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The geochemical record of Hawaiian basalts has been interpreted to reflect vertically stretched, partly 
filament-like heterogeneities in the Hawaiian plume, but one alternative interpretation has been that 
this record reflects intra-conduit mixing, caused by rheological contrasts across the conduit. Here we 
present numerical simulations of a mantle plume carrying rheological heterogeneities λ times more 
viscous than the surrounding fluid. Our first objective is to quantify how the heterogeneity deforms 
during upwelling. We find a full spectrum of shapes, from stretched filaments to nearly undeformed 
blobs, and we map the respective stability domain as a function of the viscosity ratio λ and of the flow 
characteristics, including the plume buoyancy flux. Our second objective is to test the hypothesis that a 
rheological heterogeneity can cause intra-conduit mixing. Although horizontal velocities do appear across 
the plume conduit, we have not found any toroidal “doughnut-shaped swirl” mode. Instead we show that 
perturbations of the flow trajectories are a local phenomenon, unable to cause permanent mixing. Our 
third objective is to determine over which time-scales a rheological heterogeneity crosses the magma 
capture zone (MCZ) beneath a hotspot volcano. For a blob-like heterogeneity of radius 30–40 km and 
viscosity ratio 15–20, the crossing time-scale is less than 1 Myr. Contrary to a stretched filament, a blob 
can entirely fill the MCZ, thereby representing the unique source rock of partial melts feeding a volcano. 
If the heterogeneity has a distinct isotopic fingerprint (or a distinct fertility), surface lavas will then 
record an isotopic fluctuation (or a fluctuation in melt productivity) lasting 0.5–0.8 Myr. Our simulations 
predict that such fluctuations should occur preferentially in low buoyancy flux hotspots, where blob-like 
rheological heterogeneities are more easily preserved than in the vigorous Hawaiian plume.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Most geodynamic studies, from Becker et al. (1999) to Ballmer 
et al. (2017), share the idea that rheological heterogeneities in the 
Earth’s mantle have large dimensions, with a radius ranging from 
several hundred to a thousand kilometers. A key issue is then to 
determine under which conditions the heterogeneous volumes can 
“survive” in the large scale mantle flow and whether they might 
represent long-lasting geochemical reservoirs. Here we change per-
spective and focus on small scale (30–50 km radius) rheologi-
cal heterogeneities deformed by the three-dimensional flow of a 
thermal plume. A heterogeneity initially embedded in the basal 

* Corresponding author.
E-mail addresses: cinzia@ipgp.fr (C.G. Farnetani), albrecht.hofmann@mpic.de

(A.W. Hofmann), thomas.duvernay@anu.edu.au (T. Duvernay), limare@ipgp.fr
(A. Limare).

1 Now at Research School of Earth Sciences, The Australian National University, 
Canberra, ACT, 2601, Australia.
https://doi.org/10.1016/j.epsl.2018.07.022
0012-821X/© 2018 Elsevier B.V. All rights reserved.
thermal boundary layer, source region of plumes, has a complex 
deformation history which includes pure shear, while converging 
to the plume stem, and simple shear once in the conduit (Farne-
tani and Hofmann, 2009). It is also noteworthy that strain rates 
vary non-linearly across the plume conduit and their values are 
up to two orders of magnitude higher than in the convecting 
mantle (Cordier et al., 2012). Previous studies on the deforma-
tions of rheological heterogeneities did not consider these spe-
cific aspects of the plume flow, either because they analyzed pure 
shear and simple shear separately (Cox, 1969; Spence et al., 1988; 
du Merveilleux and Fleitout, 2001) or because they used two-
dimensional kinematically-driven models (Manga, 1996). Clearly, 
results obtained with large-scale circulation models cannot be ex-
trapolated to the plume flow, as illustrated by the case of a het-
erogeneity with viscosity ratio λ = ηh/η = 1, where ηh is the 
viscosity of the heterogeneity and η the viscosity of the surround-
ing fluid. In a large-scale circulation model a λ = 1 heterogeneity 
is moderately deformed, even after a complete mantle overturn 
(Manga, 1996), whereas a passive heterogeneity rising into a plume 
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is stretched into a filament (Farnetani and Hofmann, 2009). It is 
thus relevant to ask if such a contrasting behavior persists for het-
erogeneities which are intrinsically more viscous (λ > 1) than the 
surrounding fluid.

Pioneering laboratory experiments by Taylor (1934) showed 
that pure shear leads to exponential stretching, independently of 
the viscosity ratio, whereas for simple shear Manga (1996) defined 
a “threshold value”: if λ < 4 the heterogeneity is linearly stretched, 
if λ > 4 the heterogeneity rotates with minor deformation. In or-
der to test whether this “threshold value” applies to the plume 
flow, we conducted numerical simulations where we calculate the 
deformation of rheological heterogeneities for a wide range of vis-
cosity ratios and flow characteristics.

