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ious spectroscopic measurements®’, but a direct quantitative com-
parison requires knowledge of various physical parameters involved
in a specific experiment.

A direct quantitative comparison between theory and measure-
ment is possible, however, for the specific heat. The measured
specific heat’ of MgB, at low temperature is substantial, and a
large hump appears at about 10 K that is inconsistent with a one-gap
BCS model. We have calculated the specific heat from the free
energy of the superconducting state. The overall shape and magni-
tude of our calculated specific-heat curve agrees very well with the
experimental data, especially below 30 K (Fig. 4). We find that the
low-temperature hump in our calculated curve and in the exper-
imental data is caused by the existence of low-energy excitations
across the small superconducting energy gap of the w-bonding
states. g
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The influence of a chemical boundary
layer on the fixity, spacing and
lifetime of mantle plumes

A. Mark Jellinek & Michael Manga
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Seismological observations provide evidence that the lowermost
mantle contains superposed thermal and compositional bound-
ary layers' that are laterally heterogeneous™. Whereas the ther-
mal boundary layer forms as a consequence of the heat flux from
the Earth’s outer core, the origin of an (intrinsically dense)
chemical boundary layer remains uncertain®. Observed zones
of ‘ultra-low’ seismic velocity’ suggest that this dense layer may
contain metals®” or partial melt®, and thus it is reasonable to
expect the dense layer to have a relatively low viscosity. Also, it is
thought that instabilities in the thermal boundary layer could
lead to the intermittent formation and rise of mantle plumes.
Flow into ascending plumes can deform the dense layer, leading,
in turn, to its gradual entrainment’'*. Here we use analogue
experiments to show that the presence of a dense layer at the
bottom of the mantle induces lateral variations in temperature
and viscosity that, in turn, determine the location and dynamics
of mantle plumes. A dense layer causes mantle plumes to become
spatially fixed, and the entrainment of low-viscosity fluid enables
plumes to persist within the Earth for hundreds of millions of
years.

Convective motions driven by core cooling have a structure that is
three-dimensional and time-dependent. Consequently, the
dynamics of the interaction between this flow and an underlying
dense layer is complex. Because of the computational challenge of
resolving small (kilometre) length scales while tracking viscosity
and density interfaces'’, numerical simulations for conditions
appropriate to mantle convection are typically limited to two
dimensions'>"?, though three-dimensional simulations are cur-
rently being performed'. Laboratory experiments are thus often
used to study thermochemical convection, and the experiments
presented here extend previous investigations™'®'® to the situation
in which the dense layer is thin and has a low viscosity. Here we need
to distinguish ‘plumes’ from ‘thermals’: we use ‘plume’ to describe
buoyant upwellings (or downwellings) that extend continuously
from the hot (or cold) boundary layer, and ‘thermal’ to indicate a
discrete buoyant blob. Under conditions of thermal equilibrium,
more-viscous cold fluid descends in narrow sheet-like plumes'’,
whereas lower-viscosity hot fluid ascends mostly in thermals'®".

Our experiments are performed in the tank illustrated in Fig. 1
(the legend of Fig. 1 also defines the parameters and variables). An
initial series of 23 experiments without a dense layer is performed to
provide a framework to interpret the more complicated situation
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including a dense layer. Both free-slip and no-slip bottom bound-
aries are used. The tank is filled with a single layer of polybutene oil
(Chevron Oronite 16500), which is a very viscous, colourless new-
tonian fluid. Before the start of each experiment the oil layer is
heated from below and cooled from above until thermal equili-
brium is achieved. Time-lapse video, and measurements of the
surface heat flux, surface temperature and interior temperature as a
function of time are used to characterize flows quantitatively.
Thermal equilibrium is indicated by constant and equal heat fluxes
at the roof and floor of the tank, and by an interior fluid tempera-
ture that is statistically constant over time. Experiments are run for
several days, corresponding to thousands of plume rise times. Here,
a ‘rise time’ is defined as the timescale for a thermal or plume to
ascend from the hot thermal boundary layer to the roof of the tank.

