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A B S T R A C T   

A total of 4344 magmatic U-Pb ages in the range 2300 to 800 Ma have been compiled from the Great Proterozoic 
Accretionary Orogen along the margin of the Columbia / Nuna supercontinent and from the subsequent Gren
villian collisional orogens forming the core of Rodinia. The age data are derived from Laurentia (North America 
and Greenland, n = 1212), Baltica (NE Europe, n = 1922), Amazonia (central South America, n = 625), Kalahari 
(southern Africa and Dronning Maud Land in East Antarctica, n = 386), and western Australia (n = 199). 
Laurentia, Baltica, and Amazonia (and possibly other cratons) most likely formed a ca. 10 000-km-long external 
active continental margin of Columbia from its assembly at ca. 1800 Ma until its dispersal at ca. 1260 Ma, after 
which all cratons studied were involved in the Rodinia-forming Grenvillian orogeny. However, the magmatic 
record is not smooth and even but highly irregular, with marked peaks and troughs, both for individual cratons 
and the combined data set. 

Magmatic peaks typically range in duration from a few tens of million years up to around hundred million 
years, with intervening troughs of comparable length. Some magmatic peaks are observed on multiple cratons, 
either by coincidence or because of paleogeographic proximity and common tectonic setting, while others are 
not. The best overall correlation, 0.617, is observed between Baltica and Amazonia, consistent with (but not 
definitive proof of) their being close neighbours in a SAMBA-like configuration at least in Columbia, and perhaps 
having shared the same peri-Columbian subduction system for a considerable time. Correlation factors between 
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Laurentia and Baltica, or Laurentia and Amazonia, are below 0.14. Comparison between the Grenville Province 
in northeastern Laurentia and the Sveconorwegian Province in southwestern Fennoscandia (Baltica) shows some 
striking similarities, especially in the Mesoproterozoic, but also exhibits differences in the timing of events, 
especially during the final Grenville-Sveconorwegian collision, when the Sveconorwegian evolution seems to lag 
behind by some tens of million years. Between the other cratons, the evolution before and during the final 
Grenvillian collision is also largely diachronous. After 900 Ma, magmatic activity had ceased in all areas 
investigated, attesting to the position of most of them within the stable interior of Rodinia.   

1. Introduction 

During the past decades, it has become increasingly clear that several 
earlier supercontinents existed prior to the Phanerozoic supercontinent 
Pangea, first proposed by Wegener (1912, 1915). Leaving aside the 
question of the existence of any late Archean supercontinent or super
craton (e.g. Bleeker, 2003; Liu et al., 2021), it is generally accepted that 
there was a late Paleoproterozoic to Mesoproterozoic supercontinent, 
Columbia (also known as Nuna), followed by a Neoproterozoic super
continent, Rodinia (Evans, 2013; Mitchell et al., 2021). Parts of Rodinia 
then amalgamated into the megacontinent Gondwana (C. Wang et al., 
2020), which later merged with the present-day northern continents to 
form the full supercontinent Pangea. 

The external margins of supercontinents are characterized by pro
longed subduction-related magmatism and accretionary orogenies that 
collectively may last for several hundred million years. The existence of 
these supercontinents may also have affected Earth’s climate, mantle 
evolution, and crustal growth patterns (e.g. Pastor-Galán et al., 2019). 

Much of Columbia apparently assembled through a global network of 
accretionary and collisional orogens at 1.9 to 1.8 Ga (e.g. Zhao et al., 

2004, 2011; Wan et al., 2020), which collectively can be referred to as 
“proto-Columbian” orogens. However, parts of Columbia (eastern 
Amazonia, some African cratons, the Volgo-Uralian and Sarmatian parts 
of Baltica) were probably already assembled by 2.0 Ga. Final assembly of 
Columbia may not have taken place until 1.6 Ga, when Australia 
collided with western (in present-day coordinates) Laurentia (e.g. Fur
lanetto et al., 2013, 2016; Pourteau et al., 2018; Nordsvan et al., 2018; 
Kirscher et al. 2019; Gibson and Champion, 2019; Gibson et al., 2020) in 
a “proto-SWEAT” configuration. According to D’Agrella-Filho et al. 
(2016), final Columbia assembly may even have occurred as late as 1.4 
Ga. The assembly of Columbia thus appears to have been similar to the 
assembly of Pangea, with a protracted period of collisions over several 
hundred million years, ending with final assembly through the collision 
of its two halves (cf. C. Wang et al., 2020). 

The exact configuration of Columbia is still debated (cf. Rogers and 
Santosh, 2002; Zhao et al., 2004; Meert and Santosh, 2017; Zhang et al., 
2012; Mertanen and Pesonen, 2012; Pisarevsky et al., 2014; Teixeira 
et al., 2007; Johansson, 2009; Grenholm, 2019; D’Agrella-Filho et al., 
2016; Reis et al., 2013; Terentiev and Santosh, 2020; Mitchell et al., 
2021), but it is usually agreed that a long-lived external active margin 

Fig. 1. a. The Great Proterozoic Accretionary Orogen (GPAO) in a Columbia (Nuna) configuration of Laurentia, Baltica and Amazonia that may have existed from 
around 1800 Ma to 1250 Ma, partly after Johansson (2009). The positions of the Congo-Sao Fransisco craton is highly uncertain. Kalahari is not visible in this view. 
B. Alternative reconstruction by Pisarevsky et al. (2014), with India instead of Amazonia attached to the Sarmatian part of Baltica, and Amazonia and West Africa 
(not seen in this view) forming a separate block that is not part of Columbia. Also Kalahari is separate from Columbia, at least at this stage. 
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extended from present-day southeastern Laurentia (North America) via 
the southern tip of Greenland to Baltica (northeast Europe), referred to 
as the NENA (Northern Europe – North America) connection by Gower 
et al. (1990). A further continuation of this active margin from Baltica to 
Amazonia – the SAMBA (South America – Baltica) connection – was 
proposed by Johansson (2009), and is outlined in Fig. 1A. However, an 
alternative configuration was proposed by Pisarevsky et al. (2014), in 
which India instead of Amazonia is attached to southwest Baltica, while 
Amazonia and West Africa form an independent block west of Baltica 
and Laurentia, not being part of the Columbian supercontinent (Fig. 1B). 

Depending on where along the western Laurentian margin the 
different parts of Australia and Antarctica were attached, the Laurentian 
active margin may (or may not) have extended into southern Australia, 
as proposed by Karlstrom et al. (2001). This huge external accretionary 
belt was referred to as the Great Proterozoic Accretionary Orogen 
(GPAO) by Condie (2013), and would have been part of the subduction 
girdle encircling Columbia. Following the terminology proposed above, 
we could refer to these orogenies and orogens as “syn-Columbian” and 
“peri-Columbian”, respectively, based on their position in time (simul
taneous) and space (peripheral) relative to the Columbia 
supercontinent. 

Break-up of Columbia is often assumed to have taken place around 
1.25 Ga (e.g. Evans and Mitchell, 2011; Pesonen et al., 2012; Kirscher 
et al., 2021), but may also have been a protracted process. Through 
clockwise rotation of Baltica, Amazonia, and West Africa relative to 
Laurentia between 1.25 and 0.95 Ga, these cratons assembled in a new 
configuration that formed the core of Rodinia (e.g. Li et al., 2008; 
Johansson, 2009; Fig. 2). The details of this collision, such as which 
continent collided with which, are still controversial (cf. Karlstrom et al., 

2001; Tohver et al., 2002, 2004; Li et al., 2008; Johansson, 2009; 
Cawood et al., 2010; Lorenz et al., 2012; Gee et al., 2015; Johansson, 
2016; Cawood and Pisarevsky, 2017; Martin et al., 2020), and there are 
also non-collisional accretionary models both for the Sveconorwegian 
orogeny (Slagstad et al., 2013, 2017, 2018, 2020) and the Sunsás 
orogeny (Santos et al., 2008; Evans, 2009). However, in most re
constructions, Baltica and Amazonia form the conjugate margin of 
southeastern Laurentia. Further along the Laurentian margin, other 
parts of present-day South America, such as the Pampean block, would 
have accreted, in turn followed by the Kalahari craton (southern Africa) 
and East Antarctica (cf. Dalziel et al., 2000; Johansson, 2014). Because 
of the aforementioned rotation, the intervening ocean closed and the 
accretionary “syn- and peri-Columbian” GPAO became transformed into 
the collisional “proto-Rodinian” Grenville-Sveconorwegian-Sunsas 
orogenic belt and its further continuation into southern Africa and 
Antarctica. 

The purpose of this paper is to compare magmatic crystallization 
ages, and hence crust-forming or crust-recycling orogenic (and anoro
genic or intraplate) events, during the timespan 2.3 to 0.8 Ga along the 
external “syn- and peri-Columbian” GPAO, including its “proto-Colum
bian” predecessors, and the subsequent collisional “proto-Rodinian” 
Grenville-Sveconorwegian-Sunsás orogen. Although accretionary, and 
subsequent collisional, orogenic activity was going on semi- 
continuously along this belt, over a distance of at least 10 000 km 
(Laurentia-Baltica-Amazonia part) for around 1 billion years (1900 to 
900 Ma), this activity can be subdivided into different magmatic and 
orogenic events occurring at different times along different segments of 
this belt, separated by periods of relative quiescence. Our aim is to 
compare the ages of these events on the different continents and cratons 
involved (primarily Laurentia, Baltica, and Amazonia, but with exten
sions to southern Africa, Antarctica, and Australia), to determine 
whether these events occurred penecontemporaneously and can be 
correlated in more detail from continent to continent, or if subduction, 
arc-continent collisions, intra-plate magmatism, and final con
tinent–continent collision occurred at different times along different 
segments of this orogen. The broad-scale and regional context of this 
compilation by necessity means that some local scale geological events 
will be obscured, particularly when identified on the basis of only 
limited outcrops and/or a restricted number of ages. 

In addition to a better understanding of the Proterozoic geological 
and geotectonic evolution on each of the continents involved, and their 
inter-relationships, this study also aims to shed some light on the much- 
debated issue of whether global peaks in crustal formation ages (as seen 
from U-Pb zircon ages, Nd whole rock, or Hf in zircon model ages) are 
due to pulses of enhanced magmatic activity during periods of super
continent formation, in turn reflecting changes in mantle geodynamics 
(Stein and Hofmann, 1994; Condie, 1998; Wang et al., 2009; Arndt and 
Davaille, 2013; Parman, 2015; Condie et al., 2015, 2017, 2018; Roll
inson, 2017; Walzer and Hendel, 2017; Puetz and Condie, 2020), or if 
these peaks are due to better preservation of newly-formed crust during 
those periods, with actual crustal production being steady-state or 
slowly declining (Hawkesworth et al., 2009, 2010, 2019; Dhuime et al., 
2011; Cawood et al., 2013). 

2. Methods 

U-Pb age determinations on Proterozoic magmatic rocks in the 
timespan 2.3 to 0.8 Ga from the above-mentioned continents have been 
compiled, building on pre-existing compilations and databases. The vast 
majority of ages in this compilation are from felsic to intermediate 
intrusive or extrusive rocks, or their metamorphic equivalents, with only 
a limited number of ages from mafic igneous rocks. 

From Laurentia, relevant areas include the Makkovik, Penokean, 
Mojave, Yavapai, and Matatzal Provinces, the Granite-Rhyolite Province 
of the central US, the Grenville Province (including older rocks con
tained within it), and the Ketilidian Province and Gardar magmatic 

Fig. 2. Rodinia reconstruction at 900 Ma, with the Grenville-Sveconorwegian- 
Sunsas belts and related orogens at the heart of Rodinia, partly after Johansson 
(2009, 2014). The positions of India, S. China and Congo are highly uncertain in 
this reconstruction. 
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rocks of southern Greenland. 
For Baltica, the relevant areas include the Svecofennian (a.k.a. Sve

cokarelian) and Sveconorwegian Provinces and the Transscandinavian 
Igneous Belt of Fennoscandia, and corresponding units within the con
cealed basement of the Baltic countries and northeast Poland, sampled 
through drill holes. From the Sarmatian part of Baltica, rocks occurring 
along its western accretionary margin were included. Younger, intra- 
plate (anorogenic) magmatic rocks occurring in these areas were also 
included, and grouped together with the orogenic province in which 
they occur. 

From Amazonia, magmatic ages of rocks from the Central Amazo
nian, Maroni-Itacaiúnas, Ventuari-Tapajos, Rio Negro-Juruena, Rondo
nian-San Ignacio, and Sunsas Provinces, as well as the small Rio Apa 
Craton, were all included. 

From southern Africa (Kalahari craton), rocks occurring within the 
Grenville-age Namaqua-Natal belt in Namibia and South Africa were 
included, and rocks of corresponding ages in northern Mozambique and 
Malawi, which represent the northwards continuation of the Maud belt 
of East Antarctica. From Antarctica, similar-aged rocks from the adja
cent (in Proterozoic times) Maud belt in Dronning Maud Land were 
included. From western Australia, rocks from the Albany-Fraser Orogen, 
the Eucla Basement (Madura and Coompana Provinces) and Musgrave 
Province, which form a potential prolongation of the GPAO, were 
included. Since the positions of both Australia and Kalahari within 
Columbia is uncertain, our focus was restricted to the Grenville-age 
Rodinia-forming orogens from those cratons. 

Rocks and ages representing internal collisional Proterozoic orogens 
within Columbia, such as the Trans-Hudson orogen of Laurentia or the 
Lapland-Kola belt of Baltica, were excluded, as this contribution is 
focused on activities along the external margin of Columbia. Dolerite 
dyke swarms were also excluded, since they do not represent any sig
nificant crustal growth but rather attempted or successful rifting. 
Furthermore, the dyke-based magmatic record has been the subject of a 
recent large international project involving age dating and “barcode 
matching” of continents (www.supercontinent.org; cf. Ernst et al., 2013; 
Srivastava et al., 2019). However, rocks forming part of the dominantly 
mafic early Paleoproterozoic Karelian magmatism in Baltica have been 
included, since this magmatism is more varied and also contains felsic 
components. 

Terranes of uncertain, potentially exotic origin, were excluded. This 
includes Proterozoic rock units within younger mountain belts, such as 
the Andes, the Appalachians or the Scandinavian Caledonides, unless 
they represent (par)autochthonous basement. 

Some effort has been made to separate magmatic events into sub
duction- or collision-related continental margin magmatism on the one 
hand, and intraplate magmatism such as siliceous large igneous prov
inces (SLIPs) and anorthosite-mangerite-charnockite-granite (AMCG) 
complexes on the other, at least for Baltica and Amazonia. Age data on 
intraplate magmatic rocks have been plotted within the province in 
which these rocks occur, even if they are not related to the orogenic 
development of that province. For example, the classical rapakivi 
granites of Finland and central Sweden have been plotted as part of the 
Svecofennian Province in which they occur, and the Mesoproterozoic A- 
type granites of southeast Sweden and the Danish island of Bornholm are 
included as part of the Transscandinavian Igneous Belt, despite having 
formed 200 to 300 million years later than the surrounding rock units. 

From some of the countries (Canada, Sweden, Norway, Finland, 
Western Australia) geochronological databases had already been 
assembled by their respective geological surveys, which could be used 
after some filtering and editing. In other cases, the data were assembled 
from pre-existing partial compilations or captured directly from the 
published literature. 

Filtering included removal of all ages except U-Pb ages (and a few 
Pb-Pb ages), mostly on zircon, but some baddeleyite, monazite or 
titanite ages were also included. Only ages interpreted as representing 
magmatic crystallization were kept, excluding all metamorphic, 

inherited, detrital, mixed or disturbed data. Furthermore, all ages with a 
reported uncertainty of more than ± 20 million years were excluded, to 
avoid imprecise data that may be erroneous. Nevertheless, there may be 
seemingly precise but still incorrect mixed or reset U-Pb ages, especially 
among older multigrain TIMS analyses, that will escape the filtering. 
Such data may result in some noise and scatter in the diagrams, but 
should not seriously disturb the age patterns presented. Although one 
could have considered using only modern, high-precision TIMS, SIMS or 
LA-ICP-MS data from the last twenty years, omitting all previously 
published age data might have lead to other problems and biases, for 
example by focusing the data on more restricted geographical areas or 
rock types studied in recent years, while excluding earlier more regional 
studies that will give more representative age patterns. 

Consequently, we emphasize that our approach is at best semi- 
quantitative, and may not reflect the real volumes of crust formed at 
different time intervals, for a variety of reasons: 

1. The data only show magmatic rocks (or metamorphosed equiva
lents), and not metasedimentary rocks (although in active conti
nental margin environments, these can largely be assumed to fall 
within the same age intervals as the magmatic rocks, and ultimately 
all clastic sedimentary rocks must have a magmatic source);  

2. The U-Pb ages do not reveal the age of mantle separation, which may 
have occurred several hundred million years earlier;  

3. The U-Pb ages only show the age distribution at the present-day 
accessible land surface (or closely beneath the surface of the Pre
cambrian basement in the case of drill core data), which may not 
necessarily be representative of the underlying volume of continental 
crust;  

4. Well-exposed areas that are easily accessible and have a varied and 
complicated geology will have more data compared to concealed 
basement regions only known from drill cores, geographically 
remote areas, or areas with more homogeneous bedrock. 

5. The number of U-Pb ages from one rock unit is not fully represen
tative of the surface area (or volume) of that unit. Ore-bearing 
metavolcanic units may be over-represented, as well as pegmatites 
and other dyke rocks, while mafic rocks or homogeneous granitoids 
covering large tracts of land may be somewhat under-represented. A 
more sophisticated quantitative approach would be to compute the 
surface area of various local rock units or rock types (if not volume) 
and weight the age data accordingly, but this is beyond the scope of 
the present contribution. 

Nevertheless, samples were weighted on a regional scale, propor
tional to the surface areas of the geological provinces and cratons, and 
this weighting was applied to the final relative probability curves, 
comparing the different cratons studied, since the sample density is 
much higher in well-exposed, accessible and well-studied regions, than 
in remote areas or areas where the Precambrian basement is covered, 
and only known through drill holes. Consequently, the surface areas of 
the different orogenic or geological provinces defined on each craton 
were estimated, including those areas overlain by younger sedimentary 
cover (e.g. East European Platform, Central United States, large parts of 
Amazonia), water (e.g. Baltic Sea), or ice (in Greenland and Antarctica). 
By relating the number of sample records from each province to its 
surface area, a weighing factor was computed and applied to the com
bined data. 

The whole dataset, with a total of 4344 sample records, is available 
in the Appendix, which also includes area estimates and weighting 
factors for each craton as well as for the combined dataset. The data have 
been plotted on Google Earth maps of each craton investigated, with 
sample symbols colour-coded according to age. The time ranges for this 
subdivision (900–1260, 1260–1600, 1600–1820, 1820–2020, 
2020–2300 Ma) were selected in order to subdivide as few magmatic 
peaks as possible in the cratons studied, placing the division lines where 
troughs in magmatic commonly activity occur. 
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In addition to presenting the data in map and diagram form in the 
figures of this paper, two animations are included as supplementary 
electronic material, one with the data points appearing at their respec
tive age on a map of the present-day Earth, the other where they appear 
in a similar way on a set of plate tectonic reconstruction maps. 

3. Laurentia data and results 

3.1. Geological overview 

Laurentia is the cratonic core of present-day North America, and 
taken here to include Greenland. Currently the largest craton on Earth, 
Laurentia is composed of an Archean core known as the Canadian Shield 
that was assembled from several distinct Archean cratons during the 
1.83–1.80 Ga Trans-Hudson orogeny (Corrigan et al., 2005, 2009). The 
Canadian Shield is bound by numerous Proterozoic orogens, most 
notably a > 1000 km wide belt of dominantly accretionary orogens that 
record protracted crustal growth along the southeastern margin (present 
coordinates) of Laurentia from ca. 1.8 to 1.0 Ga (Condie, 1982; Karl
strom et al., 2001; Whitmeyer and Karlstrom, 2007). It is this long-lived 
orogenic collage that is the focus of this review. 

A review of the Laurentian accretionary history provided by 

Whitmeyer and Karlstrom (2007) shows divisions of southern Laurentia 
into crustal provinces based on their age, isotopic character, and timing 
of orogenesis. Here, we summarize the major tectonic features of these 
crustal provinces with an emphasis on associated magmatism, starting 
with southern Greenland. 

Relevant U-Pb ages from Laurentia for this study (1212 records) are 
plotted on a Google Earth map of Laurentia, together with a simplified 
outline of the geology, in Fig. 3. Relevant relative probability curves and 
corresponding cumulative age diagrams are shown in Fig. 4. 

3.2. Ketilidian Province and Gardar Domain of southern Greenland 

Proterozoic magmatic activity in South Greenland is dominated by 
the Palaeoproterozoic Ketilidian Orogen and the Mesoproterozoic Gar
dar alkaline igneous province (Steenfelt et al., 2016). 

The Julianehåb Igneous Complex (formerly Julianehåb Batholith of 
Chadwick and Garde, 1996) of the Ketilidian Orogen is interpreted to 
result from northwards-dipping subduction under the Archean foreland, 
located to the present day north. It has a wedge-shaped outcrop area of 
ca. 30 000 km2 and is composed of ca. 1.8 Ga calc-alkaline continental 
magmatic arc rocks (Garde et al., 2002) that constitute the Central 
Domain of the Ketilidian Orogen. Adjacent to the batholith to the south 

Fig. 3. Google Earth map of Laurentia with main geological provinces (white dashed lines) and magmatic U-Pb age data points indicated, colour-coded according 
to age. 
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is the Southern Domain (formerly the Psammite and Pelite Zone of 
Chadwick and Garde, 1996), which is a region dominated by deformed 
high-grade metamorphic rocks intruded by the Ilua Suite rapakivi 
granites which formed late in the Ketilidian orogeny at ca. 1.75 Ga 
(Garde et al., 2002; Steenfelt et al., 2016). The metamorphic rocks of the 
Southern Domain are interpreted as fore-arc rocks formed by material 
eroded off the uplifted and unroofed batholith (Garde et al., 2002), and 
were metamorphosed prior to the emplacement of the Ilua Suite. The 
Ketilidian Orogen has been correlated with similar aged events and 
crustal architectures in Canada (Makkovik Province; Ketchum et al., 
2002) and Scandinavia (Transscandinavian Igneous Belt; Lahtinen et al., 
2008). 

In our data compilation, the Ketilidian Orogen is represented by 33 
magmatic ages ranging from 1870 to 1740 Ma, subdivided into three 
sharp peaks at ca. 1850, 1800 and 1750 Ma (Fig. 4). These peaks 
correspond to two apparent groupings of ages in the Julianehåb Igneous 
complex at 1850–1830 and 1800–1780 Ma and the later post-tectonic 
Ilua Suite intrusives (Garde et al., 2002; Steenfelt et al., 2016). 

The Gardar Domain (Gardar Province) encompasses igneous and 
supracrustal rocks emplaced during at least two events of continental 

rifting between 1.30 and 1.14 Ga and is exposed over most of South 
Greenland, either overlying or intruding the rocks of the other domains 
(Steenfelt et al., 2016). Magmatic products include several rift-related 
mafic dyke swarms (e.g. Bartels et al. 2015), ultramafic lamprophyres 
and carbonatites (e.g. Halama et al. 2005), and a suite of alkaline to 
agpaitic syenitic to nepheline syenitic intrusive complexes including the 
Ilímaussaq Complex (e.g. Sørensen, 2001; Upton, 2013). 

The Gardar Domain is represented by 25 ages in our compilation, 
ranging from 1285 to 1140 Ma, with the two magmatic events 
mentioned above clearly visible as two peaks at ca. 1270 and 1160 Ma, 
separated by a gap in magmatic activity of 75 million years (Fig. 4). 

