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Density variations in the Earth’s mantle give rise to vigorous 
flow that interacts with the Earth’s surface to create dynamic 
topography1. Where mantle material rises or falls in the pres-

ence of the Earth’s surface, the ensuing flow is strongly perturbed by 
the existence of this boundary, which acts as a quasi-undeformable 
obstacle (Fig. 1a). The interaction between the mantle flow and the 
surface boundary generates viscous stresses that are themselves 
balanced by the gravitational stresses arising from the vertical 
deflection of the surface (Fig. 1b): upward, divergent flow towards 
the surface leads to positive topography, whereas downward, con-
vergent flow away from the surface leads to negative topography 
(surface depression). The height of dynamic topography is in direct 
proportion to the intensity and depth of mantle flow, and the wave-
length of dynamic topography is proportional to the scale and 
depth of the flow. Interestingly, the core–mantle boundary, which 
forms another boundary at the base of the mantle, is also affected by 
dynamic topography1.

Most of the Earth’s present-day surface topography has been 
created by crustal and lithospheric thickness variations, result-
ing from horizontal tectonic plate motions (Fig. 1b). Because 
dynamic topography is transient and characterized by relatively 
low amplitudes and long wavelengths, it is often hidden by or con-
fused with the topography created by horizontal tectonic move-
ments. Therefore, the most direct way to estimate present-day 
dynamic topography is to subtract the component that is tectonic 
in origin — and associated with crustal and lithospheric thick-
ness variations — from today’s surface topography, by making use 
of local isostasy. According to the principle of isostasy, the litho-
sphere (the rigid 100-km-thick outer shell of the Earth) floats on 
the underlying less viscous asthenosphere or upper mantle, like 
an iceberg floats in the ocean; the thicker the iceberg, the higher 
its height above the water line. The remainder of topography — 
left over once the tectonically formed topography has been sub-
tracted — is commonly accepted to be dynamically sustained by 
mantle flow. This dynamic topography is also known as residual 
topography2–6 and is characterized by a maximum amplitude of 
1,000 m and a wavelength of several hundred to several thousand 
kilometres (Fig. 2a). 

The many surface expressions of mantle dynamics
Jean Braun

Plate tectonic theory suggests that present-day topography can be explained by the repeated interactions between the tectonic 
plates moving along Earth’s surface. However, mounting evidence indicates that a significant proportion of Earth’s topography 
results from the viscous stresses created by flow within the underlying mantle, rather than by the moving plates. This dynamic 
topography is transient, varying as mantle flow changes, and is characterized by small amplitudes and long wavelengths. It is 
therefore often hidden by or confused with the more obvious topographic anomalies resulting from horizontal tectonic move-
ments. However, dynamic topography can influence surface processes and thus enter the geological record; it has, for example, 
played a role in the establishment of Amazon drainage patterns. In turn, surface processes such as the erosion of topographical 
anomalies could affect mantle flow. This emerging view of dynamic topography suggests that the concept of plate tectonics as 
the driver of surface deformation needs to be extended to include the vertical coupling between the mantle and the surface. 
Unravelling this coupling back in time with the help of models and the geological record can potentially provide unprecedented 
insights into past mantle dynamics.

Maps of dynamic topography remain approximate, because our 
knowledge of crustal-thickness variations beneath the continents 
and the thermal structure, and thus thickness, of the lithosphere is 
not perfect. For example, the debate on why old ocean bathymetry 
flattens and deviates from a simple cooling half-space model still 
continues7,8. Questions exist on how to accurately correct ocean 
bathymetry for the effect of sediment loading and the thermal-
blanketing effect created by sediments at heavily sedimented 
passive margins9. Both corrections are crucial to compute the 
isostatically compensated topography component in old oceanic 
crust or near passive continental margins. 

Present-day dynamic topography can also be computed from 
estimates of the mantle density structure derived from seismic tom-
ography. Combined with our knowledge of mantle-rock viscosity, 
these can be used to compute the present-day pattern of mantle 
flow from which an independent estimate of the distribution (the 
wavelength and amplitude) of the present-day dynamic topography 
can be derived. One such recent estimate10 for the Earth’s oceanic 
areas (Fig. 2b) and the spectrum of this computed  dynamic topog-
raphy (the distribution of its amplitude as a function of wavelength; 
Fig. 2c) show that, on a global scale, dynamic topography is also 
characterized by a maximum amplitude of 1,000 m and wavelengths 
of a few hundred to a few thousand kilometres. These surface char-
acteristics are set by the amplitude and size of density anomalies 
in the mantle (imaged by seismic tomography), and by the filter-
ing effect of the relatively rigid or high-viscosity lithosphere. At this 
stage, it is also worth noting that, unlike isostatically compensated 
topography, dynamic topography is transient, rising and moving 
with mantle flow. However, the rate of change of dynamic topogra-
phy is relatively low (of the order of a few tens of metres per million 
years (Myr), as determined from mantle-flow models; Fig. 2b), and 
is set by the rate of change of mantle flow in the vicinity of the sur-
face and the relative motion of lithospheric plates with respect to the 
underlying mantle.

