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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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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 self-
consistent 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

A seismic low-velocity zone (LVZ; Figure 1) between ~100 — 250 km depth is a prominent
feature below the oceanic lithosphere that is consistently reported by global and local
seismological models (e.g., Dalton et al., 2009). Since the LVVZ was discovered by Gutenberg
(1959), researchers have noted its overlap with the asthenosphere (Figure 1), the low-viscosity
zone that facilitates mantle deformation beneath the tectonic plates (e.g., Richards et al., 2001).
Indeed, the deformation of asthenospheric rocks is illuminated by a seismically-anisotropic
layer (high anisotropy zone, Figure 1; e.g., Nettles and Dziewonski, 2008) that is produced by
shear deformation of olivine (e.g., Tommasi et al., 1999; Jung and Karato, 2001). This
deformation drives grain-size reduction (e.g., Behn et al., 2009), which can decrease both the
seismic velocity (e.g., Faul and Jackson, 2005) and the effective mantle viscosity (e.g., Warren
and Hirth, 2006; Hirth and Kohlstedt, 2003), potentially amplifying the deformation. Stiff plates
may also trap partial melt (e.g., Chantel et al., 2016; Selway and O’Donnell, 2019; Debayle et

al. 2020), reducing seismic velocities.
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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
seismic energy, and indeed the LVZ is approximately coincident with a zone of high seismic
attenuation (low seismic Q zone, Figure 1). The LVZ, the low-Q zone, and low viscosity
asthenosphere all overlap (Figure 1), and the coincident layer of seismic anisotropy suggests
that all three are linked together with asthenospheric deformation. Grain-size reduction, which
is driven by rock deformation, is an obvious explanation, because it reduces seismic velocity,
seismic Q, and effective viscosity. Indeed, without grain-size variations produced by
asthenospheric deformation, the forward-prediction of seismic structures (Figure S1) does not
reproduce the low Q zone in the asthenosphere, and the amplitude of the LVVZ is underpredicted.
The patterns of rock deformation in the asthenosphere exert an important control on upper
mantle seismic properties, and indeed we can use seismic observations of the LVZ and low-Q

zone to constrain models of asthenospheric deformation.

Using grain size evolution models (e.g., Austin and Evans, 2007; Hall and Parmentier, 2003),
we investigate time-dependent depth variations of grain size resulting from flow-induced
deformation within the upper mantle. Behn et al. (2009) already showed the importance of grain
size evolution for the seismic structures associated with asthenospheric shear (Couette flow,
Figure 2a), but recent studies have suggested that pressure-driven (Poiseuille, Figure 2b) flow
may be the dominant mode of deformation within much of the upper mantle (e.g., Hoink and
Lenardic, 2010; Semple and Lenardic, 2018). Couette flow arises due to the motion of a surface
plate that shears the asthenosphere below it in a linear fashion, while Poiseuille flow is induced
by pressure gradients across the upper mantle associated with mantle upwellings and
downwellings and/or lateral density variations. By developing an analytical model that
incorporates realistic upper mantle flow configurations (combined Couette and Poiseuille
flows), we determine how grain-size variations depend on flow drivers such as plate speed and

horizontal pressure gradient, and on mantle parameters such as water content and melt fraction.
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Although water content (e.g., Karato and Jung, 1998; Karato 2012) does not significantly affect
seismic attenuation (Cline et al. 2018), it does affect viscosity (e.g., Mei and Kohlstedt, 2000;
Hirth and Kohlstedt, 2003). We also investigate feedbacks between grain-size, asthenosphere
flow, rheology, and deformation mechanism. From the modelled flow in the upper mantle, we
make predictions of seismic structures that can be tested against observations of seismic
velocity and attenuation in the upper mantle. This comparison places constraints on mantle

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

2. Types of flow in the oceanic upper mantle

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

combination of Couette (plate-driven, Figure 2a) and Poiseuille (pressure-driven, Figure 2b)
flows (e.g., Lenardic et al., 2006; Hoink and Lenardic, 2010; Natarov and Conrad, 2012). If
Couette flow occurs via dislocation creep, this shearing flow produces a lattice-preferred
orientation of olivine crystals that form a single seismically anisotropic layer (Figure 2a). Two
distinct anisotropic layers, as detected by Lin et al. (2016) at the top and the base of the
asthenosphere, can be formed by separate shear zones if the asthenosphere additionally hosts
Poisuille flow (Figure 2b). If the upper mantle has a Newtonian rheology, a Newtonian
Poiseuille flow (termed PFnl here, where i’ denotes the stress exponent n=1, Figure 2b.1)
is produced. For a power-law rheology, the flow is dominated by the so-called “plug flow”
(termed PFn3 here, for n=3, Figure 2b.2), with approximately uniform velocity in the middle

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

(Semple and Lenardic, 2018).

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

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

to investigate the effect of flow configurations on rheology (Section 4) and seismic structures
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(a) Couette Flow (CF) (b) Poiseuille Flow (PF)

PFnl flow: Newtonian rheology (n=1) PFn3 flow: Power-law rheology (n=3)
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Figure 2. (a-b) Dominant flow regimes in the upper mantle: Sketch of flow velocities (#7,) 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 (7,,) 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 Egs. (6.2) and (A.5), where the boundary conditions are shown in (c).

