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Estimates of the primitive upper mantle (PUM) composition reveal a depletion in many of the siderophile (iron-loving) elements, thought to result
from their extraction to the core during terrestrial accretion. Experiments to investigate the partitioning of these elements between metal and
silicate melts suggest that the PUM composition is best matched if metal-silicate equilibrium occurred at high pressures and temperatures, in

a deep magma ocean environment. The behavior of the most highly siderophile elements (HSEs) during this process however, has remained
enigmatic. Silicate run-products from HSE solubility experiments are commonly contaminated by dispersed metal inclusions that hinder the
measurement of element concentrations in the melt. The resulting uncertainty over the true solubility and metal-silicate partitioning of these
elements has made it difficult to predict their expected depletion in PUM. Recently, several studies have employed changes to the experimental
design used for high pressure and temperature solubility experiments in order to suppress the formation of metal inclusions. The addition of

Au (Re, Os, Ir, Ru experiments) or elemental Si (Pt experiments) to the sample acts to alter either the geometry or rate of sample reduction
respectively, in order to avoid transient metal oversaturation of the silicate melt. This contribution outlines procedures for using the piston-
cylinder and multi-anvil apparatus to conduct solubility and metal-silicate partitioning experiments respectively. A protocol is also described for
the synthesis of uncontaminated run-products from HSE solubility experiments in which the oxygen fugacity is similar to that during terrestrial
core-formation. Time-resolved LA-ICP-MS spectra are presented as evidence for the absence of metal-inclusions in run-products from earlier
studies, and also confirm that the technique may be extended to investigate Ru. Examples are also given of how these data may be applied.

Video Link

The video component of this article can be found at https://www.jove.com/video/52725/

Introduction

Terrestrial accretion is thought to have occurred as a series of coII|S|ons between planetesimals with a chondritic bulk composition, terminating
in a giant-impact phase thought responsible for moon formation'2 . Heating of the proto-earth by impacts and the decay of short-lived isotopes
was sufficient to cause extensive melting and the formation of a magma ocean or ponds through which dense Fe-rich metallic melts could
descend. Upon reaching the base of the magma ocean, metallic melts encounter a rheologlcal boundary, stall, and undergo final metal-silicate
equilibrium before eventually descending through the solid mantle to the growing core?. Further chemical communication between metal and
silicate phases as metallic melt traverses the solid portion of the mantle is thought to be precluded due to the large size and rapid descent

of metal dlaplrs3 This prlmary differentiation of the Earth into a metallic core and silicate mantle is revealed today by both geophysical and
geochemical observations* Interpretlng these observations to yield plausible conditions for metal-silicate equilibrium at the base of a magma
ocean, however, requires an appropriate database of experimental results.

The primitive upper mantle (PUM) is a hypothetical reservoir comprising the silicate residue of core formation and its composition therefore
reflects the behaviour of trace elements during metal-silicate equilibrium. Trace elements are distributed between metal and silicate melts during
core segregation on the basis of their geochemical affinity. The magnitude of an elements preference for the metal phase can be described by

the metal-silicate partition coefficient (/7*")-
D.'nl'c.' Sil — “ i (1)

Where CM” and (“'l'""_ denote the concentration of element j in metal and silicate melt respectively. Values of D"“‘r”"”"- >1 indicate siderophile

(iron-loving) behaviour and those <1 lithophile (rock-loving) behavior. Estimates of the PUM comp03|t|on show that siderophile elements are
depleted relative to chondrltes typically considered as representative of Earth’s bulk composmon 8. This depletion is due to sequestration of

siderophile elements by the core, and for refractory elements its magnitude should directly reflect values of DI_”‘” S Lab experiments therefore

Copyright © 2015 Journal of Visualized Experiments June 2015 | 100 | e52725 | Page 1 of 18


https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:nbennett@carnegiescience.edu
https://www.jove.com/video/52725
http://dx.doi.org/10.3791/52725
https://www.jove.com/video/52725/

lee Journal of Visualized Experiments www.jove.com

seek to determine values of DI;”"”““"' over a range of pressure (P), temperature (T) and oxygen fugacity (fO,) conditions that are relevant to

metal segregation from the base of a magma ocean. The results of these experiments may then be used to delineate regions of P-T-fO, space
that are compatible with the PUM abundance of multiple siderophile elements (e.g.,g'”).

The high pressures and temperatures relevant to a magma ocean scenario can be recreated in the laboratory using either a piston-cylinder or
multi-anvil press. The piston-cylinder apparatus provides access to moderate pressure (~2 GPa) and high temperature (~2,573 K) conditions,
but enables large sample volumes and a variety of capsule materials to be easily used. The rapid cooling rate also permits quenching of a range
of silicate melt compositions to a glass, thus simplifying textural interpretation of the run-products. The multi-anvil apparatus typically employs
smaller sample volumes but with suitable assembly designs can achieve pressures up to ~27 GPa and temperatures of ~3,000 K. The use of
these methods has allowed partitioning data for many of the moderately and slightly siderophile elements to be gathered over a large range of
P-T conditions. Predictions of the PUM composition based on these data suggest metal-silicate equilibrium occurred at average pressure and
temperature conditions in excess of ~29 GPa and 3,000 K respectively, although the exact values are model dependent. In order to account

for the PUM abundance of certain redox sensitive elements (e.g., V, Cr) the fO, is also thought to evolve during accretion from ~4 to 2 log units
below that imposed by co-existing iron and wiistite (FeO) at equivalent P-T conditions (the iron-wustite buffer) “.

