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ABSTRACT

PERSISTENCE OF METAL SEDIMENTS AT THE CORE-MANTLE BOUNDARY
AND IMPLICATIONS FOR THE SEISMIC ULTRA-LOW VELOCITY ZONE
By
Christopher Martinez
Master of Science in Geology, Geophysics
The discovery of Ultra Low Velocity Zone’s (ULVZ), at the core-mantle boundary
(CMB), reveal a sharper velocity contrast observed across any boundary layer in the
Earth’s interior except the outer core. Modern lavas in Baffin Island and several ocean
island basalts (OIB), exhibiting the highest 3He/4He ratios ever observed and primordial
lead isotope ages are linked to plumes rising from the ULVZ. The composition and method
responsible for the creation of these ULVZ’s remain unexplained. This shear velocity
reduction of 30 % is too large to be caused by molten silicate magma and too small to be
caused by molten iron at the CMB. Here I propose that the ULVZ at the Earth’s CMB is
formed by residual heavy metal sediments formed during meteorite impacts and delivered
to the core by iron descent during planetary accretion. I present laboratory experiments that
show metal flakes are created rapidly by viscous shearing and oxidation of liquid gallium
with glucose solutions. Metal flakes resting at the interface between two convecting fluid
layers of glucose and liquid metal are shown to survive indefinitely in the presence of
vigorous convective circulation scaled to solid state convection dynamics in the Earth. I
propose that iron metal sediments may form during turbulent agitation in a magma ocean
during meteorite impacts and are carried to the CMB within descending metal-silicate
diapirs. Experimental results presented here indicate these iron metal sediments will
survive indefinitely at the CMB and may be observed today beneath convecting mantle
viii

plumes. Density differences between metal flakes and liquid metal suggested in our
experiments and extrapolated to the Earth suggest that a layer of iron metal sediments
would produce seismic velocity reductions smaller than molten iron, but larger than silicate
magma, consistent with velocities observed in the ULVZ. These primordial metal
sediments have been shown to be intermixed with primordial silicate magmas transported
to the core that may feed mantle convective plumes to produce primordial geochemical
signatures observed in ocean island basalts (OIB’s), Greenland, and other locations above
large mantle plumes today.
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Chapter 1
Introduction

1.1 Motivation
The discovery of Ultra Low Velocity Zone’s (ULVZ), at the core-mantle boundary
(CMB), reveal a sharper velocity contrast observed across any boundary layer in the
Earth’s interior except the outer core. Modern lavas in Baffin Island, Iceland, and several
ocean island basalts (OIB’s), exhibit the highest 3He/4He ratios ever observed with
primordial lead isotope ages (~ 4.5 Ba) linked to plumes rising from the ULVZ (Jackson
et al., 2010, 2017). The composition and method responsible for the creation of these
ULVZ’s remain unexplained. Seismic studies of the ULVZ (Garnero & Helmberger, 1996)
at the Earth’s core-mantle boundary indicate as much as a 30 % reduction in S wave
velocity – a sharper velocity contrast than observed across any boundary layer in the
Earth’s interior except the outer core. The ULVZ is a very thin layer approximately 5 – 40
km thick and resides near the bottom of the 200 km thick D’’ layer at the core-mantle
boundary. These velocities indicate a narrow range of possible physical properties ruling
out liquid iron (Wicks et al., 2017) and silicate magma (e.g. Buffett et al., 2000) which
would produce either too strong a velocity reduction or too weak, respectively. High
3

He/4He ratios observed in modern lavas indicate the ULVZ may be associated with

primordial material delivered to the surface through mantle plumes known as Large LowShear Velocity Provinces (LLSVP) (Jackson et al., 2010, 2017). Here, I propose a new
model for the creation of the ULVZ, formed by iron metal sediments during the
differentiation of the Earth’s interior. This model can satisfy seismic observations of the
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ULVZ and geochemical observations seen on the surface. I test this new model by
performing laboratory fluid experiments of 2 layer convection of liquid metal gallium and
glucose solutions in the presence of a metal sediment layer. Preliminary experimental
results show that metal sediments can persist indefinitely in the presence of vigorous
convection and may also be responsible for the distinct geochemistry observed in modern
volcanism (Jackson et al., 2010, 2017). A small percentage of metal sediments (less than
2%) are observed to be entrained by convection which may explain the siderophile
abundance problem (e.g. Wood et al., 2006) in the upper mantle.
1.2 Background
The formation and composition of the ULVZ at the core-mantle boundary (CMB)
has puzzled seismologists, geochemists, and geodynamicists since its initial discovery. The
ULVZ was detected by seismic studies sampling the CMB (Mori & Helmberger, 1995;
Garnero & Helmberger, 1996) that indicated as much as a 30 % reduction in shear wave
velocity (Vs) and a 10 % reduction in compressional wave velocities (Vp) (Garnero et al.,
1998). Recent studies indicate this may be even larger having a maximum Vp reduction of
25 % (Brown et al., 2015) and a maximum Vs of 50 % (Idehara, 2011). This extreme
velocity reduction has been attributed to an increase in density up to ~20 % (Reasoner &
Ravenaugh, 2000; Thorne & Garnero, 2004; Idehara, 2011). Several interpretations for the
reduction of seismic velocities have been proposed including: the presence of partial melt
(Williams and Garnero, 1996), silicate sediments that have accumulated at the CMB
(Buffet et al., 2000), iron enriched post-perovskite (Mao et al., 2006), subducted oceanic
crust (Andrault et al., 2014). High pressure petrology experiments show that liquid iron
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produces a velocity reduction of as much as 70% (Wicks et al., 2017) that is too large to
explain this observation at the CMB.
1.3 LLSVP Plumes
The two existing LLSVP’s are identified below the Pacific ocean & the African
continent and are nearly antipodal covering close to 50 % of the CMB (e.g. Garnero &
McNamara, 2008; French et al., 2015) (Figure 1.1). These LLSVP’s are known as broad
chemically heterogeneous plume-like features of lower-than-average velocity present from
the core-mantle boundary up to approximately 1,000 km beneath the surface (French &
Romanowicz, 2015). The LLSVP’s are
hypothesized

to

be

anchored

to

thermochemical piles of dense material
formed during the differentiation process
that have been swept and accumulated by
cold downwelling material at the base of the
mantle (McNamara & Zhong, 2005). If
LLSVP’s

are

indeed

caused

by

thermochemical piles composed of unique
Figure 1.1: Seismic tomographic images of
material,
the
hottest
LLSVP’s. a.) Tomographic image of LLSVP chemical
below the Pacific and b.) Africa continent. (French
temperatures within the mantle would
& Romanowicz, 2015)

occur within these thermochemical piles (Li et al., 2014). The LLSVP plumes that rise
from this area are a result of this hot chemically distinct material and are believed to be
rooted in patches that correlate to known ULVZ locations (French & Romanowicz, 2015).
LLSVP sizes measure 100’s of km in thickness and 1000’s of km wide making them at
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least an order of magnitude larger than ULVZ dimensions (McNamara et al., 2010) as can
be seen in Figure 1.2.
1.4 Ultra-Low Velocity Zones
The ULVZ, located at the CMB, is not a ubiquitous layer but is found to be localized
in numerous locations, found frequently within, near, or along the boundaries (Yu &

Figure 1.2: Geographic map of LLSVP’s and ULVZ’s. Map view of
the Earth with LLSVP's shaded in pink and known ULVZ's colored red.
Blue areas indicate an area of the CMB where ULVZ’s are clearly absent
or not detected. The largest concentrations of ULVZ material is seen in
the Pacific LLSVP. (Yu & Garnero, 2018).

Garnero, 2018) of LLSVP’s. The location of ULVZ’s at the base of LLSVPs also
correspond to the location of major hotspots on the surface (Williams et al., 1998) (Figure
1.2). ULVZ’s, however, are not limited to this locale, though only less than 20 % of the
CMB has been surveyed (Yu & Garnero, 2018). ULVZ’s are also found in areas void of
an LLSVP or near areas of high seismic velocity (Yao & Wen, 2014), most notably below
Iceland, North America, South America, and Eastern Asia. ULVZ shape and size does not
appear to have any specific pattern, size ranges from 50 – 100 km wide, 100 – 1000 km in
length, and 5 – 40 km thick (Garnero et al., 1998); the thickest area near the outer
boundaries of LLSVP’s possibly the origin of lower mantle plumes at the CMB
4

(McNamara et al., 2010) (Figure 1.3).
ULVZ’s thinner than 5 km may exist
but are smaller than the detection
threshold of seismic surveys (Rost et
al.,

2010).

Due

to

changing

convective patterns of the lower
mantle, the shape and location of
ULVZ’s may not be static. Numerical
models show that a uniform layer of
ultradense material will accumulate
Figure 1.3: Schematic of the Core-Mantle boundary.

to thermochemical pile edges due to Views of rising LLSVP’s and the location of ULVZ’s
relative to LLSVP’s located at the CMB. Rising hot
convection within the lower mantle LLSVP plumes are colored red. Cold downwelling
material is colored blue but is not the focus of this study.
(Li et al., 2017). Convection supports (Garnero & McNamara, 2008; Garnero et al., 2016).

these thermochemical piles but also shapes the edges to have sharp sides.
Igneous rocks sampled in volcanic regions above LLSVP’s have been shown to
have a primordial signature. Enriched lavas (Loa) from the Hawaiian Islands indicate an
origin from a deep mantle source suggesting entrainment of primordial material into mantle
plumes consisting of a heavy dense material that can survive in the lower mantle
throughout the Earth’s history (Harrison et al., 2017). Thermochemical convection
calculations indicate that entrainment of deep primordial material into mantle plumes can
produce high 3He/4He ratios consistent with ratios observed in ocean island basalts today
(Williams et al., 2015). High 3He/4He ratios are indicative of a deep, separate primitive
reservoir (Tackley, 2000). Kimberlites sampled in Africa (predominately Southern Africa;
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Jelsma et al., 2004) also indicate a primordial deep mantle source brought to the surface by
the LLSVP associated with the African superplume (Torsvik et al., 2010).
1.5 Physical requirement for ULVZ
Only a narrow range of characteristics are available to create a 30 % reduction in
shear wave velocity and 10 % reduction in compressional wave velocity at the ULVZ. A
density increase of 5 – 20 % has been proposed by Reasoner & Revenaugh et al., (2000),
Brown et al., (2015), and Idehara, (2011). Sound velocity and density were determined for
(Mg,Fe)O using x-ray scattering techniques at high pressures showing that molten iron
produces a velocity reduction that is too large to explain the ULVZ (~ 40 % Vp reduction
& ~ 50 % Vs reduction) (Wicks et al., 2017) without significant draining. This implies solid
iron metal may be a more viable candidate. A solid iron rich combination of (Mg,Fe)O and
bridgmanite with surrounding mantle may produce velocity reductions observed
seismically (Wicks et al., 2017). The persistence of the ULVZ over long times suggests
ULVZ material resists entrainment into lower mantle convection but can be swept or
shaped by it. If primordial material does indeed provide an origin for the ULVZ, then trace
elements or geochemical signatures of this material must be entrained into convection.
Similarly, if the material is primordial and is associated with high 3He/4He ratios it must
be approximately 4 billion years old (Jackson et al., 2010).
The presence of partial melt as a cause for velocity reduction (Williams & Garnero,
1996) has been shown to be problematic due to the fact that ULVZ’s exist outside the hot
LLSVP’s where temperatures are not high enough for partial melt of lower mantle
compositions at core-mantle boundary depths (Li et al., 2017). Similarly, the partial melt
hypothesis would predict that ULVZ’s should be abundant within the center of LLSVP’s
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where temperatures are hottest, however, they are frequently observed at the perimeter near
the base of LLSVP’s (Yu et al., 2018). Hernlund & Tackley (2007) show that the amount
of a dense solid-melt mixture composed of solid lower mantle material and a fluid of
varying density (mantle partial melt to outer core levels) needed to reduce velocities to
observed levels would percolate downward to create a thin accumulated dense liquid basal
layer sitting at the core-mantle boundary. Thus, a dense fluid that percolates downward
created form typical lower mantle material is not likely to be the ULVZ (Hernlund &
Tackley, 2007).
1.6 Formation of the Earth’s core
In order to consider the requirement of a primordial source for ULVZ material, I
consider the core formation processes of the Earth. I propose that the ULVZ is material
created during the core formation process that has accumulated over time and can withstand
over 4 Byr of convection. The Earth’s core formed relatively quickly in 10 – 30 Ma during
planetary accretion (Wood et al., 2006; Kleine et al., 2002; Halliday, 2008). Differentiation
of iron from silicates may have occurred during accretionary processes such as meteorite
impacts which may have melted the impactor surface as well as the impactors (Tonks &
Melosh, 1993; Rudge et al., 2010). The intensity of meteor bombardment of the proto-earth
may have instantly melted silicates and metals allowing for separation of these phases. A
magma ocean or temporary reservoir may have been turbulent due to impact energetics
(Dahl & Stevenson, 2010; Wacheul et al., 2014). Theoretical (Dahl & Stevenson, 2010)
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Figure 1.4: Schematic of the core formation process. Descending metal diapirs in the Earth and
laboratory experiments which accumulate to form planetary terrestrial cores (Fleck et al., 2018).

