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Abstract 8	

Much effort has been given on extracting the dynamic component of the Earth’s topography, 9	

which is driven by density heterogeneities in the mantle. Seismically mapped density 10	

anomalies have been used as an input into mantle convection models to predict the present-11	

day mantle flow and stresses applied on the Earth’s surface, resulting in dynamic topography. 12	

However, mantle convection models give dynamic topographies generally larger by a factor 13	

of ~2 compared to dynamic topographies estimated from residual topography after extraction 14	

of the isostatically compensated topography. Our 3D thermo-mechanical numerical 15	

experiments suggest that this discrepancy can be explained by the use of a viscosity model, 16	

which doesn’t account for non-linear viscosity behaviour. In this paper, we numerically 17	

model the dynamic topography induced by a spherical density anomaly embedded into the 18	

mantle. When we use non-linear viscosities, our numerical models predict dynamic 19	

topographies lesser by a factor of ~2 than those derived from numerical models using 20	

isoviscous rheology. This reduction in dynamic topography is explained by either the 21	

formation of a low viscosity channel beneath the lithosphere, or a decrease in thickness of the 22	

mechanical lithosphere due to induced local reduction in viscosity. Furthermore, we show 23	

that uncertainties related to activation volume and fluid activity lead to variations in dynamic 24	

topography of about 20%.  25	
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1. Introduction 26	

 The Earth’s mantle is continuously stirred by hot upwellings from the core-mantle 27	

boundary, and by subduction of colder plates from surface into the deep mantle (Pekeris, 28	

1935; Isacks et al., 1968; Molnar and Tapponnier, 1975; Stern, 2002). This introduces 29	

temperature and density anomalies that stimulate mantle flow and forces dynamic uplift or 30	

subsidence at the plates’ surface (Gurnis et al., 2000; Braun, 2010; Moucha and Forte, 2011; 31	

Flament et al., 2013). Dynamic topography can affect the entire planet’s surface with varying 32	

magnitudes. Because it is typically a low-amplitude and long-wavelength transient signal, it 33	

is often dwarfed by topography created by plate tectonic processes. Therefore, investigations 34	

on dynamic topography signals mostly focus on non-tectonic regions where the dynamic 35	

topography can be extracted from the subsidence history of sedimentary basins. Dynamic 36	

subsidence and uplift events are identified by isolating part of the subsidence that cannot be 37	

explained either by thermal relaxation or tectonic processes such as crustal thinning (Sclater 38	

and Christie, 1980).  39	

 40	

For the present day, the observational constraints on dynamic topography come from residual 41	

topography measurements (Hoggard et al., 2016). Residual topography is calculated by 42	

removing the isostatic components from the Earth’s topography (Crough, 1983; Cazenave et 43	

al., 1989; Davies and Pribac, 1993; Steinberger, 2007). Hoggard et al., (2016)’s 44	

comprehensive work revealed that residual topography varies between ±500 m at very long-45	

wavelengths (i.e. ~10,000 km) and can increase up to ±1,000 m at shorter wavelengths (i.e. 46	

~1,000 km). However, the accuracy of these estimates depends on our knowledge of the 47	

thermal and mechanical structure of the lithosphere. Another approach to constrain present 48	

day Earth’s dynamic topography involves numerical modelling of present-day mantle flow 49	

using seismically mapped density anomalies as an input (Steinberger, 2007; Moucha et al., 50	
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2008; Conrad and Husson, 2009). However, this method requires a good knowledge of the 51	

viscosity structure in the Earth’s interior (Parsons and Daly, 1983; Hager, 1984; Hager et al., 52	

1985; Hager and Clayton, 1989). The problem is that dynamic topography predictions 53	

derived from mantle convection models are generally larger by a factor of two than estimates 54	

from residual topography (Cowie and Kusznir, 2018; Flament et al., 2013). We hypothesise 55	

that this could be related to an oversimplification of the viscous behaviour of the flowing 56	

mantle. In this paper, we explore how the magnitude of dynamic topography is impacted 57	

when we use a viscosity model in which the viscosity depends on strain rate, temperature, 58	

pressure and fluid content. In this paper, we first  summarize the well-established analytical 59	

solution for calculating dynamic topography induced by a spherical density anomaly 60	

embedded into an isoviscous fluid (Morgan, 1965a; Molnar et al., 2015). Then, assuming 61	

isoviscous rheology, we illustrate that the amplitude of dynamic topography depends on the 62	

viscosity structure of the Earth’s interior as shown by (Morgan, 1965a; Molnar et al., 2015). 63	