3.3. Makkovik Province 

The Makkovik Province in Labrador is generally considered to be the 
westerly equivalent of the Ketilidian Orogen in South Greenland (Fig. 3), 
although there are important differences (Ketchum et al. 2002). His
torically, three main domains were identified, from northwest to 
southeast, the Kaipokok, Aillik and Cape Harrison domains (Kerr et al., 
1996). Recent work suggests the previously defined Aillik and Cape 

Fig. 4. A. Relative probability curves of magmatic U-Pb ages between 2300 and 800 Ma from various parts of the GPAO and Grenville Orogen in Laurentia. B. 
Cumulative age diagrams from the same units. Note that the age axis in panel B is reverse compared to in panel A. 
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Harrison domains should be combined into the Adlavik Domain (Hin
chey, 2021a). The northernmost Kaipokok Domain is part of the North 
Atlantic Craton and comprises reworked Archean gneisses, intruded by 
the calc-alkaline Island Harbour Bay Plutonic Suite (1895–1870 Ma), 
with isotopic signatures indicative of involvement of reworked older 
crust (Barr et al., 2001). The more southern Adlavik Domain consists of 
the Aillik Group, which is dominated by Paleoproterozoic metasedi
ments and metavolcanics with ferroan (A-type) signatures as well as 
mafic rocks emplaced between 1.88 and 1.85 Ga and interpreted to 
represent a back-arc environment (Hinchey, 2021a). The composite arc 
itself is represented by various and abundant intrusive suites (ca. 1800, 
1720, and 1650-1640 Ma) and orthogneiss of the Cape Harrison Meta
morphic Suite (Hinchey, 2021b). Nd isotope data suggest reworking of 
Neoarchean to Paleoproterozoic crustal sources, or interactions between 
mantle melts and even older crustal components (Hinchey et al., 2020; 
Hinchey, 2021a, b, c, d; but see also Dickin, 2021). The Kaipokok 
Domain is considered equivalent to the Northern Domain of the Keti
lidian Orogen, whereas the Adlivik Domain is equivalent to the Central 
Domain and Julianehåb Igneous Complex as defined by Steenfelt et al. 
(2016). However, the Adlivik Domain generally yields somewhat older 
ages and represents higher crustal levels, and the back-arc equivalents to 
the Aillik Group are not identified in Greenland. The metasediments of 
the Southern Domain of the Ketilidian Orogen are not recognized in the 
Makkovik Province, but a suite of post-orogenic undeformed A-type 
granites emplaced around 1720 Ma are considered equivalent to the Ilua 
Suite rapakivi granites (Ketchum et al, 2002). 

In our compilation, the Makkovik Province is represented by 42 data 
points, ranging in age from 1930 to 1640 Ma, forming several peaks the 
largest of which is centered at 1800 Ma. The 1800 Ma peak, as well as a 
peak at 1650 Ma, is mainly due to the Trans-Labrador batholith (Kerr, 
1989; Kerr et al., 1992). The ca. 1720 Ma A-type magmatism is only 
represented by one data record. The 1650 Ma peak is an age-equivalent 
of the Labradorian magmatism within the nearby Grenville Province 
(see below). 

3.4. Penokean Province 

The Penokean Province in the Great Lakes region (Fig. 3) is similar in 
age to the Makkovik Province, and together they form the oldest of 
several Paleoproterozoic orogenic terranes that accreted to the margin 
of the Archean Canadian Shield. The Penokean Province records the 
interaction between Paleoproterozoic arc successions and two Archean 
cratonic blocks, the Superior Craton and the Marshfield Terrane (Holm 
et al., 2020). South of the Superior Craton, the Wisconsin Magmatic 
Terrane includes an assemblage of ca. 1875–1835 Ma tholeiitic and calc- 
alkaline volcanic and plutonic rocks interpreted to have formed in an 
oceanic arc above a south-dipping subduction zone (Sims et al., 1989; 
Holm et al., 2020) (Fig. 3). Our database includes 46 ages from this 
magmatic suite. Cratonic passive margin rocks of the Superior Province 
are juxtaposed against the Wisconsin Magmatic Terrane along the 
Niagara Fault Zone, interpreted to record the suturing of the Paleo
proterozoic Penokean Province rocks to the Archean Superior Craton at 
ca. 1860 Ma (Schulz and Cannon, 2007). 

Following the accretion of the Wisconsin Magmatic Terrane to the 
Superior Province, north-dipping subduction occurred beneath this 
terrane until the accretion of the Archean Marshfield Terrane, juxta
posing the two provinces across the Eau Pleine shear zone at ca. 1840 Ma 
(Sims et al., 1989; Schulz and Cannon, 2007). A near-continuum of post- 
orogenic magmatism in the combined Penokean Province migrated from 
north to south from ca. 1800 to 1750, and is attributed to variations in 
plate convergence rates during continued north-dipping subduction 
(Holm et al., 2005) (Fig. 4). This magmatic episode is represented by 38 
ages. South of the Marshfield Terrane, ca. 1700 Ma rocks broadly 
associated with the Yavapai crustal Province are present south of the 
Spirit Lake tectonic zone (NICE Working Group, 2007; Chichester et al., 
2018). The Penokean Province experienced variable tectonic 

overprinting related to younger tectonism that is beyond the scope of 
this review. 

3.5. Yavapai and Mojave provinces 

The Yavapai crustal Province is exposed along two semi-continuous 
transects in the western United States; the north–south trending Rocky 
Mountains, and the northwest-southeast trending Arizona Transition 
Zone (Fig. 3). Paleoproterozoic (ca. 1.8–1.7 Ga; Fig. 4) rocks of both 
regions include a broadly similar assemblage of metasedimentary rocks, 
bimodal metavolcanic rocks, and granitoid intrusions generally inter
preted to have formed in arc-related environments before their accretion 
to Laurentia in a series of orogenic episodes (Reed et al., 1987; Karlstrom 
and Bowring, 1988). The timing, regional extent, and tectonic setting of 
orogenesis throughout the western U.S. remains the subject of debate 
(Grambling, 1986; Shaw and Karlstrom, 1999; Selverstone et al., 2000; 
Daniel et al., 2013; Mako et al., 2015; Holland et al., 2020), but the 
magmatic framework of the Yavapai Province is very well established. 

Similar to the Penokean Province, the Yavapai Province of Whit
meyer and Karlstrom (2007; which includes the Colorado Province of 
Reed et al., 1987) records the juxtaposition of Paleoproterozoic crust 
against Archean crust across the Cheyenne Belt of southern Wyoming. 
The Yavapai Province is locally divided into terranes or blocks (c.f. 
Whitmeyer and Karlstrom, 2007), though the tectonic significance of 
many proposed structural boundaries is uncertain (Karlstrom and 
Bowring, 1988; Tyson et al., 2002; Cavosie and Selverstone, 2003; 
Bickford and Hill, 2007; Holland et al., 2015). Immediately south of the 
Cheyenne Belt in the northern Rocky Mountains is the Green Mountain 
terrane, interpreted to be a juvenile 1.78–1.76 arc (Jones et al., 2010) 
accreted to the margin of the Wyoming Craton at ca. 1.75 Ga during the 
Medicine Bow orogeny (Chamberlain, 1998; Jones et al., 2010). 
Throughout the Rocky Mountain region of the Yavapai Province, several 
other magmatic suites have been proposed to represent juvenile arc 
successions that generally young southwards; these include the ca. 
1.80–1.79 Irving Formation (Gonzales and Van Schmus, 2007), the ca. 
1.77–1.60 Ga Dubois and ca. 1.74–1.72 Cochetopa successions (Bickford 
et al., 1989), and the 1.75–1.74 Ga Rawah Terrane (Premo and Van 
Schmus, 1989). We include 114 ages from this region (Fig. 4). 

Paleoproterozoic rocks of the Arizona Transition Zone share 
numerous characteristics with those of the Rocky Mountain region. In 
central Arizona, the Yavapai Supergroup consists of interlayered meta
turbidite and bimodal metavolcanic rocks inferred to have formed in a 
juvenile oceanic arc setting (Karlstrom and Bowring, 1988). The Yavapai 
Supergroup and related rocks are intruded by a suite of ca. 1.77–1.71 Ga 
arc-related granitoids (Karlstrom et al., 1987; Chamberlain and Bowr
ing, 1990; Hawkins et al., 1996; Duebendorfer et al., 2001; n = 21). As in 
the Rocky Mountain region, the Yavapai Province of central Arizona is 
divided into multiple blocks bounded by shear zones that juxtapose 
rocks with varied metamorphic, deformational, and magmatic histories 
(Karlstrom and Bowring, 1988). Most blocks share a broadly similar 
tectonic history that probably represents the assembly of multiple arc 
terranes during the 1.71–1.68 Ga Yavapai orogeny (Karlstrom and 
Bowring, 1988; Ilg et al., 1996; Duebendorfer et al., 2001). Throughout 
the Yavapai Province, in both the Rocky Mountain region and central 
Arizona, the extent to which various magmatic suites and shear zone 
bounded blocks represent distinct arcs (e.g. Jessup et al., 2006) or 
dissected fragments of a longer-lived composite arc system (Jones et al., 
2010) is poorly understood. 

On the western edge of the Arizona Transition Zone and the Yavapai 
Province lies the Mojave Province, represented by 82 records in our 
compilation (Figs. 3 and 4). The Mojave Province is primarily distin
guished from the Yavapai Province on the basis of isotopic composition, 
with igneous rocks of the Mojave Province showing evidence for the 
recycling of early Paleoproterozoic to Archean crust in every isotopic 
system yet applied to them (Bennett and DePaolo, 1987; Lee et al., 2001; 
Wooden et al., 1988; Wooden et al., 2012; Holland et al., 2015, 2018). 
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Direct evidence for the presence of older crust in the Mojave Province is 
found in the 1.84 Ga Elves Chasm Gneiss of the Grand Canyon (Hawkins 
et al., 1996), a remnant of the plutonic substrate upon which the Mojave 
Province was built (Holland et al., 2018). Otherwise, the main phase of 
magmatism in the Mojave Province began at ca. 1790 Ma and continued 
to ca. 1650 Ma (Barth et al., 2009; Wooden et al., 2012), with later 
pulses of magmatism at 1420 and 1190 Ma related to Granite-Rhyolite 
and Grenville Province magmatism (Fig. 4). Rocks of the Mojave Prov
ince also experienced a pulse of deformation and metamorphism at ca. 
1.7 Ga, locally referred to as the Ivanpah orogeny that corresponds to the 
Yavapai orogeny in the Yavapai Province (Wooden and Miller, 1990; 
Duebendorfer et al., 2001; Strickland et al., 2013). 

3.6. Mazatzal Province 

The Mazatzal Province is exposed in the eastern Arizona Transition 
Zone and southern Rocky Mountains of New Mexico (Fig. 3). 
Throughout the Mazatzal Province, a suite of ca. 1.68–1.62 Ga granit
oids (n = 61) intrudes metasedimentary and metavolcanic rocks of 
different character to those of the Yavapai Province (Karlstrom et al., 
1987; Amato et al., 2008; Mako et al., 2015; Holland et al., 2020). 
Distinctive rhyolite-quartzite successions were deposited across the 
Mazatzal Province at ca. 1.70 and 1.65 Ga (Whitmeyer and Karlstrom, 
2007), though felsic volcanism continued locally until at least 1.59 Ga 
(Holland et al., 2020). Rhyolite-quartzite successions and the granitoids 
which intrude them are interpreted to have formed in a continental arc 
developed above the previously assembled Yavapai Province (Condie, 
1982; Bickford et al., 2019; Holland et al., 2020). Volcanism and sedi
mentation occurred during cyclic episodes of supra-subduction zone 
extension followed by basin inversion and regional deformation (Jones 
et al., 2010; Holland et al., 2020). 

Tectonism contemporaneous with that in the Mazatzal Province is 
widely distributed across southern Laurentia (Duebendorfer et al., 2015; 
Papapavlou et al., 2017). Magmatism was also extensive throughout 
other provinces at this time, with numerous plutonic intrusions in the 
Yavapai and Mojave Provinces between ca. 1.70–1.62 Ga (Reed et al., 
1987; Karlstrom et al., 1987; Jones et al., 2010; Wooden et al., 2012; 
Moscati et al., 2017; Holland et al., 2018). In addition, the Labradorian 
orogeny in northeastern Laurentia is contemporaneous with the 
Mazatzal orogeny (Papapavlou et al., 2017), and includes similarly-aged 
rock units located within the Grenville Province discussed below. 

The relationship between crust-forming processes within the 
Mazatzal Province and tectonism within and surrounding it is poorly 
understood. Many of the structures previously attributed to deformation 
during the ca. 1.65–1.60 Ga Mazatzal orogeny are now believed to have 
formed during the Mesoproterozoic (ca. 1.49–1.35 Ga) Picuris orogeny 
(Doe et al., 2012; Daniel et al., 2013; Mako et al., 2015; Holland et al., 
2020). Mesoproterozoic deformation and metamorphism is associated 
with ca. 1460–1370 Ma Granite-Rhyolite magmatism that extended into 
the Mazatzal Province (Fig. 3). Subsequent magmatism from ca. 1220 to 
1080 Ma is primarily alkaline, and is attributed to extension prior to 
Grenville-aged tectonism on the southern margin of the province. 

3.7. Granite-Rhyolite Province 

The enigmatic Granite-Rhyolite Province comprises most of the 
known Proterozoic crust in the mid-continent region of southern Lau
rentia (Fig. 3). Due to thick Phanerozoic sedimentary cover, it is known 
primarily from drill cores and limited exposures (Sides et al., 1981; 
Barnes et al., 2002; Bickford et al., 2015). As its name suggests, the 
Granite-Rhyolite Province is composed of extensive ca. 1.5–1.3 Ga 
granitoids and felsic volcanic rocks of mainly ferroan composition (Sides 
et al., 1981; Bickford et al., 2015; du Bray et al., 2018). The province is 
broadly divided into two regions based largely on geochronological 
differences (Van Schmus et al., 1993). The eastern part is dominated by 
ca. 1.49–1.40 Ga magmatism, and is represented by 74 ages in our 

compilation. The southern part consists primarily of ca. 1.37–1.32 Ga 
rocks, and is represented by 72 ages in our compilation (Fig. 4). Rocks of 
both age groups are, however, locally present in both the eastern and 
southern parts (Bickford et al., 2015). Intrusive rocks of similar age and 
geochemical nature also occur in several of the other crustal provinces, 
from southwestern Laurentia through the midcontinent along a broadly 
northeasterly trend into northeasternmost Laurentia, where coeval 
intrusive rocks include anorthosite-mangerite-charnockite-granite 
complexes (Emslie et al., 1994), in some regions overprinted or 
reworked by Grenvillian orogenic deformation. 

Magmatism associated with the Granite-Rhyolite Province is part of a 
regionally and globally significant event. Similar Mesoproterozoic 
magmatism extends into Antarctica and Baltica, and has been used to aid 
in Proterozoic supercontinent reconstructions (Anderson and Morrison, 
2005; Goodge et al., 2008). Throughout the Yavapai, Mojave, and 
Mazatzal Provinces in southern Laurentia, ca. 1.48–1.38 Ga intrusions 
perforate older Paleoproterozoic rocks. Nd and Hf isotopic studies have 
shown that these coeval intracratonic magmas were derived in part from 
partial melting of older crust, with model ages roughly equal to the age 
of crust into which the plutons intrude (Bennett and DePaolo, 1987; Van 
Schmus et al., 1996; Goodge and Vervoort, 2006; Wooden et al., 2012). 

The tectonic significance of Mesoproterozoic magmatism in Lau
rentia (and Baltica) has long been debated. The ferroan geochemistry of 
these magmas is generally considered to preclude a subduction-related 
origin, yet many workers invoke extensional processes in an overall 
convergent margin setting (Anderson and Morrison, 2005; Slagstad 
et al., 2009; Bickford et al., 2015; du Bray et al., 2018). In western 
Laurentia, Mesoproterozoic plutons are now known to be coeval with 
regionally extensive intracratonic deformation and metamorphism 
during the 1.49–1.35 Ga Picuris orogeny (Daniel et al., 2013; Mako 
et al., 2015; Aronoff et al., 2016; Holland et al., 2020). 

3.8. Grenville Province 

The Grenville Province extends along the entire southeastern margin 
of Laurentia, but is best exposed in its northeastern (Canadian) part, 
from where most of our geochronological data are derived (n = 350). It 
includes juvenile accretionary arc rocks as old as 1.85 Ga (Figs. 3 and 4) 
(e.g. Barillia and Algonquinian domains; Dickin, 2000; Gower et al., 
2008). The US Grenville-aged rocks are mainly exposed in the Adiron
dack Mountains (n = 19) and the Llano uplift in Texas (n = 74; plotted 
separately in Fig. 4). Grenvillian inliers within the Appalachians have 
been excluded from the compilation, since they may be of exotic, 
non-Laurentian origin (Loewy et al., 2003; Fisher et al., 2010). In 
addition, there are plutonic intrusions, mostly with ages at, or slightly 
below, 1100 Ma, scattered in other geological provinces in the central 
and western USA far to the northwest of the Grenville Province, such as 
the ca 1090 Ma Pikes Peak batholith in the Yavapai Province in Colo
rado. These have been plotted together with other data from the prov
ince in which they intrude in Fig. 4. 

Altogether, the Grenville Province represents a protracted accre
tionary history from 1800 to 1300 Ma along the margin of Columbia, 
followed by 350 million years of continued accretion and final collision, 
from 1300 to 950 Ma (Grenville orogeny sensu strictu), leading to the 
amalgamation of Rodinia. 

The Labradorian orogeny ranged from ca. 1710 Ma to ca. 1600 Ma 
and included widespread juvenile, Andean-style felsic magmatism 
(Trans-Labrador batholith) around 1650 Ma (Gower et al., 1992, 2008: 
Gower and Krogh, 2002) which forms a prominent peak in Fig. 4. This 
orogeny likely represents an accretionary history that encompasses is
land arc formation and subsequent accretion (Gower et al., 2008). It is 
coeval with the Mazatzal orogeny in southwest Laurentia. 

This is followed by another sharp peak at 1500 Ma, representing the 
Pinwarian orogeny, and a few more subdued peaks between 1460 and 
1300 Ma, sometimes referred to as Elsonian (Gower and Krogh, 2002; 
Fig. 4). The Mesoproterozoic Pinwarian orogeny metamorphosed and 
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intruded Paleoproterozoic crust with voluminous plutons at ca. 1.50 Ga. 
Continuous magmatism from 1.50 to 1.30 Ga is suggested to be the 
result of a long-lived southeast-facing arc along the Laurentian margin 
(e.g. Rivers and Corrigan, 2000). This is supported by the juvenile nature 
of the magmatism (1.55 Ga Nd model ages; Dickin, 2000). It has been 
suggested that the Pinwarian-Elsonian belt is continuous with the 
Granite-Rhyolite Province (e.g. Rivers, 2008). The Elsonian phase of 
magmatism (ca. 1460–1300 Ma) coincides with early 
anorthosite-mangerite-charnockite-granite (AMCG) emplacement 
(Michikamau, Mistastin and Harp Lake complexes) and later magmatism 
including the Mealy dykes and other granitoids. 

The Grenville orogeny proper can be considered to start at ca. 1300 
Ma, and has been divided into four tectonic episodes - pre-collisional, 
Andean-style Elzevirian (ca. 1260–1220 Ma), arc accretion-collision 
Shawinigan (1200–1150 Ma), continent-collisional Ottawan 
(1090–1030 Ma), and post-orogenic Rigolet (1030–950 Ma), all visible 
as more or less separate peaks (in the case of the Rigolet phase a triple 
peak) in Fig. 4. Peak metamorphism occurred by ca. 1090 Ma (e.g. 
Rivers, 1997, Rivers et al., 2002; McLelland et al., 1996). Additionally, 
there is a recognized period of AMCG magmatism from ca. 1180 to 1130 
Ma (McLelland et al., 1996) that forms part of the Shawinigan peak in 

the diagram. 
In northeastern Laurentia, the Canadian Grenville Province proper 

and the Adirondack Mountains expose much of the infrastructure of the 
orogen. Grenville-aged intrusive rocks in inliers of the southern Appa
lachians (south of New York, USA) have unique isotope systematics 
compared to the Canadian Grenville Province, Adirondacks, northern 
Appalachian inliers, and Llano uplift. The Pb isotope signatures of these 
ca. 1.3–1.0 Ga rocks are more similar to Amazonian Grenville-aged rocks 
(Loewy et al., 2003; Fisher et al., 2010). Thus, it is likely that the 
Grenville basement in the southern Appalachian inliers is exotic to 
Laurentia and was accreted during the amalgamation of Rodinia 
(Tohver et al., 2004a), and it has thus been excluded from this 
compilation. 

Further southwest, the Llano uplift in Texas and basement uplifts to 
the west and south into Mexico (Mosher, 1998; Bickford et al., 2000) are 
the southernmost known components of the Grenville in Laurentia. In 
the Llano uplift proper, both pre-to-early Grenville rocks and Grenville- 
age rocks proper are preserved (Fig. 4). The eastern portion contains a 
likely exotic ca. 1300–1200 Ma continental margin arc assemblage and 
adjacent ophiolite assemblage accreted during Grenville orogenesis 
(Mosher et al., 2008 and references therein). Accretion was followed by 

Fig. 5. Google Earth map of Baltica with 
main Proterozoic geological provinces and 
magmatic U-Pb age data points indicated. 
Dashed white lines are concealed or other
wise uncertain boundaries. Thick dashed 
grey line marks the approximate cratonic 
boundary of Baltica. V-U = Volgo-Uralia; 
OMIB = Osnitsk-Mikashevychi Igneous Belt; 
BPG = Belarus-Podlasie Granulite Belt; TIB 
= Transscandinavian Igneous Belt. Dotted 
orange lines show approximate outlines of 
anorogenic intraplate magmatic provinces: 
PNLIP = Prutivka-Novogol large igneous 
province (1.80–1.75 Ga); CFRP = Central 
Fennoscandia rapakivi province (1.65–1.50 
Ga); SFAP = Southern Fennoscandia anoro
genic province (1.55–1.38 Ga). The latter 
also includes area of penecontemporaneous 
Hallandian magmatism within the Eastern 
Segment of the Sveconorwegian Orogen. 
Inset map shows Fennoscandia, Sarmatia and 
Volgo-Uralia as parts of Baltica, and their 
exposed parts (Fennoscandian and Ukrainian 
Shields, including Voronezh massif).   
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attempted subduction of the Laurentian margin and slab break-off. 
Subsequent upwelling of the asthenosphere led to intrusion of juvenile 
granitoids at ca. 1120–1070 Ma, and terminal collision with associated 
high-pressure metamorphism (Mosher et al., 2008). 

Models of Grenville orogenesis envisage it to be a large, hot orogen 
(e.g. Rivers, 2008), long in duration and leading to massive crustal 
shortening, especially in the northern, Canadian sector, where rocks 
spanning some 900 million years (ca. 1800–900 Ma) have been juxta
posed. Large volumes of melt were generated during crustal thickening 
and anatexis, and resulted in voluminous additions of crustal material. 

4. Baltica data and results 

4.1. Geological overview 

Baltica, also known as the East European Craton (EEC), consists of 

the northeastern half of present-day Europe to the NE of the Trans- 
European Suture Zone. It comprises three proto-cratons: Fennoscandia 
in the west, Sarmatia in the southeast, and Volgo-Uralia in the northeast 
(Gorbatschev and Bogdanova, 1993; inset in Fig. 5). Sarmatia and 
Volgo-Uralia collided at around 2.1 Ga along the Volga-Don orogen (e.g. 
Shchipansky et al., 2007; Bibikova et al., 2009; Terentiev and Santosh, 
2020; Terentiev and Santosh, 2020, and references therein), and the 
combined Volgo-Sarmatia craton collided with Fennoscandia along the 
Central Russian orogen and its southerly continuation, the Osnitsk- 
Mikashevychi Igneous Belt (OMIB) at around 1.8 Ga (Gorbatschev and 
Bogdanova, 1993; Shumlyanskyy, 2014; Bogdanova et al., 2015), 
forming the combined Baltica paleocontinent.Fig. 6a. 

The Fennoscandian (Baltic) Shield is exposed in Sweden, Norway, 
Finland, and adjacent parts of Russia (Kola peninsula and Karelia), 
whereas unexposed parts of Fennoscandia covered by younger rocks 
occur beneath Denmark, northernmost Germany, northeastern Poland 

Fig. 6. A. Relative probability curves of magmatic U-Pb ages between 2300 and 800 Ma from the exposed Fennoscandian shield. B. Relative probability curves of 
magmatic U-Pb ages between 2300 and 800 Ma from the concealed parts of Fennoscandia and from Sarmatia. C. Cumulative age diagrams for the different parts of 
the exposed Fennoscandian shield. D. Cumulative age diagrams for the concealed parts of Fennoscandia and for Sarmatia. Note that the age axes in panels C and D are 
reverse compared to in panel A and B. 

Johansson et al.                                                                                                                                                                                                                                



Precambrian Research xxx (xxxx) xxx

11

and the Baltic countries, as well as beneath the Scandinavian Caledo
nides in Sweden and Norway. The shield consists of an Archean core in 
the northeast (Kola and Karelia protocratons), with Proterozoic orogenic 
belts in its central and southwestern parts, younging towards the 
southwest (e.g Gorbatschev and Bogdanova, 1993). Shorter overview 
articles of Fennoscandia have been written by Nironen (1997), Korja 
et al. (2006), and Lahtinen et al. (2005, 2008), while the geology of 
Sweden has been compiled by Stephens and Bergman Weihed (2020), 
that of Finland by Lehtinen et al. (2005), and that of Norway by Ram
berg et al. (2008). 