The second series of experiments is designed specifically to
understand the interaction between convection driven by heat
flow from the core and an underlying dense, low-viscosity layer
under conditions appropriate to the Earth’s mantle. We first allow
the convecting fluid to reach thermal equilibrium, and then intro-
duce dense, low-viscosity, miscible soybean oil through a 4-mm-
diameter port in a corner of the tank (Fig. 2). This dense fluid
(coloured red) spreads over the floor of the tank, driving no
apparent large-scale circulation, and forms a nearly isothermal
layer that is 0.5cm high. Following its introduction, this ‘dense
layer’ is deformed by flow of thermal boundary layer fluid into
ascending thermals of polybutene oil (the ‘ambient fluid’). Figure 2
shows circular embayments separated by sharp ‘divides’ that formed
early in the evolution of the red, dense layer. The dynamic coupling
between topography and motions driven by lateral temperature
variations stabilize the pattern of flow over timescales much longer
than a plume rise time; buoyant fluid is able to ascend along the
sloping interface with the low-viscosity soybean oil more easily than
rise vertically into the more-viscous ambient fluid. To confirm this
mechanism and to understand the influences of topography on the
dense layer and the viscosity ratio A4, we performed 18 additional
experiments. Figure 3 shows that smaller (but still finite) topo-
graphic relief is needed to stabilize the positions of plumes when Aq
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Figure 1 A schematic illustration of the apparatus used for the experiments shown in Figs
2 and 4 (ref. 26). The interior of the tank has a depth of 17 cm. Five dimensionless
parameters are used to characterize our experiments and scale the results to the Earth’s
mantle. (1) The Rayleigh number, Ra = pgaATHS/p.CK > 10% (2) the Prandtl number,
Pr = uc/pk > 10* Consequently, flows are laminar (low Reynolds number), time-
dependent and composed predominantly of blobs ascending (or descending) from the hot
(or cold) boundaries®. Here, H is the combined height of both fluid layers, g the
acceleration due to gravity, AT the temperature difference across the height H, o the fluid
density, o the coefficient of thermal expansion,  the thermal diffusivity, and ., un and uq
are the viscosities evaluated in the ambient fluid, at the interface with the hot boundary
and in the dense layer, respectively. (3) The ratio of the buoyancies of the dense layer to
the thermal boundary layer, B = Ap/pa AT, where Ap is the intrinsic density difference
between the dense layer and overlying fluid, indicates the gravitational stability of the
dense layer. B < 1 can still be stable because AT is based on the full temperature
difference across the convecting system rather than the smaller temperature difference
across the hot thermal boundary layer'®. We choose this definition because AT is an
externally controlled variable. (4) The viscosity ratio Ag = u¢/pd, and (5) the viscosity
ratio Ay = pe/pn; both of these ratios depend on temperature.
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is large. The spacing between the centres of the embayments remains
approximately constant, apparently governed by the wavelength of
the first Rayleigh—-Taylor instability of the thermal boundary layer
(discussed in more detail later). Stable flows are enhanced because
entrainment of the dense layer establishes narrow, cylindrical low-
viscosity conduits beneath ascending thermals (Fig. 4), causing a
transition from an unsteady flow dominated by upwelling thermals
to a steady flow governed by axisymmetric plumes with persistent
trailing conduits. Finite deformation of the dense layer is needed to
stabilize plume locations, because a flat boundary permits only
thermals to form (Fig. 4b).

Our results suggest that the persistence, fixity and composition of
mantle plumes can depend on the mechanics of entrainment from,
and the longevity of, a dense layer. Accordingly, we extend previous
studies™''***?! by developing scaling relationships for the radius of
entrained low-viscosity tendrils and the erosion rate of the dense
layer. We first consider entrainment by flow into thermals forming
at the hot boundary. Second, we address entrainment by flow into
established conduits.

Flow into an ascending thermal or an established plume conduit
drags a layer of material from the dense layer. Assuming Ap > 0,
A4 =>> 1 and that the entrained tendril of fluid is thin relative to the
thickness of the thermal boundary layer, a balance of viscous (drag)

Circular
embayment

Divide
Embay%
NZZIN\ N

Figure 2 Photographs showing an oblique view of the temporal evolution of a dense, low-
viscosity layer of soybean oil (coloured red) emplaced at the base of a vigorously
convecting layer of polybutene oil (colourless). Here, Ra = 3.6 x 107, B= 0.56,
A¢=1.1x10% and A, = 2.7. The ratio of the height of the dense layer D (0.5 cm) to
the total height of the system H (17 cm) is chosen to be an analogue for the ratio of the
height of dense layer (a few hundred kilometres, say) to the height of the mantle
(3,000 km). Initially, the spreading of dense soybean oil imparts a thermal transient to the
bottom boundary. However, because the height of the dense layer is comparable to the
thickness of the thermal boundary layer, thermal equilibrium is reacquired over the
timescale for emplacement of the layer. a, Subsequent entrainment from the dense layer
by flow into ascending thermals produces circular embayments and divides that, in turn,
determine the style of convection from the hot boundary. Dynamically, horizontal
temperature gradients drive flow from the tank floor, up the sides of embayments to peaks
on the divides, where upwellings into the ambient fluid become fixed (compare Fig. 3).
b, A schematic contour map and cross-section illustrating the topography in a. Arrows
indicate motions within the dense layer, and show the nature of the predominantly
mechanical coupling (but also thermal coupling—see Fig. 4) between the two layers.