Finally, we use 3-D coupled thermo-mechanical numerical experiments of the Stokes’ flow to 64	

assess the dependency of dynamic topography to nonlinear rheology using viscosity which 65	

depends on temperature, pressure, strain rate and fluid content. We show that more realistic 66	

rheology can induce local variations in viscosity and result in lesser magnitude of dynamic 67	

topography than those derived from models using isoviscous rheology. 68	

  69	

2. Dynamic topography driven by a rising sphere: Analytical and 70	

numerical solutions 71	

2.1 Analytical solution for one layer isoviscous fluid 72	

 We assume here a simple 2D model representing a very viscous spherical density 73	

anomaly embedded into a semi-infinite isoviscous fluid bounded by an upper free surface. 74	

Earliest analytical investigations revealed that, albeit counter-intuitive, the magnitude of the 75	
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induced surface deflection due to the rising sphere is independent of the viscosity of the fluid. 76	

The dynamic topography is a function of the vertical total stress (𝜎##) applied to the surface 77	

which is proportional to the size and depth of the density anomaly according to Equation 1 78	

(Morgan, 1965a, 1965b). 79	

 𝜎## 𝑥, 0 = [2𝑔𝛿𝜌𝑟.] 01

(02342)6/2
  (1), 80	

where g is the gravitational acceleration, 𝛿𝜌 is density difference between the anomaly and 81	

the ambient material, r is radius of the sphere, and D is distance from the surface to the centre 82	

of the anomaly (modified from Morgan 1965a, see Figure 1a). The dynamic topography ezz is 83	

given by: 84	

 𝑒## 𝑥, 0 = 9::	 <,=
>?

	 at z = 0 (2), 85	

where r is mantle density (Morgan, 1965a; Houseman and Hegarty, 1987). In Figure 1a, we 86	

plot the dynamic topography induced by a sphere of 1% density anomaly, whose centre is at 87	

372 km depth (D= 372 km) below the free surface. We calculate the vertical total stress and 88	

convert it to dynamic topography by using Equation 2 for different values of the radius of the 89	

sphere. The amplitude of dynamic topography shows an accelerating increase by cubic 90	

dependence on the radius of the spherical density anomaly (Fig. 1a, black solid line). For the 91	

same problem, Molnar et al., (2015) provided a solution allowing to consider density 92	

anomalies of finite viscosity (𝜂ABCDED) (Eqn. 3): 93	

𝜎## 𝐶, 0 = GH>E10
.I

[.GJI
K1

+ MN IGM E2

K6
+ OI02

K6
− .Q(IGM)E202

KR
] (3), 94	

where C2=D2+x2 and f = (𝜂M 	+
.STUVWXW

J
)/(𝜂M + 𝜂ABCDED), for very viscous sphere (𝜂ABCDED ≫95	

𝜂M) f=1.5, and deformable sphere (𝜂ABCDED ≅ 𝜂M) f<1.5. In Figure 1a, we give two more plots 96	

of dynamic topography where f= 1.5 for hard sphere and f=1.25 for 𝜂ABCDED = 𝜂M by using 97	

Equation 2 and 3. Figure 1a shows that a rising deformable sphere creates higher dynamic 98	

topography compared to a very viscous sphere. These show that the viscosity contrast 99	
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between the spherical anomaly and the surrounding material can affect the dynamic 100	

topography. In the section that follows, we explore how dynamic topography varies when 101	

there is layering in viscosity, such as existence of a strong lithosphere above the anomaly.  102	

 103	

2.2 The impact of layered viscosity structure on dynamic topography  104	

 A more generalized solution has been put forward to accommodate the presence of a 105	

stronger upper layer representing the lithosphere (h2) above a lower weaker layer 106	

representing the convective mantle (h1, with h1<h2 in Fig. 1b). In this case, Morgan (1965a) 107	

showed (Eqn. 4) that the normal total stress induced by the density anomaly at depth is 108	

dependent on the mass anomaly per unit length (Mu), its depth (D), and marginally on the 109	

ratio of the viscosity of the convective mantle to the viscosity of the lithosphere (R=h1/h2). 110	

𝜎## 𝑥, 0 = 𝜎[ cos 𝑛𝑥 	𝑑𝑛
a
Q   (4), 111	

where 112	

𝜎[ =
𝑀c𝑔𝑒G[(0Gd)

2𝜋(𝑅𝑆C + 𝐶C)
1 + 𝑛 𝐷 − 𝑑 + 𝑛𝑑

1 − 𝑛𝐷 + 𝑛(𝐷 − 𝑑)(𝑅𝐶C + 𝑆C)/(𝑅𝑆C + 𝐶C)
1 + 𝑛𝑑(1 − 𝑅J)/(𝑅𝑆C + 𝐶C)(𝑅𝑆C + 𝑆C)