Sarmatia is exposed in the smaller Ukrainian Shield and Voronezh 
Crystalline Massif, but otherwise only known through drill cores and 
geophysics. It is dominated by Archean and early Paleoproterozoic 
rocks, rimmed by slightly younger Paleoproterozoic orogens in the 
northeast (Volga-Don Orogen, 2.2 – 2.05 Ga; Terentiev et al., 2016) and 
the northwest (Teteriv Orogenic Belt, Osnitsk-Mikashevychi Igneous 
Belt, Okolovo Belt and Belarus-Podlasie Belt, 2.1 – 1.8 Ga; Bogdanova 
et al., 2015, 2016; Shumlyanskyy et al., 2018, 2021). The Okolovo and 
Belarus-Podlasie belts form part of the collision zone between Sarmatia 
and Fennoscandia, and may alternatively be included in Fennoscandia 
(as in the Polish basement map by Krzeminska et al., 2017), but for 
practical reasons data points from these belts have been included here 
with the Sarmatia data. Volgo-Uralia is entirely covered by younger 
sedimentary rocks, but from studies of drill core material, it appears to 
be totally dominated by Archean rocks (Bogdanova et al., 2010, 2016). 

In the present context, we are only concerned with the dominantly 
accretionary Proterozoic orogens in southwestern Baltica, and younger 
anorogenic or intraplate rocks within those orogens. This includes the 
Svecofennian (a.k.a. Svecokarelian) Orogen in central Fennoscandia, the 
Transscandinavian Igneous Belt (TIB), and the Sveconorwegian Orogen 
in southwest Fennoscandia, and their southwards continuations in the 
concealed basement beneath the southern Baltic Sea, Estonia, Latvia, 
Lithuania, northeast Poland and Denmark (Fig. 5). Karelian (early 
Paleoproterozoic) and Svecofennian intrusive rocks within the Archean 
Karelian Province in northeast Finland have also been included, but not 
the internal collisional 1.9 Ga Lapland-Kola belt between the Archean 
Kola and Karelia protocratons. Younger anorogenic intrusions within 
each province, such as rapakivi massifs within the Svecofennian Prov
ince of central Fennoscandia, have been included and plotted within the 
province in which they occur. From Sarmatia, the Paleoproterozoic belts 
along its western margin in Ukraine, Belarus and Poland, and younger 
anorogenic granite intrusions within that area, are included, but not 
Paleoproterozoic rocks further east (Fig. 5). Volgo-Uralia is not included 
in our study. 

Relevant U-Pb ages from Baltica on a simplified geological map are 
plotted in Fig. 5, with relative probability curves and corresponding 
cumulative age diagrams shown in Fig. 6. 

4.2. Sarmatia 

The oldest Baltica ages in our compilation (disregarding the domi
nantly mafic Karelian magmatism in northeast Fennoscandia) are from 
the western margin of Sarmatia, consisting of a peak representing the 
Teteriv and Ros-Tykich Belts between 2.16 and 2.02 Ga (n = 43), and a 
second peak at 2.04 to 1.95 Ga representing the Osnitsk-Mikashevychi 
Belt (n = 23; Figs. 4 and 5). A few ages from the Okolovo Belt and 
Belarus-Podlasie Granulite Belt (BPG) in eastern Poland (n = 17) scatter 
between 1.98 and 1.78 Ga, with one older and one younger outlier. At 
this time, Sarmatia (and Volgo-Uralia) had not yet joined Fennoscandia 
to form a coherent Baltica. 

Another major peak from Sarmatia at 1.82 to 1.75 Ga (n = 65) 
represents intraplate anorogenic magmatism, such as the Korosten and 
Korsun-Novomyrhorod plutons and related mafic dykes, which were 
emplaced at the approximate time of Sarmatia – Fennoscandia collision 

(Bogdanova et al., 2013; Shumlyanskyy et al., 2013, 2016a, 2016b, 
2017, 2021). This magmatism was referred to as the Prutivka-Novogol 
large igneous province by Shumlyanskyy et al. (2021; Fig. 5). It over
laps in time with the TIB-1 magmatic phase of the Transscandinavian 
Igneous Belt in Fennoscandia (see below). There is no subsequent 
magmatic activity within the Sarmatian part of Baltica during our time 
of interest. 

4.3. Svecofennian Orogen 

The geology and evolution of the Swedish part of the Svecofennian 
(in their terminology the Svecokarelian) Orogen have been described in 
several chapters in Stephens and Bergman Weihed (2020), with over
views presented by Stephens and Bergman (2020) and Stephens (2020). 
Examples of relatively recent papers with discussions of Finnish geology 
and geochronology are Huhma et al. (2011) and Lahtinen et al. (2015a, 
2015b, 2016). Geotectonic models for the Svecofennian orogeny range 
from purely accretionary (Hermansson et al., 2008; Stephens, 2020) to 
collisional (Lahtinen et al., 2005; Korja et al. 2006) or combinations of 
accretion and oblique collision with Sarmatia (Bogdanova et al., 2015). 

In the exposed part of Fennoscandia, Karelian magmatism within the 
Archean Karelian protocraton in northeast Finland occurred in several 
pulses between 2.5 and 2.0 Ga. It is strongly dominated by mafic rocks 
(layered intrusions, gabbros, dolerite dyke swarms and mafic volcanics; 
Figs. 4 and 5). Early Svecofennian magmatism began at ca. 1.95 Ga and 
shows a major peak between 1.90 and 1.85 Ga (n = 541; Fig. 6). This 
peak represents felsic to intermediate volcanic and intrusive activity in a 
large area of subduction-related crustal growth in central Fennoscandia, 
encompassing southwestern Finland, northern and central Sweden, but 
also Svecofennian intrusions within the Archean craton in northeast 
Finland and northernmost Norway. Its height reflects both the size of 
this area (approximately 940 000 km2, including intervening sea areas 
and concealed basement areas) and the large number of U-Pb age de
terminations carried out in these parts of Sweden and Finland, not the 
least because of its importance as host for major iron and sulfide ore 
deposits (Bergslagen, Skellefte and Norrbotten districts in Sweden, and 
the Savo, Outokumpu and Orijärvi districts in Finland; Hanski, 2015). 

Following a clear minimum, representing a quieter ‘intra-orogenic’ 
phase, a second peak of late-orogenic Svecofennian magmatism is seen 
in Fig. 6 at around 1.8 Ga (n = 218). This magmatism includes both 
anatectic pure granites (the Granite-Pegmatite suite of Stephens et al. 
(2009) and Stephens and Bergman Weihed (2020)) that could be related 
to crustal thickening during the collision between Fennoscandia and 
Sarmatia, and more varied and alkali-rich intrusions referred to as the 
Granitoid-Syenitoid-Dioritoid-Gabbroid suite by the same authors. Such 
intrusions do not only occur within the Svecofennian Province sensu 
stricto, but also within the Archean Karelian Province in northeast 
Finland (Fig. 5). 

4.4. Transscandinavian Igneous Belt 

Magmatism within the Transscandinavian Igneous Belt (TIB), which 
stretches some 1400 km along the western margin of the Svecofennian 
Province from southeastern Sweden across central Sweden and then 
beneath the Caledonian nappes to the Lofoten archipelago in northern 
Norway (Högdahl et al., 2004), was divided into a 1.81 – 1.76 Ga TIB-1 
phase, a 1.71 – 1.69 Ga TIB-2 phase, and a 1.67 – 1.65 TIB-3 phase by 
Larson and Berglund (1992), based on early U-Pb dating. The TIB-2 and 
TIB-3 phases have subsequently been merged into a continuous 1.71 – 
1.66 Ga TIB-2/3 phase, whereas an earlier, minor TIB-0 phase at around 
1.85 Ga, consisting of granitoids along the southwestern Svecofennian 
boundary to the TIB in south-central Sweden, has been recognized (cf. 
Högdahl et al., 2004). The TIB dominantly consists of largely unde
formed granitoids and volcanic rocks (porphyries) having I- to A-type 
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alkali-calcic geochemistry (Granitoid-Syenitoid-Dioritoid-Gabbroid 
type in the classification of Stephens et al. (2009) and Stephens and 
Bergman Weihed (2020)), interpreted to be related to renewed sub
duction beneath the Andean-type continental margin in the present-day 
west. 

In the more recent subdivisions of the Swedish bedrock by the 
Geological Survey of Sweden (SGU), shown on the 1:1 million geological 
map of Sweden by Bergman et al (2012), and also in Stephens and 
Bergman Weihed (2020), the Transscandinavian Igneous Belt is not 
distinguished as a separate unit, since it is not an orogenic province. 
Instead, the TIB-0 and TIB-1 rocks are included within the Svecofennian 
(in their terminology Svecokarelian) Province (Wahlgren and Stephens, 
2020a), whereas the TIB-2 rocks are grouped with other younger units as 
“post-Svecokarelian rocks” (Ripa and Stephens, 2020a). As can be seen 
in Fig. 6, the 1.81–1.76 Ga TIB-1 magmatism (n = 84) clearly overlaps in 
time with the late Svecofennian magmatism, forming a joint peak in 
combined diagrams, perhaps reflecting the complex geotectonic situa
tion during this period with penecontemporaneous collision with Sar
matia from the southeast, and renewed subduction from the west. 

Following the TIB-1 magmatism, including here also the 1.77 – 1.75 
Ga magmatism in Blekinge in southeasternmost Sweden (n = 16; 
Johansson et al., 2006; Johansson, 2016; Wahlgren and Stephens, 
2020b), there was a magmatic gap with very limited activity until the 
TIB-2 (or TIB-2/3) magmatism starting at 1.71 Ga (n = 21). Within the 
Transscandinavian Belt sensu stricto, this is mainly confined to the 1.71 – 
1.68 Ga Dala-Rätan region in west-central Sweden (Lundqvist and 
Persson, 1999; Högdahl et al., 2004; Ripa and Stephens, 2020a), whose 
well-preserved granites and porphyries have an intraplate, anorogenic 
character and may be regarded as precursors to the classical rapakivi 
magmatism further east. However, U-Pb dating in recent decades has 
shown that the bulk of granitoid gneisses within the Eastern Segment of 
the Sveconorwegian Orogen further southwest also have ages between 
1.71 and 1.65 Ga and could be regarded as strongly deformed TIB-2 
granitoids (cf. Stephens and Wahlgren, 2020a, and references therein). 
In Figs. 4 and 5, the latter rocks are, however, included within the 
Sveconorwegian Orogen, and not within the Transscandinavian Belt. 

4.5. The basement beneath Estonia, Latvia, Lithuania, and Poland 

In the concealed basement beneath Estonia, Latvia, Lithuania, and 
northeast Poland, it is difficult to make a clear distinction between rocks 
belonging to the Svecofennian Orogen and those of the Trans
scandinavian Igneous Belt, since the ages overlap, the rocks may occur 
intermixed in some places, all rocks have undergone regional defor
mation and metamorphism as deduced from drill core observations, and 
boundaries between geological units can not be mapped out. However, 
there is a marked tendency for older (Svecofennian) rocks to occur in the 
north and east, within the basement of Estonia, Latvia, central and 
eastern Lithuania and eastern Poland (along the boundary to Sarmatia), 
while younger rocks that may tentatively be assigned to the TIB pre
dominate in southwestern Lithuania and northwest Poland (Fig. 5). 

The main early Svecofennian peak at 1.90 to 1.86 Ga is only repre
sented by nine data points in this region, largely because of lack of age- 
data from these rock units, especially in Estonia and Latvia. Hence, the 
curve seen for the Fennoscandian basement in Fig. 6 may not be very 
representative. The magmatic peak around 1.85 to 1.82 Ga (n = 25; 
Fig. 6) is dominated by age data from Lithuania (cf. Skridlaite et al., 
2021) and northeast Poland where such rocks are abundant. Possibly, 
this reflects a southwards migration of subduction-related magmatism 
and crustal formation from central to southern Fennoscandia. In Poland, 
there is a continuum of ages down to 1.75 Ga (n = 33), mostly coming 
from rocks which could be considered to belong to a southwards 
continuation of the TIB (Fig. 4 and 5). Most of the youngest ages are 
found in Pomerania in northwest Poland, a region that may be corre
lated with the Blekinge region in southeast Sweden (Krzeminska et al., 
2021). 

4.6. Anorogenic intraplate magmatism 

Within the Svecofennian Province and the Transscandinavian Belt, 
there are much younger (1.65–1.44 Ga) intraplate intrusions that could 
be considered anorogenic, since they have a typical A-type geochemistry 
and are 200 to 300 million years younger than their surrounding rock 
units and any associated orogenic deformation (cf. Andersson et al., 
2002; Ripa and Stephens, 2020b; Wahlgren and Stephens, 2020b). 
Nevertheless, like in Laurentia (cf. Bickford et al., 2015, and references 
therein), they may have a distant relationship to orogenic activity along 
the continental margin in the west or southwest. For the rapakivi 
granites within the Svecofennian Province in central Fennoscandia, such 
a distant relationship with the Gothian activity in southwest Fenno
scandia was suggested by Åhäll et al. (2000), and for the Danopolonian 
magmatism in southern Fennoscandia (Bogdanova, 2001) a similar link 
with the Hallandian event in southwest Sweden may be envisaged. 

The classical rapakivi magmatism came in two distinct pulses, visible 
both in the exposed parts of Fennoscandia (intrusions in southern 
Finland and adjacent parts of Russia (Rämö and Haapala, 2005), in 
central Sweden (Persson, 1999; Andersson et al., 2002; Ripa and Ste
phens, 2020b)) and in the concealed basement of Estonia and Latvia 
(Rämo et al., 1996; Soesoo et al, 2004; Soesoo and Hade, 2012) (Fig. 4 
and 5). The first pulse at 1.65 to 1.60 Ga (n = 43) includes the large 
Viborg intrusion across the Finnish-Russian border, as well as several 
smaller rapakivi-type granite intrusions in the basement of Estonia 
(Soesoo et al, 2004, Soesoo et al., 2020). The second pulse at 1.60 to 
1.55 Ga (n = 38, including a tail down to 1.50 Ga) includes the Salmi 
intrusion in Russian Karelia (not included here), the Laitila and Åland 
intrusions in southwest Finland (Suominen, 1991), and the large Riga 
intrusion in the basement of Latvia and Estonia (Rämo et al., 1996). The 
rapakivi-type intrusions in central Sweden, such as Ragunda (Persson, 
1999) and Nordingrå, also belong to this age group, but trend down to 
even younger ages around 1.50 Ga. 

The younger group overlaps in age with the large, E-W-elongated 
Mazury AMCG-complex in the basement of northeast Poland, southern 
Lithuania, the Kaliningrad area, and western Belarus, which has U-Pb 
ages between 1.50 and 1.55 Ga (n = 13; Figs. 4 and 5; Dörr et al., 2002; 
Morgan et al., 2000; Skridlaite et al., 2003, 2008; Wiszniewska and 
Krzeminska, 2021). This magmatism is, however, not traditionally 
included within the rapakivi suite, but rather the Mesoproterozoic 
Danopolonian magmatism of southern Fennoscandia (Bogdanova, 
2001). Most remaining granitic intrusions within the latter group, in 
southeast Sweden, the Danish island of Bornholm, and in the basement 
of Lithuania, northern Poland and the southern Baltic Sea, fall in a 
relatively narrow age range of 1.44 to 1.46 Ga (n = 43; Figs. 4 and 5). 
Whereas the rapakivi granites of central Fennoscandia have been plotted 
together with the Svecofennian Province in Fig. 6, since they are hosted 
by rocks of this province, the Danopolonian intrusions are dominantly 
hosted by rocks belonging to the Transscandinavian Igneous Belt or its 
southerly prolongation, and have been plotted together with the TIB. 

4.7. Sveconorwegian Orogen 

The Sveconorwegian Orogen encompasses southwest Sweden and 
southern Norway, and presumably also constitutes the concealed base
ment of Denmark (cf. Olivarius et al., 2015). Related rocks are found in 
the Western Gneiss Region of western Norway, west of the Caledonian 
nappes (Fig. 5). It is composed of five N-S-trending lithotectonic units, 
separated by crustal-scale shear zones and affected by the late Meso
proterozoic to early Neoproterozoic (1.15 – 0.9 Ga) Sveconorwegian 
orogeny. Most of the rocks in the orogen are substantially older than the 
Sveconorwegian orogeny and have been affected by earlier Meso
proterozoic orogenic events. In this regard, the Sveconorwegian Orogen 
is different in character from the mostly juvenile Svecofennian orogenic 
province. The oldest rocks within each lithotectonic unit show a 
younging tendency towards the west. Reviews of the geology and 
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evolution of the Sveconorwegian Orogen are found in Bingen et al. 
(2008b, 2021), Roberts and Slagstad (2015), Stephens et al. (2020) and 
Stephens and Wahlgren (2020b). 

The bedrock in the easternmost of these units, referred to as the 
Eastern Segment, contains some reworked Svecofennian and TIB-1 rocks 
(n = 17), but is dominated by granitoid gneisses with ages between 1.73 
and 1.66 Ga (n = 82), which have in recent years been correlated with the 
TIB-2 phase within the neighboring Transscandinavian Igneous Belt (cf. 
Appelquist et al., 2011; Stephens et al., 2020), with which it forms 
overlapping age peaks (Fig. 6). This magmatism has been interpreted to 
mark renewed subduction along the western continental margin of Fen
noscandia after a period of quiescence (Stephens and Wahlgren, 2020a). 

The Eastern Segment is juxtaposed in the west against the Idefjorden 
lithotectonic unit (formerly known as the Western segment), followed 
west of the Permian Oslo rift by the smaller Kongsberg and Bamble 
lithotectonic units. Subduction-related magmatism in these units started 
at 1.66 Ga, and continued until ca. 1.50 Ga (n = 121), accompanied by 
deformation (Bingen and Viola, 2018; Bergström et al. 2020; Bingen 
et al., 2021). This orogenic event is known as the Gothian orogeny. As 
mentioned above, it overlaps in time with the rapakivi magmatism in 
central Fennoscandia. 

Gothian magmatism lasted for about 150 million years, with two or 
three different sub-peaks visible in the age data. It was as long-lived as 
the Svecofennian magmatism but encompassed a much smaller 
geographic area. Gothian magmatism, metamorphism and deformation 
are restricted to the Idefjorden, Kongsberg and Bamble lithotectonic 
units, and not seen in the Eastern Segment, suggesting some degree of 
separation between these crustal units in the Mesoproterozoic. The 
southern part of the Eastern Segment in southern Sweden instead was 
affected by Hallandian magmatism, metamorphism and deformation at 
1.46 to 1.37 Ga (Stephens and Wahlgren, 2020a), an event that, on the 
other hand, is not seen in the more westerly terranes. Hallandian mag
matism in the Eastern Segment appears to come in two pulses, at around 
1.45 Ga (overlapping with the intraplate Danopolonian magmatism 
further east in Fig. 6), and around 1.38 Ga. However, this pattern could 
be an artefact of relatively few age data (n = 31) from a limited area. 

The tectonic setting of the Hallandian and Danopolonian events and 
the relationship between them has been a controversial issue in Fen
noscandian geology (cf. Bogdanova et al., 2008; Ulmius et al., 2015). On 
the one hand, the Danopolonian granites in the east are mostly unde
formed and have an intraplate setting and A-type geochemistry (e.g. 
Johansson et al., 2016). On the other hand, some (but not all) of the 
Danopolonian Bornholm granites were pervasively deformed into 
gneisses penecontemporaneously with their formation around 1.45 Ga 
(Johansson et al., 2016), and they are closely related in time and space 
to the Hallandian metamorphism and deformation further west. It may 
be that the strong deformation at Bornholm occurred along an intraplate 
shear zone that is only seen on this island. It may also be that the 
Danopolonian A-type granites east of the Sveconorwegian Front / Pro
togine Zone (the eastern boundary of the Eastern Segment and the 
Sveconorwegian Orogen in southern Sweden) are upper crustal mani
festations of the Hallandian melting and metamorphism seen west of this 
zone in the Eastern Segment, which represents a deeper crustal section. 

West of Kongsberg and Bamble, the Telemarkia lithotectonic unit 
encompasses most of southern Norway. Crustal formation in Telemarkia 
appears to start with a short but intense pulse of magmatism at 1.52 – 
1.48 Ga, seen as a relatively sharp peak in Fig. 6 (n = 39). This mag
matism is spatially zoned with a volcanic arc signature westwards 
(Suldal arc) and a back-arc rift signature eastwards (Rjukan rift) (Bingen 
et al., 2005; Roberts et al., 2013). In Fig. 6, the Telemarkian event fills 
the gap between the Gothian and Hallandian events further east. 

After these events, the future Sveconorwegian Orogen underwent 
several periods of intraplate magmatism. In the Idefjorden lithotectonic 
unit, the N-S-trending Kungsbacka bimodal suite intruded between 1.36 
and 1.30 Ga (n = 8; Bergström et al., 2020). In the Eastern Segment, 
bimodal magmatism was mainly confined to an extensional event along 

the future Sveconorwegian Front / Protogine Zone (also N-S-trending) at 
1.22 to 1.20 Ga (n = 9; cf. Stephens and Wahlgren, 2020a). In southern 
Norway (Telemarkia, Kongsberg and Bamble), several pulses of Pre- 
Sveconorwegian magmatism took place between 1.28 and 1.13 Ga (n 
= 72; Fig. 6) (Andersen et al., 2007; Bingen et al., 2003; Bingen and 
Viola, 2018; Brewer et al., 2004; Bingen et al., 2021). The last pulse 
between 1170 and 1130 Ma overlaps with the first phase of Sveco
norwegian high-grade metamorphism restricted to the Bamble and 
Kongsberg lithotectonic units, which culminated in granulite-facies 
conditions between 1150 and 1120 Ma (Bingen and Viola, 2018; Bin
gen et al., 2021). A magmatic hiatus is observed over the entire orogen 
between 1130 and 1065 Ma. 

The main Sveconorwegian orogeny took place between ca. 1065 and 
910 Ma and it is characterized by convergent tectonics and high-grade 
metamorphism between ca. 1050 and 930 Ma. Several peaks of 
regional metamorphism are recorded, with an increasingly high- 
pressure signature eastwards in the orogen (Bingen et al., 2008a; Lau
rent et al., 2018; Möller et al., 2015, Möller and Andersson, 2018; 
Söderlund et al., 2008). These are high-pressure granulite-facies in the 
Idefjorden lithotectonic unit at ca. 1050 Ma, ultra-high-temperature 
granulite-facies in the Telemarkia lithotectonic unit (Rogaland) be
tween 1030 and 1000 Ma, granulite- and locally eclogite-facies meta
morphism in the Eastern Segment at ca. 990 Ma, and renewed ultra-high 
temperature - low pressure granulite-facies metamorphism in Tele
markia at ca. 930 Ma (cf. Bingen et al., 2021). 

Sveconorwegian syn-orogenic magmatism increases dramatically in 
volume westwards in the orogen (Coint et al., 2015; Granseth et al., 
2020; Vander Auwera et al., 2011). It is divided into three main 
magmatic suites: the (high-K) calc-alkaline Sirdal Magmatic Belt be
tween 1065 and 1020 Ma (n = 64), the ferroan hornblende-biotite 
granite suite between 985 and 920 Ma and the AMCG-type Rogaland 
anorthosite complex between 935 and 915 Ma (n = 66 for the two latter 
combined). In the Eastern Segment, Sveconorwegian magmatism is 
restricted to some granitic and pegmatitic dykes with ages around 950 
Ma (n = 6). In the other units, unfoliated pegmatite fields close the 
orogeny between 915 and 900 Ma. In Fig. 6, the Sveconorwegian 
magmatism forms a double peak with a trough at around 1000 Ma, 
where the first peak (Main Sveconorwegian magmatism) represents the 
Sirdal Belt, and the second peak (Late Sveconorwegian magmatism) 
constitutes the two later suites combined. 

Three main geodynamic models have been proposed for the Sveco
norwegian orogeny: (1) collision between Baltica and another major 
continent with all lithotectonic units endemic to Baltica (Li et al., 2008; 
Bingen et al., 2008b, 2021; Cawood and Pisarevsky, 2017), (2) collision 
between Baltica and a landmass consisting of the four western litho
tectonic units of the orogen (Sveconorwegia) (Petersson et al., 2015; 
Möller and Andersson, 2018), and (3) a non-collisional (Andean) 
orogeny (Slagstad et al., 2013, 2017, 2018, 2020). In the first model, one 
or several oceanic basins closed to the west of the exposed orogen, fol
lowed by collision between Baltica and another major plate at ca. 1065 
Ma (which corresponds to the start of the main syn-orogenic magmatism 
and metamorphism). In the second model westwards subduction of an 
oceanic plate below the four western lithotectonic units is followed by 
closure of ocean basins between them (the Eastern Segment and the 
Idefjorden unit, and/or the Idefjorden and Telemarkia units) and un
derthrusting of the Eastern Segment to granulite- and eclogite-facies 
conditions at ca. 990 Ma. In the third model, orogeny is controlled by 
long-lived east-dipping subduction of an oceanic plate below Baltica 
from at least 1150 to after 900 Ma. 

