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Mantle plumes are thought to originate from thermal boundary layers such as Earth’s core-mantle
boundary (CMB), and may cause intraplate volcanism such as large igneous provinces (LIPs) on the
Earth’s surface. Previous studies showed that the original eruption sites of deep-sourced LIPs for the last
200 Myrs occur mostly above the margins of the seismically-observed large low shear velocity provinces
(LLSVPs) in the lowermost mantle. However, the mechanism that leads to the distribution of the LIPs is
not clear. The location of the LIPs is largely determined by the source location of mantle plumes, but
the question is under what conditions mantle plumes form outside, at the edges, or above the middle
of LLSVPs. Here, we perform 3D geodynamic calculations and theoretical analyses to study the plume
source location in the lowermost mantle. We find that a factor of five decrease of thermal expansivity
and a factor of two increase of thermal diffusivity from the surface to the CMB, which are consistent
LLSVP with mineral physics studies, significantly reduce the number of mantle plumes forming far outside
of thermochemical piles (i.e.,, LLSVPs). An increase of mantle viscosity in the lowermost mantle also
reduces number of plumes far outside of piles. In addition, we find that strong plumes preferentially form
at/near the edges of piles and are generally hotter than that forming on top of piles, which may explain
the observations that most LIPs occur above LLSVP margins. However, some plumes originated at pile
edges can later appear above the middle of piles due to lateral movement of the plumes and piles and
morphologic changes of the piles. ~65-70% strong plumes are found within 10 degrees from pile edges
in our models. Although plate motion exerts significant controls over the large-scale mantle convection in
the lower mantle, mantle plume formation at the CMB remains largely controlled by thermal boundary
layer instability which makes it difficult to predict geographic locations of most mantle plumes. However,
all our models show consistently strong plumes originating from the lowermost mantle beneath Iceland,
supporting a deep mantle plume origin of the Iceland volcanism.
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1. Introduction distribution of LIPs on the Earth’s surface thus provides important
constraints on the physical parameters, structure and dynamics of

Hotspots are commonly observed away from plate boundaries. the lowermost mantle. In addition, mantle plumes bring materials

Although different mechanisms have been proposed for the forma-
tion of hotspots, many hotspots show deep-sourced features and
may be caused by mantle plumes (Courtillot et al., 2003; Morgan,
1971). An anomalously hot and large head of a mantle plume is
often suggested to cause large igneous provinces (LIPs) with ex-
tremely large accumulations of igneous rocks on the Earth’s surface
(Campbell and Griffiths, 1992). The location of deep-sourced LIPs is
largely determined by the source location of mantle plumes, which
is itself controlled by the dynamics in the thermal boundary layer
(TBL), such as that above the core-mantle boundary (CMB). The
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from the deep mantle to the surface. The source location and com-
position of mantle plumes provide insights into the distribution of
compositional reservoirs in the deep mantle (e.g., Hofmann, 1997,
Li et al., 2014; Williams et al., 2015).

One prominent feature for the seismic structure of the low-
ermost mantle is the two large low shear velocity provinces
(LLSVPs) beneath Africa and Pacific, which are surrounded by re-
gions with higher than average seismic velocities (e.g., Dziewonski
et al., 2010). The LLSVPs are suggested to be compositionally dis-
tinct from the surrounding mantle, based on seismic observations
(e.g., Ishii and Tromp, 1999; Ni et al., 2002; Wen et al., 2001).
Geodynamic modeling studies indicate that the LLSVPs may be
caused by thermochemical piles of compositionally distinct and
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intrinsically dense material (e.g., McNamara and Zhong, 2005;
Zhang et al., 2010), although a purely thermal origin of LLSVPs can-
not be ruled out yet (Bull et al., 2009; Davies et al., 2012; Schubert
et al., 2004, 2009). Interestingly, Torsvik et al. (2006) found that the
original eruption sites of most LIPs younger than ~200 Myrs ap-
pear to be located preferentially above the edges of the LLSVPs. Al-
though it was also suggested that several LIPs older than 200 Myrs
were located above the edges of LLSVPs (Torsvik et al., 2010, 2008),
their evidence is not as robust (Zhong and Liu, 2016). The statis-
tical significance of the spatial correlation between LIPs and the
margins of LLSVPs has also been debated (Austermann et al., 2014;
Davies et al., 2015; Doubrovine et al., 2016).