 113	

and Ch=cosh nd, and Sh=sinh nd (n is wave number) and d is the upper layer thickness 114	

(modified from Morgan 1965a). Following Morgan (1965a), Figure 1b illustrates the relative 115	

importance of R as well as the ratio of the thickness of the upper layer to the depth of the 116	

anomaly (d/D). As long as the lithosphere is more viscous than the asthenosphere, the vertical 117	

total stress at the surface has a minor dependence on the viscosity of the lithosphere (see solid 118	

lines with R=1 and R=0.01 in Fig. 1b). Figure 1b also shows that the magnitude of dynamic 119	

topography increases as the density anomaly is brought closer to the surface (compare solid 120	

black line with R=1 and dashed black line with R=1). Moreover, its sensitivity on the relative 121	

viscosity of the lithosphere also increases. Under the assumption where the lithosphere is less 122	

viscous than the asthenosphere, the normal stress is much reduced and is strongly dependent 123	

Solid Earth Discuss., https://doi.org/10.5194/se-2019-73
Manuscript under review for journal Solid Earth
Discussion started: 23 April 2019
c© Author(s) 2019. CC BY 4.0 License.



	 6	

on the viscosity of the lithosphere (Fig. 1b). These demonstrate that layering in viscosity can 124	

have strong impact on the amplitude of dynamic topography. In the next section, we use 125	

analytical solutions above to benchmark a numerical model, which we will then extend to 126	

non-linear viscosity. 127	

 128	

2.3 Numerical solutions 129	

 For comparison with analytical solutions (Morgan, 1965a; Molnar et al., 2015), we 130	

consider 3D numerical models involving 1, 2 and 3 isoviscous layers. These benchmark 131	

experiments will be used as references for the non-isoviscous models in section 3. Taking 132	

advantage of the symmetry of the experimental setup, we extract viscosity and velocity fields 133	

along a 2D cross section passing through the centre of the thermal anomaly, from which we 134	

get streamlines and vertical velocity profile along the vertical axis at the centre of the models. 135	

We calculate the dynamic topography from the normal stress computed at the surface. We 136	

use the open-source code Underworld which solves the Stokes’ equation at insignificant 137	

Reynolds value (Moresi et al., 2003, 2007). The 3D computational grid represents a domain 138	

3,840 km x 3,840 km x 576 km with a resolution of 6 km along the vertical z axis and 10 km 139	

along the x and y axes (Fig. 2). In all experiments, we include a 42 km thick continental crust 140	

above the upper mantle. The density structure (see Table 1 for all parameters thermal 141	

parameters) is sensitive to the geotherm via a coefficient of thermal expansion and 142	

compressibility. The geotherm is defined using a radiogenic heat production in the crust, a 143	

constant temperature of 20ºC at the surface, and a constant temperature of 1,350ºC at 150 km. 144	

We disregard the adiabatic heating and the asthenosphere is kept at 1,350ºC. At a depth of 145	

372 km below the surface, we embed a positive spherical temperature anomaly of +324ºC 146	

which delivers a 1% volumetric density difference. The radius of the sphere is 96 km. In all 147	
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experiments, we impose free slip velocity boundary conditions at all walls, such as Vx and Vy 148	

are set to be free, but Vz =0 cm yr-1 at the top wall.  149	

 150	

2.3.1 Dynamic topography due to a rising sphere in an isoviscous fluid 151	

  In the first experiment (Fig. 3a Experiment 1), we assign the same constant depth-152	

independent viscosity of 1021 Pa s to the crust, mantle and the density anomaly. The 153	

streamlines for Experiment 1 (Fig. 3a) show formation of two convective cells at the sides of 154	

the sphere covering the entire crust and mantle. The vertical velocity profile indicates that the 155	

thermal anomaly is rising with a peak velocity of ~2.4 cm yr-1, which is faster than the 2.0 cm 156	

yr-1 predicted by the analytical solution (Fig. 4a). Experiment 1 predicts a dynamic 157	

topography of 114 m (Fig 4b) which is lower than 132 m predicted by Molnar et al., (2015)’s 158	

analytical solution. We have verified that increasing the depth of our model from 576 km to 159	

864 km increases the dynamic topography from 114 m to 122 metres. Therefore, the misfit in 160	

amplitude of dynamic topography arises from the finite space in our numerical experiments 161	

compared to the semi-infinite half-space used in the analytical solution. Our numerical 162	

experiment using isoviscous material delivers a result globally consistent with the analytical 163	

solutions of Morgan (1965a) and Molnar et al., (2015).  164	

 165	

2.3.2 Dynamic topography on a strong lithosphere above an isoviscous 166	

asthenosphere 167	

 In Experiment 2, we assign to the lithosphere a constant viscosity 100 times larger 168	

(i.e. 1023 Pa s) than that of the asthenosphere (i.e. 1021 Pa s, Fig. 3b). This layering results in a 169	

Solid Earth Discuss., https://doi.org/10.5194/se-2019-73
Manuscript under review for journal Solid Earth
Discussion started: 23 April 2019
c© Author(s) 2019. CC BY 4.0 License.



