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Abstract

The prominent seismic low-velocity zone (LVZ) in the oceanic low-viscosity asthenosphere is approximately coincident with

a zone of high seismic attenuation (or low seismic Q). Small grain sizes in the asthenosphere could link these seismic and

rheological properties as small grain sizes reduce viscosity and also lower seismic velocity and seismic Q. Because grain-size is

reduced by rock deformation, the asthenosphere’s seismic properties can place constraints on asthenospheric deformation or

flow. To determine dominant flow patterns, we develop a selfconsistent analytical 1-D channel flow model that accounts for

upper mantle rheology and its dependence on flow-modified grain-sizes, water content and melt fraction, both for flow driven by

surface plate motions (Couette flow) and/or by horizontal pressure gradients (Poiseuille flow). From our flow models, Couette

flow dominates if the upper mantle is dry, and plug flow (a Poiseuille flow for power law rheology) if it is wet. A plug flow

configuration spanning the upper 670 km of the mantle best explains the low seismic Q zone in the asthenosphere, which can be

attributed to significant grain-size reduction due to extensive shearing across the asthenosphere. Below the asthenosphere, high

water content and minimal shear deformation promote large grain sizes and high seismic Q. We suggest that asthenospheric

low-Q and LVZ can be largely explained by grain-size variations associated with plug flow in the wet upper mantle.
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1. Introduction 27 

A seismic low-velocity zone (LVZ; Figure 1) between ~100 − 250 km depth is a prominent 28 

feature below the oceanic lithosphere that is consistently reported by global and local 29 

seismological models (e.g., Dalton et al., 2009). Since the LVZ was discovered by Gutenberg 30 

(1959), researchers have noted its overlap with the asthenosphere (Figure 1), the low-viscosity 31 

zone that facilitates mantle deformation beneath the tectonic plates (e.g., Richards et al., 2001). 32 

Indeed, the deformation of asthenospheric rocks is illuminated by a seismically-anisotropic 33 

layer (high anisotropy zone, Figure 1; e.g., Nettles and Dziewonski, 2008) that is produced by 34 

shear deformation of olivine (e.g., Tommasi et al., 1999; Jung and Karato, 2001). This 35 

deformation drives grain-size reduction (e.g., Behn et al., 2009), which can decrease both the 36 

seismic velocity (e.g., Faul and Jackson, 2005) and the effective mantle viscosity (e.g., Warren 37 

and Hirth, 2006; Hirth and Kohlstedt, 2003), potentially amplifying the deformation. Stiff plates 38 

may also trap partial melt (e.g., Chantel et al., 2016; Selway and O’Donnell, 2019; Debayle et 39 

al. 2020), reducing seismic velocities. 40 

Figure 1. Schematic representation of seismic observations and inferred viscosities in the oceanic upper mantle 

(above 400 km) where low velocity, low Q, high radial anisotropy, and low viscosity zones exist within the same 

approximate depth range (the asthenosphere, green region). The shear wave velocity model shown is from Nettles 

and Dziewonski (2008) for 25-100 Myr oceanic plate ages, the global seismic Q factor is from Karaoglu and 

Romanowicz (2018), and the global seismic radial anisotropy is from Nettles and Dziewonski (2008) for mid-age 

oceans.  The viscosity profiles are inferred from mantle flow models where the solid line is for purely temperature-

dependent viscosity (Becker, 2006), and the dashed line is geoid-constrained viscosity (Steinberger and 

Calderwood, 2006). 
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In addition to reducing seismic wave speeds, both grain-size reduction and partial melt dissipate 41 

seismic energy, and indeed the LVZ is approximately coincident with a zone of high seismic 42 

attenuation (low seismic Q zone, Figure 1). The LVZ, the low-Q zone, and low viscosity 43 

asthenosphere all overlap (Figure 1), and the coincident layer of seismic anisotropy suggests 44 

that all three are linked together with asthenospheric deformation. Grain-size reduction, which 45 

is driven by rock deformation, is an obvious explanation, because it reduces seismic velocity, 46 

seismic Q, and effective viscosity. Indeed, without grain-size variations produced by 47 

asthenospheric deformation, the forward-prediction of seismic structures (Figure S1) does not 48 

reproduce the low Q zone in the asthenosphere, and the amplitude of the LVZ is underpredicted. 49 

The patterns of rock deformation in the asthenosphere exert an important control on upper 50 

mantle seismic properties, and indeed we can use seismic observations of the LVZ and low-Q 51 

zone to constrain models of asthenospheric deformation. 52 

Using grain size evolution models (e.g., Austin and Evans, 2007; Hall and Parmentier, 2003), 53 

we investigate time-dependent depth variations of grain size resulting from flow-induced 54 

deformation within the upper mantle. Behn et al. (2009) already showed the importance of grain 55 

size evolution for the seismic structures associated with asthenospheric shear (Couette flow, 56 

Figure 2a), but recent studies have suggested that pressure-driven (Poiseuille, Figure 2b) flow 57 

may be the dominant mode of deformation within much of the upper mantle (e.g., Höink and 58 

Lenardic, 2010; Semple and Lenardic, 2018). Couette flow arises due to the motion of a surface 59 

plate that shears the asthenosphere below it in a linear fashion, while Poiseuille flow is induced 60 

by pressure gradients across the upper mantle associated with mantle upwellings and 61 

downwellings and/or lateral density variations. By developing an analytical model that 62 

incorporates realistic upper mantle flow configurations (combined Couette and Poiseuille 63 

flows), we determine how grain-size variations depend on flow drivers such as plate speed and 64 

horizontal pressure gradient, and on mantle parameters such as water content and melt fraction. 65 
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Although water content (e.g., Karato and Jung, 1998; Karato 2012) does not significantly affect 66 

seismic attenuation (Cline et al. 2018), it does affect viscosity (e.g., Mei and Kohlstedt, 2000; 67 

Hirth and Kohlstedt, 2003). We also investigate feedbacks between grain-size, asthenosphere 68 

flow, rheology, and deformation mechanism. From the modelled flow in the upper mantle, we 69 

make predictions of seismic structures that can be tested against observations of seismic 70 

velocity and attenuation in the upper mantle. This comparison places constraints on mantle 71 

conditions and dominant flow types necessary to explain the observed LVZ and low Q zone. 72 

2. Types of flow in the oceanic upper mantle 73 

Several analytical and numerical studies show that flow in the upper mantle results from a 74 

combination of Couette (plate-driven, Figure 2a) and Poiseuille (pressure- driven, Figure 2b) 75 

flows (e.g., Lenardic et al., 2006; Höink and Lenardic, 2010; Natarov and Conrad, 2012). If 76 

Couette flow occurs via dislocation creep, this shearing flow produces a lattice-preferred 77 

orientation of olivine crystals that form a single seismically anisotropic layer (Figure 2a). Two 78 

distinct anisotropic layers, as detected by Lin et al. (2016) at the top and the base of the 79 

asthenosphere, can be formed by separate shear zones if the asthenosphere additionally hosts 80 

Poisuille flow (Figure 2b). If the upper mantle has a Newtonian rheology, a Newtonian 81 

Poiseuille flow (termed PFn1 here, where ‘n1’ denotes the stress exponent n=1, Figure 2b.1) 82 

is produced. For a power-law rheology, the flow is dominated by the so-called “plug flow” 83 

(termed PFn3 here, for n=3, Figure 2b.2), with approximately uniform velocity in the middle 84 

of the low-viscosity layer, bounded above and below by zones of intense shear deformation 85 

(Semple and Lenardic, 2018).  86 

3. Analytical plate- and pressure-driven flow model for the oceanic upper mantle 87 

We develop an analytical 1-D channel flow model (Sections 3.1 and 3.2) for the oceanic mantle 88 

to investigate the effect of flow configurations on rheology (Section 4) and seismic structures 89 
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(Section 5), particularly in the seismically anomalous and weak asthenosphere. We let the 90 

rheology of the mantle determine the style of flow and the associated flow rates and stresses 91 

(Section 3.2). At the same time, the flow alters the olivine grain size with time until the size 92 

stabilizes (Section 3.3) by utilizing the available grain size evolution models (e.g., Austin and 93 

Evans, 2007; Hall and Parmentier, 2003). Thus, the temporal evolution of olivine grain size 94 

requires us to also calculate the time-evolution of the shear stresses, horizontal velocities and 95 

