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SUMMARY

The rise of mantle plumes to the base of the lithosphere leads to observable surface expressions,
which provide important information about the deep mantle structure. However, the process of
plume-lithosphere interaction and its surface expressions remain not well understood. In this
study, we perform 3-D spherical numerical simulations to investigate the relationship between
surface observables induced by plume-lithosphere interaction (including dynamic topography,
geoid anomaly and melt production rate) and the physical properties of plume and lithosphere
(including plume size, plume excess temperature, plume viscosity, and lithosphere viscosity
and thickness). We find that the plume-induced surface expressions have strong spatial and
temporal variations. Before reaching the base of the lithosphere, the rise of a plume head in
the deep mantle causes positive and rapid increase of dynamic topography and geoid anomaly
at the surface but no melt production. The subsequent impinging of a plume head at the
base of the lithosphere leads to further increase of dynamic topography and geoid anomaly
and causes rapid increase of melt production. After reaching maximum values, these plume-
induced observables become relatively stable and are more affected by the plume conduit. In
addition, whereas the geoid anomaly and dynamic topography decrease from regions above the
plume centre to regions above the plume edge, the melt production always concentrates at the
centre part of the plume. We also find that the surface expressions have different sensitivities
to plume and lithosphere properties. The dynamic topography significantly increases with the
plume size, plume excess temperature and plume viscosity. The geoid anomaly also increases
with the size and excess temperature of the plume but is less sensitive to plume viscosity.
Compared to the influence of plume properties, the dynamic topography and geoid anomaly
are less affected by lithosphere viscosity and thickness. The melt production significantly
increases with plume size, plume excess temperature and plume viscosity, but decreases with
lithosphere viscosity and thickness.

Key words: Mantle processes; Numerical modelling; Dynamics: convection currents and
mantle plumes; Dynamics of lithosphere and mantle.

mantle plumes has also been suggested to be responsible for the

1 INTRODUCTION

Mantle plumes are buoyant upwellings that are likely generated
from the thermal boundary layer at the bottom of the mantle (e.g.
Morgan 1971; Morgan 1972). The mantle plume hypothesis has
been widely accepted to account for several major observations that
are not well explained by plate tectonics theory, such as the linear age
progression of intraplate volcanism (e.g. Hawaiian-Emperor hotspot
track), the formation of large igneous provinces (e.g. Deccan Traps
and Siberian Traps), the unusually thickened crust at spreading
centres (e.g. Iceland) and the geochemistry distinction between the
mid-ocean ridge basalts and oceanic island basalts (e.g. Morgan
1971; Richards er al. 1989; Campbell & Griffiths 1990; Condie
2001; Davies 2001; Li ef al. 2014). The partial melting caused by

origin and growth of continental crust (Condie 1998), and may play
a critical role in the Earth’s atmosphere evolution due to the release
of volatiles during partial melting processes (e.g. Campbell & Kerr
2007).

In addition to Earth, mantle plumes have been suggested in other
planets. Mantle convection models have shown that a single-plume
thermal structure may develop dynamically in the Martian mantle
(e.g. Harder & Christensen 1996; Roberts & Zhong 2006; Keller &
Tackley 2009; Zhong 2009; Sramek & Zhong 2012; Citron ef al.
2018). The long history of volcanism in Tharsis and Elysium on
Mars has been suggested to be caused by melting within the up-
welling plumes, indicating a continuously active plume in these
regions (e.g. Kiefer 2003; Li & Kiefer 2007). The volcanic rises
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on Venus have been interpreted to indicate the presence of active
mantle upwellings because of the associations with topographic
highs, geoid highs, triple-junction rifting and large-scale magma-
tism (Kiefer & Hager 1991; Smrekar & Phillips 1991; Ernst &
Desnoyers 2004; Smrekar et al. 2018). Through laboratory exper-
iments, Davaille et al. (2017) showed that there may be plume-
induced subduction on Venus which causes lithospheric deforma-
tion that is consistent with observations (Hansen 2002).

Although seismic observations have shown mantle plume struc-
tures in terms of lower-than-average seismic velocity anomalies in
the deep mantle (Montelli ez al. 2006; French & Romanowicz 2015;
Nelson & Grand 2018), the precise physical properties (e.g. size,
temperature and viscosity) of mantle plumes are difficult to con-
strain from seismic imaging and therefore remain unclear. The rise
of mantle plumes to the base of the lithosphere changes the sur-
face topography (Ribe & Christensen 1999; Zhong & Watts 2002),
modifies the gravity observation (Ribe & Christensen 1999) and
causes surface volcanism. Therefore, another approach to constrain
the nature of mantle plumes is through examining these plume-
induced surface expressions (e.g. Ribe & Christensen 1994; Ribe &
Christensen 1999; Zhong & Watts 2002). However, the relationship
between the physical properties of the mantle plume and the litho-
sphere and the surface expressions of plume-lithosphere interaction
remains not well established.

Ribe & Christensen (1994) found that the best-fitting model to
match the observed Hawaiian swell topography requires a plume
with a radius of 90 km and an excess temperature of 300 °C. A later
study by Zhong & Watts (2002) suggested that constraints from the
swell geometry place a limit on the radius of the Hawaiian plume to
be smaller than 70 km but with a higher plume excess temperature
of > 400 K. Farnetani & Richards (1994) found that the melt vol-
ume caused by the same plume could increase by about one order
of magnitude if the lithosphere is allowed to undergo extension and
thinning. The topographic features of plume-lithosphere interac-
tion could also be significantly different due to variable rheological
structure of the lithosphere (e.g. d’Acremont et al. 2003; Burov &
Gerya 2014; King & Adam 2014). A single-plume structure of Mars
has been proposed to be responsible for the massive volcanism in
the Tharsis region and the geoid anomaly and topographic uplift
as well (Harder & Christensen 1996; Harder 2000). Some studies,
however, argued that at long wavelengths the plume buoyancy could
only cause a fraction of the topographic uplift and geoid, and most
of the current topography and geoid anomalies are probably due
to volcanic construction of the lithosphere (Zhong 2002; Zhong &
Roberts 2003; Roberts & Zhong 2004).

Numerical modelling experiments have also been carried out to
constrain the interior structure of Venus by examining the surface
observables due to plume-lithosphere interaction (e.g. Nimmo &
McKenzie 1996; Smrekar & Parmentier 1996). The thickness of
the thermal lithosphere estimated based on topography and gravity
varies from approximately 100 to 300 km (e.g. Kiefer & Hager 1992;
Nimmo & McKenzie 1996; Smrekar & Parmentier 1996) and the
effective elastic thickness ranges from 10 to 50 km (Phillips 1994;
Smrekar 1994). Smrekar & Parmentier (1996) proposed that model
predictions of gravity, topography and melt volume could agree
with observations with a near-surface plume excess temperature of
200°C, a mantle temperature of 1300 °C and a plume duration of
75—175 Myr, although the plume temperature required to fit the
observations depends on the plume life-span and the lithospheric
thickness. Estimation of the relationship between the gravity and
topography at highlands has also suggested the absence of the low-
viscosity zone on Venus (e.g. Kiefer & Hager 1991; Huang et al.
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2013) which has been suggested to exist on Earth (e.g. Richards &
Hager 1984; Hager & Richards 1989).