	 8	

decrease in thickness of the asthenosphere. As a result, the convective cells are narrower (Fig. 170	

3b). The streamlines are deflected across the lithosphere-asthenosphere boundary due to 171	

viscosity contrast (Fig. 3b), and there is a sharp variation in vertical velocity at the base of the 172	

lithosphere (Fig. 4a, red solid line). The maximum vertical velocity of ~2.1 cm yr-1 is attained 173	

near the centre of the anomaly. When compared to Experiment 1, the dynamic topography 174	

(Fig. 4b, red solid line) shows a significant increase from ~114 m to ~174 m. This increase is 175	

consistent with analytical estimations showing an increase in dynamic topography for the 176	

case where viscosity increases toward the surface (see Fig. 1b, R<1). In Experiment 2a (not 177	

shown here), we tested a different ratio of thickness of the lithosphere to the depth of the 178	

anomaly (see d/D in Equation 4) by increasing the lithospheric thickness from 150 km to 200 179	

km, while keeping all parameters identical to those of Experiment 2. As predicted by Eqn. 4, 180	

the model gives a dynamic topography of ~191 m, the highest among all experiments (Fig. 181	

4b, red dashed line). Overall, counter-intuitively, the presence of a thick viscous lithosphere 182	

enhances the dynamic topography. 183	

 184	

2.3.3 The impact of low viscosity channel on the dynamic topography 185	

 In Experiment 3 (Fig. 3c), we introduce a third 60 km thick low viscosity layer (i.e. 186	

1019 Pa s) beneath the base of the lithosphere. The existence of a low viscosity layer has been 187	

suggested by several works (Craig and McKenzie, 1986; Phipps Morgan et al., 1995; 188	

Stixrude and Lithgow-Bertelloni, 2005; Becker, 2017). In this experiment, in order to prevent 189	

large viscosity contrast that can impede the numerical convergence, the viscosity of the 190	

lithosphere and ambient asthenosphere are set as 1022 Pa s and 1021 Pa s, respectively. When 191	

compared to Experiment 1, streamlines indicate a further decrease in size of the convective 192	

cells, and more importantly, strong horizontal divergence of the streamlines within the low 193	
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viscosity layer (Fig. 3c). The vertical velocities are also enhanced in the asthenosphere, and 194	

reach up to ~2.8 cm yr-1 slightly above the centre of the anomaly (Fig. 4a, orange solid line). 195	

When compared to Experiment 1, we observe a strong reduction in dynamic topography (Fig. 196	

4b, orange solid line) from 114 m to 88 m. This is due to the damping effect of the low 197	

viscosity channel, which reduces the deviatoric stress through its ability to flow. This low 198	

viscosity channel acts as a decoupling layer.  199	

Until now, the viscosities were assumed to be constant. However, results from experimental 200	

deformation on mantle aggregates strongly suggest that the viscosity is highly nonlinear 201	

(Hirth and Kohlstedt, 2003). In what follows, we explore the influence of more realistic 202	

viscosities on dynamic topography. 203	

 204	

3. The impact of nonlinear viscosity on dynamic topography 205	

3.1 Viscosity structure of the Earth’s interior 206	

 Earth’s mantle is not isoviscous. Geological records of relative sea level changes 207	

related to postglacial rebound, geophysical observations of density anomalies inferred from 208	

seismic velocity variations in the mantle and satellite measurements of the longest 209	

wavelength components of the Earth’s geoid have been used to infer the radial viscosity 210	

profile of the Earth’s interior (Hager et al., 1985; Forte and Mitrovica, 1996; Mitrovica and 211	

Forte, 1997; Kaufmann and Lambeck, 2000). Henceforward, beneath the lithosphere, a 212	

variation in viscosity up to two orders of magnitude has been proposed (e.g., Kaufmann and 213	

Lambeck, 2000). Investigations of the rheological properties of crustal and mantle rocks via 214	

rock deformation experiments revealed a nonlinear dependence of viscosity on applied 215	

deviatoric stress, pressure, temperature, grain size and the presence of fluids (Post and 216	

