
Earth and Planetary Science Letters 317–318 (2012) 426–435

Contents lists available at SciVerse ScienceDirect

Earth and Planetary Science Letters

j ourna l homepage: www.e lsev ie r .com/ locate /eps l
Predicting and testing continental vertical motion histories since the Paleozoic

Nan Zhang a,⁎, Shijie Zhong a, Rebecca M. Flowers b

a Department of Physics, University of Colorado, Boulder, CO, USA
b Department of Geological Sciences, University of Colorado, Boulder, CO, USA
⁎ Corresponding author. Present address: Departmen
University, RI, USA.

E-mail address: nan.zhang@colorado.edu (N. Zhang)

0012-821X/$ – see front matter. Published by Elsevier B
doi:10.1016/j.epsl.2011.10.041
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 May 2011
Received in revised form 5 October 2011
Accepted 31 October 2011
Available online 5 December 2011

Editor: Y. Ricard

Keywords:
mantle convection
dynamic topography
continental vertical motion
thermochronology
Dynamic topography at the Earth's surface caused bymantle convection can affect a range of geophysical andgeo-
logical observations including bathymetry, sea-level change, continental flooding, sedimentation and erosion.
These observations provide important constraints on and test of mantle dynamic models. Based on global mantle
convection models coupled with the surface plate motion history, we compute dynamic topography and its his-
tory for the last 400 Ma associated with Pangea assembly and breakup, with particular focus on cratonic regions.
We propose that burial-unroofing histories of cratons inferred from thermochronology data can be used as a new
diagnostic to test dynamic topography and mantle dynamic models. Our models show that there are currently
two broad dynamic topography highs in the Pacific and Africa for the present-day Earth that are associated
with the broad, warm structures (i.e., superplumes) in the deepmantle, consistent with previous proposals of dy-
namical support for the Pacific and African superswells. Our models reveal that Pangea assembly and breakup, by
affecting subduction andmantle upwelling processes, have significant effects on continental verticalmotions. Our
models predict that the Slave craton in North America subsides before Pangea assembly at 330 Ma but uplifts sig-
nificantly from 330 Ma to 240 Ma in response to pre-Pangea subduction and post-assemblymantlewarming. The
Kaapvaal craton of Africa is predicted to undergo uplift from ~180Ma to 90 Ma after Pangea breakup, but its dy-
namic topography remains stable for the last 90 Ma. The predicted histories of elevation change for the Slave and
Kaapvaal cratons compare well with the burial-unroofing histories inferred from thermochronology studies, thus
supporting our dynamic models including the development of the African superplumemantle structure. The ver-
ticalmotion histories for other cratons can provide further tests of and constraints on ourmantle dynamicmodels.

Published by Elsevier B.V.
1. Introduction

Dynamic topography is the surface deflection induced bymantle con-
vection driven by sub-lithospheric buoyancy forces and it may provide
important constraints on mantle dynamic processes (e.g., Cazenave
et al., 1989; Hager and Richards, 1989; Ricard et al., 1993). Inferring dy-
namic topography is often not straightforward, however, because the ob-
served topography is sensitive to crustal and lithospheric structures that
are commonly not well constrained especially in continents and tectoni-
cally active regions including plate boundaries. On the seafloor where
crustal and lithospheric structures are relatively uniform and simple, re-
sidual or dynamic topography has been constructed by removing crustal
and lithospheric contributions (e.g., Conrad et al., 2004; Davies and
Pribac, 1993). Another approach in inferring dynamic topography con-
siders the transient nature of dynamic topography and seeks constraints
from the vertical motion history of continents (e.g., Gurnis, 1993;
Mitrovica et al., 1989) or oceanic islands (e.g., Zhong and Watts, 2002).
In this approach, the elevation change of tectonically stable regions as
t of Geological Science, Brown
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recorded by the history of continental flooding and deposition of sedi-
mentary strata, provides constraints on the dynamic topography history.

There have been a large number of studies in the last 20 yr on dy-
namic topography and its history on both global and regional scales.
The present-day dynamic topography was constructed through remov-
ing crustal and lithospheric effects (Cazenave et al., 1989; Davies and
Pribac, 1993; Panasyuk and Hager, 2000). Lithgow-Bertelloni and
Silver (1998), using mantle dynamic models, proposed that the anoma-
lous elevations of southern Africa are supported by the African super-
plume. Gurnis et al. (1998), Mitrovica et al. (1989), Pysklywec and
Mitrovica (1999), and investigated the role of subducted slabs in pro-
ducing the continental subsidence and stratigraphic records in thewest-
ern US, South Africa, and Australia, respectively. Gurnis (1993) studied
the effects of subducted slabs on continentalflooding in the Phanerozoic
using the locations of subduction zones in paleogeography reconstruc-
tionmodels. Lithgow-Bertelloni and Gurnis (1997) discussed the effects
of slab-induced dynamic topography on global continental vertical mo-
tions in the Cenozoic, Dynamic topography histories for the last tens of
Ma were also reconstructed for North America, South America and Afri-
ca using seismic and mantle flow constraints (Liu et al., 2008; Moucha
and Forte, 2011; Moucha et al., 2008; Spasojević et al., 2009; Shephard
et al., 2010).
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Table 1
Model parameters and material properties.