The gravity anomaly, dynamic topography and melt production
caused by plume-lithosphere interaction are strongly influenced by
the physical properties of the plume and the lithosphere. However,
it remains unclear to what extent the plume-induced geoid anomaly,
dynamic topography and melt production are sensitive to the size,
temperature, and viscosity of the plume, the thickness and viscosity
of the lithosphere, and the depth-dependence of viscosity structure.
In addition, previous geodynamic modelling studies have mostly fo-
cused on the steady-state stage of the plume-lithosphere interaction
process, and it remains unclear how the surface expressions change
with time during the plume-lithosphere interaction. In this paper,
we perform 3-D spherical models to study the process of plume—
lithosphere interaction featured by different stages including the
rise of plume head in the deep mantle, the impinging of a plume
head at the base of the lithosphere, and the interaction of a plume
conduit with the lithosphere. By examining the time evolution of
the plume-induced surface geoid anomaly, dynamic topography and
melt production, we aim to build the connections between the phys-
ical properties of the plume and the lithosphere and the surface
expressions induced by plume-lithosphere interaction.

2 METHODS

2.1 Model setup

We conduct regional spherical models by solving the non-
dimensional equations for conservations of mass, momentum and
energy under the Boussinesq approximation:

V.i=0 (1)
— VP4V -(yé)—RaT7# =0 ()
%+(1}-V)T=VZT+Q—L (3)

where u is the velocity, P is the dynamic pressure, 17 is the viscosity,
¢ is the strain rate, Ra is the Rayleigh number, 7'is the temperature,
7 is the unit vector in the radial direction, ¢ is the time, Q is the
internal heating and L is the latent heating due to partial melting.
The Rayleigh number is defined as:
3
Ra — apgoATR @)
Ko

where o, p, g0, AT, k, ny are dimensional parameters for the
reference thermal expansivity, density, gravitational acceleration,
temperature difference between the bottom and the surface, thermal
diffusivity and viscosity, respectively. R is the radius of the Earth.
Note that the Rayleigh number is defined using the radius of the
Earth and is ~10 times larger than that defined using the mantle
thickness.

The conservation equations are solved using a modified finite-
element code CitcomCU (Zhong 2006). To minimize the influence
of side boundaries on mantle flow, the dimension of the computa-
tional domain is set as 90° x 90° x 1000 km, spanning from 0° E
to 90° E and 45° S to 45° N (Fig. 1). The domain is divided into
256 x 256 x 96 elements in the horizontal and vertical directions,
respectively.

Temperature is isothermal on the top (7' = 0) and the bottom
(T =1). Thermal anomaly is imposed in the centre of the bottom
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Figure 1. Parts (a)—(c) show three snapshots of the earlier stage of plume evolution for the reference case, case 1, at 9, 15 and 21 Ma, respectively. In (a)—(c),
the plume is represented by red iso-surfaces with a non-dimensional residual temperature contour of 7 = 0.2, and the south side boundary shows the initial
temperature structure. For better visualization, (a)—(c) only show the central part of the model domain with longitude of 22.5° E-67.5° E and latitude of 22.5°
S§-22.5° N. (d)—(f) show three snapshots of the later stage of plume evolution for case 1 at 75, 118 and 147 Ma, respectively. In (d)—(f), the spreading plume is
represented by red iso-surfaces with a non-dimensional residual temperature (e.g. with the horizontally averaged temperature removed) contour of 7'= 0.09.

Table 1. Physical parameters of the numerical models.

Parameters Value

Earth radius, R 6370 km
Model thickness, D 1000 km

Mantle density, p 3300 kgm 3
Gravitational acceleration, go 9.8 ms~2
Thermal expansivity, o 3x 107°K!

Reference temperature, AT 1350 K

Reference viscosity, 19 1.0 x 10%! Pa-s
Thermal diffusivity, « 1070 m?s~!
Gas constant, Rgas 831 JK ' mol™!

boundary to generate a plume at a fixed location (Fig. 1). The tem-

perature anomaly of the plume exponentially decreases from plume

centre to plume edge by AT = AT,exp(— ;—22), where R, and AT,
P

are the radius and excess temperature of the plume, respectively, and
7 is the distance from the plume centre. We use a non-dimensional
internal heating rate of O = 100 (e.g. a dimensional value of ~4
x 1072 W kg™ in all models, but we expect the effect of internal
heating to be small on a short timescale considered in this study
(e.g. <200 Myr). The surface boundary is no-slip and the bottom
boundary is stress-free. The side boundaries are insulating and free-
slip. The initial temperature for the entire mantle is derived from
a 1-D half-space cooling model with given lithospheric age. Since
we focus on the interactions between mantle plume and the litho-
sphere, we only consider the upper-mantle dynamics, that is, the
effects of lower-mantle flow on the dynamics of mantle plumes are
not considered.

The viscosity is temperature-dependent and is given by n =
exp[E(1.0 — T)], where E is the dimensionless activation energy.
In some cases, a weak layer is introduced to the model domain be-
neath the lithosphere to study how it affects the surface expressions
of plume-lithosphere interaction. All physical parameters of the
numerical models are listed in Table 1.

2.2 Calculation of dynamic topography

The plume-induced dynamic topography at the surface (s) and the
bottom (b) are derived from the radial stresses at the boundaries

by:

Trrs—Trrs

§ = Jrostrs (5)
Apsgo

b = Trr b—Trrb (6)
Apsgo

where 7, and 7,,., are radial stress at the surface and the bot-
tom, and 7, and 7,., are the average values of 7, and 7, ,
respectively. Ap, and A p, are density jumps across the surface and
the bottom, respectively. Note that Ap; is essentially the density
difference between mantle rock and air (as assumed in this study)
or water (if ocean is considered). The radial stresses at the top and
bottom boundaries are determined using the consistent boundary
flux method, which has been shown to be more accurate than the
standard pressure smoothing method (Zhong et al. 1993).

2.3 Calculation of geoid anomaly in regional model using
an integration method

The anomaly of gravitational potential, ¢, is often determined by
solving the Poisson’s equation:

vz(p = —4n Gaptolal (7)

where G is the gravitational constant and § p, represents the den-
sity anomalies due to mantle internal density variations as well as
those associated with the topography at the surface and bottom. In
full-spherical global convection models, the Poisson’s equation is
conventionally solved under the spectral domain using the spheri-
cal harmonic expansion method (Zhong et al. 2008). However, in
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partial-spherical regional convection models, it is not straightfor-
ward to solve Poisson’s equation with the tool of spherical harmonic
expansions. Instead, in regional models we calculated the gravita-
tional potential at each point on the surface by direct integrating the
contributions from density anomalies within each element of the
model domain and that due to the surface and bottom topography:

Gépr
o = / Lav )
Vv r
G8p,
Ors =[ TOLsb gy 9
Vv r

where ¢, and ¢y, are gravitational potential perturbations caused
by internal density perturbation 6, and the density anomalies as-
sociated with the topography at the surface (§p,) and the bottom
(8pp), respectively. dV is the volume of the element and  is the dis-
tance measured from the centre of the element to the observational
point at the surface. The integration for ¢, is performed over the
entire volume of the model elements, while the integration for ¢;
is performed over the surface and bottom boundary elements. The
geoid anomaly is calculated by:

sN =2 (10)
&0
where gy is the reference gravitational acceleration (Table 1).