The source locations of mantle plumes are not fully understood
in previous geodynamic studies. Tan et al. (2011) computed 3D
convection models with temperature- and depth-dependent vis-
cosity and free-slip surface boundary condition for a long geolog-
ical time (~1 billion years) and found that mantle plumes form
both at pile edges, in the middle of the top surface of piles, and
far outside of the piles. Hassan et al. (2015) examined the corre-
lation of modeled plume eruption sites with the reconstructed LIP
eruption sites using geodynamic models with plate motion history
and similar mantle rheology to that in Tan et al. (2011). They found
that the correlation between plume locations and LIP eruption sites
is better for thermochemical models than for isochemical models.
Similar to Tan et al. (2011), they found mantle plumes erupt both
near the edges and on the top of thermochemical piles. Steinberger
and Torsvik (2012) reproduced the observed trend of plume lo-
cations at the LLSVP’s edges using simplified geodynamic models
with plate subduction history, but they did not examine effects
of important model parameters such as the viscosity and other
thermodynamic parameters (i.e., thermal expansivity and thermal
diffusivity). In addition, the physical parameters they used in the
models lead to a small Rayleigh number and sluggish mantle con-
vection. Since their models were computed for a relatively short
time of 300 Myrs, they showed that their modeling results are sen-
sitive to initial conditions. Furthermore, the models by Steinberger
and Torsvik (2012) ignored the temperature-dependent viscosity,
used relatively poor resolution (i.e., ~450 km horizontal resolu-
tion or for harmonic degrees up to 50) in the lower mantle, and
only considered radial thermal diffusion in the equation of energy
conservation. It is unclear how these simplifications would affect
the plume dynamics in Steinberger and Torsvik (2012). Therefore,
it remains critically important to investigate the controls on the
source locations of mantle plumes, or more specifically, to exam-
ine the conditions under which the plumes form outside, near the
edges of, or above the middle of LLSVPs. An improved knowledge
on this question would not only help understand the spatial cor-
relation between LIP eruption sites and LLSVP margins, but also
provide additional tools to use the observations to constrain phys-
ical properties in the lowermost mantle.

In this study, we perform 3D spherical thermochemical and
isochemical convection calculations with plate motion history to
investigate the controls on the source locations of mantle plumes.
We systematically examine the sensitivity of plume source lo-
cations to model parameters including viscosity, thermal expan-
sivity, and thermal diffusivity in the mantle. Our models signifi-
cantly expand the model parameter space compared to the pre-
vious studies on this topic (Tan et al., 2011; Hassan et al., 2015;
Steinberger and Torsvik, 2012). We also compare numerical mod-
eling results with theoretical scaling analyses (e.g., Olson, 1993;
Zhong, 2005) to give a comprehensive understanding of the physi-
cal process that controls the source location of mantle plumes.

Table 1
Parameters used in this study.

Parameters Reference value
Earth’s radius R 6371 km

CMB radius 3503 km
Mantle density pg 3300 kg/m?
Thermal expansivity o 3x107° K!
Thermal diffusivity o 1x 107 m?/s
Gravitational acceleration g 9.8 m/s?
Temperature change across the mantle AT 2500 K

3 x 10%! Pas, 6 x 10?! Pas
or 1.5 x 10?2 Pas

Reference viscosity 1o

2. Methods

We perform geodynamic calculations by solving the following
dimensionless equations of conservation of mass, momentum and
energy under the Boussinesq approximation:

V.i=0, (1)
—VP +V.(né)=Ra(xT — BO)T, (2)
%Jr(ﬁ.v)T:V-(KVT)JrQ, 3)

where i is the velocity, P is the dynamic pressure, 7 is the vis-
cosity, € is the strain rate, Ra is the Rayleigh number, T is the
temperature, B and C are the buoyancy number and composition,
respectively. 7 is the unit vector in the radial direction, t is the
time, Q is the internal heating rate. o and k are thermal expansiv-
ity and thermal diffusivity, respectively. The convection models are
similar to that in (McNamara and Zhong, 2005; Zhang et al., 2010;
Li et al., 2016; Hassan et al., 2015).
The Rayleigh number (Ra) in equation (2) is defined as:

_ pogaoATR?
NoKo '

where pp, g, ®p, no and ko are the background mantle refer-
ence density, the gravitational acceleration, the reference thermal
expansivity, the reference viscosity, and the reference thermal dif-
fusivity, respectively. AT is the temperature difference between
surface and CMB and R is the radius of the Earth. The reference
values are listed in Table 1. In this study, we use a Rayleigh num-
ber of 2 x 108 for most cases (i.e., with a reference viscosity of
3 x 102! Pas). Because the Rayleigh number is defined using the
radius of the Earth, it is about 10 times larger than that defined
using the thickness of Earth’s mantle.

The buoyancy number B in equation (2) is defined as the ratio
of the intrinsic density anomaly of compositionally distinct mate-
rials Ap to the density anomaly caused by thermal expansion:

Ra (4)

A
p=—-F (5)
,O()OloAT
The advection of the composition C is given by:
aC -
— 4+ @ -V)C=0. (6)

ot

The mantle viscosity is both temperature- and depth-dependent
and is similar to that in (Zhang et al., 2010). The viscosity is ex-
pressed as 1 = noexp[A(0.5 — T)], where the activation energy
A =9.21 is chosen such that there is 10* viscosity variation due to
changes of non-dimensional temperature from O to 1. The viscosity
pre-factor ng is depth-dependent, with 79 = 1.0 for the uppermost
150 km, and 79 = 1/30 between 150 and 670 km. Our models also
include a ~60 times viscosity increases across the 670-km depth
from the upper mantle to lower mantle, and a factor of ~3.4 vis-
cosity linear increase from the 670-km depth to CMB. All cases
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Table 2

Cases used in this study.
Case o K B Ra d n Ra

(km) (Pas)