After 900 Ma, magmatic activity ceased within Fennoscandia and 
Baltica, and did not resume until 620 Ma with mafic dykes heralding 
opening of the Iapetus Ocean. This 300 million year magmatic lull is best 
explained by the southwestern Fennoscandian margin of Baltica being 
trapped in an inboard continental position within Rodinia after con
tinent–continent collision along the Grenville-Sveconorwegian-Sunsas 
belt. 
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4.8. Comparison between orogenic and intraplate magmatism in Baltica 

Fig. 7 provides a comparison between (mainly) orogenic magmatism 
along the continental margin of Fennoscandia/Baltica from 2000 to 900 
Ma, and anorogenic intraplate magmatism during the same period. The 
latter includes the 1.80–1.75 Ga Sarmatian anorogenic magmatism 
(Prutivka-Novogol SLIP), the 1.65–1.50 Ga Central Fennoscandia rapa
kivi province, and the Danopolonian 1.55–1.44 Ga Southern Fenno
scandia anorogenic province (Mazury AMCG complex and younger A- 
type granites). Also the ca. 1.7 Ga TIB-2 magmatism of the Dala-Rätan 
complex in central Sweden, with its intraplate character, has been 
assigned to the anorogenic intraplate group, in contrast to the pene
contemporaneous TIB-2 magmatism further west, in what is now the 
Eastern Segment of the Sveconorwegian Orogen. All magmatism within 
the Sveconorwegian Orogen was assigned to the orogenic group, for the 
sake of simplicity and because of its overall vicinity to the continental 
margin, although the inta-orogenic (pre-Sveconorwegian) magmatism 
during the 1300 to 1100 Ma time period, and the late Sveconorwegian 
Rogaland AMCG complex could perhaps equally well be assigned to the 
intraplate group. 

As can be seen in Fig. 7, the early phase of Sarmatian anorogenic 
magmatism is penecontemporaneous with the main phase of TIB-1 
magmatism along the Fennoscandian margin around 1.8 Ga, while the 
main Sarmatian phase coincides with the waning stages of TIB-1 

magmatism at ca 1.75 Ga. The intraplate TIB-2 magmatism within the 
Dala-Rätan complex at 1.7 Ga naturally coincides with the TIB-2 mag
matism within the Eastern Segment. The different pulses of rapakivi 
magmatism in central Fennoscandia (centered at 1.63, 1.57 and 1.50 
Ga) may coincide with different pulses of Gothian magmatism along the 
continental margin, as proposed by Åhäll et al. (2000), although it is not 
that obvious from the present figure, where Gothian magmatism appears 
to be more continuous. Magmatism within the Mazury AMCG complex 
in NE Poland coincides in time with Telemarkian magmatism in south
ern Norway around 1.5 Ga, and the 1.45 Ga A-type Danopolonian 
granites in southern Fennoscandia with the early phase of Hallandian 
magmatism within the adjacent future-to-be Eastern Segment of the 
Sveconorwegian Orogen. 

5. Amazonia data and results 

5.1. Geological overview 

Amazonia is a large crustal segment forming the core of South 
America. The exposed parts constitute the Guiana Shield and Central 
Brazil Shield, whose southwesterly extension is locally known as the 
Bolivian Shield. The central part of the craton is largely overlain by the 
Phanerozoic Amazonas sedimentary basin while the western and 
northern margins are overlain by Andean foreland basins. In the context 

Fig. 7. Comparison of (mainly) orogenic magmatism along the active continental margin of Fennoscandia/ Baltica, and anorogenic intraplate magmatism in Baltica, 
during the 2000 to 900 Ma period. 
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of the Columbia and Rodinia supercontinents, Proterozoic Amazonia 
(i.e. the proto-Amazonian Craton) correlates well with the orogenic 
framework in West Africa, Laurentia, and Baltica, exemplified by 
accretionary-collisional belts, silicic large igneous provinces (SLIPs) and 
intraplate AMCG magmatism (Sadowski and Bettencourt, 1996; Cordani 
et al., 2009; Teixeira et al., 2019). This is also at least in part supported 
by the paleomagnetic evidence (e.g. D’Agrella Filho et al., 2016, 2020). 
However, the position of Amazonia in these supercontinents is still 
debatable, essentially due to the insufficient number of robust paleo
magnetic poles on key units, but also to lack of geological and 
geochronological data from more remote and inaccessible areas. 

Amazonia is composed of an Archean core in the east and several 
orogenic belts that are products of a long-lived accretionary-collisional 
regime in Proterozoic times (Cordani and Teixeira, 2007). Archean 
crust, partly reworked in Paleoproterozoic times, is apparent in the 
Guiana Shield, exemplified by the Imataca block and Amapá domain 
(Tassinari and Macambira, 1999; Borghetti et al., 2018; Milhomem Neto 
and Lafon, 2019). In the Central Brazil Shield the ancient core comprises 
the Carajás granite-greenstone domain, the Rio Maria granitoid domain 
and the adjoining Xingu-Iriri domain that together constitute the Central 
Amazonian Province (Tassinari and Macambira, 1999; Cordani and 

Teixeira, 2007; Oliveira et al., 2011; Almeida et al., 2017). These 
Archean domains are surrounded by the early Paleoproterozoic crust of 
the Maroni-Itacaiunas Province, largely formed during the 2.26 – 1.95 
Ga Transamazonian orogeny, but also encompassing younger igneous 
rocks. 

About half of the continental crust of the Amazonian Craton consti
tutes the Proterozoic Ventuari-Tapajós (2.01 – 1.80 Ga), Rio Negro- 
Juruena (1.82 – 1.60 Ga), Rondonian-San Ignacio (1.59 – 1.30 Ga), 
and Sunsas-Aguapeí (1.20 – 0.95 Ga) Provinces, located towards the 
southwest, as well as the peripheral Rio Apa Terrane (e.g. Cordani and 
Teixeira, 2007; Bettencourt et al., 2010; Teixeira et al., 2010, 2020; 
Scandolara et al., 2017). The tentative boundaries between these prov
inces, including the Archean core, are largely based on geological in
ferences, geochronological data, and Nd isotopic constraints. In 
addition, areas of three SLIPs (Orocaima, Uatumã, and Alta Floresta) 
have been marked separately on the map (Fig. 8), and their records have 
been plotted in a separate relative probability diagram in Fig. 9, together 
with other A-type and AMCG magmatism. The outlines of the SLIPs are 
drawn from the geologic evidence rather than from the low number of 
ages in key areas (Fig. 8), except for the Uatumã SLIP which is repre
sented by many data points in the Central Brazil shield. 

Fig. 8. Google Earth map of Amazonia, with 
main geological provinces (white dashed 
lines), outlines of siliceous large igneous 
provinces (SLIPs; orange dashed lines), and 
magmatic U-Pb age data points indicated. 
Thick dashed grey line marks the approxi
mate cratonic boundary of Amazonia. Inset 
map shows the exposed parts of Amazonia, 
the Guyana, Central Brazil and Bolivia 
Shields and the Rio Apa Terrane (RAT). Blue 
areas are Neoproterozoic orogenic belts 
partly surrounding the Amazonian Craton.   
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The geochronological data (625 U–Pb zircon ages) are grouped into 
five age intervals, 2.30 – 2.02, 2.02 – 1.82, 1.82 – 1.60, 1.60 – 1.26 and 
1.26 – 0.90 Ga, which largely coincide with the age ranges for the 
Proterozoic provinces Maroni-Itacaiunas, Ventuari-Tapajós, Rio Negro- 
Juruena, Rondonian-San Ignacio, and Sunsas-Aguapeí, respectively 
(Fig. 8). These intervals illustrate the accretionary growth of Proterozoic 
Amazonia marked by a general southwestward decrease in age. The 
Central Brazil-Bolivia Shield including the Rio Apa Terrane is repre
sented by a large number of data records (n = 392), especially in its 
southwestern part, compared to the Guiana Shield (n = 236). However, 
there is a remarkable coherence also in areas with less numerous data 
between age distribution patterns and tectonic framework. 

5.2. Paleoproterozoic orogenies 

Crust formation in Amazonia resumed during the early Paleo
proterozoic due to the development of accretional-collisional arcs, as 
documented in the northern and eastern parts of the Amazonian Craton. 
The crustal growth continued towards the present-day southwest until 
1.1 – 1.0 Ga, leading to the final consolidation of the Amazonian Craton 
(Cordani and Teixeira, 2007; Vasquez et al., 2008; Bettencourt et al., 
2010; Teixeira et al., 2010; Fernandes et al., 2011; Scandolara et al., 
2017). 

The Maroni-Itacaiunas Province is a product of early Paleoproter
ozoic magmatic arcs which amalgamated during the Transamazonian 
orogeny (2.23 – 1.95 Ga). The geology is complex with the most 
prominent magmatic components forming three age peaks at 2.22 – 
2.17 Ga (n = 14), 2.16 – 2.13 Ga (n = 28), and 2.12 – 2.06 Ga (n = 48) 
(Fig. 9), including granite-greenstone assemblages associated with TTG 
gneisses and gneissic-granitoid rocks. These magmatic events were 
succeeded by the formation of two adjoining granulite belts: the Bakhuis 
complex with igneous protoliths at ca. 2.07–2.06 Ga and the Cauarane- 
Coereni-Kanuku supracrustal association at ca. 2.04–2.01 Ga. Another 

belt composed of 1.99–1.94 Ga A-type granitoids (n = 8), gneisses, 
charnockites and migmatites occurs to the south (e.g. Vanderhaege 
et al., 1998; Tassinari and Macambira, 1999; Cordani and Teixeira 2007; 
Borghetti et al., 2018; Fraga and Cordani, 2019). Earlier Paleoproter
ozoic gneisses (2.5 – 2.4 Ga) and metavolcanic-sedimentary associations 
(2.4 – 2.3 Ga) occur, but in subordinate amounts, in the Bacajás domain 
that bounds the Carajás domain to the north (Vasquez et al., 2005, 2008; 
Macambira et al., 2009). 

All these rocks have classically been referred to the Paleoproterozoic 
Transamazonian orogeny, and mainly show variable assimilation of pre- 
existing crustal material, as suggested by the available Hf–Nd isotopic 
signatures and model ages (Cordani and Teixeira, 2007; Kroonenberg 
et al., 2016; Milhomem Neto and Lafon, 2020). Two plutonic-volcanic 
belts (SLIPs), post-collisional to the Transamazonian orogeny, are 
widespread over the Maroni-Itacaiunas Province (section 5.4). 

The Transamazonian orogeny is coeval with the Eburnean orogeny in 
the West African counterpart of Amazonia, during which the conver
gence and eventual collision between Amazonia and West Africa 
occurred (Delor et al., 2003; Cordani and Teixeira, 2007; Kroonenberg 
et al., 2016; Grenholm et al., 2019). From a paleomagnetic perspective, 
the amalgamation of Amazonia and West Africa is consistent with their 
2.00–1.98 Ga Apparent Polar Wandering Paths (Nomade et al., 2003; 
Cordani et al., 2009; Bispo-Santos et al., 2014). 

Two alternative geodynamic scenarios have been postulated for the 
evolution of the Maroni-Itacaiunas Province. The first envisages that all 
the Paleoproterozoic units originated from successive oceanic arcs with 
a final collision between the Amazonia and West Africa blocks, where 
the high-grade belts resulted from mantle upwelling in a zone of crustal 
stretching during plate convergence. This final process renewed the 
metamorphism in the high-grade belts along an anticlockwise cooling 
path, accompanied by anatexis and subsequent emplacement of plutonic 
rocks (e.g. Delor et al., 2003; Kroonenberg et al., 2016). The second 
scenario (e.g. Fraga et al., 2009b; Fraga and Cordani, 2019) postulates 

Fig. 9. A. Relative probability curves of magmatic U-Pb ages between 2300 and 800 Ma from orogenic rocks in the Amazonian Craton (including the adjacent Rio 
Apa Terrane). B. Relative probability curves of magmatic U-Pb ages between 2300 and 800 Ma from intraplate rocks (SLIPs and AMCG complexes) in the Amazonian 
Craton. C. Cumulative age diagrams for Amazonia, subdivided into the different orogenic provinces shown in Fig. 8. Note that the age axis in C is reverse compared to 
in panel A and B. 
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the formation of a magmatic arc and associated back arc basin along an 
active continental margin, marked by the Cauarane-Coereni-Kanuku 
supracrustal association, and its eventual collision with the newly 
formed continental crust around ca. 2.02 – 2.01 Ga (Fraga et al., 2020), 
enclosing the older granite-greenstone areas formed during the pre
ceding Transamazonian orogenic stages. The collisional process led to 
strong reworking of the pre-existing crust, including renewed meta
morphism of the granulite belts. The ensuing A-type magmatism is 
considered to be related to a transpressional, post-collisional setting. 

Large portions of the continental crust in the Central Brazil Shield 
became consolidated in the Paleoproterozoic, such as the Xingu-Iriri 
(weastern part of the Central Amazonian Province) and Tapajós Do
mains (2.05 – 1.80 Ga; Santos et al., 2001; Fernandes et al., 2011), and 
the Juruena and Jamari Terranes (1.82 – 1.60 Ga; Scandolara et al., 
2017) (Figs. 8, 9C). From a geodynamic perspective, the continued 
accretionary-collisional processes also involved the Precambrian crust 
of Bolivia (e.g. Paraguá Terrane) as well as the peripheral Rio Apa 
Terrane. 

The Xingu-Iriri and Tapajós Domains were formed from distinct 
accretionary-collisional arcs (Lamarão, 2005; Semblano et al., 2016a, b; 
Vasquez et al., 2019) collectively assigned here to the Tapajós orogeny 
that presents an age peak of 2.05 – 1.92 Ga (n = 56; Figs. 9A, C) along 
with a 1.98 – 1.96 Ga intraplate magmatic event (Orocaima SLIP, n = 29, 
section 5.4). The orogenic setting is complex, with rocks consisting of 
polyphase calc-alkaline and sub-alkaline tonalitic, monzogranitic and 
monzonitic gneisses, amphibolites and associated metavolcanic- 
sedimentary sequences that are extensively overlain or intruded by the 
volcanic-plutonic rocks of the 1.88 – 1.87 Ga Uatumã SLIP (n = 74; Klein 
et al., 2012). Thus, there is an ongoing debate about the number of 
magmatic arcs that formed the Xingu-Iriri and Tapajós Domains (Santos 
et al., 2001, 2004; Cordani and Teixeira, 2007; Fernandes et al., 2011). 

The Xingu-Iriri Domain, bounded to the east by the Archean Carajás 
and Rio Maria Domains, hosts successive 1.99–1.84 Ga continental arcs, 
extensively overlain and intruded by volcanic and plutonic rocks of the 
Uatumã SLIP. These arc rocks are derived predominantly from Archean 
protoliths according to the available Nd isotopic evidence. Conse
quently, this domain has been tentatively included within the Archean 
Central Amazonian Province (Sato and Tassinari, 1997; Tassinari and 
Macambira, 1999; Cordani and Teixeira, 2007). Conversely, the 
adjoining Tapajos Domain essentially contains roots of juvenile 
magmatic arcs active between 2.01 and 1.90 Ga, as well as 
metavolcanic-sedimentary relicts (ca. 2.1 Ga), and volcano-plutonic 
rocks of the Uatumã SLIP (e.g. Tassinari and Macambira, 1999; Santos 
et al., 2000, 2001, 2004; Lamarão, 2005; Fernandes et al., 2011; Klein 
et al., 2012; Vasquez et al., 2019). A roughly similar geologic setting is 
seen immediately to the north in the Guiana Shield where 2.05–1.95 Ga 
K-rich calc-alkaline and shoshonitic rocks (n = 15) related to melting of 
juvenile mantle-derived magmas are again extensively overlain or 
intruded by the Uatumã volcano-plutonic association (e.g. Leal et al., 
2018; Teixeira et al., 2019; Macambira et al., 2020). The Uatumã SLIP 
has Nd-isotopic signatures suggestive of large-scale fusion of young 
accreted oceanic lithosphere, rather than derivation from Archean crust 
(e.g. Klein et al., 2012). Therefore, a tectonic affinity with the Tapajós 
Domain to the south is apparent. 

The southwestern limit of the Tapajós Domain with the younger Rio 
Negro-Juruena Province is tentatively placed along a set of NW-SE 
trending tectonic zones (Cordani and Teixeira, 2007). This region is 
composed of calc-alkaline gneisses (2.05–2.03 Ga), intruded by gran
itoid suites aged 1.99 – 1.93 and 1.89 – 1.87 Ga, the youngest of which 
has an intraplate setting (Scandolara et al., 2013; Rizzotto et al., 2019). 
These basement rocks are intruded or overlain by plutonic and volcanic 
rocks of the 1.79 – 1.75 Ga Teles Pires Suite and the 1.83 – 1.79 Ga 
Colíder Group (e.g. Neder et al., 2002; Santos et al., 2004; Cordani and 
Teixeira, 2007; Scandolara et al., 2017; Rizzotto et al., 2019; Trevisan 
et al., 2021; Saar de Almeida et al., 2021). From a geochemical point of 
view the Teles Pires Suite displays mainly alkaline A-type geochemical 

characteristics in contrast with the sub-alkaline to calc-alkaline trend of 
the Colider Group volcanics (e.g. Rizzotto et al., 2014, Rizzotto et al., 
2019). These plutonic-volcanic rocks roughly bound a rift-type basin 
composed of a lower unit with 1.77–1.75 Ga volcanics and an associated 
sedimentary succession as young as 1.74 Ga (detrital zircon age), 
intruded by 1.57 Ga gabbro sills. The volcanic-sedimentary succession is 
overlain by much younger sedimentary packages representing a post-rift 
phase (Reis et al., 2021, and references therein). 

The Rio Negro-Juruena Province formed from successive magmatic 
arcs continually succeeding the Ventuari-Tapajós Province arc-systems, 
as described by Cordani et al. (2016) for the Colombian basement in the 
westernmost part of the Guiana Shield. This portion comprises 
magmatic rocks aged 1.82 – 1.75 Ga (n = 26) and 1.74 – 1.70 Ga (n = 7), 
and two sets (1.60 – 1.50 Ga, n = 12; 1.48 – 1.33 Ga, n = 2) of crustal- 
derived granites (e.g. Tassinari et al., 1996; Santos et al., 2000; Ibañez- 
Mejia and Cordani, 2020). Of note, the basement rocks show Hf–O and 
Nd isotope characteristics indicating that reworking of older crust might 
have played an important role in the geological and geochemical evo
lution (Ibañez-Mejia and Cordani, 2020). This finding contrasts with 
granitoid rocks of similar ages exposed in the Central Brazil Shield, 
where positive to slightly negative Nd isotopic signatures are apparent 
(e.g. Tassinari et al., 1996; Tassinari and Macambira, 1999; Cordani and 
Teixeira, 2007), indicating a more juvenile origin. 

The evolution of the southwestern part of the Rio Negro-Juruena 
Province is debated, including issues such as the tectonic interaction 
between the Juruena accretionary-collisional orogeny (1.82 – 1.63 Ga) 
and the older Tapajós arc system (e.g. Cordani and Teixeira, 2007; 
Scandolara et al., 2017; Rizzotto et al., 2019). This portion is divided 
into the 1.82 – 1.78 Ga Juruena and 1.79 – 1.74 Ga Jamari arc terranes 
according to geochronological and structural evidence (Scandolara 
et al., 2017). The available Nd isotopic evidence indicates that the 
crustal generation processes involved juvenile mantle sources and 
variable proportions of older recycled crust. According to these authors, 
the collision of these arcs against the pre-existing continental margin 
(i.e. consolidated Tapajós Orogen rocks) resulted in a complex tectono- 
structural framework under granulite facies metamorphism dated at 
1.69 – 1.63 Ga. Subsequent 1.50 – 1.30 Ga crustal reworking is recorded 
in the Jamari Terrane (Tassinari et al., 1996; Santos et al., 2008; Scan
dolara et al., 2013, 2017). As such, this particular terrane is considered 
as an orogenic component of the adjoining Rondonian-San Ignacio 
Province rather than of the Rio Negro-Juruena Province (Bettencourt 
et al., 2010), as followed hereafter. 

Roughly coeval tectono-magmatic events are documented in the Alto 
Jauru Terrane in the southeastern portion of the Rio Negro-Juruena 
Province. This portion is composed of 1.76 – 1.71 Ga (n = 6) granite- 
greenstone associations and juvenile granite-gneissic rocks that 
display Sm–Nd TDM ages between 2.0 and 1.8 Ga and positive to slightly 
negative ƐNd(t) signatures (Geraldes et al., 2001, 2004, and references 
therein). Noteworthy the Alto Jauru Terrane like the Jamari Terrane 
displays Mesoproterozoic crustal reworking and A-type and intraplate 
magmatic activity representing peaks at 1.60–1.49 Ga (n = 21) and 
1.47–1.39 Ga (n = 11), indicating its affinity with the adjoining 
Rondonian-San Ignacio Province (Bettencourt et al., 2010). 

Rio Apa Terrane: The Rio Apa Terrane constitutes a Paleo- to Meso
proterozoic allochthonous fragment exposed in a basement window 
surrounded by Phanerozoic sediments, south of the Amazonian craton 
proper. It has been extensively studied in recent years, and is repre
sented by 42 data points in our compilation (Fig. 9A), in spite of its 
relatively small size. Its affinity with Proterozoic Amazonia has been 
inferred by robust geochronological and Nd and zircon Hf isotopic 
constraints (Faleiros et al., 2016; Teixeira et al., 2020; Ribeiro et al., 
2020). The Rio Apa Terrane is a product of three tectonic-magmatic 
events: 2.10 –1.94 Ga, 1.90 – 1.82 Ga (Amoguija arc), and 1.80 – 
1.72 Ga (Caracol arc) (Fig. 9C). The two older events represent conti
nental arcs with protoliths as old as 2.7 Ga indicated by the isotopic 
constraints. The younger arc likely evolved in an oceanic setting with 
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significant juvenile input according to Nd and zircon Hf isotopic evi
dence (Teixeira et al., 2020; Ribeiro et al., 2020). 

The crustal evolution of the Rio Apa Terrane is penecontempora
neous with orogenic episodes recognized in the southeastern portions of 
the Ventuari-Tapajós and Rio Negro-Juruena Provinces, as also rein
forced by the roughly similar initial εHf(t) signatures (Faleiros et al., 
2016; Teixeira et al., 2020; Ribeiro et al., 2020). Hence, the Rio Apa 
Terrane was probably located along the southeastern extension of the 
boundary between the Ventuari-Tapajos and Rio Negro-Juruena Prov
inces during Paleoproterozoic times (e.g. Faleiros et al., 2016; Teixeira 
et al., 2020). 

5.3. Mesoproterozoic orogens 

The Rondonian-San Ignacio Province (1.59 – 1.30 Ga) is a product of 
a Mesoproterozoic orogeny that lasted ca. 260 Myr (Fig. 9C), involving 
successive stacking of accretionary-collisional magmatic arcs within the 
Jauru and Paraguá Terranes located to the west in the Bolivian Pre
cambrian Shield (e.g. Boger et al., 2005; Bettencourt et al., 2010; Riz
zotto et al., 2014; Teixeira et al., 2020). Age peaks at 1.59–1.48 Ga (n =
28), 1.47–1.39 Ga (n = 44), and 1.37–1.28 Ga (n = 22) (Fig. 9A) are 
primarily related to four orogenic pulses of continental or oceanic set
tings: Cachoeirinha (1.59 – 1.52 Ga), Rio Alegre (1.51 – 1.48 Ga), Santa 
Helena (1.44 – 1.42 Ga), and Alto Guaporé (1.44 – 1.33 Ga) (Bettencourt 
et al., 2010). The latter pulse generated the Alto Guaporé belt (e.g. 
Rizzotto et al., 2013; Teixeira et al., 2020), and represents the most 
prominent tectonic-magmatic event of Mesoproterozoic Amazonia, 
before the 1.1 – 1.0 Ga Sunsás orogeny that marks the final consolidation 
of the Amazonian Craton. 

