015
Argentina Q =230 =160—-500 | =130-250 | =120-165 | Kollenz et al., 2016

Table C. 2: All published apatite fission-track (AFT) ages of SW Africa and Zimbabwe that were used for histograms
and maps of the AFT age distribution with corresponding coordinates and references sorted by circled areas in
Figure 4.14 and Table C. 1. Reference/sample number, Longitude, Latitude, Age [Ma], 1o-error [Ma], formation age,
AFT age < formation age (reset age information).

Reference/ Age lo-error . AFT ag'e
S, -no. Lon. Lat. [Mal [Mal Formation age < formation
age

SW Africa
Angola
Silva et al., 2019 (Group A)
Ang-08 12.2924 -15.0593 128.6 11.5 Lower Cretaceous Yes
Ang-17 12.3981 -14.9103 167.0 18.8 Lower Cretaceous No
Ang-09 12.4439 -15.0106 120.5 8.9 Neoarchean Yes
Ang-10 12.7379 -15.0262 141.3 10.2 Neoarchean Yes
Ang-11 13.2086 -15.0387 207.2 16.1 Paleoproterozoic Yes
Ang-12 13.2213 -15.0525 272.9 21.5 Paleoproterozoic Yes
Green & Machado, 2015 (Group A)

12.5030 -14.1077 155.9 19.7 Lower Cretaceous No
3 12.4994 -14.1053 231.5 18.9 Lower Cretaceous No
4 12.4936 -14.0959 294.2 30.2 Lower Cretaceous No
5 12.5068 -14.0130 242.1 20.0 Lower Cretaceous No
7 12.3947 -14.6063 147.9 18.3 Lower Cretaceous No
10 12.6571 -14.8851 140.2 14.4 Lower Cretaceous Yes
11 12.2738 -15.2146 137.1 18.8 Lower Cretaceous Yes
2 12.5030 -14.1077 155.8 11.8 Neoproterozoic Yes
8 12.4810 -14.6350 251.6 33.7 Neoproterozoic Yes
9 12.3086 -15.1601 113.6 22.3 Neoproterozoic Yes
12 12.3693 -14.9856 180.2 61.7 Neoproterozoic Yes
13 12.4443 -15.0198 206.8 9.4 Neoproterozoic Yes
14 12.7980 -15.0312 242.9 21.8 Neoproterozoic Yes
15 13.1085 -15.0552 282.9 25.9 Neoproterozoic Yes
16 13.2269 -15.0476 247.7 23.9 Neoproterozoic Yes

215



APPENDIX

C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Reference/ Age lo-error . AFT agg
S, -no. Lon. Lat. [Mal [Mal Formation age < formation
age
17 13.2364 -15.0526 219.9 15.1 Neoproterozoic Yes
18 13.2331 -15.0768 260.0 36.6 Neoproterozoic Yes
Jackson & Hudec, 2005 (Group A)
75 13.4400 -9.3800 116.3 11.7 Lower Cretaceous Yes
76 13.9500 -9.4900 154.1 20.9 Lower Cretaceous No
78 13.2900 -9.3200 249.5 27.8 Lower Cretaceous No
173 14.2200 -10.6900 58.1 20.0 Paleoproterozoic Yes
174 13.6900 -9.4800 138.4 8.8 Neoarchean Yes
175 13.8600 -9.6100 135.6 7.7 Neoarchean Yes
176 13.1700 -8.7700 116.0 12.3 Paleoproterozoic Yes
Namibia
Krob et al., 2020 (Group B)
NA11-21 14.1084 -20.3340 103.5 7.6 Lower Cretaceous yes
NA11-24 13.7447 -20.2711 103.5 4.9 Lower Cretaceous yes
NA11-55 13.4924 -19.8311 125.6 23.6 Lower Cretaceous yes
NA11-108 12.6367 -18.7081 106.0 5.1 Lower Cretaceous yes
NA11-114 12.8252 -18.9053 108.0 5.6 Lower Cretaceous yes
NA11-50 14.6801 -21.0871 98.2 71.6 Lower Cretaceous yes
NA11-75 12.7373 -18.0784 342.2 18.3 Upper Paleozoic no
NA11-77 12.7373 -18.0914 327.9 28.8 Upper Paleozoic no
NA11-78 12.7373 -18.0897 305.0 16.6 Upper Paleozoic no
NA11-112 12.8254 -18.9052 179.3 20.2 Upper Paleozoic yes
NA11-113 12.8254 -18.9052 96.5 8.4 Upper Paleozoic yes
NA11-118 12.9867 -18.9052 236.7 11.6 Upper Paleozoic yes
NA11-134 12.7914 -18.4921 145.1 18.5 Upper Paleozoic yes
NA11-135 12.8057 -18.4998 174.2 121 Upper Paleozoic yes
NA11-137 12.7413 -18.4998 302.8 27.6 Upper Paleozoic no
NA11-68 16.3846 -21.0671 88.4 7.2 Upper Paleozoic yes
NA11-30 13.3020 -20.3923 82.1 6.0 Neoproterozoic yes
NA11-53 13.3455 -19.5547 234.1 12.7 Neoproterozoic yes
NA11-54 13.4170 -19.6354 107.2 6.5 Neoproterozoic yes
NA11-62 13.5792 -19.1592 210.8 11.3 Neoproterozoic yes
NA11-63 13.2938 -18.8916 2115 12.8 Neoproterozoic yes
NA11-65 13.0094 -18.7917 87.0 5.0 Neoproterozoic yes
NA11-66 12.9596 -18.7892 95.7 4.8 Neoproterozoic yes
NA11-71 13.2715 -17.8393 390.9 17.9 Neoproterozoic yes
NA11-72 12.9924 -17.8047 308.2 16.5 Neoproterozoic yes
NA11-73 12.8464 -17.7942 326.7 18.1 Neoproterozoic yes
NA11-74 12.8641 -17.9959 198.9 11.8 Neoproterozoic yes
NA11-76 12.7135 -18.0896 324.0 18.1 Neoproterozoic yes
NA11-79 12.6920 -18.0891 112.5 6.0 Neoproterozoic yes
NA11-80 12.5264 -17.7932 309.8 36.7 Neoproterozoic yes
NA11-81 12.5327 -17.7888 85.7 4.5 Neoproterozoic yes
NA11-83 12.6664 -17.6665 210.9 19.5 Neoproterozoic yes
NA11-84 12.5951 -17.7046 96.7 4.8 Neoproterozoic yes
NA11-85 12.4703 -17.8041 208.8 69.2 Neoproterozoic yes
NA11-86 12.4284 -17.8131 242.1 11.3 Neoproterozoic yes
NA11-87 12.1523 -17.2098 93.0 49 Neoproterozoic yes
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Reference/ Age lo-error ! AFT age
S, -no. Lon. Lat. [Mal [Mal Formation age < formation

