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Abstract Fluids and melts in planetary interiors significantly influence geodynamic processes from
volcanism to global-scale differentiation. The roles of these geofluids depend on their viscosities (7).
Constraining geofluid # at relevant pressures and temperatures relies on laboratory-based measurements and is
most widely done using Stokes' Law viscometry with falling spheres. Yet small sample chambers required by
high-pressure experiments introduce significant drag on the spheres. Several correction schemes are available
for Stokes' Law but there is no consensus on the best scheme(s) for high-pressure experiments. We completed
high-pressure experiments to test the effects of (a) the relative size of the sphere diameter to the chamber
diameter and (b) the top and bottom of the chamber, that is, the ends, on the sphere velocities. We examined the
influence of current correction schemes on the estimated viscosity using Monte Carlo simulations. We also
compared previous viscometry work on various geofluids in different experimental setups/geometries. We find
the common schemes for Stokes' Law produce statistically distinct values of . When inertia of the sphere is
negligible, the most appropriate scheme may be the Faxén correction for the chamber walls. Correction for drag
due to the chamber ends depends on the precision in the sinking distance and may be ineffective with decreasing
sphere size. Combining the wall and end corrections may overcorrect 77. We also suggest the uncertainty in # is
best captured by the correction rather than propagated errors from experimental parameters. We develop an
overlying view of Stokes' Law viscometry at high pressures.

Plain Language Summary Liquids and vapors, collectively known as fluids, occur throughout the
Earth and other planets. Compared to solid rock, fluids can move rapidly due to their lower viscosities and hence
influence and promote important geologic processes. The large span of pressures and temperatures inside
planets influences the viscosities of fluids. Measuring a fluid viscosity at relevant pressures is most often done
by tracking a sphere that sinks in the fluid. The sinking speed of the sphere is converted to the fluid viscosity by
balancing forces which cause and oppose the sinking, known as Stokes' Law. To create the right pressures,
unique devices are used which require small chambers to house the fluid and sphere. The small chambers affect
the sinking speeds and hence Stokes' Law becomes inaccurate. There are several corrections for the chamber
effects on the sphere. However, there is no consensus on which correction should be used for high-pressure
measurements. We examined the chamber effects on the sinking speeds in high-pressure experiments. We
calculated the fluid viscosity using each correction and considered the uncertainties. We find that the corrections
produce unique values of viscosity and are not equal. Future work should carefully consider the choice in
correction.

1. Introduction

Volatile-rich fluids and molten silicates/metals often promote rapid geologic processes, such as volcanism, due to
their high mobilities compared to solid rock. The viscosity (1) of these “geofluids” directly influences the rates at
which they move in a host matrix and their specific roles in geologic processes. A classic example is the influence
that the viscosity of silicate melts has on the volcanic eruption style of lavas. At the surface, lavas that are rich in
silica, such as rhyolitic lavas with >69 wt% SiO,, tend to erupt in explosive style due to their high viscosities
(>10° Pa s) (Castro & Dingwell, 2009; Dingwell, 1995). In contrast, silica-poor lavas, such as basalts with be-
tween 45 and 52 wt% silica (Dingwell, 1995), tend to display lower viscosities and flow upon eruption, that is,
display an effusive eruption style.
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Volcanism is perhaps the most obvious and dramatic process involving geofluids. Yet these geofluids are
generated deep within the Earth and other planetary interiors. Water-rich aqueous fluids are expected to be
prevalent at gigapascal (GPa)-scale pressures in subduction zones, in which tectonic plates submerge into the
mantle (Hacker, 2008; Hermann et al., 2006; Manning, 2004). Silicate melts are also prevalent in subduction
zones where melting may begin at several GPa (Syracuse et al., 2010). The timescales of geofluid extraction and
ascent, that is, mobilization, from source regions are strongly dependent on the geofluid viscosity (Stolper
etal., 1981). Production of magmas is also influenced by the viscosities of mixing melts (Laumonier et al., 2014).
At high pressures, water-rich fluids and silicate melts may also become miscible as a supercritical fluid (Bureau &
Keppler, 1999; Mibe et al., 2008; Shen & Keppler, 1997). Such supercritical fluids may display an enhanced
ability to dissolve rock compared to other geofluids (Kessel, Schmidt, et al., 2005; Kessel, Ulmer, et al., 2005).
The viscosity of supercritical fluids may therefore significantly influence mass/energy transport in subduction
zones (Audétat & Keppler, 2004).

