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Abstract

Lithospheric thickness of continents, obtained from Rayleigh wave tomography, is used
to make maps of the lithospheric thickness of Pangea by reconstructing the continen-
tal arrangement in the Permian. This approach assumes that lithosphere moves with the
overlying continents, and therefore that the arrangement of both can be obtained using
the poles of rotation obtained from magnetic anomalies and fracture zones. The resulting
reconstruction shows that a contiguous arc of thick lithosphere underlay most of east-
ern Pangea. Beneath the western convex side of this arc there is a wide belt of thinner
lithosphere, underlying what is believed to have been the active margin of Pangea, here
named the Pangeides. On the inner side of this arc is another large area of thin lithosphere
beneath the Pan-African belts of North Africa and Arabia. The arc of thick lithosphere
is crossed by bands of slightly thinner lithosphere that lie beneath the Pan-African and
Brasiliano mobile belts of S. America, Africa, India, Madagascar, and Antarctica. This
geometry suggests that lithospheric thickness has an important influence on continental
deformation and accretion.
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1. Introduction

Writing more than 100 years ago Dana (1875) recognized that many continents consisted
of an interior shield that had resisted deformation, surrounded by mobile belts. Often the
belts become successively younger toward the continental margins. Because old conti-
nental regions are often underlain by thick lithosphere, it is likely that continental growth
is associated with accretion around regions of thick lithosphere. A variety of different
definitions of lithospheric thickness have been used by different authors (see Priestley
and M“Kenzie, 2013). That used here depends on a thermal model of the crust and upper
mantle, consisting of a crust, underlain by a mechanical boundary layer (MBL) in which
heat is transported by conduction alone, underlain by a thermal boundary layer (TBL)
and an isentropic mantle. The temperature and temperature gradient are required to be
continuous everywhere, and the TBL is part of the convecting upper mantle. The model
is parameterised using the thickness of the MBL, determined by fitting the estimates of
temperature at given depths. The lithospheric thickness is then determined as the depth at
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which the conductive geotherm in the MBL reaches the temperature of the isentropic in-
terior, and falls in the middle of the TBL. There is no reason to expect other definitions of
lithospheric thickness to give similar values to those used below. Until recently the only
method of estimating lithospheric thickness of continents depended on the mineralogy of
garnet-bearing nodules, which are only found in rare alkaline rocks. Another method is
now available which depends on Rayleigh wave tomography. The Rayleigh wave velocity
is primarily controlled by Vsy, the velocity of vertically polarized shear waves, which is
in turn principally controlled by temperature and only weakly by composition (Priestley
and M¢Kenzie, 2006). Rayleigh wave tomography can therefore be used to determine
the temperature as a function of depth, and hence the lithospheric thickness, by fitting
a geotherm to temperature estimates greater than 1173 K at depths greater than 100 km
(Priestley and MKenzie, 2013). At present, the various approximations required limit
the analysis to waves with periods greater than ~ 50 s, and therefore to lithospheric thick-
nesses greater than ~ 110 km. There is now good agreement between the maps of Vsy
from different authors who used a variety of different methods to analyze the data and
to carry out the inversions (see Priestley and M“Kenzie, 2013). The maps show that the
regions of lithosphere thicker than ~ 150 km are considerably more extensive than the
surface outcrops of Archaean and Proterozoic rocks which form the shields. They also
show that continental regions of Asia that are now undergoing active shortening are un-
derlain by lithosphere with a thickness >200 km. Because the structures involved are now
producing thick lithosphere, Priestley and MKenzie (2006) suggested that such regions
should be called ‘cores’ rather than ‘cratons’. The method that Priestley and M®Kenzie
used to estimate lithospheric thicknesses does not provide reliable values for continents
when the thickness is less than about 110 km, because the limited vertical resolution of
the surface wave tomography smears the low crustal velocities into the uppermost mantle.