and laboratory studies (Fleck et al., 2018) suggest that turbulence may have been sufficient
to emulsify metal into liquid iron droplets by viscous dissipation (King & Olson, 2011)
which settle, creating a metal pond at the base of the magma ocean (e.g. Wood et al, 2006).
A pool of heavy liquid metal that would have accumulated at the base of the magma ocean
is shown to go unstable as a Rayleigh-Taylor instability (Dahl & Stevenson, 2010). Recent
studies demonstrate that emulsified metal ponds will create large emulsified metal diapirs
that descend rapidly entraining silicates and volatiles from the magma ocean to the core
(Fleck et al., 2018) (Figure 1.4). Silicate material entrained into the core is inherently
buoyant and is shown to form rising plumes and plumelets which migrate up out of the
core and travel to the surface (Fleck et al., 2018). While large plumes may travel rapidly,
small plumelets are suggested to migrate slowly taking 0.5 – 5 Myr to form.
Here, I study the formation of metal flakes in the shearing process during turbulent
mixing of silicates and liquid iron in a magma ocean. I propose that iron metal flakes may
descend to the core within descending metal-silicate diapirs and produce the ULVZ
observed at the core-mantle boundary. Metal flakes were recently observed during
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experiments involving the agitation and settling of liquid gallium droplets through glucose
solutions (Brand, 2014) (Figure 1.5), however, neither the physical mechanism responsible
for formation of metal flakes, nor the optimum conditions for creation were investigated.
My experiments model convection below and above
the CMB with liquid gallium and glucose solutions
and a layer of metal flakes placed at the interface to
study how stable they are in the presence of
convection in both layers. These experiments are
designed to model the interface of two immiscible
fluids and test how they interact with a layer of metal

Figure 1.5: Descending flakes and
drops. Liquid metal gallium drops
flakes over a range of varying physical parameters. I
descending through glucose. Sheared
metal flakes are circled.

also consider the method of formation and physical

properties of metal flakes. The goal is to test the longevity and stability of a metal sediment
layer residing at the CMB.
Several physical fluid models have been done using liquid metal gallium to test the
exact buoyancy differences between iron and silicates in the Earth’s lower mantle and core
(Olson & Weeraratne, 2008; Fleck et al, 2018). Liquid gallium has been used to model the
Earth’s core due to the similar physical properties with liquid iron such as high density and
surface tension. The melting temperature of gallium is near room temperature at 34 °C.
Liquid gallium produces a strong density contrast with glucose solutions which scale
appropriately to the Earth’s mantle materials.
Here, a model is proposed in which the ULVZ consists of a layer of iron metal
sediments left as a byproduct of the formation of the Earth’s core. Experiments presented
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here investigate whether these metal sediments can persist today and withstand the effects
of mantle and outer core convection.
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Chapter 2
Laboratory Experimental Methods

2.1 Model Design
This thesis models two processes: 1.) settling of heavy metals to the base of a
magma ocean during bombardment and 2.) convection acting on a dense metal sediment
layer accumulated after core formation at the CMB. Laboratory fluid experiments are
conducted here to study the stability of a metal sediment layer (m1) placed at the interface
between two convecting layers of glucose solution (d) overlying liquid metal gallium (m)
to simulate convection of a solid state silicate mantle overlying a convecting liquid iron
core. Three sets of experiments are conducted varying glucose viscosity (μ), glucose/metal
volumetric ratio, and the temperature difference (∆T) from top to bottom of the box. The
metal sediment layer m1 is formed in our experiments by descent and accumulation of metal
flakes through the glucose layer to the fluid-fluid interface. All three layers are placed into
an experimental tank that is heated from below and cooled from above.
A no-slip boundary exists between the interaction of the glucose fluids with the box
walls at the side and top. A free slip boundary is present at the base of the liquid metal layer
with the base of the box and at the interface of the two fluid layers (gallium layer m and
glucose layer d) before arrival of the metal sediments.
2.2 Experimental Design
The experimental tank was designed as part of this thesis work and drawn for
construction using the CAD program SolidWorks. Measuring 7 in x 7 in x 8 in with walls
½ in thick, the box walls are built from high strength and temperature resistant
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polycarbonate plastic, Lexan (Figure 2.1). A small polycarbonate tube is affixed near the
top of one side wall as outflow for expanding and contraction of fluids. Copper plates which
are ½ in thick are selected as the base and lid of the tank due to the high thermal
conductivity of the material. The tank is filled with varying volumes of liquid gallium and
glucose and is then placed atop a (10 in x 10 in) hot plate set to a constant high temperature.
To achieve controlled temperatures at the top of the box, a small circulating reservoir is
constructed of plastic black Delrin and copper at its base in which cold water is circulates
from a refrigerated cold water bath set to a desired temperature. This copper-reservoir lid
is then placed atop the fluid box. The entire experimental box is insulated with 2 in thick
transparent polycarbonate Lexan sheets on all sides to both insulate and allow viewing of
the box for the duration of an experiment. Lastly, seven high accuracy Resistance
Temperature Detector (RTD) probes are inserted through the cold circulation box into the
fluid box to record temperature readings at fixed vertical locations within the box over the
duration of the experiment. The probe locations are shown in Figure 2.3. The probes are
placed at the top and bottom of each layer, one in the center of each layer, and one within
the thermal upper and lower boundary layer of each convecting fluid. The exact vertical
depth location of each probe varies for each experiment depending on the relative volume
of liquid gallium and glucose.
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a

b

Figure 2.1: Experimental box CAD drawings. a) This drawing shows the side view of the
experimental box. The box is heated from the bottom and cooled from the top as described in the
text. b) Top view of the experimental box lid. Bold circles are screws to affix the water reservoir.
The non-bold circles indicate holes in which RTD probes are inserted.

2.3 Experimental Fluids
The fluid viscosity (μ1/2) for the upper glucose layer (layer d) varies from 0.2 to 7.7
Pa·s (see Table 1). Variations in fluid viscosity is achieved by diluting the glucose solution

Figure 2.2: Glucose viscosity plotted as a function of temperature. Here are the four fluid
viscosities used in all experiments. Eight of the eleven experiments use original manufactured
glucose, labeled as circles. The dehydrated, most dehydrated, and diluted glucose viscosities are
labeled as triangles, diamonds, and squares, respectively. Lines are best-fit lines extrapolated from
the measured data. These viscosities are obtained using an Anton-Paar Rheometer.

received from the manufacturer with water to lower the viscosity and dehydrating the
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glucose fluid by boiling to raise the viscosity. Density is measured using a glass
hydrometer. Viscosity in glucose solutions is a strong function of temperature and water
content and is measured using an Anton-Paar MCR 102 Rheometer with a cone and plate
assembly housed in a temperature controlled sleeve from Dr. Scott Hauswirth’s
hydrogeology lab at CSUN. The temperature-dependence of the glucose solutions used in
these experiments are shown in Figure 2.2.
Liquid gallium that is 99.99 % pure is used to model core material (layer m).
Gallium is employed due to its ease of use and properties similar to that of the Earth’s core
materials (see Section 2.5 and Table 1). The density of gallium is 5.9 g/cm3 and has a
viscosity of ~10-3 Pa·s. Gallium has a melting point of 30 °C allowing experiments to be
conducted in a laboratory. Gallium is kept above the freezing point for every experiment.
The density of metal gallium flakes was calculated to be 5.27 ± 0.6 g/cm3 using
Archimedes principal. A large volume of metal flakes are separated and the mass is
measured using a high precision scale. The metal flakes are then placed into a graduated
cylinder filled with distilled water. The volume of water displaced is then measured and
used to calculate the density of the metal flakes.
2.4 Experimental Procedure
In preparing the experiment first, gallium flakes are created by agitating liquid
gallium in glucose. Agitation is carried out in a 1 gal (3785 mL) Nalgene bottle. Glucose
is poured into the bottle and is nearly filled. Gallium is introduced into the bottle with a 60
mL syringe filled with coalesced liquid gallium that is submerged into the glucose solution.
Submerging the syringe avoids introducing air bubbles. The mixture is capped carefully
avoiding any air bubbles and agitated (as described below) at a rate of 23 RPM and duration
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of five minutes to emulsify the gallium into drops (e.g. Olson & Weeraratne, 2008; Fleck
et al., 2018) and simultaneously create metal flakes by shearing. I use a ratio of gallium to
glucose of 7 % (265 mL of the bottle volume) for nearly all experiments. This volume ratio
breaks up the entire metal volume into either metal flakes or emulsified metal drops.
Gallium volumes which are larger than 7 % will not fully emulsify and will leave coalesced
liquid metal. Larger metal volumes also reduce the glucose volume and leave less glucose
to shear with the metal. In all experiments, I use a gallium to glucose ratio of 7 % for
agitation in all experiments except in one set of experiments (Exp # 8, 9, 10, & 11) in which
the gallium ratio is smaller (6.2 %). The gallium-glucose mixture is filled to the top of the
bottle to avoid any air pockets when closing the bottle. The bottle is then rotated in place
180° end-over-end along a fixed axis to the frequency of a metronome set to 45 BPM for
a duration of 5 minutes, creating the flake-emulsion mixture. The glucose-gallium mixture
is then carefully poured into the experimental box to avoid air bubbles and is then topped
off with extra glucose of the same viscosity if necessary. The cold circulating reservoir lid
is then placed atop the box and probes inserted into the box at specific locations and depths
within the fluids. The majority of the gallium settles within 5 minutes, while the metal
flakes take much longer (up to 18 hours) to settle due to their smaller size and amorphous
shape. The 18 hour settling period allows flakes to descend through the glucose to the
glucose-gallium interface. After the 18 hour settling period, the convection experiment is
started by heating the base and cooling the top. In cases of large gallium volumes (>265
mL), smooth coalesced gallium is initially poured into the box and a second volume (265
mL) of the agitated glucose/gallium mixture is poured on top of the smooth gallium. This
process produces a uniform layer of gallium flakes for every experiment regardless of
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gallium layer volume. Thus the experiments in these cases start as a two fluid system with
a smooth gallium layer underlying the glucose/gallium mixture and the metal flakes in the
emulsion mixture settle to the interface with time.
Multiple preliminary experiments were conducted to test the logistics of each
experiment including: preparation, lighting, temperature differences, camera angles,
among others. The fluid experiments are visualized using several lighting methods. The
experimental box is back-lit with an LED panel and side-lit with an LED flood light to
illuminate the gallium and glucose. Time-lapse photos are taken using two DSLR (Canon
6D) cameras photographing the sediment layer and the side of the box. Due to transparency
of glucose and the opacity of gallium, the LED lights create a significant contrast in light,
enabling gallium and gallium flakes to be easily distinguishable.
A third DSLR (Canon Rebel T1i) camera takes intermittent shadowgraph photos of
the entire box to visualize convective cells and plumes in the tank. This is achieved by
projecting a strong light from a long distance (~15 meters away) behind and through the
fluid box and placing vellum on the front of the box. Light is refracted due to density
differences in the convecting glucose fluid and visualized on the vellum sheet.
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Figure 2.3: Schematic of experimental box. A drawing of how a typical experiment looks. Probes
are inserted into the glucose and liquid gallium at varying depths. The base of the box is heated and
the top of the box is cooled. Note: the size and thickness of the liquid gallium drops and flakes are
not to scale.