Geophysical observations indicate that melts exist throughout the Earth's interior, including the lithosphere-
asthenosphere boundary (Naif et al., 2013), upper mantle (Eilon & Abers, 2017; Key et al., 2013), mantle
transition zone and lower mantle (Revenaugh & Sipkin, 1994; Schmandt et al., 2014; Tauzin et al., 2010), core
mantle boundary (Ross et al., 2004; Rost et al., 2005; Vidale & Hedlin, 1998), and the outer core. These
geophysical observations are generally lowered seismic velocities and/or enhanced electrical conductivities.
Partial melting occurs when the melting temperatures of source rocks are lower than the expected temperature
profile with depth into the Earth, that is, the geothermal gradient. Such conditions could arise when the
geothermal gradient changes slope or when melting temperatures are lowered due to volatiles (Schmandt
et al., 2014). Thus, it is crucial to constrain the viscosities of melts at high pressures and temperatures relevant for
the Earth's interior.

Our understanding of the formation of the modern mantle is also critically dependent on high-pressure constraints
of melt viscosities. Planetary-scale impact collisions may have melted much of the early mantle into a “magma
ocean” (Abe, 1997; Elkins-Tanton, 2012; Schaefer & Elkins-Tanton, 2016). Cooling and solidification of the
modern mantle from this magma ocean is directly tied to convection which is influenced by the magma viscosity
(Bajgain et al., 2022; Karki & Stixrude, 2010; Zeff & Williams, 2019). The viscosity of the magma ocean would
have also influenced sinking droplets of iron-nickel alloys that would ultimately form the core of the Earth below
the mantle. The formation of an iron core would result in a magnetic geodynamo that shields the Earth from solar
radiation. The modern geodynamo is driven by the convection of the liquid outer core and is influenced by the
viscosity of the liquid alloy (Zhu et al., 2022).

Given the importance of geofluids at depth in planetary interiors, it is key that we constrain their viscosities at
relevant pressure and temperature conditions. However, measuring the viscosity of geofluids at high pressures
relevant for planetary interiors is experimentally challenging. Generating high pressures requires carefully
designed devices, including cold-seal or internally heated pressure vessels (collectively referred to here as CS/IH-
PV), piston cylinder devices, multi-anvil presses, Paris-Edinburgh devices, or diamond-anvil-cells. Classic
viscometry methods, such as capillary flow, rotatory, oscillatory, parallel-plate, or (micro)penetration, are not
easily compatible with these high-pressure devices. High pressure viscometry has instead relied on the falling
sphere technique as only a small sphere must be added into the central chamber of the high-pressure device. The
sphere will sink (or float) due to its higher (or lower) density than the surrounding fluid. Stokes' Law describes an
inverse relationship between the sphere velocity and the viscosity of the fluid. Hence, Stokes' Law can be used to
calculate the fluid viscosity from the velocity of the moving sphere. The sphere velocity can be estimated either by
ex situ measurement of the sphere displacement (Shaw, 1963) or by in situ observation using X-ray radiography
(Kanzaki et al., 1987) or optical methods (King et al., 1992). Notably, the falling sphere method has also been
extensively used in broader material sciences at ambient pressures due to its relative simplicity. The production
and use of metal alloys, aluminosilicate glasses, polymers, varnishes, cosmetics, food products, and suspensions
depends strongly on their viscosities (Brizard et al., 2005; Zhang & Chou, 2012). Falling sphere viscometry is
therefore very useful for measuring the viscosities of a wide variety of materials across a range of pressure and
temperature conditions.