In parallel with global estimates, much work has been devoted to 
characterizing dynamic topography in a variety of locations and set-
tings. Mantle-flow-driven subsidence in subduction zones was first 
proposed to explain the 1,000-km-wavelength tilting of continents 
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overlying flat subduction systems11–14. Above more steeply dipping 
slabs, subsidence resulting from the induced mantle corner flow is 
narrowly focused and affects trench depth and geometry12,15. The 
realization that mantle plumes are an important contributor to man-
tle dynamics led to the study and characterization of the dynamic 
topography associated with the impingement of a plume head16,17 
and large upwellings or superplumes18 at the base of the lithosphere. 
In recent years, mantle flow has also been called on to explain 
anomalous topography in more unusual settings that involve, for 
example, the subduction of positively buoyant objects, such as a 
mid-ocean ridge19 or the low-density crustal material released from 
a subducting slab20. The contribution of dynamic topography to 
local and global apparent sea level and its rate of change has also 
been the subject of recent work10,13,21–24 suggesting that — contrary 
to what would be expected if the rate of change of topography was 
primarily controlled by tectonics — it may be impossible to find a 
stable continental platform that could be used to define a eustatic 
sea-level curve over any extended time period.

Evidence for dynamic topography in the geological record
One of the first pieces of evidence that mantle flow contributes to 
surface uplift or subsidence comes from the sedimentary record 
of western North America where the extent (over a 1,000 km) and 
gentle tilt of Late Cretaceous sequences could not be explained by 
tectonic processes11. Similar observations and interpretation were 
made for parts of the sedimentary record in various basins of east-
ern Australia14,25,26, the Russian Platform27 and southern Africa28. 
The now widely accepted interpretation for the existence of these 
poorly preserved thin wedges of sediment is that they are the rem-
nant of a sequence deposited during the transient tilting of con-
tinental interiors, or so-called flooding events, driven by mantle 
circulation above shallowly dipping subduction zones11,29,30.  

Similarly, well-documented episodes of uplift in continental inte-
riors, away from any active plate boundary, have been interpreted as 

related to large-scale upwelling in the underlying mantle. Again, it 
is the scale (>1,000 km) and rate of uplift that has led geologists 
to believe that mantle flow is the driving mechanism2. However, 
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Figure 1 | Dynamic topography. a, Simple sketch illustrating how flow 
in the mantle generates dynamic surface topography. The red and blue 
circles represent low (hot) and high (cold) density anomalies in the 
mantle; the black arrows represent the induced mantle flow; resulting 
dynamic topography is also shown. b, Normal, isostatically compensated, 
tectonic topography is created by thinning or thickening of the crust 
and lithosphere in response to tectonic plate motions (yellow arrows). 
Where plates converge, the crust is thickened and mountains (or positive 
topography) are created; where plates diverge, the crust is thinned and 
a basin forms. Note that the deflections of the surface and crust are 
highly exaggerated in both diagrams. Real Earth topography is only a few 
kilometres high, which is very small in comparison to its 6,700 km radius. 

Figure 2 | Estimates of present-day dynamic topography. a, Observed 
dynamic or ‘residual’ topography as computed by removing the isostatically 
compensated, tectonically driven component of surface topography. 
b, Dynamic topography as computed by a numerical model of mantle 
convection driven by density anomalies derived from seismic tomography 
images. c, Distribution of computed dynamic topography and its rate of 
change, as a function of wavelength (R. Moucha, personal communication).  
Parts a and b reproduced with permission from:  a, ref. 6, © 2007 Elsevier; 
b, ref. 10, © 2008 Elsevier. 
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Density variations in the Earth’s mantle give rise to vigorous 
flow that interacts with the Earth’s surface to create dynamic 
topography1. Where mantle material rises or falls in the pres-

ence of the Earth’s surface, the ensuing flow is strongly perturbed by 
the existence of this boundary, which acts as a quasi-undeformable 
obstacle (Fig. 1a). The interaction between the mantle flow and the 
surface boundary generates viscous stresses that are themselves 
balanced by the gravitational stresses arising from the vertical 
deflection of the surface (Fig. 1b): upward, divergent flow towards 
the surface leads to positive topography, whereas downward, con-
vergent flow away from the surface leads to negative topography 
(surface depression). The height of dynamic topography is in direct 
proportion to the intensity and depth of mantle flow, and the wave-
length of dynamic topography is proportional to the scale and 
depth of the flow. Interestingly, the core–mantle boundary, which 
forms another boundary at the base of the mantle, is also affected by 
dynamic topography1.