Parameters Value

Earth's radius, R 6370 km
CMB radius 3503.5 km
Gravitational acceleration, g 9.8 m.s−2

Thermal diffusivity, κ 10−6 m2.s−1

Coefficient of thermal expansion, α 2×10−5 K−1

Temperature difference, ΔT 2500 K
Mantle density, ρ 3300 kg.m−3
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The key to reconstructing the history of dynamic topography is to re-
produce the time evolution of mantle buoyancy structures. Although
mantle convection models using plate motion histories have been for-
mulated to constrain mantle structure evolution (e.g., Bull et al., 2009;
Bunge et al., 1998; McNamara and Zhong, 2005) and surface vertical
motion histories (e.g., Moucha et al., 2008), no mantle structures and
hence vertical motion histories have been reconstructed back into the
Paleozoic. One difficulty in reconstructing the pre-Cretaceous mantle
structure history is the lack of constraints on the plate motion history
for the Paleo-Pacific Ocean before 120 Ma (e.g., Lithgow-Bertelloni
and Richards, 1998; Ricard et al., 1993), although continental plate mo-
tions in the African hemisphere since the Paleozoic arewell constrained
and the history of Pangea assembly and breakup is relatively well un-
derstood (e.g., Scotese, 2001). In a recent study (Zhang et al., 2010),
we constructed a proxy global platemotion for the last 450 Ma to exam-
ine the effects of Pangea on mantle structure evolution. Our
model, while reproducing present-day degree-2 mantle structures
(i.e., the African and Pacific superplumes and circum-Pacific subduction
structures), shows that the African superplume may not have devel-
oped until ~200 Ma (Zhang et al., 2010). Recently, we reconstructed
the temporal and spatial variations of heat flux at the Earth's surface
and CMB for the last 400 Ma based on this convection model (Zhang
and Zhong, 2011). However, the timing of African superplume forma-
tion is debated; for example, Torsvik et al. (2010) suggest that the Afri-
can superplume has been stable for as long as ~500 Ma.

Themain goals of this study are 1) to construct amodel for global dy-
namic topography and continental vertical motion histories since Paleo-
zoic time using mantle convection models coupled with the plate
motion history (Zhang et al., 2010) and 2) to evaluate the feasibility of
our results by comparing the predicted vertical motion histories with
geological constraints on the history of elevation change for four Arche-
an cratonic regions in North America, South Africa, South America, and
Australia. Cratons by definition have been relatively stable and unaffect-
ed by major orogenesis typically for hundreds of millions of years, and
thus are especially useful for this analysis. Distinct from previous work,
our study represents thefirst effort to reconstruct global dynamic topog-
raphy from a time-dependent convection model in which heat transfer
and thermal and buoyancy structures are dynamically determined. We
are particularly interested in understanding how the assembly and
breakup of Pangea influence continental vertical motions, how the ver-
tical motions compare with those inferred recently for two of these cra-
tons from thermochronology studies (Ault et al., 2009; Flowers and
Schoene, 2010; Flowers et al., submitted for publication), and how
these vertical motion histories may help constrain mantle dynamics in-
cluding the evolution of the African superplume. This paper is organized
as follows. Section 2 describes model setups and the method for com-
puting the dynamic topography. Section 3 presentsmodel results for dy-
namic topography. Comparison of our model results with the present
day dynamic topography and cratonic vertical motion histories are dis-
cussed in Section 4, with the conclusions presented in the final section.

2. Models and methods

Our global models of mantle convection with the last 450 Ma plate
motion history are the same as that described in Zhang et al. (2010).
Here we only describe the basic model set-ups and calculations of dy-
namic topography. Our models assume an infinite Prandtl number
and the Boussinesq approximation. The conservation equations of
mass, momentum, and energy, and the advection equation of compo-
sitions are described in Zhong et al. (2008). Our mantle convection
models have four important parameters: internal heat generation
rate H, buoyancy number B, Rayleigh number Ra, and temperature-
and depth-dependent viscosity η, as defined and described in Zhang
et al. (2010).

Mantle viscosity is given by η=η0(r)exp[E(0.5−T)], where η0(r) is
the depth-dependent pre-factor, and T and E are the non-dimensional
temperature and activation energy, respectively. The depth-
dependent pre-factor η0(r) for mantle viscosity are 1 and 1/30 for the
150 km thick lithosphere and the upper mantle, respectively, and for
the lower mantle, η0(r) increases linearly from 2.0 at the 670 km
depth to 6.8 at the CMB (Zhang et al., 2010). This leads to a mantle vis-
cosity structure in which the lower mantle is ~2 orders of magnitude
more viscous than the upper mantle. E is 9.21 in this study, giving rise
to viscosity variations of 104 due to temperature variations. This activa-
tion energy E, if scaled using parameters in Table 1, is about half of that
determined from laboratory studies for olivine (e.g., Karato and Jung,
2003). However, the use of reduced E in convection models with New-
tonian rheology such as ours is supported by both numerical experi-
ments (e.g., Christensen, 1984) and also modeling in-situ observations
(e.g., van Hunen et al., 2005).

Our global plate motion model for the last 450 Ma consists of 34 dif-
ferent stages andwas fully described in Zhang et al. (2010). Our platemo-
tion model for the last 120 Ma uses the published model by Lithgow-
Bertelloni and Richards (1998) and Ricard et al. (1993). For platemotions
before 120 Ma, ourmodel considers realistic continental platemotions in
the African hemisphere (Scotese, 2001), but plate motions in the Pacific
hemisphere are assumed to resemble those at 120 Ma.

The model calculations are performed with CitcomS (Zhong et al.,
2008). Isothermal boundary conditions are applied at the surface
with non-dimensional temperature 0.0 and CMB with temperature
1.0 in all calculations. We use a grid with ~3,150,000 elements (i.e.,
12×643 elements, see Zhong et al., 2000) for all the cases in this
study. The top and bottom boundary layers use a refined grid with
15 km and 23 km vertical resolution, respectively.

