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Deep mantle plumes imaged by seismic tomography have much larger radii (~400 km) than predicted by
conventional geodynamic models (~100 km). Plume buoyancy fluxes estimated from surface topography
concur with narrow plumes with low viscosities expected from their high temperatures. If plumes are
thick as imaged by tomography, buoyancy flux estimates may require very viscous or thermochemical
plumes. Here we assess the dynamical plausibility of an alternative model, a ponding plume, which has
been suggested to explain thick plumes as well as buoyancy fluxes estimated from surface topography. In
the ponding plume model, a thick conduit in the lower mantle narrows significantly after passing through
the mantle transition zone, below which excess material from the thick lower-mantle plume, which
cannot be accommodated by the narrow upper-mantle plume, spreads laterally. Such excess material
in the mid-mantle, however, should still manifest itself in surface topography, the amplitude of which
can be quantified via topography kernels. We find that the ponding of a purely thermal plume would
lead to unrealistic excess topography, with the scale of ponding material large enough to be detected
by seismic tomography. If mantle plumes are as thick as indicated by seismic tomography, it appears to
be necessary to deviate from either conventional temperature-dependent viscosity or the assumption of
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purely thermal origins.
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1. Introduction

Convective instabilities at the core-mantle boundary region can
result in the formation of mantle plumes (Morgan, 1971). It is
widely believed that mantle plumes are responsible for the forma-
tion of hotspot islands such as the Hawaiian Islands, the Azores,
and the Marquesas Islands, and also for the significant topographic
swells around them (e.g., Ballmer et al., 2015). The upwelling of
mantle plumes is an important part of core heat flux as well (e.g.,
Davies, 1988; Labrosse, 2002; Zhong, 2006). Presently, however,
there are significant discrepancies between the geodynamic mod-
els of mantle plumes and their actual images in seismic tomogra-
phy. Geodynamic predictions typically suggest that well-developed
plumes should have conduits of no more than 100 km in radius
if they are of thermal origin (e.g., Richards et al., 1989). On the
other hand, seismic tomography has imaged much thicker plume
conduits in the lower mantle (Montelli et al., 2006; French and Ro-
manowicz, 2015). Resolving the discrepancies between these mod-
els is important for a better understanding of plume dynamics and
the origin of hotspot islands.
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The amount of material transported by a plume can be quan-
tified by buoyancy flux, which depends on the cross section of
upwelling, the thermal buoyancy of the material, and its viscos-
ity (Olson et al., 1993). Since buoyancy flux is proportional to the
fourth power of the conduit radius, a small change in the size of
the plume should result in substantial differences in surface to-
pography (Korenaga, 2005). The buoyancy flux of plumes has long
been estimated from swell topography (Davies, 1988; Sleep, 1990;
King and Adam, 2014; Hoggard et al, 2020). Such topography-
based estimates of buoyancy flux are consistent with the notion of
a low-viscosity narrow conduit as predicted by geodynamic model-
ing. If plume conduits are as thick as suggested by seismic tomog-
raphy, and if plumes have low viscosity, a much larger topographic
response would be expected than is observed (Korenaga, 2005).
At least three explanations may reconcile thick plume conduits at
depth with the observed topographic swells. One end-member is a
thick thermal plume with a very high viscosity brought by grain-
size-sensitive creep (Fig. 1a). A “firm” plume of this nature allows
for a very thick plume conduit with buoyancy flux consistent with
swell topography (Korenaga, 2005). Recently, it has been suggested
that viscoplastic rheology in the lower mantle may generate thick
lower-mantle plumes (Davaille et al., 2018); this rheological ef-
fect on plume dynamics is similar to that of grain-size-sensitive
creep, so it can be classified into this end-member. Alternatively,
the presence of high-density eclogite in a thermochemical plume
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Fig. 1. Two end-member geometries of plume conduits. (a) A firm (highly viscous)
plume with a relatively slow accent velocity, and (b) a plume with low viscosity
and material ponding beneath the 670 km discontinuity (dashed line).