¢, Approximately 120 plume rise times later in the experiment (equivalent to 3.6 Gyr of
Earth’s history), upwellings remain controlled by the positions of divides and embayments
formed at the start of the experiment (although embayments have been eroded
significantly).
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Figure 3 Plot summarizing the conditions leading either to spatially fixed (filled symbols)
or not-fixed (open symbols) plumes. Except where indicated, the data are obtained using
the method and apparatus of ref. 16. Circles, from experiments with a no-slip bottom
boundary condition; squares, from experiments in which a free-slip lower boundary is
obtained using the method of ref. 28. When Aq is large (>107), buoyant fluid ascends
along the sloping interface with the dense layer (rather than vertically)®® because the
underlying low-viscosity soybean oil presents a smaller retarding drag force than the
more-viscous ambient fluid. When Aq is small (~1), the viscous stresses due to the dense
layer and interior fluid are similar. So for Ay < 10, the relief must be comparable to, or
greater than, the thickness of the thermal boundary layer to cause the convection to be
governed by steady flow into long-lived, stationary plume conduits. Smaller topographic
relief results in unsteady flow, in which plumes have a spacing and lifetime that is
approximately stochastic. As Aq becomes very large, however, increasingly less (but still
finite; Fig. 4) relief is required to cause the convection to become governed by fixed
plumes. The dashed line schematically separates conditions leading to fixed or not-fixed
plumes. This line cannot be extrapolated to the horizontal axis because topographic relief
on the dense layer is required for fixed plumes.

and buoyancy forces'' leads to a scale for the radius of an entrained

tendril:
1/2 3 1/2
=~ (PV) o (Y 1)
gAp kBRaAq

For thermals, an appropriate velocity, V, is the rise speed Vi, =
kH'Ra'/? (ref. 22) and equation (1) thus becomes:

Hz 1/2
In = (—Ad Ty /3) @

An estimate of the average erosion rate of the dense layer by flow
into rising thermals (or conduits) depends on the area of the region
of thermal-boundary-layer fluid feeding each type of upwelling.
Hence, we require constraints on the horizontal spacing between
upwellings. The measured average horizontal spacing between 6—8
established conduits in the experiment shown in Figs 2 and 4 is
approximately constant, and between 8 and 10 cm. For a critically
unstable thermal boundary layer of thickness 10HRa /> (ref. 22)
embedded between an underlying low-viscosity dense layer and
overlying more-viscous ambient fluid, linear stability theory®
constrains the most unstable wavelength:

20mH A\ ?
L~=2 (R—‘;> 3)

where the constant C = 0.6 depends on Ay, Aq and B; here, L is
~7.8cm. The consistency between measurements and theory
suggests that the spacing between plumes is governed by the first
Rayleigh-Taylor instability of the buoyant thermal boundary layer
following the introduction of the dense layer. The fact that conduit
spacing can be predicted with linear theory is important for two
reasons. First, this finding supports our argument that the dynamic
coupling between rising thermals and an underlying dense layer
leads to upwellings that remain fixed spatially. Second, a scale for the
horizontal spacing between upwellings may now be written expli-
citly in terms of parameters controlled externally. Consequently, the
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Figure 4 lllustration of the spatial and temporal structure of plumes. a, Photograph
illustrating persistent, axisymmetric, low-viscosity conduits behind rising thermals. Once
formed, conduits govern the flow of buoyant fluid from the hot boundary and persist until
the dense layer is eroded completely. Hence, the conduits are regarded as stable
structures. The arrows indicate entrained tendrils of dense fluid. Tendril radii, which are
measured near the bases of 6-8 established conduits during an experiment, are in the
range 0.25—1 mm with a mean of 0.6 mm, and constrain the scaling constant, A = 0.7.
The average vertical flux per area of dense fluid, which is obtained from time-lapse video,
is about 3-5mmh~". b, The frequency of thermal formation, w, made dimensionless
with the conductive timescale, H%/«, as a function of Nusselt number, Nu (the measured
dimensionless heat flux). w is obtained with heat-flux probes, thermocouples and visually.
Solid squares are control experiments performed without a dense layer with no-slip and
free-slip lower boundaries. The theoretical curve (w oc Nu?) is in agreement with the
control experiments and is compatible with convection from the hot boundary being in the
form of intermittent thermals'®.The data shown are from the dense-layer experiment
shown inaand in Fig. 2. Filled and open circles are based on Nu for the entire system and
for the dense layer, respectively. At the start of the experiment (Fig. 2a) w is reduced by
about a factor of 5, compared with a flow transporting the same amount of heat without a
dense layer. The measured frequency implies that thermals in the ambient fluid are
coupled to the flow in the dense layer. Once conduits become established, however, no
characteristic frequency is observed, and the flow is steady. After the erosion of the dense
layer, the flow evolves back to intermittent thermals as in the control experiments.