Ourmodeling has two steps. First, we determine the evolution of the
thermochemical structures (i.e., the buoyancy structures) of themantle
using the time dependent mantle convection model coupled with plate
motion history (Zhang, et al., 2010). All the cases start with one-
dimensional initial temperature profiles derived from pre-calculations
that use the same model parameters except that the plate motion
boundary condition is replaced with a free-slip boundary condition.
For most models, surface plate motions for the first stage (i.e., at
450 Ma ago) are employed for 150 Ma before the plate motions are
updated with subsequent plate motion history (Zhang et al., 2010),
but the duration of the initial run is also varied to study its effect on
the mantle structures. Consequently, only model mantle structures
and hence the dynamic topography for the last ~400 Ma are interpreted
in this study. Second, for the time period of interest, we compute dy-
namic topography by re-solving the Stokes' flow problem using the
mantle buoyancy from our first step calculation. We also replace the
plate motion boundary condition with free-slip boundary condition
and reduce lithospheric viscosity (Davies, 1989; Ghosh et al., 2010;
Zhong and Davies, 1999). We reduce the lithospheric viscosity so that
the averaged surface horizontal velocity is similar to the imposed
plate motion. However, the lithospheric viscosity is also varied to
check for its effect on dynamic topography. Self-gravitation is not in-
cluded in our calculations of dynamic topography,whichmay introduce
~15% amplitude difference at very long-wavelengths (e.g., Zhong et al.,
2008). The parameters for scaling the stress and dynamic topography
are also shown at Table 1.
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3. Results

In this section, we first demonstrate the role of lithospheric and
mantle buoyancy in topography, thus defining dynamic topography
for this study. Second, we present the results of dynamic topography
and its history for the reference case TG1. We then examine the effects
of different parameters including chemical piles, initial mantle struc-
tures, and plate geometry of the oceanic plates on dynamic topography.

3.1. The model present-day topography and dynamic topography from
case TG1

We start with the reference case TG1 that is the same as case HF1 in
Zhang and Zhong (2011) or case FS1 in Zhang et al. (2010). This case has
an initially 250 km thick chemical layer above the CMBwith a buoyancy
number B of 0.5. With Ra=2×108 and other parameters listed in
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Table 1, the averaged viscosities for the upper mantle and lower mantle
are ~4.5×1019 Pa s and ~7×1021 Pa s, respectively. Internal heat gener-
ation rate H is 100, which yields 62% internal heating ratio, implying a
significant fraction of heating from the core (e.g., Leng and Zhong,
2008). This case reproduces well the present-day seafloor age and
heat flux distributions (Zhang and Zhong, 2011) and long-wavelength
mantle structures (Zhang et al., 2010). Given that seafloor topography
and heat flux are both mainly controlled by lithospheric thermal struc-
ture or seafloor age (e.g., Parsons and Sclater, 1977), we expect that the
total topography on the seafloor from our model including mantle and
lithospheric buoyancy resembles the observed.

The model present-day topography is generally positive in oceanic
regions, but broad negative model topography occurs in continental
regions (Fig. 1A). This is because continental lithosphere is generally
older and colder than oceanic lithosphere. Subduction zones show
more localized, large negative topography, because of subducted
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slabs. The lack of continental crust and realistic subduction zone pro-
cesses in our model, however, prevents us from directly comparing
them with the observed trench and continental topography. Howev-
er, negative topography in continental regions in our model is gener-
ally consistent with the residual topography with removal of
continental crust (Panasyuk and Hager, 2000).

The model topography (Fig. 1A) resembles the observed in oceanic
regions outside oceanic trenches. For example, the topography is high
at the mid-ocean ridges and decreases with distance from the ridges.
Using the model seafloor age determined from Zhang and Zhong
(2011), we plot averaged seafloor topography against seafloor age for
the Pacific plate (Fig. 1E). The topographydifference between the ridges
and ~160 Ma old seafloor is ~2.5 km (Fig. 1A and E), comparable to the
observed (note that our model topography ignores the ocean). We also
compute the topography due to lithospheric cooling using the model
seafloor age based on the half-space cooling model (e.g., Parsons and
Sclater, 1977) (Fig. 1E). In plotting topography versus age, the topogra-
phy is chosen to be the same as that from themantle dynamic model at
age of 20 Ma, because the model lithospheric thermal structure at mid-
ocean ridgesmay not be as accurately resolved as for the relatively older
plates. The topography from the half-space cooling model follows the
same trend as that from our dynamic model but has larger amplitude
(Fig. 1E). This is similar to how the observed seafloor topography com-
pares with the half-space cooling model, and the difference is often
called as residual or dynamic topography (e.g., Davies and Pribac, 1993).

The lithospheric thermal structure and buoyancy are largely re-
sponsible for the model topography in Fig. 1A. To demonstrate this,
we compute model topography (Fig. 1B) using only the mantle and
lithospheric buoyancy for the top 200 km but the samemantle viscos-
ities. Notice that the top 200 km here includes the 150 km thick lith-
osphere and 50 km viscosity transition zone in our model. The
resulting topography has similar patterns to that determined from
the whole mantle buoyancy, but the amplitude is reduced. The topog-
raphy–age relation for the Pacific from the model with only the top
200 km buoyancy (i.e., lithospheric buoyancy) is more similar to
that for the half-space cooling model (Fig. 1E).

The difference between topographies in Fig. 1A and B, shown in
Fig. 1C, reflects the contribution from the mantle buoyancy below
200 km depth, i.e., the dynamic topography. Generally, the dynamic
topography is controlled by the large-scale mantle structures includ-
ing cold downwellings and broad, warm upwellings that produce
negative and positive dynamic topographies, respectively. Two
major topography highs occur in the central Pacific and southwest Af-
rica and its adjacent oceans (Figs. 1C and 2M). The Pacific dynamic to-
pography high is on average ~400 m, occurring mostly for seafloor
older than 60 Ma (Fig. 1C and E), while the African dynamic topogra-
phy high is ~300 m. The Pacific dynamic topography high is responsible
for the reduced topography at old seafloor relative to the half-space
cooling model predictions (Fig. 1E). These two dynamic topography
highs are related to the Pacific and African superplume structures
(Fig. 2N). The dynamic topography can also be computed directly
from mantle buoyancy below 200 km depth, as shown in Fig. 1D that
is nearly identical to that in Fig. 1C. Therefore, for computing dynamic
topography at different times, we will simply use mantle buoyancy
below 200 km depth, as done in previous studies (Hager and Richards,
1989).