1 1.0 1.0 0.48 2e8 47 3.3e21 41
2 0.2 218 0.18 2e8 79 2.4e21 23
3 1.0 1.0 0.52 4e7 66 1.7e22 23
4 0.2 1.0 018 2e8 63 2.7e21 24
5 1.0 218 0.48 2e8 59 2.6e21 45
6 1.0 1.0 0.50 1e8 56 6.5e21 38
7 0.33 218 0.23 2e8 73 2.4e21 31
8 0.33 218 0.24 1e8 84 5.1e21 23
9 0.33 218 0.26 4e7 - - -
10 0.2 218 - 2e8 - - -

o and « are the non-dimensional thermal expansivity and thermal diffusivity at
CMB, respectively; B is buoyancy number; Ra is global Rayleigh number; d is the
thickness of TBL outside thermochemical piles; 1 is the viscosity at middle depth
of the TBL outside of thermochemical piles; Ra; is the local Rayleigh number of the
TBL outside of thermochemical piles.

used in this study are listed in Table 2. The present-day depth pro-
files of the horizontally averaged viscosity for Cases 1, 3 and 6 with
different Rayleigh number (e.g., difference reference viscosity) are
shown in Supplementary Fig. S1.

Temperature boundary condition is isothermal on the surface
(T =0) and the CMB (T = 1). We use a dimensionless internal
heating rate of Q = 100, which results in about 50-70% internal
heating ratio, consistent with previous studies based on constraints
from plume heat flux and plume excess temperature (Leng and
Zhong, 2008; Zhong, 2006), although the effects of internal heating
are generally small on a relative short time scale as in this study.

The CMB has a free-slip velocity boundary condition, but the
surface employs a kinematic velocity boundary condition with
time-dependent plate motion. All models are run from 458 Ma to
the present day. The plate motion history from 458 Ma to 225 Ma
is derived from Zhang et al. (2010). From 200 Ma to present day,
we use the plate motion model from Seton et al. (2012). For the
period of 225-200 Ma, we use the plate motion model from Seton
et al. (2012) at 200 Ma. Because the plate motion model is less ro-
bust the further back in time, we focus on analyzing model results
for the past 180 Myrs.

For thermochemical calculations, the initial temperature is the
same as that used in Zhang et al. (2010), which is a 1-D aver-
age temperature profile from a pre-calculation with intrinsically
dense material in the lowermost mantle until quasi-equilibrium is
achieved. Initially, we introduce a global layer of intrinsically dense
material in the lowermost 250 km of the mantle. For isochemical
calculations, the increase of temperature in the lowermost mantle
is removed from the initial 1D temperature profile.

We solve the governing equations (i.e., equations (1)-(3) and
(6)) using the finite element code CitcomS (Zhong et al., 2008). The
dimensionless radius of the computational domain ranges from
0.55 at the CMB to 1.0 at the surface. The entire mantle is modeled
as a 3D spherical shell, which is divided into 12 caps with each
cap containing 64 x 64 x 64 elements. The lateral resolution in the
lowermost 300 km depth is about 55-60 km, and the grids are re-
fined in this depth range to a radial resolution of ~24 km. The
radial grids are not refined from surface to 300 km depth above
the CMB.

The primary goal of this study is to understand the controls on
the plume source locations. Although mantle plumes may tilt and
merge as they ascend through the mantle, we will mainly focus
on quantifying mantle plumes near their source locations at the
CMB. A number of previous studies attempted to quantify mantle
plumes for their population and energy flux (e.g., Labrosse, 2002;
Zhong, 2005; Leng and Zhong, 2008), and our method for quanti-
fying the number of plumes is similar to these studies. We define
plumes as the regions where the temperature anomaly is higher

than a threshold value (e.g., 0.1). When the distance between two
plumes is less than 3 degrees, we consider them as one plume.
When computing number of plumes outside of thermochemical
piles, we exclude those with distance smaller than 3 degrees from
the edges of piles. The number of plumes depends moderately on
the criteria in defining plumes (e.g., Labrosse, 2002), so we focus
on the relative difference of plume numbers between models.

3. Results
3.1. Mantle plumes outside of thermochemical piles

We first show how mantle viscosity, thermal expansivity and
thermal diffusivity control the plume population outside of the
thermochemical piles. Case 1, as the reference case, uses con-
stant thermal expansivity o and thermal diffusivity «. It employs a
buoyancy number of B = 0.48 for the intrinsically dense material,
leading to thermochemical piles covering similar area extent of the
CMB as the LLSVPs do. Fig. 1a shows the present-day temperature
anomaly (i.e., after the horizontal average temperature is removed)
at 2800-km depth. The black contours show two thermochemical
piles: one pile in the middle of the map is beneath Africa (here-
inafter referred to as Africa pile) and the other pile is beneath the
Pacific (hereinafter referred to as Pacific pile). The thermochemical
piles are generally much hotter than the surrounding mantle. We
find that mantle plumes frequently form in relatively cold regions
outside of the piles for this case (Fig. 1a).