Critically, evaluation of the falling sphere method found additional drag acting on the sphere due to boundary
effects from the finite size of a sample container (Brizard et al., 2005; Faxén, 1922; Fidleris & Whitmore, 1961;
Flude & Daborn, 1982; Francis, 1933; Ladenburg, 1907; Lorentz, 1907; Sutterby, 1973; Tanner, 1963). This
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Figure 1. Schematic overview of Stokes' Law in a large volume, such as a magma chamber (a), versus the finite size of a
typical experimental capsule. (c) Schematic illustration of a falling sphere experiment. From left to right, three panels show a
falling sphere which experiences drag due to the capsule walls, that is, W, and drag due to the bottom of the capsule, that is, E.
The symbol U indicates velocity and U, indicates terminal velocity. The fourth panel from the left shows a possible
temperature profile for an experiment. The fifth panel illustrates the velocity profile during sinking of the sphere. Three
regimes are recognized and color-coded throughout the panels. The sphere starts to sink by acceleration due to gravity. The
negative buoyancy (sinking) force due to gravity, that is, F,, is greater than the viscous drag force, that is, F,. As the forces
balance, the sphere sinks under constant, terminal velocity. As the sphere approaches the bottom of the capsule, it may begin
to slow due to a combination of cooling temperatures and/or increasing end-effect drag. As such F, begins to exceed F,.

additional drag is not captured in the traditional form of Stokes' Law and must be corrected (Figure 1). Decreasing
the size of the container relative to the sphere enhances the additional drag acting on the sphere. As a result, the
drag becomes significant in high-pressure experiments as very small capsules are required by the devices used to
generate high pressure (Figure 1). Multiple correction schemes have been proposed and discussed in detail to
account for the additional drag effects (Brizard et al., 2005). However, there is no clear consensus regarding the
most appropriate correction scheme to use in high-pressure experiments (Tables 1-4, full compilation in
Table S1). In this study, we review in detail the application of Stokes' Law at high pressures and the schemes used
to account for drag. To better understand the current corrections for drag acting on Stokes' Law, we conducted
high-pressure falling sphere experiments in a multi-anvil press on aluminosilicate melts. We apply the results
from our experiments to identify the most appropriate scheme from existing equations for high pressure research.
Further, we apply this work to better understand inherent uncertainties for falling sphere viscometry in various
devices which are used to recreate conditions relevant to planetary interiors.