Figure 2. (a-b) Dominant flow regimes in the upper mantle:  Sketch of flow velocities (𝑣റ𝑥) due to (a) Couette 

flow (CF) driven by surface plate motion and (b) Poiseuille flow (PF) driven by a lateral pressure gradient. The 

rheology of the upper mantle determines the PF flow configuration, where (b.1) a parabolic-shaped velocity profile 

arises if the rheology is Newtonian (termed PFn1 here), or (b.2) a plug flow arises for power-law rheology (termed 

PFn3 here). (c) Model set-up. We consider a 60 Myr old oceanic plate with 1623 K potential temperature (𝑇𝑝) that 

results in a temperature profile shown in (c). We assume that the oceanic upper mantle (defined here as the region 

above 410 km) is governed by a composite olivine rheology, which is controlled by the geotherm, grain sizes and 

water content (dry or wet). We also consider the mantle transition zone (MTZ, 410 – 670 km) in our analytical 

model to investigate its effect on the flow configurations of the upper mantle flow region above it. Since the 

rheology of the MTZ is not well constrained by experiments, we assumed that it has a Newtonian rheology and a 

constant viscosity. With the calculated (above 410 km) and assigned (for the MTZ) rheologies, the flow velocities 

are calculated using Eqs. (6.2) and (A.5), where the boundary conditions are shown in (c).     
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viscosities (Section 3.4).  From this, we can account for possible feedbacks between flow 96 

configurations, rheology, deformation, and grain-size.  97 

3.1 Model Set-up 98 

Since we do not know the appropriate depth and the velocity boundary condition at the base of 99 

the asthenosphere (green region, Figure 1), we incorporate the entire oceanic mantle down to 100 

670 km (including lithosphere, asthenosphere, upper mantle, and mantle transition zone; Figure 101 

2c) into our model. We impose a plate speed 𝑈𝑝 at 0 km to drive Couette flow (Figure 2a), and 102 

a zero flow condition (𝑣𝑥 = 0) at 670 km, which assumes that flow is much slower in the highly 103 

viscous lower mantle. We assign a lateral pressure gradient (𝑑𝑝/𝑑𝑥) across the layers above 104 

670 km to drive Poiseuille flow (Figure 2b). From the 𝑈𝑝 and 𝑑𝑝/𝑑𝑥 drivers, the resulting flow 105 

configuration and the associated flow velocities (𝑣𝑥) are determined by the composite rheology 106 

above 410 km, and the assigned Newtonian rheology of the mantle transition zone (Section 107 

3.2). The rheology above 410 km is dictated by the assigned water content (50 ppm H/Si or 108 

1000 ppm H/Si) and melt fraction, the computed geotherm for a 60 Myr oceanic plate with 1623 109 

K potential temperature (Figure 2c; using Equation (4.113) of Turcotte and Schubert (2014)), 110 

and the deformation-dependent olivine grain size. This results in a cold and highly viscous 111 

lithosphere at depths shallower than ~100 km and a deformable upper mantle layer between the 112 

lithosphere and the mantle transition zone. Although the mantle transition zone (410 – 670 km) 113 

may deform under dislocation creep (e.g., Ritterbex et al., 2020), we assigned a Newtonian 114 

viscosity in the range 1019 − 1021 Pa·s (e.g., Kaufmann and Lambeck, 2000; Forte and 115 

Mitrovica, 1996) because the flow laws for ringwoodite and wadsleyite (polymorphs of olivine 116 

that are stable in the mantle transition zone) are not well constrained by experiments. 117 

3.2 Working equations for the 1D flow model 118 

Both plate- and pressure-driven flows are governed by the Navier-Stokes equation. 119 
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𝜌
𝐷�⃑⃑�റ

𝐷𝑡
= −∇𝑝 + 𝐹റ + 𝜂∇2�⃑�റ    (1) 120 

When neglecting the inertial term 
𝐷�⃑⃑�റ

𝐷𝑡
 and body forces 𝐹റ, we are left with pressure and viscous 121 

terms for a 1D model, 122 

−
𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧
(𝜂(𝑧)

𝜕𝑣𝑥

𝜕𝑧
) = 0    (2.1) 123 

−
𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑧
(𝜏𝑥𝑧) = 0     (2.2) 124 

where 
𝜕𝑝

𝜕𝑥
 is a constant horizontal pressure gradient, 𝜂(𝑧) is depth-dependent viscosity, 𝜏𝑥𝑧 is 125 

the shear stress, and 𝑣𝑥 is the horizontal velocity (either plate-driven or pressure-driven). 126 

Integrating Equation (2.2) with respect to 𝑧 yields an estimate of the shear stress 𝜏𝑥𝑧 = 𝜏 127 

induced by the flow at every layer 𝑖 of our 1D model as described by 128 

𝜏𝑖 =
𝜕𝑝

𝜕𝑥
𝑧𝑖  +  𝐶𝑖     (3) 129 

where 𝐶𝑖 is a constant of integration. 130 

When assuming a composite rheology (that is, rheology controlled by both diffusion and 131 

dislocation creep), the total strain rate (Hirth and Kohlstedt, 1996) per layer is 132 

𝜀�̇�𝑜𝑡𝑎𝑙,𝑖 = 𝜀�̇�𝑖𝑓𝑓,𝑖 + 𝜀�̇�𝑖𝑠𝑙,𝑖 =
𝜎

𝜂𝑒𝑓𝑓,𝑖
    (4) 133 

where 𝜀�̇�𝑖𝑓𝑓 is the strain rate for diffusion creep, 𝜀�̇�𝑖𝑠𝑙 is the strain rate for dislocation creep, 134 

 𝜂𝑒𝑓𝑓 is the effective viscosity, and 𝜎 is the differential stress which is equivalent to 2𝜏. We 135 

assume that PFn1 dominates for the diffusion creep regime (n=1) as predicted by Höink et al. 136 

(2011) and PFn3 dominates for dislocation creep regime (n=3) as illustrated by Semple and 137 

Lenardic (2018).  138 

The strain-rate components are defined according to their relevant rheological relationships, 139 
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𝜀�̇�𝑖𝑓𝑓,𝑖 = 𝐴𝑃𝐹𝑛1,𝑖𝜏𝑖 =
𝜕𝑣𝑃𝐹𝑛1,𝑖

𝜕𝑧
     (5.1) 140 

𝜀�̇�𝑖𝑠𝑙,𝑖 = 𝐴𝑃𝐹𝑛3,𝑖𝜏𝑖
3 =

𝜕𝑣𝑃𝐹𝑛3,𝑖

𝜕𝑧
     (5.2) 141 

𝐴𝑃𝐹𝑛1,𝑖 = 𝐴𝑑𝑖𝑓𝑓𝐶𝑂𝐻
𝑟𝑑𝑖𝑓𝑓𝑑−𝑝𝑑𝑖𝑓𝑓 exp(∝𝑑𝑖𝑓𝑓 𝜑) exp [−

𝐸𝑑𝑖𝑓𝑓+𝑃𝑉𝑑𝑖𝑓𝑓

𝑅𝑇
] (5.3) 142 

𝐴𝑃𝐹𝑛3,𝑖 = 𝐴𝑑𝑖𝑠𝑙𝐶𝑂𝐻
𝑟𝑑𝑖𝑠𝑙𝑑−𝑝𝑑𝑖𝑠𝑙 exp(∝𝑑𝑖𝑠𝑙 𝜑) exp [−

𝐸𝑑𝑖𝑠𝑙+𝑃𝑉𝑑𝑖𝑠𝑙

𝑅𝑇
]  (5.4) 143 

by applying the empirically determined flow laws (Hirth and Kohlstedt, 2003). The 𝑣𝑃𝐹𝑛1,𝑖 and 144 

𝑣𝑃𝐹𝑛3,𝑖 in Equations (5.1) and (5.2) are the horizontal velocities for PFn1 and PFn3 flow 145 

configurations, respectively. The parameters for the upper mantle defined in Equations (5.3) 146 

and (5.4) prescribe the rheological impact of grain-size 𝑑, water content 𝐶𝑂𝐻, and melt fraction 147 

𝜑 (other parameters are defined in Table S1; Supplementary Information). For the mantle 148 

transition zone with an assigned Newtonian rheology (𝜀�̇�𝑜𝑡𝑎𝑙 = 𝜀�̇�𝑖𝑓𝑓 and 𝜂𝑒𝑓𝑓 = 𝜂𝑀𝑇𝑍 where 149 