Griggs, 1973; Chopra and Paterson, 1984; Karato, 1992; Karato and Wu, 1993; Gleason and 217	
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Tullis, 1995; Ranalli, 1995; Hirth and Kohlstedt, 2003; Korenaga and Karato, 2008). These 218	

experiments lead to the following relationship:  219	

𝜂DII 𝜀, 𝑃, 𝑇 = 𝐴
no
p 𝑑

U
p 𝑓r2s

nX
p 𝜀

o
pGM 𝑒

tuvw
pxy 	(5). 220	

where s, ε and A stands for differential stress, strain rate and pre-exponential factor; p, r and 221	

n are exponents for grain size (d), water fugacity (𝑓r2s) and stress, respectively; V and Q are 222	

the energy and volume of activation.  223	

 224	

In the case where mantle flow is driven by the temperature difference at the boundary of the 225	

convective layer or by internal heating, the dominant strain mechanism is diffusion creep 226	

because low deviatoric stresses are expected. However, mantle flow in the vicinity of a 227	

moving density anomaly is likely driven by deviatoric stresses that exceed the threshold for 228	

dislocation creep. In this case, nonlinear viscosities lead to strong local variation in viscosity 229	

in the vicinity of the moving density anomaly. Are those local variations in viscosity 230	

important for dynamic topography? To answer this question, we need reasonable constraints 231	

on the rheological parameters controlling rocks’ viscosity. However, the extrapolation from 232	

laboratory strain rates typically in the range of 10-6 s-1 to 10-4 s-1 to mantle conditions where 233	

strain rates are typically on the order of 10-13 s-1 results in significant uncertainties on the 234	

activation volume, activation energy and stress exponent (Hirth and Kohlstedt, 2003; 235	

Korenaga and Karato, 2008). In what follows, we explore how nonlinear viscosity impacts 236	

the dynamic topography and address how the uncertainties on the activation volume can 237	

affect the dynamic topography. 238	

 239	

In Experiments 4 and 5 (Fig. 5), we use published visco-plastic rheological parameters for the 240	

crust and mantle, therefore the viscosity depends on temperature, pressure and strain rate as 241	
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indicated by Equation 5. We use quartzite rheology for the crust (Ranalli, 1995), and test both 242	

dry and wet olivine rheologies for the upper mantle (Hirth and Kohlstedt, 2003). Other 243	

parameters are identical to those in Experiments 1-3. We give all the rheological and thermal 244	

parameters in Table 1. For a particular rheology (i.e. dry or wet) we vary the activation 245	

volume by using the minimum and maximum reported values (Hirth and Kohlstedt, 2003).  246	

 247	

3.2 Numerical results: the case of dry olivine 248	

 In Experiments 4a and 4b, we consider dry dislocation creep of olivine (n > 1, p = 0, r 249	

= 0) in the mantle. The reported activation volume for this rheology varies between 6x10-6 m3 250	

mol-1 and 27x10-6 m3 mol-1 (Hirth and Kohlstedt, 2003). In Experiment 4a (Fig. 4b), we test 251	

the lower value. The streamlines show similar pattern with Experiment 2. Interestingly, the 252	

maximum vertical velocity peaks at 75 cm yr-1, near the upper boundary of the sphere (Fig. 253	

6a, black dashed line). This is due to the formation of a low viscosity asthenosphere above 254	

the rising sphere (Fig. 5a, Experiment 4a). This experiment gives a dynamic topography of 255	

~149 m (Fig. 6b, black dashed line). It confirms that a strong contrast in viscosity between 256	

the lithosphere and asthenosphere enhances the dynamic topography signal. We note that the 257	

viscosity contrast is attained by smoother transition between the lithosphere and 258	

asthenosphere (Fig. 7a, black dashed line). This also effectively reduces the thickness of the 259	

lithosphere below 140 km, which is 150 km thick by the thermal definition (Fig. 7c). 260	

 261	

When we increase the activation volume to 27x10-6 m3 mol-1, the convection cells grow much 262	

larger and show continuity through the lithosphere (Fig. 5a, Experiment 4b). The sphere has a 263	

very low rising speed of ~0.25 cm yr-1 (Fig. 6a, black solid line). Compared to Experiment 264	

4a, the dynamic topography shows a strong decrease from ~149 m to ~105 m (Fig. 6b, black 265	
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solid line). This is an example where the system behaves nearly as a single layer with 266	

homogenous viscosity. The near absence of viscosity contrast between the lithosphere and 267	

asthenosphere explains the smaller magnitude of the dynamic topography. Moreover, the 268	

formation of moderately low viscosity channel (Fig. 7a, black solid line) also contributes to 269	

the decrease of the dynamic topography. 270	

 271	

3.3 Numerical results: the case of wet olivine 272	

 In Experiments 5a and 5b, we consider dislocation creep of wet dry olivine in the 273	

mantle. The reported uncertainty in activation volume is between 11x10-6 m3 mol-1 and 274	