erosion rate of dense layer by flow into rising thermals is

_ 2 _ C? K
G = Va3 =50 (ﬁ)

Ral/S

)
ABA?

When convection is governed by established plume conduits,
scaling arguments for both the tendril radius [, and the erosion rate
g1 depend on the spacing between plumes®*'. In this case, the flow
velocity?’ V,; is given approximately by (x/H)(L/H)Ra*”. Thus,
from equations (1) and (3) the average tendril radius is:

1/3 1/2
1 ) (5)

ly=102AH( —"h
ol <AdBRa2/3
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The measured [, is 0.6 mm (Fig. 4 legend), implying that the
constant A = 0.7.

Time-lapse video is used to measure the average erosion rate of
the dense layer by flow into established conduits. The time-deriva-
tive of the position of the density interface indicates an average
erosion rate of 3-5 mmh ™. From equations (3) and (5), the erosion
rate is

qlzvlé:A_ZKRal/3
P P12 H MB

(6)

which is consistent with refs 9 and 16, and which predicts gp =
5mmh~! (Fig. 3).

Applying our results to the Earth requires constraints on Ra, B, Aq
and Ay. Ra for mantle convection driven by core cooling is in the
range 10’—10°, The data in Fig. 3 imply that Ay needs to be in excess
of 10'-10% in order for fixed plumes to occur. In addition, we take
My = 10% (ref. 24) and B = 0.5, along with typical values of k=
107°m?s™! and H=3X10°m. Assuming that mantle starting
plumes are dynamically similar to thermals, equations (2) and (4)
imply that tendrils entrained by flow into starting plumes are less
than 1 km in radius, and that the associated erosion rates are of the
order of 10*~10 " km Myr . On the other hand, because Vo >
Vi equations (5) and (6) predict that tendrils entrained into
established low-viscosity conduits are 5-10 km in radius, and the
resultant entrainment rate is expected to be of the order of 10~ %~
10 km Myr~ ' If a typical dense layer is, say, 100300 km high,
these erosion rates imply that the layer could persist for times
comparable to, or longer than, the age of the Earth. Finally, equation
(3) predicts that, in the presence of a dense layer, the spacing
between mantle plumes is of the order of 10°km. This value is
compatible with the distribution of hotspots in the Pacific, which
appear to overlie the ultra-low-velocity zone’, when their positions
are extrapolated to the core-mantle boundary>*>*°.

We have shown that a dense, low-viscosity compositional boun-
dary layer at the base of the mantle may determine the location,
relative fixity and spacing of mantle plumes. Moreover, we have
argued that entrainment from this low-viscosity layer may influence
the composition of plumes and be important in establishing long-
lived, low-viscosity conduits extending from the thermal boundary
layer at the base of the mantle to the base of the lithosphere. Our
results may resolve a basic conundrum in mantle dynamics—that
hotspots remain approximately fixed in space relative to each other
for timescales much longer than the time required for a plume to
rise through the mantle. O
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In the northwest Pacific Ocean, a sharp corner in the boundary
between the Pacific plate and the North American plate joins a
subduction zone running along the southern half of the Kam-
chatka peninsula' with a region of transcurrent motion along the
western Aleutian arc'?. Here we present images of the seismic
structure beneath the Aleutian—Kamchatka junction and the
surrounding region, indicating that: the subducting Pacific litho-
sphere terminates at the Aleutian—-Kamchatka junction; no relict
slab underlies the extinct northern Kamchatka volcanic arc; and
the upper mantle beneath northern Kamchatka has unusually
slow shear wavespeeds. From the tectonic and volcanic evolution
of Kamchatka over the past 10 Myr (refs 3-5) we infer that at least
two episodes of catastrophic slab loss have occurred. About 5 to
10 Myr ago, catastrophic slab loss shut down island-arc volcanic
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