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Abstract Convective motions in silicate planets are largely
driven by internal heat sources and secular cooling. The
exact amount and distribution of heat sources in the Earth
are poorly constrained and the latter is likely to change
with time due to mixing and to the deformation of bound-
aries that separate different reservoirs. To improve our
understanding of planetary-scale convection in these con-
ditions, we have designed a new laboratory setup allowing
a large range of heat source distributions. We illustrate the
potential of our new technique with a study of an initially
stratified fluid involving two layers with different physi-
cal properties and internal heat production rates. A modi-
fied microwave oven is used to generate a uniform radia-
tion propagating through the fluids. Experimental fluids are
solutions of hydroxyethyl cellulose and salt in water, such
that salt increases both the density and the volumetric heat-
ing rate. We determine temperature and composition fields
in 3D with non-invasive techniques. Two fluorescent dyes
are used to determine temperature. A Nd:YAG planar laser
beam excites fluorescence, and an optical system, involv-
ing a beam splitter and a set of colour filters, captures the
fluorescence intensity distribution on two separate spectral
bands. The ratio between the two intensities provides an
instantaneous determination of temperature with an uncer-
tainty of 5% (typically 1K). We quantify mixing processes
by precisely tracking the interfaces separating the two
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fluids. These novel techniques allow new insights on the
generation, morphology and evolution of large-scale het-
erogeneities in the Earth’s lower mantle.

1 Introduction

Convection in the Earth’s mantle, which is responsible
for plate tectonics and the secular cooling of our planet, is
largely driven by internal heat generation due to the decay
of long-lived isotopes of uranium, thorium and potassium,
with a contribution from the Earth’s core that remains
poorly constrained (Jaupart et al. 2015). The existence of
two apparently independent scales of motion, a large-scale
one that is associated with sea floor spreading and subduc-
tion and another one involving isolated upwellings that feed
intraplate volcanoes called “hotspots”, has been explained
by instabilities of two boundary layers at the top and at the
base of the mantle. In this framework, the heat flux car-
ried by hotspots is equal to heat supply from the Earth’s
core. This is not consistent with current estimates, however
(Jaupart et al. 2015), which has been explained in various
ways. It is quite likely that the formation of the core and the
giant meteorite impact that generated the Moon soon after
the planet accretion left a heterogeneous mantle (Kaminski
and Javoy 2013). Furthermore, an early stratified mantle
may have been modified by the extraction of continental
material and by convective mixing. The anomalous iso-
topic composition of hotspot lavas supports the existence
of deep mantle heterogeneities (Hofmann 1997) and has
been linked to primordial mantle material by some authors
(Moreira et al. 2001; Boyet and Carlson 2005; Labrosse
et al. 2007). Regardless of its origin, this material must
have larger concentrations of radioactive elements than the
upper mantle (McDonough and Sun 1995; Kellogg et al.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00348-017-2381-3&domain=pdf

90 Page 2 of 16

Exp Fluids (2017) 58:90

1999; Javoy and Kaminski 2014; Arevalo et al. 2013). A
lower mantle layer with enhanced heat production is likely
to generate motions that can be interpreted as due to heat
supplied by the Earth’s core. These fundamental issues
have motivated research on the characteristics and physi-
cal properties of the lower mantle close to the core-mantle
boundary (CMB). There, high-resolution seismological
studies have revealed the existence of two broad regions
beneath Africa and the Pacific with anomalously low shear-
wave velocity called LLSVPs (for large low shear velocity
provinces) (Dziewonski 1984; Wen et al. 2001; Lekic et al.
2012; Cottaar and Lekic 2016). LLSVPs have sharp edges
that appear to be located below hotspots and seem stable
over hundreds of million years (Torsvik et al. 2008; Gar-
nero et al. 2016).

Current limitations on the resolution of seismic tomog-
raphy methods do not allow discrimination between com-
positional and purely thermal origins for LLSVPs (Masters
et al. 2000; Tackley 2002; Davies et al. 2015; Garnero et al.
2016). If one appeals to the former origin, one must assess
how a compositionally stratified mantle evolves in the pres-
ence of convective motions. One can anticipate that these
motions act to deform the boundaries of chemically distinc-
tive domains and induce mixing. One must, therefore, also
determine which conditions allow the long-term survival of
primordial material at the base of the mantle. Answers to
these questions depend on a host of variables and param-
eters that remain poorly constrained for the Earth’s man-
tle, such as the intrinsic density and heat production dif-
ferences between the basal material and the mantle above.
An alternative strategy is to focus on the shapes of LLSVPs
and on their apparent lack of mobility for hundreds of mil-
lion years. So far, this problem has been tackled mainly by
numerical calculations (Tackley 2002; Nakagawa and Tack-
ley 2014; Deschamps and Tackley 2008, 2009). These cal-
culations, however, suffer from limitations on the accuracy
of mixing processes, especially in 3-D (van Keken et al.
1997; Davies et al. 2007; Leng and Zhong 2011). Mixing
phenomena can be studied in the laboratory but, so far, all
studies have been carried out in a Rayleigh—Bénard con-
figuration with no internal heating (Davaille 1999; Gonner-
mann et al. 2002; Jellinek and Manga 2002; Le Bars and
Davaille 2002). This has motivated us to develop a flexible
experimental method allowing the tracking of deformation
and mixing in heterogeneous convective systems driven by
internal heat sources.