can sufficiently reduce buoyancy flux and may reconcile this dis-
crepancy as well (Farnetani and Samuel, 2005; Lin and van Keken,
2006; Dannberg and Sobolev, 2015). Finally, a plume could be thick
and have low viscosity, but most of the plume materials might be
deflected in the mid-mantle, resulting in a narrow conduit in the
upper mantle (Fig. 1b; Nolet et al., 2006). Such deflection could
potentially occur beneath the mantle transition zone (MTZ) where
viscosity is thought to exhibit a large jump (e.g., Hager et al.,
1985; Mitrovica and Forte, 2004; Liu and Zhong, 2016). Geody-
namical modeling suggests that plumes narrow during upwelling
through large viscosity contrasts (Richards et al., 1988; Farnetani
and Richards, 1994; Leng and Gurnis, 2012). Additionally, there is
seismic evidence suggesting that some plumes seem to have ex-
tra material ponding at the base of the MTZ in global tomography
(Nolet et al., 2006) and regional tomography (Hansen et al., 2014).
Under this ponding plume model, the buoyancy flux of the plume
would be significantly reduced in the upper mantle. Conversely,
the ponding plume model implies a much higher core heat flux
(Nolet et al., 2006) than commonly accepted (Lay et al., 2008).

A ponding plume in the mid-mantle, however, could still con-
tribute to excess surface topography at hotspot swells. Surface
topography reflects vertical normal stresses associated with flow
generated by density anomalies within the mantle (e.g., Parsons
and Daly, 1983). Ponding materials are thermally buoyant, resulting
in positive vertical normal stress. In this study, we use topography
kernels to quantify the relative magnitude of these stresses from
density anomalies at depth. This method provides a quantitative
way to test long-wavelength lower mantle structures against sur-
face topography. The notion of topography kernel is valid when
viscosity changes only in the vertical direction, but the pond-
ing plume model provides a fortuitous situation that, due to its
laterally expansive feature, allows such a simplified treatment of
mantle viscosity. In the following analysis, we demonstrate that a
thermal ponding plume has a significant influence on surface to-
pography under most geometric and viscosity conditions.

2. Theoretical formulation
2.1. Buoyancy flux and plume ponding

Plume buoyancy flux is defined as:

R
M:/A,o(r)v(r)andr, (1)
0
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where R is the radius of the model region, Ap(r) is the density
contrast between the plume material and ambient mantle, and
v (r) is the upwelling velocity (e.g., Olson et al., 1993). We assume
Ap(r) is constant across the cross section of plume upwelling and
set it to apoAT, where « is the thermal expansivity, pg is the
reference density, and AT is the average plume thermal anomaly
relative to the ambient mantle. Under classical Poiseuille flow,
v (r) =0 when R > a (plume radius) and v (r) is expressed as:

apoATg

22
a1, (@ —r%), (2)

v =
where g is gravitational acceleration, and ) is the plume viscos-
ity. Steady-state plume buoyancy flux may then be expressed as:

ATZ 4
Mzn(apo )-ga .
8/up

The relationship among plume viscosity, buoyancy flux, and radius
is shown in Fig. 2a. For a 400-km-radius plume of typical man-
tle viscosity, for example, predicted buoyancy flux is far greater
than the existing estimates for the Hawaiian plume, which has
the highest buoyancy flux among all plumes (e.g., Sleep, 1990).
Typical buoyancy fluxes are on the order of 1000 kg/s. If such
a large plume radius is applicable throughout the mantle, plume
viscosity is required to be very high (Korenaga, 2005), or posi-
tive thermal buoyancy has to be substantially offset by negative
chemical buoyancy (e.g., Lin and van Keken, 2006). Both possibil-
ities represent considerable deviation from the conventional view
of mantle plumes (e.g., Morgan, 1971; Richards et al., 1989).