33x10-6 m3 mol-1 (Hirth and Kohlstedt, 2003). In Experiment 5a, we test the lower value. The 275	

streamlines show similar pattern with Experiment 4a, but with slightly larger convective cells 276	

(Fig. 5b, Experiment 5a). The rising speed of the anomaly exceed 140 cm yr-1 (Fig. 6a, 277	

orange dashed line). This is promoted by the low viscosity region sitting above the rising 278	

sphere. The dynamic topography is ~110 m (Fig. 6b, orange dashed line). This is a bit 279	

surprising because of the strong (3 orders of magnitude) contrast in viscosity between the 280	

lithosphere and asthenosphere. However, Figure 7a shows that thickness of the viscous 281	

lithosphere is reduced by about 30 to 45 km in comparison to Experiment 4a (10 – 30 km) 282	

which delivered a dynamic topography of ~149 m with same viscosity contrast (Figure 7b,c).  283	

 284	

In Experiment 5b, we increase the activation volume from 11x10-6 m3 mol-1 to 33x10-6 m3 285	

mol-1. The vertical velocities show significant decrease from 140 cm yr-1 to 0.34 cm yr-1 (Fig. 286	

6a, orange solid line). This is due to an increase in viscosities above the rising sphere. 287	

Compared to Experiment 5a, the dynamic topography decreases from ~110 m to ~90 m (Fig. 288	

6b, orange solid line). Compared to Experiment 4b, the dynamic topography is expected to be 289	

higher due to slight increase in viscosity contrast (Fig. 7a,b). However, the increase in 290	
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thickness of the low viscosity channel (Fig. 7a,d) is more effective and thereby causes a 291	

greater reduction in magnitude of the dynamic topography.  292	

 293	

In summary, experiments using nonlinear rheology generally give lower amplitudes of 294	

dynamic topography compared to experiments using isoviscous rheology (Fig. 8). When we 295	

use dry olivine rheology for the upper mantle, the dynamic topography varies between ~105 296	

m and ~149 m, whereas under wet conditions, the dynamic topography varies between ~90 m 297	

and ~110 m (Fig.8). These variations are due to uncertainties in the activation volume as well 298	

as fluid content in olivine rheologies. 299	

  300	

4. Discussion and conclusion 301	

 By using coupled 3D thermo-mechanical numerical experiments, we model the 302	

dynamic topography driven by a rising sphere of 1% density anomaly, having 96 km radius 303	

and emplaced at 372 km depth. In line with analytical studies (Morgan, 1965a; Molnar et al., 304	

2015), the experiments show that dynamic topography is sensitive to viscosity contrast 305	

between the lithosphere and asthenospheric mantle above the rising anomaly, and the 306	

thickness of the lithosphere (Fig. 7). Higher viscosity contrasts result in amplification of the 307	

dynamic topography (Fig. 7a,b), whereas formation of a low viscosity channel reduces the 308	

dynamic topography (Fig. 7a,d). The experiments using nonlinear rheologies show local 309	

variations in viscosity, which contribute to the dynamic thinning of the mechanical 310	

lithosphere and causes reduction in dynamic topography. In addition, models using high-311	

activation volume creates low viscosity channel above the density anomaly, which 312	

contributes decreasing the dynamic topography.  313	

 314	
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Predictions of dynamic topography derived from mantle convection models are compared 315	

against residual topography which is the component of Earth’s topography that is not 316	

compensated by crustal isostasy (Flament et al., 2013; Hoggard et al., 2016). In a recent work 317	

(Cowie and Kusznir, 2018), it has been argued that dynamic topography predictions require 318	

scaling of amplitudes by ~0.75 to match with residual topography (Flament et al., 2013; 319	

Steinberger et al., 2017; Cowie and Kusznir, 2018). When density anomalies are shallower 320	

than 220 km, the misfit increases demanding a scaling factor of ~0.35 (Steinberger et al., 321	