Very few laboratory experiments of internally heated
convection are available owing to difficulties in controlling
the distribution of heat sources in a large volume. Previous
studies have been focussed mostly on the planform of con-
vection in ionized aqueous solutions (Tritton and Zarraga
1967; Schwiderski and Schwab 1971; Kulacki and Gold-
stein 1972; Kulacki and Nagle 1975; Tasaka et al. 2005;
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Takahashi et al. 2010). Limare et al. (2015) used a new
experimental apparatus based on microwave (MW) absorp-
tion and explored a wide range of dynamical regimes in
highly viscous fluids. We have improved this setup to deal
with a stratified system involving two fluids with differ-
ent intrinsic densities and heat production rates. The main
challenge was to track both composition and temperature.
Common techniques rely on fluorescent tracers for com-
position and thermocouples or thermochromic liquid crys-
tals for temperature (Limare et al. 2015), but they are not
appropriate for our microwave setup. One cannot introduce
metal compounds in a MW oven, which rules out thermo-
couples. In addition, thermochromic liquid crystals do not
allow the accurate visualization of isotherms in the pres-
ence of fluorescent tracers. We have, therefore, developed a
laser-induced fluorescence (LIF) technique to monitor tem-
perature and composition simultaneously. LIF has already
been used successfully in a few experimental studies
(Bruchhausen et al. 2005; Funatani et al. 2004; Sakakibara
and Adrian 1999; Hishida and Sakakibara 2000; Sakak-
ibara and Adrian 2004).

This paper is divided into three main parts. Section 2
deals with details of our experimental setup. Section 3
describes our methods to monitor temperature and com-
position in a fluid. A final part is devoted to one particular
experiment on convection driven by internal heating in an
initially layered system (Sects. 4, 5).

2 Experimental setup

Photographs of the experimental setup are shown in Fig. 1.
A highly modified microwave oven is fixed to an optical
table to guarantee the stability of the optical paths. A power
generator driven by an embedded control system and a spe-
cifically designed MW radiation waveguide lead to a stable
and homogeneous source of radiation in the working fluids
(Surducan et al. 2014).

The 30 x 30 cm? wide and 5 cm high tank is made of
30 mm thick poly(methyl-methacrylate) walls that allow
good thermal insulation and are transparent to visible light
and MW radiation. The bottom and side boundaries are
rigid and can be considered as adiabatic, whereas the top
boundary is rigid and isothermal; its temperature is set by
an aluminum heat exchanger where thermostated water is
circulated. We took special care to achieve a constant and
uniform temperature at the upper boundary. A type-K ther-
mocouple records the temperature inside the top aluminum
plate every 5 s. Following a short transient initial phase, this
temperature varies by less than 0.1 °C in both space and
time, which is a very small fraction of the overall tempera-
ture difference across the fluid layers (typically 20-35 °C).
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Fig. 1 Photographs of the experimental apparatus: a front view, b
side view

Experimental fluids are transparent aqueous solutions
of hydroxyethyl cellulose (also called Natrosol) whose
viscosities vary within a large range depending on con-
centration. We measured their physical properties in the
laboratory as a function of temperature (examples are
given in Sect. 4). Viscosity is measured with a Thermo
Scientific Haake rheometer RS600, and the equation of
state is determined with a DMA 5000 Anton Paar densim-
eter (Limare et al. 2013). Thermal diffusivity is measured
by the photopyroelectric method (Dadarlat and Neamtu
2009).

MW attenuation in the experimental fluids depends
on dielectric properties that are measured using an Agi-
lent N5230A vector network analyzer and an 85070E
performance dielectric probe kit (Surducan et al. 2012).
It is worth noting that, at the oven magnetron operating
frequency (2.47 GHz) and at a temperature of 23 °C, the
dielectric properties of Natrosol solutions (with concentra-
tions of up to 1 wt%) and distilled water are almost identi-
cal. Adding sodium chloride salt to these solutions acts to
increase both density and MW absorption. We were thus
able to achieve a stratified system with perfectly miscible
fluids. Viscosities of our experimental fluids were large
enough for inertia to be negligible, matching conditions

in the Earth’s mantle (Davaille and Limare 2015). These
solutions are coloured with fluorescent dyes in order to
measure temperature via ratiometric LIF (see Sect. 3.1).
Using different dye concentrations in the two experimen-
tal fluids, we are able to track their interface. A Nd:Yag
laser (lex = 532 nm) coupled via an optical fiber to a 2-D
beam expander is mounted on a microprocessor-controlled
scanning device that sweeps through half of the tank in the
y-direction with submillimetric accuracy. The emitted light
is divided by a beam splitter and registered by two (CCD)
E-lite cameras (1.4 Mpixels, 17 Hz) from LaVision with
a resolution of 5 pixels per millimeter. Correspondence
of their images is achieved by careful calibration and ste-
reo matching algorithms from LaVision. Each camera is
equipped with different colour filters (see Sect. 3.3). A MW
filter was specially designed in order to protect the cam-
eras’ high sensitivity CCD sensor as well as the operator
from MW radiation (Surducan and Surducan 2014). MW
leakage from the oven was continuously monitored with a
spectrum analyzer Spectran HF 4060 from Aaronia Corp.

Inside the oven, the microwaves propagate in a down—
up/up—down manner. The incidence surface is located at
the bottom of the tank (Fig. 1a). Therefore, the microwaves
are first absorbed by the lower layer and then by the upper
layer. The transmitted part is then reflected by the metallic
heat exchanger and propagates back into the top and bot-
tom layer, respectively. After such a round trip through the
two working fluids, less than 0.25% of the incident radia-
tion is sent back to the MW guide.

Each experiment followed the same protocol. The
tank was first completely filled with the lighter fluid and
air bubbles were carefully eliminated. The tank was then
placed into the oven to make reference images at a series
of fixed locations in the y direction. Next, a known volume
of denser fluid was injected at the base of the tank forcing
the excess lighter fluid out. The dense fluid was allowed to
spread across the whole lower boundary before new refer-
ence images were taken at the same y locations as before
and at room temperature. Thermostated water at room tem-
perature was then allowed to flow through the top alumin-
ium plate and the oven was turned on at a prescribed power.
Images were taken on both cameras simultaneously as the
tank was scanned repeatedly.

