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The origin of anomalous tectonic subsidence (ATS) of large intracontinental basins long after their most
recent phase of extension and last thermal perturbation is the subject of a long standing debate. We show
that deep-Earth processes may contribute to the subsidence of these tectonically stable basins by analysing
the Tertiary mantle convection-driven topography history of a global set of more than 220 intracontinen-
tal basins, integrated into a plate kinematic framework. Most basins are affected by increasing negative
dynamic topography over the last 70 Myr, due to the motion of many continents away from large mantle
upwellings and towards downwellings previously located along the perimeter of the supercontinent Pan-
gaea. During continental dispersal, increasing negative dynamic topography causes dynamic subsidence
of the basins, creating additional accommodation space. We utilise a parameter from a global crustal anal-
ysis of intraplate basins, termed “anomalous tectonic subsidence”, to quantify sediment accumulation not
related to crustal stretching. We propose that dynamic subsidence due to plate motions relative to the
underlying mantle, as well as variations in the large-scale convection patterns can significantly contribute
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to the creation (and destruction) of accommodation space in intraplate basins.
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1. Introduction

Intracontinental basins are archives for the long-term vertical
motions of the Earth’s crust, both for mantle- and crustal-scale
processes. Many attempts have been made to explain the evolu-
tion of large, long-lived sedimentary basins which are located in
plate interiors, relatively isolated from the effects of active plate
boundary deformation. These basins are mostly old structures,
saucer-shaped in cross section and related to fossil rifts in conti-
nental platforms or tectonically stable continental interiors (Fig. 1;
Sengor, 1995; Artyushkov, 1992; Milanovsky, 1992). They have been
subsiding over long periods of time without showing signs of brittle
deformation. They also display a characteristically low topography
(e.g. Illinois, Taoudeni, West Siberian Basins; Vyssotski et al., 2006;
Klein, 1995; Hartley and Allen, 1994; Khain, 1992; Milanovsky,
1992; Sleep, 1976). The last main phase of active extension or ther-
mal disturbance in most of these basins is significantly older than
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100 Ma, hence thermal subsidence related to the extensional event
can be ruled out as a major subsidence mechanism, as, for exam-
ple, demonstrated for the Chad basin in Central Africa (Hartley and
Allen, 1994). Different hypotheses attempting to explain the long-
lasting subsidence of these basins have been proposed, which can
be grouped into five main, mutually non-exclusive categories: (1)
lithospheric stretching and thermal contraction; (2) crustal and
mantle phase changes; (3) changes in the in-plane stress field;
(4) convective instabilities; and (5) sub-aerial erosion following a
thermal uplift. See Klein (1995) and Hartley and Allen (1994) for
a summary and review. However, these hypotheses fail to explain
the observed subsidence patterns of large intracontinental basins
within a coherent global geodynamic framework.
Lithgow-Bertelloni and Gurnis (1997); Gurnis et al. (1998)
and Gurnis (2001, 1990) demonstrated that the relative posi-
tion of continents with respect to large-scale mantle up- and
downwellings causes uplift and subsidence of the Earth’s surface
(“dynamic topography”). Tilted stratigraphic sequences covering
the stable North American continent during the Phanerozoic
(Sloss, 1963; Bond, 1976, 1978; Sleep, 1976) suggest periods
of continent-scale trans- and regressional cycles which cannot
be explained by a rise in eustatic sea level alone, but instead
require large-scale tectonic mechanisms (Burgess and Gurnis, 1995;
Lithgow-Bertelloni and Gurnis, 1997; Gurnis, 1993). Recent stud-
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Fig. 1. Global map of basins which have been used for this study (light yellow). Abbreviations are: ARB, Arabian Basins; CB, Canning Basin (Australia); CEBS, Central European
Basin System; EB, Eromanga Basin (Australia); ECB, Eastern Chinese Basins; MDB, Murray-Darling Basin (Australia); I1B, Illinois Basin; PAT, Patagonian Basins (South America);
PcB, Precaspian Basin (Russia); WSB, West Siberian Basin (Russia). Magenta polygons denote region outlines as used in this study. Green lines denote plate boundaries (Bird,

2003).

ies suggest that dynamic topography has significantly affected the
flooding history and stratigraphic record of eastern North Amer-
ica (Miiller et al., 2008b; Kominz et al., 2008; Spasojevic et al.,
2008).