Although the PUM abundance of many siderophile elements can be accounted for by metal-silicate equilibrium at the base of a deep magma
ocean, it has proved difficult to assess if this situation also applies to the most highly siderophile elements (HSEs). The extreme affinity of the
HSEs for iron-metal indicated by low pressure (P ~0.1 MPa) and temperature (T <1,673 K) experiments suggests the silicate earth should be
strongly depleted in these elements. Estimates of the HSE content for PUM, however, indicate only a moderate depletion relative to chondrite
(Figure 1). A commonly posited solution to the apparent HSE excess is that Earth experienced a late-accretion of chondritic material subsequent
to core-formation'®. This late-accreted material would have mixed with the PUM and elevated HSE concentrations but had a negligible effect on
more abundant elements. Alternatively, it has been suggested that the extremely siderophile nature of HSEs indicated by low P-T experiments
does not persist to the high P-T conditions present during core-formation' . In order to test these hypotheses, experiments must be carried out
to determine the solubility and metal-silicate partitioning of HSEs at appropriate conditions. Contamination of the silicate portion of quenched run-
products in many previous studies however, has complicated run-product analysis and obscured the true partition coefficients for HSEs between
metal and silicate melts.

In partitioning experiments where the HSEs are present at concentration levels appropriate to nature, the extreme preference of these elements
for Fe-metal prevents their measurement in the silicate melt. To circumvent this problem, solubility measurements are made in which the silicate

melt is saturated in the HSE of interest and values of DI:”'”""T"' are calculated using the formalism of Borisov et al.'®. Quenched silicate run-

products from HSE solubility experiments performed at reducing conditions, however, often display evidence for contamination by dis;)ersed
HSE=Fe inclusions'’. Despite the near ubiquity of these inclusions in low fO, experiments containing Pt, Ir, Os, Re and Ru, (e.g., 18-2 ), there is
notable variability between studies in their textural presentation; compare for example references 2and %, Although it has been demonstrated
that inclusions can form which are a stable phase at the run conditions of an experimentzs, this does not preclude the formation of inclusions

as the sample is quenched. Uncertainty surrounding the origin of inclusions makes the treatment of analytical results difficult, and has led to
ambiguity over the true solubility of HSEs in reduced silicate melts. Inclusion-free run-products are required to assess which studies have
adopted an analytical approach that yields accurate dissolved HSE concentrations. Considerable progress in suppressing the formation of metal-
inclusions at reducing conditions has now been demonstrated in experiments using a piston-cylinder apparatus, in which the sample design was
amended from previous studies by adding either Au or Si to the starting materials®>". The addition of Au or elemental Si to the starting materials
alters the sample geometry or fO, evolution of the experiment respectively. These methods are intended to suppress metal inclusion formation
by altering the timing of HSE in-diffusion versus sample reduction, and are discussed in Bennett et al*'. Unlike some previous attempts to
cleanse the silicate melt of inclusions, such as mechanically assisted equilibration and the centrifuging piston-cylinder, the present protocol can
be implemented without specialized apparatus and is suitable for high P-T experiments.

Described in detail here is a piston-cylinder based approach to determine the solubility of Re, Os, Ir, Ru, Pt and Au in silicate melt at high
temperature (>1,873 K), 2 GPa and an fO, similar to that of the iron-wustite buffer. Application of a similar experimental design may also

prove successful in HSE experiments at other pressures, providing the required phase relations, wetting properties and kinetic relationships
persist to the chosen conditions. Existing data however, are insufficient to predict whether our sample design will be successful at pressures
corresponding to a deep magma ocean. Also outlined is a general approach used to determine moderately and slightly siderophile element (MSE
and SSE respectively) partitioning using a multi-anvil device. Extension of the inclusion-free dataset for HSEs to high pressure is likely to employ
similar multi-anvil methods. Together, these procedures provide a means to constrain both the conditions of core-segregation and the stages of
terrestrial accretion.

1) Preparation of Starting Material

1. Synthetic Basalt
Note: A basaltic composition is used as the silicate starting material as more depolymerized compositions, although more relevant to a
magma ocean scenario, are difficult or impossible to quench to a glass in piston-cylinder and multi-anvil experiments.

1. Weigh the desired amounts of component oxide or carbonate (Ca and Na) powders, with the exception of Fe, and add to an agate
mortar (see example in Table 1). An Fe-free mixture weighing ~4 g should provide sufficient starting material for an extensive suite of
experiments.

2. Add ethanol to the agate mortar until the powders are submerged then grind for at least 2 hr using an agate pestle to homogenize both
the composition and grain size of the mixture.

Note: Homogeneity of ground starting compositions can be checked by examining a pressed pellet of the powdered mixture with a
scanning electron microscope equipped for compositional analysis by energy dispersive x-ray spectroscopy.
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3. Once thoroughly homogenized, place the mortar under a 250 W heat lamp, at a distance of ~20 cm. After the powdered mixture is dry,
which may take 20-60 min, transfer it to either an alumina or mullite (an alumino-silicate) crucible.

4. To decarbonate the mixture, place the crucible with the powdered mixture into a box furnace at RT and ramp to 1,273 K over the
course of 3-5 hr. Leave the mixture in the furnace at 1,273 K O/N.

