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[1] Density heterogeneities in the mantle influence the
dynamics of mantle upwellings and therefore modify plume
characteristics. Using analog laboratory experiments, we
explore the dynamics of ‘“thermo-chemical” plumes
containing both thermal and chemical density anomalies
inherited from a stratified boundary layer at the base of the
mantle. Because all plumes cool by thermal diffusion as
they rise, a chemically composite thermal plume will
eventually attain a level of neutral buoyancy, at which it
will begin to “fail”. Separation within the plume will occur,
whereby the chemically denser material will start to sink
back while the heated surrounding mantle keeps rising. It
more generally implies that 1) mantle plumes are not
necessarily narrow and continuous throughout the mantle
but can be fat and patchy such as Iceland, 2) a hot mantle
region may not be buoyant and rising, but on contrary may
be sinking, and 3) mantle plumes dynamics are strongly
time-dependent. Citation: Kumagai, 1., A. Davaille, K. Kurita,
and E. Stutzmann (2008), Mantle plumes: Thin, fat, successful, or
failing? Constraints to explain hot spot volcanism through time
and space, Geophys. Res. Lett., 35, L16301, doi:10.1029/
2008GL035079.

1. Introduction

[2] Given the mantle size and physical properties, and the
temperature difference between the cold surface of our
planet and the core-mantle boundary (CMB), thermal con-
vection and hot instabilities should develop in the mantle
[e.g., Schubert et al., 2001]. In that case, hot spot volcanism
[Wilson, 1963] will result from the impact under the
lithosphere of these hot instabilities [Morgan, 1971]. In a
homogeneous fluid, their morphology should be that of
mushroom-shape plumes, with a big head over a narrower
stem [Morgan, 1971; Griffiths and Campbell, 1990; Sleep,
1990]. The former would produce traps on the Earth’s
surface while the latter would generate long volcanic tracks,
therefore explaining first order observations on a number of
hot spots [Richards et al., 1989]. However, as data on hot
spots increased, it became clear that all of it cannot be
explained by this simple model: there are probably several
types of hot spot on Earth [Morgan, 1978; Davaille, 1999;
Courtillot et al., 2003].
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[3] The presence of density heterogeneities in the man-
tle is probably a key feature to relate the diversity of hot
spot observations to mantle convection [Davaille, 1999;
Farnetani and Samuel, 2005]. Laboratory and numerical
studies have shown that the interplay of density hetero-
geneities and thermal convection produces hot instabilities
of widely differing morphologies such as anchored plumes,
piles and domes, secondary plumes, and composite ““thermo-
chemical” plumes (for a review, see Davaille et al. [2005]).
They are characterized by a strong time-dependence with
typical time-scales of 100—300 Ma [Le Bars and Davaille,
2004b; Lin and van Keken, 2005; Samuel and Bercovici,
2006] and could develop for mantle density anomalies lower
than 2%.

[4] We focus here on the 3D morphology and evolution
of thermo-chemical plumes generated from a mantle ther-
mal boundary layer (“TBL’) which initially is stably
stratified in composition. Laboratory experiments allow us
to relax the axisymmetric hypothesis used in high resolution
numerical models [Lin and van Keken, 2005; Samuel and
Bercovici, 2006]. We report more diverse plume morphol-
ogy and detailed information on the time evolution of the
thermo-chemical plumes characteristics. In particular, our
results could explain key observations such as the patchy
nature of the tomographically imaged anomalies of elastic
wave speed beneath Iceland and the large (~140-200 K)
decrease in this plume’s excess temperature during the past
60 Ma.

2. Successful and Failing Thermo-chemical
Plumes

[5] In our experiments a thermal plume was generated by
a heated disk on the base of a plexiglas tank filled with
sugar syrup whose viscosity, like that of mantle materials,
decreases with increasing temperature. There is no point-
source bottom heater at the base of the mantle, which is
continuously heated on all its lower boundary by the core.
But to use such localized heat sources allows us to study
more quantitatively a plume time history. So, at time t = 0,
the heater was turned on, and either kept at constant power
throughout the experiment (Figures 1 and 2a), or switched
off after a while (Figure 2b). The former situation would
corresponds to an anchored plume [Namiki and Kurita,
1999; Davaille, 1999; Jellineck and Manga, 2002], while
the latter mimics the episodic release of plumes from a TBL
uniformly heated from below: in this case, thermal plumes
become disconnected from the heat source once they have
exhausted all the hot TBL material [Le Bars and Davaille,
2004a; Davaille and Vatteville, 2005].