The initial conditions of the experiment consists of three layers, glucose, liquid
gallium, and a gallium sediment layer at the glucose/gallium interface as shown (Figure
2.3). All RTD probes are connected to the temperature recording device to record
temperatures in real time to a computer through an Omega Temp-Scan device. Time zero
(t = 0) is established as the time when the hot plate and cold water reservoir are turned on,
departing from room temperature. Also at this time, the temperature recording device
simultaneously begins to record temperatures from each probe every ½ second. It takes
several hours, however, for the experiment to reach equilibrium where each fluid layer
reaches the hot and cold temperature setting and is fully convecting as determined by the
temperature time series (Figure 2.4).
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2.5 Temperature Profile

Figure 2.4: Temperature within experimental box plotted as a function of time. This is a
temperature profile showing the temperature recording for each probe as a function of time for the
entire duration of experiment # 8.

Seven RTD probes are set in the same fixed position relative to the gallium interface
for all experiments (Figures 2.1 & 2.3). Four probes are inserted into the glucose layer: at
the top (d1), upper ¼ (d2), middle (d3), and bottom (glucose-metal interface). Three more
probes are then inserted into the liquid gallium layer: near the top glucose-metal interface
(m1), middle (m2), and bottom (m3). Temperatures are recorded from each probe every half
second for every experiment. This data is used to build a temperature profile to observe
temperature behavior for the duration of the experiment (Figure 2.4). The temperature
recordings are also used to determine the viscosity at various depths in the box, and
calculate the Rayleigh, Reynolds, and Nusselt numbers for the glucose and gallium layers
(discussed later).
The temperature profile also indicates the time that equilibrium is reached in the
experiment. This is the point at which the fluid layers will no longer heat up or cool down
with respect to the heating and cooling sources and maintain an average constant
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temperature. I compare sediment behavior before and after this equilibrium point in each
experiment. Temperature profiles also tell me where plumes may be rising or sinking at
temperature spikes (also Section 3.4). Due to the opacity and immiscibility of liquid
gallium, convection cannot be visualized using lighting or particle tracing techniques.
Therefore, convection can only be inferred in layer m by calculating Ra with temperature
recordings of the top and bottom of the layer.
2.6 Image Analysis
High resolution photo images are analyzed throughout the duration of the
experiment to quantify the changes in the metal sediment layer. The goal is to measure how
the metal sediment layers are affected by convection in both the glucose and gallium layers
above and below.
As stated above, the box is a two layered system: d for glucose and m for liquid
metal. Layer m is further divided into 4 sublayers: m1, m2, m3, and mc as shown in Figure
2.5. The m layers are visibly distinct and are divided by their relative percentage of
emulsified gallium layers and metal sediment layers. Layer m1 is defined as the top sublayer
of m and consists mainly of metal sediments. These sediments are elongated and are very
thin (~ 0.1 mm x 0.3 mm). A few gallium drops are observed in this layer but are the
minority. Layer m2 is intermixed gallium drops and metal sediments of relatively even
mixtures. Layer m3 is below layer m2 and is predominately large drops of emulsified
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Figure 2.5 Subdivisions of layer m. This figure shows the metal sediments
in relation to metal droplets and the coalesced metal. Notice that layer m3 is
the thickest layer relative to m1 and m2.

gallium with very few to no metal sediments. Lastly, layer mc is the coalesced pool of
gallium; note this layer is not present in some experiments with a thin layer m overall.
2.6.1 Measuring sediment thickness
A series of photographic images are analyzed over time for every experiment to
measure the temporal changes of the metal sediment layer due to convection. Metal
sediment thickness, hm1, is the main focus this project. All sublayers of layer m display
irregular boundaries at the interface with other layers below. Therefore, to obtain metal
sediment thickness in my experiments I develop a procedure to outline the total area
encompassed by the sediments in layer m1 and divide by the width of the measured area
(Figure 2.6). This is done manually using the image analysis software ImageJ. Note there
is a layer above m1 in some images which is out of focus. This is due to parallax when the
top of the three dimensional sediment layer is in the camera field of view causing it to be
out of focus. We omit measurement of this layer and focus on the sediment layer viewed
in cross section at the front of the box in the outline of m1. The largest source of error of
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this measurement is the irregular outline. This produces a total range of error from 0.6 %
to 5 % that is reflected in the error bars for metal sediment thickness shown throughout the
thesis.
To express how the metal sediment layer has changed over time I calculate the
percent change of the layer. To do this, sediment thickness is measured at the beginning of
each experiment (t = 0) and measured again at a point after equilibrium. The change in
sediment layer thickness or percentage difference is obtained using (m1f-m10)/m10. Values
over 100 indicate growth of the sediment layer thickness and values under 100 indicate
loss of sediment layer thickness.

Figure 2.6: Close-up of layer m. This figure shows the sublayers of layer m after an experiment
has concluded. Note there is a layer above m1 which is out of focus. This is due to parallax when
the back as well as front of the top of the three dimensional sediment layer is in the camera field of
view causing it to be out of focus. Experiment # 3 is shown here.

2.7 Non-dimensional Numbers: Scaling Laboratory Experiments to the Earth
Non-dimensional numbers are used to scale experiments to Earth interior dynamics.
The Rayleigh number (Ra) describes the instability of a convecting fluid layer or how
vigorous a fluid layer is convecting

𝑅𝑎 =

𝑔𝜌𝛼∆𝑇𝑑 3
𝜇𝜅

,

(1)

where 𝑔 represents acceleration due to gravity, 𝜌 is fluid density, 𝛼 is thermal expansion,
∆𝑇 is the difference in temperature between the bottom of the layer and the top, 𝑑 is the

height of the fluid layer, 𝜇 is viscosity, and 𝜅 is the thermal diffusivity. Glucose viscosity
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is temperature dependent and the viscosity of the fluid varies at different depths within the
box. All viscosities listed as well as Rayleigh numbers are calculated use the viscosity at
the center of the box (Ra1/2). I calculate the Ra for each of the 2 fluid layers. The Rad
(glucose layer) in my experiments varies from Ra = 4 x 105 – 9 x 107 (see Table 3). The
Ra numbers achieved in our experiments are in the range of Earth’s mantle (shown in Table
3), varying from 106 – 108 (Cagney et al., 2016), suggesting our experimental observations
are representative of planetary mantle convection. To achieve the maximum variation in
Ram (gallium layer), I increase the gallium layer thickness to the maximum possible d with
our apparatus achieving a range of Ram from 3 x 102 to 1 x 106. This Ram is not as high as
desired where convective vigor is hampered by the high thermal conductivity of gallium
creating a small ∆𝑇 and reducing the need to advect heat. Future work should thus consider
larger volumes of gallium currently in progress to achieve Ram = 106. The Ra of the outer
core is large, Ra ~ 1023 (Olson, 2013), which is turbulent (Ra > 109) and higher than our
experiments. However, we achieve Ram which are one – three orders of magnitude above
the critical Ra for convection (at Ra > 103) where convection is expected to be unsteady
and near the plume dominated regime (e.g. Weeraratne and Manga 1998; Aurnou and
Olson, 2001). The size of our experimental box limits the Ram to 106.
Rayleigh numbers are calculated using recorded temperature data at a point after
equilibrium has been reached. Temperatures recordings at the top of the tank and at the dm fluid-fluid interface are used to calculate ∆T of d. The viscosity at the center (μ1/2) of the
tank is obtained using the temperature of the glucose at that given point and the previously
discussed viscosity curves.
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The Reynolds number (Re) describes the ratio of inertial to viscous forces. It is used
to describe whether fluid flow is in the Stokes (laminar) flow regime or in the Darcy
(turbulent) flow regime

𝑅𝑒 =

𝜌𝜈𝑑
𝜇

,

(2)

where 𝜌 is fluid density, 𝜈 is velocity of a moving object, and L is the radius of a rising
plume. Red in our experiments is small ranging from 8 x 10-4 to 2 x 10-1. Reynolds number
is calculated in layer d using the rise and descent speed of thermals during convection. The
Re is estimated in layer m by using a range of possible velocities and radii as it is difficult
to measure velocities within the opaque gallium layer m.
The Reynolds number in the Earth’s mantle is very small ~ 10-20, however in both
the Earth and in our experiments Re << 1 indicating that viscous forces dominate and
inertial forces are negligible. Our experiments are consistent with the observations from
previous studies showing that high Rayleigh number convection characterizes the Earth’s
mantle interior processes as long as the Re is below unity (Weeraratne and Manga, 1998).
Here high viscosities and low velocities are in the Stokes flow regime where we expect
laminar flow. Only one experiment (#10) has a large Re = 0.321 which is diluted to obtain
lower viscosities in order to consider a high Ra; this inherently raises Re. Rem in our
experiments varies from 101 to 102, indicating a laminar to transitional regime. Rem in the
Earth’s outer core is large and turbulent, Rem =108 (see Table 3) but is much greater than
unity in both cases indicating that inertial forces dominate and viscous forces are
unimportant.
All experiments, but experiment # 10, are within the Stokes flow regime in which
viscous forces dominate. Experiment # 10 is conducted using diluted glucose in order to
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raise Ra and see the effect of a high Ra on the stability of the sediment layer and therefore,
it is not in the stokes flow regime. For experiments #8 – 11, in which viscosity is varied, m
is too thin to properly calculate Rayleigh number.
The Nusselt number (Nu) is the ratio of heat energy transferred by means of
convection to heat transferred by conduction and is defined as,

𝑁𝑢 =

𝐻𝑑
𝜅𝛥𝑇

,

(3)

where 𝐻 is heat flux, and 𝑑 is the characteristic thickness of the fluid. Surface heat flux is
well known for the Earth, but the degree of heat flux from the core is debated (Pozzo et al.,
2012). Classical theory suggests an exponential relationship between Rad and Nud which
depends on the boundary layer dynamics. An exponential relationship of 0.3 – 0.5 is
expected for a free-slip boundary (Turcotte and Oxburgh, 1967; Olson, 1987; Weeraratne
and Manga, 1998) and 0.3 for a no-slip boundary (Otero et al., 2002; Wittenberg, 2010).
The non-dimensional parameters, Ra, Re, and Nu numbers for each experiment are listed
in table 1 and compared to non-dimensional parameters estimated for the Earth (Table 2).
Exp #
1
2
3
4
5
6
7
8
9
10
11

Rad
1.00 × 106
1.08 × 106
2.39 × 106
2.75
4.13 × 105
4.06 × 105
4.16 × 105
3.49 × 106
5.27 × 106
9.10 × 107
5.44 × 106

Ram
5.80 × 104
3.05 × 103
2.81 × 102
1.38 × 106
2.72 × 104
6.39 × 104
1.92 × 104
-

Red
2.95 × 10−3
1.79 × 10−2
1.17 × 10−2
4.42 × 10−3
6.70 × 10−3
5.40 × 10−3
8.00 × 10−3
1.22 × 10−2
3.21 × 10−1
1.34 × 10−2

Nud
3.47
3.42
3.17
1.83
1.51
2.05
3.65
3.79
3.73

Table 1: Reynolds, Rayleigh, & Nusselt numbers for all experiments. The non-dimensional
parameters used are listed here. Rayleigh is listed for both glucose and metal layers while Reynolds
and Nusselt are only listed for the glucose layer. Note: The Rayleigh number in experiments 8 – 11
are not calculated due to the layer being too small to measure. The Nusselt number is calculated as
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discussed in the text. Nusselt number for experiment # 9 is not calculated do to a malfunction in
the temperature recording device.