5. Remove the decarbonated mixture from the box furnace and allow it to cool to RT. Once cool, weigh and add iron to the mixture as
either FeO or Fe,O3 powder (see Table 1). Varying the ratio of FeO to Fe,O3 while keeping the total Fe content the same allows the
final fO, of the sample to be changed. To access more reducing conditions, and in all experiments to investigate Pt, also add ~0.5-2.0
wt% Si to the mixture. Once Fe (+Si) has been added, re-homogenize the mixture by again grinding under ethanol with an agate mortar
and pestle.

6. Dry the homogenized mixture under a heat lamp and then transfer it to a shell vial. Store in a desiccator until ready to load the sample
capsule.

2. Metallic Phase: Re, Os, Ir, Ru Experiments

1. For experiments intended to investigate Re, Os, Ir or Ru, prepare a 3:1 by weight (6:1 for Ru, to account for the difference in atomic
mass) mixture of Au and the HSE of interest, using high purity metallic powders. A mixture weighing ~500 mg should provide sufficient
starting material for an extensive suite of experiments.

2. Transfer the mixture into a graphite crucible and cover with a graphite lid. Then place the covered crucible into a box furnace at a
temperature of 1,473 K for ~5 min. Once removed from the furnace, leave the crucible lid in place until the assembly has cooled to RT.
CAUTION: Heating of osmium in air may result in formation of the toxic compound osmium tetroxide. Osmium metal is also a known
skin irritant, see MSDS for CAS# 7440-04-2.

Note: This process melts the Au (melting point ~1,337 K) but not the accompanying HSE, resulting in formation of a metallic bead
where the HSE of interest is surrounded by a rind of Au.

3. Remove the metallic bead from the graphite crucible and use a razor blade to divide it into smaller pieces which measure ~1 mm in
their longest dimension. Once cut, place the beads into a shell vial and store in a desiccator.

3. Metallic Phase: Pt Experiments
Note: Experiments to investigate Pt cannot be performed using the Au-coated bead technique due to the complete miscibility of Pt and Au at
high temperature (>2,042 K at 0.1 MPa 2). This precludes a sample geometry whereby Pt is physically separated from the silicate melt during
an experiment by a rind of Au.

1. Thoroughly mix metallic powders of Pt and Ir in a 1:1 ratio by weight to make a total of ~500 mg of mixture. Next, add ~20 mg of
metallic Fe powder so that Fe comprises ~4 weight percent of the total mixture.

2. Tape a clean drill blank (alternatively, the shank of a drill may be used in place of a drill blank) to the edge of a workbench so that ~3
mm protrudes from the tabletop. Position a silica glass tube, with an internal diameter of ~2-3 mm and external diameter of ~4-6 mm,
onto the protruding end of the drill blank.

3. Place the PtIrFe mixture into the glass tube and insert another drill blank above it. Both drill blanks should have a diameter not more
than 0.1 mm smaller than the inner diameter of the silica glass tube. Cold-press the metallic mixture by pushing the drill blanks together
by hand (Figure 2).

CAUTION: Use of excessive force during the cold-pressing step can cause the silica glass to shatter).

4. Put the cold-pressed powders, still inside the silica glass tube, into an alumina crucible and suspend in the cool portion of a gas-mixing
vertical tube furnace. Increase the furnace temperature to 1,673 K and using CO-CO, gas mixtures, set the furnace fO, to a value
close to the iron-wustite buffer.

Note: At ambient pressure and 1,673 K, the iron-wdstite buffer corresponds to a fO, of 1.93 x 107" Pa®. The relationship between CO-
CO, mixing ratio, temperature and fO, can be found in reference % For the iron-wiistite buffer at 1,673 K use a gas mixture comprising
22.25 vol% CO, and 77.75 vol% CO.
1. Once the desired temperature and fO, are reached, lower the alumina crucible so that it resides in the furnace hot spot and leave
OIN for the pressed powders to anneal.

5. Remove the crucible and pressed powders from the gas-mixing furnace and allow them to cool. If the silica glass tube is still intact, use
a drill blank to push the annealed powder out of the tube. Using wire cutters, break the annealed powder into pieces small enough to fit
within the sample capsule chosen for the experiment.

6. Transfer the metallic pieces to a shell vial and store in a desiccator until required.

4. Metallic Phase: Multi-anvil Experiments

1. For experiments to determine the partitioning of moderately and slightly siderophile elements, mix the synthetic basalt powder with Fe-
metal powder in equal proportions.

Note: Some portion of the Fe may be added as a Fe-Si alloy, typically so that Si comprises <8 wt% of the metallic fraction. This will
ensure the experimental fO, remains low.

2. Add the chosen trace elements as metal-oxide powders to the basalt plus metal mixture. Homogenize the starting material by grinding
under ethanol with an agate mortar and pestle. The exact amount of trace elements added will depend upon the element being
investigated, however, nominal concentrations of several thousand ppm to 2 wt% are typical1°’35.

3. Once homogenized, dry the powdered starting material under a heat lamp, transfer it to a shell vial then store in a desiccator until
needed.

2. Preparation of Assembly Components

1. Piston Cylinder
Note: The piston cylinder assembly consists of a graphite capsule that is supported in the hot spot of a graphite resistance heater using
crushable magnesia pieces. An alumina sheathed thermocouple is positioned axially through the upper portion of the assembly to monitor
temperature at the top of the sample. The furnace is then surrounded by BaCOj; cells which act as both a pressure medium and thermal
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insulator®®. The assembly dimensions are provided in Figure 3A. A list of example materials used for the experiments and their sources are
provided in Table 2.