2017; Cowie and Kusznir, 2018). Our numerical experiments show that amplitude of 322	

dynamic topography can be nearly halved (e.g. from ~174 m in Exp. 2 to ~90 m in Exp. 5b) 323	

when we consider non-linear rheology. Therefore, we propose that part of the misfit between 324	

the dynamic topography extracted from numerical modelling of mantle convection and 325	

dynamic topography estimated from residual topography can be explained by the 326	

oversimplification of mantle viscosity in convection models. Moreover, if the density sources 327	

are shallower, the dynamic topography becomes more sensitive to the viscosity structure as 328	

has already been shown by (Morgan, 1965a; Hager and Clayton, 1989) and may lead to 329	

higher misfits. 330	

 331	

As shown in Figure 8, uncertainties on the activation volume result in variation in dynamic 332	

topography which are higher in experiments using dry olivine rheology (i.e. 17% from an 333	

average of ~127 m) compared to experiments using wet olivine rheology (10% from an 334	

average of ~100 m). The comparison between numerical experiments using dry olivine (Exp. 335	

4a) and wet olivine (Exp. 5b) indicates that the variation in dynamic topography can be as 336	

much as 25% from an average of ~120 m. These variations can be lessened if we have better 337	

constraints on the mantle rheology, which will advance the dynamic topography models as 338	

well as our understanding of the interaction between deep mantle and the Earth’s surface. 339	
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	Figures and Captions 340	

 341	

Figure 1. Dynamic topography driven by a spherical density anomaly of radius r at 342	

depth D embedded in a fluid whose viscosity structure is varied. (a) Variation in 343	

dynamic topography by radius of a spherical 1% density anomaly centred at 372 km 344	

depth in a single isoviscous fluid whose viscosity is h1. The normal total stresses are 345	

calculated by Equation 1 in the text taken from Morgan (1965a) (hard sphere), and 346	

Equation 3 in the text taken from Molnar et al (2015) (hard and deforming spheres), 347	

and converted to dynamic topography by using Equation 2. (b) The case where the fluid 348	
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is no longer a single layer, but is composed of two layers with viscosities h1 and h2 for 349	

the lower and upper layers, respectively. We plot the variation in relative normal total 350	

stress at the surface in half-space due to a spherical density anomaly at a depth D with 351	

radius r by using Equation 4 in the text, taken from Morgan (1965a). The plots show 352	

relative variation in stress at a relative distance of X/D, for different viscosity ratio of 353	

the layers (R=h1/h2), as well as ratio of upper layer thickness to depth to the centre of 354	

the anomaly (d/D) of which higher values correspond to more shallow density anomalies 355	

or thicker lithosphere for constant depth (D). 356	

 357	

 358	

Figure 2. 3D Numerical model of a spherical temperature anomaly having 96 km radius 359	

and a density of 1% less dense than the ambient mantle embedded in a depth of 372 km. 360	

The model space is 3,840 km long in x and y axes, and 576 km deep along the z axis. The 361	

dynamic topography is depicted as an exaggerated surface on the top of the model and 362	

is also reflected on the x-z plane.  363	
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 364	

Figure 3. Viscosity map and streamlines in a 2D cross section (x-z plane) along the 365	

centre of the numerical models (y=0 km). All experiments include an embedded sphere 366	

with 96 km radius and centred at 372 km below the surface. The sphere (i.e. black 367	

circles) has a temperature anomaly (+324 °C) giving 1% effective density difference 368	

Solid Earth Discuss., https://doi.org/10.5194/se-2019-73
Manuscript under review for journal Solid Earth
Discussion started: 23 April 2019
c© Author(s) 2019. CC BY 4.0 License.



	 18	

with the background mantle. The ambient fluid has 1,2 or 3 isoviscous layers for 369	

Experiments 1,2 and 3 respectively. 370	

 371	

 372	

Figure 4. (a) Vertical velocity profiles (Vy) along the centre, and (b) analytical solution 373	

and numerical modelling results showing dynamic topography induced by a sphere of 374	
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temperature anomaly in the mantle (r=96 km, dr/r = 1%). The misfit between the 375	

numerical model for R=1 and the analytical solution is due to finite space in the 376	

numerical model compared to semi-infinite space assumed in the analytical solution 377	

(Morgan 1965a). 378	

 379	

Figure 5. Viscosity map and streamlines in a 2D cross section along the centre of the 380	

numerical model (y=0) for Experiments using nonlinear rheologies for the crust and 381	

mantle. The rising sphere is shown by black or with circles in each plot. In Experiments 382	

4 and 5, the crust and mantle has visco-plastic rheologies (see Table 1 for all 383	

parameters). The crust has dislocation creep of quartzite (Ranalli, 1995) rheology for 384	

Experiments 4a-b and Experiments 5a-b. In the mantle, the dislocation creep of dry and 385	

wet olivine rheologies are used for Experiments 4a-b and Experiments 5a-b, 386	

respectively (Hirth and Kohlstedt, 2003). For each experimental set (e.g. Experiments 387	