The cyan arrows in Fig. 1a show the lateral mantle flow ve-
locity at 2800 km depth. Materials outside the piles are generally
being advected towards the edges of piles (Fig. 1a). It is interesting
to note that mantle flow locally converges at the north end of the
Africa pile (Fig. 1a). Fig. 1b shows the corresponding magnitude of
lateral flow velocity, with green contours for temperature anomaly
of 0.1 showing locations of mantle plumes. These mantle plumes
are preferentially located in regions where mantle lateral flow ve-
locity either changes rapidly (i.e., large velocity gradient) or has a
small amplitude (i.e., stagnation points in Zhong et al. (2000)). The
number of plumes outside of piles, quantified using criteria dis-
cussed above, changes with time and ranges from 10 to 20 in the
past 180 Myrs for Case 1 (Fig. 2a, black line).

In Case 2, the thermal expansivity is decreased and the thermal
diffusivity is increased from the surface to CMB by a factor of 5 and
2.18, respectively. The depth-dependent thermodynamic proper-
ties are more consistent with mineral physics results (Hofmeister,
1999) and have been adopted in previous numerical studies (e.g.,
Leng and Zhong, 2008; Tackley, 2002). The buoyancy number for
this case is reduced to 0.18 to produce a similar area extent of
thermochemical piles as in Case 1. Case 2 is otherwise identical to
Case 1. We find that mantle plumes outside of the piles in Case 2
(Fig. 3a) are larger in size than that in Case 1 (Fig. 1a). However,
compared to Case 1, the number of plumes occurring outside of
piles is much less in Case 2. During the past 180 Myrs, the num-
ber of plumes outside of the piles is generally less than 3 (Fig. 2a,
red line).

In Case 3 (Table 2), the reference viscosity is 5 times of that for
Case 1 with a Rayleigh number of Ra =4 x 107, and the buoyancy
number is increased to 0.52 to keep similar size of the piles to
the previous cases. As expected for higher mantle viscosity, the
mantle convection is more sluggish and mantle flow velocity in
most regions (Fig. 3b) is smaller than that in Cases 1 (Fig. 1a) and
2 (Fig. 3a). However, the mantle convection pattern remains the
same, with materials outside of the piles generally being advected
towards pile edges. The plumes outside of piles for Case 3 have a
relatively large size (Fig. 3b), but the number of plumes is generally
no more than 5 for the past 180 Myrs (Fig. 2a, blue line).
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Fig. 1. (a) Present-day temperature anomaly at 2800 km depth for Case 1 after the horizontal average is removed. The cyan arrows show lateral mantle flow velocity at this
depth. (b) Magnitude of lateral velocity as shown in panel (a). The green contours of temperature anomaly of 0.1 show location of mantle plumes at 2800 km depth. The
black lines in panels (a) and (b) show edges of thermochemical piles. The figures are centered at longitude = 0°. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Case 4 differs from Case 1 in only having a linear decrease in
thermal expansivity from 1.0 at the surface to 0.2 at the CMB (i.e,,
thermal diffusivity remains uniform in the mantle, Table 2). For
this case, no more than 4 plumes are found outside of the piles
for the past 180 Myrs (Fig. 2a, green line). In Case 5, the thermal
expansivity is constant, but thermal diffusivity is increased from
the surface to the CMB by a factor of 2.18 (Table 2). The number
of plumes outside of the piles for this case (Fig. 2a, cyan line) is
slightly less than that in Case 1 for most of the time. Case 6 uses a
reference mantle viscosity that is twice of that for Case 1, leading
to a Rayleigh number of Ra = 108 for Case 6 (Table 2). For this
case, the number of plumes outside of piles is slightly less than
that in Case 1 before ~30 Ma, and is ~7 after ~30 Ma (Fig. 2a,
orange line).

We also explored cases (Cases 7-9, Table 2) with a smaller re-
duction of thermal expansivity (i.e., a factor of three) with depth
than Case 2. The differences among Cases 7-9 are that the Rayleigh
number Ra is systematically reduced from Ra =2 x 108 for Case 7,
to 108 for Case 8, and to 4 x 107 for Case 9. The number of plumes
outside of piles for Case 7 is higher than that in Case 2, but is
much lower than that in Case 1, and it further decreases in Case 8
where the reference viscosity is increased to twice that of Case 7
(Fig. 2a). However, we find that the mantle convection for Case 9 is
much more sluggish than other cases, and the results of Case 9 are
significantly affected by initial condition (see Supplementary Infor-
mation and Supplementary Fig. S3 for more details). We thus do
not quantify the results of Case 9.

3.2. Mantle plumes above and at the edges of thermochemical piles

We next investigate the location of mantle plumes above the
middle of the top surface of the thermochemical piles and at the
edges of the piles. As an example, we show and compare the
results for Case 1 and Case 2 in which the overall morpholo-
gies of thermochemical piles are similar. Figs. 4a and 4b show
the present-day temperature anomaly at ~1500 km depth for
Cases 1 and 2, respectively, and the green contours of temperature
anomaly of 0.1 represent mantle plumes. The number of plumes
outside of piles at this depth is less than that near the CMB as
shown in Figs. 1a and 3a because several plumes have not reached
this depth yet. In addition, weak plumes may diffuse out on their
way up to the surface because of limited resolution of our models.
Strong plumes with maximum temperature anomaly larger than
0.2 are marked by black dots to distinguish them from other rela-
tively weaker plumes.