Pangean Lithosphere

All of the continents have regions of thick lithosphere associated with Precambrian cra-
tons, which are now distributed around the globe. However, in the Permian, all the major
continental regions were joined together as Pangea, and we were curious to see what was
the distribution of thick lithosphere before Pangea was fragmented. Figure 1 shows the
continental reassembly, carried out using the rotation poles in Table DR1 in the GSA Data
Respository. The maps were produced by rotating the values of lithospheric thickness
from model PM_v2_2012 (Priestley and M Kenzie, 2013), then contouring the resulting
values. Thick lithosphere associated with present active continental shortening was re-
moved, as were the large values along the Pacific margin of South America that result
from the high Vsy velocity in the subducting slab, and not from thick lithosphere. Sev-
eral features of Figure 1 are striking and show a correlation with surface features that
have been interpreted through many years of regional geological mapping. In particular,
Pangea consists of three large regions, shown with different colors in Figure 1: an outer
arc of thinner lithosphere, which we call the Pangeides active margin; a central arc of thick
lithosphere; and an area of thinner lithosphere that underlies what is now North Africa,



Arabia, and western Europe. These and other features discussed below offer insights into
the formation and deformation of continental lithosphere.

A Pangean arc of thickened lithosphere

The most striking feature of Figure 1 is the contiguity of the regions of thick lithosphere
throughout Pangea. Because thick lithosphere is considerably more extensive than is the
surface outcrop of Archaean cratons, this feature of the reconstructions is less obvious
from the surface geology. The contiguity of the thick lithosphere in Figure 1 also sug-
gests that the lithospheric thicknesses determined from Rayleigh wave tomography are
reasonably accurate, since there is otherwise no reason why a continuous arc should ap-
pear in the reconstruction. Many present-day continental margins are marked by zones
of thinner lithosphere in Figure 1. It is unclear whether this feature is real. Because the
lithospheric thickness of old oceanic regions is only about 100 km, the limited spatial
resolution of model PM_v2_2012 of about 250 km smears the boundary between thin
oceanic and thick cratonic lithosphere. The contiguity of thick lithosphere in Figure 1 can
result only if thick lithosphere was produced or deformed (or both) during the assembly
of Pangea. Before Pangea was assembled, its separate pieces must in general have had
different shapes which would not fit together. At present, regions of thick lithosphere are
widely scattered and have irregular boundaries. As the fits in Figure 1 show, they can have
undergone little deformation during their dispersion after the Permian. If they had under-
gone deformation during the dispersion, they would no longer fit together when Pangea
was reconstructed by rigid rotations. If future motions again result in the formation of a
new Pangea, they will, in general, not bring the rifted margins back together in exactly
the same configuration as they had in the Permian. Therefore, regions of thick lithosphere
can only form contiguous regions if thick lithosphere is formed in the gaps, or if the re-
gions themselves are deformed. Probably both processes are involved. The resistance
to continental shortening must also depend on lithospheric thickness, because otherwise
shortening would stop before the thick lithosphere became contiguous. Figure 2A shows
the details of equatorial Pangea (or western Gondwanaland). The Atlantic fits show that
the thick lithosphere of North America and South America and of Africa formed a con-
tinuous belt before the Atlantic opened, and that the thin lithosphere beneath northeast
Brazil is part of a more extensive region of thin lithosphere in East Pangea. Figure 2B
shows the major structural domains on the southern continents using the same scale and
projection as in Figure 2A, and largely agrees with the reconstructions of Vaughan and
Pankhurst (2008) and of Tohver et al. (2006). Their Arabian-Nubian and Nile Shields are
shown as Pan-African in Figure 2B. Much of the region shown as Pan-African probably
also contains large amounts of reworked older rocks. The region of Laurasia in Figure
2C shows that the reconstruction does not close the Arctic Basin, which forms the only
interruption in the entire length of thin lithosphere in Figure 1. This misfit may result
from relative motion between the regions east and west of the Ural Mountains since the
Permian.