4a-b), we use lowest and highest activation volumes reported for the dry or wet olivine 388	

rheology (Hirth and Kohlstedt, 2003). 389	

 390	
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 391	

Figure 6. (a) Vertical velocity profiles (Vy) along the centre and (b) dynamic topography 392	

induced by a sphere of temperature anomaly (r=96 km, dr/r = 1%) in the mantle that 393	

has nonlinear rheology depending on temperature, pressure and strain rate. 394	

 395	
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 396	

Figure 7. Important factors affecting the amplitude of dynamic topography in 397	

Experiments 4a-b and 5a-b which have nonlinear rheologies for the crust and mantle. 398	

(a) Vertical viscosity profiles at the centre of the models. Variation in dynamic 399	

topography (b) by viscosity contrast between the lithosphere and part of the 400	

asthenosphere above the spherical temperature anomaly, (c) by lithospheric thickness at 401	

constant viscosity contrast of 3 order of magnitude assuming that lithosphere-402	

asthenosphere boundary is at 1020 Pa s or 1021 Pa s in Experiments 4a and 5a, (d) and by 403	

thickness of low viscosity channel above the spherical anomaly and beneath the 404	

lithosphere. This low viscosity channel forms only in Experiments 4b and 5b. In 405	

Experiments 4a and 5a, the viscosity profiles show progressive variation between the 406	

lithosphere and part of the asthenosphere above the spherical anomaly.  407	

 408	
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 409	

Figure 8. Compilation of predicted dynamic topographies driven by a rising sphere 410	

centred at 372 km depth with 96 km radius and 1% less denser from the ambient 411	

mantle. The difference between the experiments is either due to viscosity structure 412	

(isoviscous vs. nonlinear) in the crust and mantle or thickness of the lithosphere. We 413	

also show the model configurations for each experiment. For Experiments 4 and 5, we 414	

show variation in dynamic topography from the average of experimental results for 415	

each experimental set (e.g. Experiments 4a-b) by using error bars. These variations 416	

correspond to experiments using different activation volumes reported for dislocation 417	

creep of dry and wet olivine rheologies (Hirth and Kohlstedt, 2003). In general, 418	

experiments with nonlinear rheologies having up to 3 orders of magnitude variation in 419	

viscosity in the upper mantle (between 1019 Pa s and 1022 Pa s) generally predict lesser 420	

magnitude of dynamic topography compared to experiments using isoviscous rheology. 421	

Among the experiments using nonlinear rheologies, Experiment 5 which has wet olivine 422	
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rheology in the mantle gives lesser amplitude of dynamic topography compared to 423	

Experiment 4 which has dry olivine for the same material. 424	

 425	

 426	

Table 1. Thermal and rheological parameters for all experiments. References we are 427	

based on using the rheological parameters are (1) quartzite (Ranalli, 1995), (2) 428	

dislocation creep of dry olivine (Hirth and Kohlstedt, 2003) and (3) dislocation creep of 429	

wet olivine (Hirth and Kohlstedt, 2003). Activation volume is varied in experimental 430	

sets of 4a-b, and 5a-b.  431	

 432	

 433	

 434	

Parameters 
EXP 4a-b,5a-b 

Crust1 
EXP 4a,4b 

Mantle2 
EXP 5a,5b 

Mantle3 
Pre-exponential factor (MPa-n s-1) 6.7x10-6 1.1x105 1600 
Activation energy (kJ mol-1) 156 530 520 
Grain size exponent 0.0 0.0 0.0 
Power law exponent 2.4 3.5 3.5 
Water fugacity N.A. N.A. 1000 
Water fugacity exponent N.A. N.A. 1.2 

Activation volume (m3 mol-1) 0.0 

6x10-6 

or 
27x10-6 

11x10-6 

or 
33x10-6 

Reference density (kg m-3) 2,700 3,370 3,370 
Reference temperature (K) 293.15 293.15 293.15 
Initial cohesion (MPa) 10 10 10 
Cohesion after weakening (MPa) 2 2 2 
Initial coefficient of friction 0.577 0.577 0.577 
Coefficient of friction after weakening 0.017 0.017 0.017 
Saturation strain 0.2 0.2 0.2 
Thermal diffusivity (m2 s-1) 1x10-6 1 x 10-6 1 x 10-6 
Thermal expans. (K-1) 3x10-5 3 x 10-5 3 x 10-5 
Compressibility (MPa-1) 4x10-5 0 0 
Heat capacity (J K-1 kg-1) 1,000 1,000 1,000 
Radiogenic heat production (W m-3) 0.5x10-6 0.2 x 10-7 0.2 x 10-7 
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