𝜂𝑀𝑇𝑍 is the assigned viscosity), the parameters are 𝐴𝑃𝐹𝑛1,𝑖 = 2/𝜂𝑀𝑇𝑍 derived by combining 150 

Equations (5.1) and (4), and 𝐴𝑃𝐹𝑛3,𝑖 = 0. 151 

The overall 𝑣𝑥,𝑖 is 𝑣𝑃𝐹𝑛1,𝑖 + 𝑣𝑃𝐹𝑛3,𝑖, where the velocity components are integrals of Equations 152 

(5.1) and (5.2) with respect to z, respectively: 153 

𝑣𝑥,𝑖 = ∫ 𝐴𝑃𝐹𝑛1,𝑖𝜏𝑖𝑑𝑧 + ∫ 𝐴𝑃𝐹𝑛3,𝑖𝜏𝑖
3𝑑𝑧                    (6.1) 154 

Substituting the 𝜏𝑖 in Equation (6.1) with Equation (3), and then integrating them with respect 155 

to 𝑧 yields:  156 

𝑣𝑥,𝑖 = 𝐴𝑃𝐹𝑛1,𝑖 [
1

2

𝜕𝑝

𝜕𝑥
𝑧𝑖

2 +  𝐶𝑖𝑧𝑖] +  𝐴𝑃𝐹𝑛3,𝑖 [

1

4
(

𝜕𝑝

𝜕𝑥
)

3

𝑧𝑖
4 + 𝐶𝑖 (

𝜕𝑝

𝜕𝑥
)

2

𝑧𝑖
3

+
3

2
𝐶𝑖

2 𝜕𝑝

𝜕𝑥
𝑧𝑖

2 + 𝐶𝑖
3𝑧𝑖

] + 𝑘𝑖 (6.2) 157 
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where 𝑘𝑖 is the constant of integration and the involved parameters are summarized in Table S1 158 

(Supplementary Information). When  
𝜕𝑝

𝜕𝑥
= 0, Equations (3) and (6.2) describe a Couette flow 159 

configuration. 160 

Implementing the necessary boundary conditions and linearizing the problem as described in 161 

Supplementary Information B, we estimate the horizontal velocity (Equation 6.2) and shear 162 

stress (Equation 3) structures. 163 

3.3 Olivine grain size evolution model for the upper mantle 164 

During deformation, mineral grains in mantle rocks temporally evolve to a stable size for which 165 

the grain growth rate equilibrates with the grain reduction rate. We mainly employ the grain-166 

size evolution model of Austin and Evans (2007),  167 

AE07 model:  �̇� = 𝑝𝑔
−1𝑑1−𝑝𝑔𝐺𝑜 exp (−

𝐸𝑔+𝑃𝑉𝑔

𝑅𝑇
) − 𝜒𝑐−1𝛾−1𝜎𝜀�̇�𝑖𝑠𝑙𝑑

2  (7)  168 

where the first term describes the grain growth rate �̇�𝑔𝑔, and the second term describes dynamic 169 

recrystallization rate �̇�𝑑𝑟 that results in grain size reduction. The parameter values used in this 170 

study are summarized in Table S1 (Supplementary Information). When there is no mechanical 171 

work or deformation (i.e., 𝜀�̇�𝑖𝑠𝑙 = 0), the total grain size evolution is equivalent to the grain 172 

growth rate (first term, Equation 7). When deformation does occur, new grain boundaries may 173 

be created (second term > 0), which results in grain size reduction. Because larger grains are 174 

subdivided faster than smaller grains, the rate of grain size reduction (second term, Equation 7) 175 

increases with grain size. At depths with minimum stress, water promotes grain growth through 176 

significant reduction in 𝜀�̇�𝑖𝑠𝑙 (first term > second term, Equation 7).  177 

3.4 Temporal evolution of olivine grain-size, rheology and flow configuration  178 

Using the detailed set-up described above and in Supplementary Information B, C and D, we 179 

investigate how the flow configuration, shear stress, rheology, and deformation evolve with 180 
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time in the oceanic mantle (Figure 3). Here we consider a 10 cm/yr plate velocity and -5 kPa/km 181 

pressure gradient across the dry (50 ppm H/Si) upper mantle and a 1021 Pa·s mantle transition 182 

zone (MTZ). Initially (0 yr), we assume a constant grain-size of 1 mm that results in a PFn1 183 

Figure 3. Temporal evolution of flow with an imposed pressure gradient (-5 kPa/km) and plate velocity (10 

cm/yr). The upper mantle (above 410 km) is dry (50 ppm H/Si) and has an initial (at 0 yr) constant (10-3 m or 1 mm) 

olivine grain-size. The mantle transition zone (MTZ, yellow region, 410-670 km) with a viscosity of 1021 𝑃𝑎 ∙ 𝑠 is 

assumed to deform together with the upper mantle. During the deformation induced by the flow (b), olivine grain-

sizes evolve (d) following the AE07 model (Austin and Evans, 2007) as in Equation (7) until the grain-size structure 

stabilizes (in panel (a), which shows the time evolution of the convergence criterion (Δdnorm/dnorm for timestep Δt = 

10 yr; Supplementary Information D)) after 152 kyr. Consequently, the flow configuration (b), shear stress profiles 

(c), effective viscosity (e) and the deformation type (f) evolve and stabilize. The initially PFn1 flow (dotted line) 

becomes dominantly Couette flow because the increased grain-size (d) leads to a greater upper mantle viscosity (e). 

The green region is the asthenosphere (100 -250 km), with a low viscosity zone (e).  
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flow (Figure 3b) because this small grain size induces low effective viscosity (Figure 3e). Given 184 

enough time, olivine grain-sizes evolve during the flow-driven deformation to a steady-state 185 

structure (Figure 3a and 3d). We find that steady state is reached after only 152 kyr (only 0.3% 186 

of the plate age), which is significantly quicker than mantle flow time scales. This indicates that 187 

the grain size is always in effective equilibrium for steady-state mantle flow problems, and that 188 

the adjustment associated with the grain-size evolution (Figure 3d) and the associated changes 189 

to the flow field (Figure 3b), stresses (Figure 3c), viscosity (Figure 3e) and deformation style 190 

(Figure 3f), can be considered essentially instantaneous. 191 

Although the initial grain size does not affect the final grain size at steady state (Supplementary 192 

Information E.1), the choice of initial grain size does affect the time it takes the grain size to 193 

stabilize (Figure S3). A larger initial grain size (e.g., 10 mm) stabilizes faster than a smaller 194 

grain size (1 mm), because large grains subdivide more rapidly than small grains, which tend 195 

to grow before subdividing (Equation 7). In the following section, we assume an initial grain 196 

size of 10 mm because it reaches steady state faster, and thus reduces calculation time. 197 

4. Link between flow configurations and rheologies of the oceanic upper mantle 198 

Here, we investigate how water content, grain-size, the imposed plate velocity and the 199 

horizontal pressure gradient control the dominant flow configuration of the upper mantle 200 

(Figure 4). We consider dry (50 ppm H/Si) and wet (1000 ppm H/Si) conditions for layers above 201 

the mantle transition zone, and assign 1021 Pa·s for mantle transition zone viscosity if the upper 202 

mantle is dry and 1020 Pa·s if it is wet. This setup maintains comparable effective viscosities 203 

for the upper mantle and mantle transition zone layers, and we investigate flow configurations 204 

for contrasting rheologies later (Section 7). We vary the plate velocity between 0 and 10 cm/yr 205 

in the direction of pressure-driven flow, and horizontal pressure gradients between 0 and -5 206 

kPa/km (e.g., Natarov and Conrad, 2012).  207 



manuscript submitted to Earth and Planetary Science Letters 

The water content of the upper mantle controls rheology both directly via weakening minerals  208 

and indirectly via grain-size evolution, and thus determines the type of flow. We find that if 209 

water is present in the upper mantle, PFn3 is likely to dominate (Figure 4d). Otherwise, Couette 210 

flow dominates (Figure 4a) because the higher viscosities associated with a dry upper mantle 211 

do not permit Poiseuille flow. As a feedback mechanism, the flow configuration dictates the 212 

