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Abstract

Various geological and geophysical evidence show that at least two supercontinents, Columbia
and Rodinia, existed during the Paleoproterozoic and Mesoproterozoic eras. In this study, updated pa-
leomagnetic and isotope age data has been used to define the amalgamation and break-up times of these
supercontinents. Before putting the ancient continents to a supercontinent assembly, we have tested the
validity of the geocentric axial dipole model (GAD) of the Paleo-Mesoproterozoic geomagnetic field us-
ing four methods. The tests yield support to the GAD-model, but do not rule out a ca. 10% non-dipole
(octupole) field. In the whole of Proterozoic, Columbia and Rodinia were predominantly in moderate to
low paleolatitudes, but during the Paleoproterozoic some parts of Columbia, notably India (Dharwar
craton) and Australia (Yilgarn craton), occupied polar latitudes. In the Paleoproterozoic, there were
unexpected low-latitude glaciations. The pre-Columbia orogenies were due to a complex set of collisions,
rotations and transform or strike slip faultings that caused the orogenic belts to appear obliquely. No
prominent difference was observed between paleomagnetically derived and recent geologic models of
Columbia. The final amalgamation of Columbia didn’t happen until ca. 1.53 Ga. Columbia broke up at
ca. 1.18 Ga during several rifting episodes, followed by a short period of independent drift of most con-
tinents. The amalgamation of Rodinia didn’t take place until 1.10 — 1.04 Ga.

Keywords: Supercontinents, Paleoproterozoic, Mesoproterozoic, Columbia, Rodinia, paleomagnetism,
paleogeography, mafic dykes, GAD

1. Introduction

The importance of supercontinents in our understanding of the geological evolu-
tion of the Earth has been discussed in several articles (e.g., Zhao et al., 2002; Rogers
and Santosh, 2004; Li et al., 2008 and references therein). Geological processes linked
to the existence of supercontinents include concepts such as large igneous provinces
(LIPs) (Ernst and Buchan, 2002), mantle superplume events (Condie et al., 2001), low
latitude glaciations and the high obliquity-theory of the rotation axis (Williams and
Schmidt, 1997), the "Snowball Earth" hypothesis (e.g., Kirschvink, 1992), carbon iso-
tope excursions (e.g., Bekker et al., 2001), fragmentation of continental dyke swarms
(Ernst and Buchan, 2001), truncations of tectonic belts and major rifts (Dalziel, 1999),
matching of conjugate orogenic belts (e.g., Hoffman, 1991), episodic nature of distribu-
tions of magmatic activities (Condie, 1998), discoveries of Precambrian ophiolites (Pel-
tonen et al., 1996), and the concept of true polar wander (e.g., Evans, 2003).
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In our previous paper (Pesonen et al., 2003) we assembled the continents into
their Proterozoic positions using high quality paleomagnetic data which was available at
that time. Since then, not only have new data been published but also novel, challenging
geological models of the continental assemblies during the Proterozoic have been pro-
posed (e.g., Cordani et al., 2009; Johansson, 2009; Evans, 2009). In this paper, we use
the updated palacomagnetic database (Pesonen and Evans, 2012), combined with new
geological information, to define the positions of the continents during Paleoproterozoic
(2.5 - 1.5 Ga) and Mesoproterozoic eras (1.5 — 1.04 Ga). We do the reconstructions re-
lying mainly on isotopically (U-Pb) dated high quality palacopoles since this method
provides strict information of ancient latitudes of the cratons throughout the Proterozoic
time. When compared to the previous database (Pesonen et al., 2003), the new one is
both geographically and temporally more abundant and contains 2813 observations al-
together.

Although there are recent ideas in establishing the absolute paleolongitudes (see
Torsvik et al., 2010), the “longitude - method” is not yet feasible beyond the age of the
Gondwana assembly at ca. 500 Ma. Our previous work to construct the Proterozoic po-
sitions of continents was limited to twelve time bins based on the availability of data in
2003 (Pesonen et al., 2003). However, at these time slots, some (e.g., 1.88 Ga) of the
assemblies were accompanied by only two continents (Laurentia and Baltica) due to
lack of reliable data from other continents. In this paper we focus on Paleo-Mesopro-
terozoic reconstructions at seven time slots, 2.45 Ga, 1.88 Ga, 1.77 Ga, 1.63 Ga, 1.53
Ga, 1.26 Ga and 1.04 Ga, respectively, but represented by at least four or more conti-
nents per each age bin.

Before accepting the reconstructions made by paleomagnetic methods, we had
two additional criteria. First, we tested the basic assumption of paleomagnetism, i.e. the
validity of the geocentric axial dipole (GAD) hypothesis during the considered age in-
terval (Irving, 1964; Meert, 2009). Second, we tested the new reconstructions with cur-
rently available geological data. These latter tests include studies of continuations of
tectono-magmatic belts from one continent to another, matching conjugate orogenic
belts (e.g., Grenvillian belts), searching continuations of dyke swarms, or looking con-
tinuations of Proterozoic rapakivi or kimberlite corridors in the assemblies. Some of the
continental configurations and the tectonic styles of their amalgamations presented here
are in contrast with our previous models (Pesonen et al., 2003). This is mainly due to
the addition of newer, more reliable paleomagnetic and/or age data (e.g., the reconst-
ruction at 1.53 Ga).

2. Sources of data and used technique

Palinspastic reconstruction of continents relies on the position of continents nuclei
(cratons) rather than continents as they exist today. The Archean to Proterozoic conti-
nental cores consist of individual cratonic blocks which may have been drifting, accret-
ing, colliding and rifting apart again. Therefore, we try to present the cratonic outlines
by omitting the post-Proterozoic orogenic or accretional belts (see Pesonen et al., 2003).
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Another feature in concern is the consolidation time of the Precambrian continents. Lau-
rentia serves as an example: most of its paleomagnetic poles are derived from rocks
within the Superior Province and only a few are derived from other provinces like Sla-
ve, Hearne, or the Churchill province (Fig. 1). For post 1.77 Ga, Laurentia was probably
already consolidated (Symons et al., 2000; Buchan et al., 2000), since there is an overall
agreement of poles from several provinces at this time. However, prior to 1.77 Ga, the
situation is more complex. For example, recent paleomagnetic evidences show that in
Paleoproterozoic era the Slave craton was located far away (with respect to its present
distance) from the Superior craton (Buchan et al., 2009). The same is true for Baltica,
where Kola and Karelia cratons may have had their own drifts during Paleoproterozoic
even though they are close to each other within present-day Baltica (Mertanen et al.
2001; Pesonen and Sohn, 2009). Therefore, we try to present the cratonic outlines in our
reconstructions to better emphasize the actual source blocks of the data. In the follo-
wing, and referring to Fig. 1 and Table 1, we use terms such as Laurentia, Baltica etc.
for the continents: the reader should, unless otherwise stated, see from Appendix 1 and
Table 1 which craton (e.g. Superior, Karelia etc.) is dealed in each case.

N.China

’S.China

. Congo\
Sdo . ¢
Francisco

Dr. Maud land
Coats

E.Antarctica

Fig. 1. Map showing the continents in their present day geographical positions. Precambrian continental
cratons (partly overlain by younger rock sequences) are outlined by yellow shading. The following conti-
nents are used in the reconstructions or discussed in text: Laurentia, Baltica, Siberia, North China, India,
Australia, Kalahari, Congo, West Africa, Amazonia and Sdo Francisco. In addition, the Precambrian con-
tinents not used in present reconstructions, Ukraine, South China, East Antarctica, Dronning Maud Land
and Coats Land are shown. The Archean cratons are marked as follows: for Laurentia; Superior (S), Wy-
oming (W), Slave (S1), Rae (R), Hearne (H), for Baltica; Karelia (K); for Australia; North Australia (NA)
(Kimberley and Mc Arthur basins), West Australia (WA) (Yilgarn and Pilbara cratons), South Australia
(SA) (Gawler craton), for Amazonia; Guyana Shield (G), Central Amazonia (C). Galls projection.
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Table 1. Mean values of paleopoles used for reconstructions.