(Section 5), particularly in the seismically anomalous and weak asthenosphere. We let the
rheology of the mantle determine the style of flow and the associated flow rates and stresses
(Section 3.2). At the same time, the flow alters the olivine grain size with time until the size
stabilizes (Section 3.3) by utilizing the available grain size evolution models (e.g., Austin and
Evans, 2007; Hall and Parmentier, 2003). Thus, the temporal evolution of olivine grain size

requires us to also calculate the time-evolution of the shear stresses, horizontal velocities and
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viscosities (Section 3.4). From this, we can account for possible feedbacks between flow

configurations, rheology, deformation, and grain-size.
3.1 Model Set-up

Since we do not know the appropriate depth and the velocity boundary condition at the base of
the asthenosphere (green region, Figure 1), we incorporate the entire oceanic mantle down to
670 km (including lithosphere, asthenosphere, upper mantle, and mantle transition zone; Figure
2c) into our model. We impose a plate speed U, at 0 km to drive Couette flow (Figure 2a), and
a zero flow condition (v, = 0) at 670 km, which assumes that flow is much slower in the highly
viscous lower mantle. We assign a lateral pressure gradient (dp/dx) across the layers above
670 km to drive Poiseuille flow (Figure 2b). From the U, and dp/dx drivers, the resulting flow
configuration and the associated flow velocities (v, ) are determined by the composite rheology
above 410 km, and the assigned Newtonian rheology of the mantle transition zone (Section
3.2). The rheology above 410 km is dictated by the assigned water content (50 ppm H/Si or
1000 ppm H/Si) and melt fraction, the computed geotherm for a 60 Myr oceanic plate with 1623
K potential temperature (Figure 2c; using Equation (4.113) of Turcotte and Schubert (2014)),
and the deformation-dependent olivine grain size. This results in a cold and highly viscous
lithosphere at depths shallower than ~100 km and a deformable upper mantle layer between the
lithosphere and the mantle transition zone. Although the mantle transition zone (410 — 670 km)
may deform under dislocation creep (e.g., Ritterbex et al., 2020), we assigned a Newtonian
viscosity in the range 10'° — 10%! Pa:s (e.g., Kaufmann and Lambeck, 2000; Forte and
Mitrovica, 1996) because the flow laws for ringwoodite and wadsleyite (polymorphs of olivine

that are stable in the mantle transition zone) are not well constrained by experiments.
3.2 Working equations for the 1D flow model

Both plate- and pressure-driven flows are governed by the Navier-Stokes equation.
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pE=—Vp+ﬁ+nVZI7 (1)

When neglecting the inertial term % and body forces F, we are left with pressure and viscous

terms for a 1D model,

ap a 0vy\ _

—£+£(n(z)¥) ) 2.1)
d 2

—2 2 ) =0 (2.2)

where g—z is a constant horizontal pressure gradient, n(z) is depth-dependent viscosity, t,, is

the shear stress, and v, is the horizontal velocity (either plate-driven or pressure-driven).
Integrating Equation (2.2) with respect to z yields an estimate of the shear stress 7,, =t

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

a
T, = £Zl' + Ci (3)

where C; is a constant of integration.

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

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

g

Neffi

(4)

Etotali = Eaiff,i T €disti =

where €475 is the strain rate for diffusion creep, é4;; is the strain rate for dislocation creep,
Nesy is the effective viscosity, and o is the differential stress which is equivalent to 2z. We

assume that PFn1 dominates for the diffusion creep regime (n=1) as predicted by Hoink et al.
(2011) and PFn3 dominates for dislocation creep regime (n=3) as illustrated by Semple and

Lenardic (2018).

The strain-rate components are defined according to their relevant rheological relationships,
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. v ni,i
Eairfi = Aprn1,iTi = —5 (5.1)
. _ A 3 _ avPFTL3,i 5 2
€aist,i = Aprn3,ili™ = 5 (5.2)
e Eqiff+PVgai
Appn1,; = AaipsCon’ W d™PUT exp(Xqirr @) €Xp [— %} (5.3)
i —Ddi EqisitPVais
Aprnzi = AaisiCon’ ' dP4ist exp(Xgis @) eXp [— %} (5.4)

by applying the empirically determined flow laws (Hirth and Kohlstedt, 2003). The vpg,; ; and
Vprn3,; IN Equations (5.1) and (5.2) are the horizontal velocities for PFn1 and PFn3 flow
configurations, respectively. The parameters for the upper mantle defined in Equations (5.3)
and (5.4) prescribe the rheological impact of grain-size d, water content C,y, and melt fraction
¢ (other parameters are defined in Table S1; Supplementary Information). For the mantle
transition zone with an assigned Newtonian rheology (£¢o¢q1 = €airy aNd Nefrf = Nyrz Where
Nurz 1S the assigned viscosity), the parameters are Apr,1; = 2/Myrz derived by combining

Equations (5.1) and (4), and Appn3; = 0.