age
NA11-88 12.2458 -17.3849 125.3 6.6 Neoproterozoic yes
NA11-89 12.2771 -17.5682 168.3 8.4 Neoproterozoic yes
NA11-90 12.2771 -17.5682 192.6 13.0 Neoproterozoic yes
NA11-93 12.3267 -17.8083 331.9 23.2 Neoproterozoic yes
NA11-91 12.2771 -17.5682 221.2 13.8 Neoproterozoic yes
NA11-92 12.2882 -17.6722 185.3 8.9 Neoproterozoic yes
NA11-94 12.3267 -17.8083 176.6 8.5 Neoproterozoic yes
NA11-95 12.3434 -17.9510 262.3 14.7 Neoproterozoic yes
NA11-96 12.3570 -18.1202 107.9 54 Neoproterozoic yes
NA11-98 12.4096 -18.2424 83.0 7.0 Neoproterozoic yes
NA11-99 12.4377 -18.3813 98.6 6.2 Neoproterozoic yes
NA11-103 12.6550 -18.6567 81.3 4.2 Neoproterozoic yes
NA11-104 12.6393 -18.6654 93.3 5.1 Neoproterozoic yes
NA11-105 12.6069 -18.7184 93.9 5.8 Neoproterozoic yes
NA11-106 12.5931 -18.7506 119.1 6.4 Neoproterozoic yes
NA11-107 12.6373 -18.7109 116.2 5.4 Neoproterozoic yes
NA11-109 12.7027 -18.8086 108.3 4.9 Neoproterozoic yes
NA11-110 12.7948 -18.8742 95.7 5.2 Neoproterozoic yes
NA11-111 12.8175 -18.9041 99.0 7.3 Neoproterozoic yes
NA11-115 12.8388 -18.9241 111.4 7.8 Neoproterozoic yes
NA11-116 12.8842 -18.9607 118.0 10.2 Neoproterozoic yes
NA11-117 12.9423 -19.0120 93.3 4.5 Neoproterozoic yes
NA11-120 13.0883 -19.1953 148.9 11.9 Neoproterozoic yes
NA11-121 13.1153 -19.2741 1154 5.9 Neoproterozoic yes
NA11-122 13.1427 -19.3111 116.3 6.1 Neoproterozoic yes
NA11-123 13.1638 -19.3470 121.2 5.8 Neoproterozoic yes
NA11-124 13.2405 -19.3225 106.0 6.3 Neoproterozoic yes
NA11-125 13.2677 -19.3076 120.8 6.3 Neoproterozoic yes
NA11-126 13.3000 -19.2944 84.3 4.3 Neoproterozoic yes
NA11-127 13.3149 -19.2849 98.5 4.9 Neoproterozoic yes
NA11-128 13.3350 -19.2489 111.6 6.5 Neoproterozoic yes
NA11-129 13.3670 -19.2398 190.6 14.4 Neoproterozoic yes
NA11-130 12.8550 -18.7791 83.2 4.3 Neoproterozoic yes
NA11-131 12.7356 -18.7318 96.2 6.4 Neoproterozoic yes
NA11-132 12.6937 -18.7443 94.7 5.7 Neoproterozoic yes
NA11-133 12.7931 -18.4899 181.8 13.1 Neoproterozoic yes
NA11-136 12.6598 -18.2361 253.5 22.6 Neoproterozoic yes
NA11-140 13.3519 -18.2653 282.8 16.7 Neoproterozoic yes
NA11-09 16.7075 -20.3992 97.5 6.3 Neoproterozoic yes
NA11-10 16.8467 -20.6940 91.2 6.4 Neoproterozoic yes
NA11-11 16.9173 -20.6480 80.5 4.5 Neoproterozoic yes
NA11-14 17.2431 -20.5039 86.8 4.7 Neoproterozoic yes
NA11-20 14.5317 -20.5644 94.1 5.1 Neoproterozoic yes
NA11-40 15.3844 -22.8438 63.8 4.8 Neoproterozoic yes
NA11-42 15.8528 -22.6936 66.1 3.7 Neoproterozoic yes
NA11-43 15.8578 -22.5180 73.5 3.8 Neoproterozoic yes
NA11-44 15.6067 -22.1771 65.6 4.4 Neoproterozoic yes
NA11-46 15.4230 -21.9827 65.5 3.8 Neoproterozoic yes
NA11-49 15.2251 -21.2774 73.7 4.4 Neoproterozoic yes
NA11-52 14.2186 -20.7546 65.5 3.5 Neoproterozoic yes
NA11-69A 16.8582 -21.5298 129.2 20.0 Neoproterozoic yes
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NA11-69B 16.8582 -21.5298 138.5 25.3 Neoproterozoic yes
NA11-70 16.9304 -22.0042 104.7 8.5 Neoproterozoic yes
Luft et al., 2005 (Group B)
PKB-01 12.8500 -18.7800 79.7 6.1 Proterozoic yes
PKB-03B 13.0100 -18.7900 74.4 6.4 Proterozoic yes
PKB-16 14.2800 -19.7600 296.7 26.1 Proterozoic yes
Pz-01 13.1400 -19.3600 99.4 8.6 Proterozoic yes
PZ-12A 13.2200 -19.3200 46.9 3.8 Proterozoic yes
PZ-18A 13.2800 -19.2900 170.6 12.2 Proterozoic yes
PZ-66A 13.1900 -19.3200 74.0 5.5 Proterozoic yes
PK-01 13.4000 -19.1500 71.4 53 Proterozoic yes
PK-06 13.2600 -19.2500 55.5 5.1 Proterozoic yes
Brown et al., 2014 (Group C)
8732-57 16.8330 -21.9670 164.0 8.0 Precambrian yes
8732-58 16.5000 -21.9500 95.0 5.0 Precambrian yes
8732-62 15.0500 -22.2830 70.0 4.0 Precambrian yes
8732-63 14.8500 -22.5000 79.0 3.0 Precambrian yes
8732-64 14.7500 -22.5830 78.0 3.0 Precambrian yes
8732-65 14.5170 -22.6330 76.0 4.0 Precambrian yes
8732-71 13.2500 -20.2500 111.0 4.0 Precambrian yes
8732-72 13.6670 -21.1670 108.0 4.0 Precambrian yes
8732-73 13.9670 -21.4170 92.0 4.0 Precambrian yes
8732-74 14.0830 -21.0830 92.0 3.0 Precambrian yes
8732-75 14.5000 -21.3330 102.0 6.0 Precambrian yes
8732-80 16.6670 -20.5000 92.0 4.0 Precambrian yes
8832-137 11.9500 -17.6670 74.0 3.0 Precambrian yes
8832-138 11.9000 -17.3500 59.0 3.0 Precambrian yes
8832-139 12.0170 -17.2170 69.0 4.0 Precambrian yes
8832-151 17.1830 -22.5670 184.0 25.0 Precambrian yes
8832-152 18.9500 -22.4330 277.0 52.0 Precambrian yes
8832-153 19.7830 -22.3830 289.0 21.0 Precambrian yes
MD-008 14.5000 -21.1800 111.0 9.0 Precambrian yes
MD-012 14.5000 -21.1800 109.0 14.0 Precambrian yes
MD-104 14.5000 -21.1800 83.0 5.0 Precambrian yes
RB 2543 15.5300 -22.2000 84.0 4.0 Precambrian yes
RM1423 17.1170 -21.9500 449.0 20.0 Precambrian yes
93-099 16.9170 -21.9920 239.0 17.0 Precambrian yes
93-100 16.8750 -21.7570 250.0 8.0 Precambrian yes
93-101 16.7800 -20.6880 101.0 5.0 Precambrian yes
93-104 16.7880 -20.6780 107.0 4.0 Precambrian yes
93-105 16.7430 -20.5730 91.0 6.0 Precambrian yes
93-114 13.3920 -17.9330 315.0 19.0 Precambrian yes
93-115 13.1670 -17.8500 329.0 21.0 Precambrian yes
93-116 13.0750 -17.8670 296.0 15.0 Precambrian yes
93-117 12.9650 -17.7820 310.0 27.0 Precambrian yes
93-118 12.9920 -17.8040 329.0 23.0 Precambrian yes
93-120 14.2250 -17.3920 269.0 11.0 Precambrian yes
93-121 14.2270 -17.4080 262.0 13.0 Precambrian yes
93-122 14.2900 -17.4020 305.0 29.0 Precambrian yes
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93-125 15.6780 -24.6710 83.0 10.0 Precambrian yes
Raab et al., 2005 (Group C)
BB-1 14.5770 -21.1500 98.0 9.0 Lower Cretaceous yes
BB-2 14.5710 -21.1490 94.0 9.0 Lower Cretaceous yes
BB-3 14.5750 -21.1600 81.0 10.0 Lower Cretaceous yes
BB-4 14.5740 -21.1730 79.0 9.0 Lower Cretaceous yes
BB-5 14.5420 -21.1680 77.0 15.0 Lower Cretaceous yes
BB-6 14.5320 -21.1910 70.0 10.0 Lower Cretaceous yes
BB-7 14.5410 -21.1850 68.0 12.0 Lower Cretaceous yes
BB-8 14.5290 -21.1930 67.0 8.0 Lower Cretaceous yes
BB-9 14.5270 -21.1950 66.0 11.0 Lower Cretaceous yes
BB-10 14.5170 -21.2220 68.0 3.0 Lower Cretaceous yes
BB-11 14.5170 -21.2220 69.0 4.0 Lower Cretaceous yes
OK-1 15.3270 -20.8380 103.0 9.0 Lower Cretaceous yes
OK-2 15.3220 -20.8380 104.0 8.0 Lower Cretaceous yes
OK-3 15.3230 -20.8400 88.0 5.0 Lower Cretaceous yes
OK-4 15.3230 -20.8400 83.0 6.0 Lower Cretaceous yes
OK-5 15.3230 -20.8430 79.0 16.0 Lower Cretaceous yes
OK-6 15.3230 -20.8430 73.0 10.0 Lower Cretaceous yes
OK-7 15.3220 -20.8470 73.0 11.0 Lower Cretaceous yes
OK-8 15.3220 -20.8470 66.0 10.0 Lower Cretaceous yes
OK-9 15.2930 -20.8630 68.0 9.0 Lower Cretaceous yes
Raab et al., 2002 (Group C)
1-5-96-2 14.1333 -19.8167 107.0 8.0 Lower Cretaceous yes
3-10-97-2 15.8500 -22.4167 86.0 7.0 Lower Cretaceous yes
6-10-97-5 15.3333 -21.8833 72.0 3.0 Lower Cretaceous yes
6-10-97-10 15.4667 -21.5333 90.0 6.0 Lower Cretaceous yes
7-10-97-1 15.8833 -21.4500 112.0 8.0 Lower Cretaceous yes
7-10-97-2 15.8000 -21.4667 105.0 10.0 Lower Cretaceous yes
1-4-96-3 16.2667 -23.6167 287.0 32.0 Precambrian yes
1-5-96-1 14.3000 -20.4167 108.0 7.0 Precambrian yes
1-5-96-3 14.2833 -19.7500 417.0 16.0 Precambrian yes
1-5-96-4 14.6500 -19.5833 399.0 31.0 Precambrian yes
3-4-96-2 15.7500 -23.4667 76.0 5.0 Precambrian yes
3-4-96-3 15.7667 -23.4667 114.0 10.0 Precambrian yes
3-4-96-5 15.7667 -23.3000 206.0 14.0 Precambrian yes
3-10-97-1 15.8500 -22.7000 74.0 3.0 Precambrian yes
4-10-97-1 15.5167 -22.0833 71.0 3.0 Precambrian yes
4-10-97-2 15.5500 -22.1667 71.0 5.0 Precambrian yes
4-10-97-3 15.5833 -22.3500 62.0 3.0 Precambrian yes
4-10-97-4 15.6000 -22.3667 63.0 4.0 Precambrian yes
4-10-97-5 15.6167 -22.4333 88.0 4.0 Precambrian yes
5-4-96-8 15.5833 -22.5000 76.0 4.0 Precambrian yes
5-10-97-5 15.6000 -21.7500 92.0 4.0 Precambrian yes
6-10-97-2 15.6000 -21.8167 73.0 4.0 Precambrian yes
6-10-97-4 15.4167 -21.9667 70.0 4.0 Precambrian yes
6-10-97-6 15.3500 -21.8500 65.0 3.0 Precambrian yes
6-10-97-7 15.4167 -21.7667 77.0 4.0 Precambrian yes
6-10-97-9 15.4667 -21.6833 79.0 3.0 Precambrian yes
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6-10-97-12 15.6500 -21.4833 84.0 5.0 Precambrian yes
7-10-97-3 15.7500 -21.4500 92.0 3.0 Precambrian yes
7-10-97-4 15.8167 -21.3167 91.0 4.0 Precambrian yes
7-10-97-5 15.7333 -21.2333 97.0 5.0 Precambrian yes
7-10-97-6 15.6667 -21.1667 93.0 4.0 Precambrian yes
7-10-97-7 15.6000 -21.1000 90.0 6.0 Precambrian yes
7-10-97-8 15.4000 -21.2167 81.0 4.0 Precambrian yes
7-10-97-9 14.8333 -20.7333 93.0 5.0 Precambrian yes
24-9-97-3 15.5833 -23.3500 450.0 50.0 Precambrian yes
24-9-97-4 16.6500 -23.3500 547.0 95.0 Precambrian yes
24-9-97-7 16.7167 -23.5167 372.0 68.0 Precambrian yes
24-9-97-8 16.6833 -23.6000 267.0 20.0 Precambrian yes
24-9-97-9 16.6833 -23.6833 258.0 15.0 Precambrian yes
28-4-96-1 15.7333 -21.4833 79.0 6.0 Precambrian yes
28-4-96-4 15.4167 -21.3500 102.0 4.0 Precambrian yes
28-4-96-5 15.2167 -21.2667 94.0 4.0 Precambrian yes
28-4-96-6 15.0500 -21.2167 101.0 7.0 Precambrian yes
30-4-96-1 14.9000 -21.0167 117.0 9.0 Precambrian yes
30-4-96-2 14.9833 -20.8667 116.0 9.0 Precambrian yes
30-4-96-3 14.8333 -20.7333 93.0 8.0 Precambrian yes
31-3-96-1 16.4000 -23.5167 326.0 1.0 Precambrian yes
8732-59 16.1667 -21.9667 88.0 5.0 Precambrian yes
8732-60 15.6333 -21.9667 70.0 2.0 Precambrian yes
8732-61 15.2000 -22.0333 68.0 3.0 Precambrian yes
8732-76 14.8333 -21.0667 81.0 3.0 Precambrian yes
8732-77 15.0000 -20.9500 78.0 3.0 Precambrian yes
8732-78 15.0500 -20.0833 433.0 22.0 Precambrian yes
8732-79 15.0500 -20.0500 417.0 28.0 Precambrian yes
8832-107 15.0500 -23.4667 90.0 6.0 Precambrian yes
8832-108 15.0500 -23.3833 120.0 19.0 Precambrian yes
8832-110 16.2833 -23.2333 215.0 15.0 Precambrian yes
8832-111 16.3000 -23.2500 317.0 44.0 Precambrian yes
8832-114 16.2500 -23.3333 252.0 16.0 Precambrian yes
8832-116 16.2500 -23.3167 198.0 13.0 Precambrian yes
8832-119 16.3000 -23.3667 129.0 19.0 Precambrian yes
93-106 15.3667 -19.8000 329.0 27.0 Precambrian yes
93-107 15.1833 -19.7167 321.0 18.0 Precambrian yes
93-108 14.8500 -19.6167 293.0 18.0 Precambrian yes
93-110 14.3167 -19.7000 311.0 16.0 Precambrian yes
PH-2 16.3667 -23.8333 288.0 12.0 Precambrian yes
Haack, 1983 (Group C)
295 17.3944 -22.6098 185.0 37.0 Precambrian yes
584 16.7135 -22.2986 207.0 54.0 Precambrian yes
608 16.7466 -22.1303 152.0 31.0 Precambrian yes
646 16.4048 -22.2680 88.0 5.0 Precambrian yes
698 17.3663 -22.0207 199.0 15.0 Precambrian yes
790 A 16.2824 -22.5077 334.0 20.0 Precambrian yes
C4 14.5432 -22.7424 84.0 7.0 Precambrian yes
Cc15 15.1093 -22.3068 65.0 6.0 Precambrian yes
C30 16.2286 -22.4695 262.0 30.0 Precambrian yes
C32 16.0938 -22.4312 192.0 20.0 Precambrian yes
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Cc37 15.8846 -22.6486 100.0 10.0 Precambrian yes
C55 15.6500 -21.4166 146.0 19.0 Precambrian yes
C59 15.9666 -21.1333 125.0 15.0 Precambrian yes
D67 16.2000 -20.8000 117.0 17.0 Precambrian yes
c6e8 15.7551 -23.4870 115.0 16.0 Precambrian yes
Cc6e9 15.8999 -22.1583 125.0 14.0 Precambrian yes
D1 15.7444 -22.6608 138.0 15.0 Precambrian yes
D3 15.7166 -20.9333 103.0 16.0 Precambrian yes
D5 15.8489 -22.6811 98.0 10.0 Precambrian yes
D6 15.6867 -22.9591 132.0 15.0 Precambrian yes
H11 15.8208 -22.7398 197.0 12.0 Precambrian yes
H12 15.7596 -22.8137 169.0 15.0 Precambrian yes
H77 17.0909 -21.8830 315.0 25.0 Precambrian yes
H98 A 16.7109 -22.0487 265.0 28.0 Precambrian yes
H 100 16.6217 -22.1915 107.0 7.0 Precambrian yes
H 101 16.5401 -22.1328 189.0 19.0 Precambrian yes
H 104 16.3870 -22.2476 107.0 14.0 Precambrian yes
H 106 16.2340 -22.2505 142.0 13.0 Precambrian yes
H 110 16.1957 -22.4007 266.0 35.0 Precambrian yes
H111 16.2060 -22.4287 282.0 25.0 Precambrian yes
H 120 16.1167 -22.4822 333.0 34.0 Precambrian yes
H122 16.0503 -22.3853 142.0 12.0 Precambrian yes
H 133 15.1374 -22.3470 90.0 12.0 Precambrian yes
H 134 15.1501 -22.3802 116.0 11.0 Precambrian yes
H211 15.3822 -23.1428 102.0 13.0 Precambrian yes
H212 15.3899 -23.1683 125.0 8.0 Precambrian yes
H 237 15.5658 -21.9135 133.0 20.0 Precambrian yes
H 262 14.8314 -22.4363 79.0 7.0 Precambrian yes
H271 16.8562 -21.6305 87.0 11.0 Precambrian yes
H 323 15.8948 -22.1045 131.0 19.0 Precambrian yes
H 336 15.6423 -22.2068 74.0 6.0 Precambrian yes
H 341 15.5968 -22.2680 77.0 10.0 Precambrian yes
H 375 15.3899 -22.4236 151.0 8.0 Precambrian yes
H 382 14.8518 -22.7169 94.0 6.0 Precambrian yes
H 495 15.8285 -22.4261 75.0 9.0 Precambrian yes
H 525 15.5531 -22.4900 86.0 7.0 Precambrian yes
K1 16.9889 -22.6582 102.0 18.0 Precambrian yes
K2 16.6063 -23.1836 346.0 60.0 Precambrian yes
K3 16.4533 -22.9846 324.0 40.0 Precambrian yes
K4 15.9356 -23.0612 305.0 34.0 Precambrian yes
K9 15.5103 -23.5686 113.0 9.0 Precambrian yes
K15 16.3029 -23.2397 240.0 55.0 Precambrian yes
K17 16.9073 -22.5685 176.0 45.0 Precambrian yes
K18 16.6981 -22.5686 144.0 42.0 Precambrian yes
K22 17.4173 -22.6506 165.0 22.0 Precambrian yes
K24 17.4607 -22.7806 97.0 21.0 Precambrian yes
K28 17.3612 -22.3701 256.0 37.0 Precambrian yes
K32 16.8971 -21.9034 331.0 25.0 Precambrian yes
K37 15.8412 -22.0155 115.0 16.0 Precambrian yes
K38 16.1703 -23.6400 210.0 23.0 Precambrian yes
K 40 16.8435 -22.8877 166.0 45.0 Precambrian yes
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South Africa
Brown et al., 1990 (Group D)
8732-34 19.4700 -33.6500 155.0 4.0 Lower Paleozoic yes
8732-35 18.9600 -33.7300 129.0 5.0 Lower Paleozoic yes
8732-36 18.3700 -34.0500 124.0 4.0 Lower Paleozoic yes
8732-39 20.0200 -32.8800 142.0 12.0 Lower Paleozoic yes
8732-40 20.2700 -32.7300 160.0 11.0 Lower Paleozoic yes
8732-41 20.4300 -32.5500 178.0 12.0 Lower Paleozoic yes
8732-42 18.2500 -31.0000 100.0 5.0 Lower Paleozoic yes
8732-43 18.2200 -30.9300 120.0 5.0 Lower Paleozoic yes
8732-44 18.0300 -31.0700 108.0 3.0 Lower Paleozoic yes
8732-45 17.8500 -31.2500 110.0 5.0 Lower Paleozoic yes
732-46 17.8700 -30.2400 153.0 7.0 Lower Paleozoic yes
8732-51 17.7300 -29.2300 116.0 6.0 Lower Paleozoic yes
8732-52 17.6500 -28.7500 107.0 7.0 Lower Paleozoic yes
8732-50 17.5000 -29.7000 115.0 6.0 Lower Paleozoic yes
8732-55 17.6800 -27.9000 72.0 3.0 Lower Paleozoic yes
8732-56 17.9500 -27.3000 127.0 9.0 Lower Paleozoic yes
8732-81 15.1000 -26.6500 100.0 5.0 Lower Paleozoic yes
8732-82 15.3800 -26.7000 95.0 3.0 Lower Paleozoic yes
8732-83 15.6200 -26.5800 102.0 4.0 Lower Paleozoic yes
8732-84 16.3300 -26.6800 138.0 8.0 Lower Paleozoic yes
8732-85 17.7300 -26.8200 83.0 3.0 Lower Paleozoic yes
8732-86 19.3000 -28.8000 114.0 7.0 Lower Paleozoic yes
8732-87 19.1000 -29.2000 105.0 6.0 Lower Paleozoic yes
8732-88 19.4000 -29.1000 104.0 4.0 Lower Paleozoic yes
8732-93 21.1000 -28.6000 91.0 4.0 Lower Paleozoic yes
8832-62 18.9000 -33.7000 119.0 9.0 Lower Paleozoic yes
8832-63 18.9000 -33.7000 93.0 6.0 Lower Paleozoic yes
8832-65 18.9000 -33.7000 89.0 6.0 Lower Paleozoic yes
8832-66 19.0000 -33.7000 86.0 7.0 Lower Paleozoic yes
8832-68 18.8000 -33.5000 90.0 6.0 Lower Paleozoic yes
8832-54 20.6000 -32.6000 126.0 6.0 Lower Paleozoic yes
8832-55 20.6000 -32.5000 127.0 6.0 Lower Paleozoic yes
8832-56 20.6000 -32.5000 142.0 8.0 Lower Paleozoic yes
8832-57 20.6000 -32.6000 131.0 8.0 Lower Paleozoic yes
8832-58 20.6000 -32.6000 111.0 7.0 Lower Paleozoic yes
8832-59 20.5000 -32.6000 126.0 8.0 Lower Paleozoic yes
8832-60 20.5000 -32.6000 120.0 7.0 Lower Paleozoic yes
8832-61 19.4000 -33.6000 104.0 7.0 Lower Paleozoic yes
8832-71 18.1000 -32.8000 102.0 6.0 Lower Paleozoic yes
8832-72 18.4000 -30.5000 88.0 3.0 Lower Paleozoic yes
8832-73 18.4000 -30.5000 83.0 4.0 Lower Paleozoic yes
8832-74 18.3000 -30.5000 118.0 6.0 Lower Paleozoic yes
8832-75 18.5000 -30.3000 95.0 4.0 Lower Paleozoic yes
8832-78 18.1000 -30.5000 89.0 4.0 Lower Paleozoic yes
8832-79 18.1000 -30.5000 90.0 4.0 Lower Paleozoic yes
NF-008 19.8000 -29.3000 92.0 9.0 Lower Paleozoic yes
S-19 21.5000 -31.2000 163.0 9.0 Lower Paleozoic yes
S-20 21.1000 -29.5000 99.0 5.0 Lower Paleozoic yes
S-21 21.1000 -29.5000 104.0 9.0 Lower Paleozoic yes