[6] Using a new technique [Kumagai et al., 2007], we
measured simultaneously the temperature, composition, and
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Figure 1. Morphology of thermo-chemical plumes as a
function of the increasing initial Buoyancy ratio By. The
cross section of the tank is illuminated by a 532 nm laser
sheet. The compositional heterogeneity is dyed in Rhoda-
mine B (orange). The bright green lines are isotherms (25.3,
31.4, 37.5°C). (a) Thermal starting plume, (b, ¢) thermo-
chemical plumes with small B,, (d—f) failing plumes, and
(g) thermal starting plume generated from the chemical
interface with small entrainment. (h—m) Distribution of the
local buoyancy ratio Bl calculated through the image
analysis of Figures 1b—1g.

velocity fields on a 2D vertical cross-section containing the
plume axis, which was illuminated by a narrow sheet of laser
light of 532 nm wavelength. The thermal field was measured
by seeding the fluid with thermochromic liquid crystals
which brighten at three different calibrated temperatures
(bright lines in Figures 1 and 2). The velocity field was
measured by particle-image velocimetry using small nylon
tracer particles. Finally, the compositionally denser material
(CDM) was dyed with Rhodamine B, which appears orange
under the laser illumination (Figures 1 and 2). 26 experiments
were performed in which the heating rate, and the density
anomaly and thickness of the CDM were systematically
varied, so that the parameters characterizing the system
dynamics were over the range of values relevant for the
mantle (Table 1).

[7] The instabilities which develop are composite plumes,
made of both CDM and upper layer material. Their morphol-
ogy and time-evolution depend on the initial buoyancy ratio
By, the key parameter of the problem:

Bo = Apxerr/ paATegr

where p is the density, « is the thermal expansion, and A pxgr
and AT are the average chemical density and temperature
anomalies of the composite hot plume compared to the
ambient fluid.

[8] Figure 1 shows the thermo-chemical plume morphol-
ogy at a given height, as B increases. There are two end-
members: for By tending towards 0, the mushroom-shaped
purely thermal plume is reproduced [Griffiths and Campbell,
1990](Figures 1a and 1b). For B greater than 1, the thermal
effects will never counterbalanced the chemically denser
anomaly. Hence only the upper part of the TBL becomes
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Figure 2. Successful and failing plumes and time depen-
dence. (a) Evolution of thermo-chemical plume (By = 0.67).
The power is constant during this experiment. Here ¢ is time
normalized by the onset time of doming (tcr = 66 sec). Note
that a disintegration of the chemical blob (8) causes a
second thermal impact at the surface (9). (b) Evolution of
thermo-chemical plume (By = 0.47; tcr = 160 sec). The
power is turned off at # = 3.75. By cooling, the core of the
plume head, which is still hotter than the ambient fluid,
descends through the pipe. Note that circumferential
instability occurs around the plume head (see the images
after ¢ = 4.8) and several tiny plumes (P) are generated and
sinking to the bottom. The isolated hot thermo-chemical
blob is failing (descending) in the later stage.

unstable, deforming the CDM layer into a cusp and entrain-
ing a thin CDM filament by viscous coupling [Davaille,
1999; Jellineck and Manga, 2002; Kumagai et al., 2007]
(Figure 1g). For intermediate By, complex shapes are ob-
served (Figures lc—1f), where hot fluid is rising, but also
sometimes sinking (Figures 1d—1f). The thermal anomaly
associated with these structures is often broader than in the
case of a purely thermal plume. From the measured
compositional and thermal fields, we can calculate the

Table 1. Dynamics Parameters for the Laboratory Experiments
and for the Earth’s Mantle®

Parameters Laboratory Experiments Mantle
Ra = agAT.gH kv 1 2.2 % 10° — 9.6 x 10° >10°
VP = Un/Vhot 5 - 150 1-10% 2
Yref = Vm/Vrer 04-1.8 ~17?
a = H/hcpym 17-169 >10?
By 0 - 1.30 0-107?
hrgr/hepm 1 -4.20 1-107?
Apxl/p 0.0 — 2.35% 0 — 10% ?