The overall vy ; iS Vppn1; + Vprns,i, Where the velocity components are integrals of Equations

(5.1) and (5.2) with respect to z, respectively:
Vyi = [ Appn1,iTidz + [ Appnsiti°dz (6.1)

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

to z yields:

1 (0p 4 dp 2 3
1dp ‘(_) zi" + G (—) Z
Uxi = Appna,i [gaziz + Cizi] + Appnzi |* o + ki (6.2)
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where k; is the constant of integration and the involved parameters are summarized in Table S1

(Supplementary Information). When Z—Z = 0, Equations (3) and (6.2) describe a Couette flow

configuration.
Implementing the necessary boundary conditions and linearizing the problem as described in

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

stress (Equation 3) structures.
3.3 Olivine grain size evolution model for the upper mantle

During deformation, mineral grains in mantle rocks temporally evolve to a stable size for which
the grain growth rate equilibrates with the grain reduction rate. We mainly employ the grain-

size evolution model of Austin and Evans (2007),

+PVg
RT

AEQ7 model: d = p,~1d*"P9G, exp (— 5o ) — xc Yy loéyigd? (7)

where the first term describes the grain growth rate dgg, and the second term describes dynamic

recrystallization rate d, that results in grain size reduction. The parameter values used in this
study are summarized in Table S1 (Supplementary Information). When there is no mechanical
work or deformation (i.e., €4;5; = 0), the total grain size evolution is equivalent to the grain
growth rate (first term, Equation 7). When deformation does occur, new grain boundaries may
be created (second term > 0), which results in grain size reduction. Because larger grains are
subdivided faster than smaller grains, the rate of grain size reduction (second term, Equation 7)
increases with grain size. At depths with minimum stress, water promotes grain growth through

significant reduction in &4 (first term > second term, Equation 7).

3.4 Temporal evolution of olivine grain-size, rheology and flow configuration
Using the detailed set-up described above and in Supplementary Information B, C and D, we

investigate how the flow configuration, shear stress, rheology, and deformation evolve with
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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 m or 1 mm)

olivine grain-size. The mantle transition zone (MTZ, yellow region, 410-670 km) with a viscosity of 102 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 AEO7 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 (Adnorm/Onorm for timestep At =
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 PFnl 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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time in the oceanic mantle (Figure 3). Here we consider a 10 cm/yr plate velocity and -5 kPa/km

pressure gradient across the dry (50 ppm H/Si) upper mantle and a 10%* Pa-s mantle transition

zone (MT2Z). Initially (0 yr), we assume a constant grain-size of 1 mm that results in a PFnl
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flow (Figure 3b) because this small grain size induces low effective viscosity (Figure 3e). Given
enough time, olivine grain-sizes evolve during the flow-driven deformation to a steady-state
structure (Figure 3a and 3d). We find that steady state is reached after only 152 kyr (only 0.3%
of the plate age), which is significantly quicker than mantle flow time scales. This indicates that
the grain size is always in effective equilibrium for steady-state mantle flow problems, and that
the adjustment associated with the grain-size evolution (Figure 3d) and the associated changes
to the flow field (Figure 3b), stresses (Figure 3c), viscosity (Figure 3e) and deformation style

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

Although the initial grain size does not affect the final grain size at steady state (Supplementary
Information E.1), the choice of initial grain size does affect the time it takes the grain size to
stabilize (Figure S3). A larger initial grain size (e.g., 10 mm) stabilizes faster than a smaller
grain size (1 mm), because large grains subdivide more rapidly than small grains, which tend
to grow before subdividing (Equation 7). In the following section, we assume an initial grain

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

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

Here, we investigate how water content, grain-size, the imposed plate velocity and the
horizontal pressure gradient control the dominant flow configuration of the upper mantle
(Figure 4). We consider dry (50 ppm H/Si) and wet (1000 ppm H/Si) conditions for layers above
the mantle transition zone, and assign 1021 Pa-s for mantle transition zone viscosity if the upper
mantle is dry and 102° Pa-s if it is wet. This setup maintains comparable effective viscosities
for the upper mantle and mantle transition zone layers, and we investigate flow configurations
for contrasting rheologies later (Section 7). We vary the plate velocity between 0 and 10 cm/yr
in the direction of pressure-driven flow, and horizontal pressure gradients between 0 and -5

kPa/km (e.g., Natarov and Conrad, 2012).
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Figure 4. Factors affecting upper mantle flow (a, d), grain-size (b, €), 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 U, 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).