The history of the Alto Guaporé belt involved an early accretionary 
phase (1.44 – 1.43 Ga) marked by ophiolitic remnants and associated 
chemical ocean sediments (e.g. Bettencourt et al., 2010; Rizzotto and 
Hartmann, 2012; Rizzotto et al., 2013, 2014). The tectonic setting is 
similar during the 1.51–1.48 Ga orogenic pulse, indicating that an 
oceanic environment existed between the Alto Jauru and the Paraguá 
Terrane for at least 90 million years. The collisional stage (1.35 – 1.33 
Ga) marks the suturing of the Paraguá Terrane onto the Rio Negro- 
Juruena Province and eventual consolidation of the Rondonian-San 
Ignacio Province (e.g. Boger et al., 2005; Cordani and Teixeira, 2007; 
Rizzotto et al., 2013, 2014). The Paraguá Terrane in the Bolivian Shield 
hosts crustal-derived granitoid rocks (1.37 – 1.34 Ga) collectively known 
as the Pensamiento Granitoid Complex (Litherland et al., 1986). These 
rocks have traditionally been assigned to the San Ignacio orogeny 
(Litherland et al., 1986; Boger et al., 2005; Matos et al., 2009), which 
was renamed the Alto Guaporé orogeny by Rizzotto et al. (2014). 

The collisional phase was accompanied by inboard syn- to late tec
tonic plutonism in the Jamari Terrane, exemplified by the 1.36–1.34 Ga 
Alto Candeias suite, coeval with the Pensamiento suite in the Paraguá 
Terrane, and the slightly younger (1.31 – 1.28 Ga) São Lourenço-Car
ipunas suite. The Paraguá, Jamari and Alto Jauru Terranes experienced 
penecontemporaneous regional metamorphism and deformation and 
partial melting of pre-existing material at 1.35 – 1.30 Ga related to the 
Alto Guaporé orogeny (Rizzotto et al., 2013; Nedel et al., 2017; Teixeira 
et al., 2020). 

The Alto Guaporé orogeny correlates well with the early phases of 
the Putumayo orogeny (Fig. 9A, C). The latter is recorded in basement 
inliers of the northern Andes in Colombia and in the westernmost 
portion of the Guiana Shield (Ibañez-Mejia, 2020 and references 
therein). The Putumayo convergence and arc–related magmatism and 
sedimentation mark a protracted orogenic history, lasting ca. 400 Myr 
(Fig. 9C), being penecontemporaneous with both the Alto Guaporé and 
Sunsás orogenies further south. The igneous protoliths associated with 
the early accretionary arcs yielded ca. 1.46 – 1.31 Ga ages (n = 3), and 
involved both the generation of juvenile crust and reworking of older 
crustal material. 

The main arc development included subduction-driven magmatism 

and deformation, arc-terrane accretion (1.10 – 1.02 Ga, n = 3), and 
eventual AMCG magmatism (ca. 1.0 Ga, n = 1). According to Ibañez- 
Mejia (2020), the AMCG magmatism in the Putumayo Orogen postdates 
arc accretion but pre–dates the main collisional event, and most likely 
took place in a convergent tectonic environment. The final collisional 
stage and crustal exhumation of the Putumayo orogen is represented by 
ages at 1.05 –1.00 Ga (n = 2) and ~ 0.95 Ga (n = 1) (Fig. 9A–C). This 
stage is somewhat younger than the 1.11 – 1.00 Ga collisional stage in 
the Sunsás belt at the SW edge of the Amazonian Craton, in the Bolivian 
Shield (Litherland et al., 1989; Boger et al., 2005; Teixeira et al., 2010). 

The Sunsás belt (1.20 – 1.00 Ga) southwest of the Paraguá Terrane is 
essentially composed of metasedimentary sequences and syn-, late and 
post-collisional granitic intrusive suites with variable I-, S- and hybrid A- 
type characteristics represented by a small peak at 1.15 – 1.05 Ga (n = 4) 
in Fig. 9A. This peak coincides with the mafic 1.11 Ga Rincón del Tigre- 
Huanchaca LIP recognized at the SW edge of the Amazonian Craton 
(Teixeira et al., 2010, 2015, 2020; Nedel et al., 2020) but not included in 
our compilation. The Sunsás belt is roughly contemporaneous with two 
intraplate supracrustal belts: the Nova Brasilândia Belt in the Jamari 
Terrane and the Aguapeí Belt along the eastern side of the Paraguá 
Terrane. In particular, the Nova Brasilândia Belt (Tohver et al., 2004a, 
2004b, 2006), also termed Nova Brasilândia Terrane (e.g. Bettencourt 
et al., 2010; Teixeira et al., 2010), hosts 1.11 Ga bimodal magmatism, 
the Rio Branco suite, whose age matches the Rincón del Tigre- 
Huanchaca LIP (Teixeira et al., 2015, 2019). 

The syn- to late-orogenic granites (1.1 – 1.0 Ga) have tectonic re
lations with several shear zones along the southern edge of the Paraguá 
Terrane, indicating the general transport of the Sunsás belt from 
southwest to northeast (Litherland et al., 1989; Teixeira et al., 2010, 
2020). The emplacement of post-collisional to anorogenic granites 
accompanied the orogenic collapse and crustal exhumation (Litherland 
et al., 1986; Teixeira et al., 2010), like in the Putumayo orogen. These 
granites transect the Paraguá basement as well as the Jamari Terrane to 
the north, exemplified by the youngest granite generation of the Ron
donian Tin Province with ages of 0.99 – 0.97 Ga (n = 4), and continue to 
0.93 Ga (e.g. Payolla et al., 2002; Teixeira et al., 2010; Bettencourt et al., 
2016). 

5.4. Paleoproterozoic silicic large igneous provinces 

Three SLIP events (Fig. 9B), namely the 1.98 – 1.96 Ga Orocaima (n 
= 29), 1.88 – 1.87 Ga Uatumã (n = 74), and 1.80 – 1.79 Ga Alta Floresta 
(n = 24), are signs of significant plutonic and volcanic activity 
throughout the late Paleoproterozoic within the older northeastern parts 
of Amazonia, accompanying the stepwise southwestward growth (Klein 
et al., 2012; Teixeira et al., 2019; Fraga et al., 2020; Reis et al., 2021). In 
addition, the Amazonian Craton hosts the 1.79 Ga Avanavero LIP 
composed of voluminous mafic sills and dykes, and the 1.11 Ga mafic 
Rincón del Tigre-Huanchaca LIP (Reis et al., 2013, 2021; Teixeira et al., 
2019, 2020). However, these two mafic LIPs are beyond the scope of this 
paper. 

The Orocaima SLIP roughly bounds the Cauarane-Coerene-Kanuku 
high-grade supracrustal belt in the central portion of the Maroni- 
Itacaiunas Province to the north, in the eastern part of the Guiana 
Shield. It extends to the south in the Central Brazil Shield, althought 
extensively overlain by Uatumã SLIP rocks. The Orocaima SLIP is 
composed of rocks with high-K calc-alkaline, A-type and shoshonitic 
chemistry, signatures of a post-collisional setting in relation to the 
Transamazonian orogeny (Reis et al., 2003, 2021). 

The Uatumã SLIP crops out in a large oval area in the eastern parts of 
the Guiana and Central Brazil shields and forms a high-K calc-alkaline 
and A-type volcanic and plutonic association. This magmatism is a post- 
collisional to intraplate counterpart to the youngest continental arc that 
formed the Xingu-Iriri and Tapajós Domains (Fernandes et al., 2011; 
Klein et al., 2012; Teixeira et al., 2019; Reis et al., 2021). The Uatumã 
SLIP also includes the 1.88 Ga alkaline to sub-alkaline A-type granites 
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and mafic dykes that transect the Archean Carajás and Rio Maria do
mains (Antonio et al., 2017, 2021; Fernandes et al., 2011; Giovanardi 
et al., 2019; Teixeira et al., 2019). This SLIP forms a prominent age peak 
(Fig. 9B) 

The 1.80 – 1.79 Ga Alta Floresta SLIP (Reis et al., 2021), which oc
curs in the Central Brazil Shield to the south of the Uatumã SLIP, 
matches the age of the Avanavero LIP in the Guiana Shield (Reis et al., 
2013). This SLIP consists of spatially associated volcanic, subvolcanic 
and plutonic rocks of medium to high-K calc-alkaline to alkaline affinity 
along the southernmost fringe of the Tapajós Domain. These particular 
geochemical rock types were distinguished from the Colider volcanics 
and the Teles Pires Suite, collectively grouped into a 1.82 – 1.76 Ga 
magmatic belt in the same area (Rizzotto et al., 2019). We note that the 
Alta Floresta magmatism has a much shorter age range (10 myr) than the 
Colider-Teles Pires magmatism, but it could perhaps be considered the 
peak event of the whole Colider-Teles Pires magmatic episode. 

5.5. Mesoproterozoic intraplate magmatism 

The Amazonian Craton hosts scattered 1.61–1.34 Ga (n = 38) 
intraplate intrusions (Fig. 9B), exemplified by rapakivi plutons with A- 
type geochemistry and much younger ages than the surrounding crys
talline basement. These magmatic episodes can be considered as discrete 
extension episodes within the already stable parts of the continental 
crust, contemporaneous with the crustal growth of southwestern Ama
zonia in the Mesoproterozoic. Their quite large distribution across the 
Guiana and Central Brazil-Bolivia shields is consistent with other LIP 
scale events (Teixeira et al., 2019). At a broader scale, the intermittent 
intraplate activity manifested by pulses of rapakivi granite and co- 
magmatic charnockite, anorthosite and mangerite have age matches 
with roughly correlative events composed of similar rocks formed in 

similar geologic environments in eastern Laurentia and Baltica (e.g. 
Sadowski and Bettencourt, 1996; Bettencourt et al., 1999; McLelland, 
1989; Söderlund et al., 2002; Gower and Krogh, 2002; Payolla et al., 
2002; Cordani and Teixeira, 2007). 

In the Guiana Shield these intraplate intrusions include the Sur
ucucus Suite (1.55 Ga), the Mucajaí AMG complex (1.53 – 1.51 Ga), the 
Repartimento Anorthosite (1.52 Ga), and the Serra Grande MCG com
plex (1.43 – 1.42 Ga) in Brazil, the Parguaza Suite (1.40 – 1.39 Ga) in 
Venezuela, and coeval rapakivi rocks in eastern Colombia (Santos et al., 
2011; Fraga et al., 2009a, 2009b; Heinonen et al., 2012; Bonilla et al., 
2016; Teixeira et al., 2019; Ibañez-Mejia and Cordani, 2020). Meso
proterozoic intraplate activity is also present in the Central Brazil Shield, 
such as the 1.61 – 1.51 Ga Serra da Providência, the 1.40 – 1.36 Ga Santo 
Antônio, and the 1.39 Ga Teotônio Suites (Payolla et al., 2002; Betten
court et al., 2010; Scandolara et al., 2013, 2017) (Fig. 9B). The Serra da 
Providência Suite is post-collisional to the granulite metamorphism of 
the Juruena orogeny (e.g. Scandolara et al., 2013). These younger 
igneous pulses may be considered inboard magmatic counterparts to the 
distinct orogenic events that constructed the Rondonian–San Ignacio 
Province. Many of these granites show juvenile Nd isotopic signatures, 
indicating a high proportion of mantle-derived material in their magmas 
(Bettencourt et al., 1999). 

6. Kalahari Craton data and results 

6.1. Geological overview 

Kalahari consists of the old pre-Neoproterozoic core of southern 
Africa and a small part of East Antarctica (Fig. 10). Its position within 
Columbia remains highly uncertain, and here we are mainly concerned 
with its relationship to the other continents within Rodinia. In Rodinia, 

Fig. 10. Google Earth map of the Kalahari Craton (southern Africa and adjacent parts of East Antarctica) with main geological provinces (white dashed lines) and 
magmatic U-Pb age data points indicated. G = Grunehogna craton; Moz. = Mozambique; RMA = Richtersveld Magmatic Arc; TOAST = Tonian Oceanic Arc 
Superterrane. 
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Proto-Kalahari (pre-Mesoproterozoic Kalahari) is surrounded by 
Grenville-age rocks on all sides. These are related to different tectonic 
processes operative along three major sections of Proto-Kalahari. Whilst 
the Namaqua-Natal Belt represents continental collision with Laurentia, 
the Maud Belt in East Antarctica and its continuation into northern 
Mozambique is interpreted as a major continental arc. The present-day 
western and northern sides of the Proto-Kalahari Craton in northern 
Namibia-Botswana largely formed an extensional margin in late 
Grenville-age times (ca. 1200–1000 Ma; e.g. Singletary et al., 2003; 
Jacobs et al., 2008), and is not the focus of the current study. 

Although only partly exposed, the Namaqua-Natal Belt can be traced 
by geophysical means underneath thick younger cover rocks in central 
South Africa and projects eastward into formerly adjacent parts of East 
Antarctica. Mesoproterozoic rocks of the Falkland Islands and the Haag 
block in Antarctica are part of this mobile belt and are restored within 
the Natal Embayment. Whilst the Namaqua sector is characterised by 
significant reworking of older crust, the Natal side is dominated by ju
venile additions prior to continental collision. Proto-Kalahari formed an 
indenter during the final stage of continental collision, resulting in 
dextral shear geometries in the Namaqua and sinistral shear geometries 
in the Natal sectors, respectively (Jacobs et al., 1993). 

In contrast, the Maud Belt, exposed in East Antarctica, represents a 
major long-lived continental arc that formed perpendicular to, and 
slightly after, the Namaqua-Natal Belt. The Maud Belt extends into 
northern Mozambique, and possibly correlates with the Southern Iru
mide Belt in Malawi and Tanzania (e.g. Bingen et al., 2009; Macey et al., 
2010; Wang et al., 2020a). The entire Maud Belt underwent medium- to 
high-grade Pan-African reworking during the assembly of Gondwana 
(Jacobs et al., 1998; Wang et al., 2020b). 

The protracted orogenic magmatism in the Namaqua-Natal and 
Maud belts shows a marked peak at ca. 1100 Ma, which coincides with 
widespread within-plate magmatism at 1112–1106 Ma inside the Proto- 
Kalahari Craton (Umkondo LIP) (e.g. Hanson et al., 1998). This event 
was synchronous with the within-plate magmatism of the Mid- 

Continental Rift System of Laurentia and in the Coats Land block of 
East Antarctica. The latter is interpreted as a fragment of Laurentia that 
remained attached to Kalahari, when Kalahari was rifted from Laurentia 
in the Neoproterozoic (e.g. Loewy et al., 2011). 

A total of 386 U-Pb zircon ages from Kalahari between 2000 and 950 
Ma in age, but mostly below 1400 Ma, have been compiled and their 
locations are plotted in Fig. 10. Relevant relative probability curves for 
the different segments of the Namaqua-Natal-Maud-Mozambique belt 
are shown in Fig. 11A, and corresponding cumulative age diagrams in 
Fig. 11B. Since only age data from the Grenville-age Namaqua-Natal and 
Maud Belts have been compiled, but not data from older Proterozoic 
provinces surrounding the Archaean nucleii, these diagrams do not give 
the full picture of the evolution of the entire Kalahari craton during the 
Proterozoic. 

6.2. Namaqua Sector 

The Namaqua Sector of the Namaqua-Natal Belt is composed of a 
number of Paleoproterozoic (~2.05–1.81 Ga) and Mesoproterozoic 
(~1.3–1.0 Ga) tectonostratigraphic ‘subprovinces’, ‘terranes’ or ‘do
mains’ (e.g. Cornell et al., 2006; Miller, 2008 and references therein; 
Macey et al., 2017). Broadly speaking, the domains occur as a stack of 
SW-vergent thrust sheets that were juxtaposed and reworked during the 
polyphase, high temperature, moderate/low pressure Namaqua orogeny 
between ~ 1220 and 960 Ma (e.g. Clifford et al., 2004; Hartnady et al., 
1985; Eglington, 2006; Bial et al., 2015; Bailie et al., 2017; Macey et al., 
2018b). The Paleoproterozoic domains occur in the western part of the 
Namaqua Sector and consist predominantly of igneous rocks formed 
during at least three distinct pulses. The oldest pulse, the ca. 2020 Ma 
calc-alkaline granodioritic orthogneisses in the Sperrgebiet Domain of 
southern Namibia (n = 5) are interpreted to have formed in an island-arc 
setting (Thomas et al., 2016). The second and most extensive phase of 
Paleoproterozoic magmatism developed in the Richtersveld Sub
province (Richtersveld Magmatic Arc) and intruded and enveloped the 

Fig. 11. A. Relative probability curves of magmatic U-Pb ages from the Namaqua-Natal Belt in southern Africa, the Maud Belt in Antarctica, and its continuation into 
northern Mozambique and Malawi. B. Cumulative age diagrams from the same rock units. Age ranges of accretionary orogenies in greenish hues, of collisional 
orogeny in grey. Note that the age axis in B is reverse compared to in panel A. For Kalahari, only age data from the Grenville-age Namaqua-Natal and Maud Belts were 
compiled, but not data from older Proterozoic provinces that would have yielded much more Paleoproterozoic age peaks. 
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Sperrgebiet Domain, including its scattered Neoarchean-early Paleo
proterozoic crustal remnants (Bankwasser Migmatite, Macey et al., 
2017). It is composed of 1910–1875 Ma calc-alkaline volcanic rocks and 
minor quartzite (Orange River Group; n = 8; Fig. 11), intruded by vast 
amounts of coeval granodiorite and granite of similar age (Vioolsdrif 
Suite; n = 36), associated with the low-grade Orange River orogeny 
(Reid, 1979; Blignault et al., 1983; Macey et al., 2017). The third pulse 
of Paleoproterozoic granitic magmatism at 1825–1800 Ma (Gladkop 
Suite; n = 9) was recognized just south of the Richtersveld Magmatic Arc 
and forms the Steinkopf Domain (Fig. 11) in the northern Bushmanland 
Subprovince (Robb et al., 1998; Nke et al., 2020). 

The Paleoproterozoic block in the western Namaqua Sector is sur
rounded to the northeast, east and south by tectonic domains dominated 
by Mesoproterozoic plutonic rocks. However, isotopic studies indicate 
most of these were derived from the melting of a significant amount of 
Palaeoproterozoic crust. Mesoproterozoic igneous activity was also 
poly-episodic, with five pulses at 1360–1330 Ma, 1300–1240 Ma, 
1230–1150 Ma, 1125–1030, and 1010–960 Ma during multiple cycles of 
collisional juxtaposition and extension of the tectonic domains around 
the Proto-Kalahari Craton (Fig. 11). The earliest magmatic phase at ca. 
1350 Ma (n = 6) produced gabbro – granite hybrid rocks in the northeast 
Namaqua Sector (Konkiep Domain), possibly in a rift setting, which 
resulted in development of an ocean basin to the west (Cornell et al., 
2015). The subsequent 1300–1240 Ma magmatism (n = 9), mainly 
recorded by mafic to intermediate metavolcanics and their redeposited 
equivalents rocks in the east of the Namaqua Sector (Areachap Domain), 
was interpreted as juvenile arc magmatism associated with inboard 
(eastward) subduction of the oceanic crust (Pettersson et al., 2007). In 
the Kakamas Domain (located between the Richtersveld Magmatic Arc 
and Konkiep-Areachap domains) and the Bushmanland Subprovince 
(located to the south of the Richtersveld Magmatic Arc), the earliest 
period of intrusion at ca. 1230–1150 Ma (n = 64) was characterised by 
minor early mafic magmatism followed by voluminous granites and 
youngest leucogranite (e.g. Clifford et al., 2004; Eglington, 2006; Pet
tersson, 2008; Groenewald and Macey, 2020). The ~ 1200 Ma granite 
magmas intruded supracrustal successions which had been deposited 
just before (e.g. McClung, 2006; Cornell and Pettersson, 2007) and was 
accompanied by high grade metamorphism (e.g. Clifford et al., 2004; 
Bial et al., 2015). A second Mesoproterozoic depositional event at ~ 
1150 Ma (Raith et al., 2003; Cornell et al, 2009) was accompanied by 
minor mafic magmatism (Robb et al., 1998). 

The fourth magmatic pulse between 1125 and 1030 Ma (n = 64 ; 
Fig. 11) produced the voluminous late- to post-tectonic granite and 
charnockite of the Keimoes and Komsberg Suites in the Kakamas and 
Areachap Domains (Bailie et al., 2017; Macey et al., 2018a) and the 
1100–1040 Ma Spektakel Suite in the Bushmanland Subprovince 
(Macey et al., 2018b), which marked the end of the main phase of the 
Namaqua orogeny, the final juxtaposition of the various Namaqua do
mains, and final collision with Laurentia. The magmatism has been 
variably attributed to slab break-off and mantle upwelling (e.g. Waters, 
1986; Bailie et al., 2017; Macey et al., 2018b) or to the influence of the 
Umkondo plume (Cornell et al., 2012). In the Bushmanland Subprovince 
the prolonged period of granitic and mafic (Koperberg Suite) magma
tism is spatially and temporally related to low-P, high-T thermal meta
morphism (1050–1020 Ma; e.g. Robb et al., 1998) of the western and 
southern Namaqua sector, suggesting that the ascending melts were 
responsible for the transfer of the heat into the surrounding crust. The 
fifth and final phase of magmatism in the Namaqua Sector is charac
terized by swarms of pegmatite sheets and associated leucogranites (e.g. 
Melcher et al., 2017; Doggart, 2019) that intruded between 1010 and 
960 Ma (n = 19; Fig. 11). They are related to coeval large-scale, NW- 
trending, sub-vertical transcurrent dextral shear zones (e.g. Pofadder 
shear) which also reactivated the older major tectonic domain bound
aries (e.g. Thomas et al., 1994; Lambert, 2013). 

6.3. Natal Sector 

The Natal Sector of the Namaqua-Natal Belt (Fig. 10) was divided 
into three Mesoproterozoic crustal blocks termed, from south to north, 
the Margate, Mzumbe, and Tugela Terranes (Thomas, 1989). Unlike the 
complexities and controversies attached to the Namaqua Sector, the 
Natal terranes have been interpreted as remnants of discrete juvenile 
island arcs that were accreted onto the margin of the Proto-Kalahari 
Craton during Rodinia assembly. The Tugela Terrane, adjacent to the 
Archean Kaapvaal Craton, also contains remnants of ophiolitic rocks 
(Matthews, 1972). Compiled geochronology data show that the igneous 
activities in the Natal Sector mainly occurred during four periods at 
1250–1200 Ma, 1180–1130 Ma, 1090–1070 Ma, and 1060–1020 Ma 
(Fig. 11). 

The first period (n = 4), interpreted as the early-stage island arc 
magmatism, is recorded by the Quha Gneiss in the Mzumbe and Margate 
Terranes, dated at 1235 ± 9 Ma (Thomas et al., 1999), which was 
intruded by the Mzumbe Granitoid Suite at ca. 1207 and 1175 Ma, 
respectively (Thomas and Eglington, 1990; Spencer et al., 2015). This 
magmatic phase has also been recognized in the Tugela Terrane, where 
the Kotongweni tonalite gneiss was dated at 1209 ± 5 Ma (Johnston 
et al., 2001). The second stage of magmatism (n = 8) took place in all the 
three terranes including, for example, the Sikombe and Margate granites 
in the Margate Terrane and the Mzimlilo granite of the Mzumbe Terrane. 
This period of magmatism is interpreted to possibly represent a phase of 
extensional activity during the latest stages of arc magmatism lasting to 
ca. 1130 Ma, when the Tugela and Mzumbe Terranes were accreted to 
the Proto-Kalahari Craton (Mendonidis et al., 2015). The ca. 1090–1070 
Ma stage (n = 13) is characterized by synchronous intrusion of granites 
and mafic/ultramafic and alkaline intermediate magmatic suites, 
interpreted as syn- to post-tectonic magmatism related to the accretion 
of the Margate Terrane (Mendonidis and Armstrong, 2009). After this, 
late-stage post-accretional magmatism occurred at ca. 1060–1020 Ma 
(n = 13), exemplified by the emplacement of the voluminous A-type 
rapakivi-type granites and charnockites of the Oribi Gorge Granite Suite 
in the Margate and Mzumbe terranes (Eglington et al., 2003), which 
probably coincides with the final juxtaposition of Kalahari and 
Laurentia. 

Paleogeographic reconstructions place the Falkland Islands (n = 3) 
and Haag Nunataks (n = 3) on the southern margin of the Proto-Kalahari 
Craton, and Grenville-age magmatism in these areas can be correlated 
with the adjacent Natal Sector (e.g. Jacobs et al., 1999; Riley et al., 
2020). Furthermore, the Margate Terrane of the Natal Belt probably 
extends into the Vardeklettane Terrane in the south-westernmost part of 
the Maud Belt (Bauer et al., 2009; Mendonidis et al., 2015). 