The ponding plume model posits that a conduit radius can be-
come smaller in the upper mantle, by deflecting some portion of
the upwelling material in the mid-mantle. In this case, the geom-
etry of material ponding at depth is constrained by the difference
in the buoyancy fluxes of the upper- and lower-mantle plumes.
Assuming, for simplicity, that the geometry of ponding materials is
rectangular, we have:

3)

My — My = (@poAT)v,WH, (4)

where M; is the buoyancy flux in the lower mantle, My is that in
the upper mantle, v, is plate velocity, W is the width of the pond-
ing material, and H is its thickness. The thickness of the ponding
material is thus inversely proportional to the width (Fig. 2b). We
use v as the horizontal velocity in the upper- and mid-mantle for
simplicity; if the mid-mantle horizontal velocity is lower than the
surface plate velocity, which is probably more realistic, it would
lead to more pronounced ponding (i.e., greater H for a given W).
When a plume in the lower mantle has a large radius and a low
viscosity, the difference in buoyancy flux becomes unrealistically
large, and even with an extreme width of 90° (10,000 km), the
thickness of the ponding material exceeds the whole mantle depth.
For the ponding plume model to be physically reasonable, there-
fore, plume radius in the lower mantle cannot be too large (<300
km), or the plume viscosity has to be relatively high (>10%° Pas).

2.2. Topography calculation

The topography kernel represents the sensitivity of surface to-
pography to subsurface density perturbations. When the kernel
takes a value of unity at some depth, for example, a density
anomaly at that depth contributes fully to surface topography. Con-
ventional isostasy calculation with a compensation depth is equiv-
alent to assuming that the topography kernel is unity down to
the compensation depth and becomes zero below. Whereas this
assumption is reasonable when dealing with crustal-scale density
anomalies, a more careful approach, such as using a topography
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Fig. 2. (a) Relationship between plume viscosity, buoyancy flux, and radius. Values above the curves represent the plume radius. Gray bar represents the low (Hoggard et
al., 2020) and high (Sleep, 1990) buoyancy flux estimates for the Hawaiian plume. (b) Relationship between the thickness (H) and width (W) of ponding material (equation
(4)) for 200 km and 400 km lower plume radii and multiple viscosities. The upper plume radius is fixed at 100 km, and plate velocity is assumed to be 7 cm/yr. Different
line colors correspond to plume radii considered in (a), and solid, dashed, and dotted lines correspond to plume viscosity of 10'9, 1020, and 102! Pas, respectively. Gray
horizontal line denotes the depth of the core-mantle boundary; the values of H exceeding this line should be regarded as unrealistic. (For interpretation of the colors in the

figure(s), the reader is referred to the web version of this article.)

kernel, is required to evaluate the influence of deep mantle struc-
tures on surface observables. The topography kernel can be con-
structed by calculating how vertical normal stress at the surface
changes with the varying depth of a unit density anomaly (Par-
sons and Daly, 1983). In this study, we use the propagator matrix
method to solve for the Stokes flow and derive such vertical nor-
mal stress (Hager and O’Connell, 1981). The notion of topography
kernel is valid only when the spatial variation of viscosity is lim-
ited to the vertical direction. In the presence of lateral viscosity
variations, surface topography based on the topography kernel is
only an approximation, but it is sufficient for the discussion of
long-wavelength topography (Richards et al., 1988), which is the
focus of our analysis.

Once a topography kernel is generated, different distributions
of density anomalies can be examined for their impact on surface
topography. A negative density anomaly causes positive vertical
normal stress, and in case of a ponding plume, ponding material
beneath the MTZ is more buoyant than the ambient mantle, caus-
ing surface uplift. The topography kernel is a function of horizontal
wavelength, and using equation (4), we set half of the wavelength
to the width (W) of the ponding material as:
A " AMp

27 T (@poAT)v,H’
where A is the wavelength and AM),, is the difference between M|
and My. Excess topography due to the ponding material, Ahexcess,
can be calculated as:

(5)

ZMTZ
Ahexcess = p— T (z,))dz, (6)

where zyrz and zpvg (= zmrz + H) are the depth of the MTZ and
lower extent of the ponding material, respectively, p,, is sea water
density, and T (z, 1) is the topography kernel.