The water content of the upper mantle controls rheology both directly via weakening minerals
and indirectly via grain-size evolution, and thus determines the type of flow. We find that if
water is present in the upper mantle, PFn3 is likely to dominate (Figure 4d). Otherwise, Couette
flow dominates (Figure 4a) because the higher viscosities associated with a dry upper mantle

do not permit Poiseuille flow. As a feedback mechanism, the flow configuration dictates the
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grain-size structure and thus also the viscosity structure. If the upper mantle is PFn3-dominated
(Figure 4d), a viscosity peak (Figure 4f) develops, associated with very large grain-sizes (Figure
4e). Such large grain-sizes form in the mid-upper mantle because plug flow (PFn3) features
approximately constant horizontal velocities, and deformation is therefore minimal and grain-
size reduction is slow (Equation 7). Extensive shearing above and below the non-deforming
region results in significant grain-size and viscosity reduction in both the shallow and deep
upper mantle. In contrast, a Couette-flow-dominated upper mantle (Figure 4a), which is more
typical of dry conditions, features grain-sizes that gradually increase with depth (Figure 4b) and
is associated increasing effective viscosity (Figure 4c). Regardless of the flow configuration,
the grain-size reduction due to shear deformation controls the low viscosity zone in the
asthenosphere. In general, an increase in the magnitude of the horizontal pressure gradient
increases the stress induced by pressure-driven flow, which eventually overwhelms plate-driven
flow (case i vs. ii, Figure 4d). The resulting increase in stress produces smaller grain-sizes,
which may make diffusion creep important (¥ < 1). However, in our forward models, the grain
sizes remain larger than ~ 3 mm (as in Figure 3d), which is large enough for dislocation creep

to remain dominant.

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

To quantify the impact of flow configurations on upper mantle seismic structure, we estimate
the shear wave velocity V; and seismic quality factor Q for the steady-state grain sizes associated
with the different plate velocity and pressure-gradient combinations considered in Section 4.
We estimate V; (Figure 5b and 5d) following the formulation of Karato (1993), which is Q-
dependent. We calculate the Q factor (Figure 5a and 5c) using the grain-size dependent
formulation of Jackson and Faul (2010) at 100 s period, which is representative for seismic

imaging of the upper mantle (e.g., Debayle, et al., 2020).
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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 NDO8 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.

5.1 Effect of water content and flow configuration on seismic structures

Different grain size structures for dry (Figure 4b) and wet (Figure 4e) conditions result in
different profiles for seismic Q (Figure 5a and 5c) and shear wave speeds (Figure 5b and 5d).
Thus, water content indirectly, but significantly, impacts seismic signatures via flow-affected
grain-size evolution. Notably, although we can produce the seismic shear wave trends of the
LVZ regardless of the water content and flow configuration, this is not true of the low Q zone
in the asthenosphere. For dry upper mantle flowing via Couette flow, the predicted seismic Q
profile (Figure 5a) does not show a pronounced low Q zone in the asthenosphere. Instead, Q

becomes approximately constant with depth and consistently < 50 despite an increase in grain-
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size with depth (6 mm — 30 mm, Figure 4b). In contrast, a wet upper mantle deformed via PFn3
produces a zone of low seismic Q in the asthenosphere (Figure 5¢). The magnitude and extent
of this zone are affected by the plate velocity and pressure gradient combination because of the
stress-dependent grain size evolution. Indeed, the grain-size structure produced by the PFn3
configuration affects both the Q structure and the V; profile. For instance, the Q and V peaks
within the lower asthenosphere (200 — 250 km) are caused by the grain-size peak (Figure 4e)
associated with weak shearing in this region. However, this is not evident for Couette-
dominated dry asthenosphere because the grain size increase is much smaller (Figure 4b) than

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

5.2 Comparison between theoretical seismic models and observations

In practice, reported Q models (Figure 5e) are globally-sourced profiles, which limits spatial
resolution and may cancel out some localized features. The shear wave velocity observations
presented here are averaged for oceanic plates of similar ages (i.e., mid-age plates, Figure 5f),
and thus should be comparable with our curves for an assumed 60 Myr old oceanic plate (Figure
5b and 5d). However, because of averaging across plates with different speeds and pressure
gradients, we are limited in our comparisons between predicted and observed Q and Vs, which
assume single choices of these parameters. Instead, we compare overall trends between the
theoretical and geophysical models, and later attempt to infer the dominant type of flow in the

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

Although the PFn3 configuration produces a low Q zone that is comparable to the observations
(Section 5.1), the predicted Q below the asthenosphere does not continue to increase for all
cases (Figure 5c¢). Observations show Q>100 below the asthenosphere (Figure 5e), which
requires grain-sizes larger than 10 cm (e.g., case i, Figure 4e). We may increase the grain size
significantly (> 10 cm) by introducing high water content below the asthenosphere (Section

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

not confined to the upper mantle above 410 km (as for cases ii and iii).
5.3 Impact of partial melt and water distribution on seismic structures

The shallow upper mantle or asthenosphere has been proposed to be water-undersaturated and
to contain unextractable melt (e.g., Selway and O’Donnell, 2019; Debayle et al, 2020), while
the deeper upper mantle may contain no melt and a higher water content (e.g., Selway et al.,
2019; Selway and O’Donnell, 2019). Here we test how such conditions would affect upper
mantle flow and associated seismic observations. We consider a -1 kPa/km pressure gradient
and a plate speed of 2 cm/yr (as in case i) and assume an increasing water content with depth
in the upper mantle (Figure 6a.1). We compute the associated flow configuration (Figure Sé6a,
Supplementray Information E.4), which is PFn3 across the uppermost 670 km of the mantle,
and the associated grain-size structure (Figure S6b). The predicted Q profile (pink line, Figure

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

(a) water and melt contents (b) predicted Q structures (c) predicted V' ¢ structures

0 0 . ,
(a.1) (a.2)
50 1= =
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I I
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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.