Besides the deformation of the heterogeneity, we study to 
which extent a rheological heterogeneity perturbs the flow of the 
surrounding fluid, because lateral viscosity variations can induce 
a toroidal flow component within a poloidal flow (O’Connell et 
al., 1991; Bercovici et al., 2000). Just as a reminder, the toroidal 
flow is associated with rotations in a horizontal plane, whereas 
the poloidal, buoyancy driven, flow is associated with upwellings 
and downwellings. Using mantle circulation models driven by sur-
face motion, Ferrachat and Ricard (1998) concluded that mantle 
mixing is enhanced when both poloidal and toroidal components 
are present. Although the plume flow is clearly poloidal, rheolog-
ical contrasts across the conduit could favor the appearance of a 
toroidal flow component which would cause intra-conduit mixing, 
as argued by Blichert-Toft and Albarède (2009). A quantitative un-
derstanding of intra-conduit mixing is fundamental to interpret the 
spatio-temporal isotopic variability observed in hotspot lavas. For 
example, the bilateral zonation of Hawaiian volcanoes, forming the 
Kea- and Loa-trends, has been interpreted to reflect isotopically 
distinct areas in the deep-mantle (Abouchami et al., 2005; Weis 
et al., 2011; Huang et al., 2011). The idea that the isotopic zona-
tion in the plume conduit preserves a “memory” of the large-scale 
zonation in the source region implies insignificant intra-conduit 
mixing. This requirement is satisfied for thermal plumes advecting 
passive heterogeneities (Farnetani et al., 2012), but is not satisfied 
for thermo-chemical plumes, since compositionally denser material 
rises preferentially at the plume axis (Jones et al., 2016).

A complex aspect of intrinsic viscosity contrasts (i.e., those not 
due to temperature differences) is that the rheology of mantle 
rocks depends on several parameters. Plastic deformation of rocks 
occurs either by dislocation creep (i.e., motion of dislocations) or 
by diffusion creep (i.e., diffusive transport of atoms). For diffusion 
creep, which dominates in most of the lower mantle, viscosity is 
directly related to the diffusion coefficients. Because silicon is one 
of the slowest diffusing species (Yamazaki et al., 2000), a Si in-
crease likely leads to a viscosity increase, as supported by early 
studies on the activation energies (Weertman, 1970) and on melt-
ing temperatures of perovskite and periclase (Zerr and Boehler, 
1994). Viscosity also increases with the square of the mineral 
grain size (Ammann et al., 2010) and it varies with water content 
(Katayama and Karato, 2008; Karato, 2010), thus rocks that expe-
rienced an efficient fluid removal should be more viscous than the 
surrounding peridotites (Hirth and Kohlstedt, 1996). Last but not 
least, for a mineral assemblage of a weak and a strong component, 
the bulk viscosity depends on the volume fraction and on the ge-
ometry of the weak component (Takeda, 1998). More specifically, 
when the weak MgO periclase (Cordier et al., 2012) forms isolated 
grains the bulk viscosity is 10–1000 times higher than when MgO 
periclase forms a continuous film (Yamazaki and Karato, 2001). In 
our work, we model rheological heterogeneities without specifying 
their mineral assemblage, bulk composition, grain size and fluid 
content; only in the Discussion we hypothesize that rheological 
heterogeneities might carry a distinct isotopic signature or have 
a distinct fertility to melt production. This hypothesis will enable 
us to predict time-scale of isotopic variability, or of fluctuation in 
melt productivity, caused by a rheological heterogeneity crossing 
the melting zone beneath a hotspot volcano.

2. Model setup

The geodynamic code Stag3D (Tackley, 1998) solves the equa-
tions governing conservation of mass, momentum and energy 
for an incompressible viscous fluid at infinite Prandtl number. 
The size of the cartesian domain in the X :Y :Z directions is 
2200:2200:2900 km, and the grid size ranges from 8 to 10 km/cell. 
The physical parameters used to calculate the Rayleigh number

Ra = ρgα�T d3

ηmκ
(1)

are the mantle density ρ = 4000 kg m−3, the thermal expansion 
coefficient α = 3 × 10−5 K−1, the maximum potential temperature 
contrast �T = 1950 K, the depth d = 2900 km, the mantle viscos-
ity ηm = 1022 Pa s and the thermal diffusivity κ = 10−6 m2 s−1. 
Similar to van Keken et al. (2013), a thermal plume is gener-
ated at the bottom of the model domain over a heated patch of 
radius rp = 500 km and maximum excess potential temperature 
δT p = 600 ◦C. Viscosity is temperature dependent:

η(T ) = ηm exp

[
E

R

(
Tm − T

Tm T

)]
, (2)

where Tm = 1350 ◦C the mantle potential temperature, R the gas 
constant, E the activation energy. For the reference model E =
220 kJ mol−1, but we vary the activation energy over a range go-
ing from 140 kJ mol−1 to 300 kJ mol−1. A rheological heterogeneity 
λ times more viscous than the surrounding fluid is simulated us-
ing 7 × 106 tracers. The heterogeneity is at an initial distance of 
100 km form the plume axis, this distance is kept constant because 
it guarantees minimum temperature gradients across the hetero-
geneity, thereby avoiding to have a temperature-dependent viscos-
ity variation superimposed on the intrinsic viscosity increase λ. At 
each time step the code calculates the number of tracers present 
in each grid cell, modifies the cell viscosity and calculates the re-
sulting velocity field, which is then used to advect the tracers. 
As discussed by du Merveilleux and Fleitout (2001), a numerical 
method based on grid cells cannot accurately resolve a sharp vis-
cosity interface. In view of this limitation, we conducted a series 
of tests to verify that the grid resolution is sufficiently accurate to 
resolve heterogeneities with an initial radius Ri ≥ 30 km.

3. Results

Fig. 1 shows the evolving shape of an initial sphere (Ri =
40 km) as it rises in the plume conduit. The passive heterogene-
ity (λ = 1) is stretched into a filament (Fig. 1a), in agreement with 
Farnetani and Hofmann (2009). For viscosity ratio λ = 10 (Fig. 1b) 
we find a transitional shape resembling a “tadpole” with a blob-
shaped lower part and an elongated, progressively stretched upper 
“tail”. Finally, for viscosity ratio λ = 20 (Fig. 1c) the heterogene-
ity maintains a blob-like shape. In the following we focus on the 
flow field within and around the viscous heterogeneity, in order 
to understand the dynamic interaction between the heterogene-
ity and the surrounding flow. For the reference case without vis-
cous heterogeneity the radial dependence of the vertical velocity 
(Fig. 2a, green dashed line) fits Olson et al. (1993) exponential 
law vz(r) = vaxis

z exp(−Cr2), where the value of the constant C
depends on the activation energy and on the plume’s tempera-
ture contrast. (Note that the radial distance from the plume axis 
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Fig. 1. Plume conduit with isosurface at excess potential temperature �T = 100 ◦C (yellow shade). A single heterogeneity (blue) is at an initial distance of 100 km from the 
plume axis and has an initial spherical shape of radius Ri = 40 km. (a) For viscosity ratio λ = 1 the heterogeneity is shown at elapsed time 0, 12, 38 Myr. (b) For λ = 10, at 
elapsed time 0, 13, 25, 41, 51 Myr. (c) For λ = 20, at elapsed time 0, 13, 25, 38, 51, 63 and 76 Myr. (For interpretation of the colors in the figure(s), the reader is referred to 
the web version of this article.)

Fig. 2. (a) Vertical velocity profile for the case without blob (green dashed line) and with blob (violet line). The horizontal axis gives the x-distance from the plume axis; 
the blue arrow indicates the lateral extent of the blob. (b) The corresponding profile for ∂vz/∂x, the most important term of the shear ε̇xz , without blob (green dashed line) 
and with blob (violet line). (c) Three-dimensional view of the viscous blob, λ = 20, Ri = 40 km, the blob center is at 1800 km depth. For graphical reasons the fluid flow 
trajectories (green lines) and the vx velocity component (violet arrows) are shown only for one vertical plane. The distance between the plume axis (black dashed line) and 
the axial trajectory is at maximum of 11 km. The dashed circle indicates the 120 km radial distance from the plume axis. (d) Horizontal cross section at depth 1750 km (i.e., 
50 km above the blob center), showing the horizontal velocity components (violet arrows), and the vorticity component ωz (color shades). The dashed circles indicate the 
radial distance (120 km, 60 km) from the plume axis. (e) Same as above, but at depth 1850 km (i.e., 50 km below the blob center).
can be easily calculated using x and y coordinates in our cartesian 
geometry). In the presence of a rheological heterogeneity, the ver-
tical velocity is reduced both inside the blob and in part of the 
conduit (Fig. 2a, violet line), so that the axial symmetry of the 
velocity profile is lost and the maximum vz is displaced off-axis. 
Spatial variations of the vertical velocity have two important con-
sequences: The first one is to modify the shear component
ε̇xz = 1