3. Results

3.1. Topography kernels

Topography kernels were calculated with horizontal wave-
lengths varying from 1450 to 20,000 km (Fig. 3). In our formu-

lation, the wavelength is twice the width of the ponding material.
We used a simple 3-layer viscosity structure (e.g., Wei and Zhong,
2021) as well as one similar to that proposed by Mitrovica and
Forte (2004), hereinafter referred to as MF04. The 3-layer vis-
cosity structure features a 100-km stiff lid, low-viscosity upper
mantle, and high-viscosity lower mantle (Fig. 3c). Resulting to-
pography kernels exhibit greater sensitivity in the upper mantle
than in the lower mantle, particularly at shorter wavelengths. At
longer wavelengths, kernels decrease more linearly from the top
to the bottom. The MF04 viscosity structure is more complicated
but results in similar topography kernels. Lower-mantle sensitivi-
ties, where plume material ponds, are higher in the MFO4 kernels
for shorter wavelengths. At longer wavelengths, the two sets of
kernels become nearly identical. The only notable differences in
sensitivity occur in the upper mantle at the shortest wavelengths,
which are not relevant to material ponding below the MTZ. We
also test modified viscosity structures in which the ponding mate-
rial reduces the viscosity to that of the ponding material between
zmrz and zpmp by a factor of Aup. This reduction in viscosity gen-
erally leads to an increase in topographic sensitivity to sub-MTZ
structure. These topography kernels do not account for the effects
of lateral changes in viscosity, but ponding material is generally
horizontally extensive (Fig. 2b), so our kernel-based approach is
deemed sufficient to quantify the first-order effects of ponding
plume on long-wavelength topography. The kernels shown in Fig. 3
are most appropriate for the ponding of an isolated mantle plume
in the center of the ocean (e.g., the Hawaiian plume).

3.2. Surface topographic response

Fig. 4 shows representative examples of the geometry of pond-
ing plumes with physically permissible ponding depths. The width
of these structures is typically so large that it is difficult to illus-
trate them to scale. Fig. 5 shows the excess topography generated
by a ponding plume under four sets of viscosity profiles, including
the 3-layer and MF04 background models, and their versions mod-
ified by plume viscosity. Only the topographic response generated
by the thermal buoyancy of ponding material is plotted; all other
sources of topography at a hotspot swell, such as the spreading of
a narrow upper-mantle plume beneath the lithosphere, are absent
in our calculation. In each case, 100 unique kernels were gener-
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Fig. 3. Topography kernels (a&b) calculated for various viscosity profiles (c). (a) is the 3-layer case, and (b) represents the profile of Mitrovica and Forte (2004).
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Fig. 4. Schematic of representative ponding geometries modeled in Fig. 5. W is
ponding width, Ah is excess topography, H is ponding thickness, LMR is the lower
mantle conduit radius. Upper- and lower-mantle plume radius, ponding thickness,
and ponding width are to scale except for those with a break in arrows. (a, b) have
ip of 10" Pas. (c, d) have wp of 102 Pas.

ated for ponding material of widths between 725 and 10,000 km.
We conducted calculations for plumes with viscosities of 10'° Pas
and 10?9 Pas, under both original and modified background viscos-
ity conditions. In all cases, the plume conduit in the upper mantle
is fixed at 100 km in radius, plume material is 200 K hotter than
the ambient mantle, reference mantle density po just below the
MTZ is 4500 kg/m?3, thermal expansivity « is 2.5 x 107> K~!, and
plate velocity vp is 7 cm/yr. The plate velocity is appropriate for
the Hawaiian plume; the global average plate velocity is ~5 cm/yr
(Parsons, 1981). Calculated excess topography for ponding plumes
is on the order of tens of meters to a few kilometers (Fig. 5). To-
pography is shown as a function of the thickness H of ponding

material. Each H value is paired with a corresponding value of W,
as shown in Fig. 2b, for a given plume radius in the lower mantle
and plume viscosity.