To benchmark the accuracy of this integration method, we first
implemented it in the 3-D full spherical mantle convection code
CitcomS, in which the spherical harmonic expansion method has
already been implemented and benchmarked (Zhong et al. 2008).
We chose a few models in Zhong et al. (2008) to reproduce their cal-
culations and compare the geoid anomalies between our integration
method and the spectral method. Fig. 2 shows the results for two
benchmark cases, one with purely thermal convection (case C3 in
Zhong et al. 2008) and the other with thermo-chemical convection
(case D1a in Zhong et al. 2008). The results from our integration
method show excellent agreement with that from the spherical har-
monic expansion method, in both the pattern and the magnitude of
the geoid anomalies (Fig. 2).

Fig. 3 shows the power spectrum of each geoid anomaly compo-
nent for the thermal and thermo-chemical benchmark calculations.
For a spherical harmonic degree /, the magnitude is defined as:

1

r= Y[y + (] an

m=0

where f'™ and f!" are the cosine and sine coefficients at degree
[/ and order m, respectively. Our integration method shows good
agreement with that from the spectral method, especially for geoid
components due to internal density anomaly and surface topography
(Fig. 3). There are some discrepancies for geoid anomaly due to
bottom topography at higher degrees when the magnitude is rather
small (e.g. <1073, Fig. 3), which are caused by numerical artefacts
due to limited model resolution. However, the amplitude of the
geoid anomaly due to bottom topography is rather small compared
to that from the internal density anomaly and surface topography
and has little influence on the net geoid anomaly (Fig. 3).

2.4 Calculation of melt production rate

We used a similar approach as in Li ef al. (2016) to calculate the
melt production caused by plume—lithosphere interaction. The melt
fraction, F, at each element of the computational domain is calcu-
lated using the parametrized melting equations developed by Katz
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et al. (2003) for given pressure (P) and temperature (7). Using the
Euler method as described in Li ef al. (2016), the melt production
rate within an element is given by:

deelt aF -
= My | — VF 12
i K <8t o ) (12)

where M, is the mass of melt produced in the element, 7 is time,
M, is the total mass of mantle rock within the element, u is the
mantle flow velocity and F' is the melt fraction. The extraction of
melts to the surface can only be triggered when F' > Fiyesnold and
fl—f > 0, where Fipesholq 18 a threshold of melt fraction above which
melt extraction occurs. Previous studies suggested Fiyeshola t0 be
in the range of 0.01-0.04 (Spiegelman & McKenzie 1987; Forsyth
et al. 1998; Connolly et al. 2009). In this study, we choose a melt
extraction threshold of Fiyesnoi = 0.02 in the middle of that range.

‘We use an anhydrous melting formulation that has been proposed
by Katz et al. (2003). Because the adiabatic heating is removed
in our models under the Boussinesq approximation, the adiabatic
temperature is added back when calculating the melt fraction, and
we apply an adiabatic temperature gradient of 0.4°C km~'. The
latent heating due to partial melting is assumed to be 640 KJ mol~!
(Navrotsky 1995). Like Li et al. (2016), the latent heating is treated
as a heat sink in the equation of conservation of energy (eq. 3) and
is removed with the extraction of melts.

3 NUMERICAL RESULTS

We have computed 23 cases with different physical parameters,
including the plume radius R, the plume excess temperature A7),
and the lithosphere thickness D; which is related to its age by
D, = 2.32/k 4; (e.g. the bottom of the lithosphere is defined by
T = 0.9) and the presence of a weak-viscosity layer beneath the
lithosphere. We varied the activation energy E for the temperature
dependence of viscosity to build models with different plume and
lithosphere viscosities. The parameters for all cases are summarized
in Table 2.

3.1 Reference case

We first present the result of the reference case, case 1, which has
R, = 300 km, AT, = 300°C, D; = 120 km (4; = 80 Ma) and
E = 6.91 which gives rise to a 10’ maximum viscosity variation
between the lithosphere and the mantle (e.g. Zhong 2006). Fig. 4
shows a time evolution of the surface topography, the geoid anomaly
and melt production due to the plume-lithosphere interaction. From
t=0to ~15 Ma, the rising of a mantle plume to the base of the litho-
sphere (Fig. 1a) causes a topographic swell of a few kilometres at
the surface above the plume head (Fig. 4a, column 1). The dynamic
topographic uplift induces a positive geoid anomaly (Fig. 4a, col-
umn 2), while the thinning of the lithosphere and the excess plume
temperature cause a negative geoid anomaly (Fig. 4a, column 3).
The net geoid anomaly is positive above the plume head (Fig. 4a,
column 4), because the contribution from the topography to geoid
anomaly is larger than that from the internal density anomaly as the
topography response is closer to the surface. No melt is produced by
the plume before # = 15 Ma (Fig. 4a, column 5). Note that the bot-
tom dynamic topography and its contribution to the geoid anomaly
are zero, due to its stress-free boundary condition.

With time, the plume continues to rise to reach the base of the
lithosphere and spreads out laterally beneath the lithosphere (Figs 1b
and c¢). The continuous rising and spreading of the plume increase
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Figure 2. Comparison of methods to calculate geoid anomaly for two benchmark cases one (a) and (b) with purely thermal convection and (c) and (d) the
other with thermo-chemical convection. (a) and (c) are geoid anomalies from integration method, (b) and (d) are geoid anomalies from spherical harmonic
expansion method. In (a)—(d), the geoid anomaly contributions from internal density perturbation 8Ny, and that associated with the surface topography 5Ny and

the bottom topography 8N}, are shown separately.
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Figure 3. Comparison of the power spectra of the geoid anomalies calculated by integration method and spectral method, for (a) the thermal convection model
case C3 in Zhong et al. (2008), and (b) the thermo-chemical convection model case D1a in Zhong ez al. (2008). In (a) and (b), the solid lines denote results from
the integration method and the dash lines denote results from the spectral method, respectively. SNy (red), N (blue) and 6N, (green) are the geoid anomaly
caused by the internal buoyancy, the surface topography and the bottom topography, respectively.

the elevation of the swell topography above the plume and cause a
larger area with topographic uplift (Figs 4b and ¢, column 1). The
amplitudes of the positive geoid anomaly from topography (Figs 4b
and c, column 2) and the negative geoid anomaly from internal
density anomaly (Figs 4b and c, column 3) both increase with time.

The net geoid anomaly remains positive due to the dominating role
of topography contribution (Figs 4b and c, column 4). Meanwhile,
partial melting starts to produce melt extraction to the surface which
mainly occurs at the centre part of the plume head (Figs 4b and c,
column 5).
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Table 2. Input parameters and outputs of numerical models™*.