4.7
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for mid-age plates in the lower asthenosphere. Below the asthenosphere, the predicted Q is
larger than that of the constant-water (1000 ppm H/Si) assumption (yellow line, Figure 6b) and
closer to observations. In contrast to the Q responses, the predicted V; profiles for models with
different water contents (yellow and pink lines, Figure 6¢) mostly overlap and have larger

minimum V; in the LVVZ than the observations.

We examine the effect of melt by introducing a melt distribution scenario (Figure 6a.2, 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. We constrain the melt fraction to < 0.3%, which is the suggested melt
fraction for the asthenosphere (e.g., Selway and O’Donnell, 2019; Debayle et al., 2020). This
small amount of melt reduces the viscosity of the asthenosphere only slightly, by a factor greater
than ~0.8, when using olivine flow laws (Equations 4 and 5.1 to 5.4), which has a negligible
effect on upper mantle flow, grain-sizes, and rheology (Figure S6, Supplementary Information
E.4). However, the additional melt does significantly affect seismic Q and V; (Chantel et al.,
2016). Adding melt into the asthenosphere of mostly wet upper mantle produces seismic V;
structures that follow the observations more closely than those of melt-free assumptions (light
green line, Figure 6¢). Overall, adding melt to the asthenosphere (which decreases both Q and
I%.) and introducing high water content to the deep upper mantle (which increases grain size and
Q) improves the fit to observations for our predicted seismic structures. Notably, a fast-moving
plate (case iii, Figure 4d), which produces larger grain sizes in the asthenosphere (Figure 4e)
than a slow plate (case ii), may require even more melt (Debayle et al., 2020) to reduce the

seismic Q further.

6. Discussion

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

mechanisms) for olivine to represent the bulk rheology above 410 km since olivine is the most
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abundant and well-studied mineral. The inherent viscosity of other phases such as pyroxenes
(e.g., Chen et al., 2006) and the effect of multiple phases on the overall rheology may
additionally affect the predicted type of flow. We assume that the mantle transition zone has
constant viscosity and flows under diffusion creep (PFnl-dominated). If the mantle transition
zone is assumed to flow under dislocation creep with wet upper mantle above it (entirely PFn3-
dominated above 670 km), this may increase the predicted Q below the asthenosphere where

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

Empirically, seismic Q increases with increasing grain size (e.g., Jackson and Faul, 2010) but
neither the magnitude nor the seismic period range of the minimum Q in the asthenosphere are
well constrained by experiments. There may be other factors influencing attenuation that we do
not account for in the estimation, such as oxygen fugacity that may decrease below the
asthenosphere and can cause an increase in Q (e.g., Cline et al., 2018). In addition, we consider
asingle geological setting that is not perfectly comparable with the spherically averaged seismic
Q models and velocity models, which may cancel out heterogeneities. Averaging our predicted
seismic profiles across a range of imposed plate velocities and pressure gradients may improve
the usefulness of our theoretical seismic models when compared to globally-averaged

observations.

Since water distribution indirectly affects the prediction of seismic structures, accounting for
inferred water contents from magnetotelluric (MT) surveys in the oceanic upper mantle (e.g.,
Selway et al., 2019) may improve our forward models. Although the small amount of melt
fraction considered in this study, which is also detectable by MT surveys, has a negligible effect
on the viscosity and flow configuration (Figure S6) when using olivine flow laws, it can
potentially affect asthenospheric deformation if the melt is aligned (e.g., Wang et al. 2013;
Hansen et al., 2021), and may have a significant impact on diffusion creep viscosity if the melt

is well-connected (e.g., Holtzman, 2016).
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The depth of base of the asthenosphere and the velocity boundary conditions there are not well
constrained. This is why we extend our 1-D model to 670 km, which should reduce any
boundary effects. However, we have found that the rheology contrast between the mantle
transition zone and the overlying upper mantle significantly affects the distribution of flow
between these layers (Figure S5) and is poorly constrained. Furthermore, the rheology of the
mantle transition zone, and the mantle above it, may vary laterally because of lateral variations

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

Since we consider 1-D mantle flow, we assume that pressure-driven flow and the surface plate
move in the same direction. However, a possible transverse component of the horizontal
pressure gradient relative to the plate motion (essentially a 2D problem) will affect the
interaction between the two flows, particularly for non-Newtonian rheology (Natarov and
Conrad, 2012), and thus also the predicted variations in grain size, seismic velocity, attenuation

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

7.  Flow configurations for the upper mantle
Our models suggest four possible flow configurations (Figure 7a) above 670 km depth,
depending on the drivers of the flow and the viscosity contrast between upper mantle and mantle

transition zone:

[1] CF: Couette flow dominates across the uppermost 670 km if the upper mantle and mantle
transition zone are both strongly viscous (e.g., if they are dry). This occurs if pressure gradients

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

[2] PFNn1-MTZ: Poiseuille flow dominates in the MTZ with little deformation in the upper
mantle if the mantle transition zone is significantly less viscous than the upper mantle. This is

because higher viscosities in the upper mantle prevent deformation, which instead becomes
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(a) Flow configurations in the uppermost 670 km
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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 (U,) 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 (U, 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).

concentrated within the mantle transition zone that is assumed to have a Newtonian rheology
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(thus PFn1-dominated).