3 Optical assembly and fluorescent dyes

The optical system, which is an important part of the exper-
iment, is shown schematically in Fig. 2 and described fur-
ther in this section. We first explain the principles of ratio-
metric LIF before going into the detailed properties of the
fluorescent dyes and the colour filters.
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Fig. 2 Experimental and optical setup. Dyes concentrations are three
times higher in the lower fluid than in the upper one. Two CCD cam-
eras record the fluorescence intensity of dye tracers in two different

3.1 Brief review of two-colour laser-induced
fluorescence

Fluorescence intensity, Iy, is related to temperature as fol-
lows (Lemoine et al. 1999):

If = KopthpechIOCé'ﬂf/T, €))]

where Kop is an optical constant, Kgpec is another constant
which depends only on the spectroscopic properties of the
fluorescent tracer, V. is the fluorescence collection volume,
Iy is the laser excitation intensity, C stands for the molecular
tracer concentration, 7' is temperature and By characterizes
the temperature dependence of the dye tracer. Determining
temperature from a single dye and single colour technique
is associated with several difficulties. The main one, which
is of special relevance to the present study, is that the dye
response does not depend on temperature only and varies
with the laser intensity, Iy, which may change with time due
to changing conditions in the laboratory or due to the devel-
opment of instabilities within the tank. This difficulty can
be overcome with two dyes having different fluorescence
responses (Sakakibara and Adrian 1999, 2004; Hishida and
Sakakibara 2000; Bruchhausen et al. 2005). The fluores-
cence signals of the two dyes lie in two different spectral
bands and can be measured simultaneously. Following equa-
tion (1), the ratio between the two intensities I, and Iy, is:

1 Kont1 K, C1 B=p2
Rf(T) _ fi _ optl Dspecl —lelT
Ifz KoptZ Kspec2 0)

’ 2
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Scanning device
MW antenna

spectral bands that are isolated from the full spectrum by two dif-
ferent sets of colour filters (see Table 1 for filters characteristics and
Table 2 for variables definition)

where the various constants have been labelled 1 and 2
depending on the dye. The exponential prefactor in this
equation is constant for a given combination of dye trac-
ers, fluids, detection system, excitation wavelength and
spectral bands. One further simplification is to use a refer-
ence measurement at a known temperature, 7, such that:

Rf(T) _ l _ i
“(Rf(To)) _ﬂ<T To>' 3)

Parameter 8 (= 81 — B2) is determined with a careful cali-
bration procedure (see Sect. 3.4).

3.2 Colour dyes and temperature sensitivity

Sutton et al. (2008) have shown that an enhanced sensitivity
to temperature can be obtained with an appropriate pair of
fluorescent dyes that are positively and negatively sensitive to
temperature (intensity increasing or decreasing with increas-
ing temperature), respectively. Another requirement is that
the two intensity peaks must be in two well-separated wave-
length bands so that each one can be filtered out with no loss
of the other one. In that respect, fluorescein 27 (FL) and pyri-
dine 1 (LDS) are suitable candidates. Originally in the form
of tiny crystals or needles powders, both dyes are first dis-
solved within isopropanol to ensure good solubility. We then
add such a small amount of these dilutions to the working flu-
ids that their rheological properties remain unchanged. The
fluorescent intensities of these dyes both vary significantly
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Fig. 3 Variation of fluorescence intensity with temperature as a func-
tion of wavelength for different solutions. a FL in a Natrosol solution
(0.3 wt%) with a concentration of 10~> mol L~". b LDS in a Natrosol
(0.3 wt%) solution with a concentration of 10~* mol L~1. ¢ Mixture
of FL and LDS in a Natrosol sample (0.3 wt%) with concentrations
of 1.5 x 1079 mol L' and 1.5 x 107> mol L™, respectively. All val-
ues are scaled to the maximum value taken by the fluorescence inten-
sity at the lowest temperature

with temperature. The FL signal increases with increasing
temperature with a peak value close to the laser excitation
wavelength, as shown in Fig. 3a for a Natrosol mixture. In
contrast, the LDS signal decreases with temperature with
a maximum peak close to 660 nm for the same Natrosol
mixture (Fig. 3b). The LDS signal is much lower than the
FL one and a higher concentration of LDS is required to
detect the two signals with the same accuracy. Figure 3c
shows the fluorescence intensity signal in a solution with
Crr. = 1.5 x 107 ®mol L~ !and Cy pg = 1.5 x 10> mol L1
The addition of the two emissions leads to an increase of flu-
orescence intensity with temperature at wavelengths shorter
than 600 nm but the two even out at larger wavelengths, such
that the bulk intensity remains nearly constant with tempera-
ture. These results are obtained with a spectrofluorometer
(Fluoromax-4 from Horiba Scientific) on small samples with
typical dimensions of 1 cm. In the tank, the emitted light may
travel through as much as 15 cm distance before reaching the
cameras, and we must, therefore, deal with dye concentra-
tions that are small enough for re-absorption to be negligible.
As shown in Sect. 3.4, a good combination is Cpp, = 1077
mol L~!and Cips = 10~ mol L~ for the lower layer and 3
times less for the upper one.

3.3 Selection of spectral bands and colour filters

Given the fluorescence characteristics of FL and LDS
(Fig. 3c), the best spectral bands are A; = [540:600] nm and
A2 > 620 nm. An important constraint arises from our imag-
ing system: the cameras are equipped with short focal length
wide-angle lenses in order to capture the entire width of the
tank from the short distance imposed by the oven apertures.
This prevents the use of interferometric filters with sharp
cut-off wavelengths because they are highly sensitive to the
incidence angle. The only alternative is to use a combina-
tion of colour filters with smoother transfer functions and
no sensitivity to the incidence angle. A supplementary con-
straint is to filter out the laser excitation wavelength on both
spectral discrimination ranges. As a result, the first spectral
band is isolated using Kodak filter n°21 and Thorlabs filter
FGB18. For the open-ended second spectral band, we rely
on a red filter from Schneider optics. Technical characteris-
tics are listed in Table 1. Transmittance data were measured

Table 1 Colour filter characteristics and brand denomination

Name Brand Characteristics
(at 20% transmission)
K21 Kodak Orange Filter High-pass / > 549 nm
FGB18 Thorlabs Pass band A = [355 — 607] nm
090 MRC  Schneider—Kreuznach  High-pass 4 > 592 nm

@ Springer
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Fig. 4 Variation of the fluorescence intensity with temperature on the
two different spectral bands. The blue spectral band is made of filters
K21, FGB18 and the corresponding CCD camera response whereas
the red spectral band is made of filter Red and the corresponding
CCD camera response. The fluorescence intensity increases with tem-
perature in the blue spectral band and remains nearly constant in the
red one

in the lab on a spectrophotometer (Evolution 600 UV-Vis
from Thermo Fisher Scientific).