“The Rayleigh number, Ra, gives the vigour of convection, where H is
the total thickness of fluid, K is the heat diffusivity, and v, is the kinematic
viscosity of the top layer. 7p is the kinematic viscosity ratio of the top layer
to the hotter plume. 7, is the reference kinematic viscosity ratio of the top
layer to the CDM at room temperature V.t hcpy designates the thickness
of the CDM layer, and htgy is the hot thermal boundary layer thickness
which depends on Ra. Four parameters are necessary to characterize the
dynamics of thermo-chemical plumes in the two layer system: Ra, vp, a, By
[Davaille, 1999; Davaille et al., 2005].
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Figure 3. Recent seismic tomography models for S-wave
beneath the Icelandic region. (a) Map of the North Atlantic.
Indicated are Iceland (ICE), Baffin Island (BI) and the
British Tertiary Igneous Province (BTIP). The pink areas
show the extent of the trap events at 60 Ma. S-waves
tomographic models: vertical cross-sections in the mantle
along the profile A1—-A2 indicated in Figure 3a: (b) model
by Grand et al. [1997], (¢) model by Mégnin and
Romanowicz [2000], (d) model by Ritsema et al. [1999],
and (e) model by Montelli et al. [2006].

local buoyancy ratio Bi(x,y,z) = Apx(X,y,2)/pa[T(X,y,2)—
To] anywhere in the tank (Figures 1h—1m). Comparison
between this buoyancy field and the velocity field shows
that the separation between active rising and sinking
regions occurs for B; = 1.0. The maximum height of this
“neutral buoyancy” level is a decreasing function of B,
[Le Bars and Davaille, 2004a; Samuel and Bercovici,
2006; Kumagai et al., 2007] (Figure 1).

[o] If the morphology of a composite plume depends on
By, it also strongly depends on time (Figure 2 and
Animations S1-S3"). After the heater is switched on, the
TBL grows by thermal diffusion, until it becomes unstable.
For intermediate By, the CDM is sufficiently heated to
become buoyant and rise as an active part of the instability.
Owing to the lower viscosity of the hot material, small—
scale instabilities can develop in the CDM and gather to

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL035079.
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form part of the plume head [Davaille et al., 2005; Lin and
van Keken,2005] (Figures 2a (plume 2) and 2b (plume 3) and
Animations S1-S3). The same type of small instabilities will
later develop also in the plume foot and travel upwards
through the plume stem (Animation S1), as seen in numerical
axisymmetric models [Lin and van Keken, 2005]. However,
the fate of CDM in the plume depends on time since the
instability cools as it ascends. As a result, the core of the
plume head, which consists of initially hotter but chemi-
cally heavier material, can cool enough to become denser
than the ambient fluid before reaching the surface of the
tank: the heterogeneous material then stops (Figure 2a
(plume 5)) or even sinks back (Figures 2a (plumes 6-9)
and 2b (plumes 5-8) and Animations S2—S3). Separation
occurs and a ‘“secondary” thermal plume with a lower
temperature anomaly (between 0.5 and 0.3 of the temper-
ature anomaly of the composite plume) is generated from
the top edge of the heavier collapsing blob (e.g., Figures 2a
(plumes 6—7) and 2b (plumes 6—7) and Animations S2—S3).
In this ““failing-plume” phase, the thermo-chemical
plumes fail to deliver most of the CDM to the surface and
show various morphologies which are rarely axisymmetric
(Figures 1-2). Only filaments of CDM are brought to the
surface, dragged through viscous coupling by the second-
ary plume (Figures 2a (plumes 6-—8), 2b (plumes 6-8),
and 1d—1f). Meanwhile, CDM material in the thermo-
chemical pile convects also on its own (Figures le—1g and
Animation S2). When the plume bottom heat supply is
disconnected, the hot pipe flow between the top and bottom
boundary disappears with time, while the failing CDM blob
still shows a significant temperature anomaly (Figure 2b
(plume 8)).

3. Mantle Composite Plumes

[10] Figures 1 and 2 suggest that both the complexity
of tomographic images under hotspots, and the time-
dependence of hotspot characteristics could be explained
by the diversity of morphology and stages observed in
composite plumes.