Symbol

Units

Laboratory

Td

°C

9 – 77

Tm

°C

75 - 84

∆T

°C

46 – 75

Glucose
Density

ρd

kg/m3

1386 – 1470

Glucose
Viscosity range

μd

Pa·s

1.9 x 10-3 – 1.7 x 104

Glucose
viscosity1/2

μd1/2

Pa·s

0.22 – 6.86

Metal Density
Metal Flake
Density
Metal
Viscosity
Glucose
Reynolds
Glucose
Rayleigh
Metal
Reynolds

ρm

kg/m3

5900

Earth
1026 – 3726
(Schubert, Turcotte, &
Olson, 2001; Olson,
2013)
3726 – 5226
(Olson, 2013)
1026 – 5226
(Olson, 2013)
3350 – 4870
(Schubert, Turcotte, &
Olson, 2001)
1019 – 3 x 1021
(Choi & Buck, 2010;
Peltier & Drummond,
2010)
2 x 1021
(Peltier & Drummond,
2010)
10000 (Olson, 2013)

ρmf

kg/m3

5269

-

μm

Pa·s

10-3

0.1096 (Olson, 2013)

Red

-

8 x 10-4 – 2 x 10-1

Rad

-

4 x 105 – 9 x 107

Ram

-

16 – 150

Ram

-

3 x 102 – 1 x 106

Temperature
Glucose
Temperature
Metal
Temperature
across box

Metal Rayleigh

10-23 – 10-20
(Takeyama et al., 2017)
~106 – 108
(Cagney et al., 2016)
~108
(Olson, 2013)
~1023
(Olson, 2013)

Table 2: Material properties for laboratory and Earth. All fluid properties are listed here as a
range for laboratory experiments and in the Earth.
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Chapter 3
Experimental Results

Results reported here are observations from ten laboratory fluid experiments
divided into 3 sets of tests (see Table 3).
Exp
#
Unit
1
2
3
4
5
6
7
8
9
10
11

Gallium
Thickness
cm
6.10
5.08
2.03
18.29
10.16
10.16
10.16
1.02
1.02
1.02
1.02

Glucose
Thickness
cm
14.22
15.24
18.29
2.03
10.16
10.16
10.16
19.30
19.30
19.30
19.30

Ttop

Tbase

∆Tbox

μ1/2

°C
30
30
30
30
15
7.5
30
7.5
7.5
7.5
7.5

°C
80
80
80
80
80
90
80
90
90
90
90

°C
50
50
50
50
65
82.5
50
82.5
82.5
82.5
82.5

Pa·s
4.6
4.3
4.3
86
6.5
6.9
5.0
4.0
7.7
3.8
0.2

Varied
Parameter
Vmetal
Vmetal
Vmetal
Vmetal
∆T
∆T
∆T
μd
μd
μd
μd

Table 3: Experiments run and sediment data. All the experiments run for this thesis are
detailed in this table. V is volume and μd is viscosity of glucose layer d.

The three subgroups, varying a single parameter in each subgroup while keeping
the other parameters constant in order to study the importance of each parameter
individually. For case 1 the height of gallium layer m is varied in the box. This inadvertently
also varies the height of the glucose layer d (exp # 1, 2, 3, & 4). In case 2, the difference in
∆T of the entire box from top to bottom is varied (exp # 5, 6, & 7). In case 3, the viscosity
of the glucose layer d is varied (exp # 8, 9, 10, & 11). All of the three cases vary the Ra by
different means.
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3.1 Thermal Convection
The physical process occurring in both layers d and m differ in each layer and are
briefly described here. As described above, the two assembled fluids (1. liquid gallium and
2. glucose mixture) are allowed to rest in
the Lexan box at a constant temperature of
30 °C for approximately 18 hours during
which time metal flakes mixed in layer d
settle to the fluid-fluid interface. We
Figure 3.1: Cellular convection in layer d. Two consider the beginning of the experiments
convective cells are present in the glucose layer.
Photo from experiment #7. Rad = 4.2 x 105
(t = 0), when we set the top and bottom

temperatures to the desired experimental values. During this initial transient period
(approaching equilibrium) heat is primarily being transferred by the form of conduction in
both layers and convection has not yet begun. The onset of thermal convection is observed
at approximately Rad = 103, where we observe two cells beginning to form with
downwellings along the edges of the box and upwellings in the center of the box (Figure
3.1).

27

Figure 3.2: Rising plumes in layer d. Four plumes are rising from the glucose lower
thermal boundary layer. b) The direction of rising plumes are shown with white arrows
and the directions of flow of two convection cells are shown with grey arrows. Photo
is from experiment #7. Rad = 3.5 x 106

With time and increased basal heating (and top-down cooling), thermal plumes
begin rising from the lower boundary layer at Ra > 106 in layer d, indicating plume
dominated convection consistent with regimes identified in previous studies (Weeraratne
& Manga, 1998). Four rising plumes can be seen in Figure 3.2. These thermal plumes
composed of hot material affect the local area around the RTD, which can be seen for each
probe in the experiment’s temperature profile. Convection either as cells or as upwelling
and downwelling plumes is observed to occur in layer d for every experiment. Note the
RTD’s only record thermal plumes which happen to pass the RTD location. Due to the
opaque quality, high thermal conductivity of gallium, and size limits of the experimental
tank, plumes and high Rayleigh numbers are difficult to achieve in layer m.
The strongest convection in the liquid metal is observed in experiment #4, which
has a Ra of 1.38 x 106 (Figure 3.3). There are no fluctuations observed for the temperature
probes at the top (a) and bottom (c) of the metal layer where temperatures are roughly
constant or only decrease slightly from 73.3 °C to 73.4 °C. Fluctuations are clearly

28

observed in the middle temperature probe (Figure 3.3b) with a temperature difference from
peak to trough of 1.0 °C ± 0.3 (varying from 74.0 °C to 72.4 °C max to min). This is
consistent with the Ra of 106 which should produce regular rising and sinking thermals or
liquid metal plumes (e.g. Weeraratne & Manga, 1998). This suggests the liquid gallium is
actively convecting. Visual confirmation is not possible due to the opacity of liquid metal
gallium.

a

b

b
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c

Figure 3.3: Temperature recordings in layer m. Three temperature recordings from RTD
probes placed in liquid gallium. a.) Probe located at the top of the gallium layer. b.) Probe located
at the middle of the gallium layer. c.) Probe located at the bottom of the gallium layer. The strong
fluctuations at 6.0 hours is a glitch in the temperature recording system described in the text (also
see temperature records in the Appendix). Recordings are from experiment #4. Ram = 1.38 x 106

3.2 Stability of sediment layer
To test the stability of the metal sediment layer resting at the fluid-fluid interface,
three separate parameters are varied. In case 1, the thickness of layers d and m are varied
(Exp #1 – 4). In case 2, ∆T over the entire box is varied (Exp #5 –76). In case 3, the
viscosity of layer d is varied (Exp #8– 11). In all experiments, changes in the thickness of
layer m1 is carefully measured as a function of time in each experiment which varies Rad
and Ram. The goal is to see if convective vigor in either layer d or m have an impact on the
stability of the sediment layer. Here I will detail each experiment group and their effect on
the sediment layer.
3.2.1 Case 1: Metal sediment stability with varying d and m layer thickness
The thickness of m and d is varied in the first subgroup of experiments while
keeping the viscosity of layer d and ∆T constant. Both m and d thickness is varied for each
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experiment and as a result the Rayleigh number changes for both layers; Rad increases with
increasing thickness which lowers Ram and vice versa. Ram, however, does not vary much
due to the high conductivity of liquid metal, unless the thickness of metal is varied
significantly.
Figure 3.4 shows the relationship between m1 thickness of the metal sediment layer
and increasing Ram for experiments which vary hd. I observe that layer m1 thickness
increases slightly with increasing Rayleigh number in the metal layer (Ram). After 7 hours
of convection the sediment layer persists with all experiments measuring from 1.5 mm to
2.0 mm in thickness and is well resolved from zero. In this case, the range of Ra varies by
nearly three orders of magnitude reaching a Ram where we expect convection to be well

hd

Figure 3.4: Plot of metal sediment layer, m1, thickness versus Rayleigh number of liquid metal
(Ram) which varies hd. The thickness of the sediment layer is measured for all three experiments
after equilibrium has been reached. Note: The error in T = Thickness (y-axis) is smaller than the
diameter of the symbols. Errors are plotted with 95% confidence. The thickness of the glucose (hd)
is varied between experiments. Plot represents experiments # 1, 2, & 3.

established. The two highest Ra experiments are well above critical Ra for convection.
Each experiment is allowed to run for approximately 3 hours during equilibrium showing
a result consistent with the data shown. This suggests that that sediments are not entrained
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or absorbed into the liquid metal convection cycle below and persist over time. In fact, the
highest Ram experiment shows a slightly higher m1 thickness than the lower Ram
experiments. The point at the lowest Ram (Ram ~ 3 x 102) is likely not convecting as it is
below the critical Rac of 103.
The final metal sediment layer thickness is compared to the initial metal sediment
layer thickness in Figure 3.5 at the start (t = 0) of the experiment (see Methods). These
experiments show that for increasing Rad, over 89 % of the metal sediments persist over
time. For the three experiments conducted, the sediment layer thickness did not change
drastically. For two experiments (shown at less than 100 %) the sediment layer decreased
in thickness while one experiment (shown at over 100 %) increased in thickness. The
greatest difference in sediment thickness came from the experiment with the highest Rad
and the lowest Ram. However, it is important to note that the total range of Rad in these
experiments is not large varying from 1.0 x 106 to 2.4 x 106.