Figure 4. Factors affecting upper mantle flow (a, d), grain-size (b, e), and viscosity (c, f) at steady state for 

dry (a-c) and wet (d-f) conditions. Different combinations of imposed plate velocity and horizontal pressure 

gradient (labeled as i, ii and iii) are considered, where 𝑈𝑝 and 𝑑𝑝/𝑑𝑥 are (i) 2 cm/yr and -1 kPa/km, (ii) 2 cm/yr 

and -3 kPa/km, and (iii) 10 cm/yr and -3 kPa/km. Dry upper mantle (50 ppm H/Si) flows via Couette flow (a) while 

wet upper mantle (1000 ppm H/Si) flows via PFn3 (d). Nonetheless, grain size reduction in the asthenosphere (b, 

e) results in a low viscosity zone (c, f). Grain growth at the bottom of the asthenosphere occurs only for PFn3 (e) 

because of very low flow-induced-stresses, and produces a peak in viscosity (f).  
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grain-size structure and thus also the viscosity structure. If the upper mantle is PFn3-dominated 213 

(Figure 4d), a viscosity peak (Figure 4f) develops, associated with very large grain-sizes (Figure 214 

4e). Such large grain-sizes form in the mid-upper mantle because plug flow (PFn3) features 215 

approximately constant horizontal velocities, and deformation is therefore minimal and grain-216 

size reduction is slow (Equation 7). Extensive shearing above and below the non-deforming 217 

region results in significant grain-size and viscosity reduction in both the shallow and deep 218 

upper mantle. In contrast, a Couette-flow-dominated upper mantle (Figure 4a), which is more 219 

typical of dry conditions, features grain-sizes that gradually increase with depth (Figure 4b) and 220 

is associated increasing effective viscosity (Figure 4c). Regardless of the flow configuration, 221 

the grain-size reduction due to shear deformation controls the low viscosity zone in the 222 

asthenosphere. In general, an increase in the magnitude of the horizontal pressure gradient 223 

increases the stress induced by pressure-driven flow, which eventually overwhelms plate-driven 224 

flow (case i vs. ii, Figure 4d). The resulting increase in stress produces smaller grain-sizes, 225 

which may make diffusion creep important (Ψ < 1). However, in our forward models, the grain 226 

sizes remain larger than ~ 3 mm (as in Figure 3d), which is large enough for dislocation creep 227 

to remain dominant.  228 

5. Predicted seismic structures for dry and wet oceanic upper mantle 229 

To quantify the impact of flow configurations on upper mantle seismic structure, we estimate 230 

the shear wave velocity 𝑉𝑠 and seismic quality factor Q for the steady-state grain sizes associated 231 

with the different plate velocity and pressure-gradient combinations considered in Section 4. 232 

We estimate 𝑉𝑠 (Figure 5b and 5d) following the formulation of Karato (1993), which is Q-233 

dependent. We calculate the Q factor (Figure 5a and 5c) using the grain-size dependent 234 

formulation of Jackson and Faul (2010) at 100 s period, which is representative for seismic 235 

imaging of the upper mantle (e.g., Debayle, et al., 2020).  236 
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5.1 Effect of water content and flow configuration on seismic structures 237 

Different grain size structures for dry (Figure 4b) and wet (Figure 4e) conditions result in 238 

different profiles for seismic Q (Figure 5a and 5c) and shear wave speeds (Figure 5b and 5d). 239 

Thus, water content indirectly, but significantly, impacts seismic signatures via flow-affected 240 

grain-size evolution. Notably, although we can produce the seismic shear wave trends of the 241 

LVZ regardless of the water content and flow configuration, this is not true of the low Q zone 242 

in the asthenosphere. For dry upper mantle flowing via Couette flow, the predicted seismic Q 243 

profile (Figure 5a) does not show a pronounced low Q zone in the asthenosphere. Instead, Q 244 

becomes approximately constant with depth and consistently < 50 despite an increase in grain-245 

Figure 5. (a-d) Theoretical seismic models, computed for cases (i) to (iii) from Figure 4. The theoretical Q values 

for dry (a) and wet (c) conditions are calculated using the steady-state grain sizes in Figure 4b and 4e, as are the 

theoretical shear wave velocity profiles (b and d). (e) Observations of Seismic Q for comparison are the KR18 

global Q model of Karaoglu and Romanowicz (2018) and the D08 model of Dalton et al. (2008) for mid-age oceans. 

(f) Seismic velocity models for comparison are the ND08 velocity model of Nettles and Dziewonski (2008) for 25-

100 Myr old oceanic plate ages and SR02 model of Shapiro and Ritzwoller (2002) for 75 Myr age. The green region 

indicates the seismically anomalous asthenosphere (100-250 km depth) identified in Figure 1. All theoretical models 

except for Q within a dry upper mantle (panel (a)) show negative anomalies in the asthenosphere.  
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size with depth (6 mm – 30 mm, Figure 4b). In contrast, a wet upper mantle deformed via PFn3 246 

produces a zone of low seismic Q in the asthenosphere (Figure 5c). The magnitude and extent 247 

of this zone are affected by the plate velocity and pressure gradient combination because of the 248 

stress-dependent grain size evolution. Indeed, the grain-size structure produced by the PFn3 249 

configuration affects both the Q structure and the 𝑉𝑠 profile.  For instance, the Q and 𝑉𝑠 peaks 250 

within the lower asthenosphere (200 – 250 km) are caused by the grain-size peak (Figure 4e) 251 

associated with weak shearing in this region. However, this is not evident for Couette-252 

dominated dry asthenosphere because the grain size increase is much smaller (Figure 4b) than 253 

it is for PFn3-dominated wet asthenosphere (Figure 4e). 254 

5.2 Comparison between theoretical seismic models and observations 255 

In practice, reported Q models (Figure 5e) are globally-sourced profiles, which limits spatial 256 

resolution and may cancel out some localized features. The shear wave velocity observations 257 

presented here are averaged for oceanic plates of similar ages (i.e., mid-age plates, Figure 5f), 258 

and thus should be comparable with our curves for an assumed 60 Myr old oceanic plate (Figure 259 

5b and 5d). However, because of averaging across plates with different speeds and pressure 260 

gradients, we are limited in our comparisons between predicted and observed Q and 𝑉𝑆, which 261 

assume single choices of these parameters. Instead, we compare overall trends between the 262 

theoretical and geophysical models, and later attempt to infer the dominant type of flow in the 263 

oceanic upper mantle from the seismic observations (Figure 7, Section 7). 264 

Although the PFn3 configuration produces a low Q zone that is comparable to the observations 265 

(Section 5.1), the predicted Q below the asthenosphere does not continue to increase for all 266 

cases (Figure 5c). Observations show Q>100 below the asthenosphere (Figure 5e), which 267 

requires grain-sizes larger than 10 cm (e.g., case i, Figure 4e). We may increase the grain size 268 

significantly (> 10 cm) by introducing high water content below the asthenosphere (Section 269 

5.3) and low stresses that favor grain growth in this region. This requires a PFn3 configuration 270 
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that spans the entire upper mantle and mantle transition zone (i.e., case i, Figure 4d) and that is 271 

not confined to the upper mantle above 410 km (as for cases ii and iii). 272 

5.3 Impact of partial melt and water distribution on seismic structures 273 

The shallow upper mantle or asthenosphere has been proposed to be water-undersaturated and 274 

to contain unextractable melt (e.g., Selway and O’Donnell, 2019; Debayle et al, 2020), while 275 

the deeper upper mantle may contain no melt and a higher water content (e.g., Selway et al., 276 

2019; Selway and O’Donnell, 2019). Here we test how such conditions would affect upper 277 

mantle flow and associated seismic observations. We consider a -1 kPa/km pressure gradient 278 

and a plate speed of 2 cm/yr (as in case i) and assume an increasing water content with depth 279 

in the upper mantle (Figure 6a.1).  We compute the associated flow configuration (Figure S6a, 280 

Supplementray Information E.4), which is PFn3 across the uppermost 670 km of the mantle, 281 

and the associated grain-size structure (Figure S6b). The predicted Q profile (pink line, Figure 282 

6b) lies close to the observations and overlaps well with the Dalton et al. (2008) (D08) model 283 

Figure 6. Impact of water content (a.1) and partial melt distribution (a.2) on predicted seismic structures 

(b-c). The melt fraction in the asthenosphere is calculated as x - 0.10% where x (in %) is estimated from Debayle 

et al. (2020) models for a plate moving with a speed of 2 cm/yr. The Jackson and Faul (2010) formulation for Q 

is used to predict the seismic structures for a melt-free upper mantle using the flow-induced grain sizes, and the 