Model R, (km) AT, (°C)  E E,  Dy(km) H (km)® N(@m)y*  GTR(mkm™')* dM/dt (km3 yr=)?
casel 300 300 6.91 6.91 120 4.03(0.04)  176.8(0.63) 43.8(0.50) 0.29(0.02)
caseR1 400 300 6.91 6.91 120 4.3000.08)  220.1(7.32) 51.2(0.77) 0.37(0.02)
caseR2 200 300 6.91 6.91 120 3.24(0.13)  107.8(4.20) 33.3(0.31) 0.14(0.04)
caseR3 100 300 6.91 6.91 120 1.46(021)  27.90(3.74) 19.2(0.28) 0.004(0.0024)
caseT1 300 350 6.91 6.91 120 4.32(0.02)  201.3(3.20) 46.6(0.49) 1.20(0.07)
caseT2 300 250 6.91 6.91 120 3.55(0.08)  147.3(1.30) 41.5(0.70) 0.013(0.007)
caseT3 300 200 6.91 6.91 120 2.89(0.10)  114.7(3.09) 39.8(0.63) 0.0(0.0)
caseL1 300 300 115 691 120 3.77(0.013)  174.8(0.72) 46.3(0.31) 0.11(0.015)
caseL2 300 300 9.21 6.91 120 3.86(0.02)  175.5(0.67) 45.5(0.37) 0.16(0.02)
casel3 300 300 4.61 6.91 120 4.39(0.07)  178.1(0.63) 40.6(0.72) 0.71(0.02)
caseP1 300 300 6.91 11.5 120 3.70(0.04)  181.5(5.30) 49.1(0.89) 0.19(0.03)
caseP2 300 300 6.91 9.21 120 3.87(0.003)  179.3(2.50) 46.3(0.67) 0.23(0.02)
caseP3 300 300 6.91 4.61 120 4.17(0.06)  171.6(1.00) 41.2(0.45) 0.35(0.02)
caseE1 300 300 11.5 11.5 120 3.44(0.06)  180.1(5.29) 52.4(0.62) 0.034(0.012)
caseE2 300 300 9.21 9.21 120 3.70(0.014)  178.1(2.56) 48.2(0.51) 0.11(0.018)
caseE3 300 300 4.61 4.61 120 4.54(0.096)  173.5(0.93) 38.2(0.71) 0.75(0.04)
caseAl 300 300 6.91 6.91 160 433(0.084) 191.4(1.20) 44.2(0.66) 0.049(0.023)
caseA2 300 300 6.91 6.91 140 420(0.063)  184.5(0.88) 44.0(0.57) 0.13(0.03)
caseA3 300 300 6.91 6.91 100 3.93(0.028) 172.4(0.73) 43.8(0.45) 0.41(0.018)
caseW1? 300 300 6.91 6.91 120 3.42(0.022)  140.6(1.92) 41.1(0.30) 1.9(0.055)
caseW2? 300 300 6.91 6.91 120 2.66(0.037)  106.2(1.64) 40.0(0.07) 2.83(0.13)
caseW3® 300 300 6.91 6.91 120 2.77(0.045)  116.0(6.25) 42.0(2.83) 9.86(0.59)
caseW4? 300 300 6.91 6.91 120 1.30(0.087) 26.60(5.92) 20.3(3.22) 12.14(1.16)

“Average value of the dynamic topography, geoid anomaly and GTR at the plume centre and the total melt production rate between 40 and

911

80 Ma. The numbers in parentheses are standard deviations.

bThese are cases with a weak layer beneath the lithosphere with different thickness and viscosity reduction.
*We vary the bold parameters with respect to case 1 to explore their effects on our results.

From 24 to 47 Ma, the plume head keeps spreading at the base
of the lithosphere, causing more surface areas to have increased
dynamic topography (Figs 4b and c, column 1). However, the am-
plitude of the swell topography at the centre part of the plume
head (with a radius of 5°, i.e. ~550 km from the plume centre)
is relatively stable at ~4 km (Fig. 4d), since the thinning of the
lithosphere at this region has reached a thermally equilibrium state
with the plume beneath it. However, the geoid contribution from
the topography and the internal density anomaly at this region still
increases significantly due to the contribution from regions outside
of the plume centre (Figs 4e and f), resulting in a slight increase of
the net geoid anomaly during this time period (Fig. 4g). The amount
of partial melting produced by the plume also increases with time
but is still concentrated in the central part of the plume head (Figs 4c
and h).

After 47 Ma, the area with positive dynamic topography keeps
increasing, but its magnitude around the plume centre remains un-
changed (e.g. Fig. 4d, 47-75 Ma, a radius of 30° or ~3000 km
from the centre). The positive and the negative contributions to
geoid anomaly respectively from the dynamic topography and the
internal density anomaly both increase slightly, but the net geoid
anomaly remains relatively unchanged near the centre part of the
plume (Figs 4e—g). The melt production still concentrates at the
plume centre and its rate becomes relatively stable after 47 Ma
(Fig. 4h). It is also interesting to note that, at some later stage of
plume-lithosphere interaction, small-scale convection develops at
the edges of the plume head, leading to fingering structures with hot-
ter and less viscous materials intruding into the surrounding colder
and more viscous background mantle (Figs 1d—f), which is known
as the Saffman—Taylor instability (Saffman & Taylor 1958).

The overall temporal and spatial evolution of the dynamic to-
pography, geoid anomaly and geoid-to-topography ratio (GTR) for
the reference case are shown in Fig. 5. The topography and geoid

anomaly both decrease with the increasing distance from the plume
centre (Figs 5a and b). At locations within ~1000 km from the
plume centre, the topography reaches its maximum at approxi-
mately 25 Ma and becomes relatively stable (Fig. 5a). Interestingly,
at ~1000-2000 km from the plume centre, the topography slightly
decreases after it reaches its maximum (Fig. 5a), which is caused
by small-scale convection developed beneath the lithosphere. The
geoid anomaly therefore decreases at some later stage (e.g. after
100 Ma) due to the reduced contribution from topography even for
the centre part above the plume (Fig. 5b).

The GTR is ~40 m km~' within ~800 km from the plume
centre and increases to ~60 m km™! in regions ~1000-2000 km
from the plume centre (Fig. 5c). Some unusual GTR appears at
the edge of the plume head which is likely to be caused by the
very small topography at the spreading margin. The GTR is much
larger (~70 m km~") before the plume head reaches the base of the
lithosphere and decreases rapidly as the plume head starts to cause
significant dynamic topography above it (Fig. 5d). Once the plume
head has spread out at the base of the lithosphere, the GTR becomes
relatively stable and slightly decreases with time, for example, with
a reduction of ~5 m km™! from 50 to 200 Ma (Fig. 5d). The GTR
at the centre point over the plume (Fig. 5d, red line) is smaller than
the average GTR calculated from the whole area that is influenced
by plume-lithosphere interaction (which is measured as the slope
of'the line that best fits the total geoid-topography data points based
on the least-squares method) (Fig. 5d, blue line), but with a similar
trend.

3.2 Influences of model parameters

In this section, we examine how plume radius, plume excess tem-
perature, plume viscosity, lithosphere viscosity, lithosphere thick-
ness and the weak layer control the time evolution of the geoid
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Figure 4. Evolution of topography, geoid anomaly and melt production rate at the surface for case 1. (a)—(c) are snapshots of surface topography (H), geoid
anomaly from topography (8;), geoid anomaly from internal density anomaly (8/Vy), total geoid anomaly (8Ny; ) and melt production rate (dM/dt) at 15, 24
and 47 Ma, respectively. (d)—(h) show the variation of H, §Nj,, 8Ny, 8Ngy;, and dM/dt at four different time snapshots over a cross line through the centre of the

plume, that is, the black dash line in (a).

anomaly, surface topography, GTR and melt production rate due to
the plume-lithosphere interaction. For simplicity, we focus on the
dynamic topography, geoid anomaly and GTR at the plume centre,
but the trend of their spatial variations is similar to the reference
case as will be shown later. The melt production is shown as the
summation across the model domain.