3.2. The dynamic topography history from case TG1

We first describe the general patterns of mantle buoyancy evolu-
tion that control dynamic topography history. There is no cold down-
welling in the central Pacific in our model (Fig. 2 middle and
right columns), while the distributions of the cold downwellings in
the African hemisphere and circum-Pacific regions vary significantly
with time, as a result of plate motion history (Zhang et al., 2010). Dur-
ing Pangea formation, a major mantle downwelling develops in the
African hemisphere as a result of convergence between Gondwana
and Laurussia and this downwelling pushes the chemical piles to-
wards the Pacific hemisphere (Fig. 2B). After Pangea formation and
the cessation of convergence between Gondwana and Laurussia, the
African hemisphere mantle warms up, and the circum-Pangea sub-
duction pushes part of the hot chemical piles back to the African
hemisphere (Fig. 2E) (Zhang et al., 2010). The opening of the Tethys
Ocean after 290 Ma causes strong return flows in the mantle beneath
eastern Laurussia (Fig. 2E). As Pangea starts to break up at 190 Ma,
the subduction at southeast Pangea plays an important role in sepa-
rating the African superplume from the Pacific superplume and
sweeping the African superplume westward to eventually form the
two superplume structures as imaged seismically for the present-
day mantle (Fig. 2H, K, and N) (Zhang et al., 2010).

Dynamic topography is quantified from 400 Ma to the present day
based on the time-dependent mantle structures (Fig. 2). Two distinct
features in dynamic topography deserve some discussions before we
present dynamic topography history. First, at 330 Ma, there is a broad,
significant depression in Laurussia, particularly on its southwest part,
i.e., now North America (Fig. 2A). This is related to the major down-
welling below Laurussia that develops as Pangea forms (Fig. 2B).
However, southern part of Pangea (i.e., Gondwana) shows mostly to-
pography highs at this time, again reflecting the relatively warm
mantle below. Since most continents belong to either Laurussia or
Gondwana, the dynamic topography at this time is important for un-
derstanding the continental dynamic topography history to be pre-
sented later. Second, as a result of the assumed model plate motion
history, the Pacific hemisphere is always dominated by major upwell-
ings and broad topography highs. However, mid-ocean ridges are
often associated with reduced dynamic topography, relative to older
seafloor in the model (e.g., Fig. 2J and M). This reflects the fact that
the spreading centers are passive, and that the warm mantle occurs
below the old part of oceanic plates due to the mantle upwellings
there and/or lithospheric insulation (Fig. 2O) (e.g., Huang and
Zhong, 2005; King et al., 2002).

Now we describe the temporal–spatial variations of dynamic to-
pography for continents. Generally, the formation of Pangea at
330 Ma leads to a large topography low in its northern part (i.e.,
North America, Europe, and Siberia) and a large topography high in
its southern part (i.e., Africa, Antarctica, India, and Australia)
(Fig. 2A). After the formation of Pangea, the cessation of subduction
between Gondwana and Laurussia and warming up of the mantle
below Laurussia lead to significant uplift of North America and Europe
between 330 Ma and 250 Ma (Fig. 2D and G). Also, after 330 Ma, the
circum-Pangea subduction and the Tethys subduction play an impor-
tant role in causing topography lows in different continents, for ex-
ample, in western North America (Fig. 2 D, G, J, and M), western
South America (Fig. 2D), and sometimes southern Africa (e.g.,
Fig. 2G). The subduction between the Paleo-Izanagi plate and Siberia
and the Tethys subduction (Fig. 2D) cause a topography low in Siberia
from 250 to 150 Ma. In contrast, the India and Australia continents
maintain dynamic topography highs before 100 Ma because of their
large distance from major subduction zones (Fig. 2D, G, and J), al-
though they start to subside after their collision with the Eurasia
and Pacific plates (Fig. 2M).

We choose four representative cratonic regions: the Slave craton,
Kaapvaal craton, Sao Francisco craton, and Yilgarn craton from
North America, South Africa, South America, and Australia, respec-
tively, and track their time-dependent dynamic topographies (Fig. 2
for their locations at different times, and Fig. 3A). For each craton,
we calculate the average dynamic topography over a circular region
of 5° radius. It is clear that the Slave craton has been influenced by
the major downwelling between Laurentia and Gondwana during
Pangea assembly. After Pangea formation, the Slave craton is uplifted
significantly, but the uplift of ~900 m is mostly completed at ~240 Ma
(Fig. 3A). The subsequent vertical motion for the Slave craton is
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modest and is probably mostly affected by the subduction of the Far-
allon plate beneath North America (Fig. 2G, J, and M). As we will dis-
cuss later, some of temporal variations in dynamic topography in
Fig. 3 are caused by small-scale features such as plumes (e.g.,
Fig. 2D and F) that are sensitive to model setups and cannot be reli-
ably predicted. Therefore, it is important that we only interpret the
robust model results.

The dynamic topography for the Kaapvaal craton decreases by
~500 m from 400 to 290 Ma with no clear relation to the assembly
of Pangea (Fig. 3A). The dynamic topography increases modestly
from 260 Ma to 220 Ma before dropping to the minimum at
~180 Ma. From 180 Ma to 90 Ma, following the breakup of Pangea,
the dynamic topography at the Kaapvaal craton increases by
~500 m, and it remains stable for the last 90 Ma (Fig. 3A). As pointed
out earlier, the initially high dynamic topography of the Kaapvaal cra-
ton results from the relatively warm mantle below Gondwana
(Fig. 2A–C). The subsequent variations of dynamic topography before
180 Ma depend on the distance of the Kaapvaal craton to the subduc-
tion zones (Fig. 2D) and other small-scale features such as plumes
(e.g., Fig. 2F). The uplift from 180 Ma to 90 Ma arises as the craton
moves away from subduction zones to the African superplume
(Fig. 2G, J and M).