Most of the Earth’s present-day surface topography has been 
created by crustal and lithospheric thickness variations, result-
ing from horizontal tectonic plate motions (Fig. 1b). Because 
dynamic topography is transient and characterized by relatively 
low amplitudes and long wavelengths, it is often hidden by or con-
fused with the topography created by horizontal tectonic move-
ments. Therefore, the most direct way to estimate present-day 
dynamic topography is to subtract the component that is tectonic 
in origin — and associated with crustal and lithospheric thick-
ness variations — from today’s surface topography, by making use 
of local isostasy. According to the principle of isostasy, the litho-
sphere (the rigid 100-km-thick outer shell of the Earth) floats on 
the underlying less viscous asthenosphere or upper mantle, like 
an iceberg floats in the ocean; the thicker the iceberg, the higher 
its height above the water line. The remainder of topography — 
left over once the tectonically formed topography has been sub-
tracted — is commonly accepted to be dynamically sustained by 
mantle flow. This dynamic topography is also known as residual 
topography2–6 and is characterized by a maximum amplitude of 
1,000 m and a wavelength of several hundred to several thousand 
kilometres (Fig. 2a). 

The many surface expressions of mantle dynamics
Jean Braun

Plate tectonic theory suggests that present-day topography can be explained by the repeated interactions between the tectonic 
plates moving along Earth’s surface. However, mounting evidence indicates that a significant proportion of Earth’s topography 
results from the viscous stresses created by flow within the underlying mantle, rather than by the moving plates. This dynamic 
topography is transient, varying as mantle flow changes, and is characterized by small amplitudes and long wavelengths. It is 
therefore often hidden by or confused with the more obvious topographic anomalies resulting from horizontal tectonic move-
ments. However, dynamic topography can influence surface processes and thus enter the geological record; it has, for example, 
played a role in the establishment of Amazon drainage patterns. In turn, surface processes such as the erosion of topographical 
anomalies could affect mantle flow. This emerging view of dynamic topography suggests that the concept of plate tectonics as 
the driver of surface deformation needs to be extended to include the vertical coupling between the mantle and the surface. 
Unravelling this coupling back in time with the help of models and the geological record can potentially provide unprecedented 
insights into past mantle dynamics.

Maps of dynamic topography remain approximate, because our 
knowledge of crustal-thickness variations beneath the continents 
and the thermal structure, and thus thickness, of the lithosphere is 
not perfect. For example, the debate on why old ocean bathymetry 
flattens and deviates from a simple cooling half-space model still 
continues7,8. Questions exist on how to accurately correct ocean 
bathymetry for the effect of sediment loading and the thermal-
blanketing effect created by sediments at heavily sedimented 
passive margins9. Both corrections are crucial to compute the 
isostatically compensated topography component in old oceanic 
crust or near passive continental margins. 

Present-day dynamic topography can also be computed from 
estimates of the mantle density structure derived from seismic tom-
ography. Combined with our knowledge of mantle-rock viscosity, 
these can be used to compute the present-day pattern of mantle 
flow from which an independent estimate of the distribution (the 
wavelength and amplitude) of the present-day dynamic topography 
can be derived. One such recent estimate10 for the Earth’s oceanic 
areas (Fig. 2b) and the spectrum of this computed  dynamic topog-
raphy (the distribution of its amplitude as a function of wavelength; 
Fig. 2c) show that, on a global scale, dynamic topography is also 
characterized by a maximum amplitude of 1,000 m and wavelengths 
of a few hundred to a few thousand kilometres. These surface char-
acteristics are set by the amplitude and size of density anomalies 
in the mantle (imaged by seismic tomography), and by the filter-
ing effect of the relatively rigid or high-viscosity lithosphere. At this 
stage, it is also worth noting that, unlike isostatically compensated 
topography, dynamic topography is transient, rising and moving 
with mantle flow. However, the rate of change of dynamic topogra-
phy is relatively low (of the order of a few tens of metres per million 
years (Myr), as determined from mantle-flow models; Fig. 2b), and 
is set by the rate of change of mantle flow in the vicinity of the sur-
face and the relative motion of lithospheric plates with respect to the 
underlying mantle.