2

(
∂vx

∂z
+ ∂vz

∂x

)
, (3)

in particular, the vz reduction inside the blob induces a signifi-
cant decrease of dvz/dx (Fig. 2b), thereby reducing the shear ε̇xz

and favoring the preservation of the blob-like shape. In the sur-
rounding fluid instead dvz/dx increases, creating a zone of high 
shear between the plume axis and the edge of the rheological het-
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Fig. 3. The evolving shape of the heterogeneities for Ri = 40 km, λ = 20 (top panels) and λ = 10 (bottom panels). Colors keep track of the initial position of tracer particles 
and enable to visualize the internal rotation during ascent. Blue arrows indicate the residual velocity field (see text), so that at the blob center vx = vz = 0. The blob 
center is graphically visible where the four colors meet, and its coordinates [axial distance (km), height (km)] are: [48, 201] (a); [61, 413] (b); [66, 614] (c); [66, 817] (d); 
[65, 1090] (e); and [48, 203] (f); [62, 417] (g); [71, 618] (h); [77, 817] (i); [81, 1012] (j).
erogeneity. The second consequence is that, in an incompressible 
fluid, vertical velocity variations cause the appearance of hori-
zontal velocity components, which are otherwise negligible across 
the conduit. Fig. 2c shows, besides the three-dimensional blob 
(Ri = 40 km, λ = 20), the horizontal velocities vx and the flow 
trajectories (green lines) on the axial plane. The distribution of vx

can be understood by considering that the rheological heterogene-
ity, because of its reduced vertical velocity, represents an “obstacle” 
for the fluid column beneath the blob. This fluid tends to contour 
the blob, as illustrated by the flow trajectories, whose axial dis-
placement is at maximum 11 km. The horizontal cross sections 
just above (Fig. 2d) and below (Fig. 2e) the blob indicate that a 
large part of the plume conduit is affected by the horizontal flow 
(violet arrows), where vx can be as high as 0.3vz . The tendency of 
the fluid element to spin is given by the vorticity vector ω = ∇ × v . 
For a horizontal section

ωz =
(

∂v y

∂x
− ∂vx

∂ y

)
(4)

corresponds to the toroidal flow component. We find that there 
is no net spin around the vertical axis because on each horizon-
tal section (Fig. 2d–2e) ωz has both a positive and a negative sign; 
ωz �= 0 simply indicates that the horizontal flow has an azimuthal 
component. The selected horizontal sections are at a vertical dis-
tance of only 50 km above/below the blob center, however, at 
greater distance (e.g., 100 km) both vx and the axial deviation of 
the trajectories become negligible (Fig. 2c). We conclude that the 
flow perturbation occurs in the “proximity” of the viscous hetero-
geneity (i.e., over a vertical extent ∼5Ri , for Ri of 30–40 km), and 
its local character does not generate permanent intra-conduit mix-
ing.
Simple shear combines equal parts of vorticity, which leads to 
solid-body rotation, and of shear strain rate, which leads to stretch-
ing (Turcotte and Schubert, 1982). As first noticed by Taylor (1934), 
a viscous blob (λ = 20) in a simple shear flow will rotate more 
rapidly than it is stretched. To better understand the internal ro-
tation we calculate the residual velocity vector (v) by subtracting 
the velocity at the blob center (vc ). On a X–Z plane the two com-
ponents are: vx = vx − vc

x and vz = vz − vc
z . For the case λ = 20

(Fig. 3, top panels) the residual velocity field inside the blob is 
reminiscent of a solid body rotation (i.e., vx = −C z, vz = Cx, where 
C is a constant and the blob center is at x = 0, z = 0). The appear-
ance of the horizontal component is thus essential to reduce the 
deformation and to promote rotation. For the case λ = 10 (Fig. 3, 
bottom panels) the heterogeneity gradually develops a transitional, 
tadpole shape. The lower part, which rotates internally, maintains 
a blob-like shape, whereas the upper part becomes progressively 
elongated under the effect of the shear ε̇xz and of the traction ε̇zz , 
the latter arises because inside the heterogeneity dvz/dz �= 0.

Our next objective is to quantify the deformation undergone by 
a rheological heterogeneity. In two-dimensions the deformation of 
an ellipse of length L and breadth B is given by D = (L − B)/(L +
B), but unfortunately D cannot be used for a three dimensional 
body with an irregular shape. As a proxy for deformation we cal-
culate the surface ratio σ = Sh/Si , where Sh is the surface area of 
the heterogeneity, calculated at a given mantle depth, and Si is the 
surface area of the initial sphere. Fig. 4 shows σ vs. λ for different 
initial sizes of the heterogeneity (besides Ri = 40 km we consider 
30 km and 50 km). At low viscosity ratio (i.e., 1 ≤ λ < 5), and 
quite independently of the initial size, the deformations are high 
(σ ≥ 3), typical of “filament-like” shape. For intermediate viscosity 
ratios we find a “transitional” shape (1.5 < σ < 3) and we remark 
that, at a given λ, a small-size heterogeneity is less deformed than 
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Fig. 4. Surface ratio σ = Sh/Si vs. viscosity ratio λ for three values of initial radius 
Ri . σ is calculated when the heterogeneity has risen 1500 km in the plume con-
duit, Sh is the surface area of the heterogeneity, Si the surface area of the initial 
sphere. Values of σ enable to classify the shape of the heterogeneity in three cate-
gories: filament (σ ≥ 3), transitional (1.5 < σ < 3), blob-like (σ ≤ 1.5). In the inset: 
the trend D = λ−1 (see text), where the length ratio D defines deformations of a 
two-dimensional ellipsoid.