[3] PFn3-410: Plug flow occurs dominantly in the upper mantle if the mantle transition zone
IS more viscous than the upper mantle. Here deformation concentrates within the less viscous
(typically wet) upper mantle, and the pressure gradient must be large enough that plug flow

exceeds the plate-driven Couette flow.

[4] PFNn3-670: Plug flow may dominate across the uppermost 670 km if both the upper mantle
and mantle transition zone have sufficiently low viscosities (e.g., if they are wet) to allow
existing pressure gradients to drive flow or if pressure gradients are large enough to drive plug

flow in a viscous (dry) upper mantle.

Because of its impact on viscosity, water content helps to determine the dominant flow
configuration (Figure 7b). A dry upper mantle (Figure 7b.1) may exhibit any of these four flow
configurations, depending on the viscosity of mantle transition zone. A low-viscosity mantle
transition zone (10° Pa-s) exhibits dominantly PFn1-MTZ, an intermediate viscosity (102°
Pa-s) may produce any of the four configurations depending on flow drivers, and a highly
viscous mantle transition zone (102! Pa-s) is stiff enough to only produce the CF configuration.
A wet upper mantle (Figure 7b.2) produces dominantly PFn3 flow, either above 410 km if the

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

Seismic Q and velocity profiles can potentially constrain mantle flow. However, most of the
seismic structures reported are averaged globally or over a range of plate ages, which may
cancel out some localized features such as the peak seismic velocity and the peak seismic Q
within the asthenosphere, as predicted for PFn3-410 (dashed lines labelled with [3], Figure 7c).
This limits our ability to compare forward seismic velocity and attenuation models with most
of the seismological observations, unless the observations are localized. Nonetheless, from our

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

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

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

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

particularly beneath the asthenosphere.

8. Conclusions

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

the observed low-Q zone:

(i)

(i)

(iii)

(iv)

(v)

Poiseulle flow (PF), and particularly plug flow (PFn3), may dominate deformation
within the oceanic upper mantle. Wet conditions facilitate this type of flow because
they reduce upper mantle viscosity, allowing ambient mantle pressure gradients to
drive plug flow that can overprint plate-driven shearing (Couette flow, CF).
Variations in grain size induced by plug flow (PFn3) are necessary to explain the
zone of low Q (high seismic attenuation) in the asthenosphere. Here, low Q can be
attributed to grain-size reduction due to extensive shearing within the low viscosity
asthenosphere.

The increase of Q beneath the asthenosphere can be explained by large grain-sizes
associated with minimal deformation within the ~250-410 km depth range. Such
slow deformation is consistent with plug flow spanning the entire upper mantle and
transition zone (the PFn3-670 flow configuration, Figure 7a).

High water content may be required to promote large grain sizes (> 10 cm) in the
mantle rocks beneath the asthenosphere.

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

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

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

seismic observations (e.g., Figure 6).
Pressure-driven flow travelling beneath the oceanic lithosphere is important because it
promotes long-wavelength mantle convection (Semple and Lenardic, 2018), drives tectonic
plate motions (Semple and Lenardic, 2020), transports geochemical heterogeneities
(Yamamoto et al., 2007), and generates intraplate volcanism (Ballmer et al., 2013). Here we
have shown that pressure-driven plug flow may additionally explain pervasive seismic
observations such as the LVZ and the low-Q zone, by reducing asthenospheric grain-sizes.
Because this grain-size reduction also weakens asthenospheric rocks, plug flow helps to
maintain a low-viscosity asthenosphere, a key feature of Earth’s interior structure that regulates
a variety of geodynamic process ranging from plate tectonics to postseismic and postglacial

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

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

For an oceanic upper mantle that is not deforming, we assume that the grain size is
constant. We consider different grain sizes (1 mm — 10 cm) and calculate their
respective seismic structures (blue lines, Figure S1). As expected, Q values (Figure S1a)

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

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

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

S b .
100 @ ol 100 7 J
:!..-'mm',,/
!
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- i asthenosphere —
£ i £
) | ! KR18 3
2 300 i ! 2 300 - —
," 1 cm grain size
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Seismic Q factor
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 NDO8 model is from Nettles &
Dziewonski (2008).