The Sao Francisco craton in South America shows similar temporal
variations in dynamic topography to those for the Kaapvaal craton be-
fore 150 Ma because they are geographically close to each other be-
fore the opening of the South Atlantic Ocean. The Sao Francisco
craton starts to separate from the Kaapvaal craton at 150 Ma, and
moves over the African superplume, causing uplift from 150 and

image of Fig.�2
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60 Ma (Fig. 3A). The Sao Francisco craton shows ~250 m subsidence
for the last 60 Ma, as it moves away from the African superplume
(Fig. 2). The dynamic topography of the Yilgarn craton shows to
first order a monotonic decrease for the last 400 Ma, differing from
other three cratons (Figs. 2 and 3A). The Yilgarn craton is supported
by the upwellings beneath southern Gondwana before Pangea forma-
tion (Fig. 2A). After Pangea formation, sitting on the east edge of Pangea,
the Yilgarn craton subsides as the mantle below Pangea warms up to
form the African superplume and to cause uplifts at the center of Pangea
(Figs. 2D and 3). After Pangea breakup, the Yilgarn craton moves away
from the African superplume and continues subsiding through the pre-
sent day (Figs. 2G, J, M, and 3).
3.3. Influences of different parameters on the dynamic topography

We now present three more cases (cases TG2–TG4) in which we
remove the chemical layer, vary the initial mantle structures, and
change the plate geometry of the oceanic plates, to examine these ef-
fects on the dynamic topography. In comparing the vertical motion
history for those four cratons, we will focus on the Slave and Kaapvaal
cratons. This is because the Yilgarn craton in these cases shows
similar vertical motions to those in case TG1, while vertical motions
of the Sao Francisco craton are similar to those for the Kaapvaal
craton.

Case TG2 differs from case TG1 only by removing the chemical
layer above the CMB (i.e., a purely thermal convection case). Case
TG2 is the same as case HF2 in Zhang and Zhong (2011). With the re-
moval of the chemical layer, mantle convection in case TG2 is more
vigorous than in case TG1, and the internal heating ratio is 51%, The
model present-day dynamic topography (Fig. 4J) and dynamic topog-
raphy histories for those four cratons (Fig. 3B and C) show similarities
to those from case TG1, although the amplitude of the dynamic to-
pography from case TG2 appears larger. The smaller dynamic topog-
raphy from case TG1 is expected because chemical boundaries in
the mantle in case TG1 support convective stress and reduce dynamic
topography (e.g., Hager and Richards, 1989; Le stunff and Ricard,
1997; Wen and Anderson, 1997). This suggests that the surface dy-
namic topography is insensitive to the chemical layer above the
CMB. For example, the Slave craton shows similar uplift from 330 to
~240 Ma after Pangea formation (Fig. 3B), and the Kaapvaal craton
displays similar uplift from 180 to 90 Ma (Fig. 3C). However, com-
pared to case TG1, the Slave craton shows larger subsidence at
~150 Ma (Fig. 4G), while Kaapvaal craton has a larger subsidence at
180 Ma but no uplift between 260 and 200 Ma (Fig. 3C). The disap-
pearance of the uplift between 260 and 200 Ma for the Kaapvaal cra-
ton in case TG2 arises because the plume that causes this uplift in case
TG1 (Fig. 2D and F) is absent in case TG2 (Fig. 4D and F). As we will
show later, the magnitude of uplift for the Slave craton at ~230 Ma
also depends on whether small plumes exist close to the craton
(Fig. 2D and F). This suggests that caution needs to be exercised in
interpreting dynamic topography associated with localized plumes.

Case TG3 differs from case TG1 in that it has a 50 Ma initial run of
the first stage plate motion instead of 150 Ma, and otherwise these
two cases are identical. The temporal variations of dynamic topogra-
phy for the four cratons from case TG3 remain similar to those from
case TG1, particularly after 330 Ma (e.g., Fig. 3B and C). With a shorter
initial run of the first stage plate motion, there is less subducted ma-
terial in the mantle between Gondwana and Laurussia and the mantle
beneath Laurussia is not as cold before 450 Ma, compared to case TG1.
This leads to continuous cooling of the mantle beneath Laurussia from
450 to 330 Ma before the formation of Pangea, causing continuous
subsidence in Laurussia and the Slave craton before 330 Ma
(Fig. 3B). Case TG3 again suggests that dynamic topography associat-
ed with small thermal plumes is sensitive to model set-up and initial
conditions. For example, the uplift of the Kaapvaal craton at ~220 Ma
does not occur in case TG3 (Fig. 3C), although other features of the
vertical motion history for the craton remain unchanged compared
to case TG1. Likewise, the Slave craton uplift at ~240 Ma in case TG1
is more subdued in case TG3 (Fig. 3B) due to the absence of the
small plume in case TG3 that exists in case TG1 (Fig. 2D and F).