Fig. 4a shows that there are many more plumes occurring at the
edges and above the middle of thermochemical piles than outside
of piles for Case 1. We find a frequent occurrence of weak plumes
above the middle of thermochemical piles, with small spacing
between these plumes. However, most of the strong plumes are
closer to the pile edges, similar to Tan et al. (2011).

For Case 2 with depth-dependent thermal expansivity and dif-
fusivity, we find that there are much less plumes not only outside
of the piles but also associated with thermochemical piles than
Case 1 (Figs. 2a, 3a, and 4b). In addition, the spacing between
plumes on top of the piles is larger than that in Case 1. Similar
to Case 1, we find that strong plumes preferentially locate near
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Fig. 2. Time evolution of number of plumes occurring outside of thermochemical piles (a) and the critical distance that is required for the TBL to grow thick enough to
produce plumes (b) for Cases 1 to 8. The critical distance for each case is normalized by the critical distance for Case 1 at present-day. (c) Laterally averaged temperature
outside thermochemical piles (including regions at pile edges) in the past 40 Ma (solid black line) for the Case 1. The gray line shows the radius of the top of the TBL
quantified using equation (12). The black open circle marks the depth with minimum average temperature. (d) Horizontally averaged magnitude of the lateral mantle flow
velocity outside of piles in the past 40 Ma for Cases 1 to 8. (For interpretation of the references to color in this figure, the reader is referred to the web version of this

article.)

the pile edges (e.g., <10 degrees from the pile edges), while weak
plumes tend to cluster above the middle of the piles (e.g., >10
degrees from the pile edges).

We quantify the minimum distances to pile edges for the strong
plumes at 2800 km depth in the past 180 Myrs in Cases 1 and 2.
We find that most (~65-70%) strong plumes are located within
~10 degrees from the pile edges for both cases. A significant num-
ber of strong plumes occur just above the pile edges (i.e., ~0 de-
gree) for Case 1 (Fig. 4c), and at 5-10 degrees for Case 2 (Fig. 4d).

Fig. 5 shows four snapshots of the temperature anomaly field at
1500 km depth for Case 2 from 85 Ma to 0 Ma (i.e., the present-
day). Most strong plumes occur near the edges of piles for all
snapshots. At 85 Ma, plumes A and B are located near the edges
of the Africa pile. From 85 Ma to 0 Ma, the Africa pile changes its
shape and moves northwestern, and the two plumes slightly move
westward. As a result, the two plumes appear above the middle of
the Africa pile at the present-day. In addition, the temperature of
plume B decreases with time such that it no longer meets the cri-
teria for strong plumes at the present-day. A strong mantle plume
forming on top of the end tail of the Africa pile moves westward
with the pile from ~85 Ma to present-day, and it is less than 10
degrees from beneath Iceland at the present-day. In fact, strong
plumes are found close to the location beneath Iceland in other
models as well (Fig. 4a, b; Supplementary Fig. S2).

3.3. Plume source location for isochemical model

The origin of LLSVPs remains enigmatic and a purely thermal
origin of LLSVPs, as in the conventional isochemical mantle model
(e.g., Hager et al., 1985), may remain viable (Bull et al., 2009;
Davies et al., 2012; Schubert et al., 2004, 2009). Here, we perform
another calculation (Case 10) to explore the plume source loca-
tion in an isochemical model. All parameters used in Case 10 are

the same as Case 2, but there is no intrinsically dense material in
Case 10.

In contrast to the large-scale temperature anomalies for ther-
mochemical models (i.e., Figs. 1a and 3), the temperature field at
2800 km depth for Case 10 is featured by relatively small scale
interconnected hot anomalies separated by cold regions (Fig. 6a),
similar to that found in previous studies (e.g., Zhong et al., 2000;
Bull et al., 2009). All plumes shown at 1500 km depth (Fig. 6b)
are strong plumes, which seem to be evenly distributed in regions
away from cold downwellings. Similar to the thermochemical mod-
els, we find that mantle flow locally converges in the lowermost
mantle (Fig. 6a) beneath Iceland (black triangle). A strong plume is
found not too far from beneath Iceland.

4. Discussion

4.1. Understanding geodynamic modeling results on plume source
location

The geodynamic modeling results on plume source location
can be understood in a more theoretical way, based on ther-
mal boundary layer (TBL) instability theory (e.g., Olson, 1993;
Zhong, 2005). The formation of mantle plumes from TBL is con-
trolled by the local Rayleigh number, which is defined by:

P08 ATS?
nik

where ¢y, ATy, 8, n;, and k; are thermal expansivity, temperature

different across the TBL, thickness of the TBL, viscosity and ther-

mal diffusivity, respectively. All parameters are defined locally for
the TBL. The TBL becomes unstable to form plumes when the lo-

Ra; (7)
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Fig. 3. Present-day temperature anomaly at 2800 km depth for Case 2 (a) and Case 3 (b). The cyan arrows show lateral mantle flow velocity. The black lines show edges of
thermochemical piles. The figures are centered at longitude = 0°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

cal Rayleigh number reaches a critical Rayleigh number Ra. (e.g.,
Howard, 1966):

o ATd?
Ral = Rac = M
niki

where d is the TBL thickness required to form plumes.

