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Supplemental Information 
 
Convection modeling for the Colorado Plateau margins 
 
The numerical code CitCom (Moresi and Gurnis, 1996; Zhong et al., 2000) was used for 
the model calculations. We used a visco-plastic rheology, which combines linear, 
temperature and pressure dependent viscous Arrhenius type rheology for diffusion creep 
with activation energy E*=360 kJ/mole and activation volume V*=5 cm3/mole with a 
pseudo-plastic rheology for Byerlee’s law using a frictional coefficient of 0.7. The 
reference viscosity at reference mantle temperature Tm (1350°C) and reference depth 
zr=660 km was 0 1.76·1021 Pa·s. We further used thermal expansion α=3.5·10-5 K-1, 

diffusivity Κ=1·10-6 m2s-1, specific heat cp= 1250 J·kg-1·K-1, 3300  kg/m3 and g=9.8 
m/s2. Model parameter values are adopted from van Hunen and Zhong (2003); only E* 
and V* are taken from Karato and Wu (1993). E* controls thermal boundary layer 
instabilities (Davaille and Jaupart, 1994). 
Thermal boundary conditions are 0°C at the free surface, 1350°C at the bottom of the 
model domain, and zero diffusive heat flux at side boundaries. The step in lithosphere 
thickness between the BRP and CP is included as an initial setup condition (see Fig. 
DR1). We also included ongoing extension in the BRP during the past 12 My as far-field 



velocity boundary conditions imposed on the side boundaries. In tests in which the 
extension velocity was 0 mm/yr, the lithosphere below the BRP cools and thickens, and 
the step in lithosphere thickness between the CP and the adjacent regions decreases 
rapidly over time. 
Tests are shown that were performed with a ~1580 km wide, 660 km deep model domain, 
covered by a grid of 97 vertical and 257 horizontal nodes. Varied parameters included the 
step in lithosphere thickness (the CP thickness of 140 km was held constant between 
tests; the initial BRP thickness was varied between 50 and 120 km, Fig. DR1), the BRP 
extension rate (between 0 and 10 mm/yr, shown are results with 6 mm/yr extension rate), 
and E* (the activation energy, which was varied between the standard value of 360 
kJ/mol and a reduced value of 180 kJ/mol to mimic dislocation creep effects, 
Christensen, 1984; van Hunen et al., 2005). In addition we performed several tests with 
stress dependent rheology (with power law exponent 3.5) that however did not produce 
any significantly different results and hence are not further described here.       
All asthenosphere-lithosphere boundary topographies tested were large enough to induce 
convection (Fig. 2). Such convective instabilities develop preferably near lithosphere 
inhomogeneities (Sleep, 2007). As expected for edge-driven convection, the convection 
cell that develops has upward flow of asthenosphere beneath the thinned areas of the 
BRP. Below the CP interior, a cold downwelling develops (Fig. 2). The tests differ in the 
temperature of this downwelling; the instability is between ~100 and ~250°C colder at 
250 km depth than surrounding asthenosphere. The tests also differ in the lithosphere 
thickness of the BRP (tests with an initially thicker BRP lithosphere maintain a thicker 
lithosphere during the model evolution and vice versa), and hence, the BRP-CP 
temperature difference.  
 
In modeling, the solidus (Fig. 2A) is crossed below the BRP and below the CP edge. The 
exact amount of modeled melt depends on the initial thickness of the BRP lithosphere, 
the extension rate, and the amount of convectively removed mantle lithosphere. 
 
Synthetic seismic wave velocities 
We calculated seismic wave velocities corresponding to the model temperature structures 
(Fig. 2, Fig. DR2). Seismic wave velocities were predicted from model temperatures 
including elastic and anelastic effects and variations of mineral phase composition with 
pressure and temperature, using the method described in Cobden et al. (2008), and van 
Wijk et al. (2008), and parameters listed in Tables DR1 and DR2. The expression for Q is 
QS (T,z)  Q0 

a  exp(agTm (z) /T). We use the parameters in Table DR2, which give a 
temperature-dependence similar to model “Q1” that provided compatible temperature 
estimates for VP and VS at lithospheric depths (Goes et al., 2000), but use the 
parameterization in terms of melting temperature to account for the pressure dependence.  
This Q model does quite well at reproducing the average velocity-depth gradients beneath 
the study region (Fig. 2, DR2, Van Wijk et al., 2008) down to about 250 km, but deeper 
gradients are somewhat lower than those found seismically. Other Q parameters may be 
able to also reproduce the deeper gradients (Faul and Jackson, 2005), or compositional 
heterogeneity may be required (Cammarano and Romanowicz, 2007, Cobden et al., 
2008).  The seismic conversion method has been tested, updated, and applied to the 
evaluation of lithosphere-upper-mantle structure and dynamics in a number of previous 



studies (Goes et al., 2000, Goes and Van der Lee 2002, Cammarano et al., 2003, Cobden 
et al., 2008, Van Wijk et al., 2008; Hieronymus & Goes, 2010). 
 
 Seismic anomalies are relative to the model horizontal average, i.e., a regional reference, 
as in the tomography of Sine et al. (2008). The maximum, thermally induced, VS contrast 
between CP and BRP lithosphere is about 12% for a constant pyrolitic composition (Fig. 
DR2). Other compositions were tested (e.g., a mechanical basalt-harzburgite mixture, Xu 
et al., 2008); they give quite different absolute velocities but hardly change the pattern 
and amplitude of the relative regional anomalies. Compositional differences alone 
between the CP lithosphere and BRP asthenosphere can enhance the velocity contrasts by 
a maximum of 1.5-2%, assuming an extremely depleted (dunitic) composition for all 
regions with temperatures less than 1200°C. A dunitic composition is an end member; it 
is more depleted than the available CP xenoliths, but has been suggested to be 
representative for old buoyant  (Archean) lithosphere (e.g., Griffin et al. 2008), and 
produces the most extreme seismic velocity contrast. 
 
Table DR1. Compositions in oxides in mole % 
Composition MgO FeO CaO Al2O3 SiO2 Reference 
Pyrolite 48.53 5.72 3.50 1.80 38.66 Sun, 1982 
Harzburgite 57.42 5.44 0.44 0.48 36.22 Irifune & Ringwood, 1987 
Eclogite 16.31 6.70 14.58 9.88 52.54 Perrillat, et al., 2006 
Dunite 59.95 4.77 0.073 0.144 35.06 Griffin et al., 2008 
 
Table DR2. Anelasticity model 
depth  Q0 a ω g QK 
0 km – ol-wad 0.1 0.15 0.02 Hz 40 1000 
ol-wad – 660 km 0.5 0.15 0.02 Hz 30 1000 
 
 
 

                                        
Figure DR1. Initial model setup, grey area denotes high viscosity lithosphere. The initial 
lithosphere thickness of the Colorado Plateau (CP) is 140 km in all tests; the lithosphere 
thickness of the Basin and Range Province (BRP) is varied between different tests. 
Therefore S, the step in lithosphere thickness between CP and BRP, varies between 
different tests.   
 
 



                                    
 
Figure DR2. S-wave seismic velocities and anomalies predicted by our models as 
described in the text, for a constant pyrolitic composition. A) Absolute S-wave velocities 
corresponding to temperatures in Fig. 2B. B) S-wave velocity anomalies relative to the 
layer average for structure in DR2A. 
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