222



APPENDIX

C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Reference/ Age lo-error . AFT ag'e
S.-no. Lon. Lat. [Ma] [Mal Formation age < formation
age
DR3 21.0000 -33.0000 138.0 6.0 Lower Paleozoic yes
FTCG 4 18.9000 -33.7000 119.0 9.0 Lower Paleozoic yes
FTCG 5 18.9000 -34.0000 130.0 4.0 Lower Paleozoic yes
FTCG 6 18.8000 -34.0000 151.0 6.0 Lower Paleozoic yes
FTCG 8 18.5000 -33.6000 160.0 7.0 Lower Paleozoic yes
FTCG9 18.0000 -33.1000 147.0 10.0 Lower Paleozoic yes
FTCG 11 17.9000 -33.0000 147.0 5.0 Lower Paleozoic yes
FTCG 14 18.0000 -32.8000 157.0 12.0 Lower Paleozoic yes
FTCG 16 18.8000 -33.5000 120.0 5.0 Lower Paleozoic yes
FTCG 17 18.7000 -33.5000 132.0 4.0 Lower Paleozoic yes
FTCG 18 18.4000 -33.5000 142.0 4.0 Lower Paleozoic yes
MDW-01 17.0500 -29.6500 119.0 9.0 Lower Paleozoic yes
MDW-04 17.5700 -29.6300 111.0 12.0 Lower Paleozoic yes
MDW-02 17.1800 -29.6300 108.0 4.0 Lower Paleozoic yes
MDW-03 17.3700 -29.5800 123.0 7.0 Lower Paleozoic yes
MDW-05 17.7300 -29.6800 129.0 6.0 Lower Paleozoic yes
MDW-06 17.9000 -29.6700 125.0 26.0 Lower Paleozoic yes
MDW-07 18.1200 -29.5700 125.0 4.0 Lower Paleozoic yes
MDW-08 18.3800 -29.4800 126.0 6.0 Lower Paleozoic yes
MDW-09 18.6800 -29.1300 111.0 5.0 Lower Paleozoic yes
MDW-10 19.3800 -29.1300 107.0 6.0 Lower Paleozoic yes
MDW-11 20.2500 -28.8300 70.0 5.0 Lower Paleozoic yes
MDW-12 21.1500 -29.3000 73.0 4.0 Lower Paleozoic yes
Kounov et al., 2013 (Group E)
FRCO3 17.6167 -27.6434 80.5 9.6 Precambrian yes
FRCO4 17.6129 -27.6437 81.2 12.4 Precambrian yes
FRCO5 17.6089 -27.6435 83.5 17.4 Precambrian yes
FRCO6 17.6086 -27.6462 70.0 114 Precambrian yes
FRCO9 17.6083 -27.6471 66.8 26.2 Precambrian yes
AGO1 20.1852 -28.8476 93.0 9.8 Precambrian yes
AGO4 20.5521 -28.5277 87.6 12.0 Precambrian yes
AGO5 20.5677 -28.2787 87.3 8.6 Precambrian yes
AGO6 20.4026 -28.2380 91.3 134 Precambrian yes
AGO7 20.8899 -28.6441 87.2 11.6 Precambrian yes
AGO8 20.2862 -28.5465 76.0 6.6 Precambrian yes
AGO9 20.2842 -28.5548 82.7 7.4 Precambrian yes
AG10 20.2738 -28.5713 82.6 7.4 Precambrian yes
AG11 20.2536 -28.5780 83.5 12.8 Precambrian yes
AG12 20.0396 -28.8634 91.6 10.8 Precambrian yes
Kounov et al. 2009 (Group E)
CA04/04 19.9200 -31.3200 136.6 9.2 Jurassic yes
CA04/15 19.1900 -31.3900 122.9 10.5 Jurassic yes
CA04/16 19.2600 -31.4300 94.2 4.9 Jurassic yes
CA04/19 20.5900 -31.3800 128.7 15.6 Jurassic yes
CA04/23 20.9900 -31.2900 131.8 9.2 Jurassic yes
CA04/18 20.3100 -31.4300 103.1 6.7 Upper Paleozoic yes
CA04/21 20.8000 -31.3600 128.7 9.4 Upper Paleozoic yes
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CA04/22 21.0800 -31.2700 127.7 8.1 Upper Paleozoic yes
CA04/05 19.0200 -31.3700 123.9 7.3 Lower Paleozoic yes
CA04/06 18.4100 -31.6300 98.0 7.3 Lower Paleozoic yes
CA04/08 18.2400 -31.8100 131.6 10.3 Lower Paleozoic yes
CA04/10 18.7100 -31.6100 86.0 4.9 Lower Paleozoic yes
CA04/11 18.9200 -31.4800 94.7 6.0 Lower Paleozoic yes
VA04/05 18.0500 -30.1900 125.9 6.1 Precambrian yes
VA04/06 18.2100 -30.1500 136.8 8.5 Precambrian yes
VA04/08 18.4100 -29.9400 148.3 7.1 Precambrian yes
VAO04/16 18.9400 -29.5200 111.5 6.0 Precambrian yes
VA04/34 17.5800 -30.8600 103.3 6.8 Precambrian yes
VA04/31 17.8900 -30.7700 106.8 9.2 Precambrian yes
VA04/13 18.0100 -30.5900 114.0 5.1 Precambrian yes
VA04/12 18.0600 -30.4800 103.4 7.4 Precambrian yes
Kounov et al., 2008 (Group E)
VA04/26 18.7300 -30.6700 146.4 7.2 Basement yes
VA04/27 18.9000 -30.7600 115.3 6.4 Basement yes
VA04/29 19.1000 -30.8500 117.7 5.5 Basement yes
CA04/25 19.2400 -30.9200 109.0 4.8 Basement yes
Tinker et al., 2008 (Group F)
JT02-01 22.2007 -33.3973 89.0 6.0 Upper Paleozoic yes
JT02-02 22.2519 -33.4291 108.0 12.0 Upper Paleozoic yes
JT02-04 22.2539 -33.4642 92.0 15.0 Upper Paleozoic yes
JT02-05 22.2413 -33.4215 114.0 7.0 Upper Paleozoic yes
JT02-14 22.5525 -34.0047 107.0 9.0 Upper Paleozoic yes
JT02-19 22.3420 -33.7813 131.0 10.0 Upper Paleozoic yes
JT02-20 22.2712 -33.6915 143.0 9.0 Upper Paleozoic yes
JT02-26 21.7499 -33.3487 119.0 10.0 Upper Paleozoic yes
JT02-30 22.0256 -33.2208 102.0 6.0 Upper Paleozoic yes
JT02-31 22.0330 -33.1691 112.0 7.0 Upper Paleozoic yes
JT02-32 22.0492 -33.1137 115.0 8.0 Upper Paleozoic yes
JT02-33 22.0009 -33.0271 108.0 7.0 Upper Paleozoic yes
JT02-34 21.9861 -32.9630 114.0 9.0 Upper Paleozoic yes
JT02-35 21.9623 -32.8756 134.0 10.0 Upper Paleozoic yes
JT02-36 21.9784 -32.7696 104.0 7.0 Upper Paleozoic yes
JT02-37 22.1173 -32.6513 126.0 8.0 Upper Paleozoic yes
JT02-38 22.2990 -32.5101 106.0 8.0 Upper Paleozoic yes
JT02-39 22.5717 -32.3087 103.0 6.0 Upper Paleozoic yes
JT02-41 22.5581 -32.2075 111.0 12.0 Upper Paleozoic yes
JT02-42 22.5495 -32.1859 137.0 20.0 Upper Paleozoic yes
JT02-44 22.3585 -31.6817 157.0 14.0 Upper Paleozoic yes
JT02-45 22.2631 -31.2258 127.0 9.0 Upper Paleozoic yes
JT02-46 22.1662 -30.7997 138.0 18.0 Upper Paleozoic yes
JT02-48 22.6143 -30.0814 128.0 7.0 Upper Paleozoic yes
JT02-51 22.3313 -29.5277 93.0 11.0 Upper Paleozoic yes
Green et al., 2017 (Group G)
GC1070-2 19.3873 -33.6353 95.4 8.5 Late J./Lower C. yes
GC1070-3 19.5915 -33.6906 134.9 9.7 Late J./Lower C yes
GC1070-4 20.0645 -33.8288 130.1 14.0 Late J./Lower C yes
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GC1070-5 20.0953 -33.8029 106.5 7.5 Late J./Lower C yes
GC1070-6 20.0009 -33.8349 126.3 9.7 Late J./Lower C yes
GC1070-10 21.8780 -33.5020 143.2 14.6 Late J./Lower C yes
GC1070-11 22.0306 -33.5963 188.8 13.2 Late J./Lower C no
GC1070-13 22.1970 -33.6452 171.8 9.8 Late J./Lower C no
GC1070-14 22.2077 -33.5780 190.0 12.4 Late J./Lower C no
GC1070-16 22.2534 -33.4489 180.3 215 Late J./Lower C no
GC1070-17 22.6887 -33.5011 209.3 13.5 Late J./Lower C no
GC1070-23 23.4256 -34.0041 142.9 10.3 Late J./Lower C yes
GC1070-46 22.1750 -33.6549 94.9 13.9 Late J./Lower C yes
GC1070-35 22.5712 -32.2571 99.0 12.8 Late J./Lower C yes
GC1059-60 25.6542 -33.5906 189.7 16.9 Late J./Lower C no
GC1059-61 25.6542 -33.5906 172.7 11.2 Late J./Lower C no
GC1059-62 25.5416 -33.4631 192.0 19.4 Late J./Lower C no
GC1059-63 25.4389 -33.4350 198.9 16.6 Late J./Lower C no
GC1059-64 25.7459 -33.4394 223.0 20.8 Late J./Lower C no
GC1059-65 25.6058 -33.8411 172.2 14.2 Late J./Lower C no
GC1059-66 25.4814 -33.8069 200.8 12.2 Late J./Lower C no
GC1059-67 25.4289 -33.7542 189.6 11.7 Late J./Lower C no
GC1059-69 25.3356 -33.4836 178.8 11.4 Late J./Lower C no
GC1059-70 25.4553 -33.6572 177.7 16.9 Late J./Lower C no
GC1070-33 22.5719 -32.3090 96.4 6.3 Triassic yes
GC1070-34 22.5663 -32.2631 96.5 5.8 Triassic yes
GC1070-36 22.5579 -32.2129 109.8 14.2 Triassic yes
GC1070-37 22.5480 -32.1760 100.9 7.0 Triassic yes
GC1070-38 22.4477 -32.1227 116.3 15.6 Triassic yes
GC1070-39 22.5290 -32.3824 90.9 7.5 Triassic yes
GC1070-40 22.5347 -33.0598 107.5 9.4 Triassic yes
GC1070-18 26.6347 -33.2267 137.7 7.7 Upper Paleozoic yes
GC1070-19 26.5762 -33.3075 121.8 114 Upper Paleozoic yes
GC1070-32 21.9630 -33.1475 101.2 9.3 Upper Paleozoic yes
GC1070-41 22.5460 -33.2429 92.9 6.9 Upper Paleozoic yes
GC1070-42 22.4775 -33.3032 129.7 115 Upper Paleozoic yes
GC1070-47 22.1503 -33.6892 162.6 115 Upper Paleozoic yes
GC1059-71 25.7096 -33.3828 182.7 13.0 Upper Paleozoic yes
GC1070-1 19.2088 -33.6995 82.3 9.1 Lower Paleozoic yes
GC1070-7 21.4038 -33.4153 106.0 14.3 Lower Paleozoic yes
GC1070-8 21.5700 -33.4886 139.1 8.5 Lower Paleozoic yes
GC1070-9 21.8763 -33.4976 113.4 8.7 Lower Paleozoic yes
GC1070-15 22.2447 -33.5352 126.8 6.8 Lower Paleozoic yes
GC1070-25 22.2411 -33.4210 113.6 14.5 Lower Paleozoic yes
GC1070-27 22.0656 -33.3636 92.5 7.3 Lower Paleozoic yes
GC1070-28 22.0543 -33.3586 84.8 25.9 Lower Paleozoic yes
GC1070-29 22.0474 -33.3521 109.1 10.7 Lower Paleozoic yes
GC1070-30 22.0430 -33.3288 81.2 9.2 Lower Paleozoic yes
GC1070-43 22.5600 -33.3868 106.4 11.3 Lower Paleozoic yes
GC1070-44 22.5498 -33.4219 101.1 7.2 Lower Paleozoic yes
GC1070-45 22.5600 -33.4571 74.8 5.2 Lower Paleozoic yes
GC1059-58 24.8495 -34.0267 184.9 134 Lower Paleozoic yes
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S.-no. Lon. Lat. [Ma] [Mal Formation age < formation
age
GC1059-68 25.4292 -33.5706 189.6 11.7 Upper Paleozoic yes
Wildman et al., 2017 (Group H)
FS1605 22.2000 -29.2200 122.8 7.5 Precambrian yes
GGO2 20.3000 -28.3600 96.6 3.6 Precambrian yes
PRU 19.5200 -28.4800 106.0 78.1 Precambrian yes
S-25 26.0800 -29.5200 128.7 6.3 Precambrian yes
SA12-05 23.7000 -29.1500 83.9 6.7 Precambrian yes
SA12-06b 23.1400 -29.5400 97.7 6.5 Precambrian yes
SA12-08 22.3100 -29.5200 102.1 8.7 Precambrian yes
SA12-09 22.1200 -29.4000 112.5 5.9 Precambrian yes
SA12-10 21.9400 -29.3600 89.0 10.0 Precambrian yes
SA12-11 21.9400 -29.2400 58.9 5.9 Precambrian yes
SA12-12 21.6300 -29.3000 85.4 3.8 Precambrian yes
SA12-13a 21.4700 -29.2800 85.7 4.4 Precambrian yes
SA12-19b 19.5300 -29.3400 97.0 4.6 Precambrian yes
SA12-14 21.1500 -29.3500 93.4 5.5 Precambrian yes
SA12-15 20.9800 -29.4200 64.5 4.1 Precambrian yes
SR-17 25.2500 -27.1300 331.0 11.0 Precambrian yes
V-10 26.4200 -26.6300 379.0 23.0 Precambrian yes
Wildman et al., 2006 (Group H)
SA12-27 18.7000 -30.2300 60.9 3.7 Upper Paleozoic yes
IJN2 18.0500 -30.6800 132.2 3.6 Precambrian yes
JN3 17.3800 -29.9000 116.8 3.2 Precambrian yes
NQ12-01 17.9900 -30.5500 85.4 3.4 Precambrian yes
NQ12-03 17.9500 -30.4600 86.0 3.0 Precambrian yes
NQ12-04 17.9300 -30.4000 89.6 4.1 Precambrian yes
NQ12-06 17.8600 -30.3400 90.2 2.4 Precambrian yes
NQ12-07 17.8200 -30.3200 96.0 2.6 Precambrian yes
NQ12-08 17.8000 -30.3400 98.7 3.0 Precambrian yes
NQ12-09 17.7700 -30.3400 106.6 3.8 Precambrian yes
NQ12-10 17.7500 -30.3600 79.7 6.3 Precambrian yes
NQ12-11 17.7200 -30.3700 110.4 6.0 Precambrian yes
NQ12-12 17.6800 -30.3600 83.7 2.7 Precambrian yes
NQ12-13 17.6200 -30.3600 84.0 4.1 Precambrian yes
NQ12-15 17.3000 -30.3200 91.5 6.3 Precambrian yes
NQ12-16 17.2700 -30.2900 93.5 6.1 Precambrian yes
NQ12-17 17.2900 -30.3600 104.9 4.6 Precambrian yes
NQ12-18 17.2800 -30.3400 108.4 4.9 Precambrian yes
NQ12-19 17.6400 -30.2800 105.8 4.6 Precambrian yes
NQ12-20 17.7200 -30.2000 102.5 3.6 Precambrian yes
NQ12-21 17.7700 -30.2100 83.2 4.0 Precambrian yes
NQ12-23 18.5200 -31.2300 58.3 2.6 Precambrian yes
NQ12-24 18.3500 -31.1300 92.7 3.2 Precambrian yes
NQ12-25 17.9300 -30.2100 112.6 4.9 Precambrian yes
NQ12-26 17.9300 -30.1300 107.2 2.7 Precambrian yes
NQ12-27 17.8800 -30.0300 105.8 2.7 Precambrian yes
NQ12-28 17.9000 -30.1700 102.1 2.5 Precambrian yes
NQ12-29 17.7800 -30.0900 99.1 5.6 Precambrian yes