Chantel et al. (2016) formulation is used in addition to Jackson and Faul (2010) when melt is present. The seismic 

observations in (b) and (c) are the same as in Figure 5e and f, respectively. 
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for mid-age plates in the lower asthenosphere. Below the asthenosphere, the predicted Q is 284 

larger than that of the constant-water (1000 ppm H/Si) assumption (yellow line, Figure 6b) and 285 

closer to observations. In contrast to the Q responses, the predicted 𝑉𝑠 profiles for models with 286 

different water contents (yellow and pink lines, Figure 6c) mostly overlap and have larger 287 

minimum 𝑉𝑠 in the LVZ than the observations.  288 

We examine the effect of melt by introducing a melt distribution scenario (Figure 6a.2,  𝑥 −289 

0.10%) where 𝑥 in % is estimated from Debayle et al. (2020) models for a plate moving with 290 

a speed of 2 cm/yr. We constrain the melt fraction to < 0.3%, which is the suggested melt 291 

fraction for the asthenosphere (e.g., Selway and O’Donnell, 2019; Debayle et al., 2020). This 292 

small amount of melt reduces the viscosity of the asthenosphere only slightly, by a factor greater 293 

than ~0.8, when using olivine flow laws (Equations 4 and 5.1 to 5.4), which has a negligible 294 

effect on upper mantle flow, grain-sizes, and rheology (Figure S6, Supplementary Information 295 

E.4). However, the additional melt does significantly affect seismic Q and 𝑉𝑠 (Chantel et al., 296 

2016). Adding melt into the asthenosphere of mostly wet upper mantle produces seismic 𝑉𝑠 297 

structures that follow the observations more closely than those of melt-free assumptions (light 298 

green line, Figure 6c). Overall, adding melt to the asthenosphere (which decreases both Q and 299 

𝑉𝑠) and introducing high water content to the deep upper mantle (which increases grain size and 300 

Q) improves the fit to observations for our predicted seismic structures. Notably, a fast-moving 301 

plate (case iii, Figure 4d), which produces larger grain sizes in the asthenosphere (Figure 4e) 302 

than a slow plate (case ii), may require even more melt (Debayle et al., 2020) to reduce the 303 

seismic Q further. 304 

6. Discussion 305 

In this 1-D analytical study, we assume a composite rheology (dislocation and diffusion creep 306 

mechanisms) for olivine to represent the bulk rheology above 410 km since olivine is the most 307 
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abundant and well-studied mineral. The inherent viscosity of other phases such as pyroxenes 308 

(e.g., Chen et al., 2006) and the effect of multiple phases on the overall rheology may 309 

additionally affect the predicted type of flow. We assume that the mantle transition zone has 310 

constant viscosity and flows under diffusion creep (PFn1-dominated). If the mantle transition 311 

zone is assumed to flow under dislocation creep with wet upper mantle above it (entirely PFn3-312 

dominated above 670 km), this may increase the predicted Q below the asthenosphere where 313 

grain-sizes may increase due to low stresses induced by the PFn3 configuration. 314 

Empirically, seismic Q increases with increasing grain size (e.g., Jackson and Faul, 2010) but 315 

neither the magnitude nor the seismic period range of the minimum Q in the asthenosphere are 316 

well constrained by experiments. There may be other factors influencing attenuation that we do 317 

not account for in the estimation, such as oxygen fugacity that may decrease below the 318 

asthenosphere and can cause an increase in Q (e.g., Cline et al., 2018). In addition, we consider 319 

a single geological setting that is not perfectly comparable with the spherically averaged seismic 320 

Q models and velocity models, which may cancel out heterogeneities. Averaging our predicted 321 

seismic profiles across a range of imposed plate velocities and pressure gradients may improve 322 

the usefulness of our theoretical seismic models when compared to globally-averaged 323 

observations.  324 

Since water distribution indirectly affects the prediction of seismic structures, accounting for 325 

inferred water contents from magnetotelluric (MT) surveys in the oceanic upper mantle (e.g., 326 

Selway et al., 2019) may improve our forward models. Although the small amount of melt 327 

fraction considered in this study, which is also detectable by MT surveys, has a negligible effect 328 

on the viscosity and flow configuration (Figure S6) when using olivine flow laws, it can 329 

potentially affect asthenospheric deformation if the melt is aligned (e.g., Wang et al. 2013; 330 

Hansen et al., 2021), and may have a significant impact on diffusion creep viscosity if the melt 331 

is well-connected (e.g., Holtzman, 2016). 332 
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The depth of base of the asthenosphere and the velocity boundary conditions there are not well 333 

constrained. This is why we extend our 1-D model to 670 km, which should reduce any 334 

boundary effects. However, we have found that the rheology contrast between the mantle 335 

transition zone and the overlying upper mantle significantly affects the distribution of flow 336 

between these layers (Figure S5) and is poorly constrained. Furthermore, the rheology of the 337 

mantle transition zone, and the mantle above it, may vary laterally because of lateral variations 338 

in hydration of the transition zone (e.g., Karlsen et al., 2019). 339 

Since we consider 1-D mantle flow, we assume that pressure-driven flow and the surface plate 340 

move in the same direction. However, a possible transverse component of the horizontal 341 

pressure gradient relative to the plate motion (essentially a 2D problem) will affect the 342 

interaction between the two flows, particularly for non-Newtonian rheology (Natarov and 343 

Conrad, 2012), and thus also the predicted variations in grain size, seismic velocity, attenuation 344 

and anisotropy. Investigating such 2D variations is beyond the scope of this study. 345 

7. Flow configurations for the upper mantle 346 

Our models suggest four possible flow configurations (Figure 7a) above 670 km depth, 347 

depending on the drivers of the flow and the viscosity contrast between upper mantle and mantle 348 

transition zone: 349 

[1] CF: Couette flow dominates across the uppermost 670 km if the upper mantle and mantle 350 

transition zone are both strongly viscous (e.g., if they are dry). This occurs if pressure gradients 351 

in the channel are not large enough to drive flow within the highly viscous channel.  352 

[2] PFn1-MTZ: Poiseuille flow dominates in the MTZ with little deformation in the upper 353 

mantle if the mantle transition zone is significantly less viscous than the upper mantle. This is 354 

because higher viscosities in the upper mantle prevent deformation, which instead becomes 355 
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concentrated within the mantle transition zone that is assumed to have a Newtonian rheology 356 

Figure 7. (a) A schematic diagram for different flow configurations that may dominate in the oceanic upper mantle and 

MTZ. (b) The dominant flow for different plate velocity (𝑈𝑝) and horizontal pressure gradient (𝑑𝑝/𝑑𝑥) combinations for 

(b.1) dry (50 ppm H/Si) and (b.2) wet (1000 ppm H/Si) conditions, for different MTZ viscosities. (c) Predictions of seismic 

Q factor for different flow configurations for (c.1) dry and (c.2) wet conditions, where the type of flow configuration from 

(a) is indicated by a label [1]-[4] from (a) that also refers to the (𝑈𝑝, 𝑑𝑝/𝑑𝑥) combination used to drive the flow, as indicated 

in (b.1) and (b.2) above. Note that flow configuration [2] does not occur for wet conditions. Observations of seismic Q for 

comparison are the KR18 global Q model of Karaoglu and Romanowicz (2018) and the D08 model of Dalton et al. (2008) 

for mid-age oceans. Abbreviations: UM = upper mantle, MTZ = mantle transition zone, CF = Couette flow, and PF = 

Poiesuille flow (PFn1 for Newtonian PF and PFn3 for plug flow, see Figure 2a and 2b). 
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(thus PFn1-dominated). 357 

[3] PFn3-410: Plug flow occurs dominantly in the upper mantle if the mantle transition zone 358 

is more viscous than the upper mantle. Here deformation concentrates within the less viscous 359 

(typically wet) upper mantle, and the pressure gradient must be large enough that plug flow 360 

exceeds the plate-driven Couette flow. 361 

[4] PFn3-670: Plug flow may dominate across the uppermost 670 km if both the upper mantle 362 

and mantle transition zone have sufficiently low viscosities (e.g., if they are wet) to allow 363 

existing pressure gradients to drive flow or if pressure gradients are large enough to drive plug 364 

flow in a viscous (dry) upper mantle. 365 

Because of its impact on viscosity, water content helps to determine the dominant flow 366 

configuration (Figure 7b). A dry upper mantle (Figure 7b.1) may exhibit any of these four flow 367 

configurations, depending on the viscosity of mantle transition zone. A low-viscosity mantle 368 

transition zone (1019 Pa·s) exhibits dominantly PFn1-MTZ, an intermediate viscosity (1020 369 