Investigating the global Phanerozoic subduction history,
Anderson (1994) pointed out that throughout the Mesozoic to
Cenozoic distinct belts of plate convergence existed where sub-
duction tends to repeat. This belt extends from the Arctic via
North, Central and South America to Antarctica, and back via Aus-
tralia, SE Asia/W Pacific, and eastern Eurasia, with an extension
up to the eastern Mediterranean, following the former Tethyan
subduction zone. These regions of convergence reflect first order
patterns of mantle convection with cold material injected back
into the deeper mantle, whereas two regions centered on south-
ernmost Africa and the South Pacific represent superswells, with
hotter material upwelling. This general picture has been confirmed
by recent global seismic tomographic studies (Grand et al., 1997;
Lithgow-Bertelloni and Silver, 1998; Ritsema et al., 2004). When
supercontinents assemble, they insulate the mantle and isolate
it from subduction (Anderson, 1994; Davies, 1999). Subsequent
dispersal moves the continental fragments relative to mantle con-
vection patterns towards the subduction zones, where they spend
a prolonged period of time over downwelling oceanic lithosphere
(Gurnis and Zhong, 1991; Anderson, 1994). Klein (1995) sum-
marises observations which point to global commonalities of the
formation and subsidence patterns of cratonic basins, likely related
to the supercontinent cycles.

This paper investigates the effects of mantle convection-induced
vertical displacement of intracontinental basins related to plate
kinematics. We derive the subsidence or uplift history of a set of
selected intracontinental basins for the last 70 Myr using combined
dynamic topography model output and a self-consistent absolute
plate motion reference frame. The amount of vertical motion is then
compared to a parameter called anomalous tectonic subsidence
(ATS), which quantifies subsidence in each given sedimentary basin
not conforming to uniform crustal stretching models. We refer to
this additional, mantle-induced subsidence as anomalous tectonic
subsidence, as it originates in deep-Earth instead of lithospheric or
tectosphere processes. We establish a relationship between basin
ages, plate motion history and mantle convection-induced subsi-
dence.

2. Data and models
2.1. Intracontinental basins

For our study, we utilise a set of about 229 basins selected from
an global basin-polygon database. These basins were chosen based
on the general criteria to encompass tectonically inactive, intra-
continental basins on stable continental crust. They are located
away from recently active plate boundaries and not situated on
continental margins. Depending on the basin classification scheme,
most, but not all basins are classified as interior sag or interior frac-
ture (Kingston et al., 1983), intracontinental composite, interior, or
complex basins (Klemme and Ulmishek, 1991; Klemme, 1980). All
basins have in common a low topographic relief and an elevation
close to present-day sea level (Fig. 2).

2.2. Crustal structure data
The global crustal structure model CRUST2 has been used to
compute stretch factors and tectonic subsidence. The model has

an original grid cell resolution of 2° x 2° (Bassin et al., 2000; Laske,
2004) and consists of 7 layers, including the bottom of hard sedi-
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Fig. 2. Median elevation histogram for the selected basins of this study. Most basins
are located around sea level.
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ments (= top basement) and the bottom of the lower crust (= Moho).
Crustal thicknesses are reported to be within 5 km of true crustal
thickness (Laske, 2004).

A 1° x 1° sediment thickness grid by Laske and Masters (1997)
is used as sediment thickness input for our computations. The grid
is a compilation of sediment thickness data from various sources,
including the Exxon Tectonic Map of the World (Exxon Production
Research Company, 1985). Sediment thicknesses within each cell
are reported to be within 1.0 km of true sediment thickness.

2.3. Dynamic topography model

Large-scale convection in the Earth’s mantle is imaged by seis-
mic tomographic models. The spatial distribution of relative seismic
velocity highs and lows is inferred to correlate with the thermal
mantle structure and is thought to be related to cold downwellings
and hot upwellings. Both can dynamically alter the topography
of the overlying boundary layer by either pushing it up above
upwellings or drawing it down above downwellings.

We compute time-dependent surface topography for the last
70 Myr by advecting mantle density anomalies back through time
in the mantle-flow field using a well-established global man-
tle convection modelling approach (Steinberger et al, 2004).
The global S20RTS seismic tomographic model (Ritsema et al.,
1999) is used to derive the density heterogeneities, using a
conversion factor 0.25 from relative seismic velocity to density
variations below depth 220km. The factor 0.25 is based on a
good fit with the observed geoid and also consistent with min-
eral physics (Karato, 1993; Steinberger and Calderwood, 2006). It
assumes that both seismic velocity and density anomalies in the
sub-lithospheric mantle are due to temperature anomalies, and
hence perfectly correlated. The upper 220 km have been excluded
from the model as seismic velocity anomalies might be to a
large part due to compositional rather than thermal variations
within the lithosphere. As dynamic topography is very sensi-
tive to density variations at lithospheric depths, the exclusion
of a heterogeneous lithosphere should avoid gross overestima-
tion of dynamic topography amplitudes (Steinberger et al., 2001;
Steinberger, 2007). However, in some regions, lithospheric keels
and compositional heterogeneities might extend deeper than
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220km and partly cause over-prediction of the dynamic topog-
raphy from mantle-flow models. See Steinberger (2007) for a
discussion on the differences between various modelling results
using different seismic tomography model input. The computed
dynamic topography is relative to the geoid, i.e. relative to sea
level.