226



APPENDIX

C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Reference/ Age lo-error ! AFT ag'e
S.-no. Lon. Lat. [Mal [Mal Formation age < formation
age
NQ12-30 17.8300 -30.1500 108.5 2.6 Precambrian yes
NQ12-33 18.0800 -30.1700 105.8 4.5 Precambrian yes
NQ12-34 18.1600 -30.1800 110.0 5.3 Precambrian yes
SA12-22 19.0800 -29.9300 97.2 3.1 Precambrian yes
SA12-30 18.0000 -30.5300 73.2 3.3 Precambrian yes
SA12-32 18.0600 -30.5300 75.1 8.3 Precambrian yes
SA12-33 18.0600 -30.4900 110.0 7.0 Precambrian yes
SA12-35 18.0600 -30.4500 119.0 10.0 Precambrian yes
SA12-36 18.0600 -30.4500 914 6.3 Precambrian yes
SA12-37 18.0600 -30.4300 85.0 4.8 Precambrian yes
SA12-38 18.0700 -30.4000 74.4 3.0 Precambrian yes
SA12-47 18.2300 -30.3900 100.8 5.9 Precambrian yes
SA12-51 18.4200 -30.3200 107.7 3.8 Precambrian yes
SA12-52 18.4600 -30.3200 102.8 8.6 Precambrian yes
Zimbabwe
Mackintosh et al., 2017 (Group 1)
967-01 30.7970 -18.8960 443.0 22.0 Archean yes
967-02 30.8960 -18.6510 415.0 57.0 Archean yes
96Z-14 29.3680 -18.4020 466.0 20.0 Archean yes
967-18 30.1680 -17.9060 418.0 27.0 Archean yes
9627-22 29.8690 -18.9440 433.0 18.0 Archean yes
967-26 30.8040 -17.6730 391.0 8.0 Archean yes
967-29 30.9410 -17.3900 319.0 13.0 Archean yes
967-38 31.3890 -17.6480 345.0 17.0 Archean yes
967-61 31.3700 -18.1000 311.0 16.0 Archean yes
967-65 32.1540 -18.6330 320.0 15.0 Archean yes
967-101 32.0310 -17.9120 335.0 26.0 Archean yes
967-104 29.5100 -19.7090 470.0 23.0 Archean yes
967-105 28.8220 -20.0550 434.0 15.0 Archean yes
967-106 28.3820 -20.3280 397.0 12.0 Archean yes
967-109 27.5510 -20.3510 358.0 18.0 Archean yes
967-110 28.9890 -20.4020 396.0 17.0 Archean yes
967-111 29.0240 -20.6560 361.0 9.0 Archean yes
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Table C. 3: All published apatite fission-track (AFT) ages of the South American SAPCM that were used for
histograms and maps of the AFT age distribution with corresponding coordinates and references sorted by circled
areas in Figure 6 and Table C. 1. Reference/sample number, Longitude, Latitude, Age [Ma], 1o-error [Ma], formation
age, AFT age < formation age (reset age information).