a larger one. For λ = 20, values of σ are close to 1 and we define 
as “blob-like” all shapes with σ ≤ 1.5. The inset of Fig. 4 shows the 
D = λ−1 trend predicted by Taylor (1934) for a two-dimensional 
case with negligible interfacial tension. Our deformations, albeit 
calculated in a different way, decrease less rapidly than the λ−1

trend, and this occurs for two reasons: First, for a heterogeneity 
flowing in a mantle plume, the deformation history is not lim-
ited to simple shear, but also includes an earlier phase of pure 
shear when the heterogeneity converges towards the base of the 
conduit. Second, the trend D = λ−1 assumes that the size of the 
heterogeneity is small with respect to the length-scale of the flow 
causing the deformation. Clearly, this cannot be assumed in our 
case since the size of the heterogeneity (i.e., its diameter, which is 
of order 60–100 km, depending on Ri ) is not small with respect 
to the length-scale of the flow causing the deformation (i.e., the 
conduit radius 120–150 km). By relaxing the key assumption that 
the size of the heterogeneity is small with respect to the length-
scale of the flow causing the deformation, and by considering the 
fully three-dimensional flow, we find that previous results cannot 
be extrapolated to the plume case.

We now consider the fate of viscous heterogeneities once in 
the plume head. Fig. 5a shows the melting zone, calculated using 
the dry solidus of Katz et al. (2003), and viscous heterogeneities 
(Ri = 30 km) with λ = 1 the filament, λ = 5 the transitional-shape, 
and λ = 15 the blob, shown at two time-steps. Given the differ-
ent shapes and lengths of the heterogeneities, the time required 
to cross the melting zone is expected to vary significantly. Rather 
than considering the whole melting zone we focus on the vol-
ume of an ideal magma capture zone (MCZ). Following DePaolo 
and Stolper (1996) the MCZ beneath a volcano is schematized as 
a cylinder of radius R MC Z = 25 km and of height equal to the 
melting column (i.e., hMC Z ∼ 50 km). As the heterogeneity flows 
through the MCZ at an upwelling velocity of 10–15 cm yr−1, we 
calculate the volume of the heterogeneity inside the MCZ and we 
normalize it over the MCZ volume. This volume ratio is plotted 
in Fig. 5b vs. the transit time of the heterogeneity across the MCZ. 
Fig. 5. (a) Plume head (yellow isosurface at excess potential temperature �T p =
150 ◦C) with the melting zone (orange shades) and the plume conduit (colors 
across the horizontal section correspond to �T p , see color scale). For graphical 
reasons several heterogeneities (blue) are represented together, all have initial ra-
dius Ri = 30 km, but different viscosity ratio: λ = 1 for the filament, λ = 5 for 
the transitional shape, λ = 15 for the blob, shown at two time steps. (b) Transit 
time of the heterogeneity across the magma capture zone (MCZ) vs. the volume ra-
tio Vheterogeneity in MC Z /V MC Z . Solid lines are for the heterogeneities shown above 
(Ri = 30 km): the blob (blue line), the transitional shape (grey line), the filament 
(white line), whose transit time lasts more than 4 Myr (not shown in the figure). 
The blue dashed line for a blob with Ri = 40 km and λ = 20.

The blob, because of its compact shape, can fill the entire MCZ and 
its transit time is relatively short (0.5–0.8 Myr). In contrast, the 
long and narrow filament fills ∼10–20% of the MCZ volume, and 
the transit time is longer than 4 Myr (not shown in the figure). The 
transitional, tadpole shape shows a precursory phase (volume frac-
tion in the MCZ ∼20%) lasting 1.0–1.5 Myr before the main arrival, 
where the volume fraction in the MCZ is ∼50%. The implications 
of these results will be presented in the Discussion.

3.1. Effect of varying the plume flow

In the previous paragraph we varied λ and Ri of the hetero-
geneity, while keeping unchanged the physical parameters gov-
erning the plume flow. Here we explore the effect of varying the 
plume flow and this is accomplished by systematically varying the 
activation energy E , the plume buoyancy flux B , and by including 
a viscosity jump at 660 km depth.

The activation energy governs the temperature dependence of 
mantle viscosity and, rather than assuming E = 220 kJ mol−1, we 
now span a range of plausible values (140 ≤ E ≤ 300 kJ mol−1). 
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Fig. 6. (a) Stability field of blob-like and filament-transitional shapes (Ri = 40 km) 
as a function of λ and of the maximum strain rate component ε̇xz across the 
plume conduit. A range of ε̇xz values has been obtained by systematically vary-
ing the activation energy (140 ≤ E ≤ 300 kJ mol−1) around the reference value 
E = 220 kJ mol−1. The dashed line has the purpose of separating two domains cor-
responding to the filament-like and blob-like stability fields. (b) Stability field of 
blob-like and filament-transitional shapes (Ri = 40 km) as a function of the plume 
buoyancy flux. (c) Hotspot buoyancy flux from Sleep (1990) (black star) and the 
range (blue bar) by King and Adam (2014). The hotspots are: Canary (CAN), Crozet 
(CRO), Galápagos (GAL), Iceland (ICE), McDonald (McD), Marquesas (MQS), Pitcarn 
(PIT), Réunion (REU), Samoa (SAM), Society (SOC), Tristan (TRI).