Thickened lithosphere and Pan-African orogenesis



Within the arc of contiguous thick lithosphere, several belts of thinner lithosphere oc-
cur. These are particularly clear in Gondwanaland, both along the continental margins
and within the present-day continents of Africa and South America. Along the mar-
gins, it is difficult to know if these features result from later stretching during continental
breakup, or are caused by smearing owing to the limited spatial resolution of the surface
wave tomography. However, within the continents, they show a strong correlation with
the mapped presence of Pan-AfricandASaged (6504AS550 Ma) orogenic belts (Kennedy,
1964; Miller et al., 1996; Bizzi et al., 2003; Harley, 2003; Milesi et al., 2010). These lin-
ear belts of Pan-African age between the older shields are weak zones that have controlled
the locations of the rifts formed when Gondwanaland broke up (Daly et al., 1989) (Fig.
2B). Figure 2A shows a region of thin lithosphere to the east of the West African craton
and to the north of the Congo craton and its southerly continuation into South America
along the eastern margin of the Amazonian craton. This region underlies the Neoprotero-
zoic Pan-African and Brasiliano belts (Fig. 2B), a complex orogenic system that resulted
in the formation of the North African and South American parts of West Gondwanaland
(de Almeida et al., 1981; Caby, 1987; Bizzi et al., 2003; Daly et al., 2014). The through-
going crustal-scale fault and shear zones of western Africa, known as the Kandi fault, and
the corresponding Transbraziliano Lineament in Brazil show that these orogenic zones
extended from Africa to South America before the south Atlantic rift formed (Fig. 2C).
A band of lithosphere that is slightly thinner than that beneath the Archaean cratons on
either side crosses Africa from Nambia to Tanzania, separating the Congo craton from the
Zimbabwe craton (Figs. 2A and 2B). This band underlies the Pan-African orogenic zones
of Damaran, Lufilian, and Zambezi deformation resulting from collison of the Congo and
Zimbabwe cratons (Kroner, 1977; Coward and Daly, 1984). Though this band is slightly
thinner than the lithosphere on either side, it is considerably thicker than that beneath
northeast Africa and the arc further west, and forms the southern part of the Pangean arc
of thickened lithosphere. This geometry shows that the Pan-African collisional processes
must have resulted in widespread orogenic strain on a lithospheric scale to create the ob-
served contiguity of thickened lithosphere in our reconstruction.

The Pangeides active margin

The reconstruction shows that Pangea consisted of an arc of contiguous thick lithosphere
with an arc of thin lithosphere comprising Phanerozoic mobile belts on its convex side.
The southern part of this area of mobile belts was named the Samfrau Geosyncline by Du
Toit (1937). Our Fig. 1 shows a much more extensive zone of mobile belts, interpreted as
an active plate margin stretching from Northern Australia to NE Asia (Dalziel & Grunow
1992, Dickinson 2004, Scotese and Langford 1995) and incorporating Du Toit?s Sam-
frau Geosyncline A more suitable name for this long and complex zone of Late Paleozoic
Early Mesozoic active margin tectonics is therefore the Pangeides. Presumably oceanic
lithosphere of Panthalassa, none of which remains today, was being subducted along this
margin. In addition the accretion of a number of continental and oceanic fragments oc-
curred as shown in several paleogeographic reconstructions.



The Pan-African active margin

The reconstruction of Pangea also shows a large region of thin lithosphere on the con-
cave side of the arc of thick lithosphere. Much of this region was either remobilized or
accreted (or both) in the Late Neoproterozoic to form the terranes of the Pan-African age
Mozambique belt (Stern, 1994; Shackleton, 1996). Sadly, these maps of the lithospheric
thickness beneath Pangea are no obvious help in understanding why the Pan-African litho-
sphere is so thin and why such extensive remobilization occurred.

Discussion

Geologists have long been aware that continental deformation is strongly affected by the
distribution of cratons. Maps of lithospheric thickness based on Rayleigh wave tomog-
raphy now make this control even more obvious than it is from the surface geology. The
lithospheric thickness beneath the Pan-African belts formed by the collision between Ar-
chaean cratons is greater than the extensive Pan-African terranes of northeast Africa and
Arabia. This difference suggests that the Central African and Brasilian Pan-African belts
have been thickened by shortening in the past, in the same way as is now occurring in cen-
tral Asia (Priestley and MKenzie, 2006, 2013). The distribution of thick lithosphere, be-
neath both Pangea and Asia, implies that the forces resisting shortening increase strongly
when two such regions come in contact with each other. Variations in lithospheric thick-
ness determined from surface wave tomography correlate with variations in the overlying
crustal structure, and are therefore not likely to be artifacts of the inversion process.