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

9
10 To implement composite rheology in the upper mantle, we must combine both
11  Newtonian Poiseuille flow (PFnl) and plug flow (PFn3) models. For an assigned

12 Newtonian rheology for the mantle transition zone, we only use the PFn1 model. We
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apply Equations (3) and (6.2) and the boundary conditions shown in Figure S2 and

summarized below:

Vx1(20) = U,

Ux N (zy) =0

at z;: t;(bottom boundary of ith layer) = t;,,(top boundary of ith + 1 layer)

at z;: vy ;(bottom boundary of ith layer) = v, ;44 (top boundary of ith + 1 layer)

This yields a set of equations:

azl‘l'c_ Zl+Cl+lec_Cl+1

1
4 [1ap v ]+A I[Z(_) Zi4+C(_> 3]I+k
PFn1,i 20 Zl Z; PFn3l| 3 , ap | i
l —C a—Zl + C Z; J
1 (dp dap
3 =) z*+ Cipq z;3
Aprniiv [; ap 7% + CL+1Z] + Appng s |* (a;) 12 o l (a ) Cl+ ki

+2C1+1 o Zz +C1+1 Zi

(S1)

(52)

(S3)

(S4)

(S5)

(S6)

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

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

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

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

constants of integration (C’s and k’s) and vector A has the higher degree C’s:
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/aPFnl,l +appnzy 1 0 0 0 0 0 0
Qppn11 + Appnzy 1 _(aPFnl,Z + aPFn3,2) -1 0 0 0 0 0
I 1 0 -1 0 0 0 0 0 0
0 0 Aprn1z T Appnz2 1 _(aPFm,a + aPFna,a) -1 0 0 0
0 0 1 0 -1 0 0 0 0
0 0 0 0 0 0 apenin-1+ Gppnzn-1 1 —(@ppaay + Aprnzy)
\ 0 0 0 0 0 0 . 1 0 -1
0 0 0 0 0 0o . 0 0 AprniN T Appn3n
_(bPFnl,l + bPFnS,l) +U,
_(bPFnl,l + bPFn3,1) + (bPFnl,Z + bPFnS,Z)
0
_(anlF,Z + bPFnS,Z) + (bPFnl,S + bPFnS,S)
= 0 (57)
_(bPFnl,N—l + bPFnS,N—l) + (bPFnl,N + bPFn3,N)
0
_(bPFnl,N + bPFn3,N)
where,
Aprn1,i = Aprni,i Zi (S8)
2
Aprn3,i = Aprns,i (a) Zi (89)
bppn1,i = EAPFnl,i ax 2t (510)

ap\3
l(—p) Zi4 +

’ ’ 3 gap 3

The terms Appy; and Appp3; for the upper mantle are defined in Equations (5.3) and
(5.4), respectively. For the mantle transition zone (MTZ), Aprn1; = 2/Murz and
Appnzi = 0. The higher degree C; terms in Equation (S11) or in vector A are considered
constant and we initially guess them to be the same for every layer i (as in Equation

S5) to determine the C; and k; in vector R by inversion (R=M"A). Then, the C; in vector

——_/

O OO O O

-1
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Boundary conditions: To be determined:

Z, Ve 1(29) = U,
z Layer 1 C] ’ k]
1 B Ux,1(21) = Ux,2(2'1)} T1(z1) = T2(21) C. k
z, 5 Vy2(25) = U 3(22); T2(25) = T3(22) C2 ’ k2
z, Vy3(23) = Vya(23); T3(23) = T4(23) 803
N2 VyN=2 (Zy-y) = vx,N—l(ZN—z)i Ty_2(Zy—2) = Tn-1(Zn-2) C k
N-1 3 .
ZNa VeN-1(Zn-1) = Vxn(Zn-1); Tn-1(Zn-1) = Tn(Zn-1) N-T 2 EN-
N Cy + ky
ZN 9 (> _ 0
UxNZN) = Y

Figure S2. The boundary conditions for 1D model with N layers in terms of stress t; and flow horizontal velocity
vyi Where i is the layer number. The C; and k; 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.

A is updated in every iteration with the calculated C; in vector R until their absolute
difference is < 107°. Then, stresses (Equation 3) and velocities (Equation 6.2) with

depth can be calculated using the derived C; and k; from vector R.

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

The Appn1; and Appy3; parameters used in calculating stress T and horizontal velocity
vy (Section A) are dependent on grain-size, which evolves with time (Equation 7).
Both 7 and v, reach a steady state, which is determined by employing the scheme

below:

ty: assume constant d, — calculate vy and T,
t; =ty + At:  calculate Ad, and d, — calculate v, and T,

t, =t; + At:  calculate Ad, and d, — calculate vy, and 14,

t, = ty_1 + At:  calculate Ady and d), — calculate vy, and 7,
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where

ty = kAt = grain size evolution time
At = change in time or time interval
d, = new grain size structure after t, (Equation (512))
Ad, = change in grain size after t, (Equation (513))
Uy, = horizontal velocity profile of the flow at t;

¢, = Stress profile induced by the flow at t

After time ¢t (which is t,_; + At), we determine the new grain size structure dy:
dy = dp_1 + Ady (512)
where Ad,, is estimated by multiplying the grain-size change rate d;_, at t;_; by At:
Ady, = At[dy_1| = At[dggp—1 — darj-1] (513)

Here dy,_, is estimated using Equation (7) where d _; is the grain growth term and
dar k—1 is the dynamic recrystallization term (the first and second terms on the right
hand side of Equation (7), respectively). The constants used in the calculation of d (as
described by Equations (7) and (513)) are summarized in Table S1. Using the new d,,
we recalculate the horizontal velocity, shear stress, and viscosity structures. We iterate
this process until a steady state grain size is reached at steady-state time tg (typically

<< 1 My, criterion is discussed in Section D).