The effect of increasing E is to increase both vz and the maxi-
mum strain rate ε̇xz across the conduit. Fig. 6a shows that as ε̇xz

increases the stability domain of the blob-like shape is progres-
sively restricted to higher λ. More specifically, for Ri = 40 km, we 
find that at ε̇xz ∼ 10−6 yr−1 (E = 280 kJ mol−1) the blob-like shape 
is stable only if λ > 20, whereas if ε̇xz is one order of magnitude 
lower (E = 140 kJ mol−1) the blob-like shape is stable at λ = 4, 
the value found by kinematically driven mantle circulation models 
(Manga, 1996).

For a constant activation energy (E = 220 kJ mol−1) we varied 
the parameters used to generate the plume such as the excess 
temperature of the heated patch and its radius. This enabled us 
to obtain plumes with different buoyancy flux B = ∫

vzρα�T pdS , 
where the integral is over the conduit surface dS and �T p is the 
plume excess temperature (Sleep, 1990). In the uppermost part 
of the lower mantle our models have a plausible range of axial 
vertical velocities (3 ≤ vz ≤ 18 cm yr−1) and plume excess tem-
perature (250 ≤ �T p ≤ 350 ◦C), so that 450 ≤ B ≤ 3300 kg s−1. 
For each plume buoyancy flux we then test the stability field 
of a rheological heterogeneity (1 < λ < 30; Ri = 40 km). Fig. 6b 
shows that blob-like heterogeneities can be more easily preserved 
in plumes with a relatively low buoyancy flux, for example, if 
Fig. 7. The isosurface at excess potential temperature �T p = 50 ◦C (transparent 
yellow) shows plume conduit necking caused by the mantle viscosity contrast 
ηlm = 30ηum , modeled at 660 km depth. A viscous heterogeneity with λ = 20 and 
Ri = 40 km (shown in blue at different time steps) is able to maintain its blob-like 
shape.

B = 1000 kg s−1 the required λ is ∼10, whereas if B = 3000 kg s−1

the viscosity ratio must be greater than 25. The buoyancy flux of 
several hotspots is reported in Fig. 6c, values by Sleep (1990), in-
dicated with a star, often represent an upper bound with respect 
to the buoyancy flux range by King and Adam (2014). The Hawai-
ian hotspot is not included in the figure because its high buoyancy 
flux, 8700 kg s−1 for Sleep (1990) and up to 7100 kg s−1 for King 
and Adam (2014), is out of the range explored by our models.

Finally we consider the effect of a viscosity contrast between 
upper and lower mantle by modeling ηlm/ηum = 30 at 660 km 
depth. In the upper mantle the conduit radius is narrower, rum ∼
0.6rlm (Fig. 7), necking occurs because of plume flux conservation: 
a vertical velocity increase in the upper mantle must be accompa-
nied by a reduction of the conduit radius. Both vz and r variations 
act to enhance the strain rate and we find ε̇um ∼ 3.3ε̇lm . It is thus 
legitimate to ask whether conduit necking can increase the defor-
mation undergone by a viscous heterogeneities. Fig. 7 shows that 
a λ = 20 heterogeneity (Ri = 40 km) does maintain its blob-like 
shape, even when crossing the viscosity jump at 660 km depth 
and that the successive deformation, albeit visible, is relatively mi-
nor.

4. Discussion

Recycled eclogite (Hofmann and White, 1982), continent de-
rived sediments (White and Hofmann, 1982; Jackson et al., 2007; 
Delavault et al., 2016) and recycled mantle lithosphere (Schaefer 
et al., 2002; Bizimis et al., 2007) are likely ingredients of man-
tle plumes. Although we know the geochemical fingerprints of 
these lithologies, their rheology remains elusive. Let us take the 
example of eclogite: at upper mantle P–T conditions, eclogite is a 
mineral assemblage of omphacite, the weakest of all pyroxenes, 
and of garnet, a strong mineral (Karato et al., 1995). The bulk 
viscosity of eclogite was found to be similar to that of harzbur-
gite (Jin et al., 2001), but the viscosity contrast between eclogite 
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and peridotite remains poorly constrained. At lower mantle P–T 
conditions, eclogite is converted to an assemblage of bridgman-
ite, Ca-perovskite, Ca-ferrite and stishovite in similar proportions 
(Stixrude and Lithgow-Bertelloni, 2012). Ca-perovskite is charac-
terized by a “shear softening” of the elastic response (Stixrude et 
al., 2007), however it is not straightforward to relate variations of 
the elastic constants to rheological properties, so that the bulk vis-
cosity of a mafic composition in the lower mantle is also poorly 
constrained. In view of these uncertainties, we modeled rheologi-
cal heterogeneities 5–30 times more viscous than the surrounding 
rocks, a range that does not seem to be ruled out by the current 
knowledge on rheological contrasts. We did not specify the causes 
of such a viscosity increase (e.g., composition, fluid content, grain 
size or geometry of the weak phase) and we took a fluid dynamics 
perspective, focusing on the flow perturbation caused by the rhe-
ological heterogeneity and on the deformation undergone by the 
heterogeneity.