. Age Dr Ir Plat  Plon A95 S E-Plat E-Plon E-Angle
Continent (Craton) (Ma) N ©) ) °N) CE) O © Qus °N) °E) ©)
2.45 Ga reconstruction
Laurentia (Superior) 2473 1 237 439 -520 2390 33 35 6.0 64.0 14.0 96.1
Baltica (Karelia) 2440 1 3121 -15.6 96 2562 49 79 20 295 3177 -95.7
Australia (Yilgarn) 2415 1 2485 -674 -80 1570 82 149 40 0 2470 82.0
India (Dharwar) 2367 1 914 -83.0 -17.8 2434 168 243 6.0 14.0 313.4 -112.8
1.88 Ga reconstruction
Laurentia (Superior) 1880 1 2386 59.1 287 2160 82 146 50 0 1260 61.3
Baltica (Karelia) 1880 8 3417 351 437 2322 35 101 25 1.5 3172 -47.3
Amazonia 1880 3 1585 54  -683 324 109 141 23 65.6 147.4 54.2
Australia (WA) 1850 1 347 236 452 400 1.8 112 5.0 133 2750 -143.6
Siberia (Akitkan) 1878 1 1854 -1.9 -30.8 987 35 61 50 28.6 82.7 164.3
Kalahari 1875 8 2379 664 -13.6 190.2 103 154 5.1 343 312.7 97.0
1.78 Ga reconstruction
Laurentia (Churchill) 1781 1 1775 56.4 70 2770 80 164 5.0 163 3520 -87.3
Baltica (Karelia) 1788 3 349.1 33.8 439 2224 112 109 4.0 0 1324 46.1
Amazonia 1780 1 3581 -451 -633 2988 114 194 5.0 69.4 69.8 85.7
Australia (NA) 1770 3 915 383 85 25.1 183 153 5.0 125 280.1 -101.8
Kalahari 1770 1 2994 545 70 1590 7.1 148 50 419 3025 125.8
India (Bundelkhand) 1798 1 2538 0.1 154 1732 79 137 5.0 215 100.7 81.3
North China 1769 1 370 -42  36.0 67.0 30 81 50 53.0 2945 -97.9
1.63 Ga reconstruction
Laurentia (Greenland) 1622 1 201.7 520 43 2568 3.0 32 - 80 1743 86.8
Baltica (Karelia) 1637 3 231 5.1 263 182.1 12.0 143 3.7 342 117.1 79.3
Amazonia 1640 2 3238 10.1 535 2136 159 10.1 3.0 65.0 1686 95.6
Australia (NA) 1641 5 1664 491 -741 1832 80 177 46 46 1282 167.0
Kalahari 1649 1 1547 -715 -8.7 2020 193 203 40 453 352.0 135.4
1.53 Ga reconstruction
Laurentia (Slave) 1525 3 1913 248 -164 2635 207 143 43 41.1  230.0 138.4
Baltica (Karelia) 1538 3 159 88 293 1897 94 158 33 58.8 1747 154.2
Amazonia 1535 3 3187 -32.1 458 1796 159 156 33 65.9 204.6 -133.9
Australia (NA) 1525 1 1852  49.0 -79.0 1106 84 120 4.0 14 1856 -169.4
Siberia (Anabar) 1513 1 2058 153 -192 778 42 183 5.0 2.5 1643 -109.4
North China 1503 2 84.0 168 10.1 2022 88 219 5.0 36.0 1497 105.1
1.26 Ga reconstruction
Laurentia (incl. Greenland) 1256 6 267.8 17.6 67 1914 62 135 45 0 1014 83.3
Baltica (Karelia) 1257 13 531 -31.7 -08 1582 32 101 4.0 2.5 70.7 90.9
Amazonia 1200 1 3010 -556 246 1646 55 40 40 41.8 1096 2.9
Kalahari 1240 1 358.1 326 472 223 29 88 50 65.7 523 -124.5
West Africa 1250 1 3383 -36.6 487 2066 19 87 40 483 2716 -64.0
Congo-Sio Fr. (Congo) 1236 1 107.0 3.0 -17.0 1127 80 109 3.0 15.6 1230 -150.0

1.04 reconstruction (Rodinia)

Laurentia 1050 3 274.0 -47 -0.1 1804 146 113 43 229 1154 100.4
Baltica (Karelia) 1018 1 3552 -468 -21 2122 138 113 40 48 1272 92.5
Amazonia 1065 1 203 -553 495 893 132 160 4.0 9.7 2068 144.2
Australia (WA) 1073 2 3212 539 184 87.0 8.0 152 50 477 1120 -141.9
Siberia (Aldan) 1053 4 156.1 452 -16.4 2203 337 124 4.0 515 60.3 -148.2
Kalahari 1085 1 3482 1.7 570 30 70 79 20 55 67.0 -59.3
India (Dharwar) 1026 1 244 556 100 2114 124 185 50 39.6 21.4 167.2
7

Congo-Sio Fr. (Sdo Fr.) 1011 93.6 -77.1 -103 290.0 135 203 4.1 403 155.0 -114.2

Continent (Craton) refers to text and Fig. 1. N number of entries as shown in Appendix 1. Dr, Ir refer to
mean Declination, Inclination of the Characteristic Remanent Magnetization (ChRM) of a central refer-
ence location for each continent/craton. Reference locations: Laurentia: 60°N, 275°E, Baltica: 64°N,
28°E, Australia: North Australia NA: 20°S, 135°E, West Australia WA: 27°S 120°E, South Australia SA:
30°S, 135°E, India: 18°N, 78°E, Siberia: 60°N, 105°E, Kalahari: 25°S, 25°E, West Africa: 15°N, 35°E,
Amazonia: 0°, 295°E, Congo: 5°S, 23°E, Sdo Francisco (Sao Fr.): 13°S, 315°E, North China: 40°N,
115°E. Plat, Plon are latitude, longitude of the paleomagnetic pole. A95 is the 95% confidence circle of
the pole. Greenland poles have been rotated relative to Laurentia using Euler pole of 66.6°N, 240.5°E,
rotation angle —12.2° (Roest and Srivistava 1989). S is the mean Angular Standard Deviation as explained
in text. Q¢ is the mean Q (quality factor or grade) of N entries in Appendix 1. E-Plat, E-Plon are the co-
ordinates of the single Euler rotation pole, Angle: Euler rotation angle.
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The data come mainly from the cratonic areas of the largest continents or conti-
nental fragments which are Laurentia, Baltica, Amazonia, Kalahari, Congo, Sao Fran-
cisco, India, Australia, North China, West Africa and Siberia (Fig. 1). The smaller cra-
tons or “microcontinents”, such as Rio de la Plata, Madagascar, South China, Taymyr
etc. are not included due to lack of reliable data from the investigated period 2.45 — 1.04
Ga. Neither included in the current analysis are the large Saharan craton in Africa, sev-
eral small South American (e.g., Pampia, Parand), Indian (Eastern Ghats), East Antarc-
tican (Mawson, Rayner, Wilkes), and East European (Volgo-Uralia) cratons or micro-
continents, since no realiable Paleo-Mesoproterozoic paleomagnetic data are so far
available from them (see Li et al, 2008, and references therein). Some cratons, which
are now attached with another continent than their inferred original source continent,
have been rotated back into their original positions before paleomagnetic reconstruction.
For example, the Congo craton will be treated together with the Sdo Francisco craton,
since geological and paleomagnetic data are consistent that they were united already at
least since 2.1 Ga (e.g., D "Agrella-Filho et al., 1996). The rotations were done assuming
that their fragmentation took place in the breakup of Gondwanaland and therefore they
are treated in their traditional Gondwana configuration. Similarly, Greenland is treated
in its pre-Mesozoic fit with North America using the Roest and Srivastava (1989) model
of their separation.

3. Data selection

The data came from the updated Precambrian paleomagnetic compilation done at
the University of Helsinki and at Yale University (Pesonen and Evans, 2012). Every
entry has been coded to its source continent/craton and also rated according to grading
scheme by Van der Voo (1990) with seven steps (Q;.7). We used six out of seven grades
since the last grade (Q7) cannot be applied meaningfully to Precambrian data. In gen-
eral, we accepted data with total Q higher or equal to 4. However, occasionally we ac-
cepted entries with a smaller Q if there are reasons for this, such us new ages or new pa-
leomagnetic information. The used data are compiled in Appendix 1.

A Fisher mean (Fisher, 1953) was calculated when multiple poles (value N in Ta-
ble 1) for a particular craton and a particular bin were available (Appendix 1). The ad-
vantage of this technique is that the mean pole is obtained with enhanced accuracy but
not always with better precision (the A95 value between poles is sometimes higher than
those of individual poles).

4. Basic tests

Before making a continental reconstruction using Table 1 data, we must be as-
sured that the basic assumptions of paleomagnetism are fulfilled. These assumptions are
that:

(1) the geomagnetic field during the Paleo-Mesoproterozoic is that due to geocentric ax-
ial dipole (GAD-hypothesis; Irving, 1964; see also Meert, 2009).
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(i1) the Earth was spherical and its radius has not changed markedly during the time
span involved (Schmidt and Williams, 1995).

(ii1) the inclination variations in data of various ages represent continental drift and not
true polar wander (TPW) (Evans, 2003).