In parallel with global estimates, much work has been devoted to 
characterizing dynamic topography in a variety of locations and set-
tings. Mantle-flow-driven subsidence in subduction zones was first 
proposed to explain the 1,000-km-wavelength tilting of continents 
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overlying flat subduction systems11–14. Above more steeply dipping 
slabs, subsidence resulting from the induced mantle corner flow is 
narrowly focused and affects trench depth and geometry12,15. The 
realization that mantle plumes are an important contributor to man-
tle dynamics led to the study and characterization of the dynamic 
topography associated with the impingement of a plume head16,17 
and large upwellings or superplumes18 at the base of the lithosphere. 
In recent years, mantle flow has also been called on to explain 
anomalous topography in more unusual settings that involve, for 
example, the subduction of positively buoyant objects, such as a 
mid-ocean ridge19 or the low-density crustal material released from 
a subducting slab20. The contribution of dynamic topography to 
local and global apparent sea level and its rate of change has also 
been the subject of recent work10,13,21–24 suggesting that — contrary 
to what would be expected if the rate of change of topography was 
primarily controlled by tectonics — it may be impossible to find a 
stable continental platform that could be used to define a eustatic 
sea-level curve over any extended time period.

Evidence for dynamic topography in the geological record
One of the first pieces of evidence that mantle flow contributes to 
surface uplift or subsidence comes from the sedimentary record 
of western North America where the extent (over a 1,000 km) and 
gentle tilt of Late Cretaceous sequences could not be explained by 
tectonic processes11. Similar observations and interpretation were 
made for parts of the sedimentary record in various basins of east-
ern Australia14,25,26, the Russian Platform27 and southern Africa28. 
The now widely accepted interpretation for the existence of these 
poorly preserved thin wedges of sediment is that they are the rem-
nant of a sequence deposited during the transient tilting of con-
tinental interiors, or so-called flooding events, driven by mantle 
circulation above shallowly dipping subduction zones11,29,30.  

Similarly, well-documented episodes of uplift in continental inte-
riors, away from any active plate boundary, have been interpreted as 

related to large-scale upwelling in the underlying mantle. Again, it 
is the scale (>1,000 km) and rate of uplift that has led geologists 
to believe that mantle flow is the driving mechanism2. However, 
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Figure 1 | Dynamic topography. a, Simple sketch illustrating how flow 
in the mantle generates dynamic surface topography. The red and blue 
circles represent low (hot) and high (cold) density anomalies in the 
mantle; the black arrows represent the induced mantle flow; resulting 
dynamic topography is also shown. b, Normal, isostatically compensated, 
tectonic topography is created by thinning or thickening of the crust 
and lithosphere in response to tectonic plate motions (yellow arrows). 
Where plates converge, the crust is thickened and mountains (or positive 
topography) are created; where plates diverge, the crust is thinned and 
a basin forms. Note that the deflections of the surface and crust are 
highly exaggerated in both diagrams. Real Earth topography is only a few 
kilometres high, which is very small in comparison to its 6,700 km radius. 

Figure 2 | Estimates of present-day dynamic topography. a, Observed 
dynamic or ‘residual’ topography as computed by removing the isostatically 
compensated, tectonically driven component of surface topography. 
b, Dynamic topography as computed by a numerical model of mantle 
convection driven by density anomalies derived from seismic tomography 
images. c, Distribution of computed dynamic topography and its rate of 
change, as a function of wavelength (R. Moucha, personal communication).  
Parts a and b reproduced with permission from:  a, ref. 6, © 2007 Elsevier; 
b, ref. 10, © 2008 Elsevier. 
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Miocene drainage reversal of the Amazon River
driven by plate–mantle interaction
G. E. Shephard1*, R. D. Müller1, L. Liu2† and M. Gurnis2

Northern South America experienced significant changes in
drainage patterns during the opening of the South Atlantic
Ocean. Disappearance of a mega-wetland in the western
Amazonian basins was followed by the formation of the
eastward-draining Amazon River, which has been attributed
to Andean uplift1–5. However, South America’s westward
motion over cold, dense subducted slabs implies that regional
subsidence and uplift east of the Andes may have been
driven by mantle convection. Here we use a coupled model of
mantle convection and plate kinematics to show that dynamic
subsidence of up to 40mMyr�1 initially formed the Amazonian
mega-wetland. In our model, the sustained westward motion
of continental South America over subducted slabs resulted in
rebound of the Amazonian mega-wetland region at rates of up
to 40mMyr�1 after 30million years ago, paired with continued
subsidence of the eastern Amazonian sedimentary basins at
10–20mMyr�1. The resulting progressive tilt of northern South
America to the east enabled the establishment of the Amazon
River, suggesting that mantle convection can profoundly affect
the evolution of continental drainage systems.