We found that the blob-like shape is preserved at λ = 4 only 
for low strain rates (ε̇xz = 3 10−15 s−1), obtained at low values of 
the activation energy (E = 140 kJ mol−1). For more plausible E and 
higher strain rate (ε̇xz = 3 10−14 s−1) a viscosity ratio λ ≥ 20 is 
required to preserve the blob-like shape in a mantle plume. More-
over, the transition between high stretching (low λ) and negligible 
deformation (λ ≥ 20) is not sharp and, at intermediate viscosity 
ratios (λ ∼ 10), we discovered the existence of a transitional “tad-
pole” shape, with a blobby lower “head” and a narrow upper “tail”.

We also explored to which extent the flow is perturbed by 
the presence of a rheological heterogeneity, with the question in 
mind whether this can cause intra-conduit mixing. The reduction 
of the vertical velocity inside a viscous blob perturbs the surround-
ing flow because the blob acts as an obstacle to the fluid column 
upwelling beneath it. This fluid tends to contour the blob, devi-
ating toward the plume axis (upstream from the blob) and away 
from the plume axis (downstream from the blob). By looking at the 
deviation of the flow trajectories we estimated that the presence 
of a rheological heterogeneity perturbs the flow over a vertical 
distance of order ∼5Ri for Ri of 30–40 km. Nevertheless, our re-
sults do not bear out the predictions of Blichert-Toft and Albarède 
(2009) to the effect that rheological heterogeneities would cause 
cross-conduit mixing. In laminar flow we observe that the trajec-
tories, after being locally displaced, recover their original position 
downstream from the heterogeneity. We do not find any signif-
icant radial mixing over a considerable spectrum of rheological 
contrasts. The persistent lateral heterogeneities within the plume, 
as documented by Abouchami et al. (2005) and confirmed by sev-
eral subsequent studies (Huang et al., 2011; Weis et al., 2011), are 
consistent with this prediction.

We have shown that a rheological heterogeneity 20–30 times 
more viscous than the surrounding rocks does not mix, does not 
entrain, and does not deform significantly even while upwelling in 
a plume. This type of heterogeneity is thus ideally suited to pre-
serve distinct isotopic signatures. In the following we argue that a 
rheological heterogeneity does carry a specific isotopic fingerprint, 
and we relate the time-scale of geochemical variability in hotspot 
lavas to the transit-time of the heterogeneity across the magma 
capture zone (MCZ) of a volcano. In contrast with a narrow fila-
ment, a 30–40 km radius blob can entirely fill the MCZ volume. 
This is important because the rheological heterogeneity will then 
produce 100% of the partial melt generated in the MCZ. The en-
semble of these two conditions, (i) no long-time mixing of the rhe-
ological heterogeneity before melting and (ii) no mixing of melts 
once in the MCZ, is likely to cause a clear and distinct isotopic 
variation in lavas. Our results predict that such variations could 
last 0.5–1.0 Myr, the time-scale corresponding to the transit time 
of the blob (30–40 km radius) across the MCZ. For heterogeneities 
with a transitional shape, a precursory isotopic variation, lasting 
1–1.5 Myr, will precede a more important variation of shorter du-
ration (<0.5 Myr).

The geochemical variability induced by the mantle flow has a 
longer time-scale than the variability induced by processes taking 
place in the volcanic plumbing system. Therefore, in order to de-
tect geochemical variations induced by the transit of rheological 
heterogeneities, it is necessary to study the isotopic evolution of 
hotspot lavas over time periods of several million years. For the 
Canary hotspot Taylor et al. (2017) analyzed Pb isotope variations 
over the last 10 Myr and found an interesting time variability: 
a given “Pb isotope trajectory” lasts for ∼1 Myr before chang-
ing, over a time-scale of ∼0.3 Myr, to another (parallel) trajectory 
lasting again ∼1 Myr. After ruling out a crustal origin, the au-
thors interpret the observed trajectories as “pulses” of material 
emerging from the plume stem with a distinct 208Pb
/206Pb
 ra-
tio.2 The 208Pb
/206Pb
 reflects the ratio of 232Th/238U integrated 
over the Earth’s history (Galer and O’Nions, 1985) and, because of 
the long half lives of 232Th and 238U, any measurable difference 
in 208Pb
/206Pb
 cannot be created by recent changes in Th/U in 
the rock. We suggest that Taylor et al. (2017) “pulses” could corre-
spond to blob-like rheological heterogeneities of radius 30–40 km, 
crossing the hotspot melting zone with time-scales of ∼1 Ma.