While the two latter assumptions can be at least in most cases neglected (see Ev-
ans and Pisarevsky, 2008 and references therein), the first one requires some discussion
(see Kent and Smethurst, 1998; Meert et al. 2003; Tauxe and Kodama, 2009).

The best way to test the GAD-model during the Precambrian times uses the incli-
nation frequency analysis of Evans (1976). This method is based on the fact that the ax-
ial (zonal) spherical harmonic coefficients have characteristic inclination distribution
when averaged over the spherical Earth (Evans, 1976). For example, the Gauss coeffi-
cient of the geocentric axial dipole (g;°) has very different inclination distribution than
the axial guadrupole (g,") or octupole (g;”) components. The method can be applied to
Precambrian era provided that the continents, during their course of drifting, have pa-
leomagnetically “sampled” all latitudes in equal amounts of time. This motion is diffi-
cult to prove and leaves a caveat for this method (see discussions in Meert et al., 2003;
McFadden, 2004; Evans and Hoye, 2007). Unfortunately, the very low amount of data
in Table 1 (42 entries) does not allow the GAD-model to be tested properly by the incli-
nation data of Table 1 since the required minimum amount of globally distributed data
for the analysis is about 300, when 9 latitudinal bins are applied for each of the 23 cra-
tons. The minimum is determined by the limitations of chi-square testing (Veikkolainen,
2010). However, if we take inclination values from igneous rocks of all continents from
the database of Pesonen and Evans (2012) of the interval of 2.45 — 1.04 Ga with quality
factor Q > 2, we get 645 entries to the analysis. These data yield a best fit model (Fig. 2)
where the quadrupole content (relative to GAD) is zero while the octupole content is
11%. Although the distributions are still biased to shallower inclinations (Figure 2), the
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Fig. 2. Frequency distribution of inclinations during 2473-1020 Ma. Global data base of Pesonen and Ev-
ans (2012), only igneous rocks with Q > 2. Green: observed distribution, Red: best fit with g,° =-30 000
nT, G2 (= 2° g,°) =0 % and G3 (= g;% g,°) = 11% . Blue: GAD-curve.
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new data are much closer to GAD than in any previous analysis (Kent and Smethurst,
1998). It is possible that the small bias towards low inclinations is caused by a small
permanent (~10%) octupole component prevailing during the Paleo-Mesoproterozoic
era. But more likely this bias is caused by the fact that the continents may not have
sampled the Earth’s surface completely (Meert et al. 2003; McFadden, 2004; Meert,
2009) or that the Proterozoic supercontinents simply had a tendency to occupy near
equatorial latitudes for long times due to dynamic reasons (Evans, 2003 and references
therein).

The consequences of the octupole field in the paleomagnetic reconstructions are
outlined in Fig. 3. Figure 3a shows the theoretical inclinations at various latitudes for
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Fig. 3(a). Inclination vs paleolatitude for a permanent (standing) 11% octupole field model. Green: g,° +
G; (=0.11]|g,°) corresponding to “N”- polarity epoch. Blue: - g,° + G; (=0.11|g,°|) corresponding to “R”-
polarity epoch.

(b) The theoretical latitude Ay vs the GAD-latitude Ag for N (green) and R (blue) epochs in the presence of
a permanent 11% octupole field of Fig.1 as derived from (a).
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the two polarities (N, R) in the case when GAD changes polarity while the 11% octu-
pole field remains constant. We can see that in the northern hemisphere, the R-polarity
inclinations are enhanced from the GAD-values, whereas the N-polarity inclinations are
lowered. In the southern hemisphere, the situation is opposite. Fig. 3b shows the depar-
tures of the observed paleolatitude from the GAD-value for the two polarities in the case
of the permanent 11% octupole field. We see that largest departures are of the order of
~10° and occur at middle latitudes. Near the poles, and especially at shallow latitudes,
the field is closer to GAD-field (see also Schmidt, 2001).

Figure 4 shows the observed inclination asymmetry (Al) between N and R polar-
ity epochs during Paleo-Mesoproterozoic, in cases where dual polarity paleomagnetic

30 . .
b
o' e ¢
* -
20 +
5 .
: ] °. R ]
i . .. . . 4 .
10+ * *e. e L @ .
* e = o’
. ..
. ‘. L] L ] .. é
0 s ¢ : ¢ a® : N=75
1020 1520 2020 2520
AGE (Ma)
30 .
d
. Ce .
L] O
20 + .
G “ .
L] 9 L]
ﬂ S . ®e ®e i -
& .. . .
10 1 o. . R - 5
.. .~ L]
oo w
¢ 2 i .
0 .-. . * } - } . N = 75
0 % 20
|A] (°)

Fig. 4(a). Inclination asymmetry |Al| vs age (see also Schmidt, 2001).
(b) Inclination asymmetry (|Al|) vs paleolatitude | A | of global data (2473-1020 Ma). Only igneous rocks
with Q > 2.
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results are available (see Pesonen and Nevanlinna, 1981). Only inclination asymmetries
can be used since the declination asymmetry, in case of zonal geomagnetic field, is zero.
The results (Fig. 4a) reveal generally low to moderate Al (average ~15°) during 2.45 —
1.04 Ga (see also Schmidt, 2001). No correlation of Al with paleolatitude is observed
(Fig. 4b). We interpret the lack of large inclination asymmetries to point towards a
GAD-dominated field consistent with the inclination frequency analysis. Again, the
possibility for a 10% octupole field contamination cannot be ruled out.

Figure 5 shows the result of the paleosecular variation (PSV) test. Here we com-
pare the curve of the angular standard deviation (S) of the poles vs paleolatitude during
2.45 — 1.04 Ga with the GAD-curve (i.e, Model G of Merrill et al. 1996). The data are
the same as used in inclination analysis. The result reveals that the observed S-values
appear (notably towards the pole) to be above the GAD-curve. This can be simply due
to lack of within-site correction in the calculated S-values (which is typically of the or-
der of <2°; Irving, 1964) or it may reflect the previously discussed 11 % octupole con-
tamination in the geomagnetic field during Paleo-Mesoproterozoic era.

30
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Fig. 5. Paleosecular Variation (PSV) of global data for age 2473 — 1020 Ma. Only igneous rocks (N=796)
with Q> 2. S Angular Standard Deviation (Merrill et al., 1996), |A| absolute value of paleolatitude. Data
calculated as means for 10 degrees latitude bins. Numbers show amount of data in each bin. The error
bars in S and A are + one standard error of the mean. The solid curve is the GAD-curve (= model G of
Merrill et al. (1996)). The last point (at bin 80-90 deg) has a great uncertainty due to low amount of data.
See text.

The fourth model to test the validity of GAD calls for the internal consistency of
the poles of the same age but derived from sampling areas which are located at far dis-
tance from each other within the same craton. This test has been thoroughly discussed in
Pesonen et al. (1989) and Evans and Pisarevsky (2008). They concluded that the avail-
able data (e.g. the 1.88 — 1.87 Ga Svecofennian gabbro poles of Baltica, the 1.27 — 1.25
Ga post-Jotnian dolerite poles of Baltica, and the 1.26 Ga Mackenzie dyke poles of
Laurentia) support the GAD model within the error limits.
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In summary, although we cannot be sure, that the field during the Paleo-
Mesoproterozoic era was a pure GAD-field, it serves as a good proxy for our paleomag-
netic reconstructions. The possible departures from the GAD, caused by the ~10% octu-
pole field, can produce minor errors to our reconstructions at middle latitudes as will be
discussed later (see also Schmidt, 2001; Van der Voo and Torsvik, 2001).

4.1.  Euler-rotations

In making the reconstructions we used the ’two-step” Euler-rotation method used
in Pesonen et al. (2003). The cratons were first moved onto their ancient latitudinal po-
sitions and orientations by applying the first rotation around an Euler-pole located at the
equator. The continents were then rotated around a second Euler-pole, located at the
present geographic North Pole. This latter rotation moves the continent along a constant
latitude circle. The amount of latitudinal shift of the continent depended on how close to
the neighbouring continent it was allowed to move, which depends on geological con-
straints. The two Euler-pole rotations were then combined to give a single Euler pole
and rotation angle, which places the continent onto the location shown in the reconstruc-
tions. Table 1 gives the co-ordinates of the single Euler poles and rotation angles for all
reconstructions.

As described in Pesonen et al. (2003), the hemispherical ambiquity due to unde-
fined polarity in pre-Phanerozoic times must also be considered by looking both north-
ern and southern hemisphere options for each continent. In final tuning of cratons into
the reconstructions (Fig. 6-12), we used geological piercing points, such as orogenic or
accretional belts, mafic dyke swarms, kimberlite occurrences, rapakivi massifs, ophio-
lites, and lithostratigraphic data (Pesonen et al., 2003). In addition to these geological
piercing points, we used the following palaeomagnetic criteria in validating the recon-
structions:

(1) The magnetic polarity had to be the same from one continent to another during the
life time of the assembly. Since we do not know the "absolute" polarity during Paleo-
Mesoproterozoic, we seeked distinct polarity patterns (e.g., long single polarity inter-
vals) from one continent to another (e.g., Pesonen and Neuvonen, 1981; Buchan et al.,
2000).