6.4. Maud Belt (Antarctica) and its continuation into northern 
Mozambique and Malawi 

The Maud Belt in East Antarctica represents a Grenville-age conti
nental arc that is complex due to both late Mesoproterozoic as well as 
intense late Neoproterozoic/early Paleozoic tectono-thermal reworking 
(e.g. Jacobs and Thomas, 2004). The Maud Belt fringes the Grunehogna 
Craton (Archean fragment of Proto-Kalahari Craton), as well as the 
extension of the Natal Belt into East Antarctica, to the east (coordinates 
as seen in Fig. 10; e.g. Groenewald et al., 1995). The contact with the 
Natal Belt coincides with the late Neoproterozoic/early Paleozoic Hei
mefront Shear Zone (e.g. Jacobs et al., 2003b; Wang et al., 2020a). On its 
eastern side, the Maud Belt is limited by the Tonian Oceanic Arc Super 
Terrane (TOAST), a remnant of the Neoproterozoic Mozambique Ocean 
(Jacobs et al., 2015). 

The oldest rocks recognized in the Maud Belt are related to a meta- 
volcano-sedimentary sequence that was deposited between ca. 1200 
and 1100 Ma (Jacobs et al., 1998; Bauer et al., 2003; Ksienzyk and Ja
cobs, 2015). Major periods of magmatic activity are recorded at ca. 
1140–1120 Ma, 1110–1100 Ma and 1090–1070 Ma, which form 
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overlapping peaks in Fig. 11 (n = 54). Whilst the first major magmatic 
event mostly represents volcanic arc activity, the second period is syn
chronous with a magmatic event that affected the entire Kalahari Craton 
(Hanson et al., 1998). The last period is associated with major plutonic 
intrusions and is synchronous with Grenville-age metamorphism (e.g. 
Jacobs et al., 1998, 2003a, 2003b; Marschall et al., 2013; Wang et al., 
2020a), recorded as metamorphic zircon mantles overgrowing igneous 
zircon cores (e.g. Wang et al., 2020a). These were often themselves 
overgrown by a second generation of Pan-African (ca. 550 Ma) meta
morphic zircon mantles, when the Kalahari Craton became part of 
Gondwana. 

The period from 1060 to 980 Ma (n = 9) records continued minor 
magmatism as pegmatites, leucogranites and mafic dykes. Isotopic 
studies indicate that pre-Grenville crustal components were involved in 
the generation of Mesoproterozoic magmas and the spatial variation of 
Nd-Hf isotopes indicates an increasing juvenile input towards the pro- 
side of the continental arc, i.e. with increasing distance from the 
craton margin (Wang et al., 2020a). The Maud Belt more clearly 
developed on the substrate of the Proto-Kalahari Craton as a long-lived 
continental margin arc, and periodic magmatic influx is attributed to the 
switching between advancing and retreating subduction zone systems 
(Wang et al., 2020a). The Maud Belt differs from the Natal Belt by 
showing an opposite subduction polarity, facing the craton (e.g. Men
donidis et al. 2015; Wang et al., 2020a). 

The eroded detritus from the early-stage magmatism in the Maud 
Belt was deposited at ca. 1130–1107 Ma near the eastern margin of the 
Grunehogna Craton, the remnants of which are preserved as the Rit
scherflya Supergroup. Detrital zircon distribution in the Ritscherflya 
Supergroup shows a major age peak at ca. 1130 Ma, with minor Meso- 
and Paleoproterozoic as well as Archean components, presumably 
derived from the Grunehogna Craton (Perritt, 2001; Marschall et al., 
2013). Some ca. 1130 Ma zircons rims surround older Archean- 
Paleoproterozoic cores, providing direct evidence that the Maud Belt 
was founded on the edge of the Proto-Kalahari Craton (Grunehogna part; 
Marschall et al., 2013). The Ritscherflya Supergroup was intruded by 
voluminous syn-sedimentary mafic sills at ca. 1107 Ma, known as the 
Borgmassivet intrusives, which have been interpreted as part of the 
Umkondo LIP (Moyes et al., 1995; Frimmel, 2004). 

The Maud Belt can be traced into the Nampula Complex of northeast 
Mozambique, where almost identical magmatic pulses between ca. 1150 
and 1050 Ma are also related to subduction-induced arc magmatism 
(Bingen et al., 2009; Macey et al., 2010) (n = 60; Fig. 10, Fig. 11). A 
further continuation into the Southern Irumide Belt of southern 
Tanzania and Malawi has also been reported (e.g. Kröner et al., 2003, 
Thomas et al., 2014, Manda et al., 2019). 

Magmatism in the Maud Belt and its northwards Mozambiquan 
continuation had ceased by 1000 to 950 Ma (Fig. 11), but since it is 
flanked to the east (coordinates as seen in Fig. 10) by the 1000–900 Ma 
Tonian Oceanic Arc Super Terrane (Jacobs et al., 2015) it likely 
remained on the margin of Rodinia, unlike most of the other areas 
investigated in this study. 

7. Western Australia data and results 

7.1. Geological overview 

The Australian continent comprises several ancient Archean crustal 
blocks (e.g. Yilgarn and Pilbara Cratons) bound together by a vast and 
potentially partially connected set of Proterozoic orogens (e.g. Albany- 
Fraser Orogen, Musgrave Province, Eucla Basement). Many of these 
Proterozoic orogens underwent protracted periods of repeated extension 
and compression which ultimately juxtaposed the crustal entities of 
Australia. The exact timing of amalgamation of the fundamental build
ing blocks for the Australia continent (namely the North, West, and 
South Australian Cratons) is not fully resolved, though likely complete 
prior to or at 1.29 Ga (Gardiner et al., 2018). These Proterozoic orogens 

either reflect entirely new crustal additions or represent significant 
mantle additions into pre-existing Archean crust. 

Relevant U-Pb ages from western Australia for this study, in total 199 
ages, have been plotted in Fig. 12, relative probability curves are shown 
in Fig. 13A, and corresponding cumulative age diagrams in Fig. 13B. It 
should be stressed that this compilation only concerns data from the 
Albany-Fraser Orogen, Eucla Basement and Musgrave Province in 
western Australia; data from older Proterozoic orogens have not been 
included. The diagrams thus do not give a complete picture of the 
evolution of Australia during the Proterozoic, but only that of the 
aforementioned Grenville-age belts. 

7.2. Albany-Fraser Orogen 

The Albany–Fraser Orogen (AFO) is a partially covered Proterozoic 
crystalline basement block that wraps around the southern and south- 
eastern edges of the Yilgarn Craton, Western Australia, for some 1200 
km (Fig. 12). It represents the modification of the Archean craton 
margin during dominantly hyperextensional processes. The AFO is 
separated into several discrete lithotectonic domains — Northern 
Foreland, Biranup Zone, Nornalup Zone, and Fraser Zone. Each zone 
comprises rocks of Archean origin that have been variably modified by 
Paleoproterozoic and Mesoproterozoic magmatism (Smithies et al., 
2015a). The Musgrave–Albany–Fraser Orogen extends westwards into 
the Bunger Hills and adjacent areas of Wilkes Land and Queen Mary 
Land in Antarctica where there is magmatism of similar age (Aitken 
et al., 2014). 

Comparable with other orogenic belts that girdle the Yilgarn Craton 
(e.g. the Capricorn Orogen), the AFO is dominated by Paleoproterozoic 
to Mesoproterozoic intrusive rocks formed through a series of cryptic 
tectonomagmatic events (Smithies et al., 2015a; Spaggiari et al., 2011, 
2015). These events involved variable recycling of a range of existing 
crustal elements and, importantly, also involved periods of re- 
fertilisation through juvenile mantle input (Kirkland et al., 2011). 
Models for the AFO originally inferred accretion of exotic terranes onto 
the eastern side of the Yilgarn Craton, with the development of a 
magmatic arc in the Fraser Zone during the Mesoproterozoic (Bodorkos 
and Clark, 2004). However, U–Pb geochronology, whole-rock 
geochemistry, isotope and crustal architectural studies have refined 
this model (Spaggiari et al., 2011, 2015). Current datasets indicate that 
the AFO contains no exotic lithological blocks (Smithies et al., 2015a). 
Rather, the orogen reflects the pronounced effects of juvenile mantle 
input into the Yilgarn Craton in a series of tectonomagmatic events that 
overprinted, but did not entirely obliterate the parental basement 
signature (Kirkland et al., 2011, 2015; Smithies et al., 2015a). 

Whereas much of the magmatism in the AFO occurred during the 
main arc-accretion and subsequent reworking / delamination at 1.33 Ga 
and 1.20 Ga, during AFO Stages I and II, respectively, some igneous 
rocks in the Biranup and Nornalup Zones record an earlier period of 
magmatism from 1.81 Ga to 1.65 Ga (Smithies et al., 2015a). This earlier 
Paleoproterozoic magmatism is considered to have occurred in three 
discrete events — Salmon Gums Event (1.81–1.80 Ga, n = 3), Ngadju 
Event (1.77–1.75 Ga, n = 1), and Biranup Orogeny (1.71–1.65 Ga; 
Kirkland et al., 2011; Smithies et al., 2015a; n = 11, Fig. 13). Although 
no widespread magmatic rocks older than 1.81 Ga have yet been 
documented in the AFO, Hartnady et al. (2019) identified metasedi
ments in the northern Biranup Zone containing detrital zircons with U- 
Pb ages between 1.91 and 1.85 Ga, indicating the presence of older 
magmatic rocks not currently exposed or recognized. The tectonic 
setting in which this Paleoproterozoic magmatism occurred has not yet 
been fully constrained, but it is generally understood to represent an 
extensional event (Hartnady et al., 2020b; Smits et al., 2014; Spaggiari 
et al., 2015), with short-lived pulses of compression (i.e. Zanthus Event; 
Kirkland et al., 2011; Smithies et al., 2015a), possibly reflecting pro
cesses similar to those observed in modern accretionary orogens 
(Hartnady et al., 2019). 
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Fig. 12. Google Earth map of western Australia, with main geological provinces (white dashed lines) and magmatic U-Pb age data points indicated.  

Fig. 13. A. Relative probability curves of magmatic U-Pb ages between 2300 and 800 Ma from the Musgrave Province, Eucla Basement and Albany-Fraser Orogen of 
western Australia. B. Cumulative age diagrams for the Musgrave Province, Eucla Basement and Albany-Fraser Orogen. Note that the age axis in panel B is reverse 
compared to panel A. For Australia, only age data from Grenville-age provinces were compiled, but not data from older Proterozoic provinces that would have 
yielded more Paleoproterozoic age peaks. 
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AFO Stage I at around 1300 Ma (n = 28; Fig. 13) involved the 
widespread emplacement of granites of the Recherche Supersuite. 
Magmatism of Stage I age is prolific in the northeasterly trending Fraser 
Zone, which contains the ca. 1300 Ma Fraser Range Metamorphics 
(Spaggiari et al., 2009), a series of gabbroic to granitic rocks with layers 
of migmatised garnet-bearing pelitic and calcic metasedimentary rocks. 
This lithological package is economically significant for Ni and was 
metamorphosed to high (granulite) temperatures closely after its for
mation. Myers (1985) interpreted the mafic rocks of the Fraser Zone as a 
large layered mafic intrusion, whereas Condie and Myers (1999) argued 
that it was a stack of accreted magmatic arcs. Metagranitic rocks of ca. 
1300–1280 Ma age are also found in the Fraser Range Metamorphics 
along with the gabbros (De Waele and Pisarevsky, 2008). Initial in
terpretations of AFO Stage 1 included models of accretion or collision of 
exotic terranes, with northwest-directed convergence and subsequent 
collision of the Mawson Craton (Betts and Giles, 2006; Bodorkos and 
Clark, 2004; Clark et al., 2000; Myers et al., 1996; Spaggiari et al., 
2009). Such models implied that the Fraser Zone was a magmatic or 
oceanic arc, produced through southeast-dipping subduction (Bodorkos 
and Clark, 2004; Condie and Myers, 1999). However, more recent U–Pb 
geochronology, whole-rock geochemistry, and Lu–Hf and Sm–Nd iso
topic data do not support these interpretations — no exotic components, 
nor Mesoproterozoic magmatic or oceanic arcs, have been recognized 
within the orogen (Kirkland et al., 2011; Smithies et al., 2015a; Spag
giari et al., 2009). Moreover, thermodynamic modelling on metagab
broic rocks from the Fraser Zone and surrounding metasedimentary 
rocks indicate that they were metamorphosed along geothermal gradi
ents in excess of 750 ◦C/GPa (Clark et al., 2014; Glasson et al., 2019). 
These recent results, including Archean inherited zircon crystals, sup
port an intercontinental rift or back-arc setting for Stage I for much of 
the orogen (Kirkland et al., 2011; Spaggiari et al., 2011) 

AFO Stage II at 1200 to 1150 Ma (Fig. 13; n = 17) is generally viewed 
in the context of intracratonic orogenesis, producing craton-directed 
thrust slices of high grade-rocks (Clark et al., 2000; Myers et al., 1996; 
Spaggiari et al., 2009). Stage II saw the emplacement of high- 
temperature A-type and charnockite magmas into the crust across a 
wide area extending into the Eucla Basement, east of the AFO, and north 
to the Musgrave Province. Stage II magmas are reflected in the Esper
ance magmatic supersuite of granites. Such widespread emplacement of 
high temperature rocks implies lithospheric delamination and appears 
to have been the process that reworked and stabilized a huge region of 
Proterozoic central and western Australia. Widespread metamorphic 
zircon growth throughout most components of the AFO traces Stage II 
fluid percolation. The exception to this widespread fluid flux was the 
Fraser Zone that retains little clear evidence of Stage II, with whatever 
evidence found being restricted to lower temperature thermochrono
meters within major shears in the Fraser Zone, implying this zone was 
transferred as a dissected block to the upper crust prior to Stage II 
(Kirkland et al., 2016). 

7.3. Eucla basement 

The Eucla Basement comprises the Madura and Coompana Provinces 
which resides on the eastern side of the AFO and encompasses a vast (ca. 
1000 km wide) tract of Proterozoic crust that extends from the modified 
margin of the Yilgarn Craton to the Gawler Craton in South Australia 
(Fig. 12). The Coompana Province consists of Precambrian basement 
rocks to the west of the Jindargna Shear Zone (Dutch et al., 2015), and 
east of the Mundrabilla Shear Zone (Spaggiari and Smithies, 2015). The 
Madura Province lies to the west of the Mundrabilla Shear Zone, which 
in turn abuts the eastern AFO along the Rodona Shear Zone. Although 
these Proterozoic rocks are buried beneath younger Cenozoic sediments 
of the Eucla and Bight basins, they have been investigated by a series of 
drill holes across this region. 

The Madura and Coompana Provinces consist of various igneous 
rocks, from oldest to youngest: The Toolgana Supersuite (1622–1610 

Ma, n = 6; Fig. 13) consists of magnesian, calc-alkalic, high-K granitic to 
dioritic gneisses (Wingate et al., 2015), interpreted to be derived from a 
subduction-enriched mantle, compatible with a primitive arc setting 
(Smithies et al., 2015b, c). Rocks of the Bunburra Suite (ca. 1526 Ma; n 
= 1) and Undawidgi Supersuite (ca. 1490 Ma; n = 7) are meta
morphosed syenogranite, monzogranite, tonalite, monzodiorite, syenite, 
and felsic volcanic rocks (Hartnady et al., 2020a; Jagodzinski et al., 
2019; Wade et al., 2007), that reflect recycling of ca. 1600 Ma arc crust 
of the Toolgana Supersuite, with new mantle input (Smithies et al., 
2015b, c). The Haig Cave Supersuite (ca. 1410 Ma, n = 7) comprises 
metamorphosed granites and gabbros, with adakitic signatures, holding 
inherited zircon crystals similar in age to the Undawidgi and Toolgana 
Supersuites (Kirkland et al., 2017). Lastly, the Moodini Supersuite (two 
pulses between 1200 and 1125 Ma; n = 15; Fig. 13) consists of high-K, 
Mg-rich shoshonitic rocks with smaller amounts of Fe-rich A-type vari
eties (Kirkland et al., 2017; Quentin de Gromad et al., 2017). 

Distinct from the AFO, both the Madura and Coompana Province 
reveal Hf isotopic data that indicates a general lack of old evolved crust 
(Hartnady et al., 2020a; Kirkland et al., 2017). Instead magmatism ap
pears to have been driven by repeated new mantle addition. In the 
Coompana Province crustal formation commenced by at least 1900 Ma 
(Hartnady et al., 2020a). Based on the lithological associations retrieved 
from drill cores, their geochemical affinities to oceanic crust, and the 
dominantly juvenile Hf isotopic character of the rocks (Kirkland et al., 
2017), these provinces are interpreted to define the extent of a vast 
Proterozoic oceanic arc system that developed outboard of the western 
Gawler Craton, the eastern Yilgarn Craton and its modified margin 
(AFO), and the southern Arunta Orogen. This ocean, referred to as the 
Mirning Ocean, represents a significant volume of contiguous oceanic 
crust cratonized and frozen in place during injection of the 1220–1150 
Ma Moodini buoyant felsic magmas (coeval with granite emplacement 
into the AFO and Musgrave Province) (Kirkland et al., 2017). 

7.4. Musgrave Province 

In central Australia, the Mesoproterozoic Musgrave Province defines 
an east–west-trending belt that is approximately 800 km by 400 km 
(Fig. 12). The province is bounded to the north and south by younger 
sedimentary rock basins. It lies where Australia’s main Proterozoic 
structural trends converge and its structure reflects the amalgamation of 
the North, West (=Pilbara + Yilgarn), and South Australian Cratons. 
Camacho and Fanning (1995), Camacho et al. (2002), Clarke and Powell 
(1991), Evins et al. (2010), Glikson (1996), Gregory et al. (2009), 
Smithies et al. (2011), and White et al. (2002) all provide important 
contributions to understanding the orogen’s basement, but its paleo
geographic and tectonic evolution has only recently been synthesized 
(Howard et al., 2015). Nonetheless, the time of craton amalgamation 
that swept the Proterozoic orogens of Australia together is still uncertain 
(Aitken and Betts, 2009; Betts and Giles, 2006; Wade et al., 2006; Wade 
et al., 2008), although the current consensus is that it was complete by 
ca. 1290 Ma. 

The Musgrave Province was tectonically active during at least five 
time periods: ca. 1600–1500 Ma, ca. 1350–1300 Ma, ca. 1220–1150 Ma, 
ca. 1080–1030 Ma (Fig. 13), and ca. 550 Ma. The former two events 
produced much of the crystalline basement to the Musgrave Province, 
while the last three occurred in an intracratonic setting likely after 
amalgamation of Proterozoic Australia. 

An even earlier crust production event at 1950–1900 Ma is recorded 
in the Musgrave Province from Hf and Nd isotopic systematics and 
recently confirmed with dated juvenile inherited zircons and zircon Hf 
arrays with mantle oxygen isotopic signatures (Kirkland et al., 2013). 
This event is distinct from autochthonous processes recorded in the 
Albany-Fraser Orogen but comparable to the development of now 
cratonized oceanic crust in the Eucla Basement and potentially 
stretching towards the Proterozoic Rudall Province on the Pilbara 
Craton margin. 
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Additional juvenile material formed at 1600–1550 Ma (Fig. 13; n =
4) and was locally mixed with the 1950–1900 Ma component. In addi
tion, transported unradiogenic Archean material was locally available to 
mix with 1600–1550 Ma magmas. Paragneiss, mainly included within 
granite, locally form a significant lithological component of the region 
(Gray, 1978; Gray and Compston, 1978). Evins et al. (2012) reported 
that the protoliths to these paragneisses (Wirku Metamorphics) had 
maximum depositional ages ≤ ca. 1400 Ma, and were derived from ca. 
3200–2630 Ma, ca. 1790–1590 Ma, and ca. 1570–1470 Ma sources. 
Exposures of ca. 1600–1540 Ma orthogneiss also exist (e.g. Edgoose 
et al., 2004), although their extent and tectonic setting remain poorly 
understood. 

The Papulankutja Supersuite (n = 1), consisting of calc-alkaline 
granitoids, represents ca. 1400 Ma igneous basement rocks, signifi
cantly older than the Wankanki Supersuite of the 1360–1300 Ma Mount 
West orogeny. A 1402 ± 4 Ma monzogranite has its foliation cross-cut by 
a 1318 ± 9 Ma granite dyke, indicating deformation and fabric forma
tion prior the Mount West orogeny. The Papulankutja Supersuite may 
represent subduction-related magmatism associated with the beginning 
of South Australian Craton impingement on the North Australian Craton. 

The Mount West orogeny saw the emplacement of metaluminous, 
calcic to alkali-calcic granitoids of the 1360–1300 Ma Wankanki 
Supersuite (Fig. 13; n = 16). These granitoids have geochemical simi
larities to Phanerozoic granites of the Andean continental arc (Smithies 
et al., 2010) and may reflect subduction as the North, West and South 
Australian Cratons finally amalgamated (Smithies et al., 2010; Smithies 
et al., 2009). 

The Maralinga Event saw extensive emplacement of ferroan, alkali- 
calcic to calc-alkalic granites of the 1220–1150 Ma Pitjantjatjara 
Supersuite (n = 41). These rocks typically classify as within-plate and A- 
type and reflect extreme thermal perturbation of the lithosphere. Similar 
high temperature granitic rocks are found further south in the Madura 
Province (Moodini Supersuite) and penetrate the AFO (Esperance 
Supersuite). Such widespread magma bloom may be linked to litho
spheric delamination which caused extensive lower crustal melting and 
effectively welded much of the Proterozoic regions to the adjoining 
Archean Yilgarn Craton and prevented their subduction. 

Voluminous magmas intruded into and erupted across the Musgrave 
Province during the 1080–1030 Ma Giles Event (Howard et al., 2015); 
the magmatic expression of the east–west trending Ngaanyatjarra Rift 
(Evins et al., 2010). This event produced the Bentley Supersuite (n =
36), a sequence of bimodal volcanic rocks probably representing the 
world’s largest accumulation of volcanic products, now located in 
Central Australia (Smithies et al., 2015d). The regional lithospheric ar
chitecture, including thin crust situated between the three cratonic 
masses of Australia (North, West and South) appears to have sustained a 
broad zone enriched in mantle-melts beneath the region for a protracted 
period (Smithies et al., 2015e). 

7.5. Other Proterozoic components in Australia 

Outside of the geographic area of Western Australia and the Wilkes 
Land – Albany Fraser Orogen – Madura and Coompana – Musgrave 
Province system there are other Protozoic orogens cropping out on the 
Australian continent. A brief discussion of some these components and 
relevant works is presented here, although no age data from these areas 
have been included in the present compilation. Further details are pro
vided in the compilation of Neumann and Fraser (2007). 

The Georgetown inlier region in northern Queensland consists 
largely of variably metamorphosed and deformed volcanosedimentary 
sequences of Palaeo- to Mesoproterozoic age, intruded by Mesoproter
ozoic granitoids. The eastern margin is in faulted contact with the 
Palaeozoic Tasman Orogen. The inlier preserves ca. 1700 Ma mafic and 
sedimentary sequences intruded by ca. 1600 Ma S-type granites (Volante 
et al., 2020). The Coen inlier, also in Queensland, spans 350 km north to 
south, 50 km east to west, and has similar ages of sedimentation and 

metamorphism as the Georgetown inlier (Neumann and Fraser, 2007). 
The southern North Australian Craton, known as the Arunta region, 

consists of a range of individual Proterozoic terranes some of which may 
reflect rifted components of the same ancestral crustal block. In this 
region the 1690–1600 Warumpi Province forms the southernmost part 
of the Arunta region and is separated from an older, 1860–1700 Ma 
Aileron Province to the north by the Central Australian Suture. Both 
regions have been unified via their Hf isotopic signature in zircon (Hollis 
et al., 2013). The Pine Creek Orogen and Arnhem inlier form the 
northern margin of the North Australian Craton and consist of a 
sequence of rift sediments on Archean basement which were intruded by 
syn- to post orogenic granitoids and mafic bodies. This province was 
deformed and metamorphosed during two episodes of tectonism at ca. 
1865–1850 Ma and ca. 1780–1770 Ma (Nixon et al., 2020). The 
connection, if any, of these other Proterozoic orogenic systems to the 
Wilkes Land – Albany Fraser Orogen – Madura and Coompana – Mus
grave Province is currently unclear (Betts and Giles, 2006; Volante et al., 
2020). 

8. Discussion 

8.1. Overview 

The combined age-data of this compilation are shown in Fig. 14, first 
craton by craton (Fig. 14A), and then combined into one single relative 
probability curve (Fig. 14B). In these diagrams, data are both shown in 
unweighted (red curves) and weighted format, according to surface area 
of the geological provinces and cratonic regions sampled (black curves), 
to correct for uneven sampling density. The curves are largely similar, 
with the largest deviations being for the well-sampled 1990 and 1880 
Ma peaks in Amazonia and the 1850 Ma peak in Laurentia, which 
become reduced in the weighted data. In the combined dataset, the 
largest deviation is in the large 1880 Ma peak, and to some extent also 
the 1440 Ma peak. For the latter, the weighted peak is instead more 
dominant. 