The topographic response under the 3-layer and MF04 viscosity
profiles is shown in Fig. 5a, for a ponding plume with a viscos-
ity of 10'2 Pas. In this case, the buoyancy flux of the 100-km-
radius plume in the upper mantle is about 17,300 kg/s, roughly
twice the highest estimate for the Hawaiian plume (Sleep, 1990).
Thinner (low H) and wider (high W) ponding material generally
results in a greater topographic response, attributed to increased
sensitivity to density perturbations at longer wavelengths. Due to
the imposed maximum width of 90°, a ponding plume with a
lower-mantle radius of 300 km and 400 km requires a physically
improbable depth for ponding material, i.e., exceeding the core-
mantle boundary (CMB). In these cases, the buoyancy fluxes for
the lower-mantle plumes are massive, about 1.4 x 10® kg/s and
4.4 x 10% kg/s, respectively. For this plume viscosity, therefore,
the lower-mantle conduit radius must be smaller than 200 km,
to keep the concept of a ponding plume physically realistic. Even
with the radius of 200 km and a physically permissible thickness
of ponding material (i.e., H less than ~2000 km), however, ex-
cess topography is still greater than ~1 km. This is problematic,
because the observed swell topography around the Hawaiian hot-
pot is on average only about 500 m (with a horizontal extent of
~1000 km). Because our calculation does not include the contri-
bution from the spreading of the upper-mantle plume beneath the
lithosphere, the excess topography from ponding material must
be considerably lower than the swell topography to be consis-
tent with the observed seafloor topography. To facilitate discussion,
we assume that excess topography less than 100-200 m would
be acceptable. Such condition can be satisfied by the narrowest
plume considered here (with a lower-mantle radius of 150 km);
but even this case requires material to pond almost to the CMB,
to become undetectable in surface topography. As expected from
its deeper sensitivity (Fig. 3b), the MF04 viscosity profile gener-
ally yields greater topographic response than the 3-layer viscosity
profile, thereby making a ponding plume more visible in surface
topography.
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Fig. 5. Surface topographic uplift due to a ponding plume at the bottom of the MTZ under various viscosity conditions. An unmodified viscosity structure is used in (a) and
(b). (c) and (d) use a modified viscosity structure. i, is plume viscosity and A, is the factor by which ambient viscosity is reduced. The solid lines are the topographic
response to the 3-layer derived kernels and the dotted lines are for MFO4 derived kernels. Line color follows the same convention as Fig. 2. The gray bar represents 100 m
to 200 m of excess topography. The solid black line indicates the depth of the CMB, values beyond this are unrealistic.

Increasing plume viscosity to 10%° Pas reduces upper- and
lower-mantle buoyancy fluxes by an order of magnitude, but still,
excess topography often exceeds the reasonable 100-200 m limit
(Fig. 5b). Under these conditions, the 100-km-radius plume in
the upper mantle has a buoyancy flux comparable to a midsized
plume such as Cape Verde and Réunion (Sleep, 1990). For a 400-
km-radius lower-mantle plume, minimum excess topography is
~2.6 km, far greater than is acceptable. A 300-km-radius lower-
mantle plume can only produce acceptable excess topography with
material ponding at a depth greater than the lower mantle, making
this scenario physically unlikely as well. The two narrowest plumes
(150 km and 200 km radii in the lower mantle) can satisfy our
requirement for reasonable excess topography with physically re-
alistic ponding geometries. These can be achieved with both back-
ground viscosity profiles, but the 3-layer structure generally pro-
duces less pronounced topography. In particular, a 150-km-radius
lower-mantle plume generates under 200 m of excess topography
for any given ponding thickness, making this the most reasonable
scenario.