Pa·s) may produce any of the four configurations depending on flow drivers, and a highly 370 

viscous mantle transition zone (1021 Pa·s) is stiff enough to only produce the CF configuration. 371 

A wet upper mantle (Figure 7b.2) produces dominantly PFn3 flow, either above 410 km if the 372 

mantle transition zone is stiff enough to prevent deformation or above 670 km otherwise. 373 

Seismic Q and velocity profiles can potentially constrain mantle flow. However, most of the 374 

seismic structures reported are averaged globally or over a range of plate ages, which may 375 

cancel out some localized features such as the peak seismic velocity and the peak seismic Q 376 

within the asthenosphere, as predicted for PFn3-410 (dashed lines labelled with [3], Figure 7c). 377 

This limits our ability to compare forward seismic velocity and attenuation models with most 378 

of the seismological observations, unless the observations are localized. Nonetheless, from our 379 

forward models, a dominant PFn3-670 configuration in the oceanic mantle above 670 km (solid 380 
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lines labelled with [4], Figure 7c) best explains the seismic Q minimum within the 381 

asthenosphere. For this flow configuration, magnitudes of Q for wet upper mantle (Figure 7c.2) 382 

are closer to the observations than those for dry upper mantle (Figure 7c.1) because the induced 383 

dry olivine grain-sizes are too small (< 3 cm, Figure S7c) to explain the Q observations, 384 

particularly beneath the asthenosphere. 385 

8. Conclusions 386 

As a summary, we propose the following to explain the observed seismic structures, particularly 387 

the observed low-Q zone: 388 

(i) Poiseulle flow (PF), and particularly plug flow (PFn3), may dominate deformation 389 

within the oceanic upper mantle. Wet conditions facilitate this type of flow because 390 

they reduce upper mantle viscosity, allowing ambient mantle pressure gradients to 391 

drive plug flow that can overprint plate-driven shearing (Couette flow, CF).  392 

(ii) Variations in grain size induced by plug flow (PFn3) are necessary to explain the 393 

zone of low Q (high seismic attenuation) in the asthenosphere. Here, low Q can be 394 

attributed to grain-size reduction due to extensive shearing within the low viscosity 395 

asthenosphere. 396 

(iii) The increase of Q beneath the asthenosphere can be explained by large grain-sizes 397 

associated with minimal deformation within the ~250-410 km depth range. Such 398 

slow deformation is consistent with plug flow spanning the entire upper mantle and 399 

transition zone (the PFn3-670 flow configuration, Figure 7a). 400 

(iv) High water content may be required to promote large grain sizes (> 10 cm) in the 401 

mantle rocks beneath the asthenosphere. 402 

(v) Melt in the asthenosphere is not necessary (e.g., Lin et al., 2016) to explain observed 403 

seismic anomalies there. Instead, grain-size variations associated with plug flow 404 
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(PFn3) can explain both the low-Q and low velocity zones (LVZ). Small amounts 405 

of melt can, however, amplify these trends, which can improve the fit to global 406 

seismic observations (e.g., Figure 6).  407 

Pressure-driven flow travelling beneath the oceanic lithosphere is important because it 408 

promotes long-wavelength mantle convection (Semple and Lenardic, 2018), drives tectonic 409 

plate motions (Semple and Lenardic, 2020), transports geochemical heterogeneities 410 

(Yamamoto et al., 2007), and generates intraplate volcanism (Ballmer et al., 2013). Here we 411 

have shown that pressure-driven plug flow may additionally explain pervasive seismic 412 

observations such as the LVZ and the low-Q zone, by reducing asthenospheric grain-sizes. 413 

Because this grain-size reduction also weakens asthenospheric rocks, plug flow helps to 414 

maintain a low-viscosity asthenosphere, a key feature of Earth’s interior structure that regulates 415 

a variety of geodynamic process ranging from plate tectonics to postseismic and postglacial 416 

relaxation (e.g., Richards and Lenardic, 2018). 417 
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Supplementary Information 1 

A. Predicted seismic structures for non-deforming oceanic upper mantle 2 

For an oceanic upper mantle that is not deforming, we assume that the grain size is 3 

constant. We consider different grain sizes (1 mm – 10 cm) and calculate their 4 

respective seismic structures (blue lines, Figure S1). As expected, Q values (Figure S1a) 5 

within the upper mantle are larger for larger grain size, resulting in faster seismic 6 

velocities (Figure S1b) than for smaller grain size. Notably, a LVZ can be produced 7 

(Figure S1b) but not the low Q zone (Figure S1a).  8 

B. Analytical solution for 1-D rheology-dependent mantle flow in N layers 9 

To implement composite rheology in the upper mantle, we must combine both 10 

Newtonian Poiseuille flow (PFn1) and plug flow (PFn3) models. For an assigned 11 

Newtonian rheology for the mantle transition zone, we only use the PFn1 model. We 12 

Figure S1. Seismic structures for oceanic upper mantle that is not deforming. (a) The seismic Q structures 

are calculated using Faul and Jackson’s (2010) formulation for 100 s period, where Q is sensitive to a chosen 

grain size (values given), which is assumed constant in the absence of deformation. The global KR18 model is 

from Karaoglu & Romanowicz (2018). (b) The associated forward shear wave velocities are estimated using 

Karato’s (1993) formulation, again for constant chosen grain size. The global ND08 model is from Nettles & 

Dziewonski (2008). 



apply Equations (3) and (6.2) and the boundary conditions shown in Figure S2 and 13 

summarized below: 14 

𝑣𝑥,1(𝑧0) = 𝑈𝑝     (S1) 15 

𝑣𝑥,𝑁(𝑧𝑁) = 0     (S2) 16 

at 𝑧𝑖:  𝜏𝑖(𝑏𝑜𝑡𝑡𝑜𝑚 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑜𝑓 𝑖𝑡ℎ 𝑙𝑎𝑦𝑒𝑟) = 𝜏𝑖+1(𝑡𝑜𝑝 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑜𝑓 𝑖𝑡ℎ + 1 𝑙𝑎𝑦𝑒𝑟) (S3) 17 

at 𝑧𝑖:   𝑣𝑥,𝑖(𝑏𝑜𝑡𝑡𝑜𝑚 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑜𝑓 𝑖𝑡ℎ 𝑙𝑎𝑦𝑒𝑟) = 𝑣𝑥,𝑖+1(𝑡𝑜𝑝 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑜𝑓 𝑖𝑡ℎ + 1 𝑙𝑎𝑦𝑒𝑟) (S4) 18 

This yields a set of equations: 19 

𝜕𝑝

𝜕𝑥
𝑧𝑖  +  𝐶𝑖 =

𝜕𝑝

𝜕𝑥
𝑧𝑖  +  𝐶𝑖+1  𝐶𝑖 = 𝐶𝑖+1    (S5) 20 

𝐴𝑃𝐹𝑛1,𝑖 [
1

2
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+ 𝑘𝑖 = 21 

𝐴𝑃𝐹𝑛1,𝑖+1 [
1

2

𝜕𝑝

𝜕𝑥
𝑧𝑖
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] + 𝑘𝑖+1  (S6) 22 

We linearize the equations by grouping the terms in Equations (S5) and (S6) such that 23 

the terms with first degree C’s and k’s (constants of integration) are on the left side of 24 

the equation and the remaining terms are on the right side. Then, we can express the 25 

boundary conditions for the layered system as MR=A where vector R contains the 26 

constants of integration (C’s and k’s) and vector A has the higher degree C’s: 27 



(

 
 
 
 
 
 
 

𝑎𝑃𝐹𝑛1,1 + 𝑎𝑃𝐹𝑛3,1 1 0 0 0 0 … 0 0 0 0
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=
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       (S7) 29 

where, 30 

𝑎𝑃𝐹𝑛1,𝑖 = 𝐴𝑃𝐹𝑛1,𝑖 𝑧𝑖     (S8) 31 

𝑎𝑃𝐹𝑛3,𝑖 = 𝐴𝑃𝐹𝑛3,𝑖 (
𝜕𝑝

𝜕𝑥
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2
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3    (S9) 32 
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 34 
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]    (S11) 35 

The terms 𝐴𝑃𝐹𝑛1,𝑖 and 𝐴𝑃𝐹𝑛3,𝑖 for the upper mantle are defined in Equations (5.3) and 36 