(i1) The drift rates of the cratons had to be comparable during the lifetime of the assem-
bly. The rates should not have exceeded markedly the Cenozoic rates (e.g., Meert et al.,
1993).

If a geologically and paleomagnetically sound configuration of the continents
(cratons) were found, we kept them together to indicate that they were part of a super-
continent. If we did not find an acceptable geological continuation or matching, we kept
the cratons apart from the assembly.
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5. Age bins

Seven age bins were chosen for reconstructions in this work and they are 2.45,
1.88, 1.78, 1.63, 1.53, 1.26 and 1.04 Ga, respectively. The poles, their ages and other
relevant data are listed in Appendix 1 and the mean paleopole data in Table 1. The cor-
responding reconstructions are shown in Figs. 6-12. Apart from possible deviations
from the GAD-model, the main error arises from the uncertainty in the pole position as
expressed by the 95% confidence circles (A95) of the mean poles.

6. Continental reconstructions during the Paleoproterozoic
6.1 Reconstruction at 2.45 Ga

Meert (2002), in his Columbia reconstruction, divided the pre-Proterozoic cratons
into three ancient continents, Atlantica, Ur and Nena reflecting their derivation from
three but separate Archean land masses. The cratons Amazonia, Guyana, Congo, Sao
Francisco and West Africa are fragments of Atlantica. Australia, India, Antarctica,
Madagaskar and Kalahari are pieces of the ancient continent Ur and Laurentia, Siberia,
Baltica and North China are derived from the ancient Nena-continent. The existence of
these ancient land masses are tested in the following reconstructions.

Table 1 summarizes the data used for reconstruction at 2.45 Ga (Fig. 6). Results
are available from two Nena fragments (Laurentia and Baltica) and from two Ur frag-
ments (Australia and India). Interestingly, the Superior craton from Laurentia and the
Karelia craton from Baltica lie near the equator whereas the Ur fragments, Yilgarn from
Australia and especially Dharwar from India, are at high, almost polar (south) latitudes.
Thus, the split of the Archean supercontinent Kenorland (Pesonen et al., 2003) into
Nena and Atlantica land masses holds during the early Paleoproterozoic.

Previously, Pesonen et al. (2003), used the so called D-component of remanent
magnetization (a SE down pointing remanence direction) in Baltica as a primary 2.45
Ga magnetization, documented in many 2.45 Ga intrusions in Kola and Karelia cratons
(e.g. Mertanen et al., 2006b). This interpretation does not support the “Superia” super-
craton model (Superior-Karelia-Wyoming unity) of Bleeker and Ernst (2006) at 2.45
Ga, since the D-magnetization places Karelian craton of Baltica some 30 degrees south
of Superior province (Mertanen et al., 2006b; Salminen et al., 2010). It is however, pos-
sible that the D-magnetization is actually slightly younger, ca. 2.40 Ga, obtained during
cooling of the Karelian craton after the widespread magmatic heating of the crust by the
2.45 Ga intrusions (Mertanen et al., 1999). Instead, if we accept that the south-shallow
D’-component of remanent magnetization, found at baked contact zones of the 2.45 Ga
intrusions in Karelia (Mertanen et al., 1999), is the primary 2.45 Ga remanence, we end
up to reconstruction shown in Fig. 6. In this model the Matachewan (Superior province)
(Evans and Halls, 2010) and the Karelian (Mertanen et al, 1999) dyke swarms become
parallel, and fairly close to each other, pointing to a plume in the center of the “Superia”
supercraton, as suggested by Bleeker and Ernst (2006).
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Dykes of ~2.45 — 2.37 Ga ages exist also in Australia (Yilgarn) and India (Dhar-
war), as shown in the reconstruction of Fig. 6, which is mainly the same as proposed by
Halls et al. (2007), albeit that the used projections differ. The Widgiemooltha swarm
(~2.42 Ga; Evans, 1968) of the Yilgarn craton has a similar trend as the Matachewan-
Karelia swarms in this assembly, but its distance to these swarms is more than 90° in
latitude (>10,000 km), which does not support a genetic relationship between Yilgarn
and Superior-Karelia unity at 2.45 Ga. On the other hand, the E-W trending dykes of the
Dharwar craton, with an age of 2.37 Ga (Halls et al., 2007; French and Heaman, 2010),
form a continuation with the Widgiemooltha swarm (Fig. 6). The Widgiemooltha and
Dharwar dykes can possibly be associated with another mantle plume in the southern
hemisphere.

2.45 Ga

Fig. 6. Reconstruction of Archean cratons at 2.45 Ga. Data available from Laurentia (L), Baltica (B),
Australia (A) and India (I) (Table 1). The cratons Superior (Laurentia), Karelia (Baltica), West Australia
(Yilgarn) and Dharwar (India) are shown in grey shading. Dyke swarms are shown as red sticks and they
are: Matachewan dykes (Laurentia), Russian-Karelian dykes (Baltica), Widgiemooltha dykes (Yilgarn)
and Dharwar E-W dykes (India). Orthogonal projection.

Between 2.40 Ga and 2.22 Ga the Superior, Karelia and Kalahari cratons experi-
enced one to three successive glaciations (Marmo and Ojakangas, 1984; Bekker et al.,
2001). It is noteworthy that the glaciogenic sequences also contain paleoweathering
zones, lying generally on top of the glaciogenic sequences. These early Paleoprotero-
zoic supracrustal strata are similar to Neoproterozoic strata that also contain glaciogenic
sequences and palacoweathering zones (e.g., Evans, 2000). Moreover, in both cases the
palacomagnetic data point to low paleolatitudes (< 45 degrees) during glaciations. Tak-
ing Laurentia as an example, it maintained a low latitude position from 2.45 Ga to 2.00
Ga during the time when the glaciations took place (e.g., Schmidt and Williams, 1995).
For the other continents we do not have reliable palacomagnetic data to show their lati-
tudinal positions during the early Paleoproterozoic glaciations. Tentatively, Karelia ap-
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pears to have been at low to intermediate latitudes during 2.45 — 2.15 Ga (Neuvonen et
al., 1997; Mertanen et al., 2006b; Salminen et al., 2010). Furthermore, if the Superia
model of Bleeker and Ernst (2006), suggesting unity of the Karelia and Superior cratons
during the whole time period from 2.45 Ga to 2.1 Ga, is valid, it places Karelia at sub-
tropical paleolatitudes of 15-45° at that time (Bindeman et al., 2010).

At least four models have been presented to explain the low latitude glaciations:
(1) the “Snowball Earth” hypothesis, (i1) the concept of a large Earth’s obliquity, (iii) the
remagnetisation explanation, and (iv) the non-dipole model of the geomagnetic field.
Models (i) — (iii) are thoroughly discussed in literature (see Pesonen et al. 2003 and ref-
erences therein). Model (iv) has been tested in this work with a result that a ~10% octu-
pole field can cause a 10° error in paleolatitudes for continents occupying middle lati-
tudes. This is not sufficient to “move” continent from high latitudes (where glaciatons
take place) to near equatorial latitudes.

6.2 Reconstruction at 1.88 Ga

The period of 1.90 — 1.80 Ga is well known in global geology as widespread oro-
genic activity. Large amounts of juvenile crust were added to the continental margins,
and black shales, banded iron formations (BIFs), evaporites and shallow marine phos-
phates were deposited in warm climatic conditions (Condie et al., 2001). These deposits
support the existence of a supercontinent (“Early Columbia™) or at least a huge land-
mass at low to moderate latitudes at ca. 1.88 Ga (see Pesonen et al., 2003 and references
therein).