3.2.1 Effects of plume radius

In cases R1, R2 and R3 (Table 2), all other parameters are identical
to the reference case (case 1) except the plume radius R, changes
to 400, 200 and 100 km, respectively. The spatial variations of the
dynamic topography, geoid anomaly and GTR for these cases are
similar to case 1, but their temporal variations are quite different
(Fig. 6). For case R1 with R, = 400 km the spreading of the plume
has affected ~80 per cent of the surface area until ~75 Ma, while for
case R3 with smaller plume of R, = 100 km the plume only affects

~20 per cent of the surface area until 200 Ma (Fig. 6). Generally, a
larger plume reaches the base of the lithosphere sooner and produces
a larger geoid anomaly (Fig. 7a), a larger swell topography (Fig. 7b)
and a larger GTR (Fig. 7c). Interestingly, when the plume radius is
400 km, the geoid anomaly and dynamic topography both decrease
quickly after it reaches its maximum in the early 30 Ma (Figs 7a and
b). This is because the plume spreads out beneath the lithosphere
more quickly and the temperature at the base of the lithosphere is
more homogenized than cases with smaller plume radius, which
results in smaller spatial variations of geoid anomaly and dynamic
topography. For all three models, the GTR first decreases rapidly
before the plume reaches the base of the lithosphere and becomes
relatively unchanged after the plume spreads out at the bottom of
the lithosphere (Fig. 7c).

The melt production rate increases significantly with the increase
of plume radius (Fig. 7d). For example, as the plume radius increases
from 100 to 200 km, the total melt production rate is increased by

1202 Yol 1.0 uo isenb Aq 86£8609/906/2/522/a101ME/IIB/woo dno-olwepede)/:sdiy woly papeojumoq



0 1 2 3 4 5
e

=

topography (km)

N W A~ O

Distance (x10% km)

0
0 25 50 75 100 125 150 175 200
Time (Ma)

0 25 50 75 100
————
GTR (m/km)

—
O
-~

Distance (x10% km)

0 25 50 75 100 125 150 175 200
Time (Ma)

—
O
-

Distance (x103 km)

GTR (m/km)

Modelling of plume-lithosphere interactions 913

0 50 100 150 200
| e—— ]

geoid (m)

N WA~ o

—_

0
0 25 50 75 100 125 150 175 200

(d)

Time (Ma)
80
60-\%\\
40+
201

0 25 50 75 100 125 150 175 200
Time (Ma)

Figure 5. Parts (a)—(c) are dynamic topography, geoid anomaly and GTR as a function of time and distance from the plume centre point, respectively. Note that
in (c), we only consider area with topography larger than 100 m to avoid unusually large GTR caused by small fluctuation of topography. (d) Time evolution
of GTR at the centre point of the surface (red), and for area affected by plume-lithosphere interaction (blue), for example, the least-squares slope of geoid and

topography at the surface for regions with topography larger than 100 m.

~15 times from ~0.01 to ~0.15 km3 yr~!. Interestingly, the melt
production rate for the model with 400 km plume radius apparently
decreases with time after it reaches a maximum, which is because
small-scale convection quickly develops beneath the lithosphere and
reduces the temperature of the previously melting region, resulting
in reduced melt production rate. This has also been observed for
the reference case at some later stage (e.g. >100 Ma), although the
reduction is not as prominent (Fig. 7d, green curve).

3.2.2 Effects of plume excess temperature

In cases T1, T2 and T3 (Table 2), the plume excess temperature A7),
is changed to 350, 250 and 200 °C, respectively. The spatial varia-
tions of the dynamic topography, geoid anomaly and GTR for these
cases are quite similar to case 1, except their magnitudes (Fig. 8),
for example, the topography and geoid anomaly both decrease with
increasing distance from the plume centre, while the GTR is smaller
in the plume centre region than outside the plume centre. As shown
in Fig. 9, a higher plume excess temperature produces a larger geoid
anomaly (Fig. 9a), and a larger swell topography (Fig. 9b). When
plume excess temperature is 350 °C, the geoid anomaly and topog-
raphy both decrease after reaching their maximum in the first ~30
Ma (Figs 9a and b), due to the fast spreading of the plume beneath
the lithosphere similar to a larger plume radius as discussed in Sec-
tion 3.2.1. The influence of plume excess temperature on GTR is
not dramatic, for example, the GTR is increased by ~5 m km™!
as the plume excess temperature increases from 200 °C to 300°C
(Fig. 9¢).

The melt production rate increases dramatically with the increase
of plume excess temperature (Fig. 9d). There is no melting extrac-
tion for plume excess temperature smaller than 200 °C (Fig. 9d). The
total melt production increases by ~4 times from 0.3 to 1.2 km? yr~!
as the plume excess temperature increases from 300 °C to 350°C
(Fig. 9d). The melt production rate for plume excess temperature of
350°C also decreases with time after reaching a maximum, due to
the effects of small-scale convection quickly developed beneath the
lithosphere (Fig. 9d).

3.2.3 Effects of viscosity

In cases L1, L2 and L3 (Table 2), we vary the activation energy for
the lithosphere (e.g. top 100 km) £ to 11.5, 9.21 and 4.61, respec-
tively, and keep the activation energy for the mantle E,, (e.g. below
100 km depth) the same as the reference case (£,, = 6.91). This re-
sults in a maximum viscosity contrast across the lithosphere of 10°
(for E; = 11.5), 10* (for £, = 9.21), 10? (for E; = 6.91) and 10 (for
E;=4.61),respectively. The spatial variations of the dynamic topog-
raphy, geoid anomaly and GTR for cases with different lithosphere
viscosity are similar (Fig. 10). For case with relatively smaller litho-
sphere viscosity, that is, £, = 4.61, the GTR after ~150 Ma is rather
heterogeneous in regions far away from the plume centre (Fig. 10),
which is caused by the development of sublithosphere small-scale
convection. The variation of lithospheric viscosity has no influence
on the net geoid anomaly (Fig. 11a). The initial swell topography
caused by plume-lithosphere interaction is nearly the same for dif-
ferent lithospheric viscosity before the plume starts to spread out
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Figure 6. Time evolution of dynamic topography, geoid anomaly and GTR as a function of the distance from the plume centre for cases with different plume
radius of (a) R, = 400 km, (b) R, = 200 km and (c) R, = 100 km.
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Figure 7. Time evolution of geoid anomaly (a), dynamic topography (b), GTR (c) and melt production rate (d), for models with different plume radius. In
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Figure 9. The same as Fig. 7, but for cases with different plume excess temperature A7),.

(Fig. 11b, before ~30 Ma). After 30 Ma, a larger lithospheric vis-
cosity produces a slightly smaller swell topography, but when the
lithospheric viscosity contrast is larger than 103 (with £, = 6.91)
the variation of swell topography is not significant (Fig. 11b). The
GTR is also not very sensitive to the lithospheric viscosity, for ex-
ample, it varies by ~5m km™! as the lithospheric viscosity contrast

varies from 10% to 103 (Fig. 11¢). The melt production rate increases
with the decrease of the lithospheric viscosity, especially when the
lithospheric viscosity contrast is smaller than 103 (with £, = 6.91,
Fig. 11d). For example, the melt production rate increases from 0.15
to 0.3 km? yr~! when the lithospheric viscosity contrast decreases
from 10* to 103, and it increases up to ~0.8 km?® yr~! when the
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Figure 11. The same as Fig. 7, but for cases with different activation energy for the lithosphere E; (e.g. top 100 km).

viscosity contrast decreases to 10 (with £, = 4.61, Fig. 11d). It
is worthy to point out that as the lithospheric viscosity contrast in-
crease from 102 to 10°, the interior of the lithosphere changes from
being mobile to more stagnant. Limited by computational power,
we do not test the effects of higher lithospheric viscosity contrast,
but we expect them to be small since we find that the changes of

geoid anomaly, dynamic topography and melt production rate are
rather minor as we increase the lithospheric viscosity contrast from
10% to 10° (Fig. 11).