1.

Machine the graphite capsules, graphite end plug and magnesia support pieces to the required dimensions with a center lathe, using
high purity graphite and magnesia rods or tubes respectively as starting materials (Figure 3A).

Note: For experiments to investigate Re, Os and Ir, HSE-Fe alloys may be substituted for graphite as the capsule material
Sonicate the graphite capsules in ethanol for ~1 min at RT, then dry under a heat lamp in the same manner as directed for powdered
starting materials. Once dry, transfer the capsules to a shell vial and store in a desiccator or drying oven until required.

Place the magnesia support pieces in either an alumina or mullite crucible and anneal at 1,573 K in a box furnace for at least 8 hr. After
annealing, allow the pieces to cool then store in a drying oven maintained at ~393 K.

To make the barium carbonate cells, first mix BaCO3 powder and used copy toner in 99:1 proportions by weight. A minimum of

7.4 grams of mixture is required for one experiment. Coat the interior portion of an appropriately sized steel die (see Figure 3A for
dimensions of the BaCOj sleeves) with either a graphite-based dry lubricant or PTFE-based mold release agent (Table 2).

Cold-press 3.7 g of the mixture to ~250 MPa using the steel die and a hydraulic press. Leave the mixture at pressure for 1 min before
decompression. This will produce a sleeve with a height of 17 mm. Two sleeves are required for each assembly.

Note: The 2-cell arrangement described above and used in some previous studies®®*™' may be substituted for a single BaCOj3 cell
providing a suitably sized die is available.

Once removed from the die, drive-off the copy toner by heating the sleeves from RT to 923 K over the course of several hours in a box
furnace, then holding at this temperature for ~30 min. Note the change in color from black to orange once the copy toner has been
removed. Store the annealed sleeves in a drying oven maintained at ~393 K.

29,30

2. Multi-anvil
Note: The multi-anvil assembly comprises a sample capsule that is positioned in the hot spot of a cylindrical graphite resistance heater
using crushable MgO or Al,O3 filler pieces. The heater is surrounded by either a sintered or castable ceramic octahedron that acts as both
a pressure medium and thermal insulator. The thermocouple may be positioned either axially or transversely depending upon the assembly
design. There are numerous sizes and designs of assembly used for multi-anvil experiments, depending upon the desired objective and P-T
conditions. Figure 4 displays an assembly design previously used to perform metal-silicate partitioning experiments at 3.6 and 7.7 GPa®.

1.

2.

Prepare graphite capsules and crushable magnesia or zirconia sleeves from high purity tubes in the same manner as indicated for
piston cylinder experiments. The required dimensions are provided in Figure 4A.

Make the alumina plug from a length of hard-fired alumina rod. Use a diamond file to score the rod where it is to be broken, then snap
the rod to the required length by hand (see Figure 4A for dimensions). Use the file to remove any burrs that result from breaking the
rod. Clean the plug by sonicating it in ethanol at RT.

Prepare octahedra with an 18 mm octahedral edge length (OEL) using an MgO-based castable 2-part ceramic (see Table 2) and
appropriately sized mold. The mold comprises a jig which holds 8 truncated cubes, separated by sheets with a thickness equal to that
desired for the pre-formed gaskets37.

1. For octahedra with an 18 mm OEL, use cubes with an 11 mm truncated edge length (TEL) and sheets that are 3 mm thick. Use
either aluminum or PVC for the cube and sheet materials. Assemble the mold, lubricating all parts that will contact the castable
ceramic with silicone grease. Leave one cube unassembled to provide an entry point for the ceramic mixture.

2. Combine the powder ceramic and liquid activator in a 100:30 ratio by weight and mix thoroughly. Pour the mixture into the
mold, ensuring there are no trapped pockets of air. Insert the remaining cube and allow the mixture to set for at least 2 hr. Each
octahedron requires ~15 g of ceramic mixture.

Once set, remove the octahedron from the mold, dehydrate for ~1 day in a drying oven at 393 K then anneal at 1,273-1,373 K in a box
furnace for ~2 hr.

Allow the octahedron to cool to RT in air, then drill a 7.3 mm diameter hole as indicated in Figure 4B to accommodate the insulating
sleeve, graphite heater and remaining sample components.

Store in a drying oven at ~393 K until ready to assemble the experiment.

3. Assembly of the Components

1. Assembly of the Piston-cylinder Experiment

1.

Load the graphite sample capsule by first inserting the HSE-bearing metal then adding synthetic basalt powder until the capsule is
filled. Use of a gravitationally stable arrangement minimizes the chance for overturn during the experiment and is intended to prevent
dispersion of the metallic phase through mechanical action.

Place a small amount (typically <50 mg) of dry MgO powder at the base of the cavity designed to hold the sample capsule. This flattens
the tapered surface created when drilling the hole and in turn reduces shear forces during sample compression that may crack the
capsule.

Assembile all the previously made components as shown in Figure 3B.

Wrap a piece of 30 um thick lead foil around the assembly, folding a small (~1.5 mm) portion of foil over the exposed end of the lower
BaCOj sleeve. Insert the assembly into a 12.7 mm bore tungsten carbide pressure vessel, along with a base plug (above) and steel
end-piece (below) as shown in Figure 3A.