Interestingly, a weak buoyancy flux hotspot such as Canary, 
B = 1000 kg s−1 for Sleep (1990) and B ≤ 570 kg s−1 for King 
and Adam (2014), is ideally suited to preserve blob-like rheologi-
cal heterogeneities even at viscosity ratios λ ≤ 10. For plumes with 
1400 < B < 2000 kg s−1 (e.g., Iceland, Samoa, Tristan, Réunion, us-
ing Sleep (1990) values) a blob will be stable for viscosity ratios 
ranging between 15 and 18, whereas for B = 3300 kg s−1 (e.g., 
Marquesas, Society, Pitcairn, using Sleep (1990) values) λ ∼ 30
must be attained to preserve the blob-like shape. Given these re-
sults we can speculate that for the vigorous Hawaiian plume fil-
aments and transitional-shapes will prevail even for λ = 30, and 
that blob preservation requires higher λ than what we considered 
here.

The different fate of rheological heterogeneities in weak vs. vig-
orous plumes could be a key aspect to interpret fundamentally 
different geochemical observations among Pacific hotspots. The 
French Polynesia hotspots forming the five main archipelagos (e.g., 
Society, Marquesas, Tuamotu, Gambier, Australs) are characterized 
by a large isotopic variability (Chauvel et al., 1992; Delavault et 
al., 2015) and by a discontinuous volcanic activity during the last 
20 Myr. In contrast, Hawaiian lavas older than ∼4 Ma have a quite 
constant geochemical fingerprint, typical of the relatively depleted 
Kea-component (Tanaka et al., 2008; Harrison et al., 2017). The 
enriched Loa-component appeared only a few million years ago 
(Fekiacova et al., 2007; Tanaka et al., 2008) and the minor overlap 
in lead isotopes between Loa- and Kea-trend lavas clearly indicates 
that the two components are isotopically distinct (Abouchami et 
al., 2005). Yet, the total range of isotopic variability of Hawaiian 
lavas is much smaller than that observed for Polynesian hotspots 
lavas. According to Chauvel et al. (2012) this is due to differ-
ent degrees of partial melting, because the low-degree melting at 
Polynesian hotspots preserves the source heterogeneities, whereas 
the high-degree melting of the Hawaiian hotspot blurs the iso-
topic variability. Here we suggest an additional possibility: in weak 
plumes blob-like heterogeneities are more easily preserved, and 
their geochemical fingerprint will clearly affect surface lavas, as 
discussed above. In vigorous plumes filament-like heterogeneities 

2 The radiogenic lead isotope ratio is defines as:

208Pb
/206Pb
 = (208Pb/204Pb)s − (208Pb/204Pb)pr

(206Pb/204Pb)s − (206Pb/204Pb)pr
, (5)

where the subscript “s” stands for sample and “pr” for primordial.
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should dominate, but, compared to blobs, their geochemical finger-
print might be more “blurred” simply because partial melts from a 
narrow filament represent, at any time, only a fraction of the melt 
produced in the MCZ.

Finally, if we speculate that a rheological heterogeneity might 
also be compositionally less fertile than the surrounding plume 
material, then its transit in the melting zone will cause a decrease 
in melt productivity. The effect will be particularly evident in low 
buoyancy flux hotspots, not only because blob-like heterogeneities 
are more likely to survive, but also because a decrease in melt pro-
ductivity might lead to periods of discontinuous volcanism. French 
Polynesia hotspots have a discontinuous volcanic activity that is 
still unexplained. For Iceland the long-time (55 Ma) record of fluc-
tuations in the volcanic activity has been attributed to temperature 
fluctuations of the plume (Parnell-Turner et al., 2014), possibly in-
duced by the episodic generation of hot solitary waves. We suggest 
that the transit of rheological, less fertile, heterogeneities across 
the melting zone could represent an additional mechanism caus-
ing time variations of melt productivity on time-scales of order 
1 Myr.

Our models have shown that finite size (30–40 km radius) rhe-
ological heterogeneities, 20–30 times more viscous than the sur-
rounding rocks, remain unmixed and unstretched even in the high 
strain rate flow of a mantle plume. With these model results in 
mind, we have explored how rheological heterogeneities flowing 
across a hotspot melting zone might affect lava geochemistry and 
melt productivity. Future constraints from mineral physics should 
help to improve our understanding of what causes rheological dif-
ferences in mantle rocks, and thus lead to a more specific inter-
pretation relating rheology contrasts to time fluctuations of melt 
productivity and to plume geochemistry.
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