When evaluating the combined data, it should be remembered that 
for Kalahari and western Australia, the data compilation was only 
focused on Grenville-age orogens, with only limited early Mesoproter
ozoic and Paleoproterozoic data from inliers within those belts included. 
Thus, the Kalahari and Australia data do not give the full picture of the 
Proterozoic evolution of those areas, and only the Grenville-age portion 
of those data are comparable with the Laurentia, Baltica and Amazonia 
data sets. 

The combined diagram (Fig. 14B) shows some minor peaks prior to 
2000 Ma, representing eastern Amazonia and the Karelian and Sarma
tian parts of Baltica. This is followed by a larger peak at 1990 Ma, mostly 
reflecting Amazonian data, and the tallest peak centered at 1880 Ma, 
containing both Amazonian and Baltica (Svecofennian) data, as well as 
some Kalahari data, and reflecting an important step in the assembly of 
Columbia. The second tallest double-peak at 1800 to 1770 Ma contains a 
mixture of Amazonia, Baltica and Laurentia data, while the 1700 and 
1660 Ma peaks are dominated by Laurentian data. At this time, the joint 
external Laurentia-Baltica-Amazonia margin had presumably been 
established. The Laurentian magmatic gap around 1550 Ma has no 
counterparts in Baltica or Amazonia; instead, Amazonia shows a broad 
magmatic peak around this age. The subsequent Mesoproterozoic ac
tivity, with a broad peak at 1470 to 1440 Ma and a much sharper peak at 
1370 Ma, largely reflects the Laurentian evolution, but there is consid
erable magmatic activity in Amazonia as well during this period. 
Following Columbia break-up around 1250 Ma, mirrored by a Lau
rentian peak (Elzevirian and early Gardar magmatism), the subsequent 
Grenvillian evolution is seen as a very broad peak between 1200 and 
1000 Ma, composed of overlapping more sharp peaks in the different 
cratons involved. 

In Fig. 14A, the width of the panels is proportional to the surface area 
of the sampled part of each craton, rather than to the number of samples 
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included in that curve, unlike in the earlier diagrams. The panels rep
resenting different cratons have been organized in order of similarity. 
Table 1. shows correlation factors between the curves of the different 
cratons or continents. By far the best positive correlation, taking the 
whole time period 2300 to 900 Ma into consideration, is shown between 
Baltica and Amazonia, 0.617, whereas the other combinations show 
relatively low correlations. Western Australia and Kalahari show weak 
negative correlations to Baltica and Amazonia, and almost zero corre
lation to Laurentia, but the correlations involving those continents can 
not be taken at face value, since the Australian and Kalahari data records 
are very incomplete prior to 1.3 Ga. 

The same relationships can be seen in Fig. 15, where the data for the 
different cratons are plotted as cumulative frequency plots. The Baltica 
and Amazonia curves are most similar, with a sharp increase prior to ca 
1700 Ma. For the interval 2200–1900 Ma, the Amazonia curve shows a 
larger increase through time than Baltica, but if more data from the 
Sarmatian part of Baltica had been included, the Baltica curve may have 
shown a similar increase. The Laurentia curve has a more even slope, 
with a plateau during the Laurentian magmatic gap between 1600 and 
1500 Ma. The Kalahari and western Australia curves, which represent 
far smaller number of samples (386 and 199, respectively), only from 
Grenville-age orogens, show a strong increase only after 1300 Ma, 
reflecting the limited input of older data from those cratons. 

Table 1a 
Correlation of magmatic ages between all cratons studied during the whole time 
period 2300 to 900 Ma.  

Laurentia Baltica Amazonia Kalahari W Australia

Laurentia 0.131 0.124 (0.032) (0.017)
Baltica 0.131 0.617 (-0.101) (-0.131)
Amazonia 0.124 0.617 (-0.194) (-0.204)
Kalahari (0.032) (-0.101) (-0.194) 0.119
W Australia (0.017) (-0.131) (-0.204) 0.119

Gey values in brackets: Datasets are not really comparable, due to lack of 
compiled pre-Grenvillian data from Kalahari and western Australia. 

Table 1b 
Correlation of magmatic ages between Karelia, Sarmatia, and Amazonia from 
2300 to 1820 Ma, prior to the full assembly of Columbia.   

Karelia Sarmatia Amazonia 

Karelia … 0.234 0.206 
Sarmatia 0.234 … 0.369 
Amazonia 0.206 0.369 …  

Table 1c 
Correlation of magmatic ages between Laurentia, Baltica, and Amazonia during 
the period of assumed Columbia existence, from 1900 to 1260 Ma.   

Laurentia Baltica Amazonia 

Laurentia … − 0.013 0.053 
Baltica − 0.013 … 0.647 
Amazonia 0.053 0.647 …  

Table 1d 
Correlation of magmatic ages between all cratons studied during Rodinia as
sembly, from 1260 to 900 Ma.   

Laurentia Baltica Amazonia Kalahari W Australia 

Laurentia … − 0.166 − 0.028 0.297 0.103 
Baltica − 0.166 … − 0.191 − 0.137 − 0.180 
Amazonia − 0.028 − 0.191 … 0.176 − 0.194 
Kalahari 0.297 − 0.137 0.176 … − 0.004 
W Australia 0.103 − 0.180 − 0.194 − 0.004 …  

Fig. 14. A. Summary diagram with relative probability curves of U-Pb ages of 
proto- and syn-Columbian and proto-Rodinian magmatism from Laurentia, 
Baltica, Amazonia, western Australia and the Kalahari Craton in the time in
terval 2300 to 800 Ma. The cratons have been ordered according on how similar 
the curves are, with the width of each panel being proportional to the surface 
area of the studied parts of that craton. Both unweighted (red) and area 
weighted (black) curves are shown. n = number of data records from each 
craton represented by the curves. The area percentage is the surface area of the 
studied parts of each craton (Proterozoic accretionary orogens and subsequent 
Grenville-age orogens) as part of the combined area investigated. Background 
colours relate to the different time interval in which the samples have been 
subdivided on the Google Earth maps of each craton. Note that the Kalahari and 
Australia curves are incomplete, as our compilations from these areas only 
encompass Grenville-age orogens. B. Similar diagram as in A for the whole 
dataset combined. Note that it is not a complete global diagram, since only 
selected parts of selected cratons are shown. 
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Figs. 16–18 show more detailed comparisons of certain time in
tervals from certain cratons. Fig. 16 shows a comparison of 2300 to 
1920 Ma magmatism in the Karelian and Sarmatian parts of Baltica, and 
in Amazonia, before the assembly of Columbia. Fig. 17 shows a com
parison between the Sveconorwegian Province of Baltica and the 
Grenville Province of Laurentia from 2000 to 900 Ma. Fig. 18 shows a 
comparison of Grenville-age magmatism in all cratons involved in this 
study during the Proto-Rodinian to Rodinian stage from 1260 to 900 Ma. 

It is obvious from the diagrams, and especially from Fig. 14, that 
magmatism did not proceed at an even pace, but that alternating periods 
of strong magmatic and/or orogenic activity were separated by quieter 
periods in all the continents studied. These observations provide 
important constraints on the hypothesis that Laurentia, Baltica and 
Amazonia formed one continuous accretionary orogen along the margin 
of Columbia (the GPAO of Condie, 2013), and that all five cratons 
subsequently became involved in the same collisional orogenic belt 
forming Rodinia, but they can not be used to prove or disprove any 
particular relationship. 

An alternative possibility would be that the irregularities seen are 
largely a result of differential preservation of an originally more smooth 
magmatic record (cf. Hawkesworth et al., 2009). Whereas intra-plate 
magmatism and continental arc magmatism presumably would have 
similar, and rather high, preservation potentials, it is conceivable that 
rocks formed in oceanic arcs were rapidly recycled back into the mantle, 
and whole oceanic arcs may thus have been lost if they were never 
accreted to any continental margin. Moreover, older continental rocks 
may be recycled during younger orogenic events, such as the Grenville- 
Sveconorwegian, and thereby lost from the geological record. However, 
we find it unlikely that the large differences seen between magmatic 
peaks and troughs in most diagrams primarily are caused by differences 
in preservation, and instead chiefly attribute them to real local or 
regional differences in magmatic activity. 

In a simplistic model, it could be assumed that magmatic and 
orogenic events along the GPAO were penecontemporaneous, reflecting 
periods of more or less intense subduction, or alternating advancing or 
retreating subduction zones. Such a relation would result in a strong 

positive correlation between magmatic events, as observed for Baltica 
and Amazonia. However, it is unlikely that one single continuous sub
duction zone ran along the whole Laurentia-Baltica-Amazonia margin, a 
distance of some 10 000 km (one quarter of the circumference of the 
Earth), and that the magmatic activity increased or decreased, or 
perhaps came to a complete stand-still, at the same time along the whole 
margin. Detailed studies of younger orogenes typically show complex 
behaviour in both space and time, e.g. in Paleozoic eastern Australia 
(Foster and Gray, 2000). Similar to the present-day Pacific margin, the 
Columbia margin would doubtless have shown large lateral variations, 
being fringed by several shorter subduction zones, continental and 
oceanic arcs, back-arc basins, rifted continental blocks, transform faults, 
etc, causing different geodynamic situations at different segments of this 
margin at the same time (c.f. Spencer et al., 2019). Slower subduction 
and less activity along one segment may have been compensated by 
faster subduction and more intense activity along another, leading to a 
negative correlation of events. 

Similarly, collision between the different cratons would have pro
ceeded at a different pace and at different angles, commencing and 
finishing at different times, leading to different sequences of magma
tism. In particular, whether a continent formed the upper or lower plate 
in a continent collision scenario would have seriously affected the style, 
timing and intensity of the magmatism it underwent. 

Although neither proving nor disproving any particular Proterozoic 
plate tectonic configuration or supercontinent reconstruction, this re
view may assist when discussing different scenarios. In the following 
sections, we discuss the data using the above diagrams along with a 
series of sketch maps (Fig. 19) depicting the magmatism and inferred 
plate tectonic situation during each of the time intervals in which the 
samples have been subdivided. Fig. 19 is also complemented by two 
animations of the data, available as supplementary electronic files. 

8.2. 2300 – 2020 Ma period 

During the first time period, 2300 to 2020 Ma, neither Columbia nor 
its constituents Laurentia and Baltica were assembled, but consisted of 

Fig. 15. Comparison of cumulative fre
quency plots for Amazonia, Baltica, Lau
rentia, W. Australia and Kalahari during the 
time interval 2300 to 800 Ma. n = number of 
data records from each craton represented by 
the curves. Since the cumulative frequency 
plots only cover the external proto- and syn- 
Columbian magmatism along the GPAO and 
penecontemporaneous intraplate magma
tism, but not internal orogenic belts during 
the same period, and proto-Rodinian mag
matism along subsequent Grenville-age belts, 
these curves do not show the full growth of 
the continents in question during the above 
period, but mainly their external growth. 
Note that the Kalahari and Australia curves 
are especially incomplete, as our compila
tions from these areas only encompass 
Grenville-age orogens, but not older Prote
rozoic provinces.   
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several separate proto-cratons. Within our area of interest, magmatic 
activity was largely restricted to the Karelian and Sarmatian proto- 
cratons of Baltica, and to eastern Amazonia (Fig. 16). Proterozoic 
magmatism within, or in between, the Archean cratons of northern 
Laurentia has not been included in our compilation. Magmatism within 
the Karelian proto-craton was largely mafic and extension-related, but 
also includes some intermediate and felsic rocks. Karelia (NE Fenno
scandia) would have been separate from Sarmatia and Amazonia at this 
time, so its magmatism would have been unrelated to the magmatism in 
those proto-cratons. 

Sarmatia and eastern Amazonia, however, could potentially have 

been united already at this stage (cf. Terentiev and Santosh, 2020). Both 
of them consist of a number of smaller Archean blocks, surrounded and 
intersected by early Paleoproterozoic magmatism. Our Sarmatia data 
have been restricted to orogenic belts in western Sarmatia, from which 
the two age peaks at 2070 and 2040 Ma are derived (Figs. 5, 6 and 16). 
Eastern Amazonia show peaks at 2190, 2145 and 2095 Ma that are 
broadly related to the Transamazonian orogeny. They have no obvious 
Sarmatian counterparts in Fig. 16, but it is conceivable that if we had 
included magmatism further east in Sarmatia, there would have been 
more ages above 2.1 Ga also from Sarmatia. 

8.3. 2020 – 1820 Ma period 

Magmatism during the first half of this period, 2020 to 1920 Ma, was 
still largely restricted to Karelia, Sarmatia and eastern Amazonia 
(Fig. 16). Leaving Karelia aside, Sarmatia and Amazonia both show a 
marked peak at 1990 Ma, but with a tail going down to ca. 1940 Ma. In 
Sarmatia, this magmatism is concentrated to the Osnitsk-Mikashevychi 
Igneous Belt along the western margin of the proto-craton. In Ama
zonia, the very marked 1990 Ma peak is a combination of magmatism 
related to the Tapajos orogeny, and magmatism related to the Orocaima 
SLIP and other nearby post-tectonic rocks. A possible interpretation, 
given the elongated shape of the Orocaima SLIP, wrapping around the 
older (Archean and Transamazonian) crust to the northeast, would be 
that the Orocaima rocks constitute a southwards (in present-day co
ordinates) continuation of the Osnitsk-Mikashevychi Belt in Sarmatia. 

Correlation factors between magmatic ages in Karelia, western Sar
matia, and eastern Amazonia from 2300 to 1820 Ma, prior to and during 
Columbia assenbly, are shown in Table 1B. They are moderately positive 
(0.206, 0.234, 0.369), with the highest correlation between Sarmatia 
and Amazonia. 

At ca 1900 Ma, magmatic activity increased considerably (Fig. 14). 
Along the western Sarmatian margin, activity continued along the 
Okolovo Belt and Belarus-Podlasie Granulite Belt (BPG, Fig. 5), although 
these are poorly represented in our database. Further northwest, in the 
Svecofennian Province of central Fennoscandia, there was a significant 
pulse of magmatic activity between 1910 and 1870 Ma, forming the bulk 
of the exposed crust in this area. 

The Svecofennian Province consists of several lithotectonic units, 
separated by NW-trending dextral crustal-scale shear zones, where the 
bulk of the crust formed within a relatively short time interval of 1910 to 
1870 Ma (cf. Stephens and Bergman Weihed, 2020; Figs. 6 and 14). 
These are often perceived as separate volcanic arcs which formed 
outboard of, and accreted to, the Karelian margin in the northeast (e.g. 
Korja et al., 2006; Lahtinen et al., 2005, 2008; Stephens and Bergman 
Weihed, 2020, and references therin). However, it is conceivable that 
much of this crust, especially in southern Finland and central Sweden 
(Bergslagen unit) formed along a more continuous elongated volcanic 
arc towards the southeast, outboard of western Sarmatia or in the 
closing gap between Sarmatia and Fennoscandia. As Sarmatia 
approached and eventually collided obliquely with Fennoscandia at 
1800 to 1750 Ma (cf. Bogdanova et al., 2015, and references therein), it 
acted as a bulldozer that segmented the Svecofennian arc into several 
crustal blocks, which were transferred in a northwesterly direction and 
formed the large tract of 1910 to 1870 Ma crust in central Fennoscandia. 

Magmatism of similar age in Amazonia is partly related to continued 
activity along a continental arc in the Ventuari-Tapajos Province and the 
Amoguijá arc in the Rio Apa Craton, but also to the intraplate Uatumã 
SLIP within the Central Amazonian and Ventuari-Tapajos Provinces 
(Fig. 8), which forms a marked peak at 1880 Ma (Figs. and 14). 

Magmatism in the Ketilidian, Makkovikian and Penokean orogens of 
Laurentia is slightly younger, with a first peak at 1850 Ma. There is also 
some magmatism inside the Grenville Province and in the Mojave 
Province around 1850 Ma (Figs. 3, 4 and 14). The somewhat patchy 
distribution of magmatism of this age along the Laurentian margin may 
be due to the fact that Laurentia was not fully assembled at this time. The 

Fig. 16. Relative probability diagram giving a more detailed comparison of 
magmatic U-Pb ages in Karelia, Sarmatia and Amazonia in the time interval 
1920–2300 Ma. No area correction (unweighted data). Height of panels is 
proportional to the number of sample records from each province during this 
time interval. 
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Ketilidian and Makkovikian Orogens formed outboard of the North 
Atlantic Craton, the Penokean Orogen and the early magmatism within 
the Grenville Province formed outboard of the Superior Craton, and 
early magmatism within Mojave Province close to the Wyoming Craton. 
However, it could also be a matter of preservation, since subsequent 
Grenvillian tectonism may have destroyed evidence for more extensive 
Paleoproterozoic magmatism along the Canadian Superior margin. 

From Kalahari and western Australia, we only focused on the mag
matism within the Grenville-age orogenic belts. Nevertheless, the 
Namaqua sector of the Namaqua-Natal Belt of Kalahari contains inliers 
with Paleoproterozoic magmatism at ca. 2000 Ma (Sperrgebiet Domain), 
ca. 1900 Ma (Richtersveld Magmatic Arc), and shortly before 1800 Ma 
(Steinkopf Domain; Fig. 11). 

8.4. 1820 – 1600 Ma period 

The beginning of this period saw the final assembly of at least the 
Laurentia-Baltica-Amazonia part of Columbia, depicted in the recon
struction in Fig. 1A (but cf. Pisarevsky et al., 2014, in Fig. 1B, where 
Amazonia was separate from Laurentia and Baltica), and thus the 
establishment of a long-lived continuous external Laurentia-Baltica- 
Amazonia active margin. The different parts of Australia may not have 
collided with western Laurentia until around 1600 Ma (e.g. Furlanetto 
et al., 2013, 2016; Pourteau et al., 2018; Nordsvan et al., 2018; Kirscher 
et al. 2019; Gibson and Champion, 2019; Gibson et al., 2020), and the 
position of Kalahari relatve to Columbia remains unconstrained. 

There is an apparent lull in magmatic activity between ca. 1850 and 
1820 Ma, possibly due to reorganization of subduction accompanying 
the assembly of Columbia. Magmatism, however, quickly resumed with 
a double peak at 1800 and 1760 Ma in Baltica and Amazonia, and a 
single peak at ca. 1780 Ma in Laurentia (Fig. 14). The 1800 Ma peak in 
Baltica is dominated by late- and post-orogenic magmatism within the 
Svecofennian Orogen, along with the TIB-1 phase of subduction-related 
magmatism in the Transscandinavian Igneous Belt and its continuation 
in the basement of Poland (Figs. 5 and 6). Both these types of magma
tism continued until about 1750 Ma, overlapping with the intraplate 
AMCG magmatism of the Prutivka-Novogol LIP in Sarmatia that 
culminated around 1760 Ma (Figs. 5 and 6; Shumlyanskyy et al., 2021). 

Magmatism in Amazonia between 1800 and 1750 Ma (with a peak at 
1760 Ma) is dominated by activity related to the Juruena orogeny, such 
as the Alta Floresta SLIP that may represent peak magmatism previously 
attributed to the Colider volcanics and Teles Pires Suite. Much of this 
magmatism is similar in style and tectonic setting to the TIB-1 magma
tism in Baltica, and occurs along the boundary between the Ventuari- 
Tapajos and Rio Negro-Juruena Provinces (Figs. 7, 8 and 14). In Lau
rentia, the dominant 1780 Ma peak mainly consists of rocks in the 
Yavapai and Mojave Provinces, with a smaller contribution from the 
Mazatzal Province, but also magmatic suites within the Penokean and 
Ketilidian Provinces (Figs. 3 and 4). 

The magmatism in Laurentia continued until ca 1600 Ma, waning in 
the Mojave and Yavapai Provinces, but with strong peaks around 1650 
Ma in the Mazatzal Province and in the Canadian Grenville Province, 

Fig. 17. A. Relative probability diagram giving a more detailed comparison of magmatic U-Pb ages in the Sveconorwegian Province in Baltica and the Grenville 
Province (Llano part excluded) in Laurentia during the time interval 2000 to 800 Ma. No area correction. Height of panels is proportional to the number of sample 
records from each province. B. The same data as a cumulative frequency plot comparing the Sveconorwegian and Grenville Provinces. 
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where it marks the Labradorian orogeny (Figs. 3, 4, 14 and 17). In 
contrast, Amazonia and Baltica showed a decline in magmatic activity 
after 1750 Ma. After an almost total magmatic lull, activity along the 
Transscandinavian Igneous Belt resumed around 1700 with the TIB-2 
phase, followed by the double peaks of Gothian magmatism in the 
Sveconorwegian Province and intraplate rapakivi magmatism in the 
Svecofennian Province at around 1650 and 1550 Ma (Figs. 5, 6 and 17). 
Unlike the TIB-1 and TIB-2 magmatism, the Gothian magmatism in 

southwest Sweden and southern Norway, as well as subsequent Meso
proterozoic magmatism in the same areas, occurred further west or 
northwest compared to its present-day location, which results from 
large-scale Sveconorwegian crustal shortening. 

A possible reason for the greater similarity between the Baltica and 
Amazonia magmatic record during this period, and in general, 
compared to between Baltica and Laurentia, could be if the Baltica and 
Amazonian margins were located inboard of a common subduction 
zone, whereas the Laurentian margin was located along a separate, in
dependent, subduction zone, as depicted in Fig. 1A. This, however, is 
somewhat at odds with the model of Martin et al. (2020), who based on 
different Hf and Pb isotope signatures, suggested that Laurentia and 
Baltica formed a joint retreating accretionary orogenic system, and 
Amazonia and Kalahari a joint advancing orogenic system, along the 
margin of Columbia/Nuna, which then collapsed onto themselves to 
form the collisional Grenvillian orogen of Rodinia. 

It appears that many Amazonian Proterozoic magmatic sequences, 
including SLIP activity, contain a higher proportion of older crustal 
components, as seen from Hf and Nd isotope data, compared to the 
largely juvenile Proterozoic crust in Baltica (Stephens and Bergman 
Weihed, 2020, and references therein). In Baltica, there is only very 
limited evidence of such older inheritance outside of the Archean 
Karelian craton margin, with most Hf and Nd data being near-chondritic 
or mildly depleted (weakly positive). 

In western Australia, magmatic and orogenic activity occurred in 
pulses between 1800 and 1670 Ma within the Albany-Fraser Orogen; in 
the Eucla Basement and Musgrave Province magmatism started just 
before 1600 Ma (Fig. 13). Kalahari was quiet during this period. 

8.5. 1600 – 1260 Ma period 

After the final Mazatzal magmatism just after 1600 Ma, there is a 
distinct absence of magmatic activity in Laurentia that lasted to almost 
1500 Ma (Figs. 4, 14A and 17). In Baltica, Gothian magmatism in the 
future Sveconorwegian Province continued, and was accompanied by 
the second pulse of intraplate rapakivi magmatism in central Fenno
scandia around 1550 Ma (Figs. 6, 14A and 17). In Amazonia, magmatic 
activity between 1600 and 1500 Ma occured in the Cachoeirinha and 
Rio Alegre arcs of the Rondonian-San Ignacio Province, accompanied by 
the intraplate Serra da Providencia suite intruding the Jamari Complex 
in the same province (Figs. 9 and 14A). 