Note: The end-loaded piston-cylinder apparatus has two hydraulic rams. A bridge straddling the lower ram allows a tungsten carbide
piston to apply pressure to the bottom of the sample. The upper ram fixes the location of the upper sample surface and applies an end-
load to the pressure vessel that gives additional support to the tungsten carbide core®. Figure 3C shows a piston cylinder apparatus
at the University of Toronto with the bridge in place. A friction-correction of -9% is applied to account for the difference between the
nominal sample pressure and that experienced by the samplesg.

Position the bridge, pressure vessel and base-plate between the hydraulic rams. Next make a C-type thermocouple using 4-hole hard-
fired alumina tube with an outer diameter of 1.6 mm. The alumina tube should be cut sufficiently long to allow ~1-2 mm of the tube to
protrude from the upper surface of the top-plate.
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6.

Feed both wire compositions (see Table 2) through adjacent holes in the tube, turn the ends through 180 degrees and secure them in
the opposing holes so that the wires cross. Insert the thermocouple through the top plate and into the assembly, so that the junction
is directly above the sample. Insulate the remainder of the thermocouple wires using flexible Teflon tubes, leaving a 10-20 mm portion
exposed at the end.

Place any required metal spacers in place between the top plate and the upper ram. During assembly, position Mylar sheets both
above the pressure vessel and between the top of the assembly and the upper ram. These sheets electrically isolate the sample
heating circuit from the rest of the apparatus.

2. Assembly of the Multi-anvil Experiment

1.

Make a C-type thermocouple using 4-hole hard-fired alumina tube by feeding both wires through adjacent holes in the tube, turning
the ends through 180° and securing them in the opposing holes. Insulate the remainder of the wires with a short length (~20 mm) of
alumina tube and then Teflon insulating material, leaving a 10-20 mm portion of exposed wire at the end.

Insert the zirconia sleeve and graphite heater into the octahedron, then cut grooves as indicated in Figure 4B. Insert the thermocouple
into the top of the octahedron and position the alumina covered arms into the grooves. Use zirconia cement (see Table 2) to fill the void
space surrounding the thermocouple and allow to dry.

In order to isolate the thermocouple join from the graphite capsule, add MgO powder from the base of the octahedron until the exposed
wires are covered. Less than 50 mg of powder are usually sufficient to surround the exposed wire. To ensure tight packing of the MgO
powder, use a drill blank to tamp down the loose powder.

Load a graphite capsule with the previously prepared sample material and place into the octahedron from the open side. Insert the
alumina plug to complete assembly of the octahedron.

On 4 of the WC cubes (Table 2) use polyvinyl acetate to glue short lengths of balsa-wood, one on each of the 3 faces adjacent to

the truncated corner of the cube. Each balsa-wood piece should measure ~4.4 mm in height and width by ~9.0 mm in length, for the
octahedron size shown in Figure 4. On each face, position the balsa-wood pieces in the quadrant opposite the truncated edge.
Assemble 4 of the cubes to form a square in plane view, 2 with and 2 without wooden pieces attached. Orient the truncated edges to
face the center of the square.

Position the octahedron in the center of the cubes, so that it is supported by the truncated edges. Then angle the thermocouple arms
so that they emerge from opposite corners of the square (Figure 5A)

Place the remaining WC cubes into position to form a cube with the octahedron at its center, ensuring that the cubes with wooden
pieces attached rest atop cubes that have no wooden spacers.

Glue square pieces of ~0.5 mm thick G10 sheet (see Table 2) to each face of the assembled cube using a cyanoacrylate-type
adhesive. For 32 mm WC cubes, use G10 sheets measuring ~55 mm x 55 mm. Two of the WC cubes have truncations that contact
the resistance heater and thus form part of the electrical heating circuit. For sheets which contact these cubes, cut 2 narrow (<1 mm
width) slits as indicated in Figure 5B and place a piece of copper foil so that it provides a point of contact between the 1st and 2nd-
stage anvils.

Note: The multi-anvil apparatus utilizes a 2-stage system of anvils contained within a retaining ring. The first stage anvils comprise

6 removable wedges that form a central cubic cavity. This cavity accommodates 8 tungsten carbide cubes with truncated corners
(second stage anvils) that surround the ceramic octahedron. Vertically oriented force applied to the first stage anvils by a hydraulic
press is therefore transferred to the octahedron in a manner that results in quasi-hydrostatic compression of the sample. The
relationship between oil pressure in the ram and sample pressure can be calibrated for the 18 mm OEL cast octahedral assembly
described here using the procedures outlined by‘”.

10. Cut 2 sheets of 0.076 mm thick Mylar to the dimensions shown in Figure 6 and coat them using a dry PTFE lubricant.

1. Position one of the pre-cut sheets into the retaining ring (straight edge at the base) and insert the lower-set of 13‘-stage
anvils, which themselves are backed with 0.076 mm thick Mylar and coated with PTFE lubricant (Figure 5B). The lower set
of anvils may be left in place between runs. Place the assembled cube into the lower set of 1st-stage anvils and connect the
thermocouple arms to balanced thermocouple wires that exit the pressure module.

2. Position the 2™ pre-cut Mylar sheet into the retaining ring (straight edge to the top) and insert the upper set of 15‘-stage anvils,
which should be Mylar backed and lubricated in the same manner as the lower set. This arrangement yields a lubricated Mylar to
Mylar contact between the 1St-stage anvils and the retaining ring that reduces the loss of ram thrust to friction by ~30% compared
to a single Mylar sheet arrangement37.