In cases P1, P2 and P3 (Table 2), we keep the activation energy
of the lithosphere the same as the reference case (e.g. E; = 6.91 for
the top 100 km) and vary the activation energy of the mantle (e.g.

1202 Yol 1.0 uo isenb Aq 86£8609/906/2/522/a101ME/IIB/woo dno-olwepede)/:sdiy woly papeojumoq



below 100 km depth) to £, = 11.5, 9.21 and 4.61, respectively.
This results in a maximum viscosity contrast between the plume
and its surrounding mantle of 12.9 (£,, = 11.51), 7.7 (£,, = 9.21),
4.6 (E,, =6.91)and 2.8 (E,, = 4.61), respectively. Note that a larger
mantle activation energy results in smaller plume viscosity due to the
high temperature of the plume. The spatial variations of the dynamic
topography, geoid anomaly and GTR for these cases are similar to
case 1, but a larger plume viscosity causes more homogeneous
GTR (Fig. 12). A lower plume viscosity produces a slightly larger
geoid anomaly at the early stage of plume—lithosphere interaction
(Fig. 13a, before 30 Ma). However, the geoid anomaly decreases
more rapidly after ~30 Ma for smaller plume viscosity (Fig. 13a,
red and green lines) due to its fast spreading rate of plume materials
beneath the lithosphere, causing a lower geoid anomaly (or more
homogeneous geoid) than other cases with higher plume viscosity
after ~80 Ma (Fig. 13a). The initial swell topography caused by
plume-lithosphere interaction is nearly the same for different plume
viscosity before the plume starts to spread out (Fig. 13b, before
~30 Ma). After 30 Ma, a larger plume viscosity produces larger
dynamic topography (Fig. 13b). The GTR slightly increases with
the decrease of plume viscosity before ~125 Ma but later decreases
with the decrease of plume viscosity (Fig. 13c) due to the rapid
decrease of geoid anomaly for models with smaller plume viscosity
(Fig. 13a). The melt production rate generally increases with the
increase of the plume viscosity (Fig. 13d).

In cases El, E2 and E3 (Table 2), we vary the activation energy
for both the lithosphere and the mantle simultaneously to 11.5, 9.21
and 4.61, respectively. Increasing the activation energy results in an
increase of the lithospheric viscosity but a reduction of the plume
viscosity. The spatial variations of the dynamic topography, geoid
anomaly and GTR for these cases are similar to case 1 (Fig. 14). The
variation of the geoid anomaly (Fig. 15a) is similar to Fig. 13(a),
since lithospheric viscosity has little influence on geoid anomaly.
A smaller activation energy E produces larger dynamic topography
(Fig. 15b), because the decrease of lithospheric viscosity and the
increase of plume viscosity both leads to increased dynamic topog-
raphy, which in turn results in smaller GTR (Fig. 15¢c). The melt
production rate increases with the decrease of £ since the reduction
of lithospheric viscosity and the increase of plume viscosity both
enhance melt production rate (Fig. 15d).

3.2.4 Effects of lithosphere thickness

In cases Al, A2 and A3 (Table 2), we vary the lithospheric age
A; from 80 to 160 Ma, 120 and 60 Ma, which correspond to an
initial lithosphere thickness D, varying from 120 to 160 km, 140
and 100 km, respectively. The spatial variations of the dynamic
topography, geoid anomaly and GTR for these cases are quite similar
to case 1 (Fig. 16). Generally, a thicker lithosphere leads to slightly
larger geoid anomaly and larger swell topography (Figs 17a and
b). For example, as the lithosphere thickness increases from 100
to 160 km, the geoid anomaly is increased by ~25 m and the
dynamic topography is increased by ~0.5 km (Figs 17a and b).
The resulting GTRs are nearly identical for cases with different
lithosphere thickness (Fig. 17c). Generally, a thinner lithosphere
leads to a larger melt production rate (Fig. 17d). For initially thinner
lithosphere (e.g. 100 km), the melt starts to produce and increases
quickly after the plume reaches the base of the lithosphere, and the
melt production rate subsequently decreases due to the thickening
of the lithosphere (Fig. 17d). While for initially thicker lithosphere
(e.g. 160 km), the melt production rate increases more slowly as the
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thick lithosphere is gradually thinned by the upwelling hot plume
(Fig. 17d). The melt production rate tends to reach a same constant
as long as the plume-lithosphere interaction reaches an equilibrium
state with the same lithosphere thickness (Fig. 17d).

3.2.5 Effects of weak asthenosphere

The presence of a weak asthenosphere in the Earth’s upper mantle
has been suggested to be important in generating plate tectonics
(Hoink et al. 2012) and also strongly affect the plume dynamics
(Liu & Leng 2020a). However, this weak layer has been argued to
be absent in other planet such as Venus which is characterized by
stagnant-lid mantle convection (Huang et al. 2013). Here, we per-
form four cases considering a weak layer beneath the lithosphere in
the upper mantle with different thickness d,, and viscosity reduction
An,. In cases W1-W4, the weak layer is set to d,, = 100 km and
A n,= 0.1 for case W1, d,, = 300 km and A n,= 0.1 for case
W2, d, = 100 km and A n,= 0.01 for case W3, d,, = 300 km
and A n,= 0.01 for case W4, respectively (Table 2). Generally,
the spatial variations of the dynamic topography, geoid anomaly
and GTR for cases W1-W2 are similar to case 1, but the pattern
is much more complicated for cases W3 and W4 with a larger vis-
cosity reduction of the weak layer for which vigorous small-scale
convection is easily to develop due to the lower reduced viscosity
(Fig. 18). The presence of the weak layer substantially reduces the
geoid anomaly as well as the dynamic topography (Figs 19 a and
b). The amplitudes of the geoid anomaly and dynamic topography
decrease as the thickness or the viscosity reduction of the weak
layer increases (Figs 19a and b), although there is a trade-off for the
effects of the thickness and viscosity reduction (Figs 19a and b, blue
line with d,, = 300 km A 1, = 0.1 and black line with d,, = 100 km
A n,= 0.01). However, the corresponding GTR does not change
significantly, except for case W4 in which the geoid anomaly, dy-
namic topography and the GTR are all lower than cases W1-W3
(Fig. 19¢c). The presence of the weak layer significantly increases
the melt production rate which is more dominantly controlled by
the magnitude of the viscosity reduction of the weak layer than the
thickness of the layer (Fig. 19d).