Reference/ Age lo-error . AFT agg
S, -no. Lon. Lat. [Ma] [Mal Formation age < formation
age
South America
NE Brazil
Jelinek et al., 2014 (Group K)
PTAM 10 -38.8600 -10.9200 150.0 21.0 Late J./ Lower C. yes
PTAM 15 -38.7500 -10.5900 175.0 26.0 Late J./ Lower C. no
PTAM 16 -38.9500 -10.5100 119.0 15.0 Late J./ Lower C. yes
PTAM 34 -38.8400 -10.8900 119.0 18.0 Late J./ Lower C. yes
ES-01 -42.6000 -20.2600 109.0 11.0 Neoproterozoic yes
ES-02 -42.5000 -20.2900 60.0 3.0 Neoproterozoic yes
ES-03 -42.3500 -20.3300 82.0 5.0 Neoproterozoic yes
ES-04 -42.1500 -20.2500 106.0 7.0 Neoproterozoic yes
ES-05 -41.9700 -20.2800 90.0 6.0 Neoproterozoic yes
ES-06 -41.8400 -20.4100 171.0 43.0 Neoproterozoic yes
ES-07 -41.6000 -20.2600 97.0 6.0 Neoproterozoic yes
ES-08 -41.4100 -20.2400 80.0 6.0 Neoproterozoic yes
ES-09 -41.0900 -20.3500 64.0 5.0 Neoproterozoic yes
ES-10 -40.7700 -20.4200 69.0 7.0 Neoproterozoic yes
ES-13 -40.3200 -20.1100 75.0 7.0 Neoproterozoic yes
ES-14 -40.3700 -19.8000 72.0 7.0 Neoproterozoic yes
ES-15 -40.5700 -19.5400 97.0 10.0 Neoproterozoic yes
ES-16 -40.5900 -19.1900 87.0 8.0 Neoproterozoic yes
ES-18 -40.5500 -18.5900 88.0 8.0 Neoproterozoic yes
ES-19 -40.3600 -18.3300 78.0 4.0 Neoproterozoic yes
ES-20 -40.3700 -18.1200 95.0 7.0 Neoproterozoic yes
ES-22 -40.4900 -17.7800 39.0 4.0 Neoproterozoic yes
ES-23 -40.8000 -17.7900 68.0 7.0 Neoproterozoic yes
ES-24 -41.0600 -17.8700 71.0 6.0 Neoproterozoic yes
ES-25 -41.4200 -17.8400 112.0 8.0 Neoproterozoic yes
ES-26 -41.6600 -17.8100 117.0 15.0 Neoproterozoic yes
ES-27 -41.6700 -18.0300 98.0 8.0 Neoproterozoic yes
ES-28 -41.8200 -18.4000 93.0 7.0 Neoproterozoic yes
ES-29 -41.9700 -18.8400 71.0 6.0 Neoproterozoic yes
ES-31 -41.2900 -18.7800 56.0 4.0 Neoproterozoic yes
ES-33 -42.1400 -19.8000 77.0 6.0 Neoproterozoic yes
ES-34 -42.2600 -20.6600 77.0 6.0 Neoproterozoic yes
MG-63 -41.4678 -19.1378 136.0 8.0 Neoproterozoic yes
MG-65 -41.2278 -19.3594 149.0 16.0 Neoproterozoic yes
MG-66 -41.0989 -19.4708 127.0 10.0 Neoproterozoic yes
MG-67 -40.9089 -19.5172 153.0 14.0 Neoproterozoic yes
MG-68 -40.6947 -19.5289 116.0 13.0 Neoproterozoic yes
MG-71 -40.7481 -20.0339 118.0 6.0 Neoproterozoic yes
MG-72 -40.8853 -20.1494 126.0 12.0 Neoproterozoic yes
PTAM 2 -38.0400 -11.0700 99.0 14.0 Neoproterozoic yes
PTAM 4 -38.0900 -10.1200 69.0 7.0 Neoproterozoic yes
PTAM 7 -39.1600 -10.1700 63.0 5.0 Neoproterozoic yes
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PTAM 8 -39.1600 -10.3500 120.0 40.0 Neoproterozoic yes
PTAM 9 -38.9700 -10.9400 80.0 8.0 Neoproterozoic yes
PTAM 11 -39.1700 -10.7200 102.0 14.0 Neoproterozoic yes
BA 06 -39.0000 -12.2800 142.0 11.0 Neoproterozoic yes
BA 08 -39.0600 -12.2700 202.0 12.0 Neoproterozoic yes
BA 10 -39.7400 -12.1700 247.0 27.0 Neoproterozoic yes
BA 11 -40.1700 -11.9600 231.0 18.0 Neoproterozoic yes
BA 12 -40.2400 -11.9600 236.0 14.0 Neoproterozoic yes
BA 13 -40.2700 -11.9600 326.0 41.0 Neoproterozoic yes
BA 15 -40.3600 -11.9300 296.0 22.0 Neoproterozoic yes
BA 16 -40.4000 -11.8800 300.0 71.0 Neoproterozoic yes
BA 27 -40.3700 -11.2100 265.0 32.0 Neoproterozoic yes
BA 29 -39.8200 -11.4500 295.0 34.0 Neoproterozoic yes
BA 30 -39.7800 -11.4800 250.0 46.0 Neoproterozoic yes
BA 31 -39.6800 -11.5600 249.0 19.0 Neoproterozoic yes
BA 32 -39.6000 -11.6300 274.0 30.0 Neoproterozoic yes
BA 34 -39.5700 -11.6600 299.0 56.0 Neoproterozoic yes
BA 35 -38.9700 -12.0600 180.0 19.0 Neoproterozoic yes
BA 36 -38.9100 -12.0500 264.0 21.0 Neoproterozoic yes
BA 37 -38.9000 -12.0500 253.0 17.0 Neoproterozoic yes
BA 39 -38.8000 -12.0100 299.0 30.0 Neoproterozoic yes
BA 41 -38.9900 -11.5800 319.0 48.0 Neoproterozoic yes
BA 64 -39.5000 -10.6600 233.0 60.0 Neoproterozoic yes
BA 65A -39.6800 -10.6600 350.0 57.0 Neoproterozoic yes
BA 65B -39.6800 -10.6600 237.0 19.0 Neoproterozoic yes
BA 67 -40.1300 -10.6200 215.0 15.0 Neoproterozoic yes
BA71 -40.2900 -9.8600 250.0 25.0 Neoproterozoic yes
BA 72 -40.4600 -9.5100 187.0 19.0 Neoproterozoic yes
BA 75 -40.4800 -9.5100 203.0 46.0 Neoproterozoic yes
BA 77 -39.8700 -9.6000 209.0 33.0 Neoproterozoic yes
BA 80 -39.5600 -9.8000 214.0 27.0 Neoproterozoic yes
BA 81B -39.4700 -9.8500 313.0 53.0 Neoproterozoic yes
BA 85A -39.3600 -12.9700 242.0 20.0 Neoproterozoic yes
BA 87A -39.8600 -12.8600 260.0 22.0 Neoproterozoic yes
BA 92 -39.8700 -13.3500 218.0 21.0 Neoproterozoic yes
BA 94 -39.0100 -13.1100 274.0 25.0 Neoproterozoic yes
BA 104 -38.9900 -12.5900 276.0 25.0 Neoproterozoic yes
BA 110 -39.4200 -14.2400 270.0 38.0 Neoproterozoic yes
BA 111 -39.5300 -14.2100 273.0 41.0 Neoproterozoic yes
BA 112 -39.6200 -14.2000 202.0 27.0 Neoproterozoic yes
BA 114 -39.9600 -13.9800 251.0 30.0 Neoproterozoic yes
BA 144 -40.1000 -12.5200 282.0 31.0 Neoproterozoic yes
BA 86 -39.6700 -12.9700 183.0 38.0 Neoproterozoic yes
BA 90 -40.6000 -13.5300 122.0 19.0 Neoproterozoic yes
BA 93 -40.4400 -13.1900 211.0 31.0 Neoproterozoic yes
BA117A -40.9900 -14.7800 172.0 36.0 Neoproterozoic yes
BA 118 -40.7500 -15.0600 120.0 8.0 Neoproterozoic yes
BA 120A -40.6200 -15.1000 145.0 15.0 Neoproterozoic yes
BA 122 -39.9200 -14.9900 137.0 18.0 Neoproterozoic yes
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S, -no. Lon. Lat. [Ma] [Mal Formation age < formation
age
BA 123A -39.6700 -14.8600 118.0 14.0 Neoproterozoic yes
BA 125 -39.4700 -14.8900 135.0 26.0 Neoproterozoic yes
BA 132 -39.4400 -15.2100 137.0 16.0 Neoproterozoic yes
BA 160B -40.7500 -15.0600 145.0 59.0 Neoproterozoic yes
BA 161B -40.2900 -15.3600 171.0 34.0 Neoproterozoic yes
BA 01 -38.4700 -12.9500 128.0 12.0 Neoproterozoic yes
BA 05A -38.4700 -12.9500 144.0 7.0 Neoproterozoic yes
BA 97A -38.5000 -13.0100 309.0 61.0 Neoproterozoic yes
BA 97B -38.5000 -13.0100 202.0 26.0 Neoproterozoic yes
BA 98A -40.4900 -13.0200 239.0 32.0 Neoproterozoic yes
BA 100A -37.9700 -12.5000 142.0 14.0 Neoproterozoic yes
BA 101A -37.6300 -11.8100 168.0 27.0 Neoproterozoic yes
BA 102 -37.5700 -11.5400 147.0 25.0 Neoproterozoic yes
BA 107 -39.1500 -13.7300 263.0 28.0 Neoproterozoic yes
BA 108 -39.2100 -14.0700 304.0 36.0 Neoproterozoic yes
BA 130 -39.2400 -15.3700 147.0 15.0 Neoproterozoic yes
AFT Seal-1 -37.8400 -11.3800 109.0 14.0 Neoproterozoic yes
AFT Seal-2B -37.6700 -11.1800 92.0 12.0 Neoproterozoic yes
AFT Seal-3 -37.8100 -10.7300 140.0 37.0 Neoproterozoic yes
AFT Seal-4 -37.4300 -10.7600 113.0 15.0 Neoproterozoic yes
AFT Seal-5 -37.3600 -10.6200 156.0 21.0 Neoproterozoic yes
AFT Seal-7 -36.9400 -10.1500 91.0 22.0 Neoproterozoic yes
AFT Seal-10 -37.4000 -9.6900 120.0 12.0 Neoproterozoic yes
AFT Seal-11 -37.2800 -9.4700 102.0 12.0 Neoproterozoic yes
AFT Seal-12 -36.8200 -9.8900 96.0 19.0 Neoproterozoic yes
AFT Seal-13 -36.4400 -8.8100 122.0 15.0 Neoproterozoic yes
AFT Seal-14 -35.9300 -8.4700 109.0 11.0 Neoproterozoic yes
AFT Seal-15 -35.5200 -8.9600 109.0 11.0 Neoproterozoic yes
AFT Seal-16 -35.6800 -8.9800 102.0 13.0 Neoproterozoic yes
AFT Seal-17 -35.7600 -9.2500 91.0 9.0 Neoproterozoic yes
AFT Seal-18 -36.9100 -10.3900 108.0 13.0 Neoproterozoic yes
Japsen et al., 2012 (Group K)
GC990-40 -37.9700 -11.7500 348.8 21.5 Cenozoic no
GC990-24 -38.8200 -11.0800 331.4 31.6 Lower Cretaceous no
GC990-25 -38.5700 -10.8000 254.0 30.7 Lower Cretaceous no
GC990-26 -38.4300 -10.6300 150.0 26.1 Lower Cretaceous no
GC990-27 -38.4200 -10.3700 2134 19.9 Lower Cretaceous no
GC990-28 -38.3800 -10.3800 228.6 25.5 Lower Cretaceous no
GC990-29 -38.3300 -10.2500 208.7 13.2 Lower Cretaceous no
GC990-36 -38.6700 -11.5700 263.6 57.2 Lower Cretaceous no
GC990-37 -38.6000 -11.5700 222.5 37.5 Lower Cretaceous no
GC990-38 -38.3700 -11.7500 255.2 14.6 Lower Cretaceous no
GC990-42 -38.5000 -12.8700 339.9 37.4 Lower Cretaceous no
GC990-43 -38.6300 -12.9000 152.1 18.8 Lower Cretaceous no
GC990-48 -38.3200 -12.3300 102.2 9.5 Lower Cretaceous yes
GC990-49 -38.3800 -12.6300 129.0 171 Lower Cretaceous yes
GC990-108 -39.1300 -13.9500 341.7 26.8 Lower Cretaceous no
GC990-111 -39.1000 -13.6700 308.1 34.3 Lower Cretaceous no
GC990-113 -39.0700 -13.4200 327.8 419 Lower Cretaceous no
GC990-116 -39.0000 -13.1500 285.8 24.0 Lower Cretaceous no
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GC990-123 -38.4300 -9.3800 2319 32.2 Lower Cretaceous no
GC990-18 -38.7200 -12.4000 271.6 25.3 Late Jurassic no
GC990-20 -38.7200 -12.2500 232.1 17.0 Late Jurassic no
GC990-30 -38.3200 -10.0800 199.2 25.6 Late Jurassic no
GC990-31 -38.2500 -10.0800 357.2 37.7 Late Jurassic no
GC990-35 -38.8500 -11.5800 110.8 254 Late Jurassic yes
GC990-45 -38.8000 -13.0300 86.3 9.5 Late Jurassic yes
GC990-15 -38.2000 -12.7000 285.1 27.0 Jurassic no
GC990-21 -38.6800 -12.2700 251.6 25.3 Permian yes
GC990-32 -38.2200 -10.0800 186.3 25.3 Upper Paleozoic yes
GC990-33 -38.1800 -10.0800 246.3 29.5 Upper Paleozoic yes
GC990-125 -37.8300 -9.5000 338.3 25.8 Lower Paleozoic no
GC990-22 -38.6300 -12.2700 386.2 23.8 Proterozoic yes
GC990-23 -38.9700 -11.5500 336.3 30.0 Proterozoic yes
GC990-34 -38.1300 -10.0800 213.9 27.9 Proterozoic yes
GC990-46 -38.9700 -13.0000 188.0 14.7 Proterozoic yes
GC990-47 -38.9700 -12.5300 255.7 12.1 Proterozoic yes
GC990-57 -39.0000 -12.2300 191.7 17.3 Proterozoic yes
GC990-58 -39.5300 -12.5200 202.4 16.1 Proterozoic yes
GC990-60 -40.2000 -12.5000 235.1 36.4 Proterozoic yes
GC990-61 -40.8700 -12.4200 214.7 31.7 Proterozoic yes
GC990-62 -41.3200 -12.7000 172.7 42.7 Proterozoic yes
GC990-64 -41.2300 -12.7500 301.6 33.7 Proterozoic yes
GC990-66 -41.3300 -12.9500 75.3 28.2 Proterozoic yes
GC990-68 -41.3700 -13.0000 137.9 25.7 Proterozoic yes
GC990-72 -41.2800 -13.2800 133.2 26.3 Proterozoic yes
GC990-73 -41.4800 -13.4500 283.7 514 Proterozoic yes
GC990-74 -41.5300 -13.4300 150.7 23.2 Proterozoic yes
GC990-75 -41.5700 -13.4300 102.0 8.9 Proterozoic yes
GC990-76 -41.5700 -13.5000 102.4 7.8 Proterozoic yes
GC990-78 -41.8200 -13.4800 248.5 42.9 Proterozoic yes
GC990-79 -41.8700 -13.4800 311.1 21.7 Proterozoic yes
GC990-80 -41.8200 -13.5700 144.1 16.3 Proterozoic yes
GC990-81 -41.8000 -13.5800 127.2 21.2 Proterozoic yes
GC990-82 -41.7000 -13.9200 121.1 154 Proterozoic yes
GC990-84 -41.4700 -14.4000 131.7 14.4 Proterozoic yes
GC990-85 -41.1300 -14.4800 139.9 11.2 Proterozoic yes
GC990-86 -41.0500 -14.5800 107.9 10.0 Proterozoic yes
GC990-87 -41.0000 -14.6800 105.5 11.9 Proterozoic yes
GC990-88 -40.8300 -14.8000 159.8 15.8 Proterozoic yes
GC990-93 -40.7300 -15.0500 80.3 7.3 Proterozoic yes
GC990-94 -40.7200 -15.0700 103.7 7.7 Proterozoic yes
GC990-95 -40.6500 -15.1700 145.6 17.0 Proterozoic yes
GC990-97 -40.2500 -15.2500 75.8 4.7 Proterozoic yes
GC990-99 -39.7300 -14.8700 99.7 8.3 Proterozoic yes
GC990-101 -39.3000 -14.6300 114.6 9.4 Proterozoic yes
GC990-103 -39.0700 -15.3000 176.2 14.9 Proterozoic yes
GC990-105 -39.0200 -14.7500 340.1 22.0 Proterozoic yes
GC990-106 -39.3000 -14.5500 163.8 0.6 Proterozoic yes
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GC990-107 -39.3200 -14.2700 225.4 12.7 Proterozoic yes
GC990-109 -39.1300 -13.8700 365.2 16.7 Proterozoic yes
GC990-110 -39.1300 -13.7000 333.2 21.8 Proterozoic yes
GC990-115 -39.0300 -13.0700 324.2 19.3 Proterozoic yes
GC990-119 -37.6300 -9.9200 87.8 8.1 Proterozoic yes
GC990-120 -37.8000 -9.6200 140.3 15.7 Proterozoic yes
GC990-122 -38.0000 -9.3300 121.6 7.5 Proterozoic yes
GC990-126 -37.5300 -10.1300 109.6 7.4 Proterozoic yes
GC990-128 -37.4700 -10.6800 119.0 8.7 Proterozoic yes
GC990-5 -38.5300 -12.9700 274.7 26.1 Archean yes
GC990-14 -38.3800 -12.9200 117.6 6.8 Archean yes
GC990-16 -37.9700 -12.4700 122.1 5.9 Archean yes
GC990-17 -38.4500 -12.9700 261.5 15.5 Archean yes
GC990-39 -38.1300 -11.6700 120.4 7.4 Archean yes
GC990-41 -37.8000 -11.7000 242.9 13.3 Archean yes
Morais Neto et al., 2008, 2009 (Group K)
RD57-4 -36.6000 -5.6500 98.9 8.4 Neoproterozoic yes
RD57-9a -36.5300 -6.1800 102.1 13.1 Neoproterozoic yes
RD57-11 -36.6200 -6.5200 108.5 7.1 Neoproterozoic yes
RD57-15 -37.1100 -6.9800 102.0 6.2 Neoproterozoic yes
RD57-17 -37.2900 -7.2000 93.6 12.0 Neoproterozoic yes
RD57-18 -37.3900 -7.3300 71.1 59 Neoproterozoic yes
RD57-21 -37.8600 -7.6200 82.2 7.0 Neoproterozoic yes
RD57-23 -38.1200 -7.8700 173.3 24.1 Neoproterozoic yes
RD57-24 -38.2500 -7.9500 123.5 9.0 Neoproterozoic yes
RD57-26 -35.2000 -6.8500 97.2 8.2 Neoproterozoic yes
RD57-29 -35.6300 -6.7500 66.8 8.1 Neoproterozoic yes
RD57-31 -35.9500 -6.6800 52.1 4.4 Neoproterozoic yes
RD57-33 -36.2300 -6.5100 85.9 6.8 Neoproterozoic yes
RD57-36 -36.9200 -6.0300 97.3 6.6 Neoproterozoic yes
Turner et al., 2008 (Group K)
T4 -38.3200 -10.1200 264.0 20.0 Lower Cretaceous no
JT5 -38.3200 -10.1700 267.0 21.0 Lower Cretaceous no
JT9 -38.3500 -11.3500 221.0 12.0 Lower Cretaceous no
JT11 -38.3800 -11.4700 152.0 8.0 Lower Cretaceous no
JT13 -38.8300 -11.0300 306.0 29.0 Lower Cretaceous no
GC854-7 -38.5700 -10.0200 244.0 21.7 Lower Cretaceous no
GC854-11 -38.3700 -10.1200 328.0 41.7 Lower Cretaceous no
GC854-1 -38.8800 -12.0500 235.6 14.5 Neoproterozoic yes
GC854-2 -38.8800 -12.0500 274.8 13.8 Neoproterozoic yes
GC854-5 -39.0000 -11.5200 283.5 20.3 Neoproterozoic yes
GC854-14 -36.8200 -9.8800 81.3 6.8 Neoproterozoic yes
GC854-16 -36.7000 -9.7200 140.7 22.6 Neoproterozoic yes
GC854-17 -36.8800 -9.6700 97.1 13.9 Neoproterozoic yes
GC854-19 -36.4200 -9.5800 108.4 7.7 Neoproterozoic yes
GC854-20 -36.2700 -9.5700 86.5 6.0 Neoproterozoic yes
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Harman et al., 1998
94/85 -49.5250 -6.1383 266.0 23.0 Archean yes
94/86 -49.7406 -6.9772 225.0 18.0 Archean yes
94/87 -50.1456 -7.0061 259.0 9.0 Archean yes
94/89 -50.5844 -6.8150 258.0 11.0 Archean yes
94/92 -51.5850 -6.7247 291.0 21.0 Archean yes
94/94 -49.9436 -7.1208 145.0 9.0 Archean yes
94/95 -50.0375 -6.4547 261.0 10.0 Archean yes
94/97 -50.0819 -8.0342 294.0 21.0 Archean yes
94/98 -50.2436 -8.1669 180.0 9.0 Archean yes
94/99 -50.4142 -8.5533 302.0 10.0 Archean yes
94/100 -50.4964 -8.7944 286.0 22.0 Archean yes
94/102 -50.6972 -8.6250 309.0 11.0 Archean yes
94/103 -50.8772 -8.6083 266.0 10.0 Archean yes
94/104 -51.0172 -8.4172 284.0 12.0 Archean yes
94/105 -51.1522 -8.3186 301.0 15.0 Archean yes
94/106 -51.2994 -8.3239 288.0 12.0 Archean yes
94/107 -51.3086 -8.4447 268.0 15.0 Archean yes
94/109 -49.5928 -4.7736 137.0 8.0 Archean yes
94/110 -49.8358 -4.5236 159.0 9.0 Archean yes
94/113 -50.3897 -3.8925 146.0 8.0 Archean yes
94/1 -38.0400 -12.5900 83.0 5.0 Archean yes
94/3 -37.7000 -11.7900 94.0 7.0 Archean yes
94/4 -37.8000 -11.5200 95.0 1.0 Archean yes
94/7 -37.4500 -10.6600 104.0 6.0 Archean yes
94/15 -38.9400 -10.6800 167.0 9.0 Archean yes
94/18 -39.0400 -10.5100 187.0 20.0 Archean yes
94/19 -39.1600 -10.4600 130.0 19.0 Archean yes
94/20 -39.2400 -10.4700 186.0 25.0 Archean yes
94/22 -39.4900 -10.6600 244.0 15.0 Archean yes
94/24 -39.7500 -10.6700 187.0 19.0 Archean yes
94/74 -39.3300 -8.0800 85.0 12.0 Archean yes
94/75 -39.4600 -8.0800 76.0 0.0 Archean yes
94/76 -39.6400 -8.1100 260.0 0.0 Archean yes
94/77 -39.7300 -8.1800 143.0 25.0 Archean yes
94/78 -39.8300 -8.2600 173.0 17.0 Archean yes
94/79 -40.0100 -8.5500 182.0 8.0 Archean yes
94/80 -40.3900 -9.2000 107.0 11.0 Archean yes
94/81 -40.1800 -10.4000 172.0 9.0 Archean yes
94/83 -40.2500 -9.9800 167.0 11.0 Archean yes
94/84 -40.4600 -9.5100 193.0 19.0 Archean yes
Amaral et al., 1997 (Group K)
K-1 -39.9200 -11.2700 261.0 29.0 Proterozoic yes
A-1 -40.5500 -15.1800 210.0 23.0 Proterozoic yes
E-1 -39.8700 -9.8700 250.0 28.0 Proterozoic yes
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CE Brazil
Van Ranst et al., 2019 (Group L)
BR-01 -41.8366 -20.4106 145.3 32.8 Neoproterozoic yes
BR-03 -41.8546 -20.4226 83.9 4.8 Neoproterozoic yes
BR-05 -41.9078 -20.4437 63.6 2.3 Neoproterozoic yes
BR-07 -41.7770 -20.2614 63.1 2.5 Neoproterozoic yes
BR-08 -41.4419 -20.2183 76.8 3.5 Neoproterozoic yes
BR-09 -41.2583 -20.2840 71.0 2.7 Neoproterozoic yes
BR-10 -41.0911 -20.3521 61.8 2.5 Neoproterozoic yes
BR-11 -41.0174 -20.3873 68.2 2.7 Neoproterozoic yes
BR-12 -40.8597 -20.4123 61.7 3.4 Neoproterozoic yes
BR-13 -40.2731 -20.3339 80.9 4.5 Neoproterozoic yes
BR-14 -40.3215 -20.1138 81.3 3.5 Neoproterozoic yes
BR-16 -40.4096 -19.9324 71.7 2.1 Neoproterozoic yes
BR-17 -40.4989 -19.9352 78.8 4.1 Neoproterozoic yes
BR-19 -40.6787 -19.8146 73.1 3.5 Neoproterozoic yes
BR-20 -40.6223 -19.5311 63.7 5.6 Neoproterozoic yes
BR-22 -40.6809 -19.4084 78.2 3.2 Neoproterozoic yes
BR-23 -40.8080 -19.2362 78.1 3.5 Neoproterozoic yes
BR-24 -40.8664 -19.2295 89.9 5.5 Neoproterozoic yes
BR-25 -40.9089 -19.2184 80.6 3.9 Neoproterozoic yes
BR-26 -40.9669 -19.0807 80.9 3.1 Neoproterozoic yes
BR-27 -41.1081 -18.8674 67.2 2.1 Neoproterozoic yes
BR-28 -41.2654 -18.7963 88.4 4.0 Neoproterozoic yes
BR-29 -41.4108 -18.7506 83.6 3.8 Neoproterozoic yes
BR-30 -41.9624 -18.8355 70.4 4.5 Neoproterozoic yes
Engelmann de Oliveira et al., 2016 (Group L)
TR7RJ4 -43.2100 -22.4500 157.0 35.0 Neoproterozoic yes
TR7RJ5 -43.2300 -22.5500 101.8 6.6 Neoproterozoic yes
TR7RJ6 -43.2700 -22.5900 73.1 5.5 Neoproterozoic yes
TR7RJ7 -43.2900 -22.6200 76.2 5.8 Neoproterozoic yes
TR8RJB -44.3900 -22.3600 30.5 1.6 Neoproterozoic yes
TR8RJ10 -44.2500 -22.4900 70.4 5.0 Neoproterozoic yes
TR11RJ1 -42.3600 -21.6500 48.7 5.1 Neoproterozoic yes
TR11RJ2 -42.7300 -21.9100 48.0 2.9 Neoproterozoic yes
TR11RJ3 -43.0500 -22.0800 56.1 3.8 Neoproterozoic yes
TR11RJ4 -43.3100 -22.1600 57.7 3.9 Neoproterozoic yes
TR11RJ5 -43.5400 -22.3300 54.5 4.1 Neoproterozoic yes
TR11RJ6 -43.7400 -22.4300 54.1 4.5 Neoproterozoic yes
TR11RJ7 -43.8900 -22.4800 67.5 5.2 Neoproterozoic yes
TR11RJ8 -44.0600 -22.4900 100.8 8.0 Neoproterozoic yes
TR11RJ9 -44.1700 -22.5600 88.6 5.3 Neoproterozoic yes
TR11RJ10 -44.7100 -22.5200 66.2 6.5 Neoproterozoic yes
TROSP4 -48.3600 -24.0800 89.6 6.9 Neoproterozoic yes
TROSP7 -47.5500 -24.7100 44.9 2.8 Neoproterozoic yes
TR10SP1 -48.8800 -23.9700 112.0 23.0 Neoproterozoic yes
TR10SP14 -47.8900 -24.7600 105.0 14.0 Neoproterozoic yes
TR10SP16 -48.0800 -25.1200 65.8 6.1 Neoproterozoic yes
TR10SP17 -48.0500 -25.2100 57.4 4.2 Neoproterozoic yes
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TR10SP18 -48.0700 -25.1800 21.0 1.8 Neoproterozoic yes
TR11SP11 -44.9300 -22.8600 150.0 12.0 Neoproterozoic yes
TR11SP12 -46.0200 -23.3500 61.9 5.1 Neoproterozoic yes
TR11SP13 -46.1900 -23.4100 64.3 4.8 Neoproterozoic yes
TR11SP14 -46.4300 -23.4700 71.4 4.5 Neoproterozoic yes
TR11SP15 -47.4900 -24.3800 64.6 4.4 Neoproterozoic yes
TR11SP19 -47.4400 -24.2900 74.4 8.1 Neoproterozoic yes
Hiruma et al., 2010 (Group L)
BOC-2 -44.3790 -22.7986 50.6 4.4 Neoproterozoic yes
BOC-17 -44.5243 -22.8324 115.3 9.9 Neoproterozoic yes
BOC-29 -44.4484 -22.7874 53.9 6.8 Neoproterozoic yes
BOC-35 -44.7953 -22.8131 120.3 14.3 Neoproterozoic yes
BOC-46 -44.6455 -22.7325 131.2 26.8 Neoproterozoic yes
BOC-61 -44.7190 -22.9346 202.3 21.6 Neoproterozoic yes
BOC-75 -44.4693 -22.8672 77.1 7.9 Neoproterozoic yes
BOC-79 -44.3695 -22.8132 67.5 6.7 Neoproterozoic yes
BOC-84 -44.6129 -22.6740 278.9 36.0 Neoproterozoic yes
BOC-94 -44.2267 -22.7338 55.9 151 Neoproterozoic yes
BOC-100 -44.2771 -22.8103 42.5 3.9 Neoproterozoic yes
BOC-127 -44.7644 -22.7895 206.2 27.4 Neoproterozoic yes
BOC-134 -44.7099 -22.7963 119.6 10.6 Neoproterozoic yes
BOC-148 -44.8853 -23.0941 105.0 7.9 Neoproterozoic yes
BOC-152 -44.4340 -22.7344 134.7 61.7 Neoproterozoic yes
BOC-154 -44. 4472 -22.8749 67.2 6.3 Neoproterozoic yes
BOC-156 -44.3737 -22.8612 84.3 7.5 Neoproterozoic yes
BOC-161 -44.7270 -22.8908 157.5 22.4 Neoproterozoic yes
BOC-172 -44.7019 -22.9728 117.6 22.9 Neoproterozoic yes
BOC-174 -44.7633 -23.0134 104.6 9.6 Neoproterozoic yes
BOC-178 -44.7700 -22.7485 243.7 65.5 Neoproterozoic yes
BOC-188 -44.5954 -22.6766 136.8 18.3 Neoproterozoic yes
BOC-190 -44.9432 -22.9725 103.4 10.5 Neoproterozoic yes
BOC-191 -44.8152 -23.1400 70.3 6.1 Neoproterozoic yes
BOC-197 -44.3065 -22.6725 65.2 53 Neoproterozoic yes
BOC-198 -44.8488 -22.7329 99.4 9.8 Neoproterozoic yes
BOC-199 -44.8652 -22.7593 109.9 9.7 Neoproterozoic yes
Carmo, 2005 (Group L)
FTSEB-01b -41.4600 -21.8200 39.0 n/a Neoproterozoic yes
FTSEB-02 -41.7200 -21.6500 56.0 n/a Neoproterozoic yes
FTSEB-04 -41.1500 -21.6000 58.0 n/a Neoproterozoic yes
FTSEB-07a -42.6000 -21.5000 73.0 n/a Neoproterozoic yes
FTSEB-08 -42.7800 -21.3400 96.0 n/a Neoproterozoic yes
FTSEB-11 -43.6100 -21.2400 96.0 n/a Neoproterozoic yes
FTSEB-12 -43.6100 -21.2700 118.0 n/a Neoproterozoic yes
FTSEB-16 -43.7500 -21.2800 131.0 n/a Neoproterozoic yes
FTSEB-18 -44.3200 -21.0800 178.0 n/a Neoproterozoic yes
FTSEB-20 -44.0400 -20.3200 153.0 n/a Neoproterozoic yes
FTSEB-21 -43.9700 -20.2900 142.0 n/a Neoproterozoic yes
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FTSEB-22 -43.9600 -20.2900 167.0 n/a Neoproterozoic yes
FTSEB-24 -43.6900 -20.3200 175.0 n/a Neoproterozoic yes
FTSEB-29 -43.3000 -20.1500 162.0 n/a Neoproterozoic yes
FTSEB-30 -43.2700 -20.1400 114.0 n/a Neoproterozoic yes
FTSEB-31 -43.0900 -20.1300 109.0 n/a Neoproterozoic yes
FTSEB-32 -42.9700 -20.1100 87.0 n/a Neoproterozoic yes
FTSEB-34 -42.7800 -20.0500 67.0 n/a Neoproterozoic yes
FTSEB-47 -40.4000 -20.3000 81.0 n/a Neoproterozoic yes
FTSEB-49 -41.0200 -20.3800 69.0 n/a Neoproterozoic yes
FTSEB-50 -41.2300 -20.3000 59.0 n/a Neoproterozoic yes
FTSEB-51 -41.7800 -20.2600 77.0 n/a Neoproterozoic yes
FTSEB-52 -42.0700 -20.2700 95.0 n/a Neoproterozoic yes
SE Brazil
Pogos de Caldas, unpublished (Group M)
JMO1 -46.4005 -22.2552 170.6 13.1 Neoproterozoic yes
JMO02 -46.4143 -22.2314 157.5 10.1 Neoproterozoic yes
JMO03 -46.4364 -22.2098 167.9 12.6 Neoproterozoic yes
JMO5 -46.4241 -22.1921 226.3 18.1 Neoproterozoic yes
JMO7 -46.4146 -22.1783 130.7 8.3 Neoproterozoic yes
JMO08 -46.4377 -22.1665 192.8 14.8 Neoproterozoic yes
JMO9 -46.4419 -22.1558 157.0 11.3 Neoproterozoic yes
JIM13 -46.5046 -22.0788 117.1 7.3 Neoproterozoic yes
IM14 -46.4696 -22.0691 101.2 6.5 Neoproterozoic yes
JIM15 -46.4071 -22.0548 105.1 7.0 Neoproterozoic yes
IM16 -46.3666 -22.0540 105.5 7.9 Neoproterozoic yes
IM17 -46.3174 -22.0211 107.7 7.7 Neoproterozoic yes
JM18 -46.2886 -22.0487 2113 135 Neoproterozoic yes
JIM19 -46.2399 -22.0808 248.0 18.8 Neoproterozoic yes
JIM20 -46.1993 -22.0916 210.4 13.0 Neoproterozoic yes
IM21 -46.1827 -22.1301 237.0 15.4 Neoproterozoic yes
IM22 -46.1562 -22.1323 224.4 16.5 Neoproterozoic yes
IM26 -45.8851 -22.0419 195.7 18.1 Neoproterozoic yes
JM30 -45.9700 -22.2512 117.1 7.3 Neoproterozoic yes
JM32 -46.3455 -22.4039 280.0 18.3 Neoproterozoic yes
JM33 -46.3390 -22.3585 362.6 23.8 Neoproterozoic yes
Doranti-Tiritan et al., 2014 (Group M)
TF 1204 -46.7576 -21.9763 101.3 5.4 Lower Cretaceous yes
TF 1207 -46.6749 -21.9387 42.7 3.4 Lower Cretaceous yes
TF 1208 -46.6635 -21.9380 60.3 3.7 Lower Cretaceous yes
TF 1209 -46.6693 -21.9021 69.0 4.4 Lower Cretaceous yes
TF1211 -46.5618 -21.8040 61.9 3.1 Lower Cretaceous yes
TF 1212 -46.6187 -21.8418 63.5 4.3 Lower Cretaceous yes
TF-313 -46.4003 -21.9350 61.8 9.6 Lower Cretaceous yes
TF-1074 -46.5666 -22.0552 48.7 10.7 Lower Cretaceous yes
TF-1076 -46.5717 -21.8890 51.7 5.2 Lower Cretaceous yes
TF-1077 -46.5511 -21.8216 60.9 10.1 Lower Cretaceous yes
TF-134 -46.6243 -21.5367 337.3 27.6 Neoproterozoic yes
TF-135 -46.6425 -21.5638 256.7 25.4 Neoproterozoic yes
TF-556 -46.8885 -21.8292 248.7 29.8 Neoproterozoic yes
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TF-557 -46.8005 -21.8225 159.3 42.3 Neoproterozoic yes
TF-559 -46.3416 -21.7216 175.6 20.1 Neoproterozoic yes
TF-667 -46.9166 -21.6597 324.5 46.0 Neoproterozoic yes
TF-668 -46.8143 -21.5279 299.6 27.6 Neoproterozoic yes
TF-700 -46.6938 -21.4995 330.7 46.8 Neoproterozoic yes
TF-702 -46.6369 -21.4608 242.1 21.1 Neoproterozoic yes
TF-703 -46.6401 -21.4507 205.6 253 Neoproterozoic yes
TF-714 -46.4070 -21.6482 323.6 38.5 Neoproterozoic yes
TF-1079 -46.6557 -21.6999 94.0 13.7 Neoproterozoic yes
TF-1080 -46.7557 -21.6557 151.6 13.0 Neoproterozoic yes
Souza et al., 2014 (Group M)
A-1 -46.1200 -21.7700 167.7 10.1 Neoproterozoic yes
A-2 -46.1300 -21.8100 125.0 7.5 Neoproterozoic yes
A-3 -45.8800 -22.0800 113.0 7.7 Neoproterozoic yes
A-4a -45.9800 -22.0500 240.0 15.0 Neoproterozoic yes
A-5a -45.9900 -21.9800 205.0 14.5 Neoproterozoic yes
A-5b -45.9900 -21.9800 211.0 131 Neoproterozoic yes
A-4b -45.9800 -22.0500 220.0 12.5 Neoproterozoic yes
A-6 -45.9300 -21.7100 162.0 11.3 Neoproterozoic yes
A-7 -46.3200 -22.0600 70.0 6.2 Neoproterozoic yes
A-9 -46.2500 -21.8100 153.0 16.2 Neoproterozoic yes
TF-311 -46.5700 -21.7600 60.0 16.7 Neoproterozoic yes
TF-315 -46.4300 -21.9300 51.0 6.0 Neoproterozoic yes
TF-503 -46.7000 -21.6500 59.0 4.0 Neoproterozoic yes
TF-558 -46.6700 -21.8400 105.0 13.0 Neoproterozoic yes
Franco-Magalhaes et al., 2014 (Group M)
TF-118 -45.1800 -22.5900 52.0 6.0 Neoproterozoic yes
TF-612 -45.6000 -22.8800 61.0 7.0 Neoproterozoic yes
TF-746 -45.7800 -22.8600 51.0 5.0 Neoproterozoic yes
TF-748 -45.8800 -23.3100 81.0 8.0 Neoproterozoic yes
TF-176 -45.3500 -23.7400 50.0 3.0 Neoproterozoic yes
TF-498 -44.8500 -22.8300 33.0 11.0 Neoproterozoic yes
TF-729 -45.8700 -23.4700 62.0 4.0 Neoproterozoic yes
TF-1133 -45.5900 -23.5500 70.0 5.0 Neoproterozoic yes
TF-122 -44.9400 -23.1200 52.0 5.0 Neoproterozoic yes
TF-125 -44.8400 -23.2000 42.0 4.0 Neoproterozoic yes
TF-661 -45.7400 -23.5700 49.0 23.0 Neoproterozoic yes
Cogné et al., 2012 (Group M)
Brl -45.7700 -22.7900 97.5 5.9 Neoproterozoic yes
Br2 -45.4600 -22.6600 108.5 2.9 Neoproterozoic yes
Br3 -45.4300 -22.6700 102.7 3.7 Neoproterozoic yes
Br5 -45.4000 -22.7100 83.7 6.3 Neoproterozoic yes
Br6 -45.4400 -23.2000 107.1 4.1 Neoproterozoic yes
Br7 -45.3600 -23.2000 92.3 3.3 Neoproterozoic yes
Br8 -45.2900 -23.3100 96.9 4.1 Neoproterozoic yes
Br9 -45.1900 -23.4000 102.7 3.3 Neoproterozoic yes
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Br 10 -45.0300 -23.4100 86.2 3.5 Neoproterozoic yes
Br11l -44.7800 -23.3700 81.0 2.8 Neoproterozoic yes
Br12 -44.7100 -23.2300 89.7 2.8 Neoproterozoic yes
Br 13 -45.2500 -23.1400 99.7 4.2 Neoproterozoic yes
Br 15 -45.1500 -23.0000 82.6 3.7 Neoproterozoic yes
Br17 -44.8700 -23.1600 100.2 4.5 Neoproterozoic yes
Br 18 -44.9500 -23.1200 101.1 4.3 Neoproterozoic yes
Br 19 -45.0300 -23.0300 112.8 3.6 Neoproterozoic yes
Br 21 -45.2600 -22.8500 104.4 6.9 Neoproterozoic yes
Br 22 -44.9200 -22.5400 80.5 4.5 Neoproterozoic yes
Br 23 -44.9000 -22.5600 79.5 4.5 Neoproterozoic yes
Br 24 -44.0800 -22.5100 121.1 6.8 Neoproterozoic yes
Br 25 -44.6000 -22.4900 84.0 5.2 Neoproterozoic yes
Br27 -45.1600 -22.5900 73.8 4.0 Neoproterozoic yes
Br 28 -45.2100 -22.5200 105.1 3.7 Neoproterozoic yes
Br 29 -45.1700 -22.5500 79.2 2.9 Neoproterozoic yes
Br 31 -45.2900 -22.4500 129.3 4.3 Neoproterozoic yes
Br32 -45.3500 -22.4300 110.1 4.6 Neoproterozoic yes
Br 33 -45.4300 -22.3100 98.1 5.4 Neoproterozoic yes
Br34 -45.3600 -22.2600 109.5 4.6 Neoproterozoic yes
Br 35 -45.2500 -22.0700 115.1 4.3 Neoproterozoic yes
Br 38 -44.8900 -22.1900 90.2 4.5 Neoproterozoic yes
Br 40 -44.7400 -22.2800 71.7 4.6 Neoproterozoic yes
Br 41l -44.7600 -22.3400 67.4 2.6 Neoproterozoic yes
Br 42 -44.7600 -22.3800 91.9 7.6 Neoproterozoic yes
Br43 -44.7500 -22.4000 94.1 7.5 Neoproterozoic yes
Br 46 -44.7500 -22.4300 60.7 1.9 Neoproterozoic yes
Hackspacher et al., 2007 (Group M)
TF-93 -45.8200 -22.2000 115.0 13.0 Neoproterozoic yes
TF-95 -46.5200 -22.1600 107.0 13.0 Neoproterozoic yes
TF-96 -45.8700 -22.2000 110.0 12.0 Neoproterozoic yes
TF-136 -46.6400 -21.5500 143.0 24.0 Neoproterozoic yes
TF-311 -46.5800 -21.7600 76.0 10.0 Neoproterozoic yes
TF-366 -45.8500 -22.5400 185.0 16.0 Neoproterozoic yes
TF-377 -45.9100 -21.9600 89.0 6.0 Neoproterozoic yes
TF-381 -46.9600 -21.3800 115.0 20.0 Neoproterozoic yes
TF-485 -45.1200 -21.9100 139.0 17.0 Neoproterozoic yes
TF-488 -45.0300 -22.1300 124.0 7.0 Neoproterozoic yes
TF-493b -44.7600 -22.4300 66.0 8.0 Neoproterozoic yes
TF-502 -46.6100 -21.7600 63.0 9.0 Neoproterozoic yes
TF-503 -46.7000 -21.6500 71.0 8.0 Neoproterozoic yes
TF-505 -46.3900 -21.8800 52.0 7.0 Neoproterozoic yes
TF506 -46.3800 -21.9500 74.0 7.0 Neoproterozoic yes
TF-507 -46.3900 -21.9300 74.0 8.0 Neoproterozoic yes
TF-509 -46.3700 -21.8600 65.0 6.0 Neoproterozoic yes
TF-511 -46.7000 -21.2400 334.0 42.0 Neoproterozoic yes
TF-556 -46.8900 -21.8200 194.0 22.0 Neoproterozoic yes
TF-559 -46.3500 -21.7100 180.0 21.0 Neoproterozoic yes
TF-560 -46.0700 -21.6300 180.0 20.0 Neoproterozoic yes
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Hackspacher et al., 2004
TF-101 -48.6400 -23.1400 355.0 64.0 Neoproterozoic yes
TF-99 -48.5300 -23.2200 77.0 9.0 Neoproterozoic yes
TF-100 -48.6500 -23.3300 100.0 12.0 Neoproterozoic yes
TF-96 -48.1600 -22.5000 62.0 7.0 Neoproterozoic yes
TF-95 -48.1800 -22.7300 79.0 9.0 Neoproterozoic yes
TF-94 -48.0200 -22.6700 88.0 7.0 Neoproterozoic yes
TF-108 -48.0000 -22.8300 45.0 5.0 Neoproterozoic yes
TF-92 -48.2000 -23.0400 49.0 6.0 Neoproterozoic yes
TF-107 -48.2600 -23.1400 43.0 4.0 Neoproterozoic yes
TF-120 -47.8700 -23.1200 68.0 4.0 Neoproterozoic yes
TF-5 -47.6500 -23.0500 42.0 9.0 Neoproterozoic yes
TF-128 -47.6200 -23.1400 31.0 5.0 Neoproterozoic yes
TF-121 -47.8800 -23.2800 76.0 4.0 Neoproterozoic yes
TF-123 -47.9000 -23.4100 61.0 2.0 Neoproterozoic yes
TF-173 -47.7900 -23.5600 58.0 4.0 Neoproterozoic yes
TF-42 -47.7700 -23.6300 39.0 9.0 Neoproterozoic yes
Tello Saenz et al., 2003 (Group M)
TF-4 -45.7361 -22.7859 67.2 9.4 Lower Cretaceous yes
TF-11 -46.3846 -23.1674 159.0 254 Cambrian yes
TF-12 -46.2351 -23.1675 58.9 7.7 Cambrian yes
TF-20 -45.0691 -23.4359 9.9 1.3 Cambrian yes
TF-1 -45.6684 -22.3851 107.0 12.8 Neoproterozoic yes
TF-9 -46.3174 -22.9692 115.0 17.3 Neoproterozoic yes
TF-10 -46.4675 -23.1177 126.0 16.4 Neoproterozoic yes
TF-5 -45.7520 -22.8174 55.1 7.2 Neoproterozoic yes
TF-13 -46.0854 -23.2504 68.5 11.0 Neoproterozoic yes
TF-17 -45.4334 -23.2004 108.9 18.5 Neoproterozoic yes
TF-22 -45.4835 -23.5668 78.7 11.0 Neoproterozoic yes
TF-29 -46.4850 -23.8845 88.2 14.1 Neoproterozoic yes
TF-30 -46.4187 -23.9002 71.0 114 Neoproterozoic yes
TF-21 -45.4190 -23.6169 57.4 2.3 Neoproterozoic yes
Gallagher et al., 1994, 1995 (Group M)
32a-BRA808 -47.6700 -22.2700 117.3 9.0 Lower Cretaceous yes
32b-BRA810 -47.6700 -22.2700 120.5 10.0 Lower Cretaceous yes
30-BRA804 -48.4000 -22.8400 96.6 8.0 Lower Cretaceous yes
26-BRA442 -50.5900 -23.8800 118.9 5.0 Lower Cretaceous yes
27-BRA443 -50.7800 -23.7300 154.4 15.0 Lower Cretaceous no
28-BRA447 -50.0200 -23.8700 131.5 6.0 Lower Cretaceous yes
7-BRA413 -49.4900 -28.3800 150.3 16.0 Lower Cretaceous no
8-BRA414 -49.49500 -28.3800 157.0 14.0 Lower Cretaceous no
9-BRA415 -49.5100 -28.3800 141.2 13.0 Lower Cretaceous yes
10a-BRA417 -49.5400 -28.3900 88.6 5.0 Lower Cretaceous yes
10b-BRA417 -49.5400 -28.3900 95.4 4.0 Lower Cretaceous yes
10c-BRA878 -49.5400 -28.3900 92.3 7.0 Lower Cretaceous yes
10d-BRA879 -49.5400 -28.3900 81.0 6.0 Lower Cretaceous yes
10e-BRA880 -49.5400 -28.3900 74.8 4.0 Lower Cretaceous yes
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10f-BRA881 -49.5400 -28.3900 88.0 7.0 Lower Cretaceous yes
11-BRA419 -49.4800 -28.1200 123.7 6.0 Lower Cretaceous yes
12-LFT5/24 -49.4800 -28.1200 132.3 5.0 Lower Cretaceous yes
13-BRA885 -49.4500 -28.1000 95.7 6.0 Lower Cretaceous yes
14-BRA420 -49.4400 -28.0900 99.4 8.0 Lower Cretaceous yes
15-BRA424 -49.4000 -28.0800 90.1 10.0 Lower Cretaceous yes
1-BRAB66 -51.1700 -29.2000 139.8 10.0 Lower Cretaceous yes
2a-BRA872 -49.6900 -29.3400 123.7 7.0 Lower Cretaceous yes
2b-BRA874 -49.6900 -29.3400 121.2 27.0 Lower Cretaceous yes
2c-BRA875 -49.6900 -29.3400 101.0 10.0 Lower Cretaceous yes
3-BRA405 -49.0300 -28.3800 52.2 5.0 Neoproterozoic yes
4-BRA406 -49.2000 -28.3400 64.7 6.0 Neoproterozoic yes
5-BRA408 -49.3300 -28.3600 67.5 3.0 Neoproterozoic yes
6-BRA410 -49.3800 -28.3900 82.3 4.0 Neoproterozoic yes
16-BRA429 -49.2700 -28.1400 60.7 4.0 Neoproterozoic yes
17-BRA430 -49.2300 -28.1900 77.0 8.0 Neoproterozoic yes
18-BRA431 -48.5500 -25.8000 65.1 4.0 Neoproterozoic yes
19-BRA432 -48.5300 -25.7600 87.0 4.0 Neoproterozoic yes
20-BRA433 -48.9600 -25.5800 82.7 7.0 Neoproterozoic yes
21-BRA434 -48.9400 -25.5800 86.8 4.0 Neoproterozoic yes
22-BRA435 -48.9200 -25.5700 81.1 7.0 Neoproterozoic yes
23-BRA438 -50.1200 -25.0200 112.7 10.0 Neoproterozoic yes
24-BRA440 -49.9500 -24.6500 141.7 43.0 Neoproterozoic yes
25-BRA441 -49.9200 -24.6000 144.6 5.0 Neoproterozoic yes
29-BRA802 -48.5200 -23.0800 135.8 7.0 Neoproterozoic yes
31-BRA805 -48.2700 -22.6100 151.2 39.0 Neoproterozoic yes
33-BRA813 -47.9300 -22.2500 180.2 32.0 Neoproterozoic yes
34-BRA794 -46.7000 -22.9400 224.9 11.0 Neoproterozoic yes
35-BRA796 -46.5300 -23.0600 243.4 19.0 Neoproterozoic yes
36-BRA797 -46.5800 -23.3000 189.0 14.0 Neoproterozoic yes
37-BRA798 -46.5900 -23.3300 179.6 11.0 Neoproterozoic yes
38-BRA799 -46.8200 -23.4700 139.4 8.0 Neoproterozoic yes
39-BRA800 -47.2700 -23.3400 261.2 37.0 Neoproterozoic yes
40-BRA824 -46.8600 -21.4000 330.3 22.0 Neoproterozoic yes
41-BRA827 -46.4300 -21.5500 284.9 10.0 Neoproterozoic yes
42a3-BRA829 -46.3800 -21.8100 80.1 5.0 Neoproterozoic yes
42b-BRA831 -46.4400 -21.8200 81.0 6.0 Neoproterozoic yes
42c-BRA832 -46.4400 -21.8200 81.0 3.0 Neoproterozoic yes
43-BRA834 -46.4500 -21.9600 71.1 5.0 Neoproterozoic yes
44-BRA836 -46.2100 -22.0800 261.0 14.0 Neoproterozoic yes
45-BRA837 -46.1100 -22.1500 2519 9.0 Neoproterozoic yes
46-BRA838 -45.9000 -22.2100 225.2 12.0 Neoproterozoic yes
47-BRA839 -45.7100 -22.2800 116.3 13.0 Neoproterozoic yes
48-BRA841 -45.5700 -22.4000 132.6 6.0 Neoproterozoic yes
49-BRA843 -45.5100 -22.4300 109.4 5.0 Neoproterozoic yes
50-BRA849 -44.4500 -22.4600 125.4 12.0 Neoproterozoic yes
51-BRA850 -44.2200 -22.6200 67.2 3.0 Neoproterozoic yes
52-BRA853 -44.4600 -22.8900 78.3 3.0 Neoproterozoic yes
53-BRA854 -44.5400 -23.0500 64.5 3.0 Neoproterozoic yes
54-BRA855 -44.5600 -23.1100 66.2 4.0 Neoproterozoic yes
55-BRA858 -44.8200 -23.3500 91.6 4.0 Neoproterozoic yes
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56-BRA859 -45.0500 -23.3200 81.4 14.0 Neoproterozoic yes
57-BRA860 -45.3200 -23.6000 86.1 6.0 Neoproterozoic yes
58-BRA861 -45.6300 -23.4400 99.1 3.0 Neoproterozoic yes
Krob et al., 2019; Karl et al., 2013 (Group N)
BR0O9S-16 -51.5785 -25.8585 93.2 8.1 Lower Cretaceous yes
BR0O9S-17 -51.5216 -26.2010 47.7 11.0 Lower Cretaceous yes
BR09-42 -49.5271 -28.3942 59.5 5.2 Lower Cretaceous yes
BR09-24 -50.0671 -25.8682 125.8 9.6 Upper Paleozoic yes
BR09-26 -49.7460 -25.7702 118.9 7.8 Upper Paleozoic yes
BR0O9-35 -50.1931 -27.8665 79.7 10.9 Upper Paleozoic yes
BR0O9-45 -49.3064 -28.3606 76.4 5.9 Neoproterozoic yes
BR0O9-46 -49.1147 -28.2948 69.8 5.6 Neoproterozoic yes
BR0O9S-50 -49.1786 -28.6973 76.2 6.6 Neoproterozoic yes
BR09-51 -49.0518 -28.5804 76.7 6.1 Neoproterozoic yes
BR09-52 -48.9681 -28.4465 73.4 5.6 Neoproterozoic yes
BR09-53 -48.8582 -28.4255 70.7 4.6 Neoproterozoic yes
BR0O9S-27 -49.5269 -25.6835 120.6 89 Neoproterozoic yes
BR0O9-28 -49.3589 -25.9597 101.9 11.9 Neoproterozoic yes
BR10-01 -47.0662 -23.9370 130.7 8.8 Neoproterozoic yes
BR10-02 -47.1978 -24.0474 80.6 6.6 Neoproterozoic yes
BR10-03 -47.3711 -24.2096 69.5 6.5 Neoproterozoic yes
BR10-04 -47.4540 -24.2876 89.6 6.5 Neoproterozoic yes
BR10-05 -47.6556 -24.3515 88.0 6.3 Neoproterozoic yes
BR10-07 -48.1073 -24.7562 73.0 8.4 Neoproterozoic yes
BR10-09 -48.2161 -24.8544 69.0 8.4 Neoproterozoic yes
BR10-10 -48.4060 -24.9698 102.9 9.8 Neoproterozoic yes
BR10-11 -48.5082 -24.9946 67.8 7.1 Neoproterozoic yes
BR10-12 -48.7288 -25.1007 85.0 6.8 Neoproterozoic yes
BR10-15 -49.1415 -25.6705 70.9 7.4 Neoproterozoic yes
BR10-16A -49.0848 -25.8460 93.5 8.7 Neoproterozoic yes
BR10-17A -48.9553 -25.8549 78.0 5.4 Neoproterozoic yes
BR10-20 -48.9337 -26.2360 98.5 6.9 Neoproterozoic yes
BR10-21 -48.9730 -26.4649 106.3 10.0 Neoproterozoic yes
BR10-22 -49.0170 -26.6089 104.4 8.4 Neoproterozoic yes
BR10-23A -49.1993 -26.8908 110.5 7.1 Neoproterozoic yes
BR10-23B -49.1993 -26.8908 102.9 7.0 Neoproterozoic yes
BR10-24 -49.0692 -26.7461 105.5 6.3 Neoproterozoic yes
BR10-25 -49.0139 -26.8741 104.5 7.5 Neoproterozoic yes
BR10-26 -48.8907 -27.0072 125.8 89 Neoproterozoic yes
BR10-27 -48.9212 -27.2457 85.2 53 Neoproterozoic yes
BR10-32 -48.6610 -27.9311 78.0 5.8 Neoproterozoic yes
BR10-34 -48.7020 -28.2517 68.4 5.2 Neoproterozoic yes
Franco Magalhaes et al., 2010 (Group N)
TF-619 -49.5167 -24.4333 53.5 1.4 Neoproterozoic yes
TF-1007 -48.9667 -24.5500 66.2 1.3 Neoproterozoic yes
TF-934 -49.0333 -24.7833 16.4 1.0 Neoproterozoic yes
TF-621 -49.6167 -24.3333 21.1 1.4 Neoproterozoic yes
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TF-785 -49.8667 -24.4500 13.9 1.4 Neoproterozoic yes
TF-1073 -49.8833 -24.8333 33.2 0.6 Neoproterozoic yes
TF-1072 -49.7167 -25.0167 48.7 0.5 Neoproterozoic yes
TF-1070 -49.6667 -25.1333 46.8 4.0 Neoproterozoic yes
TF-1069 -49.6167 -25.1833 52.3 3.0 Neoproterozoic yes
TF-1068 -49.6333 -25.2000 47.5 2.7 Neoproterozoic yes
TF1065 -49.7167 -25.0167 49.2 3.9 Neoproterozoic yes
TF-1061 -49.4333 -25.4167 49.8 2.4 Neoproterozoic yes
TF-929 -49.6167 -25.4500 21.5 1.0 Neoproterozoic yes
TF-619 -49.5167 -24.4333 53.5 1.4 Neoproterozoic yes
TF-1007 -48.9667 -24.5500 66.2 1.3 Neoproterozoic yes
TF-934 -49.0333 -24.7833 16.4 1.0 Neoproterozoic yes
TF-621 -49.6167 -24.3333 21.1 1.4 Neoproterozoic yes
TF-785 -49.8667 -24.4500 139 1.4 Neoproterozoic yes
TF-1073 -49.8833 -24.8333 33.2 0.6 Neoproterozoic yes
TF-1072 -49.7167 -25.0167 48.7 0.5 Neoproterozoic yes
TF-1070 -49.6667 -25.1333 46.8 4.0 Neoproterozoic yes
TF-1069 -49.6167 -25.1833 52.3 3.0 Neoproterozoic yes
TF-1068 -49.6333 -25.2000 47.5 2.7 Neoproterozoic yes
TF1065 -49.7167 -25.0167 49.2 3.9 Neoproterozoic yes
TF-1061 -49.4333 -25.4167 49.8 2.4 Neoproterozoic yes
TF-929 -49.6167 -25.4500 21.5 1.0 Neoproterozoic yes
Engelmann de Oliveira et al., 2016 (Group O)
TFRS-05 -54.4400 -31.1000 298.0 26.0 Neoproterozoic yes
TFRS-06 -54.0600 -31.2900 340.0 33.0 Neoproterozoic yes
TFRS-12 -53.4600 -30.5000 234.0 14.0 Neoproterozoic yes
PRD-02 -53.4600 -30.5100 161.0 16.0 Neoproterozoic yes
PJV-07 -51.9200 -30.5100 77.3 5.8 Neoproterozoic yes
PJV-11 -51.0200 -30.0700 95.4 4.5 Neoproterozoic yes
PJV-14 -51.6000 -30.3100 91.0 16.0 Neoproterozoic yes
TFRS-07 -53.3900 -31.5700 110.4 8.0 Neoproterozoic yes
PRD-04 -52.8300 -31.1500 197.0 14.0 Neoproterozoic yes
PRD-05 -52.7700 -31.0800 138.0 14.0 Neoproterozoic yes
PIV-17 -52.6500 -31.4100 160.8 8.6 Neoproterozoic yes
PRD-10 -52.6800 -30.5700 241.0 19.0 Neoproterozoic yes
PRD-12 -52.4500 -30.5600 243.0 28.0 Neoproterozoic yes
TFRS-08 -52.8900 -31.7200 175.2 8.4 Neoproterozoic yes
PJV-02 -52.1700 -30.8200 183.0 15.0 Neoproterozoic yes
PJV-03b -53.1900 -30.8000 203.0 11.0 Neoproterozoic yes
PJV-03c -52.1100 -30.8200 250.0 20.0 Neoproterozoic yes
PJV-04 -52.1100 -30.7900 240.0 17.0 Neoproterozoic yes
PJV-05 -52.1100 -30.7500 252.0 22.0 Neoproterozoic yes
PJV-06 -51.9900 -30.5500 219.0 9.9 Neoproterozoic yes
PRD-18 -51.9800 -30.7800 298.0 25.0 Neoproterozoic yes
PRD-19 -51.9400 -30.8700 334.0 44.0 Neoproterozoic yes
TFRS-11 -53.1900 -30.8000 176.4 9.4 Neoproterozoic yes
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Bicca et al., 2013 (Group O)
MA-MS-110 -53.4200 -30.9000 311.0 24.2 Lower Paleozoic yes
MA-UC-89 -53.4400 -30.9100 274.0 15.7 Lower Paleozoic yes
MA-Ryt-54 -53.4100 -30.9000 133.0 8.3 Lower Paleozoic yes
MA-LC-109 -53.4200 -30.9000 362.0 34.9 Lower Paleozoic yes
MA-US-44 -53.4200 -30.8900 355.0 30.5 Lower Paleozoic yes
MA-LS-106 -53.4200 -30.9000 361.0 31.0 Lower Paleozoic yes
Borba et al., 2002, 2003 (Group O)
NR -53.4078 -30.5675 250.2 12.0 Neoproterozoic yes
GS-1 -53.5139 -30.6169 247.5 13.2 Neoproterozoic yes
GS-3 -53.4647 -30.5547 245.5 12.3 Neoproterozoic yes
GN-1 -53.4900 -30.4511 274.8 14.1 Neoproterozoic yes
GN-2 -53.4475 -30.4997 193.5 139 Neoproterozoic yes
GN-3 -53.4192 -30.4314 73.7 4.5 Neoproterozoic yes
EN-26 -53.7700 -30.7300 290.0 14.6 Neoproterozoic yes
EN-27 -53.8000 -30.7400 278.0 14.8 Neoproterozoic yes
EN-193 -53.8200 -30.7600 287.0 13.3 Neoproterozoic yes
EN-216 -53.8500 -30.7600 280.0 13.3 Neoproterozoic yes
Uruguay
Uruguay, unpublished (Group P)
U14-01 -55.5892 -33.9263 388.4 -22.5 Precambrian yes
U14-02 -55.4910 -33.8376 314.4 -24.5 Proterozoic yes
U14-03 -55.4025 -33.6796 282.6 -19.6 Precambrian yes
U14-05 -55.1800 -33.4904 328.0 -19.1 Precambrian yes
U14-06 -55.0822 -33.5267 324.7 -23.2 Precambrian yes
U14-07 -54.9367 -33.5345 445.7 -26.7 Archean yes
U14-08 -54.4620 -32.9994 223.9 -25.7 Cambrian yes
ul14-12 -54.1246 -32.5126 298.3 -24.5 Precambrian yes
Ul14-13 -54.2959 -32.9279 293.3 -27.1 Precambrian yes
Ul4-14 -54.7896 -33.9513 182.6 -18.9 Precambrian yes
U14-15 -54.6449 -34.3056 288.5 -35.7 Precambrian yes
Ul14-16 -54.1526 -34.6684 206.5 -13.8 Precambrian yes
U14-17 -54.1216 -34.5920 202.0 -12.0 Precambrian yes
U14-19 -54.2053 -34.5455 189.0 -18.1 Precambrian yes
U14-20 -54.2297 -34.5714 220.0 -25.4 Precambrian yes
Kollenz, 2015 (Group P)
Ub -56.9881 -34.0422 325.7 24.8 Precambrian yes
U 10 -56.2378 -33.9582 200.2 19.3 Precambrian yes
U1l -56.2030 -34.1001 298.3 22.4 Precambrian yes
u37 -54.2346 -32.8060 238.8 20.3 Precambrian yes
U 42 -54.9521 -34.9735 219.1 253 Precambrian yes
U 43 -56.1689 -34.9206 245.0 24.3 Precambrian yes
U 47 -56.1586 -34.9314 227.3 43.1 Precambrian yes
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Reference/ Age 1c-error ! AFT ag'e
S, -no. Lon. Lat. [Ma] [Mal Formation age < formation
age
Argentinia
Kollenz et al., 2016; Kollenz, 2015 (Group Q)
ARG 04 -60.0656 -38.0555 157.8 10.7 Upper Paleozoic yes
ARG 05 -62.7102 -38.1322 2335 17.0 Upper Paleozoic yes
ARG 09 -61.8708 -38.0660 190.9 14.8 Upper Paleozoic yes
ARG 12 -61.7296 -38.1226 141.9 10.7 Upper Paleozoic yes
ARG 15 -61.4844 -38.2105 169.8 131 Upper Paleozoic yes
ARG 16 -61.8674 -38.0048 156.0 11.7 Upper Paleozoic yes
ARG 17 -61.8598 -37.8869 1614 12.3 Upper Paleozoic yes
ARG 01 -59.9489 -37.0709 129.2 9.3 Precambrian yes
ARG 02 -59.4150 -37.5941 186.7 14.5 Precambrian yes
ARG 08 -62.1718 -37.9396 242.7 17.1 Precambrian yes
ARG 12-01 -59.0655 -37.3371 138.0 15.3 Proterozoic yes
ARG 12-02 -58.9981 -37.3882 104.8 7.5 Proterozoic yes
ARG 12-03 -58.9682 -37.4178 124.5 11.8 Proterozoic yes
ARG 12-04 -58.9576 -37.3447 157.1 13.7 Proterozoic yes
ARG 12-05 -58.9346 -37.3490 189.1 13.7 Proterozoic yes
ARG 12-06 -59.1028 -37.3783 108.1 10.1 Proterozoic yes
ARG 12-07 -59.1128 -37.3977 162.0 135 Proterozoic yes
ARG 12-08 -59.9724 -37.2960 101.6 9.4 Proterozoic yes
ARG 12-09 -59.9508 -37.1821 104.0 7.1 Proterozoic yes
ARG 12-10 -60.0581 -37.0821 140.8 9.4 Proterozoic yes
ARG 12-11 -59.7569 -37.0619 116.7 11.5 Proterozoic yes
ARG 12-12 -59.2339 -37.2957 116.1 8.4 Proterozoic yes
ARG 12-13 -59.1917 -37.4263 228.9 22.3 Proterozoic yes
ARG 12-14 -59.4593 -37.4444 135.0 9.3 Proterozoic yes
ARG 12-16 -58.9238 -37.4601 138.1 9.8 Proterozoic yes
ARG 12-17 -58.6217 -37.6272 164.9 32.5 Proterozoic yes
ARG 12-18 -58.6217 -37.7538 141.3 9.9 Proterozoic yes
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C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Time - Temperature Evolution (Kaoko Belt, Damarra Group)
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No. Time [Ma] Temperature [°C] Event
1 325-305 20-5 Onset of Parand Basin sedimentation
2 200-190 65-35 Possible ilnitial plume rise and surface uplift based on stratigraphic records
3 160 - 155 35-20 Possible climax and collapse of plume head based on renewed sedimentation
4 140-125 150-50 Twyfelfontein Sedimentation, Parana-Etendeka flood basalts (Tafelberg Fm)
Time - Temperature Evolution (Damarra Belt, Damarra Group, Waterberg Basin)
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600 500 400 300 200 100 0
Time [Ma]
No. Time [Ma] Temperature [°C] Event
1 325-305 20-5 Onset of sedimentation
2 200 - 190 70-40 Possible Initial plume rise and surface uplift based on stratigraphic records
3 160 - 155 40-20 Possible climax and collapse of plume head based on renewed sedimentation
4 140 - 125 150-25 Deposition of Parana-Etendeka flood basalts (Etjo Formation, Rooiwal Fm)