32

hd

Figure 3.5: Plot of percent metal sediment height remaining versus Ram: The loss or gain of
metal sediments is measured for three experiments varying Ra of liquid metal layer m. Note: This
is done by varying the thickness of layer m which necessarily also varies the thickness of the layer,
d. The Rad varies from 2.8 x 102 to 5.8 x 104 in these three experiments. I calculate the percent
remaining of the sediment layer thickness, m1, as the ratio of the difference between the final and
original thicknesses with the original, (m1f-m10)/m10 as explained in the Methods section. This
number is then added to 100. Errors indicate 95% confidence. Plot represents experiments # 1, 2,
3, & 4.

hd

Figure 3.6: Plot of percent sediment height remaining versus Rad. The loss or gain of metal
sediments is measured for three experiments varying Ra of the glucose layer d. I calculate the
percent change of the sediment layer thickness, m1, as the ratio of the difference between the final
and original thicknesses with the original, (m1f-m10)/m10. Errors indicate 95% confidence. Plot
represents experiments # 1, 2, & 3.
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3.2.2 Case 2: Metal sediment stability with varying ∆T
The temperature across the system from bottom to top, ∆T, is varied for the second
subgroup of experiments while keeping the viscosity of d and the thickness of m and d
constant. A high volume of gallium is used here to obtain a large Ram and as a result Ram
does not vary significantly. Increasing ∆T, however also increases the Ram and Rad and
each are considered in Figure 3.7.
The metal sediment layer, m1, shows a slight decrease in the percent of remaining
sediments with increasing Rad1/2 as shown in Figure 3.6. In all cases over 89% of the metal

∆T

Figure 3.7: Plot of percent sediment height remaining versus Ram, varying ∆T. The loss or
gain of metal sediments is measured for three experiments varying ∆T across the entire
experimental box. I calculate the percent change of the sediment layer thickness, m1, as the ratio of
the difference between the final and original thicknesses with the original, (m1f-m10)/m10. Errors
indicate 95 % confidence. Plot represents experiments # 5, 6, & 7.

sediment layer remains after about 3 hours of convection at equilibrium. One experiment
gains sediments. Results from the same three experiments are shown as a function of Ram
in Figure 3.7. More than 95 % of the original metal sediment layer, m1, persists in all
experiments. Two experiments indicate an increase in metal sediment thickness and one
shows a slight (4 %) loss in sediment thickness.
34

3.2.3 Case 3: Metal sediment stability with varying viscosity, μd
The viscosity of layer d is varied for the third subgroup of experiments while
keeping the thickness of layers d and m and ∆T constant. For all of these experiments the
volume of gallium in the experimental box is only 5 % of the total fluid volume (235 mL)

μd

Figure 3.8: Plot of percent metal sediment height remaining versus glucose viscosity (μ1/2).
The loss or gain of metal sediments is measured for four experiments varying viscosity of the
glucose layer d. This is done by diluting glucose with water to lower viscosity and dehydrating
glucose by boiling to increase viscosity. The point with the lowest viscosity has a Re not in the
Stokes flow regime. I calculate the percent change of the sediment layer thickness, m1, as the ratio
of the difference between the final and original thicknesses with the original, (m1f-m10)/m10. Errors
indicate 95 % confidence. Plot represents experiments #8, 9, 10, & 11.

in order to achieve the highest possible Ra for layer d. Since the thickness of mc (coalesced
metal) is small, the Ram is not calculated. Two of the experiments use glucose that is
dehydrated to increase viscosity, one experiment uses glucose that is diluted to decrease
viscosity. It has been noted that the viscosity of glucose influences the degree of shear of
liquid gallium (Karpman, 2017). The volume of sediments created through agitation and
shearing increases with increasing viscosity, when all other factors have been kept
constant. Therefore, experiments with higher viscosities should have greater sediment
thicknesses.
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μd

Figure 3.9: Plot of metal sediment layer thickness versus Rad for a variety of glucose
viscosities. The thickness of the metal sediment layer is measured for a point after equilibrium for
four experiments varying viscosity of the glucose layer d. The time in which equilibrium is reached
varies from 6-8 hours due to the viscosity difference of each experiment. Values in the legend
indicate the viscosity at the middle of the glucose layer (d1/2) in units of Pa·s. Note: Thickness error
(y-axis) is very minimal, smaller than the diameter of the symbol. The highest Rad experiment has
a high Re of 0.321. All other experiments have low Re below 1.2 x 10-2 Errors indicate 95 %
confidence. Plot represents experiments #8, 9, 10, & 11.

μd

Figure 3.10: Plot of percent sediment height remaining versus Rad for a variety of glucose
viscosities. The loss or gain of metal sediments is measured for four experiments varying viscosity
of the glucose layer d. This is compared to the Rayleigh number of the glucose layer. Note: This is
done by diluting glucose with water to lower viscosity and dehydrating glucose by boiling to
increase viscosity. The highest Rad experiment also has a high Re of 0.321. All other experiments
have a low Re below 1.2 x 10-2. I calculate the percent change of the sediment layer thickness, m1,
as the ratio of the difference between the final and original thicknesses with the original, (m1fm10)/m10. All experiments are gaining thickness. Values in the legend indicate the viscosity at the
middle of the glucose layer (d1/2) in units of Pa·s. Errors indicate 95 % confidence.
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Experimental measurements shown in Figure 3.8 indicate that over 100 % of the
metal sediments persist over time with increasing μd. Varying the viscosity of layer d does
not have a significant effect on the change of the sediment layer thickness with time. As
each experiment may have started with a slightly different volume of metal sediments, the
final metal sediment thickness is compared to the original sediment thickness in Figure
3.10 as a function of Rad. All experiments indicate at least 100 % of the metal sediments
within error are retained at the fluid-fluid interface in the presence of vigorous convection.
These experiments reach very high Rad1/2 in the Stokes flow regime of at least 6 x 106 (see
Figures 3.8 and 3.9) and demonstrate vigorous convection. One experiment also reaches
108 but has a high Re = 0.32. In the highest viscosity experiments, it is possible that metal
flakes are retained in the layer d mixture at time t = 0. After heating begins, the viscosity
of the glucose layer d decreases which should allow suspended sediments to descend and
accumulate, thus increasing the thickness of the metal sediment layer.
3.3 Correlation of Plumes/Downwellings and temperature spikes
The temperature-time plots have numerous “spikes” in temperature noticeable for
each experiment graph. The spikes indicate a rapid and/or large increase or decrease in
temperature. This may indicate a hot or cold thermal or plume moving past the RTD probe.
Spikes are more visible for probes inserted into layer d. Temperature changes from 2 - 13
°C are common. These sudden increases or decreases in temperature may be due to hot or
cold thermals or plumes moving past an RTD. Temperature spikes are even more frequent
and larger amplitude in higher Rayleigh number experiments. We verify the hypothesis
that these temperature spikes are thermal plumes in the shadowgraph images of Figure
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3.11b. Indeed, a rising plume is observed by the probe at the fluid-fluid interface at
precisely the time indicated in the temperature time series between 4:35 – 5:00 (Hour:Min).

a

Figure 3.11: Correlation of a rising plume image and temperature profile. a) The temperature
profile for experiment #9. The purple time series line (interface probe) experiences a sudden sharp
increase in temperature at approximately 4.6 hours into the experiment. Note: The Y-axis has been
inverted, temperatures increase traveling down the axis. The gray shaded area indicates the
experiment is at equilibrium. b) A shadowgraph image of the same experiment showing a plume
rising at the center of the box at the location of the “Interface” RTD at 04:38:00 into the experiment.
C) Copy of figure B with plume outlined. This plume correlates to the sudden increase in
temperature on the temperature profile graph and the same time. All figures from experiment # 8.
Rad = 8 x 10-3.

Also noticeable are regular small spikes in temperature that last for a duration of ~
5 minutes and have a frequency of about 5 – 10 minutes in every probe at precisely the
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same time throughout an experiment. This is much more noticeable in the RTD’s that have
the lowest local changes in temperature, at the top and bottom of the experimental box.
This is an artifact due to a source external to the fluid, likely an electrical reverberation
from the probe temperature recording box. These regular glitches do not last for longer
than ~ 5 minutes and never have a change in temperature greater than ± 2 °C in all probes.
The existence of the electronic noise can be confirmed by comparing the noise on a stable
probe to a probe with large temperature differences in the glucose. Probe d1/4 after 4.5 hours
has a regular wavelength not identical to the frequency of the electronic noise. This is
clearly seen at ~ 6.5 hours (outlined in Figure 3.11a) when small local changes in
temperature are occurring before, during, and after the maximum amplitude in probe d1/4.
Thus, these changes in amplitude are caused by local changes in temperature and not by
electronic noise. These artifacts seem to increase in amplitude once the experiment has
reached equilibrium. However, the large temperature spikes of interest are much larger in
amplitude and irregular in frequency and are easily differentiated from the background
regular artifact noise.
The last ½ cm at the tip of the probe records the temperature measurements. The
thinnest layer measured is the sediment layer which varies from 0.7 to 2.2 mm and due to
the actual length recording temperature of the probe, the tip of the probe at the top of the
liquid gallium layer may be partially sampling temperature fluctuations in the sediment
layer and the top of the metal layer. This is clearly seen in Figure 3.11a for probe mt after
approximately 4 hours of the experiment. It is possible the fluctuation in the probe mt is
due to convection in the metal layer but the probe at the center of the layer (m1/2) does not
show these fluctuations as high amplitude, consistent with a smaller Ra in the metal layer.
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Since mt does have relatively large temperature changes, this suggests that the probe is
recording temperature fluctuations that are likely convection in the metal sediment layer.
If true, the convection occurring in the metal sediment layer is not entraining sediments
into other layers. Approximately 90 % of the sediments are also resistant to convection
even in the metal sediment layer.
The location of the probe in the tank will have an effect on the temperature spikes.
The most drastic temperature spikes are seen on the probe located at the m – d fluid-fluid
interface. This suggests the location in which the plumes are growing is from a thermal
boundary layer at this interface and upwelling into layer d. This interface probe is centrally
located and is far away from the edges of the box and is not likely influenced by edge
effects (Figure 3.11b).
Probe d2 records decreasing temperature spikes both before and during equilibrium
ranging from 0 – 5 °C. This is likely due to the location of the probe closer to the edge of
the box where downwellings of more dense cold material are observed during cellular
convection.
3.4 Change of the sediment layer
In seven experiments the sediment layer is observed to grow slightly and in the
other four experiments the sediment layer is observed to reduce slightly in thickness. The
percentage of growth or loss is considerably small, in nine of the eleven experiments the
sediment layer increases or decreases by 5 % or less. Only one experiment had a change
greater than 10 %.
The growth of the sediment layer may be due to metal flakes that have escaped
suspension in convection cycling and have subsequently descended to the sediment layer.
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The starting conditions of the experiment place an initial layer of sediments at the fluidfluid interface by allowing settling of an agitated mixture over an ~ 18 hour period at 30
°C. The 2 component fluid system is then reset to the desired experimental temperature and
heated further which also decreases the fluid d viscosity further reducing resistance to the
negative buoyancy of metal sediments in suspension and allowing more sediments to settle.
Metal flakes are constantly making their way to the interface, settling throughout the
experiment even many hours into the experiment. The decrease in sediment thickness could
be due to compaction from upward migrating fluids, however this is probably not a strong
factor since the sediments have settled for eighteen hours after initial deposition.
Small metal flakes are sometimes observed to lift off the sediment layer and ascend
into the convection cycle. I verify this in videos that flakes are lifted off the sediment layer
by convection currents. The mass, shape, orientation of metal flakes may influence how
and which flakes are suspended and/or settle. Infrequently, some metal sediments are also
seen descending through layer m1 into layer m2 or m3 when basal temperatures are rising
and emulsified metal drops shift due to migration of glucose mixture out of the emulsified
layer (m2), but this is a rare. Small sediments which are lifted off the sediment layer, caught
up in convection, or migrate downward into the emulsified metal matrix may be
responsible for the 5 % loss of sediment thickness in the three experiments (# 1, 3, 4, & 7).
3.5 Entrainment of metal flakes in convection
For all experiments, I observe that metal sediments become trapped and suspended
in the overlying glucose (d) convecting layer for the entire duration of the experiment. As
described above, during the approach to equilibrium the glucose layer d solution decreases
in viscosity due to increasing temperatures. The decrease in viscosity will reduce resistance
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to the negative buoyancy of heavy metal flakes and allow metal flakes to descend to the
fluid-fluid interface and accumulate at the sediment layer over time. However, a small
volume of sediments are continuously caught in convection of the layer d. This suggests
the momentum from convective forces is greater than the gravitational forces acting on the
metal flakes of a certain size. Metal flakes which are larger than this critical size exit a
convection cell or thermal plume causing the flake to fall to the sediment layer. In this case,
the gravitational force acting on the flake is greater than the convective force keeping it
suspended.
To quantify the volume of metal flakes that stay suspended in the layer d, I attempt
to measure the volume of metal flakes that have settled from the layer d. Immediately
following the conclusion of an experiment, the glucose solution is emptied into a large
beaker and left in a hot box overnight at a constant temperature of 45 °C. This allows the
metal flakes to settle with minimal convection to the bottom of the beaker. Only the
smallest flakes (barely visible to the naked eye), will stay suspended even after allowing a
full day to settle. A close-up image is taken of the bottom of the beaker with the background
illuminated by an LED light panel to provide contrast and visualization of the flakes. A
binary negative image of the same photo is created to clearly identify the flakes. Using
ImageJ software, the concentration of flakes settled in a given circle area is measured. The
software can detect particles of different light intensities to measure the area of flakes in
the binary image, assuming a metal flake thickness of 0.1 mm. The concentration of metal
sediments is then extrapolated to the entire volume of layer d (Figure 3.12).
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The suspended sediments are measured for five of the eleven experiments, two from
experiment group 1 & 2, and one from experiment group 3. All five experiments measured
here start with the same glucose viscosity during agitation and should therefore have the
same sediment layer thickness at t = 0.