The process of forming mantle plumes on the CMB is illustrated
in Fig. 7. The thickness of TBL § is minimum beneath the slab and
increases with time due to thermal diffusion as the slab material
spreads in the mantle flow direction above the CMB. We may de-
fine the distance between the downwelling with minimum § and
where the plume forms as L. If L is shorter than the distance to
pile edges, mantle plumes would form outside of and far away
from the thermochemical piles. Otherwise, the TBL could only be
thick enough at the edges of piles (where mantle flow changes its
direction) to form plumes. We hereinafter define the distance L as
the critical distance. The critical distance is controlled by 1) the
time it takes to form mantle plumes t,; and 2) the magnitude of
lateral mantle flow velocity in the TBL U, thus:

(8)

L=Uty. 9)

The plume formation time can be related to the critical Rayleigh
number Ra, through the following way. The TBL thickens with
time through:

§ = kit (10)

where c is a constant. At t =t,, the TBL thickness is § =d, or d =
JCKityr. Plugging this equation into equation (8) and rearranging
it, we get:

2/3
R
e ) . (11)

1
tyf = ——= | ———
o c:cll/3 (PogOIIATt

One question is what is the value of Ra. and whether it is a
constant in our different geodynamic models for the development
of TBL instability. To answer this question, we further quantify the
critical Rayleigh number outside of thermochemical piles in Cases
1 to 8. We first determine the thickness of TBL, using the CMB heat
flux and interior temperature (Moresi and Solomatov, 1995). As an
example, Fig. 2c shows the laterally averaged temperature profile
(solid black line) outside of the piles for the last 40 Ma for Case 1.
The dimensionless thickness of TBL is computed by (Moresi and
Solomatov, 1995):

_ kl(] - Ti)
Gcmb

d (12)
where k; is the non-dimensional thermal conductivity whose value
is the same as the non-dimensional thermal diffusivity «;, qcmp is
the average non-dimensional CMB heat flux outside of thermo-
chemical piles, and T; is the interior temperature that is set to
be the minimum temperature on the laterally averaged tempera-
ture profile in the lowermost mantle (e.g., marked by black circle
in Fig. 2c). We also used a temperature gradient based method in
Liu and Zhong (2013) to determine the thickness of the TBL and
the results are similar to those from (12).

We compute the laterally averaged temperature and viscosity
outside of piles (including regions at pile edges) for the past 40 Ma
for Cases 1 to 8, and the average temperature profile is used to cal-
culate the TBL thickness for each case with equation (12). Table 2
lists the TBL thickness and the average viscosity at middle depth of
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Fig. 4. Present-day temperature anomaly at 1500 km depth for Case 1 (a) and Case 2 (b). The gray lines show the edges of thermochemical piles at 2800 km depth. The
green contours of temperature anomaly at 0.1 show locations of mantle plumes. The black dots show locations of strong plumes whose maximum temperature anomaly is
larger than 0.2. The red triangles in panels (a) and (b) show the location of the Iceland. The figures are centered at longitude = 0°. (c)-(d), histograms of number of strong
plumes as a function of distance from the closest edges of thermochemical piles for Case 1 (c) and Case 2 (d). We quantify the distances for strong plumes every 1 Myr in
the past 180 Myrs, including 2768 and 2667 plumes in total for Case 1 and Case 2, respectively. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

the TBL, which are used to compute Ra; for each case with equa-
tion (8). Despite of the complexities with the lowermost mantle
dynamics in our 3D models and the large differences in physi-
cal parameters among these models, Ra; is found in the range of
~20-40 for all these cases (Table 2). This range of Rq, is similar to
the critical Rayleigh number of ~30 derived from a marginal sta-
bility analysis for the TBL by Jaupart et al. (2007), supporting the
hypothesis that the TBL dynamics and plume formation are con-
trolled by the TBL instability.

However, because the value of constant c in equation (11) is un-
known, it is difficult to estimate plume formation time ¢, directly
from equations (11). We thus focus on quantifying the ratio of t,s
between models. From equation (11), we find that by decreasing
the thermal expansivity by 5 times while increasing the thermal
diffusivity by 2.18 times in the lowermost mantle in Case 2, the
plume formation time for Case 2 would be increased by ~2.3
times compared to Case 1, assuming other parameters in equation

(11) (e.g., 1, AT;) are the same for both cases. Similarly, we find
that the plume formation time for Cases 3, 4, 5, 6, 7 and 8 is about
2.9, 2.9, 0.8, 1.6, 1.6, and 2.6 times that of Case 1, respectively.
Similarly, we also quantify the ratios of critical distance L for
different cases relative to Case 1. We first determine the magni-
tude of lateral mantle flow velocity outside of piles on the CMB at
different times in the last 180 Ma for Cases 1 to 8, which is then
multiplied by the ratio of plume formation time between each case
and Case 1 to obtain the time evolution of the critical distance ra-
tios (e.g., Equation (9)). The critical distance ratio for different case
at different times is further normalized by that of Case 1 at the
present-day. Interestingly, the magnitude of lateral mantle flow ve-
locity does not change significantly in the TBL for each case and,
more importantly, the ratio of lateral mantle flow velocity between
any two cases is nearly the same at different depths in the lower-
most mantle (i.e., Fig. 2d). The normalized critical distance is thus
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mantle convection calculation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

not affected by at what depth the magnitude of lateral mantle flow
velocity is used.