The flow field of the mantle for the last 70 Myr is calcu-
lated using the spectral method described by Hager and O’Connell
(1981), based on spherical harmonic expansion of surface plate
velocities and internal density heterogeneities at each depth
level (Steinberger et al., 2004; Xie et al., 2006; Steinberger and
Calderwood, 2006). The flow model is constrained by matching
paleo-latitudes of hotspots from paleomagnetic data.

We limit backward advection to the past 70 Myr. This is about
the time span for which present-day mantle structure can be ade-
quately reconstructed through a forward-convection model run,
starting from the backward-advected model (Conrad and Gurnis,
2003). From the backward-advected density models, dynamic
topography was computed beneath air with the same viscosity
structure with high-viscosity lithosphere (2.4 x 1022 Pas~1), but
with a free upper boundary, for a density contrast of 3.3 g/cm3,
corresponding to mantle density. The viscosity model (Steinberger
et al., 2004) considers only radial viscosity variations and is based
on mineral physics and obtains a good fit with the geoid and other
observations.

Despite some shortcomings of the backward-advection model,
it currently represents the best way that is practically applicable to
predict dynamic topography on a global scale for Cenozoic times.
Fig. 3 shows the present-day global dynamic topography based on
conversion of seismic velocity anomalies for the S20RTS seismic
tomography model (Ritsema et al., 1999) and includes the location
of subduction zones for the last 140 Myr.

2.4. Plate kinematic framework

The plate kinematic framework which has been used for this
work is based on a moving hotspot absolute plate motion refer-
ence frame (O’Neill et al., 2005) extended to 140 Ma as described in
Miiller et al. (2008a, b). It is in the following referred to as EarthByte
model.
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Fig. 3. Present-day dynamic topography and paleo-subduction zone locations. Dynamic topography is computed from S20RTS model (Ritsema et al., 2004). Paleo-subduction
zone locations are generated from the EarthByte plate kinematic model (Miiller et al., 2008a, b) and cover the last 140 Ma. Superimposed are intracontinental sedimentary

basins of this study.
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Fig. 4. Total tectonic subsidence. It is assumed that pre-extensional crust is at sea
level. During stretching, crust thins and subsides with sediments filling the basin
and loading the crust creating additional subsidence. To obtain the total amount of
tectonic subsidence, the sediments are removed (backstripped) and the basement is
unloaded. The total tectonic subsidence is equivalent to the water depth that would
overlay the crust if no sediments had been deposited. The isostatic compensation
depth is assumed to be at the base of the lithosphere (modified after Sawyer, 1985).

3. Crustal structure-based subsidence estimates in
intracontinental basins

Our crustal structure-derived subsidence estimates are based on
two computations: the total extension (extension factor 8) within
a given basin polygon and the total tectonic subsidence (TTS). Both
were calculated individually using sediment thickness grids as well
as basement crustal thickness according to the CRUST2 model for all
basins to quantify extension and subsidence. Global data sets allow
computation of these simple estimates of crustal and lithospheric
extension under the assumption of a simple uniform extension,
pure-shear model (McKenzie, 1978).

However, different extensional mechanisms like depth-
dependent stretching or simple shear might be invoked
alternatively to explain subsidence of sedimentary basins.
These depend on the regional tectonic environment at a given
time when the basin is evolving, compositional and rheological
differences in the lithosphere, and pre-existing heterogeneities.
Sediment thickness data to compute stretching estimates provide
lithospheric stretching estimates whereas crustal thickness data
will only yield crustal stretching factors.

3.1. Total tectonic subsidence

The total amount of subsidence in a basin is defined as the sum
of sediment thickness above a basement horizon and the water
depth (Fig. 4). Sawyer (1985) defined the term “total tectonic sub-
sidence” as the difference between the pre-rifting continental crust
elevation and the present, sediment unloaded, basement depth in a
sedimentary basin. Although the TTS contains less information than
subsidence history analysis, it can be applied to multiple points in
a basin and is thus ideal for basin-wide, or even continent-wide
analysis of data points.

Most intracontinental basins are currently found at low eleva-
tions and display evidence of mostly continental and shallow water
deposition. Hence the total subsidence equates to the sediment
thickness. We assume that the basement surface was at sea level
when the basin started forming. To obtain the tectonic subsidence
from the sediment thickness, it is necessary to backstrip the sedi-
ments and unload the basement (Fig. 4). The unloading correction
U requires to make assumptions about the sediment thickness and
average density as well as the crustal response to spatially and tem-
porarily varying sediment load. Generally the unloading equation

takes the form of:

Ps — Pw
U=t Pm — Pw M
where Uis the unloading correction, ts the observed sediment thick-
ness, ps the average sediment density of the whole sequence, pm
the mantle density and pw the density of sea water. Typically U is
about 2/3 of the sediment thickness.

It is assumed here that the crust is in local Airy isostatic equi-
librium and has no flexural rigidity. As most of the basins have a
diameter well over 300 km, the Airy isostatic compensation model
is a good approximation to investigate large-scale basin subsidence
anomalies (Watts, 2001).