Both of the subduction zones at western and southern margins of
Laurussia during Pangea formation contribute to large subsidence of
North America at ~330 Ma (Fig. 2A). However, there are some uncer-
tainties about the nature of western plate boundary of North America
during the Paleozoic and Mesozoic (Ward, 1995). In case TG4, we
change the geometry and motion of the oceanic plates before
119 Ma to investigate the influence of an alternative position of the
Paleo-Farallon plate on the dynamic topography for the Slave craton.
In case TG4, the oceanic plate geometry and plate motions in the Pa-
cific hemisphere before 119 Ma are rotated by 120°, compared with
that used in case TG1, and cases TG4 and TG1 are otherwise identical.
Case TG4 is the same as case HF11 in Zhang et al. (2010). This rotation
of oceanic plates leads to the intersection of a ridge with North Amer-
ica ~40°–50° further north, or the Slave craton closer to a ridge, com-
pared to case TG1 (Fig. 2D). As a result, the subducted slab below
North America is younger and more buoyant, causing ~300 m less
subsidence for the Slave craton at ~330 Ma (Fig. 3B). However, the
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overall time dependence of dynamic topographies remains similar to
that in case TG1 (Fig. 3B and C). Again, the localized plumes show
some influences on the time dependent dynamic topography, for ex-
ample, for the Slave craton at ~140 Ma (Fig. 3B) and for the Kaapvaal
craton at ~230 Ma (Fig. 3C).
4. Discussion

4.1. The present-day dynamic topography and its magnitude

It is well known that ocean depths for seafloor older than 80 Ma
are shallower than predicted from the half-space cooling model — a
feature that is sometimes referred to as topographic flattening (e.g.,
Hillier and Watts, 2005; Parsons and Sclater, 1977). This topographic
flattening is prominent in the Pacific and Atlantic, and is sometimes
recast as the Pacific and African superswells (Davies and Pribac,
1993; Lithgow-Bertelloni and Silver, 1998; McNutt, 1998; Nyblade
and Robinson, 1994). The topographic flattening has been explained
in terms of a plate model (Parsons and Sclater, 1977) or inhomoge-
neous thermal mixing from mantle convection (e.g., Davies, 1999).
However, the topographic flattening is not just controlled by seafloor
age, and the plate model that has seafloor age as the only controlling
parameter leaves significant unexplained residual topography in the
mid-Pacific (Zhong et al., 2007). Huang and Zhong (2005) proposed
that trapped heat below the relatively old and thick lithosphere
may be the key to explaining the elevated topography at old seafloor.

Our calculations presented here represent the first effort to incor-
porate the effects of both lithospheric cooling and mantle convection
on surface topography in time-dependent mantle convection models.
Our models reproduce the first order seafloor topography including
the topographic subsidence from mid-ocean ridges to old ocean ba-
sins (Fig. 1A) and the reduced topography relative to the half-space
cooling model prediction (Fig. 1E). Notice that the observed topogra-
phy–age relation for the Pacific in Fig. 1E is from Zhong et al. (2007)
that removed the effects of sediments, seamounts, and large-
igneous provinces and was also corrected for the effect of water to
be compared with our model topography here. Our dynamic topogra-
phy calculations using mantle buoyancy below 200 km depth also re-
produce the Pacific and African superswells (Fig. 1D) that contribute
significantly to the reduced topography relative to the half-space
cooling model in these regions (Fig. 1E), and are broadly consistent
with previous dynamic topography studies (e.g., Lithgow-Bertelloni
and Silver, 1998; Panasyuk and Hager, 2000). In particular, our
models show that the Pacific and African superwell topography is re-
lated to the dynamically produced superplume structures near the
CMB (Fig. 2N) and trapped heat below the lithosphere in these re-
gions (Fig. 2O) (Huang and Zhong, 2005).

However, the amplitude of superswell dynamic topography of
~400 m in our model (Fig. 1D) is smaller than the inferred swell
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topography of ~1000 m relative to the plate models (e.g., Lithgow-
Bertelloni and Silver, 1998; Panasyuk and Hager, 2000). This is also
evident in Fig. 1E that the observed topography for the Pacific plate
(Zhong et al., 2007) is noticeably shallower at relatively old ages
(>100 Ma) than our model prediction (curve A in Fig. 1E). The ampli-
tude of dynamic topography has been debated in geodynamics (e.g.,
Gurnis, 1990; Le stunff and Ricard, 1997). There are two possible rea-
sons for the discrepancy between our model results and the observed.
First, numerical resolution in our models may not be adequate to re-
solve sub-lithospheric small-scale convection process near the litho-
sphere–ansthenosphere boundary that is known to erode the
lithospheric thermal structure to cause reduced topography at rela-
tively old seafloor (e.g., Huang and Zhong, 2005). That the observed
topography is deeper than our model prediction between 20 and
80 Ma in Fig. 1E may also reflect inadequate numerical resolution
for lithosphere. Second, uncertainties in some of our model parame-
ters may also contribute to the small dynamic topography predic-
tions. Increasing internal heating generation rate may lead to more
“trapped” heat or higher temperature in the mantle below old litho-
sphere that may increase surface dynamic uplift in these regions
(Huang and Zhong, 2005). In convection models, if the self-
gravitation is ignored, dynamic topography is given as h=σrrαΔTR/
Ra (Zhong et al., 2008), where σrr is non-dimensional stresses and
the other parameters are listed in Table 1. Even for a fixed Rayleigh
number Ra, h depends on the choice of thermal expansionα and tem-
perature difference across the mantle ΔT, both of which have some
uncertainties. Also the amplitude of the topography increases with
reduced Ra (i.e., increased reference mantle viscosity) (Lassak et al.,
2010). If scaled with parameters in Table 1, the average viscosities
for the upper and lower mantles in our models are ~4.5×1019 Pa s
and ~7×1021 Pa s, respectively. However, mantle viscosities may be
higher, according to post-glacial rebound studies (e.g., Mitrovica
and Forte, 2004; Paulson et al., 2007; Simons and Hager, 1997) and
gravity studies (Harig et al., 2010), and this may help reconcile the
difference in the amplitude of dynamic topography. We also found
that the amplitude of dynamic topography depends weakly on litho-
spheric viscosity. More studies are needed to further address these is-
sues including the effects of lateral variations in viscosity between
sub-continental and sub-oceanic mantles (e.g., Cadek and Fleitout,
2003).