During the Early Miocene (from ⇤23Myr bp), an inland
fluviolacustrine/marginally marine Amazonian system partially
flooded northwest South America with regional drainage mainly
northwards towards the Caribbean1–4. This Amazonian mega-
wetland existed at least from the Middle to Late Miocene1,2 when
the dominant fluvial drainage switched to its present course towards
the Atlantic. This shift, initiating the fluviolacustrine system that
is now the Amazon River is supported by sediment provenance,
palaeo-transport direction and biostratigraphic studies1–3,5. The
timing of this onset is estimated from offshore sedimentary records
between 10.6 and 9.7Myr bp (ref. 6). Any possible Amazonian–
Caribbean connection was fully closed by the Late Miocene2, with
the Amazon River reaching its present shape and size from the
Pleistocene onwards2,7 (⇤2.4Myr bp). During the Early andMiddle
Miocene a restricted eastward-flowing palaeo-Amazon River may
have drained to the Atlantic coast7. Stratigraphic data suggest that
this fluvial system extended westward until limited by the Purus
arch7 (Fig. 1), a structural high that separated the Solimões and
Amazonas basins and restricted the Amazonian mega-wetland to
the west and the palaeo-Amazon River to the east.

The main Miocene changes in drainage patterns, and the
formation of the Amazon River, are commonly attributed to
uplift in the northwest Andes5,8–11. It has been proposed that
the uplift of the Eastern Cordillera caused flexural subsidence in
the foreland basins, and redirected a significant portion of the
northwest Amazonas basin drainage, along the northward-flowing
Palaeo-Orinoco and Magdalena rivers, to the east2. In addition,
it has also been suggested that Amazon landscape evolution can

1School of Geosciences, University of Sydney, Sydney, New South Wales 2006, Australia, 2Seismological Laboratory, California Institute of Technology,
Pasadena, California 91125, USA. †Present address: Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of
California, San Diego, La Jolla, California 92037, USA. *e-mail: grace.shephard@sydney.edu.au.

be attributed to Early Tertiary to Holocene intraplate tectonics,
including subsidence associated with a low-rate extension that
contributed to a structural low12. The Late Miocene (⇤11Myr bp)
is also well documented for a significant drop in sea level, which
would have contributed to the disappearance of the Amazonian
mega-wetland and marine incursions13,14, but could not have
caused a fundamental change in the continental drainage pattern.
The mechanism driving the time-progressive tilt of the world’s
largest drainage system remains insufficiently described and herewe
present a new and unconventional explanation.

Instantaneous models of dynamic topography, mapping large-
scale surface depression or uplift driven by mantle convection,
predict one of Earth’s largest topographic lows over South
America15, but its time dependence is unknown. To unravel the
history of mantle-convection-driven continental elevation and
tilting, we use a geodynamic model that integrates plate motions,
dynamically evolving plate boundaries andmantle tomography.We
generate estimates of palaeo-topography by adjusting a present-day
digital elevation model with time-dependent dynamic topography
and estimates of global sea level.

The first approximation of initial conditions for seismic
structure at earlier times can be optimized using a simple backward
integration of the governing equations16. The initial condition is
further refined through an iterative forward-inverse optimization,
adjoint, algorithm. The starting point of the adjoint model is
a present-day mantle density and effective temperature field
converted from seismic velocity perturbations17.

Forward in time, as South America migrates westward, the
model shows the development of temperature anomalies under
the continent due to subduction of the Farallon, Phoenix, and
most recently Nazca plates (Fig. 2 and Supplementary Fig. S1). The
evolution of thermal anomalies in the adjoint model links slab
volumes to particular tectonic stages of subduction. The viscous
forces imparted on South America by the continent’s gradual
passage over these slabs sinking in the mantle are reflected in
negative surface dynamic topography (Supplementary Fig. S2),
resulting in long-wavelength subsidence over the Cenozoic era
(Fig. 3 and Supplementary Fig. S3). At present, the bulk of the
underlying slab (Fig. 2) is between 80⇥ W and 60⇥ W longitude,
imparting a significant influence on surface topography of the
western portion of South America. Broad subsidence at a rate of
approximately 20mMyr�1 across the northern regions of South
America is generated from 60Myr bp. This signal intensifies in
the north and northwest of the continent to generate a band of
easterly sweeping subsidence (up to 30–40mMyr�1) by 30Myr bp.
This long-term subsidence across both foreland and intracratonic
basins provided the accommodation space for the formation of the
Amazonianmega-wetland and associatedmarine incursions.
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Figure 2 | Temperature structure underlying South America.
a–e, Non-dimensional model mantle temperature cross-sections though
the Equator at 40Myr BP (a) 30Myr BP (b), 20Myr BP (c), 10Myr BP (d)
and present-day (e). The blue colours represent negative thermal
anomalies (subducted slabs), whereas the dark orange colours represent
positive thermal anomalies (ambient mantle is light orange). The circles
represent the approximate longitudinal locations of the (present-day)
Andes (black), the centre of the (Miocene) Pebas depositional system
(grey) and the mouth of the (present-day) Amazon River (white), on the
overriding South American plate. Small red circles are fixed marker points
to show relative movement in successive panels.