Figure C 1: The geological evolution model (GEM) for the samples of the Namibian Damara Group located in the
Kaoko Belt (upper) and Damara Belt (lower).
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Time - Temperature Evolution (Peruibe, llha Comprida and Curitiba Blocks)
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1 460 - 420 20-5 Onset of Parana Basin sedimentation
2 420 - 360 50-20 0Ongoing Parana Basin sedimentation
3 200-190 225-130 Possible initial plume rise and surface uplift based on stratigraphic records
4 160- 155 195 - 100 Possible climax and collapse of plume head based on renewed sedimentation
5 140-125 270-145 Botucatu Sedimentation, Parand-Etendeka flood basalts (Serra Geral Gr)
6 66 - 50 30-20 Onset of Taubaté Basin sedimentation, onshore graben system activity
7 24-0 40-20 Final surface uplift
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i 485 - 465 20-5 Onset of Parand Basin sedimentation
2 420-360 65-35 Ongoing Parana Basin sedimentation
3 200-190 235-140 Initial plume rise and surface uplift based on stratigraphic records
4 160- 155 195-110 Possible climax and collapse of plume head based on renewed sedimentation
5 140-125 270-155 Botucatu Sedimentation, Parané-Etendeka flood basalts (Serra Geral Gr)
6 66-50 30-20 Onset of Taubaté Basin sedimentation, onshore graben system activity
7 24-0 40-20 Final surface uplift