Unsurprisingly, a background viscosity profile modified by
ponding material increases the magnitude of the surface uplift
generated by a ponding plume. We set ambient lower-mantle vis-
cosity to 10%! Pas. Ponding material from a plume with a viscosity
of 10" Pas thus reduces the background viscosity by two orders
of magnitude (Fig. 5c¢). Under these conditions, every examined
ponding plume generates far more excess topography than is ac-
ceptable. The minimum surface expression of ponding material
is ~800 m for the narrowest plume, attributed to a significant
increase in topographic sensitivity generated by the viscosity re-
duction. Increasing the viscosity of the plume to 10%° Pas, i.e.,

viscosity reduction only by one order of magnitude, generates sim-
ilar excess topography as in the unmodified background viscosity
profile (Fig. 5d). The smaller viscosity reduction lessens its im-
pact on kernel sensitivity. Only the two narrowest plumes generate
plausible surface responses, similar to those found in the original
background viscosity profile. In addition to the viscosity structures
already discussed, a profile with a high-viscosity MTZ, a feature
that could enhance plume ponding, was tested as well (Supple-
mentary Fig. 1). We find this viscosity structure to increase the
surface response to ponding material under both unmodified and
modified viscosity conditions (Supplementary Fig. 2).

Even when narrow, relatively high-viscosity (102 Pas) lower-
mantle plumes exhibit excess topography less than 100-200 m, the
area underlain by the ponding material is still quite large. In the
most favorable case, a 150-km-radius plume in the lower man-
tle with a viscosity of 1020 Pas, the thickness of ponding material
ranges from ~20 km to ~200 km with corresponding widths of
10,000 km to 725 km (equation (5)). Additionally, our formulation
sets an upper-mantle plume radius at the high end of estimates for
conventional thermal plumes, a favorable condition for the pond-
ing plume model; a narrower upper-mantle plume can transport
much less material, increasing the total mass ponding below the
MTZ and resulting excess topography.

4. Discussion and conclusions

The majority of ponding plume geometries examined generate
greater than acceptable excess topography, require a physically im-
probable ponding depth, or do both. For example, a ponding plume
with a lower-mantle radius of 200 km and a viscosity 10!° Pas
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(solid orange line in Fig. 5c) could have a thickness as low as
~550 km, but requires a width of ~10,000 km (Fig. 4b). Excess to-
pography generated by such a structure is around ~1.5 km, much
larger than is acceptable. A higher plume viscosity (102° Pas) with
a radius of 300 km, similar to those imaged by seismic tomogra-
phy, can fit within the lower mantle, but the excess topography
is similar to that of narrower, less viscous plumes (Fig. 5d). The
scale of ponding material is so large that it would likely be de-
tected by seismic tomography (Rickers et al., 2012). Yet, in the case
of the Hawaiian plume, seismic tomography has not imaged such
structure (Montelli et al., 2006; Fukao and Obayashi, 2013; Moulik
and Ekstrom, 2014; French and Romanowicz, 2015), providing a
major setback for the ponding plume model. Smaller plumes im-
aged with material ponding at the base of the MTZ (Nolet et al.,
2006; Hansen et al., 2014) all have far less ponding material than
is predicted by our modeling. Additionally, many well-resolved
lower-mantle plumes are located closer than the width of many
of these ponding geometries. More than one lower-mantle plume
could feed into the same ponding region, resulting in even more
ponding material and extreme excess topography.

Alternatively, one large ponding plume may source multiple
plumes in the upper mantle, similar to a certain version of “super-
plume” (Maruyama, 1994; Courtillot et al., 2003). Such a condition
may be present in the South Pacific Superswell, where multiple
hotspots are located above one large slow seismic anomaly in the
lower mantle (e.g., French and Romanowicz, 2015). Key features
of superswells include non-age-progressive volcanic islands and
long-wavelength excess topography on the order of ~500 m (Mc-
Nutt, 1998; Adam and Bonneville, 2005). If multiple upper-mantle
plumes draw from one superplume, the amount of ponding ma-
terial is reduced, making a ponding plume more reasonable, but
the large lower-mantle plume flux is still problematic. For exam-
ple, a lower-mantle plume of 400 km radius has a buoyancy flux of
~4.4 x 10° kg/s, but even ten 100-km-radius plumes in the upper
mantle only have a total buoyancy flux of ~1.7 x 10° kg/s (equa-
tion (3)). Except for in the case of a 150-km-radius lower-mantle
plume, which will not be able to form in this scenario because
ten 100-km-radius plumes have a higher upper-mantle buoyancy
flux than one 150-km-radius plume (equation (3)), excess topogra-
phy is too great (~1 km) for large-radius (>300 km), low-viscosity
plumes.