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

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

Symbol Description Value Units
dyyg Grain growth rate m/s
dar Dynamic recrystallization rate m/s

T Shear stress Pa
o Differential stress (271) Pa
Pg Grain growth exponent 3
Grain growth constant for 50 1
Go(dry) _ 1.5x 1075 mPas™
ppm H/Si
Grain growth constant for 1000 4
G, (wet) _ 4.5 % 10 mPgs~1
ppm H/Si
Activation energy for grain
E, 8y 1ors 350 kJ/mol
growth
Activation volume for grain _
V; 4x107° m3/mol
growth
2 Reciprocal of strain required for 10
new grain size
Fraction of work done by
X dislocation to ground boundary 0.1
area
c Geometrical constant 3
Average specific grain
y &¢ Sp 8 1 J /m?
boundary energy
. . ) . For olivine
Edisl Dislocation creep strain rate st
DRY WET
Agist Dislocation creep prefactor 1.1 x 10° 30 MPa=35s71
Dislocation creep stress
Ngist 3.5 3.5
exponent
Dislocation creep grain size
Paist 0 0
exponent
Dislocation creep water
Taist 0 1.2
exponent
Qgisl Constant for melt factor 45 45
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82

Dislocation creep activation

Egis1 530 480 kJ/mol
energy
Dislocation creep activation
Vaist 15x107° |11 x107® | m3/mol
volume
_ o ) For olivine )
Eaiff Diffusion creep strain rate s~
DRY WET
Agirr Diffusion creep prefactor 1.5 x 10° 1x10% | MPa=35s71
Naiff Diffusion creep stress exponent 1 1
Diffusion creep grain size
Paiff 3 3
exponent
Taiff Diffusion creep water exponent 0 1
Aaiff Constant for melt factor 30 30
Diffusion creep activation
energy
Diffusion creep activation P 6 3
Vdiff 6 X 10 4 %10 m /mol

volume

D. Convergence criterion for grain size evolution
To determine the steady-state time tg;, we employ a convergence criterion of:

Ednorm < (S14)

norm

where 9 is the limit for convergence, Ad,, -, is the depth-averaged norm of grain size
change, and d,,;, is the depth-averaged norm of grain size. As a convergence
criterion, we use Equation (515) for a chosen timestep At. At time t, the parameters in

Equation (514) are calculated as:

9 =5x10"* (L) (S15)

1000 yr

[E ey )21z

R

A, = (S16)



83

84

85

86

87

88

89

Anorm =

N+1g 27,

1=1

REY

When the criterion in Equation (514) is met, t;~tg;.

E. Additional analyses at steady-state

E.1 Effect of initial grain-size

(S17)

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

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

a 10?! Pa-s mantle transition zone as shown in Figure S3a. Such a flow configuration

0 T
(a)
'E' 200 asthenosphere
=
'.E- dry UM
= 400 - i
[=] MTZ
600
1 1
0 5 10 15
v, (em/yr)
0 L vl . I
- 152 k_yr_ _ reached t= 15 kyr (c)
T 200 — .
=
S
E 400
a
600 — n
10° T e T T T e
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=
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=
=
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(d) ===
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Mo (Pa-s)

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 AEQ7 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 ts=152 kyr for an initial grain size of 1 mm and ts=15 kyr for an

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

flow models are 10 yr and 100 yr, respectively.
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dominates because of large viscosities in the upper mantle and mantle transition zone
(Figure S3d). Initially smaller (1 mm) and larger grain-sizes (10 mm) evolve to the same
steady-state grain-size structure (except for the stiff undeforming lithosphere, Figure
S3c) and the same steady-state upper mantle flow (Figure S3a) with the same stress
profile (Figure S3b). Clearly, the choice of initial grain-size does not affect the system’s
eventual steady-state but it does affect the time it takes the grain size to reach steady
state. A larger initial grain size (i.e., 10 mm) stabilizes faster (15 kyr) compared to a
smaller grain size (1 mm, 152 kyr), because large grain-sizes subdivide rapidly

(Equation 7).

E.2 Effect of grain-size evolution model

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

_Eg*PVy
RT

HPO03 model: d = py~'d* G, exp ) = Aéaiqd (S18)

The grain-size structure stabilizes faster when using AE07 model (ts; = 478 kyr)
compared to using the HP03 model (598 kyr) because of AE07’s strong dependence on
grain-size (Figure S4c). Although the HP03 model (red dashed line, Figure S4c)
predicts larger grain sizes than does the AE07 model (black line), their flow
configurations (Poiseuille flow or PF, Figure S4a), stress profiles (Figure 54b), and

viscosities (Figure S4d) are nearly the same.
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