Figure 3.12: Measuring settled metal flakes. a) Original photo showing metal flakes in glucose
that have settled to the bottom of a large beaker. b) Binary image of the same photo with the area
in which flakes are measured circled in the center of the image. Note: the ratio of sediments located
in that circle is used to calculate the total flake volume present in the entire glucose volume. Photos
from experiment # 3

The volume of suspended metal flakes is plotted versus viscosity of layer d in
Figure 3.13a and is shown to be inversely related to increasing ambient fluid viscosity. If
fluid viscosity was the only factor in holding particles suspended, this observation is
opposite what we would expect. Higher viscosities should have stronger resistance to
gravitational forces acting on metal flakes and therefore should have more suspended
sediments, but this is not what is observed. Once the experiment has reached equilibrium,
μ1/2 varies for each experiment due to changes in temperature. To consider the suspension
of metal flakes controlled by convective vigor, Figure 3.13b shows that the volume of
suspended metal flakes is directly proportional to Rad. This suggests the higher Rayleigh
number, the greater the convective forces keeping the flakes suspended. Thus, the
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momentum of convection seems to be the dominant force in maintaining metal flake
suspension and is independent of ambient fluid viscosity. Suspended metal flake volumes
are also shown to depend directly on glucose volume (Figure 3.13c). This is expected, as
the greater the volume of glucose, the more space there is available to hold more sediments.
I note that the suspended flakes considered here and in all experiments make up only an
average of 0.7 % of the total sediment layer (m1) volume.

a
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b

c

Figure 3.13: Plots of metal flake volume as a function of glucose volume, Rad, and glucose
viscosity. a) This graph plots the metal flake volume as a function of the total volume of glucose
present in each individual experiment. Values in the legend indicate the glucose viscosity (Pa·s)
and ∆T (°C) respectively. b) This graph plots the metal flake volume as a function of the Rad.
Values in the legend indicate the glucose viscosity (Pa·s) and ∆T (°C) respectively. c) This graph
plots the metal flake volume as a function of glucose viscosity after equilibrium has been reached.
Values in the legend indicate ∆T (°C). Note: the glucose in all experiments have the same starting
viscosity. Plots represented by experiments # 2, 3, 5, 6, & 11
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Chapter 4
Discussion

4.1 Persistence of metal sediments
I have performed convection experiments of a two component glucose-gallium
system varying ∆T (44 – 79 °C), μ (0.14 – 1,650 Pa-s), layer thickness (hm and hd 10.2 –
193 mm), and Rayleigh number in the metal layer from 102 to 104 and in the glucose layer
from 105 to 108 and in all cases at least 90 % of the metal sediment layer persists for greater
than 7 hours of convection. This encompasses regimes of convection including cellular
convection and plume dominated convection (Weeraratne & Manga, 1998). All but one of
these experiments have Reynolds number, Re << 1, in the Stokes flow regime and thus
suggests the Rayleigh number for convection and Reynolds number for viscous flow is
appropriate for scaling (see Table 2) to the Earth’s interior.
4.2 Formation of the metal sediment layer at the CMB
What is the process in which metal flakes are transported down to the Earth’s core?
We assume metal sediments in the Earth are dominantly composed of iron from meteors
during the proto-earth bombardment and subsequent core-forming process. The separation
of iron from silicates occurs when meteors melt upon impact with the magma-ocean,
forming a reservoir or ocean of molten silicates (Tonks et al., 1993). The large impact
forces involved likely instigate turbulent mixing (Dahl & Stevenson, 2010; Wacheul et al.,
2014) which previous studies (Fleck et al., 2018) indicate causes molten metal to emulsify
into liquid metal droplets (Rubie et al., 2003). The initial magma ocean composition is
expected to have the oxygen and hydrogen concentrations of the original meteorite and/or
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the target surface material. Previous studies
of descending emulsified metal diapirs
suggest that volatiles and silicates may be
trapped and entrained within the film layer
surrounding each iron metal droplet during
descent preventing hydrodynamic escape to
the atmosphere (Fleck et al., 2018). I suggest
that turbulent action may also act to agitate
Figure 4.1: Schematic diagram of
descending diapir and metal flakes. Metal and shear liquid metal drops and create iron
flakes are distributed throughout magma-ocean
material in the liquid metal diapir. Note: The metal flakes (Brand, 2014). The volatiles and
scale of the metal flakes is exaggerated in the
diagram to emphasize locale in the magmaoxygen present in the film layer surrounding
ocean and diapir.

droplets may also act to form flakes as an oxide or hydride. If the ULVZ is indeed a result
of iron metal sediments, turbulent action in the magma ocean may be a requirement to
produce the necessary volume of iron sediments. Iron drops would settle to the base of a
magma ocean first followed by metal flakes (see Figure 4.1). Metal flakes which are
elongated or have elliptical shapes are expected to experience greater drag forces and
descend through a magma ocean slower than flakes with equant flake shapes or spherical
metal drops. Depending on the life span of a magma ocean some metal flakes may
accumulate at the base of the magma ocean atop liquid metal drops. A metal pond at the
base of a magma ocean is inherently unstable and several studies suggest means by which
this metal pond goes unstable. A Rayleigh-Taylor instability is one possibility shown
recently to form a coherent diapir of emulsified metal drops which descends rapidly to the
core (Olson and Weeraratne, 2008; Fleck et al., 2018). This emulsified metal diapir was

47

shown to entrain a trailing conduit and a film of molten silicate magma surrounding each
metal droplet to the core. Close evaluation of experimental images in the Fleck et al.(2018)
study reveals that metal flakes are observed and mixed in with the emulsified metal diapir
and conduit (see Fleck et al., 2018, Figure 1c). This suggests that the metal flakes may be
incorporated into the metal-silicate diapirs (see Figure 4.1) and transported to the Earth’s
core. Repeated metal diapir descent during planetary accretion would accumulate heavy
metal flakes at the core-mantle boundary. Our results suggest that metal sediments do not
re-mix into liquid metal. Metal flakes are more buoyant than liquid metal, but are heavier
than silicates and should reside at the top of the metal diapir (see Figure 4.1) during descent
and may rest at the core-mantle boundary. Metal sediments entrained into the core may
migrate to the CMB interface. This is consistent with previous studies suggesting the
Earth’s outer core may be stratified (Helffrich & Kaneshima, 2010). Experiments presented
suggest that metal sediments residing at the CMB will persist indefinitely in the presence
of vigorous mantle and core convection, will not re-melt or re-assimilate into the liquid
outer core, and may still be present today.
The primordial signature found in modern lava’s may be from migrating silicates
from a dense reservoir entrained to the core by emulsified metal during core-formation.
These silicate magmas have volatiles making them inherently buoyant and able to rise to
the surface through plumes. These buoyant plumes are believed to existing from core
formation to today bringing material to the surface with a primordial signature (Fleck et
al., 2018).
The case for emulsification of heavy metals settling within the magma ocean only
applies to small to moderately sized impacts during the early stages of planetary accretion.
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This does not apply to large planet-melting impacts in which entire cores conjoin when
impactors reach Mars sizes (Canup, 2004). The experiments presented here are modeling
the former case, however, these structures may be present before and/or after a large impact
event. A large impact will only increase agitation in pre-emulsified metal core material
(Fleck et al., 2018). The joining of cores is an agitating process that is likely to either
maintain or increase the emulsified material. Any emulsifying behavior involves shearing
that may produce more metal sediments. Pre-formed cores are likely to be stratified
(Landeau et al., 2016) and have recently been suggested to have a coalesced metal core
with an emulsified layer (Fleck et al., 2018). I suggest that a thin metal sediment layer may
top this stratification.
4.3 Physical properties and formation mechanisms of metal sediments
Metal sediments in my experiments are made
of metal gallium flakes which are elongated, thin,
and jagged (Figure 4.2). Some flakes are dark
(Figure 4.2) and have a rough surface, some are
reflective with a rough surface, while some are
reflective with a smooth surface (Figure 1.5). The
Figure 4.2: Close-up of sheared
metal flakes. Descending metal flakes
after shearing.