Note: Thicknesses and dimensions of the Mylar sheet will depend upon the exact design of the pressure module being used.
Described above and in Figure 6 are the dimensions in use at the Geophysical Laboratory, Carnegie Institution of Washington.

4. Running the Experiment

1. Once the sample is brought to the required pressure, heat at a rate of 100 K/min until the desired dwell temperature is reached. During the
heating step, oil in the sample ram may need to be adjusted in order to maintain a constant oil pressure.

2. After the dwell period, quench the sample by cutting power to the furnace. Once the apparatus has cooled to RT, slowly decompress the
sample.

5. Run-product Analysis

1. For piston cylinder experiments, extract the finished experiment from the pressure vessel using a hydraulic ram. With a pair of heavy-duty
cutters remove the outer portions of the assembly to release the graphite capsule (piston cylinder) or furnace containing the sample capsule
and support pieces (multi-anvil).

2. Mount the sample in epoxy (typically to form a 25.4 mm diameter puck) (Figure 7A). Using 320 to 600 grit silicon-carbide paper, grind into the
sample to expose the quenched silicate melt and metallic phases. Polish the exposed surface using either alumina or diamond suspension
with decreasing grit sizes ranging from ~15 to 0.3 ym.
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3. Carbon coat the surface of the polished sample42 and analyze the major element composition of the metal and silicate run-products by
electron probe micro analysis (EPMA). Use a defocused (10 pm) beam diameter for the silicate analysis to avoid migration of alkali elements
away from the electron beam. The anal}/tical conditions and standards used to characterize previous samples generated with the above
protocol can be found in references?® "%

Note: For experiments to investigate MSE and SSE partitioning, EPMA may also prove suitable for analysis of the tracer elements, providing
they are present at sufficient concentrations.

4. Following major element analysis, remove the carbon coat using 0.3 pm alumina grit. Use laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS) to determine the trace element content of the run-products. For an introduction to sample analysis by LA-ICPMS,
please see reference®.

Note: For previous HSE solubility studies isotopes of calcium and nickel have been successfully used as internal standards to reduce the
data, using both glass and sulphide reference materials respectivelyzg’ao. All analyses should be preceded by a single pass of ablation,
followed by flushing the ablation cell for at least 60 sec. This ensures any surface contamination that may arise from polishing the
experimental run-products does not affect the results.

Representative Results

The following examples and discussion focus on experiments to determine HSE solubility in silicate melts at low fO,. For comprehensive
examples of how MSE and SSE partitioning data from multi-anvil experiments may be used to constrain the P-T-fO, conditions of core metal
segregation, the reader is referred to references® "', Figure 7B-D displays back scattered electron images from typical experimental run-
products. In experiments containing Au, the wetting properties between silicate melt, Au melt and solid HSE (Re, Os, Ir, Ru) dictate the sample
geometry and result in physical separation between the silicate melt and the solid HSE. For experiments to investigate Pt, the Ptlr alloy remains
in direct contact with the silicate melt. Cutting power to the furnace at the end of the experiment ensures rapid cooling of the sample and
quenching of the silicate melt. Run-products therefore comprise either 1 or 2 alloy phases (HSE-rich + Au-rich) or silicate glass (providing the
basalt composition of Table 1 is used).

Contamination of the silicate glass in low fO, HSE solubility experiments is most readily identified by the presence of heterogeneity in time
resolved LA-ICPMS spectra. This heterogeneity manifests as ‘peaks’ and ‘troughs’ in the spectra that result from the ablation of varying
proportions of inclusion-bearing versus inclusion-free glass”. Figure 8A displays the time-resolved spectrum for a Pt solubility experiment that
did not employ methods to prevent the formation of metal inclusions. For comparison, Figures 8B-F display time-resolved spectra typical for
silicate run-products synthesized using the techniques outlined in the above protocol. The homogeneity of spectra b-f indicates the absence of
dispersed HSE inclusions in the silicate portion of experimental run-products. Inspection of the silicate glass by scanning electron microscopy
confirms the absence of visible metal-inclusions in the silicate run-products, further sufporting a lack of contamination. The spectra displayed in
Figure 8A-E are from run-products synthesized as part of several previous studies®®™". Figure 8F is from a Ru solubility experiment performed
at 2,273 K and 2 GPa using the Au-addition technique described above. The homogeneity of this spectra suggests that this approach is also
successfulzin avoiding the formation of metal-inclusions found in previous Ru solubility experiments performed at similarly reducing conditions
(~IW+2.5)7".
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Figure 1. Comparison between the estimated primitive upper mantle (PUM) composition and that predicted by the results of solubility
experiments at low pressure and temperature. Data for the PUM composition from Fischer-Godde et al.”. Partition coefficients for the HSE
are at 0.1 MPa, 1573-1673 K and IW-2 from Fe-free experiments by 27(Re), 44(03), 18(Ir), 45(Ru), 16(Pd), 46(Au), 21(Pt and Rh). Please click here
to view a larger version of this figure.