Table 1 shows that for 1.88 Ga, reliable poles are available from three Nena areas
(Baltica, Laurentia and Siberia), from two Ur cratons (Australia and Kalahari), and from
one Atlantica craton (Amazonia). The reconstruction is shown in Fig. 7. All continents
in Fig. 7 have moderate to low latitudinal positions. The assembly of Laurentia and Bal-
tica at 1.88 Ga, together with Australia and Siberia marks the onset time of development
of the supercontinent Columbia although the final amalgamation occured as late as
~1.53 Ga (see Chapter 6.5). The position of Baltica against Laurentia is rather well es-
tablished as paleomagnetic data are available from several Svecofennian 1.88 — 1.87 Ga
gabbros. However, the age of the mean pole is somewhat uncertain since the magnetisa-
tion ages of the slowly cooled gabbro-diorite plutons may be 10 — 20 Ma younger than
their crystallization age (Mertanen and Pesonen, 2005). In addition, the position of
Laurentia is somewhat uncertain due to problems related to the “B” pole of the Molson
dykes (Halls and Heaman, 2000). We note that the Laurentia-Baltica unity in Fig. 7 de-
parts from the 2.45 Ga configuration (Fig. 6), consistent with separation of Superior
from Karelia between 2.45 Ga and 2.05 Ga (Bleeker and Ernst, 2006). The data further
suggest that a considerable latitudinal drift from 2.45 Ga to 1.88 Ga took place for
Laurentia but much less for Baltica.
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Fig. 7. Reconstruction of cratons and orogenic belts (green) at 1.88 Ga. The Archean cratons are shown in
gray. Data available from Laurentia (L), Baltica (B), Amazonia (Am), Siberia (S), Australia (A) and Ka-
lahari (K). The ca. 1.90 - 1.80 Ga orogenic belts are shown in dark green and they are: Laurentia:
Nagssugtoqidian (N), Ketilidian (K), Torngat (T), Trans-Hudson (TH), Penokean (P), Woopmay (W),
Taltson-Thelon (T-T), Baltica: Lapland-Kola (L-K), Svecofennian (Sv), Amazonia: Ventuari-Tapajos (V-
T), Siberia: Akitkan (A), Australia: Capricorn (C), Kalahari: Limpopo (L). For explanation, see text.

The model in Fig. 7 provides the following scenario to explain the ca. 1.90 — 1.80
Ga orogenic belts in Laurentia and Baltica. After rifting at ~2.10 Ga, both continents
drifted independently until ~ 1.93 Ga. Subsequently, the Superior craton collided with
Karelian craton causing the Nagssugtoqidian and Torngat orogens in Laurentia and the
Lapland -Kola orogen in Baltica. It is likely that collisions between Superior and Kare-
lia (or consolidated continents Laurentia and Baltica), caused intra-orogenic belts be-
tween Superior and Slave craton in Laurentia and between Kola and Karelia cratons in
Baltica. Simultaneously, in Baltica, accretion and collision of several microcontinents to
the margin of the Karelian craton may have taken place (Lahtinen et al., 2005). The
complexity of the collisions of the Archean cratons and accretions to the craton margins
is manifested by the anastomosing network of 1.93—1.88 Ga orogenic belts in Baltica
and Laurentia (Fig. 7). The same seems to have happened in other continents, too, like
in Australia, Kalahari, and Amazonia. Buchan et al. (2000) discusses in more detail how
the patterns of these orogenic belts were formed during the collisions, including rota-
tions and strike slip and transform faultings.

In addition to the above mentioned collisions within Baltica and Laurentia, a col-
lision of Laurentia-Baltica with a “third continent” may be responsible for at least some
of the 1.93 — 1.88 Ga orogenic belts (Pesonen et al., 2003). Candidates for this 'third
continent' include Amazonia, North China, Australia, Siberia and Kalahari. Each of
these have 1.93 — 1.88 Ga orogenic belts: the Trans China orogen in China, the Capri-
corn orogen in Australia, the Ventuari-Tapajos orogen in Amazonia, the Akitkan orogen
is Siberia and the Limpopo belt in Kalahari (Geraldes et al., 2001; Wilde et al., 2002).
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Although the data from Amazonia are not of the best quality (Q = 2-3), Amazonia was
probably not yet a part of the 1.88 Ga Laurentia-Baltica assembly (Fig. 7).

Based on new ~1.88 Ga paleomagnetic data of dykes from the Bastar craton, In-
dia, Meert et al. (2011) have presented a novel, paleomagnetically constrained model of
Columbia at 1.88 Ga. Although our model of Columbia (Fig. 7) lacks India, it is strik-
ingly similar to the model of Meert et al. (2011). In contrast, our model and that by
Meert et al. (2011) differ from the geologically made Columbia by Zhao et al. (2004).
As pointed out by Meert et al. (2011), the differences can be due to the fact that Colum-
bia was yet in its amalgamation stage at 1.88 Ga, a conclusion supported also by data of
this paper.

6.3 Reconstruction at 1.78 Ga

Reliable palacomagnetic data at 1.78 Ga come from Laurentia, Baltica, North
China, Amazonia, Australia, India and Kalahari (Fig. 8). The 1.78 Ga “Early Columbia”
is made of two landmasses: the first one consists of an elongated large continental area
of Laurentia, Baltica, North China and Amazonia, and the second one contains Austral-
ia, India and Kalahari. These continents remained at low to intermediate latitudes during
1.88 — 1.77 Ga. The used poles are listed in Appendix 1 and Table 1. The 1.78 Ga con-
figurations of Baltica and Laurentia differ from that at 1.88 Ga. This difference is
mostly due to rotation of Laurentia relative to Baltica which stayed more stationary. The
considerable rotation of Laurentia may be incorrect and result of poor palaeomagnetic
data, but it is also possible that there was a long-lasting accretion to the western margin
of the closely situated Laurentia-Baltica cratons. This was not a simple accretional
growth event but included relative rotations along transform faults between the accret-
ing blocks (Nironen, 1997) until their final amalgamation at ca. 1.83 Ga. It is also pos-
sible that the docking of Ukraine with Baltica at ~1.78 Ga (see Bogdanova, 2001) trig-
gered minor block rotations within Baltica. Support for the continuation of Laurentia-
Baltica from 1.83 Ga to 1.78 Ga (and even to 1.12 Ga; see Salminen et al., 2009) comes
from the observations that the geologically similar Trans Scandinavian Igneous Belt
(TIB) I-belt in Baltica and the Yavapai/Ketilidian belts of Laurentia (e.g., Karlstrom et
al., 2001; Ahdll and Larson, 2000) become laterally contiguous when reconstructed ac-
cording to palacomagnetic data of the age of 1.83, 1.78 Ga and 1.25 Ga (Buchan et al.,
2000; Pesonen et al., 2003).

Several reconstructions models have been proposed for the onset of Columbia at
ca. 1.78 Ga (see e.g. Meert, 2002; Bispo-Santos et al., 2008; Kusky et al., 2007 and ref-
erences therein). The 1.78 Ga Columbia model (Fig. 8) of this work is similar to the
model by Bispo-Santos et al. (2008).

Wilde et al. (2002) have proposed a model of North China - Baltica connection
where North China is placed north of Baltica. Their geological rationale was to seek
connections of the 1.9 — 1.8 Ga Kola-Karelian and the coeval Trans-North China
orogens so that Karelia craton of Baltica may be contiguous with the western block of
North China craton and the Kola craton being contiguous with Eastern Block of the
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North China craton. No paleomagnetic data are available from the 1.9 — 1.8 Ga rocks of
North China craton to test this model, but the paleomagnetically made configuration at
1.78 Ga (Fig. 8) does not support the model by Wilde et al. (2004), unless North China
has rapidly drifted from north of Baltica (at ~1.9 — 1.8 Ga) to south of Baltica at 1.78 Ga

(Fig. 8).

Fig. 8. The reconstruction of continents at 1.78 Ga. Data available from Laurentia (L), Baltica (B), North
China (NC), Amazonia (Am), India (I), Australia (A) and Kalahari (K). The Archean cratons are shown
as grey shading (see Figs. 1 and 6-7). The 1.90-1.80 Ga orogenic belts (green) in Laurentia, Baltica, Aus-
tralia, Amazonia and Kalahari are the same as in Fig. 7. In North China: Trans-North China orogen (T-
N); India: Central Indian tectonic zone (C-I). The ca. 1.8—-1.5 Ga orogenic belts (black): Laurentia: Ya-
vapai (Y), Baltica: Transscandinavian Igneous Belt (TIB), Amazonia: Rio Negro-Juruena (R-N); Austral-
ia: Arunta (Ar). The 1.78-1.70 Ga rapakivi granites are shown as red circles.