(5.4), respectively. For the mantle transition zone (MTZ), 𝐴𝑃𝐹𝑛1,𝑖 = 2/𝜂𝑀𝑇𝑍 and 37 

𝐴𝑃𝐹𝑛3,𝑖 = 0. The higher degree 𝐶𝑖 terms in Equation (S11) or in vector A are considered 38 

constant and we initially guess them to be the same for every layer 𝑖 (as in Equation 39 

S5) to determine the 𝐶𝑖 and 𝑘𝑖 in vector R by inversion (R=M-1A). Then, the 𝐶𝑖 in vector 40 



A is updated in every iteration with the calculated 𝐶𝑖 in vector R until their absolute 41 

difference is ≤ 10−6. Then, stresses (Equation 3) and velocities (Equation 6.2) with 42 

depth can be calculated using the derived 𝐶𝑖 and 𝑘𝑖 from vector R. 43 

C. Iteration scheme to compute steady state grain size and stress evolution 44 

The 𝐴𝑃𝐹𝑛1,𝑖 and 𝐴𝑃𝐹𝑛3,𝑖 parameters used in calculating stress 𝜏 and horizontal velocity 45 

𝑣𝑥 (Section A) are dependent on grain-size, which evolves with time (Equation 7). 46 

Both 𝜏 and 𝑣𝑥 reach a steady state, which is determined by employing the scheme 47 

below:  48 

𝒕𝟎:                          𝑎𝑠𝑠𝑢𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑑0  → 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑣𝑥,𝑡0  𝑎𝑛𝑑 𝜏𝑡0   49 

𝒕𝟏 = 𝒕𝟎 + ∆𝒕:     𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑑1 𝑎𝑛𝑑  𝑑1  → 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒  𝑣𝑥,𝑡1  𝑎𝑛𝑑 𝜏𝑡1   50 

𝒕𝟐 = 𝒕𝟏 + ∆𝒕:     𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑑2 𝑎𝑛𝑑 𝑑2  → 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒  𝑣𝑥,𝑡2  𝑎𝑛𝑑 𝜏𝑡2  51 

⋮ 52 

𝒕𝒌 = 𝒕𝒌−𝟏 + ∆𝒕:     𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑑𝑘 𝑎𝑛𝑑 𝑑𝑘  → 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒  𝑣𝑥,𝑡𝑘  𝑎𝑛𝑑 𝜏𝑡𝑘 53 

  

Figure S2. The boundary conditions for 1D model with N layers in terms of stress τi and flow horizontal velocity 

vx,i where i is the layer number. The Ci and ki integration constants in Equation (3) for stress and Equation (6.2) 

for flow velocity are determined, which allows us to solve stresses and flow velocities within the model.  



where 54 

𝑡𝑘 = 𝑘∆𝑡 = 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 55 

∆𝑡 = 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡𝑖𝑚𝑒 𝑜𝑟 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 56 

𝑑𝑘 = 𝑛𝑒𝑤 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑎𝑓𝑡𝑒𝑟 𝑡𝑘 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (𝑆12)) 57 

∆𝑑𝑘 = 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑔𝑟𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 𝑎𝑓𝑡𝑒𝑟 𝑡𝑘 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛  (𝑆13))  58 

𝑣𝑥,𝑡𝑘 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑎𝑡 𝑡𝑘 59 

𝜏𝑡𝑘 = 𝑠𝑡𝑟𝑒𝑠𝑠 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑎𝑡 𝑡𝑘 60 

After time 𝑡𝑘 (which is 𝑡𝑘−1 + ∆𝑡), we determine the new grain size structure 𝑑𝑘: 61 

𝑑𝑘 = 𝑑𝑘−1 + ∆𝑑𝑘       (S12) 62 

where ∆𝑑𝑘 is estimated by multiplying the grain-size change rate �̇�𝑘−1 at 𝑡𝑘−1 by ∆𝑡:  63 

∆𝑑𝑘 = ∆𝑡[�̇�𝑘−1] = ∆𝑡[�̇�𝑔𝑔,𝑘−1 − �̇�𝑑𝑟,𝑘−1]   (S13) 64 

Here �̇�𝑘−1 is estimated using Equation (7) where �̇�𝑔𝑔,𝑘−1 is the grain growth term and 65 

�̇�𝑑𝑟,𝑘−1 is the dynamic recrystallization term (the first and second terms on the right 66 

hand side of Equation (7), respectively). The constants used in the calculation of �̇� (as 67 

described by Equations (7) and (S13)) are summarized in Table S1. Using the new 𝑑𝑘, 68 

we recalculate the horizontal velocity, shear stress, and viscosity structures. We iterate 69 

this process until a steady state grain size is reached at steady-state time 𝑡𝑠𝑠 (typically 70 

<< 1 Myr, criterion is discussed in Section D). 71 



Table S1. Grain size evolution parameters are taken from Behn et al. (2009) since they are calibrated 72 

to laboratory data, and the flow law parameters are from Hirth and Kohlstedt (2003). 73 

Symbol Description Value Units 

�̇�𝑔𝑔 Grain growth rate  m/s 

�̇�𝑑𝑟 Dynamic recrystallization rate  m/s 

𝜏 Shear stress  Pa 

𝜎 Differential stress (2𝜏)  Pa 

𝑝𝑔 Grain growth exponent 3  

𝐺𝑜(dry) 
Grain growth constant for 50 

ppm H/Si 
1.5 × 10−5 𝑚𝑝𝑔𝑠−1 

𝐺𝑜(wet) 
Grain growth constant for 1000 

ppm H/Si 
4.5 × 10−4 𝑚𝑝𝑔𝑠−1 

𝐸𝑔 
Activation energy for grain 

growth 
350 kJ/mol 

𝑉𝑔 
Activation volume for grain 

growth 
4 × 10−6 𝑚3/𝑚𝑜𝑙 

𝜆 
Reciprocal of strain required for 

new grain size 
10  

𝜒 

Fraction of work done by 

dislocation to ground boundary 

area 

0.1  

𝑐 Geometrical constant 3  

𝛾 
Average specific grain 

boundary energy 
1 𝐽/𝑚2 

𝜀�̇�𝑖𝑠𝑙 Dislocation creep strain rate 
For olivine 

𝑠−1 
DRY WET 

𝐴𝑑𝑖𝑠𝑙 Dislocation creep prefactor 1.1 × 105 30 𝑀𝑃𝑎−3.5𝑠−1 

𝑛𝑑𝑖𝑠𝑙 
Dislocation creep stress 

exponent 
3.5 3.5  

𝑝𝑑𝑖𝑠𝑙  
Dislocation creep grain size 

exponent 
0 0  

𝑟𝑑𝑖𝑠𝑙 
Dislocation creep water 

exponent 
0 1.2  

𝛼𝑑𝑖𝑠𝑙  Constant for melt factor 45 45  



𝐸𝑑𝑖𝑠𝑙 
Dislocation creep activation 

energy 
530 480 kJ/mol 

𝑉𝑑𝑖𝑠𝑙 
Dislocation creep activation 

volume 
15 × 10−6 11 × 10−6 𝑚3/𝑚𝑜𝑙 

𝜀�̇�𝑖𝑓𝑓 Diffusion creep strain rate 
For olivine 

𝑠−1 
DRY WET 

𝐴𝑑𝑖𝑓𝑓 Diffusion creep prefactor 1.5 × 109 1 × 106 𝑀𝑃𝑎−3.5𝑠−1 

𝑛𝑑𝑖𝑓𝑓 Diffusion creep stress exponent 1 1  

𝑝𝑑𝑖𝑓𝑓 
Diffusion creep grain size 

exponent 
3 3  

𝑟𝑑𝑖𝑓𝑓 Diffusion creep water exponent 0 1  

𝛼𝑑𝑖𝑓𝑓 Constant for melt factor 30 30  

𝐸𝑑𝑖𝑓𝑓 
Diffusion creep activation 

energy 
375 335 kJ/mol 

𝑉𝑑𝑖𝑓𝑓 
Diffusion creep activation 

volume 
6 × 10−6 4 × 10−6 𝑚3/𝑚𝑜𝑙 

D. Convergence criterion for grain size evolution 74 

To determine the steady-state time 𝑡𝑠𝑠, we employ a convergence criterion of: 75 

Δ𝑑𝑛𝑜𝑟𝑚

𝑑𝑛𝑜𝑟𝑚
≤ 𝜗      (S14) 76 

where 𝜗 is the limit for convergence, Δ𝑑𝑛𝑜𝑟𝑚 is the depth-averaged norm of grain size 77 

change, and 𝑑𝑛𝑜𝑟𝑚 is the depth-averaged norm of grain size. As a convergence 78 

criterion, we use Equation (S15) for a chosen timestep Δt. At time 𝑡𝑘, the parameters in 79 