By inundating our modelled palaeo-topography with a eustatic
sea-level curve14 (Fig. 1 and Supplementary Fig. S5), we obtain a
palaeo-geography estimate that can be compared with geologically
mapped palaeo-depositional environments. Since at least 45Myr bp
our modelled palaeo-geography shows increasing inundation of
northwestern South America, and between 22Myr and 14Myr bp
matches the mapped geometry of the Amazonian mega-wetland
(Fig. 1). Without correcting palaeo-topography for mantle-driven
dynamic topography, inundation of northern South America using
present-day topography (Supplementary Fig. S4) is significantly
offset with respect to mapped palaeo-coastlines. This is particularly
true of the central and eastern regions of South America where
Andean orogenic processes are largely absent. The modelled
topographic low would have accommodated most of the drainage
and/or marine incursion of the central and western regions of
the continent towards the north (Fig. 1). Although we did not
remove the effect of Andean mountain building when generating
palaeo-topography, our results provide a good prediction on
the timing and eastern geometry of the Amazonian mega-
wetland. Despite this evolving broad dynamic topography low
being contemporaneous with flexural subsidence from Andean
uplift, the wavelength of the dynamic signal extends further
east, beyond the domain of the foreland basin. The removal of
sediment (or orogenic growth) back through time would further
decrease palaeo-topography and would lead to additional over-
inundation. A mechanism restricted to the western margins seems
insufficient to explain such a continental tilt and we suggest
that dynamic topography is the main driving factor in long-
wavelength changes in topography and the formation of the
Amazonian mega-wetland.

Towards the northeastern side of the continent, our palaeo-
topographies reconstruct a structural/topographic high preventing
any drainage linking the Caribbean and Atlantic from at least
22Myr to 14Myr bp (Fig. 1). The small connection to the Atlantic
shown in our model is an artefact of using present-day topography,
which has been shaped by erosion of the Amazon River. A
structural high is likely to have been continuous across the Brazilian
margin, comprising the Purus and Monte Alegre arches. Our
model also supports the idea that a restricted eastward-draining
palaeo-Amazon River may have existed during the Early to Middle
Miocene to the very east of this structural high7.

In contrast to broad subsidence across central and eastern South
America, our geodynamic model predicts a narrow band of uplift
at a rate of 40mMyr�1 since approximately 30Myr bp, originating
along the western coast of South America (Fig. 3). This is due
to the westward translation of the continent past the bulk of the
sinking slabmass, causing easterlymigrating surface rebound across
the Andes, extending east to 67⇥ W (Fig. 2). Although subduction
along the western margin of South America has occurred since
the Late Cretaceous18, our geodynamic models imply that the
influence of subducted slabs on the surface topography diminishes
quickly as slabs sink deeper, and that topographic variations are
more affected by the rapid westward motion of South America
over descending slabs. This is evident through our model with
decreasing magnitudes of subsidence and uplift over time, which
also migrate eastwards (Fig. 3).

In addition to eastward-migrating mountain building2,5,9,19,20,
this eastward-propagating dynamic uplift would have significantly
reduced any marine incursions, uplifted the Amazonian
mega-wetland, caused a significant re-organization of drainage
across the northern region of the continent, and may account for
increased eastward sediment provenance and rates of sedimentation
at the Amazon fan during the Early Pliocene7. The reduction
of the Amazonian mega-wetland, as reconstructed by our
palaeo-geographic maps, is most pronounced between 14Myr
and 6Myr bp (up to 200m of uplift; Fig. 1), which matches
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Figure 2 | Temperature structure underlying South America.
a–e, Non-dimensional model mantle temperature cross-sections though
the Equator at 40Myr BP (a) 30Myr BP (b), 20Myr BP (c), 10Myr BP (d)
and present-day (e). The blue colours represent negative thermal
anomalies (subducted slabs), whereas the dark orange colours represent
positive thermal anomalies (ambient mantle is light orange). The circles
represent the approximate longitudinal locations of the (present-day)
Andes (black), the centre of the (Miocene) Pebas depositional system
(grey) and the mouth of the (present-day) Amazon River (white), on the
overriding South American plate. Small red circles are fixed marker points
to show relative movement in successive panels.