Figure 4 shows the predicted emission signal in each
spectral band for a Natrosol solution (0.3 wt%) coloured
with both dyes. It is obtained by convoluting the emission
spectrum shown in Fig. 3c with each filter transfer func-
tion and camera response. One should note the positive
correlation between fluorescence intensity and tempera-
ture on band 1 and the lack of such correlation in band 2.
Following Sutton et al. (2008), the temperature depend-
ence is determined from the ratio of the integrated blue
and red curves in Fig. 4. We obtained a value of 2.7% per
°C over the 20—40 °C temperature range, which is higher
by a factor of three than that of Bruchhausen et al. (2005)
(—0.8% per °C) for Rhodamine B only. It is also higher
than those of Hishida and Sakakibara (2000) (—1.82% per
°C) and Sakakibara and Adrian (1999) (—1.95% per °C),
who used Rhodamine B and Rhodamine 101. Our result
is close to that of Coppeta and Rogers (1998) (2.43%
per °C) for FL alone and slightly less than that of Sutton
et al. (2008) (3.5% per °C) for the same dye. Sutton et al.
(2008) were able to enhance the sensitivity of FL by add-
ing Rhodamine B or Kiton Red and obtained values up
to 7% per °C. Such values are out of our reach because
we cannot use interferometric filters. Our optical condi-
tions are the best we can achieve with the laser, the filters
and the optical pathlengths imposed by the experimental
conditions.
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3.4 Calibration

We calibrated the dyes sensitivities to temperature using the
MW oven. The tank was filled to the two thirds with a low
viscosity solution of Natrosol (0.3 wt%) coloured by FL
(Crr, = 1077 mol L") and LDS (Cips = 107 mol L™
and placed inside the oven. An optical fiber sensor immune
to electromagnetic radiation (PRB-MR1-02M-ST-L from
Osensa) was placed inside the tank to monitor temperature.
Power was turned on at ~150 W with the fluid in direct con-
tact with air at room temperature. In this low viscosity fluid,
convection was vigorous and cooling by the air layer was
not efficient enough to evacuate the heat generated by MW
absorption. As a consequence, the fluid was well mixed and
its temperature increased steadily according to a power law
in time. We divided the fluorescence intensity images taken
in both spectral bands at y = 0.1 m to obtain the intensity
ratio. This ratio was then averaged in the central region
of interest over more than 300,000 measurements points
(images have a resolution of 1400 x 230 pixels) ensuring
good statistical convergence. We repeated the same calibra-
tion procedure for lower dye concentrations (Fig. 5).
Fluorescence values decrease slightly with decreasing
dye concentration. The temperature dependence coefficient
in Eq. 3 (the B value) is determined by a linear fit through
the data. We found that 8 = 2253 £ 20 (magenta dashed
line) for the low concentration fluid and g = 2335 4+ 23

Fig. 5 Calibration of the fluorescence intensity ratio recorded at
y=0.1 m for two different fluids with different tracer concentra-
tions. Composition Cy (black dots) corresponds to a solution with
CrL = 1077 mol L™! and Crps = 107® mol L™!. Composition Cj
(blue dots) corresponds to dye concentrations that are smaller than
the previous ones by a factor of three. The red and magenta dashed
lines are the best linear fits to the data for these two solutions. The
chosen linear fit linking fluorescent intensity to temperature is repre-
sented by the green line
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(red dashed line) for the high concentration one. The uncer-
tainty on 8 comes from the temperature values which are
determined at a single point and which may differ from
volume-averaged values. The slightly different values for
the two solutions may be attributed to the effect of dye
concentration on emission efficiency or to a small amount
of re-absorption of FL by LDS due to the overlap between
the FL emission and LDS absorption spectra. We further
investigate this aspect in Sect. 3.5. When mixing occurs
in a two-layered experiment, it becomes difficult to dif-
ferentiate between the two fluids; hence, we chose to use
the same temperature dependence coefficient for the two
fluids as well as for their mixture. We can make this sim-
plification since the ratio of dyes concentrations, C1/C»,
is the same in both fluids and therefore remains constant
while mixing takes place. Thus, we took the average B
value of 2294 (green line in Fig. 5). One consequence is
that the uncertainty on temperature is increased to 5%, or
typically 1 K in our experiments, which is a small fraction
of the total temperature difference across the tank (~20K).
This is slightly better than the initial setup of Sakakibara
and Adrian (1999), which had an accuracy of +1.4 K, and
slightly worse than their later setup, which achieved a ran-
dom error smaller than 0.17 K with a post-processing con-
volution technique (Sakakibara and Adrian 2004).

The light path from the laser sheet to the cameras
changes significantly as we scan half of the tank from
y=0to y=0.15 m. We therefore took care to evaluate
variations of the f coefficient as a function of path length
by measuring the fluorescence ratio at different y-locations
in the most concentrated solution. We found that the fluo-
rescence intensity changes by less than 2%, leading to an
uncertainty in the 8 value that is within the above range.