Sawyer (1985) has shown that flexural loading and a local iso-
static model will be similar in regions where the sediment has
nearly uniform lateral thickness as the flexural isostatic correction
is a function of sediment thickness at all nearby points. Most of
the intracontinental basins used in this study are broad depres-
sions, hence they show laterally relatively uniform distribution of
sediment thicknesses.

3.2. Subsidence estimates from sediment thickness

Total tectonic subsidence estimates can be derived using the
thickness and average density of the sediments in each given basin.

For computing the isostatic response of the crust due to sedi-
ment loading/unloading we follow Sykes’ approach (Sykes, 1996) to
compute the average density of a sediment column of a given thick-
ness based on a density-depth relationship derived from Ocean
Drilling Program (ODP) data.

IsC = 0.43422 t; — 0.010395 (t5) 2)

where t; is the observed sediment thickness at any given point
in the basin and IsC is the isostatic correction. The differences in
isostatic correction between using this approach or a uniform sed-
iment density can exceed 2000 m for thick sedimentary sequences
(10-12 km; Sykes, 1996).

To compute the tectonic subsidence inferred from the sedimen-
tary infilling, the unloading correction based on the formula of

sediment thickness [km]
& B B o @ o &N
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Fig. 5. Total tectonic subsidence thickness versus isostatic correction using Sykes
(1996).
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Fig. 6. Global map of total tectonic subsidence derived from sediment thickness (TTSseq) for selected basins of this study.

Sykes (1996) (Eq. (2) and Fig. 5) is subtracted from the observed
basement depth. Theoretically, this should restore the basement to
the surface, if no additional tectonic forces acted on the basin. The
grids for TTSseq are computed using:

'['l'Ssed =t4 —IsC (3)

where t4 is the base of the hard sediments according to the CRUST2
model and IsC is the isostatic correction derived using Eq. (2).

The global TTS,.q map (Fig. 6) indicates values of larger than
1.5km for more than 50 intracontinental basins globally, with a
median value of 0.7 km. Most basins show a circular pattern, indi-
cating more tectonic subsidence in the basin center.

3.3. Subsidence estimates from basement thickness

Crustal stretching factor grids were computed by calculating
the basement crustal thickness BCT (CRUST2 Moho depth minus
CRUST2 Base hard sediments). If the crust and lithosphere are
thinned uniformly, the principle of isostasy requires the surface
to subside (McKenzie, 1978; Turcotte and Schubert, 2001; Allen
and Allen, 2005). The McKenzie (1978) pure-shear model assumes
that the crustal volume stays constant during the process as do the
crustal densities. For accurate regional estimation of crustal exten-
sion factors, it was assumed that the median thickness of the basin
rim (the outline of a given basin) represents the most objective
input for an initial, pre-rifting crustal thickness estimate relative
to the observed crustal thickness in the basin interior. However, as
erosion is most likely concentrated at the basin rim, we here assume
a “no-erosion” end member scenario, implying minimised stretch
factor estimates and reduced tectonic subsidence due to cooling.

The median thickness along the individual basin rims was
extracted from the basement thickness grid and used as initial
crustal thickness relative to the BCT grid of the basin interior. The
crustal extension factor for the basins in the study was calculated
for the individual basins according to this equation:

Lrim

- ()

;BCI‘USt =
where t;,, is the median crustal thickness along the basin rim and
tc is the BCT in the interior of the basin.

The TTS based solely on basement crustal thickness (TTS¢ry) can
be derived using the equation of Le Pichon and Sibuet (1981) in

Sawyer (1985) and Allen and Allen (2005) and the extension factors
derived from the basement thickness (Bcru):

TTSera = 7.82 km - (1 - L) (5)
,Bcru

where TTSy is the total tectonic subsidence of the crust, and Bcru

is the crustal extension factor (Eq. (4)).

The highest TTSqy values (>3 km) are observed in the basins
extending from the interior of a continent onto the offshore mar-
gins, like the Australian Canning Basin, the West Siberian Basin, the
Patagonian Basins, and some North American Arctic basins (Fig. 7,
forlocations see Fig. 1). The Global median value for crustal tectonic
subsidence is 0.3 km. The Australian Eromanga Basin and Murray-
Darling Basins, the Timan-Pechora Basin west of the northern Ural
Mountains in Russia, and the Texan Permian Basin, Oklahoma and
Illinois Basins show notable higher TTS¢, values as “true” intra-
continental basins. These observations are well in agreement with
published values (e.g. Artyushkov, 1992).

3.4. Anomalous tectonic subsidence

The ATS (Fig. 8) is calculated by subtracting the total tectonic
subsidence derived from crustal extension (Fig. 7) from the total
tectonic subsidence estimated from the sediment thickness (Fig. 6)
in each given basin. The difference illustrates the degree of ATS of a
given basin (Fig. 8). The global median value for the selected basins
of this study is 1.37 km of ATS.