By inundating our modelled palaeo-topography with a eustatic
sea-level curve14 (Fig. 1 and Supplementary Fig. S5), we obtain a
palaeo-geography estimate that can be compared with geologically
mapped palaeo-depositional environments. Since at least 45Myr bp
our modelled palaeo-geography shows increasing inundation of
northwestern South America, and between 22Myr and 14Myr bp
matches the mapped geometry of the Amazonian mega-wetland
(Fig. 1). Without correcting palaeo-topography for mantle-driven
dynamic topography, inundation of northern South America using
present-day topography (Supplementary Fig. S4) is significantly
offset with respect to mapped palaeo-coastlines. This is particularly
true of the central and eastern regions of South America where
Andean orogenic processes are largely absent. The modelled
topographic low would have accommodated most of the drainage
and/or marine incursion of the central and western regions of
the continent towards the north (Fig. 1). Although we did not
remove the effect of Andean mountain building when generating
palaeo-topography, our results provide a good prediction on
the timing and eastern geometry of the Amazonian mega-
wetland. Despite this evolving broad dynamic topography low
being contemporaneous with flexural subsidence from Andean
uplift, the wavelength of the dynamic signal extends further
east, beyond the domain of the foreland basin. The removal of
sediment (or orogenic growth) back through time would further
decrease palaeo-topography and would lead to additional over-
inundation. A mechanism restricted to the western margins seems
insufficient to explain such a continental tilt and we suggest
that dynamic topography is the main driving factor in long-
wavelength changes in topography and the formation of the
Amazonian mega-wetland.

Towards the northeastern side of the continent, our palaeo-
topographies reconstruct a structural/topographic high preventing
any drainage linking the Caribbean and Atlantic from at least
22Myr to 14Myr bp (Fig. 1). The small connection to the Atlantic
shown in our model is an artefact of using present-day topography,
which has been shaped by erosion of the Amazon River. A
structural high is likely to have been continuous across the Brazilian
margin, comprising the Purus and Monte Alegre arches. Our
model also supports the idea that a restricted eastward-draining
palaeo-Amazon River may have existed during the Early to Middle
Miocene to the very east of this structural high7.

In contrast to broad subsidence across central and eastern South
America, our geodynamic model predicts a narrow band of uplift
at a rate of 40mMyr�1 since approximately 30Myr bp, originating
along the western coast of South America (Fig. 3). This is due
to the westward translation of the continent past the bulk of the
sinking slabmass, causing easterlymigrating surface rebound across
the Andes, extending east to 67⇥ W (Fig. 2). Although subduction
along the western margin of South America has occurred since
the Late Cretaceous18, our geodynamic models imply that the
influence of subducted slabs on the surface topography diminishes
quickly as slabs sink deeper, and that topographic variations are
more affected by the rapid westward motion of South America
over descending slabs. This is evident through our model with
decreasing magnitudes of subsidence and uplift over time, which
also migrate eastwards (Fig. 3).

In addition to eastward-migrating mountain building2,5,9,19,20,
this eastward-propagating dynamic uplift would have significantly
reduced any marine incursions, uplifted the Amazonian
mega-wetland, caused a significant re-organization of drainage
across the northern region of the continent, and may account for
increased eastward sediment provenance and rates of sedimentation
at the Amazon fan during the Early Pliocene7. The reduction
of the Amazonian mega-wetland, as reconstructed by our
palaeo-geographic maps, is most pronounced between 14Myr
and 6Myr bp (up to 200m of uplift; Fig. 1), which matches
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Miocene drainage reversal of the Amazon River
driven by plate–mantle interaction
G. E. Shephard1*, R. D. Müller1, L. Liu2† and M. Gurnis2

Northern South America experienced significant changes in
drainage patterns during the opening of the South Atlantic
Ocean. Disappearance of a mega-wetland in the western
Amazonian basins was followed by the formation of the
eastward-draining Amazon River, which has been attributed
to Andean uplift1–5. However, South America’s westward
motion over cold, dense subducted slabs implies that regional
subsidence and uplift east of the Andes may have been
driven by mantle convection. Here we use a coupled model of
mantle convection and plate kinematics to show that dynamic
subsidence of up to 40mMyr�1 initially formed the Amazonian
mega-wetland. In our model, the sustained westward motion
of continental South America over subducted slabs resulted in
rebound of the Amazonian mega-wetland region at rates of up
to 40mMyr�1 after 30million years ago, paired with continued
subsidence of the eastern Amazonian sedimentary basins at
10–20mMyr�1. The resulting progressive tilt of northern South
America to the east enabled the establishment of the Amazon
River, suggesting that mantle convection can profoundly affect
the evolution of continental drainage systems.