3.5 Spectral conflicts and quenching assessments

The use of two dyes within the working fluids in the scope
of dual LIF may lead to different kinds of spectral conflicts
as detailed in Coppeta and Rogers (1998). In our case, the
FL and LDS emission spectra overlap (type I conflict) as
seen in Fig. 4. One visible consequence is the absence of
sensitivity to temperature in the red spectral band despite
the fact that LDS intensity is negatively correlated with
temperature. This leads to an overall loss of temperature
sensitivity. But since we calibrated the fluorescent dyes
in the same conditions as the convection experiment, this
effect is taken care of in the derived relationship between
fluorescent intensity and temperature. Another difficulty
arises from the overlap of LDS absorption and FL emis-
sion spectra. Since LDS absorption does not vary signifi-
cantly with temperature (Coppeta and Rogers 1998), this
qualifies as a type II spectral conflict. It can lead to re-
absorption of FL emission by LDS which could be source

Transmission

no dye
—— LDS+FL, pathlength=30cm

0.9

L L L L L
550 600 650 700 750 800

T T T T T
(b) blue spectral band, no dye
| — blue spectral band, both dyes |
08 — red spectral band, no dye
— red spectral band, both dyes
8 06F ~
o
0
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E
& oaf 1
)
=
0.2F q
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Wavelength (nm)

Fig. 6 a Transmission spectra for a Natrosol solution with no dye
(light grey line), and a Natrosol solution dyed with both FL. and LDS
with concentrations equivalent to a 30 cm light path (black line). b
Transmission spectra on each camera for the same two solutions
(cyan and blue lines for the blue spectral band, magenta and red lines
for the red spectral band). Signal only differs by 2.1% on the blue
spectral band

of errors in temperature measurements especially when
the fluorescence pathlengths are large. In order to assess
how this phenomenon eventually impacts our method, we
have measured the absorption spectrum of our experimen-
tal fluid with a spectrophotometer using a working cell of
1 cm pathlength. To achieve the same light path as that
through the experimental tank (30 cm), the Natrosol solu-
tion sample contained both dyes with a total concentration
30 times larger than the largest concentration used in the
experiments. The resulting transmission spectrum is shown
in Fig. 6a along with the spectrum of a Natrosol solution
containing no dye for comparison. The lowest transmission
(92%) takes place at the lower end of the spectrum where
the LDS absorption is the highest. We calculated the total
light received by each camera from the convolution of the
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transmission data with the colour filters and the cameras
responses. In our spectral discrimination range, the fil-
ters cut drastically the transmitted light as can be seen in
Fig. 6b. Only the light received by the camera in the blue
spectral band is slightly affected and the difference with
respect to the spectrum of a pure Natrosol solution with
no dye is only 2.1%. This small difference means that the
absorption does not depend significantly on pathlength
which is mainly due to the low concentrations in LDS
and FL used in our experiment. It compares well with the
uncertainty observed when we varied the laser sheet posi-
tion in the tank during the calibration. This error contrib-
utes to the 5% error found in Sect. 3.4. Another potential
source of errors due to the overlap of LDS absorption and
FL emission spectra is the Forster resonant energy trans-
fer (FRET). But a comparison of emission spectra for solu-
tions only dyed with FL and solutions dyed with both LDS
and FL showed no decrease of FL emission intensity when
LDS was added. Additionally, FRET occurs if the distance
between the two types of dye molecules are within a range
of 1072 to 10~® m (Andrews 1989). Given the FL and LDS
concentrations used in this study, the average molecular
distance is about 10~7 m, at least ten times larger than the
Forster critical distance. The effect of FRET is therefore
expected to be negligible. In any case, the calibration pro-
cedure was carried out in exactly the same conditions as the
convection experiments, so that any potential FRET, if it
did exist, was taken into account. Finally, we assessed the
effect of salt (NaCl), since the presence of Cl ions could
potentially favor fluorescence quenching (Geddes 2001),
but its influence was found to be insignificant on fluores-
cence intensity. The effect of self-quenching should also
be negligible since it occurs at concentrations about 10~2
mol L~! (Lépez Arbeloa et al. 1989) much larger than the
concentrations used in our experiment.

3.6 Chemical and velocity fields

During an experiment, we are also interested in keep-
ing track of the interfaces separating the two fluids and in
evaluating the amount of mixing that occurs. This is made
possible by the different dye concentrations of the two flu-
ids. When the tank is first fully filled with the upper fluid,
reference images are made to record the fluorescence inten-
sity in the two spectral bands. During the experiment, the
chemical field is then defined as the ratio between images
in the “red” spectral band (1 > 620 nm) and the uniform
upper fluid reference image in the same spectral band at the
same y location. Since the fluorescence intensity does not
vary with temperature in the “red” spectral band, this ratio
provides us with a good proxy for the fluid composition.
The velocity field is determined by particle image
velocimetry (PIV) using the DaVis package from LaVision.
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In our Natrosol aqueous solutions, the LDS dye adsorbs on
the hydroxyethyl cellulose polymer grains, which provides
us with passive tracers. What was initially thought to be a
drawback from LDS dye, thus, turned out to be an advan-
tage. Without this effect, the only alternatives would be to
remove the filter K21 momentarily to take pictures with the
direct laser scattered light or to add glass spheres filled with
a fluorescent dye in the fluids, which would both represent
additional complications.

4 Convection in a two-layer system

Convection in internally heated fluids is governed by two
dimensionless numbers, the Prandtl number and the Ray-
leigh—Roberts number. The Prandtl number represents the
ratio of momentum diffusivity over heat diffusivity and is
defined by:
Ui

Pr = o’ )
where 7 is dynamic viscosity, p is density, and « is thermal
diffusivity. When Pr > 1, inertial effects are negligible
compared to viscous ones. This is the case for Earth’s man-
tle, where Pr > 10?3 as well as in our experiments where
Pr > 300. The Rayleigh—Roberts number that controls the
vigor of convection, is:

_ pgaHW

Ra
" kkn

, ®)
where g is the gravitational acceleration, « is thermal expan-
sivity, H is the volumetric heat production, 4 is the layer
thickness and k is thermal conductivity (Roberts 1967).