Acknowledgements

We thank C. Sengor for his help, and L. Lawver and L. Gahagan for supplying many of
the poles used for the reconstructions.

GSA Data Repository item 2015xxx, XXXXxxxx, is available online
at www.geosociety.org/pubs/ft2015.htm, or on request from editing @ geosociety.org or
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

http://doi.pangaea.de/10.1594/PANGAEA.847325



References

Almeida, EF.M., Y. Hasui, Y., Brito Neves, B.B., and Fuck, R.A., 1981, Brazilian struc-
tural provinces: an introduction. Earth Science Review v. 17, p. 1-29.

Bizzi, L. A., Schobbenhaus, C., Vidotti, R.M., and Goncalves, J.H., 2003, Geologia, Tec-
tonica e Rescursos Minerais do Brasil. CPRM, Ed., UnB, Brasilia, 692 p.

Caby, R. 1987, The Pan-African belt of West Africa from the Sahara desert to the Gulf of
Benin, in Schaer, J.P. and Rodgers, J., eds., The anatomy of Mountain Ranges. Princeton
Univ. Press, p. 129-170.

Coward, M. P., and Daly, M. C., 1984, Crustal lineaments and shear zones in Africa. Pre-
cambrian Research,v. 24, p. 27-45.

Daly, M. C., Chorowitz, J., and Faihead, D.J., 1989, Rift basin evolution in Africa: the
influence of reactivated steep basement shear zones. Geological Society of London, Spe-
cial Publication 44, p. 309-334, doi:10.1144/GSL.SP.1989.044.01.17.

Daly, M. C., Andrade, V., Barousse, C.A., Costa, R., McDowell, K., Piggott, N., and
Poole, A.J., 2014, Brasiliano crustal structure and the tectonic setting of the Parnaiba

basin of NE Brazil: Results of a deep seismic reflection profile, Tectonics, v. 33, p. 2102-
2120. doi:10.1002/2014TC003632.

Dalziel, IL.W.D. and Grunow, A.M. 1992. Late Gondwanide tectonic rotations within
Gondwanaland: Causes and consequences. Tectonics, 11 (3), 606-623

Dana, J.D., 1875, Manual of Geology — Treating of the Principles of the Science with
special reference to American Geological History, second edition. Ivison, Blakeman and
Taylor, and Co. New York. 843 p.

Dickinson, W.R. 2004. Evolution of the North American Cordillera. Annu. Rev. Earth
Planet. Sci. 32, 13-45, doi: 10/1146/annurev.earth.32.101802.120257.

Du Toit, A.L., 1937, Our Wandering Continents, Oliver and Boyd, London 366 p.

Harley, S. L. 2003. Archaean-Cambrian crustal development of East Antarctica: meta-
morphic characteristics and tectonic implications in Yoshida, M, Windley, B. F. and Das-
gupta, S., eds., Proterozoic East Gondwana: Supercontinent Assembly and Breakup. Ge-



ological Society of London, Special Publication 206, p. 203-230.

Kennedy, W. Q. 1964, The structural differentiation of Africa in the Pan-African (500
m.y.) tectonic episode. 8 Ann. Rep. Res. Inst. African Geol., Leeds Univ., England, p.
48-49.

Kroner, A. 1977, The Precambrian geotectonic evolution of Africa: plate accretion versus
plate destruction. Precambrian Research, v. 4, p. 163-213

Milesi, J. P., Frizon de Lamotte, D., de Kock, G. and Toteu, F. 2010, The Tectonic Map of
Africa at 1/10,000,000 (2nd Edition). Commision for the Geological map of the World.

Miller, J. S., Santosh, M., Pressley, R. A., Clements, A. S., and Rogers, J. J. W. 1996, A
Pan-African thermal event in southern India. Journal of Southeast Asian Earth Sciences,
v. 14, p. 127-136

Priestley, K., and M®Kenzie, D., 2006, The thermal structure of the lithosphere from shear
wave velocities, Earth and Planetary Science Letters, v. 244, p. 285-301.