shape of flakes are non-spherical and therefore must

be solid. Even the smallest volumes of liquid gallium form spherical balls. Surface tension
forces will be strongest in the smallest volumes of liquid metals and therefore will always
form spheres if metals are in the liquid state. We verify the shape of very small metal flakes
by close up visualization (below). Metal flakes are created in these experiments during
agitation of liquid gallium with glucose. Metal flakes are also observed when liquid metal
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drops are simply descending through an ambient glucose solution. I suggest that metal
flakes may be created by a combination of oxidation and shearing processes. Gallium in
my experiments is exposed to oxygenated glucose solutions that could oxidize the liquid
metal surface. I’ve performed simple tests comparing 1.) the oxidation of gallium exposed
to ambient air, 2.) gallium submerged in distilled water, and 3.) gallium submerged in
glucose, all without shear. The oxidation of gallium will affect the reflectivity of the metal.
The loss in reflectivity indicates a greater oxidation. Due to its sustained reflectivity for
multiple days, oxidation in glucose is the slowest process. This shows that the exposure of
liquid gallium to glucose solution is not as effective without shearing and occurs much
slower than exposure to ambient air or water. The agitation process may also remove an
oxidized film layer quickly, exposing a new surface to the hydrous fluid.
I have also noticed that metal flakes form on a metal surface from alternating
freezing and melting events. A smooth metal gallium pond when frozen and then re-melted
displays large flakes on the surface. This may be due to the expansion and volume increase
of gallium when it freezes (much like water and ice) and later contraction and volume
decrease when it melts. An oxidized layer formed on the surface of liquid gallium would
flake and peel off when the volume freezes and expands. While liquid iron contracts while
freezing, an oxidized surface of liquid iron may peel off and create flakes due to contraction
during freezing. If complexities of the meteorite impact process causes alternating melting
and/or freezing events of liquid iron within the magma ocean, in the metal pond, or deeper
at the CMB, an oxidized metal surface is expected to form metal flakes during phase
changes.
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Iron flake residue is created by a shearing process with a known substance and has
many industrial applications in material science. Nano-scale Zero Valent Iron (NZVI)
flakes are very thin solid iron flakes (<100 nm) that are created using a grinding method
and can be used in groundwater remediation (Kober et al., 2014). Solid iron oxide
nanoflakes created by the shearing process of passing heated air over iron foils create
elongated flakes with an average length of 200 nm (Rashid et al., 2014). Industrial uses of
iron flakes are often synthesized from a solid metal source (Kober et al., 2014; Rashid et
al., 2014).
Intensive melt shearing processes are also used where liquid magnesium alloy
(AZ91D) that contains solid magnesium oxide nano-scale particles show that the oxides do
not re-equilibrate with the melt and are present as a solid in the liquid metal matrix (Fan et
al., 2009). Fan et al. (2009) utilizes chemical changes to resist equilibration of flakes within
liquid metal alloys. This process may also be occurring in my experiments. Metal flakes
in my experiments may resist re-equilibration due to the chemical reaction of the oxidation
process. This suggests both physical shearing and a chemical reaction process may be
active in creating and maintaining metal flakes.
Gallium surfaces are known to immediately oxidize upon exposure to atmospheric
oxygen. When exposed to oxygen at room temperature, a thin, solid, porous oxide film
forms on the surface of liquid gallium (Wang et al., 1994). The oxide layer (Ga2O3 & Ga2O)
does not appear to vary in thickness and is most likely solid (Regan et al., 1997). This oxide
layer also decreases the surface tension of the gallium.
In my experiments, glucose consists of pure corn starch as a translucent solution.
The chemical formula for regular corn syrup is C6H14O7. During agitation, gallium is
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exposed to the water in glucose solution for approximately 5 minutes. This suggests that
the flakes may be formed from a combined process of oxidation and shearing since flakes
do not form in glucose without shearing forces present. Although it is possible that glucose
is a reducing agent.
Measuring the thickness of these very small metal flakes is not trivial. I make a
crude estimate of metal flake thickness by using our high resolution DLSR camera and best
image processing techniques (Image J), see Chapter Methods. The highest resolution we
obtain in our images indicate 240 pixels/mm giving an average metal flake thickness of
0.08 mm ± 0.06 mm. Measuring gallium oxide thickness using X-ray scattering techniques
estimate this to be much smaller, in the nano-scale at 0.5 nm (Regan et. al., 1997).
In the Earth iron metal flakes may be formed from agitation and turbulent motion
of meteorite impacts within the magma ocean before descent within metal diapirs to the
CMB. Fairly large volumes of sediments would need to be present today to be measured
seismically at the ULVZ. I suggest this occurs by a combined oxidation and shearing
process within the turbulent magma ocean during meteorite impacts.
4.4 Metal sediment layer thickness

Figure 4.3: Loss of entrained metal flakes over time. Close-up of photos of suspended flakes
within the convecting glucose. a) Suspended flakes at t = 0. b) Suspended flakes at t = 8 hrs. c)
Suspended flakes at t = 21 hrs. Equilibrium is reached at t = 7 hours. Photos from experiment # 9.
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The sediment thickness increases in seven experiments (Figure 3.4, Figure 3.6,
Figure 3.9) and decreases in four experiments (Figure 3.4, Figure 3.6). The largest change
in thickness is ~ 10 % from experiment number 3. What is happening to the sediment layer
in these cases in which it grows or shortens? An increase in glucose temperature inherently
lowers the glucose viscosity which will cause large flakes suspended to descend and
accumulate at the interface increasing the thickness of the sediment layer. This decrease in
viscosity lowers the fluid’s ability to keep flakes suspended by viscous forces. This is
demonstrated in Figure 4.3 which shows that sediment concentration decreases over time
in a single experiment as the viscosity of the glucose decreases due to increasing
temperatures in the approach to equilibrium. This indicates that large flakes descend as the
viscosity decreases leaving behind progressively smaller and smaller sediments in the
lowest viscosity fluids (Figure 4.3c).
The loss of sediment thickness may be due to several factors. Careful evaluation of
images, videos, and close-up views reveal that sediments very infrequently migrate
downward into the pore space between metal drops. This occurs more often in the cases
with large pore spaces between metal drops in Experiments # 1 – 7. This process may cause
loss of sediments in the top m1 layer in which case metal flakes migrate from m1 down into
m2 and so on decreasing the thickness. We also observe small metal sediments which lift
off the interface with convective upwellings, however this also occurs infrequently and
only with the smallest particles. Metal sediment loss overall is never more than ~ 10 % in
all experiments, thus 90 % of sediments resist migration downward into metal droplets and
also resist convective currents above. If the outer core does not consist of liquid iron
droplets and is a smooth liquid iron layer, I expect no metal sediments to migrate
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downwards as pore spaces in the underlying liquid metal would be small or non-existent.
In this case, there would be little loss of sediments residing at the CMB interface.
4.5 Sediment layer at the CMB
Will metal sediments created by shearing liquid iron avoid re-equilibration into the
underlying liquid outer core like gallium in our experiments? Also, can these metal
sediments survive the long timespan from core-formation to present time at the CMB?
Cenozoic era lava’s in Greenland have been found to exhibit an extremely high 3He/4He
ratio indicating a primordial source of an undegassed, undifferentiated mantle reservoir
(Jackson et al., 2010). This may suggest that LLSVP’s and underlying ULVZ’s consist of
primordial material. Previous work by Fleck et al., [2018] suggested that such a deep
mantle source would form by entrainment of silicates and volatiles from the magma ocean
down to the core. These silicates and volatiles would segregate slowly and migrate out of
the core and ULVZ into the lower mantle over 1 – 5 Byr (Fleck et al., 2018). I suggest that
the ULVZ may also have formed by iron metal sediments from the core formation process
and may survive today as indicated by the experimental results shown here.
The volume of flakes produced can be estimated by assuming an average of 20 %
porosity in the m1 sediment layer (measured by image analysis). Experiments described
here as well as previous laboratory experiments by Daniel Karpman in our laboratory
(Karpman, 2018) show that agitation produces metal flakes that make up 1 – 15 % of the
total metal volume after agitation. If we assume that 50 % of the Earth’s core was formed
by meteorite impacts and underwent turbulence and convection in a magma ocean before
descent, a range of 8.85 x 108 to 1.33 x 1010 km3 of iron sediments would form (flakes can
be created from the descent of metal through a magma ocean, however, this volume is
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small). This assumes the percentage of iron flakes forming by agitation of liquid iron is the
same as that for liquid gallium. Faster agitation rates, stronger turbulence, and longer
agitation periods are shown to produce slightly larger volumes of sediments (Karpman,
2018). Agitation rates may vary due to gravitational and impact forces, impact and magma
velocities, and impact sizes.
This would suggest that the thickness of a continuous metal sediment layer covering
the entire CMB would range from 10 – 90 km (for 1 – 15 %, respectively). The ULVZ may
not be a ubiquitous layer and may be localized in areas at the edges, within, or nearby
LLSVP’s (e.g. Yu et al., 2018). Over time convection currents may influence the metal
sediment layer (McNamara et al., 2010) and cause a localization of piled material. If the
sediment layer were then localized to half the surface area of the core mantle boundary the
corresponding thickness of the sediment layer would range from 20 – 170 km. The
thickness of the ULVZ is observed to be 5 – 40 km thick at the CMB (Garnero et al., 1998)
and is within the range that I predict from the experiments shown here. If our model for
metal sediment coverage exists continuously below LLSVP’s this would be approximately
30 % of the CMB surface (Li et al., 2017). Geodynamic modeling shows that just over half
of ULVZ’s are present outside of LLSVP’s, however, almost all those present outside are
within 800 km of LLSVP margins (Li et al., 2017).

Thickness of
1% sediment
volume
Thickness of 15
% sediment
volume

Covering 100
% of core

Covering 50 %
of core

10 km

20 km

90 km

170 km
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Covering 30 %
of core
(LLSVP)

Covering 25 %
of core

22 km

25 km

270 km

320 km

Table 4: Thickness of the sediment layer for varying core volumes and areas. Metal sediment
layer thickness assuming 50 % of the Earth’s core is agitated and sheared to create metal flakes
during core formation. Note: 1 % of sediment volume corresponds to 1 % of the 50 % volume of
material agitated.

Conversely, with the observed thickness range of 5 – 40 km, I can estimate how
much of the Earth’s core will be covered by the 1 – 15 % volume (Table 5).

% of core covered by 1 %
sediment volume
% of core covered by 15 %
sediment volume

5 km thick sediment layer

40 km thick sediment layer

> 100 %

14.56 %

> 100 %

> 100 %

Table 5: Percentage of the core-mantle boundary covered by various volumes of sediments.
This table shows the percentage of the core-mantle boundary that will be covered with a 1 % and
15 % sediment volume that is either 5 km or 40 km thick. Thicknesses over 100 % indicate the
layer would be greater than 5 km and 40 km, respectively. Note: This assumes only half of the
Earth’s core is agitated during core formation.

If the sediment coverage is restricted to observed ULVZ zones, this would be
approximately 2 % total of CMB surface (Li et al., 2017). This percentage can be much
higher, however, due to the fact that less than 20 % of the CMB surface has been surveyed
(Yu & Garnero, 2018). It is possible that there are more ULVZ regions present that have
yet to be discovered.
4.6 Entrained Flakes
Metal flakes are suspended in the magma ocean and may remain indefinitely if
convecting, avoiding entrainment by downwelling metal diapirs. This will, however, be a
small percentage, no more than 1 % of the total metal volume while ~ 99 % descends into
the core. Previous studies estimate the Ra for convection in the magma ocean during
impacts to be 1027 – 1032 (Rubie et al., 2003; Solomotov, 2000), suggesting these are more
than strong enough to suspend metal flakes. Rayleigh number and the buoyancy difference
(∆ρ) between the particle and convecting fluid are found to be the chief factors controlling
the amount of suspended particles (Lavorel et al., 2009). Both a lower ∆ρ and a higher
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convective temperature difference (∆T) correspond to a greater concentration of suspended
particles (Lavorel et al., 2009). This is consistent with my measurements shown in Figure
3.12b & c which show an increase of suspended sediment volume with an increasing
Rayleigh number and a decrease in metal sediment volume with increasing ∆ρ. Small
percentages of iron metal sediments which are caught up in convection in the magma ocean
and remain after iron descent to the core, may be the source of the trace siderophile
abundance in the upper mantle (e.g. Wood et al., 2006).
Studies have shown that particles within the interior of steady-state convection can
remain suspended indefinitely (Weinstein et al., 1988; Rudman, 1992; Marsh & Maxey,
1985). For non-steady state convective systems, particles must be entrained upward from
the bottom bed of particles (Solomotov et al, 1993). Solomotov et al, [1993] shows that
isolated spherical particles are not entrained by convection, however, particles can be
accumulated into crested dunes where the particles can be entrained when the dune has
reached a sufficient height, though the density difference between the sphere and
convecting fluid are less than 0.1 g/cm3 in those experiments. In the case of the metal flakes
presented in my experiments, the shape and orientation can be affecting the lifting ability
of the glucose to entrain the flake. Therefore, a flaky particle at the correct orientation could
be easier to entrain than a sphere.
4.7 Siderophile abundance and density deficit problem
Today, it is known that there is a deficiency in siderophile elements (W, Ni, Co) in
the Earth’s core; these trace siderophile elements are distributed through the upper mantle
and have abundances greater than theory predicts (Ringwood, 1977). My results show that
an increasing Rayleigh number corresponds to an increase in suspension of metal flakes
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suggesting a small volume of metal flakes can be retained in the magma ocean due to high
Rayleigh number convection that will never descend to the core. Suspended iron flakes in
a magma ocean which crystallize with time may produce trace siderophile abundances
(Wood et al., 2006) observed in the upper mantle today. Similarly, if metal sediments
entrained with liquid magma accumulated at the base of the mantle, this could be consistent
with the ~10 % iron density deficit of the Earth’s core (Anderson & Isaak, 2002).
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Chapter 5
Conclusion