Fig. 2b summarizes the time evolution of normalized critical
distance for Cases 1 to 8, together with Fig. 2a showing the time
evolution of number of plumes outside of piles. The critical dis-
tances for Cases 1, 5 and 6 are the shortest among the 8 cases,
which is consistent with the largest number of plumes occurring
outside of piles for these three cases. The critical distances for
Cases 2, 4 and 8 are the longest and these cases have the smallest
number of plumes outside piles. Cases 3 and 7 have intermedium
critical distance and this is also consistent with the number of
plumes in these cases. However, since the critical distance is based
on the average temperature and mantle flow velocity in broad re-
gions outside of thermochemical piles, we do not expect that all
the details of plume population evolution can be predicted by the
evolution of critical distance. Other factors, such as the changing
morphology of thermochemical piles and changing of local mantle
flow velocity due to subduction, may also influence the formation
of plumes and hence the number of plumes. Nonetheless, we think
that the critical distance helps understand the number of plumes
forming outside of the piles, although the plume formation is in
general controlled by the TBL instability.

The theory that we have developed to understand plume source
locations outside of the piles also helps understand the formation
of mantle plumes within and near the edges of piles. We find that
for cases with less plumes outside of the piles, there are also less
plumes above piles and these plumes have large spacing between
them (Fig. 4a, b). This indicates that for cases in which the critical
distance is large outside of the piles, it is also large on the top of
the piles.

However, the dynamics on the top of the piles are different
from outside of the piles above the CMB. Firstly, the TBL is thinnest
beneath the cold downwellings outside of thermochemical piles;
but there are no such strong downwellings on the top of the ther-
mochemical piles. As a result, the TBL on top of piles thickens
from a relatively large thickness, and it may need less time to
become unstable to produce plumes. Secondly and perhaps more
importantly, the top of the piles is not a free-slip boundary. Lateral
mantle flow velocity on top of piles may be slower than that out-
side of piles on the free-slip CMB. Mantle flows may be stagnant
in some localized regions on top of the piles due to the piles’ to-
pography. Thus, the critical distance may be much shorter on the
top of the piles than outside of the piles, which is consistent with
much more mantle plumes forming on top of the piles than out-
side of the piles.

4.2. Understanding the distribution of LIPs
Our results show that plumes forming at the edges of thermo-

chemical piles are generally hotter than that forming on top of the
piles (e.g., Tan et al., 2011). This can be understood through the
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Fig. 8. The locations of initial arrivals of strong plumes at 300 km depth (stars) in
the last 180 Ma. Strong plumes are plumes whose maximum temperature anomaly
is higher than 0.2. The color of the stars represents the time when the plume ini-
tially reaches 300 km depth. For each plume location at 300 km depth (stars), the
nearest gray circle shows the location of the plume conduit at 1500 km depth. The
edges of thermochemical piles at 2800 km depth are shown at present-day (black
contours) and at ~140 Ma (gray contours). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

following way. Mantle materials outside of the piles are advected
towards the edges of thermochemical piles (Figs. 1a and 3), and
the TBL outside of piles thickens in same direction as lateral man-
tle flow (Fig. 7) towards pile edges. If the TBL fails to become thick
enough to produce plumes outside of piles, it may generate plumes
at the edges of the piles which are physical barriers for the lat-
eral movement of mantle flows. Thus, plumes forming at/near the
edges of piles may partially contain materials from outside of the
piles on the CMB. Because materials on the CMB are generally hot-
ter than that on top of the piles (Farnetani, 1997), these plumes
would be generally hotter than that forming on top of the piles.

It has been suggested that the eruption sites of LIPs prefer-
entially occur above the margins of the LLSVPs (Torsvik et al.,
2006, 2010), although the statistical significance of this spatial cor-
relation has been debated (Austermann et al., 2014; Davies et al.,
2015; Doubrovine et al., 2016). Although we find that strong man-
tle plumes preferentially form at/near the edges of thermochemical
piles, as plumes ascend through the mantle, they are inevitably
deflected by background mantle flow (Whitehead, 1982). To bet-
ter understand the spatial correlation between the eruption sites
of LIPs and the margins of LLSVPs, we show in Fig. 8 the lo-
cations of the initial arrivals of strong plumes at 300 km depth
for Case 2 for the past 180 Ma, which may represent the erup-
tion sites of LIPs. We find that plume conduits for ~80% of the
plumes are deflected laterally by less than 500 km as plumes as-
cend from 1500 km depth to 300 km depth. Thus, the deflection of
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plume conduits may not significantly affect the spatial correlation
between LIP eruption sites and LLSVP edges.

However, the spatial correlation between plumes and present-
day pile edges is affected by the changing morphology and loca-
tion of piles in our geodynamic models. We find that although
a plume tends to occur above the edges of thermochemical piles
at the time when it initially reaches near the surface, it may be
located well within or outside of the present-day thermochemi-
cal piles as the piles later change shape and location (Fig. 8). For
example, two plumes that are formed at the longitude of about
—120° during ~120-160 Ma are above the edges of the Pacific
pile (Fig. 8, the gray contours show the pile edges at 140 Ma).
However, due to the changes of shape and location of the Pa-
cific pile, at the present-day, these two plumes are outside of the
piles (Fig. 8, black contour). Therefore, the significance of spatial
correlation between LIP eruption sites and LLSVP edges, which
is under debate (Austermann et al., 2014; Davies et al., 2015;
Doubrovine et al., 2016; Torsvik et al., 2006, 2010), provides im-
portant information about how the LLSVPs change their location
and shape and the time scale of these changes (Zhong and Liu,
2016).