The behaviour of a stratified mantle involving two layers
with different internal heating rates and densities depends
on several dimensionless numbers. Davaille (1999), Le
Bars and Davaille (2002) and Davaille et al. (2002) have
introduced the buoyancy number, B:

B — P1 — P2
P1aAT’ (6)

where p; and p, are the lower and upper layers densities
respectively, and AT is the temperature difference driv-
ing convection. Depending on the B value, Le Bars and
Davaille (2002) and Davaille et al. (2002) have identified
three different regimes in a Rayleigh-Bénard configuration.
For B > 1, the “stratified” regime sees the development of
convection in both layers or in only one of them depending
on values of the Rayleigh number in each layer while the
interface remains flat. Long-lived thermochemical plumes
are generated in this regime. In the “whole layer” regime
corresponding to B < 0.3 — 0.5, the interface separating
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the two fluid layers is not stable and gets disrupted by
convective motions that develop over the whole depth.
For intermediate values of B, the “dynamic topography”
regime is such that the interface remains stable in time but
is deformed by upwellings and downwellings that develop
in the two fluids (Le Bars and Davaille 2004a, b).
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circles) fluid properties with temperature. a Density. b Attenuation. ¢
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4.1 Fluid properties and dimensionless numbers

We manufactured two different fluids and measured their
physical properties in the laboratory. The upper fluid is a
0.6 wt% Natrosol mixture, whereas the lower one is a 0.7
wt% Natrosol mixture with an addition of 0.6 wt% salt.
Salt increases both density (Fig. 7a) and microwave absorp-
tion (Fig. 7b).

Figure 7c shows that the lower fluid is slightly more vis-
cous than the upper one due to its higher Natrosol concen-
tration. Referring to the lower and upper fluids by indices
1 and 2 respectively, the main control parameters of the
experiment are the heat production rate ratio H; /H> = 8.8,
the viscosity ratio 11/n2 = 1.9 and the density contrast
(p1 — p2)/p1 = 0.48%. The buoyancy number, defined in
Eq. 6, is calculated with the maximum temperature dif-
ference achieved during the experiment, ATp,x = 21°
C, such that B = 0.74. The Rayleigh—Roberts numbers
for the lower and upper fluids are Ray, = 861.4 and
Rap, = 2.6 x 10%, respectively, and the Prandtl numbers
are large enough to ensure that inertial effects are negligi-
ble. Dye concentrations are three times higher in the lower
fluid than in the upper one. Fluid properties and dimension-
less numbers are reported in Table 2 for clarity.

We first filled the tank with the upper fluid and placed
it inside the oven to make reference images at room tem-
perature and different y-locations. Then we injected the

Table 2 Dimensionless numbers and physical properties of the
experimental fluids

Physical properties Lower fluid Upper fluid

Density (kg m—3) 1004.5 999.8
Viscosity (Pa s) 2.16 1.16

Thickness (m) 0.017 0.033

Heat production rate (W m™) 3.75 x 10* 425 x 10°
Expansivity (K~ 3.0 x 10~ 2.8 x 1074
Thermal Conductivity (W m~ 'K~ 0.6 0.6
Thermal Diffusivity (m? s~} 1.41 x 1077 1.41 x 1077
Prandtl number (Pr) 1.5 x 10* 8.2 x 103
LDS concentration (mol L™1) 10=6 3.3 x 1077
FL concentration (mol L") 1077 33 %1078
Dimensionless numbers Experiment
Viscosity ratio (y) 1.9

Buoyancy number (B) 0.74

Heat production ratio (H/H>) 8.8

Thickness ratio (h1/h) 0.52

Lower Rayleigh number (Rag,) 861.4

Upper Rayleigh number (Raz,) 2.6 x 10*

Values are given at a temperature of 22 °C

@ Springer
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Fig. 8 Time evolution of the
chemical and velocity fields
at y = 0.04 m. Colorscale for
composition goes from blue
(upper fluid) to light orange
(lower fluid), with green 0 g
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denser lower fluid and let it spread at the base of the tank.
The thickness of the lower layer was 1.7 cm leading to
hi/hy = 0.52. Power was turned on at 70 W and kept for
90 min.

4.2 Convection dynamics

Figure 8 shows the evolution of composition with time
as well as the velocity field in a vertical cross section at a
distance of 0.04 m from the side-wall. Convection devel-
ops first in the upper layer, as may be expected from the
large value of the Rayleigh—Roberts number, at about 1.3
min. The lower layer starts to deform at = 20 min, with
two large domes that grow at x = 0.10 m and x = 0.28 m.
At the same time, three downwellings are visible in the
upper layer in x = 0.05, 0.14 and 0.23 m. At ¢t = 40 min,
the lower layer domes continue to grow and the distribu-
tion of dye concentration reveals an internal fluid circu-
lation showing up as two vortices in this vertical cross
section. Green wisps in the upper fluid show that parts

@ Springer

01 015 0.2
Horizontal distance, x (m)

Mixing Lower Fluid

of the lower fluid get sheared out off the domes and mix
with the upper fluid. This phenomenon is most active at
the lateral edges of the domes. On this 2-D section (at
y = 0.04 m), the large-scale flow structure is illustrated
very well by the velocity field, which is oriented upwards
or downwards over large horizontal distances. The lower
layer has been disrupted very significantly at + = 70 min
and has been almost completely thinned out in some
areas at t = 90 min. One observes a number of irregu-
lar regions of lower fluid that protrude into the upper
one and change shape as they grow taller. Some of them
eventually fold and fall back on themselves, encapsulat-
ing upper fluid as they collapse. This is an efficient mix-
ing mechanism able to process significant volumes of
upper fluid but it is only active intermittently. In compari-
son, shearing of lower fluid at the edge of the protrusions
occurs continuously.

Globally, the lower fluid exhibits a form of up and down
motion that is reminiscent of the oscillatory regime of two-
layer Rayleigh-Bénard convection. One large difference,
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however, is that, due to their higher heat generation rate, the
protrusions of lower fluid are more stable because they are
able to remain hotter than the surrounding fluid for longer.
Such stability is also responsible for their dramatic changes
of shape. Tall protrusions supply heat to the encasing upper
fluid, thereby driving edge upwellings that stretch them fur-
ther. At the end of the sequence, one is left with a number
of “piles” with a range of shapes at the base of the tank.
Some thin regions of lower fluid have been stretched in
the vertical direction and have reached the top of the tank
despite their large intrinsic density.