Laboratory experiments on the effect of liquid metal and glucose convection on a
layer of metal sediments laying at the fluid-fluid interface show that this metal sediment
layer is stable and does not re-equilibrate with convecting liquid metal. Studies in material
science, likewise, confirm that metallic flakes resist re-equilibration into liquid metal (Fan
et al., 2009). Only small concentrations of the smallest particle size of metal sediments can
be entrained into the overlying convection currents depending on ambient material
viscosity and the convective Rayleigh number. Over 89 % of the metal sediment thickness
persists during vigorous convection in both the overlying and underlying layer. This
suggests that if metal sediments form during the impact process during core formation,
sediments brought to the CMB would survive indefinitely in the presence of mantle
convection. Measured sediment layer volumes suggest thicknesses consistent with
observed ULVZ thickness at the CMB today. Though it is important to note that only a
fraction of the Earth’s CMB has been seismically surveyed. Metal sediments suggest an
attractive alternative to models for liquid metal which produce a seismic velocity reduction
which is too large (Wicks et al., 2017) to explain the ULVZ.
A small concentration (~ 1 %) of small metal flake sizes stay suspended in glucose
convection or are entrained from the sediment layer. This volume of metal flakes can be
responsible for trace siderophile abundance in the upper mantle. The experiments shown
here achieve Rayleigh numbers on the scale of Rayleigh numbers for the Earth’s mantle up
to 108 and indicate that the convective vigor is not sufficient to entrain significant volumes
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of metal sediments from a basal layer, confirming the model that iron metal sediments can
survive convection at the CMB and remain indefinitely.
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Chapter 6
Future Work

Below is a list of future work to investigate new phenomenon related to the thesis
work presented here.
1) Measure the oxidation rate liquid gallium and reflectivity of gallium oxide as a
function of time in various fluids. This will help to better understand the behavior of liquid
gallium in glucose and how the shearing process is affecting it.
2) Perform agitation in a non-oxygenated environment to see if shearing is
dependent on oxygen being present.
3) Build a taller tank to allow greater volumes of glucose and liquid gallium to
increase the Rayleigh number in either fluid. My Rayleigh numbers are limited to the
dimensions of my tank. Being that layer thickness is the dominating factor in Rayleigh
number, a taller tank will increase these number substantially.
4) Formulate a method to visualize convection in liquid gallium. This would be
useful in confirming that liquid gallium is convecting and see how convection cells and/or
plumes are effecting the sediment layer if at all.
5) Test to see if sediments are buoyant if submerged in a coalesced pool of gallium.
If so could this be due to surrounding glucose? Or a lower density relative to pure liquid
gallium.
6) Calculate or measure the density of sheared metal flakes. This will help in
calculating how easily sediments can be entrained upwards into convection.
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7) Conduct more experiments with extremely high glucose viscosities to see how
viscosity is affecting the sediment layer.
8) Perform experiments with a close-up camera on the sediment layer to get a highly
detailed view of every particle.
9) Study of gallium residue forming in conduits during drop descent. Are these
flakes or not?
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Appendix A
Detailed Experiment Lists

Experiment

Time

Measured Area
(m1)

Unit

Hours
0
7
0
7
0
7
0
6.5
0
6
0
6.5
1
7
0
9
0
8
0
6.5
0
7

mm2
277.6
268.7
197.9
174.0
237.6
212.3
24.3
22.8
168.6
177.1
135.5
139.2
173.2
166.4
159.5
162.2
151.4
157.7
80.3
82.2
206.2
214.6

1
2
3
4
5
6
7
8
9
10
11

Measured
Width (m1)
mm
130.0
130.0
130.0
110.0
108.1
108.1
78.6
76.0
120.0
120.3
110.0
110.0
120.0
120.0
110.4
110.4
99.5
99.5
110.4
110.4
107.9
107.9

Avg.
Thickness
(m1)
mm
2.135
2.067
1.522
1.582
2.198
1.964
0.309
0.300
1.405
1.472
1.232
1.266
1.433
1.386
1.445
1.469
1.521
1.584
0.728
0.744
1.911
1.989

%
difference
(m1)
%
-3.17
3.91
-10.64
-2.93
4.71
2.73
-3.95
1.70
4.14
2.27
4.07

Table 6: Sediment layer measurements. Measurements of the thickness of layer m1 before and
after equilibrium has been reached.

Experiment

Time

Measured Area
(m2)

Measured
Width (m2)

Unit

Hours
0
7
0
7
0
7
0
6.5
1

mm2
143.9
149.9
168.3
106.2
59.9
62.7
39.8
33.3
280.3

mm
130.0
130.0
130.0
110.0
108.1
120.3
110.0
110.0
120.0

1
2
3
6
7
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Avg.
Thickness
(m2)
mm
1.107
1.153
1.294
0.993
0.555
0.521
0.362
0.303
2.336

%
difference
(m2)
%
4.21
23.30
-6.06
16.32
2.03

8
9

7
0
9
0
8

274.6
42.3
37.5
38.8
52.5

120.0
110.4
110.4
99.5
99.5

2.288
0.383
0.339
0.375
0.551

-11.43
47.00

Table 7: Liquid gallium layer thickness measurements (m2). Measurements of the thickness of
layer m2 before and after equilibrium has been reached.

Experiment

Time

Measured Area
(m3)

Unit

Hours
0
7
0
7
0
7
0
6.5
1
7
0
9
0
8

mm2
461.8
454.9
444.2
413.0
366.6
363.5
333.1
341.7
554.5
574.2
268.2
239.3
206.5
189.1

1
2
3
6
7
8
9

Measured
Width (m3)
mm
130.0
130.0
130.0
110.0
108.1
120.3
110.0
110.0
120.0
120.0
110.4
110.4
99.5
99.5

Avg.
Thickness
(m3)
mm
3.550
3.499
3.417
3.755
3.393
3.020
3.028
3.106
4.620
4.784
2.430
2.167
2.075
1.900

%
difference
(m3)
%
1.44
9.89
10.98
2.57
3.55
-10.81
8.41

Table 8: Liquid gallium layer thickness measurements (m3). Measurements of the thickness of
layer m3 before and after equilibrium has been reached.

Experiment

1

2

3

Layer
m1
m2
m3
m1
m2
m3
m1
m2
m3
m1
m2
m3
m1
m2
m3

%
Sediments
52.9
15.0
0
56.5
18.5
0
53.8
19.4
0
47.5
34.3
0
62.9
18.0
0

% Metal
Drops
11.3
52.9
79.8
19.0
49.3
90.7
19.9
60.4
86.8
26.2
36.2
86.3
17.9
56.3
90.9
69

% Pore
Space
35.8
32.1
20.2
24.6
32.3
9.3
26.4
20.2
13.2
26.4
29.5
13.7
19.2
25.7
9.1

Avg. Drop Radius
m3 (mm)
0.614

0.653

0.531

0.584

0.475

6

7

9

m1
m2
m3
m1
m2
m3
m1
m2
m3
m1
m2
m3
m1
m2
m3
m1
m2
m3
m1
m2
m3

62.3
40.3
0
57.9
41.6
0
54.4
45.8
0
73.6
47.0
0
66.6
4.34
5.5
66.0
38.8
0
48.7
52.5
0

16.3
30.7
89.1
21.6
34.7
86.3
27.6
29.2
83.6
14.3
27.6
84.8
17.4
84.1
73.9
18.7
43.1
86.2
26.0
20.7
89.8

21.4
28.9
11.0
20.6
23.7
13.7
18.0
25.0
16.4
12.1
25.4
15.2
16.0
11.6
20.2
15.4
18.1
13.8
25.2
26.8
10.2

0.607

0.496

0.536

0.626

0.590

0.407

0.380

Table 9: Gallium layer percentages. Measurements of the percentages of metal sediments,
metal drops, and pore space present in every gallium layer.

Experiment
Unit
2
3
5
6
11

μ1/2
Pa·s
4.30
4.30
6.52
6.86
3.63

Suspended
Flakes
mm3
378.7
386.2
132.3
145.9
584.4

Glucose
Volume
mL
3539
4247
2359
2359
4483

Flake
Concentration
mm3/mL
0.107
0.091
0.056
0.062
0.130

Table 10: Suspended flake measurements. Measurements of flakes suspended in glucose layer
d. This was not measured for all experiments.
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Appendix B
Temperature Data for Experiments
Experiment #1:

Figure B.1: Photo and Temperature series for experiment #1.
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Experiment #2:

Figure B.2: Photo and Temperature series for experiment #2.
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Experiment #3:

Figure B.3: Photo and Temperature series for experiment #3.
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Experiment #4:

Figure B.4: Photo and Temperature series for experiment #4.
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Experiment #5:

Figure B.5: Photo and Temperature series for experiment #5.

75

Experiment #6:

Figure B.6: Photo and Temperature series for experiment #6.
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Experiment #7:

Figure B.7: Photo and Temperature series for experiment #7.
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Experiment #8:

Figure B.8: Photo and Temperature series for experiment #8.
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Experiment #9:

Figure B.9: Photo for experiment #9. Temperature series was not obtained
for this experiment due to a malfunction with the temperature acquisition
equipment.
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Experiment #10:

Figure B.10: Photo and Temperature series for experiment #10.
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Experiment #11:

Figure B.11: Photo and Temperature series for experiment #11.
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Figure B.12: Plot of Nusselt vs. Rayleigh. Experiments #1-3, 5-9, & 11 are plotted here.
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Appendix C
Oxidation of Gallium
An oxide layer develops when gallium is placed in water, however, this occurs at a
slower rate. When immersed in deionized water, oxidation is shown to appear on the
surface at a time period that ranges from 2 - 7 days (Horosawa et al., 1997). The oxidation
formula for the reaction of hydroxide and gallium is given as:
2Ga+ + 2(OH)- → Ga2O(OH) + H2O.
The redox formula for the reaction of glucose and oxygen is:
C6H12O6 + 6O2 → 6CO2 + 6H2O.
The chemical oxidation formula for the reaction of iron with air and water is:
2Fe + O2 + 2H2O → 2FeO + H2O.
In this case the FeO further oxidizes in the reaction to form Fe2O3. The oxides for iron are
Fe2O3, Fe3O4, and FeO.
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