Priestley, K., and M®Kenzie, D., 2013, The relationship between shear wave velocity,
temperature, attenuation and viscosity in the shallow part of the mantle, Earth and Plane-
tary Science Letters, v. 381, p. 78-91.

Scotese, C.R. and Langford, R.P. 1995. Pangea and the Paleogeography of the Permian. In
Eds. Scholle, P.A., Peryt, T.M. and Ulmer-Scholle, D.S. The Permian of Northern Pangea:
Volume 1: Paelogeography, Paleoclimates, Stratigraphy. Springer-Verlag, Berlin, Heidle-
berg, pp 261. doi: 10.1007/978-3- 642-78593-1

Shackleton, R. M. 1996, The final collision zone between East and West Gondwana:
where is it? Journal of African Earth Sciences, v. 23, p. 271-287.

Stern, R. J. 1994, Arc assembly and continental collision in the Neoproterozoic East
African orogeny: implications for the consolidation of Gondwanaland, Annual Review
of Earth and Planetary Science, v. 22, p. 319-51.

Tohver, E., D’ Agrella, M.S., and Trindade, R.I.LF., 2005, Paleomagnetic record of Africa
and South America for the 1200-500 Ma interval, and evaluation of Rodinia and Gond-
wana assemblies, Precambrian Research, v. 147, p. 193-222.



Vaughan, A.P.M., and Pankhurst, R.J., 2008, Tectonic overview of West Gondwana mar-
gin. Gondwana Research, v 13, p. 150-162.



©™777  Thin lithosphere of Thin lithosphere of
te———i' NE Africa and Arabia Pangeides active margin

2

\
;‘%"ﬁ =

-30N
Lithospheric
60N thickness, km
-60 N I
— 110.
30N
160.

210.

O N =X 260-

Figure 1: Pangea reconstruction. Thick black and magenta lines show the northern bound-
aries of India and Arabia and the southern boundary of the Eurasian craton. Dashed
light-green line marks the outer margin of the Pangeides active margin. Dashed yellow
line shows approximate boundary between the active margin and the arc of thick litho-
sphere. Dashed dark-green line outlines the area underlain by the thinner lithosphere that
now underlies North Africa, Arabia, and western Europe. The inset shows the same re-
construction without any lithospheric thickness contours. The labels in the inset are NA
North America, Eu Eurasia, SA South America, Af Africa, An Antarctica, Au Australia.
Oblique Mercator projection with axis 30°N, 80°E.



{POSSi c oundaries ot the

ble N bound f th
Indian and Arabian Shields

..e., Llneaments

B Pan—African belts
L

=
<
.C
E B
< 9
IE
g7
nn
aa
g
[
mbm
5
g 3
~ O
P
O
N’

33

Figure

10



(c)

A4
N7
QL) p:
Lithospheric
o thickness, km
70N 0 9 A ; 110
2 ~ 160
& Z 210
i £ 260
S0N J
O]
20N ON
Figure 2:

A: Detail from Figure 1 of West Gondwanaland; Airy projection with pole at 0°N,
10°E and B = 30°. B: A reconstruction of West Gondwanaland showing outline of the
major Pan-African orogenic belts in red, major regions that are older than the Pan-African
crust in blue, and areas of post Pan-African crust in white. Red lines denote the bound-
ary of pervasive Pan-African orogenic deformation, and dashed black lines show major
continental-scale structural lineaments. In South America, TB is the Transbrasiliano lin-
eament, AM the Amazonian craton, RP the Rio de la Plata craton, SL the Sdo Luis craton,
LA the Luis Alves craton, and SF the Sdo Francisco craton. In Africa KF is the Kandi
fault; MD is the Mwembeshi dislocation; DM is the Damaran Matchless belt; MB is the
Mozambique Belt; LA is the Lufilian Arc; ZB is the Zambezi Belt, and Zim is the Zim-
babwe craton, Congo the Congo craton, and WA the West African craton. The projection
is the same as Fig. 2a. C: Detail from Fig. 1 of Laurasia, Airy projection with pole at
30°N, 20°E and g8 = 30°.
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