Apart from the eastern Chinese Basins, the Basin and Range
Province, and the Patagonian offshore region, the overwhelming
majority of the basins shows large ATS values (Fig. 8). This is due to
larger tectonic subsidence estimates from the sediment thickness,
than from crustal stretching. In basins with higher sediment densi-
ties, for example due to significant carbonate deposition, a part of
the large ATS values is probably due to an underestimation of the
average densities as compared to Sykes (1996) equation. Potentially,
this is to be expected for the Arabian Peninsula. In order to quantify
the error due to generalising the sediment densities, more detailed
local assessments are required which go beyond the scope of this
global study.

The anomalous tectonic subsidence (Fig. 8) does not discrimi-
nate between mechanisms other than crustal stretching which can
create sediment accommodation space, such as flexural loading or
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Fig. 7. Global map of total tectonic subsidence derived from crustal extension factors for selected basins of this study. As the calculated TTS., is based on the computed
crustal extensional factor, the patterns observed in the map are very similar. The highest SBCT tectonic subsidence can be found in the Precaspian, the northern, passive
margin part of the West Siberian Basin and the Canning basin, the Patagonian Basins of South America and some North American Arctic Basins.

magmatic intrusions. In basins close to convergent plate bound-
aries, like the northern part of the Arabian basins, or the Tarim
Basin, flexural effects can be the dominating cause for anomalously
high tectonic subsidence values.

4. Deep-Earth dynamics, plate kinematics, crustal structure
and subsidence of intracontinental basins

First and second order mantle convection patterns have long
been recognised as a mechanism that is able to create or destroy
sediment accommodation space and control the large-scale flood-
ing patterns of continents (Lithgow-Bertelloni and Gurnis, 1997;
Burgess and Gurnis, 1995; Gurnis, 1993). However, due to a lack
of frameworks which allow the integration and combined analysis

of mantle convection, plate kinematics and crustal structure, the
amplitude and spatial effects of dynamic topography on the subsi-
dence of intracontinental basins has not been quantified in the past.
For conventional basin modelling, its effects are usually not taken
into account, partly due to the lack of a widely accepted, calibrated
dynamic topography model and partly because of the common
perception that these effects are negligible for industry-standard
basin modelling.

4.1. Dynamic subsidence
We have analysed the plate kinematics and Cenozoic dynamic

topography history for a global set of intracontinental basins (Fig. 9)
in order to quantify the vertical changes induced by the relative

sl .
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Fig. 8. Global anomalous tectonic subsidence for selected basins. Red colours indicate larger tectonic subsidence computed from sediment thickness than from crustal
thickness, blue colours indicate the opposite. Note that most younger extensional tectonic systems like the East African rift, the Patagonian South Atlantic basins, the eastern

Chinese Basins have low anomalous tectonic subsidence values. Grid cell size is 2 x 2'.
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Fig. 10. Absolute plate reconstructions and dynamic topography models with intracontinental basin polygons superimposed for 70 Ma (top) and 35 Ma (bottom). Centroids
of 54 selected basin polygons are plotted as red dots. Dynamic topography model based on S20RTS model (Ritsema et al., 2004, 1999). Past plate positions based on EarthByte
plate kinematic framework (Miiller et al., 2008b, a). For present-day configuration see Fig. 3.
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position of the basins with respect to the large-scale patterns of
mantle convection. The individual centroid of a basin polygon is
used as reference point. These center points are then rotated back
to their past position using the EarthByte plate model (Fig. 10), and
dynamic topography amplitudes are extracted from the analytical
flow model. This allows to reconstruct the dynamic topography his-
tory of selected basins in 1 Myr time steps from 70 Ma to the present
(Fig. 11). Out of the total 229 basins from our global basin database
we have chosen 54 basins scattered over 11 regions (Fig. 9, red dots)
where we extracted a detailed dynamic topography history (Fig. 11).

The data generally illustrate that most intracontinental basins
have experienced mantle convection-induced net “dynamic subsi-
dence” during the Cenozoic (Figs. 10 and 11). The observed pattern
reflects the disintegration of the supercontinent Pangaea, which
started in the Jurassic and continues until today. As the current
plate tectonic configuration reflects one of continental dispersal,
most of the continental plates have migrated towards zones of
long-lasting subduction (Figs. 3 and 10; Anderson, 1994). Regions
or continents which remained stationary during the Cenozoic show
little net dynamic subsidence, or even uplift, like the Somali Basinin
north-eastern Africa in the vicinity of the East African Rift (Fig. 11a)
or Europe (Fig. 11f).