PUM Depletion Relative to Cl Chondrite
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Figure 2. Arrangement used to cold-press metallic powders. The lower drill blank (or shank) is initially taped to the edge of a workbench to
allow easy loading of the powders into the silica glass tube. Please click here to view a larger version of this figure.
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Figure 3. (A) Detailed cross-section of the piston cylinder assembly once inserted into the pressure vessel. For consistent results, the clearance
between components within the resistance furnace should be within 0.025 mm of the nominal values®®, BaCOj; cells should be within ~0.13

mm of the nominal inner and outer diameters. Details for the construction of a suitable die may be found in 4 although the cell inner diameter
should be modified from the drawings in this reference to 7.9 mm. (B) Procedure for constructing the piston cylinder sample assembly. Either

a cyanoacrylate glue or household cement are suitable to secure the graphite end plug in the BaCOj; sleeve, however, no more than ~10 mg
should be applied. (C) A piston cylinder press at the University of Toronto. Please click here to view a larger version of this figure.
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Figure 4. (A) Cross-section of multi-anvil assembly suitable for use with WC cubes that have an 11 mm TEL. The uppermost part of the figure is
drawn to show how the thermocouple arms exit the octahedron, as viewed both perpendicular-to and down the axis of the wire as indicated. (B)

Top view of cast octahedron with gasket fins. Grooves for the thermocouple arms should be cut into the areas marked in red. Note that the inner
magnesia sleeve and 4-hole alumina tube shown in the figure should not be in place when the grooves are cut. Please click here to view a larger

version of this figure.
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Figure 5. (A) Arrangement of the WC cubes around the assembled octahedron. (B) Lower set of 1st-stage anvils and their arrangement within
the retaining ring. (C) Completed experiment placed into the pressure module with 1 of the upper set of 1st-stage anvils in place. Please click
here to view a larger version of this figure.
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Figure 6. Dimensions of the mylar sheet described in step 3.2.10. Please click here to view a larger version of this figure.
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Figure 7. (A) Experimental run-product mounted in epoxy, then ground and polished. (B) and (C) Back-scattered electron images of
experimental run-products from experiments using the Si-addition (B) and Au-addition (C) techniques described in the text for experiments to
determine Pt and Ru solubility respectively. Image (B) is reprinted from 31 with permission from Elsevier. (D) Enlarged view of the area outlined in
red on (C) to show the detail of the AuRu bead and metal-silicate interface. Please click here to view a larger version of this figure.
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Figure 8. (A) Time-resolved LA-ICP-MS spectra from a low fO, Pt-solubility experiment that did not employ measures to suppress the formation
of metal inclusions. (B-F) Typical time-resolved LA-ICP-MS spectra from experiments for Ru, Pt 1 °, Os and Ir*® that were performed using
the procedure outlined in the text. All data shown are from experiments performed at 2,273 K and 2 GPa. The vertical dashed line in each figure
separates the region of ablation from the region of background acquisition. Please click here to view a larger version of this figure.
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(Pt) using the procedures described here. All data are from experiments done at 2 GPa. Please click here to view a
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Figure 10. The solubility of Iridium in basaltic melt at 2,273 K and 2 GPa as a function of fO, relative to the iron-wiistite (IW) buffer. Data
are from Brenan & McDonoughzg. Please click here to view a larger version of this figure.

Before Decarbonation After Decarbonation
wt% Oxides/ wt% Oxides/ wt% Oxide; Fe?* wt % Oxide; Fe**
Carbonates; Fe* Carbonates; Fe* Starting Composition | Starting Composition
Starting Composition | Starting Composition

SiO, 47.92 47.40 SiO, 51.87 51.26

Al,O3 9.91 9.80 Al,O3 10.73 10.60

CaCO; 16.20 16.02 CaO 9.83 9.71

MgO 14.58 14.42 MgO 15.79 15.60

FeO 9.84 - FeO 10.66 -

Fe,03 - 10.82 Fe,03 - 11.71

MnO 0.06 0.06 MnO 0.07 0.07

Na,CO; 1.20 1.19 Na,O 0.76 0.75

NiO 0.28 0.27 NiO 0.30 0.30

Table 1.

The results of inclusion-free experiments performed using the protocols outlined here have previously been compared with literature data
in references® (Os, Ir, Au), %0 (Re, Au) and 3 (Pt). Pt is most instructive in demonstrating the usefulness of inclusion-free run-products. For
experiments run at low fO,, Ertel et al*® assigned inclusions to a stable origin and therefore restricted data reduction to the lowest counts-
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per-second region of time-resolved LA-ICPMS spectra. This approach minimizes the contribution of inclusions to the measured silicate melt
concentrations. Data from Ertel et al.*® at ~IW+1 agree well with the trend between D" and 1/T defined by inclusion-free experiments
performed at similar fO,; confirming that their chosen analytical treatment is effective in determining true Pt solubilities®". Furthermore,
experiments done using the inclusion-su;)pressing protocol outlined here are able to probe more reducing conditions, in which the spectrum
filtering method becomes less effective’”. In studies that assume only the presence of quench related inclusions, there is variable agreement with
the inclusion-free data. For example, good a_fgreement is observed with the results of Mann et al.49, however, the experiments of Cottrell et al.??
display systematically lower values of D" than inclusion-free experimentss1. The generation of inclusion-free experiments at a wide range of
conditions is thus crucial to assess the reliability of previous inclusion-contaminated measurements.

Although the protocol described here has proven successful over a range of conditions, it is not a panacea for the problem of contamination by
metal inclusions. Experiments performed using the technique of Au addition are affected by the formation of complex alloy compositions at very
low fO,. In order to generate conditions significantly more reducing than the iron-wustite buffer, elemental Si is added to the starting materials.
Run products from the most reducing of these experiments contain 2 co-existing alloys which possess extensive quench related exsolution
textures. Immiscibility in the alloy appears to arise due to the significant solution of Si into the metal phase at reducing conditions. A lack of
suitable activity-composition data for the alloy compositions formed at very reducing conditions prevents the Fe and HSE activities in the alloy
phase from being determined. This prevents accurate calculation of sample fO, and HSE concentrations in the silicate melt at the solubility limit.