It is likely that Australia and India, in this early Columbia positions (Fig. 8), are
on their way to dock later with Laurentia and Baltica. Idnurm and Giddings (1995)
show a reconstruction between Australia and Laurentia during 1.70 — 1.60 Ga ago,
which differs from our model. Their model places Australia close to the so called
SWEAT (South West US and East Antartica connection; Moores, 1991) configuration,
whereas our data suggest that Australia is neither compatible with the SWEAT nor with
the AUSWUS (Australia and South West US connection; Burrett and Berry, 2000) con-
figuration. Karistrom et al. (2001) stress that geological data of the 1.80 — 1.40 Ga belts
from Laurentia-Baltica landmass (such as Yavapai, Labradorian-Ketilidian and TIB
belts) continue into Arunta belt of eastern Australia. This is palacomagnetically possi-
ble: if we allow £15° freedom in paleolatitude and some 30° anticlockwise rotation of
Australia in Fig. 8 (due to pole error of 18.3° (Table 1) or due to 11% octupole field),
we are close to Karlstrom et al. (2001) assembly of Baltica-Laurentia-Australia at 1.78
Ga. In this work, at 1.78 Ga, we keep Australia slightly apart from Laurentia to let it be
together with its “Ur partner” India.
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The palacomagnetic data from Amazonia at 1.78 Ga shows that it was located in
southern hemisphere. The occurrence of 2.0 — 1.8 Ga Ventuari-Tapajos orogenic belt
and the successfully rejuvenating 1.8 — 1.5 Ga Rio Negro Juruena belt in Amazonia with
the roughly coeval Svecofennian orogenic belts in Baltica (1.9 — 1.5 Ga) (Figs. 8-9)
lead us previously to propose that these belts are conjugate collisional belts. It is possi-
ble that these belts represent the earliest phases of a longterm accretional orogeny (see
discussion in Pesonen et al. (2003) and Pesonen and Sohn (2008). We return to this in
the next reconstruction (Chapter 6.4).

Several episodes of rapakivi magmatism are known during the Paleo-
Mesoproterozoic (e.g., Rimé and Haapala, 1995; Dall 'Agnoll et al., 1999; Vigneresse,
2005). The 1.77 — 1.70 Ga and the slightly younger 1.75 — 1.70 Ga rapakivi-anorthosites
are known in Laurentia, Ukraine (part of Baltica), North China and Amazonia (Fig. 8).
Due to their sparse occurrence they cannot be used to test the reconstruction at 1.78 Ga.

1.63 Ga

Fig. 9. The reconstruction of continents at 1.63 Ga. Data available from Laurentia (L), Baltica (B), Ama-
zonia (Am), Australia (A) and Kalahari (K). The 1.8-1.5 Ga orogenic belts (black) are: Laurentia: Ya-
vapai-Mazatzal (Y-M), Labradorian (L), Ketilidian (K), Baltica: Gothian (G), Transscandinavian Igneous
Belt (TIB), Amazonia: Rio Negro-Juruena (R-N), Australia: Arunta (Ar). For other belts, see Figs. 7-8.
The dotted position of Amazonia shows the paleomagnetic position if Table 1 data are taken as face val-
ues whereas the suggested position of Amazonia, south of Baltica, is favoured geologically, and is within
paleomagnetic error bars (see text). The SE pointing arrow shows the direction of movement for Amazo-
nia. The 1.63 Ga rapakivi intrusions and related dykes are shown as red circles and sticks, respectively.
For explanation, see text.

6.4 Reconstruction at 1.63 Ga

The late Svecofennian orogenic belts in Baltica, which are progressively younging
towards SW, such as the TIB 1 and 2 belts, the Gothian belt and the corresponding belts
in Laurentia (Labradorian, Yavapai-Mazatzal) and in Amazonia (Rio Negro Juruena)
are all produced by successive accretions from west onto the cratonic margins. Thus,
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accordingly, Amazonia can be continuos rather than conjugate with Baltica-Laurentia
assembly. Current geological thinking (e.g., Ahdll and Larson, 2000; Geraldes et al.,
2001, and references therein) also favour the idea that all these coeval belts in Laurentia,
Baltica and Amazonia are accretional and all formed during Cordilleran type subduction
and arc-accretion from west to a convergent margin.

For the 1.63 Ga reconstruction, palacomagnetic data are available from Laurentia,
Baltica, Amazonia, Australia and Kalahari (Fig. 9, Table 1). Using the data in Table 1 as
face values places Amazonia onto the same latitude as Baltica and into a situation where
the successively younging orogenic belts in Baltica have a westerly trend in the same
sense as in Amazonia (Fig. 9). In Pesonen et al. (2003) Amazonia was shifted some 25
degrees southeast which is possible within maximum errors of used poles. This configu-
ration, shown as lighter colour in Fig. 9, is a continuation of the previously proposed
“elongated” Laurentia-Baltica-Amazonia assembly. In this configuration, the successive
orogenic belts show a westward younging trend in all three continents (e.g., Ahdll and
Larson, 2000; Geraldes et al., 2001). Although geological evidences strongly support
the continuation of Laurentia-Baltica-Amazonia landmass, there is still the possibility
that final docking of Amazonia took place later than 1.63 Ga.

6.5 Reconstruction at 1.53 Ga

Reliable palacomagnetic data at 1.53 Ga come from Laurentia, Baltica, Amazonia,
Australia, North China and Siberia (Fig. 10a). The assembly of Laurentia-Baltica at 1.53
Ga differs only slightly from the 1.78 — 1.63 Ga configurations. Therefore, taking into
account the uncertainties in the poles, we believe that the previously proposed Lauren-
tia-Baltica unity (where Baltica is along the eastern margin of Greenland, Figs. 8-9)
holds still at 1.53 Ga (see also Salminen and Pesonen, 2007; Lubnina et al., 2010).

Recently, Johansson (2009) has proposed a novel configuration of Columbia
called SAMBA-assembly, including Laurentia, Baltica, Amazonia and West Africa at
~1.5 Ga (Fig. 10b). The assembly is based on geological continuations without using
paleomagnetic data. In this assembly, Baltica is in the center, Laurentia on its NW side,
Amazonia is towards south and West Africa towards SE of Baltica, respectively. In
SAMBA, the three continents, Laurentia, Baltica and Amazonia form a bumerang-type
elongated large continent.

Our paleomagnetic reconstruction (Fig. 10a) is rather similar to SAMBA (West
Africa is omitted in lack of reliable data). However, as seen in 1.88 Ga, 1.78 Ga and
1.63 Ga reconstructions (Figs. 7-9), Baltica is located so that the Kola peninsula is ad-
jacent to present southwestern Greenland while in the SAMBA reconstruction Baltica is
rotated ca. 90 degrees with respect to Laurentia. It shall be noted that while our image
(Fig. 10a) is plotted onto a spherical projection, the image (Fig. 10b) of Johansson
(2009) is not, and therefore some of the discrepances may be only apparent due to dif-
ferent projections. We can see that in both models successively younging orogenic belts
from 1.88 Ga to ~1.3 Ga in all three continents show continuations as described in pre-
vious Chapters.
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b)

I:I 1.55-1.8 Ga orogenic belts

1.8-1.95 Ga orogenic belts

- 1.95-2.2 Ga orogenic belts

Fig. 10. (a) Paleomagnetic reconstruction of supercontinent Columbia at 1.53 Ga. Data available from
Laurentia (L), Baltica (B), Amazonia (Am), Siberia (S), Australia (A) and North China (NC). The ca.
1.55-1.50 Ga rapakivi intrusions and related dykes are shown as red circles and sticks, respectively. (b)
Geologically made reconstruction of the ca. 1.8-1.3 Ga “SAMBA” consisting of Laurentia-Baltica-
Amazonia as modified after Johansson (2009) without West-Africa. For explanation, see Figs. 7-9.

One of the major peaks of rapakivi-anorthosite pulses took place during 1.58 —
1.53 Ga (Rdmé and Haapala, 1995; Vigneresse, 2005). The coeval occurrences of bi-
modal rapakivi granites and anorthosites associated with mafic dyke swarms in Baltica
and Amazonia during 1.58 — 1.53 Ga further supports the close connection between
these continents in the Columbia/SAMBA configuration (Johansson, 2009; Pesonen
and Sohn, 2009). This rapakivi activity could be consistent with a hot spot underlying
the Baltica-Amazonia-Australia landmass (Pesonen et al., 1989). Another possibility is
that the coeval rapakivi-anorthosite magmatism is a distal response in the foreland for
the prolonged accretions that took place in the continental margin of Baltica-Amazonia
as described previously (Ahdll and Larson, 2000).

The position of Australia in Fig. 10a on the present western coast of Laurentia is
roughly halfway between the SWEAT and AUSWUS configurations (Karlstrom et al.,
2001). The palacomagnetic data thus suggests that Australia was also part of Columbia
(and SAMBA). The occurrence of ca. 1.60 — 1.50 Ga rapakivi intrusions in Australia
further support the idea that Australia was in close connection with Laurentia-Baltica-
Amazonia at 1.53 Ga.

Palacomagnetic data could allow Siberia to be in contact with present northern
Laurentia at 1.53 Ga (Fig. 10a). However, Pisarevsky and Natapov (2003) have noted
that almost all the Meso-Neoproterozoic margins of Siberia are oceanic and therefore a
close connection between Siberia and Laurentia is not supported by their relative tec-
tonic settings. Also in recent Laurentia-Siberia reconstructions (Wingate et al., 2009;
Lubnina et al. 2010) the two continents have been left separate although they would be-
come parts of the Columbia supercontinent later at ~1.47 Ga. Possibly, there was a third
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continent between Laurentia and Siberia at ~1.53 Ga (see Wingate et al., 2009, Lubnina
etal., 2010).