Stable, broad downwellings dominate the pattern of convec-
tion over relatively weaker upwellings and plumes (Bercovici et al.,
2000). The regions which have been situated close to, or above man-
tle downwellings during the Cenozoic show very uniform dynamic
subsidence patterns (e.g. Siberia, Fig. 11j; the Caspian, Fig. 11d;
China, Fig. 11e), confirming the large spatial extent of the broad
belts of negative dynamic topography and their relative stability.
Regions which moved towards these prominent zones from a rela-
tive dynamic topography high, like the Australian (Fig. 11c), North
American (Fig. 11g), South American Plates (Fig. 11i) display the
largest amounts of dynamic subsidence due to the displacement
of the plates relative to the underlying convection cells. Abso-
lute dynamic topography amplitudes are largest in Southeast Asia
(Fig. 11k), because the region is located above the convergence
of two major subduction zones (Tethys/Indian Ocean and Pacific)
which have existed for at least 140 Myr (Metcalfe, 1991).

The African plate contains many old, cratonic basins (Hartley
and Allen, 1994; Burke et al., 2003) and occupied a central position
in the Pangaea supercontinent. It has moved only little northward
in an absolute plate motion reference frame during the Ceno-
zoic and hence only experienced minor displacement relative to
the underlying convection patterns. Insulation effects supercon-
tinent assemblages (Anderson, 1994; Lenardic et al., 2005), and
the distal position relative to major downwellings and subduction
zones prevented the African continent from being affected by major
negative dynamic topography during the Cenozoic. Basins in South-
ern Africa experienced uplift due to increasing positive dynamic
topography (Fig. 11a; Gurnis et al., 2000; Lithgow-Bertelloni and
Silver, 1998). Northward motion of Africa towards the Tethyan
subduction-related mantle downwelling resulted in increasing
negative dynamic topography since the Miocene for most north-
ern and central African basins (Fig. 11a). Most likely this would
have lowered the topographic base level and generated additional
accommodation space. When comparing predicted and observed
topography with crustal structure data, Mooney and Vidale (2003)
found that the “residual topography unexplained by crust” for most
of the north-western African basins (e.g. Taoudeni, Chad, Ghadames
Basin) shows elevations too low compared to what would be
expected from their respective crustal thicknesses. Dynamic topog-
raphy profiles from the Arabian basins (Fig. 11b) indicate that the
region has experienced negative dynamic topography for the Ceno-
zoic, with a relatively sharp increase in amplitude during the last
20 Myr. This suggests not only that anomalous subsidence stored

in the Arabian basins would have been relatively protected from
erosion and isostatic rebound, but also that the region has been
susceptible to Cenozoic flooding and sediment deposition due to
a lowered topographic base level by negative dynamic topogra-
phy.

Most Australian basins have experienced a large increase in neg-
ative dynamic topography during the last 70 Myr (Fig. 11c). Starting
with positive dynamic topography in the Paleogene, Australia’s
Cenozoic northward motion towards the Southeast Asian mantle
downwelling resulted in increasing negative topography. In com-
bination with falling sea levels, this would have resulted in higher
exposure of the Australian basins during the Late Cretaceous and
early Tertiary, with a progressive lowering of the topographic base
level from about 30Ma to the present, making the basin areas
more susceptible to flooding and preventing erosion (Heine et al.,
in revision).

The Caspian Basins (Fig. 11d) experienced a similar geody-
namic evolution as the Arabian basins, with neutral to slightly
negative dynamic topography. This likely prevented erosion and
favoured deposition in times of higher sea levels in the early
Tertiary. Increasing negative dynamic topography in conjunction
with falling sea levels kept the topographic base level low, likely
preventing erosion. The Precaspian basin, as one of the deepest
sedimentary basins of the planet, has likely been situated above
a mantle downwelling since the Triassic (Stampfli and Borel, 2002;
Golonka, 2004) and experienced little deformation through crustal
extension in this time (Brunet et al., 1999; Volozh et al., 2003;
Brunet et al., 2003). However, large thicknesses (about 15 km) of
sediments accumulated in Mesozoic-Cenozoic times. We attribute
this to the position of the Precaspian basin relative to the large-
scale mantle downwelling induced by subduction of Tethyan ocean
lithosphere beneath the southern Eurasian margin. The extreme
sediment thicknesses with the constant negative topography might
have triggered mineral phase transitions due to the overburden
(Kaus et al., 2005; Petrini et al., 2001), which could have signifi-
cantly increased the lithospheric densities and further influenced
the isostatic response of the basin. A large mismatch of elevation
and crustal structure for the Caspian region is reported by Mooney
and Vidale (2003).

Long-lasting subduction of Pacific Ocean lithosphere beneath
Far East Asia feeds one of the largest observed zones of mantle
downwelling on Earth (Fig. 3). Thus the Chinese Basins (Fig. 11e)
show negative dynamic topography for the Cenozoic with a slight
increase within the last 10-20 Myr. This would suggest a con-
stant lowering of the topographic base level and a larger likelihood
of flooding of low-lying basins during the Neogene. However,
the geodynamic evolution of the area is complicated due to the
proximity to plate boundaries and tectonic events affecting the
region.