Due to the large light intensity contrast between the two
fluids, we were able to track the interface that separates
them and to reconstruct the lower layer morphology in 3D.
For computational reasons, we decreased the spatial resolu-
tion down to one pixel per millimeter in the zone of inter-
est. Figure 9 shows the morphology of the lower layer at
three different times together with the mean vertical veloci-
ties above and below its highly contorted upper boundary.
The interface deformation is due to motions in both the
upper and lower fluids and it may be somewhat artificial to
distinguish between the two contributions. It is important,
however, to elucidate the main control on the scale of defor-
mation. At ¢ = 35 min (Fig. 9a), several domes grow from
the lower layer whilst upper fluid from the large downwell-
ings that developed first spreads out, displacing lower fluid
laterally, as shown at # = 55 min in Fig. 9b. The domes
are arranged in two quasi parallel ridges made of several

(a) t = 35 min

-

Al /

individuals, whereas these ridges are separated by a dis-
tance that is much larger than that of the domes. This pat-
tern can be understood as the superposition of two patterns
at different scales: the large-scale pattern is determined by
the upper layer (the distance between the two ridges), while
the smaller scale pattern is instead determined by the lower
layer (the distance between neighbouring domes). As the
domes grow taller, they heat up the surrounding upper fluid
at their edges, generating local upwellings that drive a cel-
lular pattern at a smaller scale than that of the large initial
downwellings.

This experiment can be classified as being in the
regime called “hybrid” by Davaille (1999) because it is
characterized by oscillatory doming and a long-lived layer
of lower fluid at the base of the tank. This is consistent
with the “intermediate” value of the buoyancy number
(B =0.74).

4.3 Mixing and changes of thermal structure

We are able to track the interface that separates the two
fluids and hence to determine the volume of the lower
layer as time progresses. When mixing occurs, and parts
of the lower fluid get entrained into the upper one, the
fluorescence intensity decreases (from yellow to green
in Fig. 8) and becomes lower than the threshold value
that separates the two fluids. Knowing the volume of
one pixel (1 mm?®), we simply count the number of pixels

Vertical velocity, v, (m s™1)

Fig. 9 Reconstructed lower layer topography (brown structures in
middle panels) and maps of the averaged vertical velocity above (top
panels) and below (bottom panels) the interface between the two flu-
ids. Data are shown at three different times: a t = 35 min, b r = 55

min, ¢ ¢t = 85 min. In middle panels, grey shaded areas are the very
base of the tank. The main upwellings in the upper layer are concen-
trated at the edges of uplifted regions in the lower layer
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Fig. 10 Evolution in time of the lower layer volume scaled by its ini-
tial value V. Dashed line is the best linear fit corresponding to Eq. 7
with C; = 0.23

with a light intensity greater than the threshold value.
With only a threshold intensity value, it is not possible
to locate the interface with precision everywhere but
we estimate that the maximum systematic error is one
pixel (i.e., I mm). The evolution of the lower layer vol-
ume is shown in Fig. 10. The lower fluid is progressively
eroded by convective currents in the upper layer leading
to a 35% decrease of its initial volume over the course
of the experiment. A straight line allows a reasonable fit
to the data, indicating a roughly constant rate of mixing
equal to & 0.1 cm? s~L. Departures from the straight line
are not random, however, and can be correlated with the
amplitude of the interface deformation. The largest rates
of mixing are achieved when interface deformation is
maximum.

Davaille et al. (2002) showed that, in the case of thin
lower layers (h1/hy < 0.2), the rate of mixing across the
interface, Q,,, can be deduced from a balance between
buoyancy and viscous forces, such that:

On = CikLB;*Ra}/

P 14+y/B’
A
where B = —- (7)
pal
aghL?
and Ra, = s
KV

where C; is an experimental constant, 6 is the tempera-
ture anomaly associated with thermochemical plumes
and L is the lateral distance between them. In our case,
entrainment occurs mainly at the edges of protrusions and
piles, where upwellings of upper fluid shear thin wisps
of lower fluid out. The distance L is therefore the spacing
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separating downwellings in the upper layer. When convec-
tion is fully developed, we can count between 5 and 6 such
downwellings (see Fig. 9b, c), implying that L =~ 0.10 m.
From the observed temperature anomaly inside a protru-
sion (Fig. 11), we take 6 = 19 °C. Inserting these values
together with the parameters in Table 2 in Eq. 7, we deduce
that C; = 0.23 from the data of Fig. 10. This value com-
pares well with the results of Gonnermann et al. (2002)
(C1 = 0.2) and Davaille et al. (2002) (C; = 0.61), two inde-
pendent experimental studies that investigated entrainment
in a two-layered convective system heated from below.

Figure 11 shows how the temperature field evolves with
time in a vertical cross section located at y = 0.04 m. The
impact of a larger internal heat production in the lower
fluid is clearly visible. At + = 20 min, the lower layer is on
the whole warmer than the upper layer and the interior of
protrusions is 14 °C hotter than the surrounding lower fluid.
The temperature profile at t+ = 40 min records the effect
of the smaller plumes that are visible at x = 0.12, 0.2 and
0.25 m. As the convection vigor increases, such small-scale
features are less prominent. When convection in the upper
layer dominates the flow structure, i.e., at + = 70 min, the
upper thermal boundary layer becomes visible in dark blue
in the temperature signal. At t = 90 min, the warmest parts
of the tank are in the piles at the base.