Subduction dip angles are known to affect both the amplitude and
wavelength of dynamic topography on the overriding continental
plates (e.g., Liu et al., 2008). In our models, plate motions and plate
geometries are fixed for each stage that may last between 10 and
50 Ma (Zhang et al., 2010). Without continuously migrating plate
boundaries for the overriding plates, subducted slabs may show a
stair-step pattern in the mantle and shallow-angle subduction cannot
be produced (Bunge and Grand, 2000; Liu et al., 2008). While this
needs to be modeled more realistically in the future, we think that
the general results of our dynamic topography are robust.

4.2. Continental vertical motion histories and implications for mantle
dynamics

A large number of mantle models for dynamic topography have
been formulated to understand continentalflooding records, the history
of sedimentation and erosion as preserved in stratigraphic sequences,
patterns of marine incursion, and river drainage reversal (e.g.,
DiCaprio et al., 2009; Gurnis, 1993; Gurnis et al., 1998; Mitrovica et al.,
1989; Moucha et al., 2008; Pysklywec and Mitrovica, 1999; Shephard
et al., 2010). Our work is distinct from previous studies in two key
ways. First, most past work focused on continental vertical motions as-
sociated with evolution of subducting slabs, however, other mantle
structures such as broad mantle upwellings (i.e., superplumes) may
also exert significant control on continental elevation (e.g., Lithgow-
Bertelloni and Silver, 1998). Ourmodels incorporate not only subducted
slabs but also the broad mantle upwellings that are both determined
dynamically. Second, we compare the burial and unroofing histories in-
ferred from apatite (U–Th)/He (AHe) and apatite fission-track (AFT)
thermochronology studies in several cratonic regions directly with the
elevation change histories predicted by our models. Advances in ther-
mochronology methods and rigorous evaluation of the internal consis-
tency of AHe and AFT datasets are shedding new insights into the low
temperature histories of cratonic regions (e.g., Flowers, 2009; Flowers
and Kelley, 2011), but the potential constraints imposed by these cra-
tonic data onmantle dynamicmodels have not yet been fully exploited.
This approach also differs in comparing the evolution of predicted dy-
namic topography with burial-unroofing histories over time (Flowers
et al., in press), rather than evaluating the consistency of model predic-
tions with thermochronology constraints at particular points in time
(e.g., East Africa, Pik et al., 2003;Moucha and Forte, 2011).While the ef-
fects of dynamic topography on erosion and sedimentation are likely
complicated (e.g., Burgess and Gurnis, 1995), one may reasonably ex-
pect that dynamic subsidence may lead to sedimentation or burial at
the surface, while uplift may cause erosion or unroofing. The first-
order burial and unroofing patterns revealed by the thermochronology
datasets are the most robust aspects of the results, with the absolute
burial depths of lesser importance for the comparative analysis below.
Uncertainties associated with interpretation of the Slave and Kaapvaal
craton thermochronology datasets are discussed in detail by Ault et al.
(2009), Flowers and Schoene (2010), and Flowers et al. (in press).

We first consider the Slave craton of North America. Our models
predict ~1000 m of surface uplift of the Slave craton from 300 to
240 Ma due to warming of the mantle from 330 Ma to 240 Ma
below northern Pangea associated with broad mantle upwellings
(Figs. 2A, B, and 3B). In some of the models (e.g., TG3) this phase of
uplift is preceded by a subsidence episode induced by continuous
cooling of the mantle by cold subducted slabs. These results show
the influence of both subduction and broad upwellings on continental
vertical motions. AHe thermochronology data from the Slave craton
demand significant (>4 km) burial of the craton by sedimentary
rocks in Paleozoic time, followed by substantial erosion from ~330
to 250 Ma that unroofed the Paleozoic strata (Ault et al., 2009).
Flowers et al. (in press) found that this burial-unroofing history is
consistent with the mantle dynamic model predictions (Fig. 5A).
We more fully explored the range of parameter space for our models
in our current study. The Slave craton unroofing phase is synchronous
with the dynamic uplift between 330 Ma and 240 Ma predicted by all
four models (Figs. 5A and 3B). The pre-330 Ma burial episode in the
Slave craton recorded by the thermochronology data is consistent
with the dynamic subsidence phase predicted by case TG3 character-
ized by less subduction before 450 Ma. These results suggest that
thermochronology data help constrain dynamic models and that
this approach should be further explored in future studies.

We next compare our results for the Kaapvaal craton of southern
Africa with geological constraints on the post-300 Ma history of ele-
vation change. The region is last known to have been at sea level dur-
ing deposition of the Karoo Supergroup from ca. 300–180 Ma, but the
timing of elevation gain of the southern African Plateau is controver-
sial. Some have argued for uplift in mid- to Late Tertiary time based
largely on correlation of erosion surfaces across the plateau (e.g.,
Burke and Gunnell, 2008; Partridge and Maud, 1987). In contrast, a
variety of thermochronology data that indicate that the majority of
unroofing occurred in Mesozoic time has strengthened the case for
plateau surface uplift in the Mesozoic (e.g., Brown et al., 2002;
Flowers and Schoene, 2010; Tinker et al., 2008) (Fig. 5B).