In Laurentia, the magmatic lull is followed by Pinwarian magmatism 
in the Grenville Province around 1500 Ma and the intraplate magmatism 
of the Granite-Rhyolite Province in the central USA, along with similar 
types of A-type magmatism in adjacent provinces, divided into two 
sharp age peaks around 1460 Ma (dominating in the eastern part) and 
1370 Ma (dominating in the southern part). In southern Greenland, the 
first phase of the intraplate Gardar magmatism took place between 1300 
and 1260 Ma, heralding the break-up of Columbia. Within the Grenville 
Province, the sharp Pinwarian magmatic peak at 1500 Ma was followed 
by two more subdued peaks of Elsonian magmatism at ca 1470 to 1350 
Ma (Fig. 17). This pattern is closely mimicked in the Sveconorwegian 
Province of Baltica by the sharp Telemarkian peak around 1500 (in the 
Telemarkia Terrane of southern Norway), followed by a less sharp 
Hallandian double-peak at 1460 and 1380 Ma (in the Eastern Segment of 
the Sveconorwegian Orogen in southern Sweden), posing the possibility 
of a strong geodynamic connection between the neighbouring Grenvil
lian and Sveconorwegian Provinces during this time period. The Tele
markian magmatism shows a volcanic arc signature in the west and a 
back-arc rift signature further east, but was originally located further 
to the west or northwest. The little understood Hallandian tectono- 
magmatic event, in contrast, occurred inboard of the Fennoscandian 
continental margin, and its early phase was accompanied by Dalopolo
nian A-type intraplate magmatism at around 1460 Ma in neighbouring 
southeast Sweden, Bornholm, and the basement of the southern Baltic 
Sea, Poland and Lithuania (the Southern Fennoscandia anorogenic 

Fig. 18. Relative probability curves giving a more detailed comparison of U-Pb 
ages during the time interval 1260 to 900 Ma from the proto-Rodinian (Gren
ville-age) orogens in Laurentia, Baltica, Amazonia, Kalahari and western 
Australia. No area correction. The height of each panel is proportional to the 
number of sample records within the time-range in question from the respective 
area. The panels have been placed in an approximate order of neighbourhood 
for the cratons in question in Rodinia. 
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Fig. 19. A set of six maps, at 2020 Ma, 1820 Ma, 1600 Ma, 1260 Ma, 1100 Ma and 900 Ma, showing approximate relative positions of cratons at the end of each time 
interval, and active magmatism (red sample dots) in the studied parts of Laurentia, Baltica, Amazonia, Kalahari and western Australia during the preceding time 
interval (the first interval starting at 2300 Ma). Grey dots are samples from the earlier time intervals. Yellow areas: 2000–1750 Ma accretionary orogens along the 
margin of Columbia; Light brown areas: 1750–1300 Ma accretionary orogens along the margin of Columbia; Pink areas: 1260–900 Ma “Proto-Rodinian” collisional 
orogens. Rifting of Columbia and rotation to form Rodinia are shown schematically in panels D and E, respectively. In panel A, Volgo-Sarmatia is shown as one block 
together with West Africa and eastern Amazonia, separate from Karelia (northern Fennoscandia). As Laurentia was yet not united prior to 1850 Ma, it is shown as its 
constituent Archean cratons (drawn after figure 1 in St-Onge et al., 2009) in panel A, separated some random distance. Columbia is kept in the same position 
throughout its existence. Kalahari is shown as separate inset maps in panels A to D, since its location with respect to Columbia is highly uncertain. All magmatism is 
shown in its approximate present-day location relative to each craton, even though some of it probably occurred along island arcs or in microcontinental fragments 
outboard of the continental margin at that time. An animation (powerpoint file) using the same maps and data set is provided as an electronic supplement, showing 
the magmatism in 50 m.y. increments. 
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province in Fig. 5, which also includes the somewhat older (1500–1550 
Ma) Mazury AMCG complex in northeast Poland). 

In the Rondonian-San Ignacio Province in SW Amazonia, the Santa 
Helena and Alto Guaporé arc magmatism yields a strong peak around 
1430, followed by another peak around 1340 Ma related to the accretion 
of the Paraguá Terrane that resulted in the formation of the Pensamiento 
granitoid complex (Bolivia), as well as the early phases of the Putumayo 
orogeny in NW Amazonia (Colombian part). It would appear that 
subduction-related magmatism continued more uninterrupted along the 
Amazonian margin during this period, compared to in Baltica and 
Laurentia, where magmatism was dominantly of intraplate type 
(possibly with the Grenville Province as an exception). 

However, several intraplate AMCG suites also intruded in inboard 
positions in Amazonia during the same period, such as the Parguaza 
Suite in northern Amazonia (Venezuela). There has been much debate 
concerning the dominance and cause of intraplate rapakivi-type, 
anorogenic, A-type or AMCG-type magmatism within large parts of 
Columbia, both in Laurentia, Baltica, Amazonia and elsewhere, during 
the Mesoproterozoic. According to some models, this magmatism re
flects a large mantle plume or superplume with attempted break-up of 
Columbia, or overheating and melting of the upper mantle, followed by 
magmatic underplating and melting of the overlying crust, due to the 
thermal insulation effect of a large and relatively stationary supercon
tinent (Anderson, 1983; Anderson and Bender, 1989; Hoffman, 1989; 
Windley, 1993; Anderson and Morrison, 2005; Frost and Frost, 2013). 
Other models see it as a distant inboard effect of contemporaneous 
subduction-related magmatism along the margin of Columbia (e.g. Åhäll 
et al., 2000; Nyman et al., 1994; Nyman and Karlstrom, 1997; Bickford 
et al., 2015). We hope that this geochronological overview may assist in 
future discussions. 

In Kalahari, magmatism resumed at around 1360 Ma in the Namaqua 
Sector of the Namaqua-Natal Belt (Fig. 11). In western Australia, there 
are several pulses of magmatism in the Eucla Basement and Musgrave 
Province between 1820 and 1300 Ma. In the Albany-Fraser Orogen, 
magmatism resumed around 1330 Ma with AFO Stage 1, which ended at 
1260 Ma (Fig. 13). 

In Table 1C, correlation factors between magmatic ages along the 
GPAO in Laurentia, Baltica, and Amazonia during the time period of 
presumed Columbia assembly and existence, from 1900 to 1260 Ma, are 
shown. Correlation between Baltica and Amazonia is even higher for this 
time period, 0.647, compared to the whole 2300 to 900 Ma period 
(0.617, Table 1A), whereas Laurentia-Baltica and Laurentia-Amazonia 
correlations are virtually zero during the time of Columbia existence. 

8.6. 1260–900 Ma period 

The break-up of Columbia may have started already with the intra
plate magmatism around 1450 Ma. However, the main phase of break- 
up is generally assumed to have started around 1260 Ma, marked by 
the intrusion of the giant Mackenzie dyke swarm in Canada and the 
Central Scandinavian Dolerite Group (CSDG) in Fennoscandia at this 
time (not included in our compilation). Break-up and separation, how
ever, did not occur along the Mackenzie swarm or in central Scandi
navia, but in between Fennoscandia and Greenland. The early pulse of 
Gardar alkaline magmatism in southernmost Greenland around 1270 
Ma would have been closely related in time to this break-up. 

In the Grenville Province of Laurentia, Elzevirian magmatism started 
at about the same time and peaked at 1250 or shortly thereafter (Figs. 17 
and 18). The same magmatism is also seen in the Llano segment and 
other uplifts in Texas (Mosher, 1998; Bickford et al., 2000). This mag
matism is normally assumed to have originated in a magmatic arc 
outboard of the Laurentian margin (Mosher, 1998), which accreted to 
Laurentia during the subsequent orogeny. This would suggest that 
subduction, at least initially, occurred on the Laurentian side of the 
closing Grenville ocean. On the Baltica side, so called Pre- 
Sveconorwegian or Intra-orogenic magmatism occurred in three pulses 

at around 1260, 1220 and 1150 Ma (Figs. 17 and 18). This magmatism is 
often bimodal, and may be considered to be extension- rather than 
subduction-related. The marked gap in the magmatic record seen in the 
Grenville Province around 1200 Ma is not observed in the Sveco
norwegian Province of Baltica (Figs. 17 and 18). 

Magmatism in Amazonia around this time appears rather scattered 
and less intense, but this is probably due to limited sampling (Figs. 9 and 
18). In Kalahari, magmatism was underway both in the Namaqua and 
Natal Sectors by 1200 Ma, with a marked peak in the Namaqua Sector at 
this age. It started slightly later in the Maud Belt of Antarctica and its 
northwards continuation into northern Mozambique and Malawi at 
around 1150 Ma (Figs. 11 and 18). In western Australia, a magmatic gap 
is seen around 1250 Ma, followed by intense magmatic activity both in 
the Albany-Fraser Orogen (AFO Stage II), the Eucla Basement (Moodini 
Supersuite), and the Musgrave Province (Maralinga Event) from 1210 to 
1120 Ma, when another magmatic gap followed (Figs. 13 and 18). 

The main phase of Grenville orogenic activity in Laurentia is often 
taken to have commenced after the Elzevirian orogenic pulse, and is 
comprised of three orogenic and magmatic phases, the Shawinigan, the 
Ottowan and Rigolet, clearly seen in Figs. 4, 17 and 18. The Shawinigan 
phase, with a strong peak around 1170 Ma, largely consists of AMCG 
magmatism, but is also accompanied by orogenic deformation. Prior to 
the main collisional Ottawan phase at 1090 to 1050 Ma, there is another 
gap at 1100 Ma seen in our data, which is also seen in Baltica, Amazonia 
and western Australia, but not in Kalahari (Fig. 18). However, this gap 
coincides with the strong extension-related mafic magmatism within the 
Mid-Continent Rift System (Keweenawan rift) in Laurentia, as well as 
the Umkondo mafic LIP in Kalahari (Hanson et al., 1998, 2004; de Kock 
et al., 2014; Choudhary et al., 2019), neither of which were included in 
our compilation. Possibly, subduction-related magmatism was shutting 
down on all continents except Kalahari in connection with these mantle- 
generated LIP events. 

The collisional Ottawan phase, with a double-peak at 1080 and 1060 
Ma, is followed by the post-collisional Rigolet phase in the Canadian 
Grenville Province, with three magmatic subpeaks at 1020, 990 and 960 
Ma (Fig. 18). In the Sveconorwegian Province, the early Sveconorwe
gian syn-orogenic magmatism of the Sirdal belt in western Norway is 
slightly younger than the Ottowan phase, starting at 1065 Ma, peaking 
around 1040 Ma and continuing to 1010 Ma. The late Sveconorwegian 
post-orogenic magmatism, consisting of the ferroan hornblende-biotite 
granite suite and the Rogaland AMCG complex, commenced at 1000 
Ma, peaked around 930 Ma, and ended with late-stage pegmatites at 
900 Ma, about 50 million years later than the end of the Rigolet phase in 
Canada (Fig. 18). Thus, even though the Sveconorwegian Orogen is 
dominantly considered the opposing collisional margin of the northern 
Grenville Province in Labrador, it seems that the evolution on the Sve
conorwegian side lagged behind by some tens of million years. One 
reason for such a diachronous evolution could be the asymmetry caused 
by Baltica being the upper plate and Laurentia the lower plate during 
final collision. Another reason could be that the (now missing) outer 
margin of Baltica may have collided with the Laurentia side, or inter
vening magmatic arcs, at a relatively earlier age, whereas the more 
inboard parts of the Sveconorwegian Orogen preserved in SW Fenno
scandia were more affected by late-stage collisional and post-collisional 
processes. 

In SW Amazonia, the Sunsas syn-orogenic magmatism appears to 
have continued up to around 1000 Ma, with post-orogenic magmatism 
as young as 990–970 Ma (Rondonian Tin Granites), and other minor 
activity until ca 930 Ma (Figs. 9 and 18). However, the small number of 
data records makes it difficult to evaluate the evidence. It should also be 
remembered that while the Putumayo Orogen in NW Amazonia would 
have had a close spatial relation both to Baltica and Laurentia, the 
classical Sunsas Orogen in SW Amazonia was located further away from 
Baltica, and probably not in direct contact with the Laurentian Grenville 
margin, since smaller blocks such as the Arequipa-Antofalla Basement 
block (AAB in Fig. 2; cf. Loewy et al., 2004; Johansson, 2014) may have 
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occupied the intervening space. 
In western Australia, magmatism after the 1100 Ma lull is restricted 

to the Musgrave Province, with magmatism related to the Giles Event / 
Bentley Supersuite peaking at ca 1070 and continuing until around 
1020 Ma (Figs. 13, 18). This makes the Australian age pattern slightly 
more like that of the Laurentian Grenville Province, rather than the 
Baltica-Amazonia pattern. However, in a Rodinia configuration like that 
in Fig. 2, the Australian proto-Rodinian orogens would have been facing 
the Mawson continent of East Antarctica, and may not have been a direct 
continuation of the Laurentian Grenville (Llano) Orogen. 

The Namaqua-Natal Belt of the Kalahari craton would have been the 
opposing margin of the Llano segment of the Grenville Orogen, with 
which it collided, according to current Rodinia models (e.g. Li et al., 
2008; Jacobs et al., 2008; Fig. 2). Prior to collision, the Laurentian side 
probably acted as the pro-side whilst Kalahari represented the retro-side 
of the developing orogenic system, consistent with the observation that 
there was never subduction underneath Proto-Kalahari. The 1400–1200 
Ma continental arc magmatism of the Llano segment (Figs. 4 and 18) 
broadly overlaps in time with the early phases of magmatism in the 
Namaqua sector (Figs. 11 and 18), but since these were on separate 
plates, presumably still approaching each other prior to collision, no 
close relationship can be anticipated. The main Namaqua-Natal tectono- 
metamorphism recorded at ca. 1100 – 1050 Ma is roughly coeval with 
the Ottawan cycle in Laurentia and with the 1100 to 1050 Ma “slab 
break-off phase” in the Llano segment. Kalahari has a particular strong 
igneous pulse at 1100 Ma, which at this stage is poorly understood. It 
may immediately precede the final juxtaposition of Kalahari and Lau
rentia and is largely coeval with the Umkondo-Borg LIP in Kalahari, as 
well as the magmatism of the Mid-Continental Rift System (e.g. Hanson 
et al., 1998, 2004; de Kock et al., 2014; Choudhary et al., 2019). 

In Table 1D, correlation factors for magmatism between all the five 
cratons during the time interval for Rodinia assembly (1260-900 Ma) 
illustrated in Fig. 18 are shown. They range from moderately positive to 
moderately negative, the highest correlations beings shown between 
Laurentia and Kalahari (0.297), and Amazonia and Kalahari (0.176). 
Correlation between Amazonia and Baltica is negative during this period 
(− 0.191), but based on relatively limited data from Amazonia (n = 29). 
The correlation between Laurentia and Baltica is also negative (− 0.166). 
The correlation factor for magmatism in the Grenville Province of Lau
rentia compared to the Sveconorwegian Province of Baltica during the 
whole time period 1900 to 900 Ma, however, is on the positive side 
(0.222; cf. Fig. 17). 

After 900 Ma, magmatism completely ceased in all studied areas, 
attesting to the position of at least most of them within the stable interior 
of the Rodinia supercontinent following the proto-Rodinian Grenville 
orogeny. Instead, magmatism would have resumed around the exterior 
margin of Rodinia or in oceanic arcs within its exterior ocean. 

9. Summary and conclusions 

In total 4344 magmatic U-Pb ages in the range 2300 to 800 Ma, 
mostly on zircon but some on other minerals, with an uncertainty of 
≤±20 million years, have been compiled from the Great Proterozoic 
Accretionary Orogen along the margin of the Columbia / Nuna super
continent and from the subsequent Grenvillian collisional orogens 
forming the core of Rodinia. The age data are derived from rocks from 
Laurentia (North America and Greenland, n = 1212), Baltica (northeast 
Europe, n = 1922), Amazonia (central South America, n = 625), the 
Kalahari craton (southern Africa and Dronning Maud Land in East 
Antarctica, n = 386) and western Australia (n = 199). At least Laurentia, 
Baltica and Amazonia most likely formed a ca. 10 000 km long conti
nuous external active continental margin of Columbia from ca. 1800 Ma 
until Columbia break-up at ca. 1260 Ma, after which all of these cratons 
were involved in the Rodinia-forming Grenvillian orogeny. However, 
the magmatic record is not smooth and continuous but highly irregular, 
with marked peaks and troughs, both on the individual cratons and 

when combined. The magmatic peaks typically range in duration from a 
few tens of million years up to around hundred million years, with 
intervening troughs of comparable length. These patterns may reflect 
real local or regional variations in magmatic activity and intensity, or 
variations in preservation of an original smoother magmatic record. 
However, it appears unlikely that the preservation of magmatic rocks 
should vary by several orders of magnitude within a few tens of million 
years along the same continental margin. Instead this variation is 
attributed to differences in the rate and direction of subduction, accre
tion of oceanic arcs or microcontinents along the continental margin, 
lower/upper plate asymmetry during continent collision, or, when it 
comes to intraplate magmatism, to irregular events of mantle upwelling 
and magmatic underplating. 

Some magmatic peaks coincide from one craton to another, whether 
by coincidence or because of paleogeographic proximity and common 
geodynamic setting, while others do not. The best overall correlation, 
0.617, is shown between Baltica and Amazonia, suggesting that they 
may have been close neighbours in a SAMBA-like configuration, and 
perhaps shared the same peri-Columbian subduction system for a 
considerable time. Available paleomagnetic poles for Amazonia are 
roughly consistent with this model. Correlation factors between Lau
rentia and Baltica, or Laurentia and Amazonia, are below 0.14 (corre
lations involving Australia or Kalahari are unreliable, due to the much 
smaller data record compiled from these cratons). Comparison between 
the Grenville Province in northeastern Laurentia and the Sveconorwe
gian Province in southwestern Fennoscandia (Baltica) shows some 
striking similarities, especially in the Mesoproterozoic (Pinwarian and 
Elsonian magmatism in the Grenville Province versus Telemarkian and 
Hallandian magmatism in the Sveconorwegian Province), but also dif
ferences in the timing of events, especially during the final Grenville- 
Sveconorwegian collision, when the Sveconorwegian evolution seems 
to lag behind some tens of million years. Also between the other cratons, 
the evolution before and during the final Grenvillian collision is largely 
diachronous. After 900 Ma, magmatic activity had ceased in all areas 
investigated, attesting to the position of at least most of them within the 
stable interior of Rodinia. 

We hope that the data compilation presented here provides impetus 
and inspiration for present and future geologists and geochronologists to 
acquire more data and provide more detailed investigations of the 
geological relationships between all the Proterozoic cratonic blocks. In 
addition to more geochronological data, multidisciplinary studies 
incorporating geophysical and geochemical data, and paleomagnetic 
studies, will be needed to test and expand our observations and 
hypotheses. 
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Bingen, B., Viola, G., Möller, C., Vander Auwera, J., Laurent, A., Yi, K., 2021. The 
Sveconorwegian orogeny. Gondwana Res. 90, 273–313. 

Bispo-Santos, F., D’Agrella-Filho, M.S., Trindade, R.I.F., Janikian, L., Reis, N.J., 2014. 
Was there SAMBA in Columbia? Paleomagnetic evidence from 1790 Ma Avanavero 
mafic sills (Northern Amazonian craton). Precambr. Res. 244, 139–155. https://doi. 
org/10.1016/j.precamres. 2013.11.002. 

Bleeker, W., 2003. The late Archean record: a puzzle in ca. 35 pieces. Lithos 71, 99–134. 
https://doi.org/10.1016/j.lithos.2003.07.003. 

Blignault, H.J., Van Aswegen, G., Van der Merwe, S.W., Colliston, W.P., 1983. The 
Namaqualand Geotraverse and environs: part of the Proterozoic mobile belt. In: 
Botha, B.J.V. (Ed.), Namaqualand Metamorphic Complex. Special Publication of the 
Geological Society of South Africa, 1–29. 

Bodorkos, S. and Clark, D.J., 2004. Evolution of a crustal-scale transpressive shear zone 
in the Albany–Fraser Orogen, SW Australia: 2. Tectonic history of the Coramup 
Gneiss and a kinematic framework for Mesoproterozoic collision of the West 
Australian and Mawson cratons. Journal of Metamorphic Geology 22, 713-731. 

Bogdanova, S.V., 2001. Tectonic setting of 1.65-1.4 Ga AMCG magmatism in the Western 
East European Craton (Western Baltica). EUG 11 Abstracts, Strasbourg, France, p. 
769. 

Bogdanova, S.V., Bingen, B., Gorbatschev, R., Kheraskova, T., Kozlov, V., Puchkov, V., 
Volozh, Y., 2008. The East European Craton (Baltica) before and during the assembly 
of Rodinia. Precambr. Res. 160, 23–45. 

Bogdanova, S.V., De Waele, B., Bibikova, E.V., Belousova, E.A., Postnikov, A.V., 
Fedotova, A.A., Popova, L.P., 2010. Volgo-Uralia: the first U-Pb, Lu-Hf and Sm-Nd 
isotopic evidence of preserved Paleoarchean crust. Am. J. Sci. 310, 1345–1383. 

Bogdanova, S.V., Gorbatschev, R., Garetsky, R.G., 2016. Europe/East European Craton. 
Reference Module in Earth Systems and Environmental Sciences, Elsevier, pp. 1-18. 

Bogdanova, S.V., Gintov, O.B., Kurlovich, D., Lubnina, N.V., Nilsson, M., Orlyuk, M.I., 
Pashkevich, I.K., Shumlyanskyy, L.V., Starostenko, V.I., 2013. Late 
Palaeoproterozoic mafic dyking in the Ukrainian Shield (Volgo-Sarmatia) caused by 
rotations during the assembly of supercontinent Columbia. Lithos 174, 196–216. 

Bogdanova, S.V., Gorbatschev, R., Skridlaite, G., Soesoo, A., Taran, L., Kurlovich, D., 
2015. Trans-Baltic Palaeoproterozoic correlations towards the reconstruction of 
supercontinent Columbia/Nuna. Precambr. Res. 259, 5–33. 

Boger, S.D., Raetz, M., Giles, D., Etchart, E., Fanning, C.M., 2005. U-Pb age from the 
Sunsás region of Eastern Bolivia, evidence for allochtonous origin of the Paragua 
Block. Precambrian Res. 139, 121–146. 

Bonilla, A., Frantz, J.C., Charão-Marques, J., Cramer, T., Franco, J.A., Amaya, Z., 2016. 
Magmatismo Rapakivi em la cuenca media del rio Inírida, departamento de Guainía, 
Colombia. Boletin de Geologia, 38(1). https://doi.org/10.18273/revbol.v38n 
1-2016001. 

Borghetti, C., Philipp, R.P., Mandetta, P., Hoffmann, I.B., 2018. Geochronology of the 
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Fennoscandian lithosphere evolution. Geol. Surv. Finland Spec. Pap. 49, 35–48. 
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Lehtinen, M., Nurmi, P.A., Rämö, O.T. (eds.). Precambrian Geology of Finland – Key 
to the Evolution of the Fennoscandian Shield. Elsevier B.V., Amsterdam, 481–532. 

Lahtinen, R., Garde, A.A., Melezhik, V.A., 2008. Paleoproterozoic evolution of 
Fennoscandia and Greenland. Episodes 31, 20–28. 

Lahtinen, R., Huhma, H., Lahaye, Y., Jonsson, E., Manninen, T., Lauri, L., Bergman, S., 
Hellström, F., Niiranen, T., Nironen, M., 2015a. New geochronological and Sm-Nd 
constraints across the Pajala shear zone of northern Fennoscandia: reactivation of a 
Paleoproterozoic suture. Precambr. Res. 256, 10–119. 

Lahtinen, R., Huhma, H., Lahaye, Y., Kousa, J., Luukas, J., 2015b. Archean-Proterozoic 
collision boundary in central Fennoscandia: Revisited. Precambr. Res. 261, 127–165. 

Lahtinen, R., Huhma, H., Lahaye, Y., Lode, S., Heinonen, S., Sayab, M., Whitehouse, M.J., 
2016. Paleoproterozoic magmatism across the Archean-Proterozoic boundary in 
central Fennoscandia: geochronology, geochemistry and isotopic data (Sm-Nd, Lu- 
Hf, O). Lithos 262, 507–525. 

Lamarão, C.N., Dall’Agnol, R., Pimentel, M.M., 2005. Nd isotopic composition of 
Paleoproterozoic volcanic and granitoid rocks of Vila Riozinho: implications for the 
crustal evolution of the Tapajós gold province, Amazon craton. Journal South 
America Earth Science, 18, 277-292. https://doi:10.1016/j.jsames.2004.11.005. 

Lambert, C.W., 2013. Granitic melt transport and emplacement along transcurrent shear 
zones: Case study of the Pofadder Shear Zone in South Africa and Namibia. (Thesis, 
Stellenbosch University) (128 pp.). http://scholar.sun.ac.za/handle/10019.1/ 
85682. 

Larson, S.Å., Berglund, J., 1992. A chronological subdivision of the Transscandinavian 
Igneous Belt – three magmatic episodes? Geologiska Föreningen i Stockholm 
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Ulmius, J., Andersson, J., Möller, C., 2015. Hallandian 1.45 Ga high-temperature 
metamorphism in Baltica: P-T evolution and SIMS U-Pb zircon ages of aluminous 
gneisses, SW Sweden. Precambr. Res. 265, 10–39. 

Upton, B.G.J., 2013. Tectono-magmatic evolution of the younger Gardar southern rift, 
South Greenland. Geol. Survey Denmark Greenland Bull. 29, 1–128. 

Van Schmus, W.R., Bickford, M.E., Sims, P.K., Anderson, R.R., Shearer, C.K., Treves, S.B., 
1993. Proterozoic geology of the western midcontinent basement. In: Reed, J.C., Jr, 
et al. (eds.), Precambrian Conterminous US. Boulder, Colorado, Geological Society of 
America, vols. C-2. Geology of North America, p. 239-259. 

Van Schmus, W.R., Bickford, M.E., Turek, A., 1996. Proterozoic geology of the east- 
central Midcontinent basement. In: van der Pluijm, B.A., Catacosinos, P.A. (eds.): 
Basement and Basins of Eastern North America. Geological Society America Special 
Paper 308, 7-32. 

Vander Auwera, J., Bolle, O., Bingen, B., Liégeois, J.P., Bogaerts, M., Duchesne, J.C., 
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