[11] Despite the improving resolution of tomographic
models, hot plume conduits deep in the mantle under hotspots
should still be undetectable if they were only 50 to 100 km
wide, as predicted by the classical purely thermal plume
model [Campbell and Griffiths, 1990]. However, seismic
imaging of the mantle beneath hotspots often reveals slow
seismic velocity anomalies between 300 and 1000 km wide,
and these anomalies are rarely continuous all the way from
the core-mantle boundary (CMB) to the surface [e.g.,
Montelli et al., 2006]. For example, the mantle under
Iceland show a contorted and patchy structure (Figure 3)
which includes: a continuous strong slow seismic velocity
anomaly in the upper mantle, seen in both regional [4llen and
Tromp, 2005] and global tomography (Figure 3), a slow
velocity anomaly in the mid-lower mantle which produces
anomalies in the arrival directions of teleseismic P-waves
[Pritschard et al., 2000], and an ultra-low velocity zone
(ULVZ) at the CMB [Helmberger et al., 1998]. The consis-
tent appearance of these features in different tomographic
models suggests that the slow anomaly beneath Iceland does
not vary smoothly in amplitude over the depth of the mantle,
and could even be disconnected (Figures 3¢c—3d).
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[12] If the present-day Iceland plume is variable in space,
the geological record shows that its characteristics have also
varied strongly through time. The first major phase of mafic
magma emplacement ~60 Ma ago, which affected a broad
area from Baffin Island to the British Isles (Figure 3a),
involved picritic magma with temperatures at least 240—
300 K higher than normal mantle [Gill et al., 1992]. By
contrast, present-day Iceland results only from a moderate
temperature anomaly, estimated from seismological data or
geodynamic modeling between 50 and 125 K [Allen and
Tromp, 2005; Vinnik et al., 2005; Ribe et al., 1995].

[13] Both the time-dependence of the volcanic activity,
and the apparent absence of a continuous conduit deep in
the mantle have been interpreted as evidence for the non-
existence of mantle plumes and a shallow (300 km deep)
Icelandic source [Foulger and Anderson, 2005]. Our experi-
ments give another light: Iceland could be produced by a
thermo-chemical plume arising from the bottom of the
heterogeneous mantle. The large-scale volcanic event about
60 Ma would correspond to the “successful” generation of
the composite plume (Figures 1b—1e). Given mantle charac-
teristics (Table 1), it would typically have arisen out of a
100—-300 km-thick TBL and its maximum lateral extent at
birth could have reached 500—1000 km in diameter [Le Bars
and Davaille, 2004b; Farnetani and Samuel, 2005; Lin and
van Keken, 2005; Samuel and Bercovici, 2006]. Using our
local buoyancy criterion (B; < 1), the AT, ~ 240-300 K
temperature anomaly reported at the Earth’s surface [Gill et
al., 1992] implies a density anomaly of compositional origin
Apxesr/p < ATy ~ 0.7-0.9 % (taking v =3 x 107°).
The composite nature of the plume (out of a TBL consti-
tuted of both CDM and mantle above it) could explain the
signature of several mantle components observed in the
geochemical data [Chauvel and Hémond, 2000; Moreira et
al., 2001; Blichert-Toft et al., 2005]. Then, both the
apparent disconnection between strong slow seismic anoma-
lies in the upper and lower mantle (Figure 3) and the
decrease in temperature anomaly (AT~100 K ~ AT,,/3)
of present-day Iceland suggest that the composite plume
could presently be in its “failing” stage. In this case, the
patch of slow seismic anomaly in the lower mantle, although
still hotter than ambient mantle, could be sinking because it
is chemically denser (similar to Figure 2). This would
explain why the lower mantle contribution to the Icelandic
swell dynamic topography is always found to be weak
[Marquart et al., 2007].

4. Conclusions

[14] The thermal and compositional structure of a thermo-
chemical plume changes with time and is quite irregular. In
particular, it is not because a region is hot that it is buoyant
and rising. This gives new insights on the recent results of
mantle seismic tomography: a) “fat” (i.e., 500 km-thick)
low-velocity conduits can be the signature of thermo-
chemical plumes, and b) a low seismic velocity (i.e., hot)
region can be the thermal signature of denser sinking
material, contrarily to the classical view based on the purely
thermal plume model.
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