4 DISCUSSIONS

4.1 Sensitivities of surface expressions on model
parameters

The dynamic topography, geoid anomaly and GTR above the plume
centre and the total melt production rate are summarized in Ta-
ble 2, in which the observables are averaged from 40 to 80 Ma
for all cases to avoid (1) the effect of the initial impact stage of
plume-lithosphere interaction and (2) the effect of side boundaries
at a later stage. Among cases without weak layer, the maximum
and minimum values of dynamic topography are observed in case
E3 (4.54 km, R, = 300 km, AT, = 300°C, E; = E,, = 6.91 and
D; =120 km) and case R3 (1.46 km, R, = 100 km, AT, =300°C,
E;=E, = 6.91 and D, = 120 km), respectively; the maximum and
minimum values of geoid anomaly are observed in case R1 (200 m,
R, =400 km, AT, =300°C, E; = E,, = 6.91 and D; = 120 km)
and case R3 (27.9m, R, = 100 km, AT, =300°C, E; = E,, = 6.91
and D; = 120 km), respectively; the maximum and minimum val-
ues of GTR are observed in case E1 (52.4 m km™!, R, =300 km,
AT, =300°C, E; = E,, = 11.5 and D; = 120 km) and case R3
(192 m km™', R, = 100 km, AT, = 300°C, E; = E,, = 6.91
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Figure 12. The same as Fig. 6, but for cases with different activation energy for the mantle £, (e.g. below 100 km depth).
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Figure 13. The same as Fig. 7, but for cases with different activation energy for the mantle £, (e.g. below 100 km depth).

and D; = 120 km), respectively; the maximum and minimum val- a weak layer, the minimum dynamic topography (1.3 km), minimum
ues of melt production rate are observed in case T1 (1.2 km?® yr~!, geoid anomaly (26.6 m), minimum GTR (20.3 m km~!) and max-
R, =300 km, AT, =350°C, E; = E,, = 6.91 and D; = 120 km) imum melt production rate (12.14 km® yr~') are observed in case
and case T3 with no melt production (R, = 300 km, AT, = 200°C, W4 (R, =300 km, A7, =300°C, E; = E,, = 691, D; = 120 km,

E,=E, =691 and D, = 120 km), respectively. With the presence of d,, = 300 km and An,, = 0.01).
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Figure 15. The same as Fig. 7, but for cases with different activation energy Ej,,.

Table 3 summarizes the sensitivities of surface observables to
model parameters. Due to limits of computational time, the num-
ber of 3-D models we performed does not allow the derivation
of robust scaling laws between the surface observables and model
parameters. Instead, we focus on examining how the surface ob-
servables are sensitive to each model parameter at this stage. We

find that the dynamic topography induced by the rising hot plume
is strongly affected by plume radius and plume excess temperature
with a positive correlation (Figs 7b and 9b). The viscosity of the
lithosphere has little effect on dynamic topography, unless when
the lithosphere is rather weak (Fig. 11b). This is consistent with
the conclusions from previous studies on interaction of plume with
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Figure 16. The same as Fig. 6, but for cases with different initial lithosphere thickness D;.
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Figure 17. The same as Fig. 7, but for cases with different initial lithosphere thickness D;.

a moving oceanic or continental lithosphere (Ribe & Christensen The geoid anomaly is also strongly affected by the plume ra-
1994; Yang & Leng 2014). The viscosity of the upwelling plume dius and the plume excess temperature with positive correlations
has a positive correlation with the topographic uplift on the surface (Figs 7a and 9a), because the contribution from the dynamic to-
(Fig. 13b). The lithosphere thickness has no significant effect on the pography to the geoid anomaly is larger than the contribution of

dynamic topography (Fig. 17b). the internal density anomaly due to the plume. The lithospheric
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Figure 18. The same as Fig. 6, but for cases with a weak layer beneath the lithosphere.

viscosity has no influence on geoid anomaly since the topography is
largely not affected (Fig. 11a), whereas the plume viscosity affects
both the dynamic topography and the geoid anomaly (Fig. 13a).
The lithospheric thickness has little effect on the geoid anomaly
(Fig. 17a).

The GTR is more prominently influenced by the radius of the
plume than the excess temperature of the plume (Figs 7c and 9c),
although plume excess temperature also induces a large variation of
dynamic topography and geoid anomaly. The GTR is more sensitive
to the plume viscosity than the lithospheric viscosity (Figs 11c
and 13c), due to the more significant influence of plume viscosity on
dynamic topography and geoid anomaly. The lithospheric thickness
has no significant influence on GTR (Fig. 17c¢).

The melt production rate is influenced by all model parameters,
but the sensitivities are different. The excess temperature of the

plume appears to affect the melt production rate more than the radius
of the plume, though they both have significant positive influence
on melt production rate (Figs 7d and 9d). The effect of lithospheric
viscosity on melt production rate is not significant when the litho-
sphere is sufficiently strong, whereas the melt production rate is
generally inversely correlated with the lithospheric viscosity when
the lithosphere is relatively weak (Fig. 11d). The plume viscosity is
generally positively correlated with the melt production rate, which
is contrary to the effect of lithospheric viscosity (Fig. 13d). The
melt production rate is also sensitive to the lithospheric thickness
with an inverse correlation (Fig. 17d).

The presence of a weak viscosity layer, for example, the as-
thenosphere on Earth, also has significant influences on the surface
expressions. The presence of the weak layer results in smaller geoid
anomaly and dynamic topography, and the thicker or the weaker
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Figure 19. The same as Fig. 7, but for cases with a weak layer beneath the lithosphere.

Table 3. Sensitivity of surface observables to model parameters.

Plume  Plume excess  Plume Lithosphere  Lithosphere Weak
radius  temperature  Viscosity viscosity thickness asthenosphere
Dynamic topography H-P H-P M-P W-N W-P H-P
Geoid anomaly H-P H-P M-N NOT W-P H-P
GTR H-P M-P M-N W-P NOT M-N
Melt production rate H-P H-P M-P M-N H-N H-P

H (green shading), M (yellow shading) and W (cyan shading) represent high, medium and weak sensitivity of

observables on model parameters, respectively. P (blue) and N (red) represent positive and negative correlation of

observables on model parameters, respectively. NOT indicates no effect of parameters on surface observables.

the layer the smaller the geoid anomaly and dynamic topography
(Figs 19a and b). However, the corresponding GTR is not signifi-
cantly influenced by the presence of the weak layer except when the
layer is sufficiently thick and weak (e.g. 300 km thick and 100 times
lower viscosity, Fig. 19¢). The existence of the weak layer also in-
duces larger melt production rate, and the magnitude of the viscosity
reduction has more prominent influence on the melt production rate
than the thickness of the weak layer (Fig. 19d).

4.2 Spatial and temporal variations of surface expressions

We found interesting spatial variations of the plume-induced dy-
namic topography, geoid anomaly and melt production rate. The
dynamic topography is highest above the plume centre where the
maximum excess temperature occurs and decreases with the dis-
tance away from the plume centre. The geoid anomaly has a similar
spatial variation as the dynamic topography since the dynamic to-
pography makes a larger contribution to the geoid anomaly than
the interior density anomaly. The GTR, on the other hand, is more
homogeneous but also shows some spatial differences, as the GTR
in the plume centre region tends to be smaller than that in the
region outside the centre. The melt production is always concen-
trated within the central part of the plume with no significant spatial

variation. The pattern of these plume-induced observables places
additional constraints on plume and lithosphere properties.