Figure C 2: The geological evolution model (GEM) for samples of the Brazilian Neoproterozoic basement for the
northern Peruibe, Ilha Comprida and Curitiba blocks (upper) and the sample BR09-01 in the Ponta Grossa Arc area
(lower).
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C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Time - Temperature Evolution (Santos and Florianopolis Blocks)
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No. Time [Ma] Temperature [°C] Event
1 325-305 20-5 Onset of Parana Basin sedimentation
2 200- 190 195-100 Possible initial plume rise and surface uplift based on stratrigraphic records
3 160 - 155 165-70 Possible climax and collapse of plume head based on renewed sedimentation
4 140-125 240-115 Botucatu Sedimentation, Parana-Etendeka flood basalts (Serra Geral Gr)
5 66 - 50 30-20 Onset of Taubaté Basin sedimentation, onshore graben system activity
6 24-0 40 -20 Final surface uplift
Time - Temperature Evolution (Laguna Block)
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1 325-305 20-5 Onset of Parana Basin sedimentation
2 200-190 195 - 100 Possible initial plume rise and surface uplift based on stratigraphic records
3 160 - 155 165- 70 Possible climax and collapse of plume head based on renewed sedimentation
4 140-125 240-115 Botucatu Sedimentation, Parana-Etendeka floed basalts (Serra Geral Gr)
5 24-0 40 - 20 Final surface uplift