Fig. 5B compares our predicted vertical motion history for the
Kaapvaal craton with the post-300 Ma burial and unroofing history
for the eastern craton from Flowers and Schoene (2010). Our dynam-
ic models predict a gradual, nearly monotonic subsidence from 400 to
200 Ma followed by a rapid drop in dynamic topography that ends at
~180 Ma when Pangea starts to break up (Fig. 3C). This is compatible

http://dx.doi.org/10.1016/j.epsl.2011.11.015
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Fig. 5. The trend comparisons of dynamic topography histories with the burial-
unroofing histories from thermochronology studies for the Slave (A) and Kaapvaal cra-
tons (B). The solid and dashed curves are from cases TG1 and TG3, respectively. The
gray shaded domains encompass thermal histories with good fits to the thermochro-
nology data, and converted to burial depths. The results in (A) are similar to those
shown in Flowers et al. (in press), with thermal histories from Ault et al. (2009) con-
verted to burial depths assuming a modern day surface temperature of 0 °C and a typ-
ical cratonic geothermal gradient of 20 °C/km. The thermal histories inferred by
Flowers and Schoene (2010) for the Kaapvaal craton are converted to burial depths
in (B) assuming a modern surface temperature of 18 °C and 20 °C/km cratonic
geotherm. Refer to those papers for additional discussion regarding the choice of geo-
thermal gradient. Dotted lines are best-fit burial curves.
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with the known subsidence of the region during deposition of the
Karoo Supergroup. From 180 to ~90 Ma, the craton is predicted to up-
lift significantly, coincident with unroofing in the ~150 to ~100 Ma
time interval indicated by the thermochronology results. Uplift of
the southern African Plateau, including the Kaapvaal craton, from
160 Ma to 90 Ma may result from that region moving over the African
superplume that develops in our models at that time (Figs. 2 and 3C).
Thus the dynamic topography history agrees to first order with the
burial-unroofing history from the thermochronology studies
(Fig. 5B), suggesting that uplift of the Kaapvaal craton and South Africa
occurred in the Mesozoic (Brown et al., 2002; de Wit, 2007; Flowers
and Schoene, 2010), rather than in the Cenozoic (Burke, 1996; Burke
and Gunnell, 2008). Additional thermochronology studies elsewhere
in the plateau are required to more fully test these results.

We briefly compare our model predictions for the Sao Francisco cra-
ton of South America and the Yilgarn craton of Australia with thermo-
chonology data from those regions. The predicted vertical motion
history for the Sao Francisco craton is similar to that for the Kaapvaal
craton because of their proximal locations prior to Gondwana breakup.
AFT thermochronology data for the Sao Francisco craton suggest signif-
icant unroofing between ~130 and 50 Ma (Harman et al., 1998), broadly
overlapping the interval of surface uplift predicted by our models
(Fig. 3A). In contrast, however, assessment of Yilgarn craton data reveals
that existingAFT data from the northern Yilgarn craton imply long-term
continuous cooling and denudation since the end of the Paleozoic
(Weber et al., 2005), whereas ourmodel predicts protracted subsidence
(Fig. 3A). We reiterate here that this analysis for the Sao Francisco and
Yilgarn cratons are first-order comparisons only, and a more compre-
hensive evaluation of factors contributing to the denudation histories
of these regions is required to more fully evaluate these results.

The first-order agreement between predicted elevation change and
the burial-unroofing histories for the Kaapvaal and Slave cratons has
important implications for mantle dynamics and evolution of the Afri-
can superplume. In the general framework of mantle convection and
supercontinent cycle proposed by Zhang et al. (2010) and Zhong et al.
(2007), themantle in the African hemisphere, as the destination of sub-
ducted slabs, should be relatively cold before and during the early
stages of Pangea formation, and the present-day African superplume
as observed seismically may not have formed until as recently as
~200 Ma. Slave craton burial before ~330 Ma may reflect cooling of
themantle below Laurussia during Pangea assembly that caused surface
subsidence, while unroofing between ~330 and ~250 Ma may have
resulted fromwarming of themantle after Pangea assembly that gener-
ated dynamic uplift (Fig. 2). Kaapvaal craton unroofing from ~150 Ma to
100 Ma is consistentwith the uplift during themovement of the African
continent over the developing African superplume following Pangea
breakup (Fig. 2). Future studies inmodelingmantle dynamics and in in-
ferring continental vertical motion histories from geological observa-
tions should help further constrain and test our dynamic models for
supercontinent cycles and mantle structure evolution, and also test al-
ternativemodels such as the long-term (~500 Ma) stable African super-
plume (e.g., Burke et al., 2008; Torsvik et al., 2010).

5. Conclusions

We have developed amodel for dynamic topography and its history
for the last 400 Ma based on a global mantle convectionmodel with im-
posed surface plate motion history. In particular, we predicted vertical
motion histories for four continental cratons, and compared them
with the burial-unroofing histories inferred from thermochronology
studies. The major findings are summarized as followed:

1) The present-day dynamic topography from our models shows topo-
graphic highs in the Pacific and African–Atlantic regions that are
similar to the Pacific and African superswells in the previously de-
rived residual topography maps, suggesting that the superswells
are dynamically supported. The Pacific and African superswells are
related to the broad, warm structures (i.e., superplumes) in the
deep mantle that help warm the upper mantle below the super-
swells, particularly in the Pacific.

2) The continental vertical motions in our models are affected not
only by subduction but also by broad mantle upwellings. The
models predict that the Slave craton in North America subsides
before Pangea assembly due to subduction that cools the mantle
under Laurussia, but the craton uplifts significantly from 330 to
240 Ma, caused by warming of the mantle below Laurussia. The
Kaapvaal craton of southern Africa is predicted to undergo mostly
subsidence from 400 to ~180 Ma but shows uplift from ~180 to
90 Ma before becoming stable for the last 90 Ma. The vertical mo-
tion history for the Sao Francisco craton of South America is simi-
lar to that for the Kaapvaal craton, while the Yilgarn craton of
Australia shows mostly subsidence for the last 400 Ma.

3) The predicted elevation change histories for the Slave and Kaapvaal
cratons compare well with the burial-unroofing histories inferred
from thermochronology studies, thus to first order supporting our
dynamic models including the development of the African super-
plume mantle structure. Future studies on the elevation change of
continental cratons using thermochronology techniques can help
further test and constrain mantle dynamic models.
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