In the isochemical model, all plumes form on the CMB and
strong plumes seem to occur evenly away from subducting regions
(Fig. 6b). The preferential occurrence of LIPs near LLSVP margins
thus suggests that the LLSVPs are compositionally distinct from
their surroundings, which is similar to that found by Hassan et
al. (2015).

4.3. Deep mantle plumes beneath Iceland

It is under debate whether the Iceland is caused by deep man-
tle plumes from the lowermost mantle (e.g., He et al, 2015),
or by upper mantle process such as a broad upwelling bump
in the upper mantle (Anderson and Natland, 2014). In the seis-
mic tomography by Montelli et al. (2004), strong seismic velocity
reduction beneath Iceland only exists in the upper mantle and
they suggested that Iceland may not be caused by mantle plumes
from the lower mantle. However, He et al. (2015) provide seis-
mic evidence for a thermochemical plume in the lowermost man-
tle. Previous geodynamic modeling studies have shown plumes
forming in the lowermost mantle beneath Iceland at present-day
(Steinberger and Torsvik, 2012; Barnett-Moore et al., 2016). In
this context, a number of studies have made attempts in con-
necting geographic locations of plumes from convection models to
the eruption sites of the LIPs (e.g., Steinberger and Torsvik, 2012;
Hassan et al., 2015). However, based on our models with different
model parameters including Ra and thermodynamic parameters,
we find that the precise source locations and timing of most man-
tle plumes are rather model-dependent and cannot be consistently
predicted for all the models. This suggests that although the plate
motion history plays a role in organizing large-scale convection in
the lower mantle, mantle plume formation is largely controlled by
the TBL instability that is sensitive to local and regional details of
the TBL and mantle flow. Therefore, caution needs to be exercised
in relating mantle plumes from this type of convection models di-
rectly to the LIPs.

However, it is worthwhile to point out that all our models with
very different parameters show strong mantle plumes forming in
the lowermost mantle at locations close to that beneath Iceland,
although the precise locations of these plumes vary case by case
(Fig. 4a, b and Supplementary Fig. S2). The formation of strong
plumes beneath Iceland may be the result of locally converging
mantle flows in the lowermost mantle at the north end of the
Africa LLSVP (Figs. 1a, 3, and 7a). However, the details of the Ice-
land volcanism, such as its timing, lateral motion, related surface

topography, and volume of melt produced in our models are rather
model-dependent due to the nature of TBL instability.

5. Conclusion

In this study, we performed 3D spherical thermochemical and
isochemical convection calculations with plate motion history to
investigate how parameters including mantle viscosity 7, thermal
expansivity o and thermal diffusivity « control the locations of
mantle plume formation on the CMB and their relation to the
seismically observed LLSVPs. The geodynamic modeling results
are compared with theoretical analysis of plume source location,
which improves our understanding on the formation of mantle
plumes in the lowermost mantle.

We find that although the lower mantle structure is signifi-
cantly affected by surface plate motion history, the plume forma-
tion at the CMB outside of the piles is largely controlled by the
instability of thermal boundary layer (TBL). This is supported by a
constancy of local Rayleigh number Rq; (i.e., in the range of 20-40)
for all the models that is consistent with critical Rayleigh number
Ra. from marginally stability analysis. We propose a critical dis-
tance concept to help understand the plume formation outside the
piles in our models. Whether a mantle plume forms outside of the
thermochemical piles (i.e., LLSVPs) depends on the critical distance
within which the TBL grows thick enough to become unstable and
produce mantle plumes. The shorter the critical distance, the more
plumes will form outside of the piles. Models with a decrease in
o and increase in « from the surface to the CMB, which are con-
sistent with mineral physics studies, generate a smaller number of
mantle plumes forming outside of the piles. High mantle viscos-
ity also significantly suppresses the formation of plumes outside
of the piles.

We find much more plumes forming above the middle and
at/near the edges of thermochemical piles, which is explained by
our theory on plume source location. The strong plumes are pref-
erentially located at/near the edges of thermochemical piles. These
plumes may be at least partially derived from materials that have
been heated on the CMB outside of the piles and are hotter than
that on top of the piles. However, it is possible for some strong
plumes that are originated at/near pile edges to later appear above
the middle of piles due to lateral movement of plumes and piles
and the changes of piles’ morphology. ~65-70% strong plumes are
found within 10 degrees from pile edges in our models. For the
isochemical model, strong plumes tend to be evenly distributed in
the regions away from mantle downwellings. A preferential dis-
tribution of the LIPs near the edges of LLSVPs is more consis-
tent with a compositional origin of LLSVPs. All our models show
strong mantle plumes beneath Iceland from the lowermost man-
tle, which supports the deep mantle plume origin of the Iceland
volcanism.
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