Figure C 3: The geological evolution model (GEM) for samples of the Brazilian Neoproterozoic basement for the
northern Santos and central Florianopolis (upper), and the southern Laguna blocks (lower).
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BR 10-01(Santos Block)
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Figure C 4. 1: A) BR10-01, B) BR10-04, C) BR10-05. Time (t)-Temperature (T)-evolution paths with corresponding
corrected confined spontaneous fission-track length-distribution (Lc) using the numerical software code HeFty®
(Richard A. Ketcham). For every sample a standard amount of 50 000 paths were modeled. A: Accepted paths
(green); G: Good paths (yellow); D: Dated age (with error); M: Modeled age; G.O.F.: Goodness of fit; Ng: Number of
grains counted; Nt: Number of confined spontaneous fission-track lengths measured. The thin black path shows the
“best-fit-path”, the thick blue path the “weighted-mean-path”.
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Figure C 4. 2: A) BR10-07, B) BR10-08, C) BR10-09, D) BR10-11. For further information, please see Figure C 4. 1.
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Figure C 4. 3: A) BR09-01, B) BR10-12, C) BR10-15. For further information, please see Figure C 4. 1.
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BR 10-20 (Florianopolis Block)
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Figure C 4. 4: A) BR10-20, B) BR10-21, C) BR10-22. For further information, please see Figure C 4. 1.
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BR 10-23 (Florianopolis Block)
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Figure C 4. 5: A) BR10-23, B) BR10-24, C) BR10-25, D) BR10-26. For further information, please see Figure C 4. 1.
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Figure C4. 6: A) BR10-27, B) BR10-29. For further information, please see Figure C4. 1.
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Figure C 4. 7: A) BR09-45, B) BR09-46, C) BR0O9-47, D) BRO9-50. For further information, please see Figure C 4. 1.
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Figure C 4. 8: A) BR09-51, B) BR09-52, C) BR09-53, D) BR10-32. For further information, please see Figure C 4. 1.
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