An alternative to multiple upper-mantle plumes is multiple
plume heads. The head of a mantle plume can contain a signifi-
cant volume of upwelling material. Bercovici and Mahoney (1994)
proposed that the Ontong Java large igneous province (LIP) may
be sourced from the same plume, if the plume head is able to
separate from its conduit at the base of the MTZ. On the sur-
face, a detached plume head is predicted to produce a “double LIP”
where two different flood basalt provinces are observed, separated
in time by ~30 Ma. Under this model, the older LIP forms from the
initial plume head and the younger LIP forms when a secondary
plume head, formed from the same conduit, reaches the surface.
However, having two plume heads is not sufficient to account for
the volume flux carried by a 100-km-radius upper-mantle plume
with a viscosity of 10'° Pas. In the case of Ontong Java, the maxi-
mum radius of a plume head is estimated to be 363 km (Bercovici
and Mahoney, 1994) and a total volume of ~2 x 108 km?3. It takes
only ~15 Ma for a 100-km-radius plume to produce as much vol-
ume flux as two of such plume heads.

In this work, we seek to demonstrate the first-order impact of
a ponding thermal plume. As such, second-order effects, such as
the release of latent heat due to the endothermic phase change
(e.g., Schubert et al., 1975), possible subadiabatic thermal gradients
in the mid-mantle (e.g., Bunge, 2005), cycling of ponding material
in large-scale mantle convection, are ignored. Thanks to the enor-
mous surface manifestation of a typical ponding thermal plume,
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however, such details have a negligible impact on our assessment
of this hypothesis. Many of our assumptions, such as large-radius
(100 km) upper-mantle plumes and high plate velocity (7 cm/yr),
are set in favor of the ponding plume model.

A few assumptions are potentially unfavorable to the ponding
plume model, and we deem it necessary to address these in some
detail. First, we assume that ponding plumes are always in a steady
state; however, owing to the large volume of ponding material,
achieving a steady state takes a finite time. For the parameters
examined, the time to fill the ponding geometries varies from ~5
Ma to ~11 Ma, depending on plume radius (Supplementary Fig. 3).
Since these times are shorter than the typical duration of hot spots
(Ballmer et al., 2015) and high plate velocity is assumed, modeling
a ponding plume in a steady state is justified. Second, we assume
that the 670-km discontinuity is at a fixed depth. In the case of
a hot anomaly, the 670-km discontinuity is expected to deflect
upward (Bina and Helffrich, 1994), which should reduce the to-
pographic response to material ponding below the MTZ. Assuming
a Clayepron slope of —1.3 MPa/K (Fei et al., 2004), a pressure gra-
dient of 43 MPa/km (Dziewonski and Anderson, 1981), a plume
with AT = 200 K deflects the phase transition by ~6 km up-
wards, resulting in a negligible change of the topography kernel
and surface expression (Supplementary Fig. 4). Finally, for our 3-
layer viscosity model, we assume that a large increase in viscosity
occurs at the base of the MTZ. If significant viscosity stratification
occurs at depth other than the 670-km discontinuity, a thermal
plume may pond at this alternative depth. Recently, it has been
suggested that two order of magnitude increase in viscosity may
exist at 1000 km depth (Rudolph et al., 2015; Deng and Lee, 2017).
Modifying the 3-layer case to have a viscosity increase and pond-
ing at 1000 km depth does reduce the surface topography, but it is
still unreasonably large for wide (>300-km-radius) mantle plumes
(Supplementary Fig. 5).