The European Basins (Fig. 11f) show neutral to low nega-
tive dynamic topography throughout the Cenozoic, likely causing
enough deflection of the surface to prevent erosion of accumulated
“anomalous” sediment thickness. Since the late Miocene, negative
dynamic topography increased little, probably lowering much of
the topographic base level in Central Europe (e.g. North German
Basin), related to a slight southward motion of Europe towards the
mantle downwelling of the Tethyan subduction.

Many North American (Fig. 11g) and the Arctic basins (Fig. 11h)
have experienced a change in dynamic topography from about neu-
tral to positive to slightly negative dynamic topography during the
Cenozoic. For basins with anomalous sediment accumulation this
would have resulted in non-deposition and/or erosion and, again,
a lowering of topographic base level since about 30 Ma, making
topographically low-lying basins susceptible to flooding even with
falling eustatic sea level.
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Intracontinental basins of South America (Fig. 11i) reflect the
global trend with an increase of negative dynamic topography
throughout the Cenozoic. Observed dynamic topography ampli-
tudes for most basins are large, likely due to the relative motion
of the South American continent towards and over the long-
established subduction-related mantle downwelling along the
eastern Pacific margin. Large negative dynamic topography ampli-
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tudes would also explain the “unexplained topography” in much of
South America of Mooney and Vidale (2003) and particularly make
the south-eastern South American basins susceptible to flooding
and deposition throughout the Cenozoic.

Basins in most of Far Eastern Russia (Fig. 11j) show an
increasing negative dynamic topography over the last 70 Myr,
counterbalancing the effect of a falling eustatic sea level. There-
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Fig. 11. Dynamic topography history for 54 selected basin polygons centroids for the last 70 Myr by region. Dynamic topography based on S20RTS model (Ritsema et al.,
2004, 1999). Region grouping according to Fig. 1 with AFR, African Basins; ARA, Arabian Basins; AUS, Australian Basins; CAS, Greater Caspian region; CHN, Chinese Basins;
EUR, European basins; NAM, North American Basins; ARC, Arctic North American Basins; SAM, South American Basins; SIB, Siberian Basins; SUN, Sundaland Basins.
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fore anomalous subsidence in the Siberian basins is most likely
preserved throughout the Cenozoic with additional continued
deposition in low-lying basins, like the northern part of the WSB
and adjacent basins.

In Sundaland (Fig. 11k), the convergence of Pacific and
Tethyan/Indo-Australian plates have created one of the broadest
areas of mantle downwelling, hence the dynamic topography his-
tory of the Southeast Asian basins shows the largest negative
dynamic topography amplitudes. This suggests, that throughout
the Cenozoic the basins provide additional sediment accumulation
space, resulting in anomalous tectonic subsidence. The proximity to
active plate boundaries may, however, prohibit a direct correlation
between the effects of mantle downwelling and increased sedimen-
tation, although Morley and Westaway (2006) report extremely
high, anomalous post-rift subsidence values (6-12 km) from the
Pattani-Malay basins. Hall and Morley (2004) report many deep,
rapidly subsiding Cenozoic basins from the Sundaland part of
Southeast Asia where there are problems in “understanding the
origin of the stresses driving them, and the amount of sediment
accumulated.”

4.2. Dynamic versus anomalous tectonic subsidence

Linking integrated Cenozoic dynamic subsidence with anoma-
lous tectonic subsidence computed from the global basin analysis
provides important insight on the geodynamics of intracontinental
basins but remains a challenging task. It requires a detailed analy-
sis of the individual Cenozoic sedimentation record of each basin.
However, the modeled dynamic topography evolution for selected
global basin centroids (Fig. 11) allows to make assumptions on the
contribution of mantle convection-induced vertical motions to the
Cenozoic subsidence history of the individual basins. The anoma-
lous tectonic subsidence does not contain time information and is
integrated over the basin lifespan. The dynamic topography history
in contrast is limited to the last 70 Myr.

By using the age of the basin as determined by the basement
we can discriminate correlation patterns in the dynamic subsi-
dence versus ATS. Basins with age information in our database were
selected based on whether they are still locus of sediment depo-
sition, meaning the young basin age is 0 Ma. Using the basement
age as indication for the start of sedimentation, the selected basins
were grouped in two different age ranges (less than 100 Myr old
and 100-250 Myr old; Fig. 12). We applied a spline-fitting algorithm
(Thijsse et al., 1998) to investigate trends in the data.

For selected basins less than 100 Myr old we cannot derive
a clear relationship between ATS and dynamic subsidence inte-
grated over the last 70 Myr. However, apart from one exception,
all selected basins plot in the upper right quadrant of the ATS ver-
sus net dynamic subsidence graph (Fig. 12a). This reflects than ATS
is paired with predicted negative dynamic topography. However, a
clear linear trend between ATS and dynamic subsidence integrated
over the last 70 Myr is lacking. The data points form a cloud cen-
tered around 750 m net dynamic subsidence and about 500 m of
ATS.