These plume-induced surface observables are also rather time-
dependent. Before reaching the base of the lithosphere, the ascent
of the mantle plume induces rapidly increased topographic uplift
and positive geoid anomaly at the surface above the plume, while
the GTR decreases rapidly from the initial stage. After the plume
reaches the base of the lithosphere and then spreads out, the ampli-
tude of the dynamic topography and geoid anomaly increases more
slowly and becomes relatively stable after reaching the maximum
values. On the other hand, the GTR decreases much more slowly
after the plume head has flattened out at the base of the lithosphere.
Melt is produced only after the plume reaches the base of the litho-
sphere, and the melt production rate first increases rapidly and then
becomes relatively stable after it reaches its maximum value.

4.3 Implications for understanding plume-lithosphere
interaction in planetary evolution

The geoid and topography have been modelled to investigate the
interior structure of the mantle on Earth and other planets (e.g. Ribe
& Christensen 1994; Zhong & Watts 2002; Roberts & Zhong 2004;
Huang et al. 2013). However, previous studies have mostly focused
on the steady state of the numerical modelling to compare with
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the observational constraints. The time dependency of geoid and
topography from our study implies that using a steady state cannot
ideally constrain the plume or lithosphere properties if the timescale
of the plume-lithosphere interaction is not well determined. A sim-
ilar conclusion has also been reached by Kiefer & Kellogg (1998)
using 2-D spherical axisymmetric models.

Tens of hotspots have been suggested to be related to active
plumes on Venus (e.g. Ernst & Desnoyers 2004, and references
therein). Beta, Atla and Western Eistla are three of these regions
on Venus with different GTRs (31 m km™' for Beta, 21 m km™!
for Alta and 20 m km~! for Western Eistla) (Smrekar & Phillips
1991), and this difference has been interpreted to represent a range
of evolutionary stages of plume-lithosphere interaction (Smrekar
& Parmentier 1996). However, the difference of GTR may also
indicate a difference in plume properties (e.g. size and excess tem-
perature) due to its strong dependency on plume radius and plume
temperature shown by our numerical results. The higher GTRs for
Venusian hotspots comparing to that for Earth hotspots have been
interpreted to indicate the absence of an Earth-like low-viscosity
zone on Venus (Smrekar & Phillips 1991). However, our results
show that the resultant GTR is only significantly reduced when the
low-viscosity layer is enough wide and weak (e.g. 300 km thick
and 100 times viscosity reduction, Fig. 12), suggesting that the ex-
istence of a relatively thin (e.g. 100 km) low-viscosity zone cannot
be completely ruled out on Venus.

Here, we build a framework to explore the plume-lithosphere
interaction and its surface expressions and we show how the sur-
face expressions are sensitive to model parameters. It needs to be
pointed out that we do not attempt to provide a quantitative com-
parison between these modelled observables and the real observa-
tions. The dynamic topography is not directly observable and to
constrain it involves additional uncertainties (Molnar ef al. 2015).
In addition, there may be a significant part of gravity and topog-
raphy from observations that are not associated with mantle con-
vection, including the contribution from elastic lithospheric thick-
ness or the surface loading of volcanic construction (e.g. Zhong
2002; Zhong & Roberts 2003; Roberts & Zhong 2004). In this
study, we do not consider the effect of elastic lithospheric thick-
ness which is expected to reduce the magnitude of the dynamic
topography.

In addition to the elastic lithosphere deformation, there are other
potential factors that affect the topography, gravity and melt produc-
tion during plume-lithosphere interactions. Our numerical models
use scaling parameters relative to the Earth. The surface temperature
on Mars and Venus are much different than that on the Earth and
may significantly influence the lithospheric viscosity structure. The
rate of melt production is also very sensitive to the water content
of the mantle (e.g. Katz et al. 2003; Hirschmann 2006; Till et al.
2010; Lees et al. 2020), the chemical structure of the lithosphere
(e.g. Smrekar & Parmentier 1996; O’Neill e al. 2005; Manglik
& Christensen 2006) and the mantle potential temperature (e.g.
Nimmo & McKenzie 1996; Katz et al. 2003; Till et al. 2010). In
addition, we assume all melts, once produced, are instantaneously
extracted to the surface, but in reality, some melts may be intrusive
and frozen beneath the surface. The extraction of melts depletes the
melting regions in volatiles and thus may increase the viscosity in
these regions, which we did not consider in our models. We also did
not consider situations when the surface plate moves, which have
been shown by previous studies to greatly affect the pattern of the
plume-induced observables (e.g. Ribe & Christensen 1994; Ribe &
Christensen 1999; Yang & Leng 2014; Liu & Leng 2020b, Connolly
et al. 2009). More complexities can be included in our models for
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the purpose of a more quantitative comparison with observations in
future work.

5 CONCLUSION

We perform numerical experiments to investigate the influence of
plume radius, plume excess temperature, plume viscosity, litho-
spheric viscosity and lithospheric thickness on time evolution of
plume-induced surface dynamic topography, geoid anomaly and
melt production rate. A new method is incorporated into the Cit-
comCU code to calculate geoid anomaly in regional models. We
test different values of plume radius (100400 km), plume excess
temperature (200-350 °C), plume viscosity (minimum value of 7.7
x 10-3.6 x 10* Pa-s), lithosphere viscosity (maximum value of
1.0 x 10%-1.0 x 10%® Pa-s), lithosphere thickness (100160 km)
and the presence of weak asthenosphere (thickness of 100-300 km,
viscosity reduction of 10—100 times). Our experiments show that
the geoid anomaly, dynamic topography, GTR and melt produc-
tion, are strongly controlled by physical properties of the plume and
the lithosphere, but the sensitivities of these surface expressions to
plume and lithosphere properties are different.

The geoid anomaly is more sensitive (with positive correlation)
to plume radius and plume excess temperature but less sensitive to
plume viscosity (negatively correlated) and lithospheric thickness
(positively correlated), and not sensitive to lithospheric viscosity.
The dynamic topography is more sensitive (with positive correla-
tion) to plume radius, plume excess temperature and plume viscosity
but is less sensitive to lithospheric viscosity (negatively correlated)
and thickness (positively correlated). The GTR is more sensitive
to plume radius (positive correlation) but less sensitive to plume
excess temperature (positive correlation) and plume viscosity (neg-
ative correlation) and is nearly not sensitive to lithospheric viscosity
and thickness. The melt production rate is sensitive to all the plume
and lithosphere properties with positive correlation to plume radius,
plume excess temperature, plume viscosity and negative correlation
to lithospheric viscosity and thickness.

We also find significant temporal and spatial variations of the
plume-induced surface expressions. Before reaching the base of
the lithosphere, the ascent of a mantle plume causes positive and
rapid increase of dynamic topography and geoid anomaly at the
surface but no melt production. The subsequent impinging of a
plume head to the base of the lithosphere leads to further increase
of dynamic topography and geoid anomaly and rapid increase of
melt production. As the plume head spreads out beneath the litho-
sphere, these plume-induced observables reach maximum values
and become relatively stable, except that the development of small-
scale convection near the edges of the plume head leads to slight
decrease of dynamic topography and geoid anomaly above these
regions. Whereas the geoid anomaly and dynamic topography de-
crease from regions above the plume centre to regions above the
plume edge, the melt production keeps concentrating at the centre
part of the plume. The GTR is more spatially homogeneous but has
a relatively smaller amplitude above the central parts of the plume,
and it first decreases rapidly during the rising and impinging of a
plume head to the base of the lithosphere and decreases more slowly
after the plume head has spread out beneath the lithosphere.
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