With our scanning procedure, we are able to average
temperatures in both horizontal directions. Figure 12 shows
the resulting vertical profiles during our experiment. Uncer-
tainties in temperature values are largest at the top and bot-
tom of the tank due to laser reflections on the horizontal
bounding plates. The system clearly evolves from a well-
separated two-layered system with a lower layer 9 °C hot-
ter than the upper one, to an apparently single layer where
temperature increases with depth in monotonous fashion.
Temperature profiles at later times are characterized by a
single well-developed thermal boundary layer at the top
overlying an interior region with an almost constant tem-
perature gradient. The vertical temperature gradient is very
small at the base of the tank, as appropriate for an adiaba-
tic lower boundary (the situation at early times is discussed
below). An important result is that, below the boundary
layer at the top, the fluid interior is not at a uniform temper-
ature, in marked contrast with the structure of a homogene-
ous internally heated fluid. The lack of a marked transition
in the interior temperature profile is due to the stretching of
lower fluid parcels into the upper fluid, such that the frac-
tion of lower fluid in a horizontal cross section decreases
gradually with increasing height above the base.

At early times, the vertical temperature gradient at the
base of the tank is not zero (Fig. 12), due to the thermal
inertia of the lower plate, which lags behind the interior
fluid. This leads to a very thin layer that is stably stratified
thermally and whose thickness is decreasing with time.
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Fig. 11 Time evolution of

the temperature distribution at
y = 0.04 m. The grainy texture
of the images is due to LDS
adsorption on Natrosol grains.
Small-scale convection occurs 0
at the interface at = 40 min.
The largest temperatures are
reached in the piles of lower
fluid at the base of the tank
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Fig. 12 Averaged vertical temperature profiles at different times dur-
ing the experiment. Colours indicate time evolution from dark blue
to dark red. The two-layered system is well defined in temperature at
¢t = 20 min with a bottom layer warmer than the top layer. It clearly
evolves towards a one-layer vertical temperature profile as piles form
and the two fluids are being mixed by convective process
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This layer cannot generate convective motions and is not
expected to affect the dynamics significantly.

5 Discussion: coherent structures at the base
of the convecting layer

We have shown results for only one experiment, but it is
worth discussing the structures that develop out of the
basal layer. Figure 13 summarizes the different coher-
ent structures that have been observed at different loca-
tions and at different times. Protrusions of lower fluid
into the upper fluid take various forms, including rounded
domes (Fig. 13a), broad plumes (Fig. 13b), or flat domes
(Fig. 13c). Rounded domes are a well-known feature of
oscillatory convection (Le Bars and Davaille 2004b) and
can take “mexican hat” shapes as they collapse on them-
selves (Fig. 13d). Morphologies evolve into ridge-like
linear structures (Fig. 13e) and pointed cones (Fig. 13f).
Excepting large rounded domes that can only deform over
very long time intervals, most structures are modified
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Fig. 13 Catalogue of morphologies taken by the lower layer. a
Rounded dome (y = 0 m, # = 70 min). b Broad plume (y = 0.01 m,
t = 90 min). ¢ Flat dome (y = 0.05 m, t = 80 min). d “mexican hat”

relatively rapidly by the vigorous motions of the upper
fluid. These structures do not move around rapidly, how-
ever, and remain at approximately the same locations as
they get stretched and folded, as illustrated clearly by
Fig. 9. For application to the Earth’s mantle, the relevant
time spans must be properly scaled, which is outside the
scope of the present paper. We note, however, that these
structures survive through a large number of upper bound-
ary layer instabilities and throughout the whole transient
heating phase that leads to convection in a steady-state.

The relevance of the present work can be assessed by com-
paring our findings to those of earlier two-layer convection
studies and to the LLSVP structures that have been detected
at the core-mantle boundary. Flat domes, ridge-like elongated
piles and pointed cones have all been observed in numerical
simulations (Tackley 2002; McNamara and Zhong 2005; Tan
and Gurnis 2005; Li et al. 2014) and laboratory experiments
(Jellinek and Manga 2002; Gonnermann et al. 2002) involv-
ing systems with a strong degree of compositional stratifica-
tion. The asymmetrical deformed conical structure shown in
Fig. 13g with an overhanging boundary on one side is very
close to the LLSVP that lies below the East African Rift (Cot-
taar and Lekic 2016). In our experiments, the strongest and
most focussed upwellings are generated at the edges of tall
piles, which could explain why hot-spot volcanoes seem to
originate from the periphery of the broad LLSVPs detected
by seismic tomography (French and Romanowicz 2015).

6 Conclusion
We have designed a new experimental protocol to study

convection driven by internal heat sources in heterogene-
ous fluid layers. Ratiometric laser-induced fluorescence is
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dome (y = 0.04 m, t = 60 min). e Ridge-like pile (y = 0.13m, t = 80
min). f Pointed cones (y = 0.14 m, ¢ = 85 min). g Overhanging cone
(y = 0.08 m, t = 80 min)

used to determine temperature in the fluid interior within
a 5% accuracy. Local values of composition and veloc-
ity are also determined. This protocol was tested success-
fully in an experiment aimed at understanding the stabil-
ity and longevity of a compositionally dense layer that is
enriched in radioactive elements at the base of a larger
system, which is relevant to the Earth’s mantle. We have
shown that, in a such convecting system, the lower fluid,
which is hotter but compositionally denser than the upper
one, interacts dynamically with the overlying fluid. In par-
ticular, the interface between the two fluids gets deformed
by large amounts due to both hot upwellings in the lower
layer and cold downwellings in the upper layer. This inter-
action eventually leads to the formation of relatively stable
piles with a great variety of shapes, which are reminiscent
of structures that have been imaged by seismic tomogra-
phy above the core—mantle boundary. Mixing between the
two fluids leads to a steadily decreasing amount of lower
fluid in the system and to an upper material that is a mix-
ture of the two original fluids. A key result is the relation-
ship between the intensity of mixing and the amplitude
of deformation in the lower layer. One factor is obviously
the enhanced contact area that is achieved by the deforma-
tion but an equally important one is the vigour of the local
upwellings that are generated at the edges of tall piles. One
consequence of mixing, of course, is that the amount of dis-
tinctive lower mantle material that now exists in the Earth
may be a small fraction of the initial one. In these condi-
tions, the current convection regime and deep structure of
the Earth’s mantle and the location and number of hotspots
must be understood as resulting from four billions of years
of evolution of a heterogeneous reservoir. Our experimental
method is particularly well-suited to the analysis of such a
system.
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