The efficacy of Si-addition as a method to prevent formation of Pt inclusions appears to decrease at lower temperatures. Bennett et al*" noted
that experiments performed at 1,873 K display evidence for contamination by metal inclusions, whereas those done at higher temperatures
do not. This may be due to a change in the kinetic relationship between sample reduction and Pt in-diffusion at lower temperatures. A further
consideration for experiments performed using the Si-addition technique is it's effect on the final melt composition. Oxidation of elemental Si
early in the experiment occurs via the following reaction with FeO in the melt:

Si(met) + 2FeO(sil) = SiOq(sil) + 2Fe(met) (2)

Addition of greater quantities of Si, in order to access more reducing conditions, therefore results in a more SiO, enriched and FeO depleted
melt composition. In order to conduct experiments that span a wide fO, range, but have little variation in melt composition, suitable adjustment
of the silicate starting material should be made in order to compensate for reaction 6. Broadly, this can be accomplished by adding 2 moles of
FeO and removing 1 mole of SiO, for each mole of Si added to the starting composition. It should also be noted that some studies have found
the occurrence of metallic inclusions also depends upon melt composition, in particular whether the melt is Fe—bearingso.

The solubility data afforded by uncontaminated run-products allows accurate metal-silicate partition coefficients to be calculated. For experiments
in which the HSE of interest is not present as a pure phase (i.e., HSE metal activity <1), concentrations measured in the silicate phase are
corrected to unit activity using available thermodgnamic data. With the exception of Au, a useful summary of the available activity-composition
relations for HSE alloys is provided in reference™. Limited data for Au-Fe alloys may be found in references*®®'. The following relation is then
used to determine values of D" from the corrected HSE concentrations in silicate melt

Mer | 5il
D,qg,c: = i SilSar % A x y}e/ ®)
- HSE /) HSE

Where C'\-‘;‘f',"-'?" is the HSE concentration of the silicate at saturation in the HSE phase, A is a mole to weight conversion factor and Ev is
5K HSE
Met/Sil

the activity coefficient of the chosen HSE at infinite dilution in liquid Fe-metal. Figure 9 displays the change in D with T calculated from
experiments done at 2 GPa and an fO, close to the iron-wistite buffer. One application of this data is to assess the ability of high temperature
metal-silicate equilibrium to account for the estimated primitive upper mantle abundance of these elements. Values of DS tor the HSE must
decrease to values of ~10°-10° at approximately the same temperature if metal-silicate equilibrium is responsible for the PUM composition.
The data fggnayprevious studies displayed in Figure 9 suggests this requirement is not met by the results of experiments performed at reducing
conditions™ .

Solubility measurements from uncontaminated silicate run-products are also useful in revealing the speciation of HSEs dissolved in silicate melt
at low fO,. Information regarding the speciation of these metals over a large range of redox conditions is useful not only for guiding extrapolation
of the data beyond the experimentally studied range, but also for the informed design of glasses with particular optical properties. Changes in the
oxidation state of dissolved metals may be accompanied by changes in their co-ordination chemistry, from which variation in properties such as
optical absorbance may arise. For example the dissolution of platinum, widely used as a container material for synthesizing glass from melt, may
lead to different colored glasses depending upon the redox conditions of the melt®%3. The oxidation state of dissolved HSEs can be inferred from
the change in solubility with fO,. Consider dissolution of a metal (M) as an oxide species in the melt:

M(;ﬂnm}-i—gﬂz{g) =M"0,,, (.b.‘ff) @)

Where n is the oxidation state of the dissolved metal. The equilibrium constant (K) at P and T for equation 3 is given by:

KP.T =|

L (au XﬂJ:)% J
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Equating InK with the Gibbs free energy of reaction, and at saturation in the metal phase (ay = 1), equation 4 becomes:
gl

AGgy
RT

The slope of a trend between HSE solubility and fO, therefore yields n/4, from which the speciation may be obtained. Brenan & McDonough29
determined the solubility of Ir as a function of fO, from experiments which used the techniques described here. The results of these experiments
are displayed in Figure 10 and yield a slope of 0.2, largely consistent with a 1+ oxidation state (predicted slope of 0.25) for Ir in reduced silicate
melts.

InXyo, = E In fO, _]"?\mn, - = E]nﬂ‘]_1 +constant (6)

Experimentally determined metal-silicate partition coefficients can be used to establish the conditions of core-mantle equilibrium during terrestrial
accretion. Results for the highly siderophile elements can also be used to assess whether the Earth experienced a late-veneer of chondritic
material subsequent to core formation. Outlined here are procedures to perform metal-silicate partitioning and solubility experiments in the multi-
anvil and piston-cylinder devices respectively. Techniques are also described that suppress the formation of metal inclusions in HSE solubility
experiments at 2 GPa and temperatures >1,873 K. The calculated HSE partition coefficients suggest that metal-silicate equilibrium at high

T does not explain the apparent excess of HSEs in primitive upper mantle. Future work remains to confirm if the HSE partitioning behavior
indicated by experiments at 2 GPa persists to higher P and T. This will require testing the inclusion-suppressing protocols outlined here in a high
P multi-anvil experimental design.
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