Laurentia and Baltica remained probably at shallow latitudes from 1.50 Ga to
1.25 Ga (Buchan et al., 2000). Preliminary comparisons of palacomagnetic poles from
the ca.1.7 — 1.4 Ga old red beds of the Sibley Peninsula (Laurentia) and Satakunta and
Ulvo sandstones (Baltica) (e.g., Pesonen and Neuvonen, 1981; Klein et al., 2010), sup-
port the 1.53 Ga reconstructions within the uncertainties involved. Buchan et al. (2000)
implied that the palacomagnetic data from the ca. 1.3 Ga old Nairn anorthosite of
Laurentia suggest that it remained at low latitudes during ca. 1.40 — 1.30 Ga, consistent
with low latitude position of Laurentia at that time.

The exact timing of Columbia breakup is often related to the emplacement of ca.
1.52 — 1.38 Ga rapakivi-anorthosite magmas (Rogers and Santosh, 2004; Salminen et
al., 2010). However, we suggest that the breakup occurred much later (even as late as
~1.12 Ga) when a number of rift basins, graben formations and dyke intrusions occured
globally (see next chapter).

6.6 Reconstruction at 1.26 Ga

Figure 11 shows the assembly of Laurentia, Amazonia, Baltica, West Africa, Ka-
lahari and Congo/Sao Francisco (Table 1) at ca. 1.26 Ga. These continents are all lo-
cated at low to intermediate latitudes. The configuration of Laurentia-Baltica is similar
to the previous reconstructions during 1.78 — 1.53 Ga (Pesonen et al., 2003; Karlstrom
et al., 2001). The Kalahari, Congo-Sao Francisco and West Africa form a unity slightly
west from Amazonia-Baltica-Laurentia.

1.26 Ga

Fig. 11. The reconstruction of continents at 1.26 Ga. Data available from Laurentia (L), Baltica (B),
Amazonia (Am), West Africa (WA), Congo-Séo Francisco (C-Sf) and Kalahari (K). The ca. 1.26 Ga dyke
swarms in Laurentia and Baltica are shown as red sticks. Kimberlite occurrences of about this age are
shown as yellow diamonds. For explanation, see text and Figs. 7-10.
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Although the relative position of Baltica-Laurentia at this time is roughly the same
as during 1.78 — 1.53 Ga, the whole assembly has been rotated by 80 degrees anticlock-
wise and drifted southwards. This configuration is independent of the polarity ambiguity
since the data of 1.25 Ga mafic dykes from both continents are of single polarity (Pe-
sonen and Neuvonen, 1981; Buchan et al. 2000).

The 1.26 Ga assembly of Baltica-Laurentia is supported by geological data. For
example, as shown previously, the 1.71 — 1.65 Ga old Labradorian-Gothian belts will be
aligned in this configuration. The post-Jotnian dykes and sills in central Baltica could be
associated with either the huge Mackenzie rifting in NW Laurentia with associated fan-
ning dykes, or more likely with coeval dykes in eastern Labrador (Canada) and SW
Greenland (see Fig. 11). As suggested by Soderlund et al. (2006), dolerite sill com-
plexes and dike swarms in Labrador, in SW Greenland and in central Scandinavia (Cen-
tral Scandinavian Dolerite Group, CSDG) of the age of 1234 - 1284 Ma are best ex-
plained by long-lived subduction along a continuous Laurentia-Baltica margin. Hence,
they do not support the hypothesis that CSDG was fed by magma derived from a mantle
plume located between Baltica and Greenland. Consequently, the rifting model with
separation of the cratons at ca. 1.26 Ga, as presented previously in Pesonen et al.
(2003), is not valid any more. We note further that ~1.26 Ga dykes occur also in Ama-
zonia, in the western part (present day) of the Rio Negro-Juruana belt (Fig. 11). They
may have the same tectonic framework as the post-Jotnian, Mackenzie and SW-
Greenland and Labradorian dykes and sills.

It is worthwhile to note that the 1.26 Ga dyke activity is a global one and is well
documented in several other continents (e.g., Kibaran intrusives in Congo, Mount Isa
dykes in Australia, Westfold Hills dykes in Antarctica, Wutai-Talhang dykes in S.
China, Tieling dykes and sills in North China and the Gnowangerup dykes in India (see
Ernst et al., 1996). Unfortunately, reliable palacomagnetic data from dykes are only
available from Laurentia and Baltica.

Although Mesoproterozoic kimberlites are probably too old to provide a link to
the underlying mantle (or core-mantle boundary) and associated low velocity zones dur-
ing the Mesoproterozoic times, it is still worth while to study whether the kimberlite
pipes reveal any pattern in the Paleo-Mesoproterozoic reconstructions (see Torsvik et
al., 2010). The ~1.25 — 1.20 Ga peak in kimberlite magmatism (e.g. Pesonen et al.,
2005) is the only one within the 2.45 — 1.04 Ga period to provide sufficient amount of
data for analysis. In Fig. 11, we have plotted the ca. 1.25 — 1.20 Ga kimberlite pipes on
the 1.26 Ga reconstruction. Interestingly, they seem to show a corridor crossing the
whole Laurentia up to Baltica, making then a ~90° swing and continuing from Baltica to
Amazonia. However, the coeval kimberlites in Kalahari and West Africa seem to form
local clusters rather than corridors. We interpret the kimberlite corridor to support the
proximity of Laurentia, Baltica and Amazonia although the underlying geological ex-
planation for the corridor remains to be solved.



26 L.J. Pesonen, S. Mertanen and T. Veikkolainen

6.7  Reconstructions 1.04 Ga: amalgamation of Rodinia

After 1.25 Ga Baltica started to separate from Laurentia and begun its journey to-
wards the S hemisphere (Fig. 12). The southerly drift of Baltica between 1.25 and 1.05
Ga is associated with a ca. 60 degrees clockwise rotation and ca. 15 degrees southward
movement. This rotation, suggested already by Poorter (1975), Patchett and Bylund
(1977) and Pesonen and Neuvonen (1981) is supported by coeval palacomagnetic data
from northern Baltica (Table 1) and from the Sveconorwegian orogen of southwestern
Baltica.

|:| 1.55-1.8. Ga orogenic belts - 1.95-2.2. Ga orogenic belts

D 1.8-1.95. Ga orogenic belts - Archean cratonic nuclei (>2.5 Ga)

Fig. 12.(a) Reconstruction of continents at 1.04 Ga showing the Rodinia configuration. Data available
from Laurentia (L), Baltica (B), Amazonia (Am), Congo/SaoFrancisco (C-Sf), Kalahari (K), India (I),
Australia (A), Siberia (S) and North China (NC). The Grenvillian age orogenic belts are shown in red:
Laurentia: Grenvillian (G), Baltica: Sveconorwegian (Sn), Amazonia: Sunsas (S), Congo-Sao Francisco:
Kibaran (Ki), Kalahari: Natal-Namagua (N-N). The orange belt in Amazonia marks the possible first col-
lisional location after which the continent was rotated, the red belt was formed in a subsequent collision.
(b) Geologically made reconstruction of Laurentia-Baltica-Amazonia. The figure is modified from the
SAMBA-assembly (~0.9 Ga) by Johansson (2009).

After the course of “independent” drift and rotations of the continents during
about 1.10 — 1.04 Ga, almost all of the continents were amalgamated at ~1.04 Ga to
form the Rodinia supercontinent (Fig. 12). Based on ~1.1 — 1.0 Ga data from Amazonia
(D’Agrella-Filho et al., 2001), we have tentatively placed Amazonia southwest of
Greenland and west from Baltica.