During the Early Miocene (from ⇤23Myr bp), an inland
fluviolacustrine/marginally marine Amazonian system partially
flooded northwest South America with regional drainage mainly
northwards towards the Caribbean1–4. This Amazonian mega-
wetland existed at least from the Middle to Late Miocene1,2 when
the dominant fluvial drainage switched to its present course towards
the Atlantic. This shift, initiating the fluviolacustrine system that
is now the Amazon River is supported by sediment provenance,
palaeo-transport direction and biostratigraphic studies1–3,5. The
timing of this onset is estimated from offshore sedimentary records
between 10.6 and 9.7Myr bp (ref. 6). Any possible Amazonian–
Caribbean connection was fully closed by the Late Miocene2, with
the Amazon River reaching its present shape and size from the
Pleistocene onwards2,7 (⇤2.4Myr bp). During the Early andMiddle
Miocene a restricted eastward-flowing palaeo-Amazon River may
have drained to the Atlantic coast7. Stratigraphic data suggest that
this fluvial system extended westward until limited by the Purus
arch7 (Fig. 1), a structural high that separated the Solimões and
Amazonas basins and restricted the Amazonian mega-wetland to
the west and the palaeo-Amazon River to the east.

The main Miocene changes in drainage patterns, and the
formation of the Amazon River, are commonly attributed to
uplift in the northwest Andes5,8–11. It has been proposed that
the uplift of the Eastern Cordillera caused flexural subsidence in
the foreland basins, and redirected a significant portion of the
northwest Amazonas basin drainage, along the northward-flowing
Palaeo-Orinoco and Magdalena rivers, to the east2. In addition,
it has also been suggested that Amazon landscape evolution can
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Pasadena, California 91125, USA. †Present address: Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of
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be attributed to Early Tertiary to Holocene intraplate tectonics,
including subsidence associated with a low-rate extension that
contributed to a structural low12. The Late Miocene (⇤11Myr bp)
is also well documented for a significant drop in sea level, which
would have contributed to the disappearance of the Amazonian
mega-wetland and marine incursions13,14, but could not have
caused a fundamental change in the continental drainage pattern.
The mechanism driving the time-progressive tilt of the world’s
largest drainage system remains insufficiently described and herewe
present a new and unconventional explanation.

Instantaneous models of dynamic topography, mapping large-
scale surface depression or uplift driven by mantle convection,
predict one of Earth’s largest topographic lows over South
America15, but its time dependence is unknown. To unravel the
history of mantle-convection-driven continental elevation and
tilting, we use a geodynamic model that integrates plate motions,
dynamically evolving plate boundaries andmantle tomography.We
generate estimates of palaeo-topography by adjusting a present-day
digital elevation model with time-dependent dynamic topography
and estimates of global sea level.

The first approximation of initial conditions for seismic
structure at earlier times can be optimized using a simple backward
integration of the governing equations16. The initial condition is
further refined through an iterative forward-inverse optimization,
adjoint, algorithm. The starting point of the adjoint model is
a present-day mantle density and effective temperature field
converted from seismic velocity perturbations17.

Forward in time, as South America migrates westward, the
model shows the development of temperature anomalies under
the continent due to subduction of the Farallon, Phoenix, and
most recently Nazca plates (Fig. 2 and Supplementary Fig. S1). The
evolution of thermal anomalies in the adjoint model links slab
volumes to particular tectonic stages of subduction. The viscous
forces imparted on South America by the continent’s gradual
passage over these slabs sinking in the mantle are reflected in
negative surface dynamic topography (Supplementary Fig. S2),
resulting in long-wavelength subsidence over the Cenozoic era
(Fig. 3 and Supplementary Fig. S3). At present, the bulk of the
underlying slab (Fig. 2) is between 80⇥ W and 60⇥ W longitude,
imparting a significant influence on surface topography of the
western portion of South America. Broad subsidence at a rate of
approximately 20mMyr�1 across the northern regions of South
America is generated from 60Myr bp. This signal intensifies in
the north and northwest of the continent to generate a band of
easterly sweeping subsidence (up to 30–40mMyr�1) by 30Myr bp.
This long-term subsidence across both foreland and intracratonic
basins provided the accommodation space for the formation of the
Amazonianmega-wetland and associatedmarine incursions.
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