Equation (S14) are calculated as: 80 

𝜗 = 5 × 10−4 (
∆𝑡

1000 𝑦𝑟
)    (S15) 81 

Δ𝑑𝑛𝑜𝑟𝑚 =
√∑ (𝑑𝑘−𝑑𝑘−1)2∆𝑧𝑁+1

𝑖=1

∑ ∆𝑧𝑁+1
𝑖=1

    (S16) 82 



𝑑𝑛𝑜𝑟𝑚 =
√∑ 𝑑𝑘

2∆𝑧𝑁+1
𝑖=1

∑ ∆𝑧𝑁+1
𝑖=1

     (S17) 83 

When the criterion in Equation (S14) is met, 𝑡𝑘~𝑡𝑠𝑠. 84 

E. Additional analyses at steady-state 85 

E.1 Effect of initial grain-size 86 

We compare two steady-state calculations that are the same except for different initial 87 

olivine grain-sizes (1 mm or 10 mm), which produces flow via Couette flow (CF) above 88 

a 1021 Pa·s mantle transition zone as shown in Figure S3a. Such a flow configuration 89 

Figure S3. Effect of initial grain size (1 mm and 10 mm for the red dashed and black lines, respectively) on 

the steady-state (a) upper mantle flow, (b) induced shear stresses, (c) grain-size structure, and (d) effective 

viscosity. We assume dry conditions, and that the 60 Myr old oceanic upper mantle and mantle transition zone 

are deformed by plate motion of 10 cm/yr and a pressure gradient of -5kPa/km. Until the flow reaches steady 

state, grain size changes according to the grain size evolution AE07 model (Austin and Evans, 2007). Flow 

additionally alters the grain-size structure, which in turn changes the flow and rheology with time. The flow 

eventually reaches steady state after a time tss=152 kyr for an initial grain size of 1 mm and tss=15 kyr for an 

initial grain size of 10 mm (see Supplementary Information D). The timesteps Δt used for 1-mm and 10-mm 

flow models are 10 yr and 100 yr, respectively. 



dominates because of large viscosities in the upper mantle and mantle transition zone 90 

(Figure S3d). Initially smaller (1 mm) and larger grain-sizes (10 mm) evolve to the same 91 

steady-state grain-size structure (except for the stiff undeforming lithosphere, Figure 92 

S3c) and the same steady-state upper mantle flow (Figure S3a) with the same stress 93 

profile (Figure S3b). Clearly, the choice of initial grain-size does not affect the system’s 94 

eventual steady-state but it does affect the time it takes the grain size to reach steady 95 

state. A larger initial grain size (i.e., 10 mm) stabilizes faster (15 kyr) compared to a 96 

smaller grain size (1 mm, 152 kyr), because large grain-sizes subdivide rapidly 97 

(Equation 7). 98 

E.2 Effect of grain-size evolution model 99 

Hall & Parmentier (2003) provide another grain-size evolution model (HP03 model): 100 

HP03 model:  �̇� = 𝑝𝑔
−1𝑑1−𝑝𝑔𝐺𝑜 exp (−

𝐸𝑔+𝑃𝑉𝑔

𝑅𝑇
) − 𝜆𝜀�̇�𝑖𝑠𝑙𝑑   (S18) 101 

The grain-size structure stabilizes faster when using AE07 model (𝑡𝑠𝑠 = 478 𝑘𝑦𝑟) 102 

compared to using the HP03 model (598 kyr) because of AE07’s strong dependence on 103 

grain-size (Figure S4c). Although the HP03 model (red dashed line, Figure S4c) 104 

predicts larger grain sizes than does the AE07 model (black line), their flow 105 

configurations (Poiseuille flow or PF, Figure S4a), stress profiles (Figure S4b), and 106 

viscosities (Figure S4d) are nearly the same. 107 



E.3 Effect of contrasting rheologies between upper mantle and MTZ 108 

In Section 4, the comparable effective viscosities of upper mantle and mantle transition 109 

zone result in a CF-dominated dry upper mantle and a PF-dominated wet upper 110 

mantle. However, with contrasting rheologies, the dry upper mantle can accommodate 111 

a PF configuration (case ii, Figure S5a) and a CF configuration in wet upper mantle 112 

(case i, Figure S5d). The less viscous mantle transition zone below dry upper mantle 113 

(Figure S5c) allows a pressure-driven flow within the upper mantle (case ii, Figure 114 

S5a). In contrast, the more viscous mantle transition zone below the wet upper mantle 115 

(Figure S5f) can shut down pressure-driven flow unless the pressure gradient is large 116 

enough (cases ii and iii, Figure S5d) to drive PF that exceeds the plate-driven flow.  117 

Figure S4. Effect of grain size evolution model (HP03 (Hall & Parmentier, 2003) for the red dashed line and 

AE07 (Austin and Evans, 2007) for the black line) on the steady-state (a) upper mantle flow, (b) induced shear 

stresses, (c) grain-size structure (initially 10 mm grain size), and (d) viscosity. The flow conditions considered 

are the same as in Figure S3. The timesteps Δt used for HP03 and AE07 grain-size evolution models are 1000 

yr and 100 yr, respectively. 



E.4 Effect of water and small melt fraction on upper mantle flow and rheology 118 

Varying the water distribution (blue line in Figure S6 vs. case (i) wet upper mantle in 119 

Figure 4) clearly alters the rheology and grain-size structures, and thus also the flow 120 

pattern. In contrast, adding a small amount of melt (< 0.1%, Figure 6a.2) in the 121 

Figure S5. Effect of contrasting rheologies between upper mantle (UM) and MTZ on the steady state (a, 

d) flow, (b, e) grain size structure, and (c, f) viscosity for (a-c) dry and (d-f) wet (d-f) conditions. Different 

combinations of plate velocity and horizontal pressure gradient (labeled as i, ii and iii) are considered, and are 

the same as in Figure 4. For dry upper mantle, the assigned mantle transition zone (MTZ) viscosity is 1020 Pa·s, 

and 1021 Pa·s MTZ for wet upper mantle. The less viscous MTZ viscosity allows for a PF configuration to 

dominate in the more viscous upper mantle. Otherwise, CF may dominate unless the pressure gradient is large 

enough to drive PF that exceeds plate velocity. The initial grain-size for each calculation is 10 mm. A timestep 

Δt of 1000 yr is used for case (i), and 100 yr for cases (ii) and (iii). 



asthenosphere reduces the viscosity by at least a factor of ~0.8, which yields negligible 122 

changes to the flow pattern and grain-size structure (compare blue and dashed orange 123 

lines, Figure S6). 124 

E.5 Different flow configurations in dry and wet upper mantle 125 

The flow configurations and rheological structures for the different plate velocity and 126 

pressure gradient combinations, and MTZ viscosities, shown in Figures S7 and S8 for 127 

dry and wet conditions, respectively, as discussed in Section 6.3. 128 

Figure S6. Effect of excluding melt (blue line) vs. including melt (dashed orange line) on steady-state upper mantle 

(a) flow, (b) olivine grain sizes, (c) viscosity, and (d) dominant deformation mechanism. A 60 Myr old oceanic 

upper mantle is considered with 2 cm/yr plate velocity and a -1 kPa/km pressure gradient. The grain-size evolution 

model used is AE07 (Austin and Evans, 2007) with a timestep Δt of 1000 yr.  



 129 

Figure S7. The (a) four flow configurations for dry (50 ppm H/Si) upper mantle and their associated (b) 

stresses, (c) grain-sizes, and (d) viscosity structures. The corresponding plate speed and pressure gradient 

combinations used to produce such flows are shown in Figure 7b.1 (in red rectangles).  

Figure S8. The (a) four flow configurations plausible for wet (1000 ppm H/Si) upper mantle and their 

associated (b) stresses, (c) grain-sizes, and (d) viscosity structures. The corresponding plate speed and 

pressure gradient combinations used to produce such flows are shown in Figure 7b.2 (in blue rectangles).  