Unlike in most Rodinia models (e.g. Hoffman, 1991; Li et al., 2008) and the
model (Fig. 12b) by Johansson (2009), the new paleomagnetic data of Amazonia places
the Grenvillian 1.3 — 1.0 Ga Sunsas-Aguapei belt to be oceanward and not inward (see
also Evans, 2009). One possible scenario to explain this dilemma is that the Grenvillian
collisions occurred episodically including rotations and strike slip movements (e.g.
Fitzsimons, 2000; Tohver et al., 2002; Pesonen et al., 2003; Elming et al., 2009). Dur-
ing the first collisional episode between 1.26 and 1.1 Ga, Amazonia collided with
Laurentia on its southwestern border (7ohver et al., 2002). This collision produced a
piece of the inward (i.e., against Laurentia’s SW coast) pointing Sunsas orogenic belt
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(Fig. 12b). Subsequently, Amazonia must have been rotated some ~140° anticlockwise
swinging the older part of the Sunsas belt to an oceanward position (Fig. 12a). Slightly
after this, the second collision by Amazonia, now with Baltica took place at ~1.05 Ga
(Fig. 12a) producing the younger part of the Sunsas-Aguapei belt. This two-phase colli-
sional scenario would explain both our model and also the SAMBA-model by Johans-
son (2009), provided that the age of Johansson’s assembly (Fig. 12b) is ~1.10 Ga and
not 0.9 Ga and that the Sunsas-Aguapei belt consists indeed of two segments of variable
ages. In Kalahari, the Natal-Namagua belt is also outward (oceanward) and not inward
as in the classical Rodinia models (Hoffiman, 1991). In that case, Evans and Pisarevsky
(2008) have shown that the position of Kalahari (Fig. 12a) is defined by matching two
APWP-segments (Laurentia, Kalahari) for the whole time period of 1.15 — 1.04 Ga, not
just the two key poles of age 1.04 Ga from the cratons. The usage of APWP matching
overcomes the polarity problem inherent in the key-pole technique. So far we do not
know a firm geological explanation for the outward-facing Natal-Namagua belt of Ka-
lahari in the Rodinia configuration.

West Africa, South China, East Antarctica and Rio de la Plata are not included in
our Fig. 12a since no palacomagnetic data are available. The large East Gondwana
landmass, comprising Australia, East Antarctica, India and Kalahari, was located to the
north of the present western coast of Laurentia (Fig. 12a). India and Kalahari are plotted
close to Australia, but an open space between these three continents is left for Antarc-
tica in Fig. 12a. The position and orientation of Siberia at ca. 1.04 Ga (Fig. 12a) is
slightly different from that at 1.50 Ga (Fig. 10) indicating that during 1.50 — 1.10 Ga
Siberia may have broken away from Laurentia. We have kept Siberia slightly off from
Australia-Laurentia since it lacks Grenvillian type orogenic belt (Pisarevsky and Nata-
pov, 2003).

We interpret the 1.04 Ga time to mark the final assembly of Rodinia with possible
minor adjustments taking place during 1.04 — 1.0 Ga. These landmasses aggregated at
ca. 1.04 Ga producing the "late" Grenvillan collisions. This scenario predicts that late
Grenvillian events should have occurred in NW Baltica, in Barentia (Svalbard) and in E
Greenland due to the collision of NE Laurentia with Baltica. U-Pb age data from East
Geenland and from Svalbard reveal "late" Grenvillian ages, which in general support
the model of Fig. 12a. These “late” Grenvillian ages may in fact be somewhat younger
than the model scenario of Fig. 12b (Watt and Thrane, 2001, Henriksen et al., 2000;
Kalsbeek et al., 2002). Different scenarios to describe the continent-continent collisions
and the formation of Rodinia are presented by Li et al. (2008), Pisarevsky et al. (2003)
and Evans (2009).

7. Comparisons of drift curves and drift rates

One way to test the validity of the palacomagnetically made reconstructions and
proposed supercontinent models during the Paleo- and Mesoproterozoic is to compare
the drift patterns and drift rates of the member continents. If a supercontinent model is
valid, the drift rates of the participating continents should be similar during the life time
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of the assembly. Due to the paucity of data, we have attempted this only for Laurentia,
Baltica, Amazonia and Australia. Figure 13 portrays the drift curves of these continents
~2.45 —1.04 Ga. During the 1.88 — 1.25 Ga interval, the drift patterns of Laurentia and

1.10 1.83

Rodinia Columbia Break-up of
supercontinent supercontinent Kenorland

1 s T T 24
Laurentia
60N "
30°N|
g | Equator \
AN S
30°S
Baltica
60°N
30N AL
o ' Equator
v
30°S
60°S
Amazonia
30°N
¢ )’\ AN Equator
VAT
08|l (bx { }

60°S lj? -

. lia

¥
60°N S o

¥ L3 g

30°N (H}‘ ’\‘ ? (V\

Y \MM{@

¢ } Equator

30°S

60°S ;«-J

1.0 1.1 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Time (Ga)
e

Fig. 13. Latitudinal drifts of Laurentia, Baltica, Amazonia and Australia during 2.45-1.04 Ga. See text.
Horizontal axis is time (in Ga) and vertical axis is paleolatitude. Orientations of the continents are defined
by declination data of Table 1.
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Baltica show strikingly similar general characteristics and relatively smooth drift
velocities (<3 cm/yr) from shallow northerly latitudes towards the equator and beyond.
However, new data from Baltica (Salminen et al. 2009) and Laurentia (Donadini et al.,
2011) give strong evidence that Laurentia and Baltica experienced very rapid (veloci-
ties up to 20 cm/yr) northward drift close to North pole during a very short interval be-
tween 1.26 — 1.04 Ga (Fig. 13). There are a number of possible explanations for the en-
hanced drift rates, but recent data (Swanson-Hysell et al., 2009) favour the rapid plate
motion scenario rather than non-dipole field or true polar wander models. It cannot be
ruled out that Amazonia and Australia saw this same rapid continental northward excur-
sion (Fig. 13). However, Australia has had its own drift history for most of Proterozoic
times. In spite of the many caveats noted throughout this paper, the drift patterns are not
totally at odds with the notion of their inclusion in one or more supercontinents. We also
note that the calculated minimum drift rates from Fig. 13 for these continents during the
2.45 — 1.04 Ga intervals are generally less than 3 cm/yr, comparable to Cenozoic conti-
nental drift rates.

8. Conclusions

1. In this paper we present novel reconstructions of continents during the Paleo-
Mesoproterozoic eras as based on updated global paleomagnetic data. We first demon-
strate that as a first order proxy, the geomagnetic field was that due to GAD, although
we cannot rule out a small (~10%) octupole non-dipole field. If this non-dipole field
contamination is real, it can produce an error of <10° for continents located at middle
paleolatitudes.

2. The new data suggest that continents were located at low to intermediate lati-
tudes for much of the period from 2.45 — 1.04 Ga. An inclination distribution analysis,
coupled with palaeosecular variation analysis, suggest that this bias may be real (conti-
nents favour shallow latitudes for geodynamic reasons) rather than caused by non-GAD
geomagnetic components. Sedimentological latitudinal indicators are generally consis-
tent with the proposed latitudinal positions of continents with the exception of the Early
Paleoproterozoic period where low-latitude continental glaciations have been noted.

3. The data confirm that two large continents (Columbia, Rodinia) existed during
the Paleo-Mesoproterozoic. The configurations of Columbia and Rodinia depart from
each other suggesting that tectonic styles of their amalgamations are also different, pos-
sibly reflecting changes in size and thickness of the cratonic blocks, and in the thermal
conditions of the mantle with time. Most likely, the Archean large continents like Ur,
Nena and Atlantica experienced protracted (or episodic) rifting from ca. 2.45 Ga on and
subsequently at 2.15 — 2.05 Ga ago), as manifested by mafic dyke activity with possibly
mantle plume origin and developments of rift related sedimentary basins.

4. The new analysis reveals that Columbia was probably assembled as late as
~1.53 Ga ago. The configuration of Columbia is only tentatively known but comprises
of Laurentia, Baltica, Amazonia, Australia, Siberia, India and North China. It is sug-
gested that the core of the Columbia is formed by elongated huge Laurentia-Baltica-
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Amazonia landmass. Australia was probably part of Columbia and in juxtaposition with
the present western margin of Laurentia. A characteristic feature of Columbia is a long-
lasting accretion tectonism with new juvenile material added to its margin during 1.88 —
1.4 Ga. These accretions resulted in progressively younging, oceanward stepping oro-
genic belts in Laurentia, Baltica and Amazonia. The central parts of Columbia, such as
Amazonia and Baltica, experienced extensional rapakivi-anorthosite magmatism at ca.
1.65 - 1.3 Ga. The corresponding activity in Laurentia occurred slightly later. A global-
wide rifting at 1.25 Ga, manifested by mafic dyke swarms, kimberlite corridors, sedi-
mentary basins, and graben formations took place in most continents of Columbia.

5. The supercontinent Rodinia was fully amalgamated at ca. ~1.04 Ga. It consists
of most of the continents and is characterized by episodical Grenvillian continent-
continent collisions in a relatively short time span. These belts are generally located in-
board of the supercontinental boundaries with the exception of the Namaqua-Natal Belt
in Kalahari and the Sunsas-Aguapei belt of Amazonia which face oceanward. We pro-
vide a possible tectonic explanation for these dilemmas which require considerable rota-
tions and episodic collisions of the Rodinia continents.
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