The lack of a clear trend in the “young” basins group (Fig. 11a)
can be explained by the following reasons: First, the basins in this
group are almost exclusively located on the stable Sundaland core
in SE Asia (Hall and Morley, 2004; Hall, 1998), two out of 20 are
located in Africa and one basin in Australia. SE Asia is affected by
a major downwelling caused by the convergence and subduction
of the Pacific and Indian Ocean plates resulting in large negative
dynamic topography amplitudes (Fig. 11k; Lithgow-Bertelloni and
Gurnis, 1997). Additionally, most of the basin polygons in SE Asia
have a small to medium size (mean of 86053 km?) compared to
other regions. These basin polygon sizes are well below the origi-
nal spatial resolution of 2° for the crustal data sets. Thus sediment
thicknesses for those basins might be drastically underestimated.
Lastly, basins less than 100 Myr old are likely not fully thermally
equilibrated and will continue to show ongoing thermal subsi-
dence. Lastly, some of the SE Asian basins are likely affected by
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Fig. 12. Net dynamic topography for the last 70 Myr versus anomalous tectonic sub-
sidence for basin polygons grouped by basin age for basins less than 100 Myr old (a)
and “Mesozoic” basins 100 to 250 Myr old (b). Positive values on y-axis indicate
anomalous subsidence, positive numbers on x-axis indicate dynamic subsidence,
negative numbers indicate dynamic uplift. Dynamic topography model based on
S20RTS seismic tomography (Ritsema et al., 2004, 1999). We used a spline-fitting
algorithm (Thijsse et al., 1998) to derive the correlation between the data. Abbrevi-
ations: rms, root mean square of the noise amplitude data; DWS, Durbin-Watson
statistic for the fitted spline (values between 1.9 and 2.2 usually indicate a good
fit); ksi, autocorrelation length &; acffit, measure of how closely the autocorrelation
function of the fit-residuals matches the assumed autocorrelation function with
autocorrelation length &.

localised tectonic deformation which might have a similar, if not
larger impact on the subsidence. As our approach only takes the
total amount of accumulated sediment into account, we are not
able to discriminate these effects on the subsidence signal.

For selected basin centroids of Mesozoic-aged basins (Fig. 12b)
we find a relationship of about 1:1.5 of ATS versus net dynamic
subsidence as indicated by linear spline-fitted trends. The basin
centroids in this plot reflect much broader regional distribution
(8 out of 12 regions) and basin sizes are much larger (mean of
324,593 km?2) as opposed to the basins less than 100 Myr old.
Furthermore, the “Mesozoic” basins are likely fully thermally equi-
librated and thus the trend can be regarded as robust.

5. Discussion

We have shown that anomalous tectonic subsidence in intra-
continental basins is likely caused by basins moving to regions
of negative dynamic topography due to the continuing dispersal
of the supercontinent Pangaea. By using an analytical flow model
to compute time-dependent dynamic topography based on the
S20RTS seismic tomography model (Ritsema et al., 1999) in con-
junction with global plate kinematics, we track the vertical motions
for a global set of 229 basin polygons over the last 70 Ma. Most
intracontinental basins in a stable tectonic setting show a history
of subsidence and the creation of additional sediment accommo-
dation space due to plate motion towards mantle downwellings.
Utilising ATS as a parameter derived from a global crustal struc-
ture analysis, we can quantify the amount of basin subsidence
not related to crustal extension. Our results indicate generally a
positive correlation between the sediment- and crustal structure-
derived ATS and predicted net dynamic subsidence for our selected
basins.

As our analysis of anomalous tectonic subsidence considers the
total sediment thickness in each given basin, it is time-independent.
Due to the limitations of the backward-advection model, the study
only covers the last 70 Myr of dynamic topography history. A direct
correlation between sediment accumulation as reflected in the
basin stratigraphy and dynamic subsidence hence requires access
to detailed stratigraphic data and will be the focus of future work.
We propose that phase changes triggered by increasing overbur-
den (Artyushkov, 2007; Kaus et al., 2005; Petrini et al., 2001) due
to continued negative dynamic topography might cause anoma-
lous tectonic subsidence to be “stored” in a given sedimentary
basin.

Competing mechanisms which might also contribute to anoma-
lous tectonic subsidence are magmatic intrusions during the initial
extensional phase of a given basin or changes in the large-scale
stress field (e.g. Birt et al., 1997; Lyngsie et al., 2007; Marotta et
al,, 2000). Although these effects might operate on shorter wave-
lengths, they will contribute to the anomalous tectonic subsidence
resolved with our method.

The methodology outlined in this paper is extremely dependent
on the accuracy and resolution of crustal structure data. There-
fore basin sizes below the original grid resolution of the CRUST2
model are not well constrained in terms of their anomalous tec-
tonic subsidence. Future developments in numerical modelling and
seismic tomography model resolution will enable greater accuracy
of our prediction in combination with better stratigraphic control
on basin level.

The data presented in this study are accessible online through
the ICONS interactive atlas as part of the EarthByte portal
(http://www.earthbyte.org/resources/ICONS/index.html).
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