Although the preceding calculations and discussion focused on
a purely thermal plume, it is also important to consider the possi-
bility of thermochemical plumes because significant major-element
heterogeneities have been suggested for several plumes includ-
ing Hawaii and Iceland (e.g., Hauri, 1996; Takahashi et al., 1998;
Korenaga and Kelemen, 2000; Sobolev et al., 2007). Previously,
a dense chemical component has been invoked to explain large-
radius mantle plumes (Farnetani and Samuel, 2005; Lin and van
Keken, 2006; Dannberg and Sobolev, 2015). In our formulation,
it is straightforward to evaluate the impact of chemical hetero-
geneities on surface topography, by means of the effective ther-
mal anomaly (ATeg). The Hawaiian plume, for example, has been
suggested to contain ~20 % recycled crustal material and have
an excess temperature of ~200 K (Sobolev et al., 2007). Crustal
material is ~100 kg/m3 denser than the ambient mantle, so a
plume with 20% recycled crust is intrinsically 20 kg/m® denser
than the mantle, thereby offsetting the thermal buoyancy. Using
a=25x10"° K1, pg = 4500 kg/m3, and AT =200 K, ATes
is ~20 K. A factor of ten reduction in thermal anomaly lowers
plume buoyancy flux by two orders of magnitude (equation (3)),
so even a thick (400-km-radius) thermochemical plume of typical
viscosity (~6 x 10'? Pas) can agree with the high end of buoy-
ancy flux estimates for the Hawaiian plume (Fig. 6). The lowest
estimate for Hawaiian buoyancy flux can be achieved by a thick
plume with a viscosity of ~2 x 1029 Pas, lower than the viscosity
of firm plumes (102'-1023 Pas; Korenaga, 2005). Conversely, with
a recycled crust component, mantle plumes must have a radius
greater than geodynamic predictions for thermal plumes (~100
km) to generate typical values of buoyancy flux (~1000 kg/s).
This result agrees with previous buoyancy flux estimates for ther-
mochemical plumes, but an eclogite content of 15%, lower than
estimates for Hawaii, has been shown to require an excess tem-
perature of at least 550 K for a plume to reach the uppermost
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Fig. 6. Relationship between plume viscosity, buoyancy flux, and radius for a ther-
mochemical plume with the effective thermal anomaly (ATeg) of 20 K. Values
above the curves represent the plume radius. The gray bar represents the low (Hog-
gard et al., 2020) and high (Sleep, 1990) buoyancy flux estimates for the Hawaiian
plume.

mantle (Dannberg and Sobolev, 2015). This is more than double
the estimates for thermal anomalies constrained by plume chem-
istry (Sobolev et al., 2007), suggesting that recycled crust may not
be able to reconcile thick plume conduits at depth with observed
topographic swells.

We have shown, by simple numerical modeling, that pond-
ing thermal plumes are an unlikely way to reconcile thick plume
conduits in the lower mantle with observed topographic swells.
Two of the remaining explanations are thermochemical plumes,
as discussed above, and slowly upwelling plumes with grain-size-
sensitive creep or viscoplastic rheology. As the latter possibility
arises from lower-mantle rheology (Solomatov, 1996; Korenaga,
2005; Davaille et al., 2018), they can occur globally. On the other
hand, it may seem ad hoc to invoke chemical heterogeneities for
many thick plumes imaged by seismic tomography. Also, chemi-
cal heterogeneities in this context act to retard the upwelling of a
plume and may require extreme excess temperatures, so it would
be puzzling why the majority of plumes are dynamically compro-
mised. However, if many plumes originate from large low-shear-
velocity provinces (e.g., Burke and Torsvik, 2004), they may share
similar chemical characteristics. Further improvement of seismic
tomography, in conjunction with geochemical observations, will al-
low us to distinguish between these possibilities.
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