2. Application of Stokes' Law
2.1. Principles of Stokes' Law

Before considering the various correction schemes for falling sphere viscometry, it is helpful to review the
fundamental principles underlying Stokes' Law. In an ideal scenario, a small particle sinks in an infinitely large
fluid reservoir. As such, the reservoir boundaries do not significantly influence the viscous flow around the
particle. An example may be a crystal sinking in a large magma chamber or ocean (Figure 1). The crystal ex-
periences a negative buoyancy force when it is denser than the surrounding melt. The crystal may also float or rise
when it is less dense than the melt (Secco, 1994; Zhu et al., 2022). Assuming the crystal is spherical, it will sink (or
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Table 1
Compilation of High-Pressure Falling Sphere Experiments Which Used Piston Cylinder Devices
Exp. Applied log,, U 2y, log; o
Reference approach® correction® P (GPa)* T (K)¢ (um sH° d (pm)© d/D¢ (mm)© (Pa s)¢
Rhyolitic = H,0
Shaw (1963) 1x? W 0.1t00.2 973to 1173 NR 500 to 800 0.2 to 0.32° 10 421055
Baker and 1x? WE_ 1 1073 to —-1.1t0 0.9 147 to 314  0.05 to 0.1° 3to4 1.9to0 4.1
Vaillancourt (1995) 1273
Ardia et al. (2008) Ix W 05t025 854101628 —12t00.7 214t0413 0.05t00.12° 4t06 3.6t0 6.9
(Na, K)AISi;O4 + H,O + CO, + CaMgSi,O4
Kushiro (1978) 1x W 0.5t02 1673 —0.7 to 0.4 760 to 0.2 to 0.3° 10 331039
1040
Brearley et al. (1986) 4 to 6x w 1.0to 2.5 1773 to NR NR NR NR —0.41t02.3
1873
Dingwell (1987) 1 to 2x w 0.25 1273 to —0.6to 1.2 200 to 334 0.04 to 10 1.3t03.6
t0 2.25 1873 0.07"
Brearley and 1 to 4x w 1.5t02.5 1673 —0.3t00.3 80 to 270  0.05 to 0.15¢ 10 3.5t04.0
Montana (1989)
White and Montana (1990) 1x w 1.5to 2.5 1773 to 0.09 to 1.2 168 to 512 0.06 to 0.17¢ NR 1.3t034
1873
Andesitic
Kushiro et al. (1976) 1 to 2x W 0.75 to 2 1523 to —0.1to 1.3 420t0 590 0.08 to 0.2° 1 19t02.5
1623
Dunn and Scarfe (1986) 2 to 5x W 0.35to0 2 1623 0.05to 0.9 103 to 300 0.03 to 0.06" 10 2.1t02.7
NaAlSi, O
Kushiro (1976) 1x w 0.5t02.4 1623 0.07 to 1.1 800 to 910 0.15 to 10 2.7t03.6
0.16%¢
Basaltic
Kushiro et al. (1976) 1 to 2x w 1to3 1623 to 0.5to 1.4 377 to 737 0.3 to 0.5° 10 —0.1t0 0.6
1773
(Ca,Mg)(Mg,Fe)Si,Of
Brearley et al. (1986) 4 to 6x w 0.5t 1.5 1773 NR NR NR NR —05t00
Ca-K-Mg-Al-Si-O or K-Si-O
Dickson et al. (1990) 3 to 5x W 05t02.4 1473 NR NR NR NR 1.2t0 1.9

4Experimental (Exp.) approach” describes the number of spheres typically used in the study and the capsule design. “Trap” indicates that spheres were released into the
melt using a phase more refractory than the target sample (Liebske et al., 2005; Terasaki et al., 2001, 2002, 2006). The more typical approach fills the sample capsule
entirely with one target phase. Studies tagged with “Nx and Trap,” where N is the number of spheres, indicate that both typical and trap approaches were used. “Float”
indicates that a sphere less dense than the melt was allowed to ascend for the measurement (Secco, 1994). "The “Applied Correction” describes the form of Stokes' Law
used to calculate the reported viscosities. Abbreviations R, W, and WE indicate the uncorrected or raw Stokes' Law equation, the corrected equation for wall effects only,
and the corrected equation for wall and end effects combined. Subscripts L and M indicate the end effect schemes by Ladenburg (1907) and Maude (1961), respectively.
The “A” refers to an additional correction for non-spherical grains (Mori et al., 2000) that is not discussed in the current study. “Abbreviations are P for pressure, T for
temperature, U for sphere velocity, d for sphere diameter, d/D for sphere-to-capsule diameter ratio, zy_ for the maximum possible falling distance, often referred to as H
or sample height in the literature, and # for viscosity. Other abbreviations are NR for not reported, FIG for value(s) shown in figure(s). “Recalculated from reported
correction factors. *Estimated from explicitly reported dimensions of experimental geometry either in figure(s) or in text. "Value estimated from cited work and assumed

to be the same.

float) according to the buoyancy force given by F;, = 7d>gApl6, where d is the crystal diameter (m), g is the
acceleration due to gravity (9.81 m s~ for Earth), and Ap is the density contrast between the sphere and melt (kg
m~>) (Figure 1). Acceleration may also be provided by a centrifuge (Ardia et al., 2008). The melt exerts an
opposing viscous drag force on the sinking crystal given by F, = 3zdnU, where 1 is the viscosity of the melt (Pa s)
and U is the velocity of the crystal (m s~"). When the two forces balance, that is, F, = F, ,» the crystal discontinues
acceleration and travels under constant terminal velocity, that is, U,. The force balance yields Stokes' Law,
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Table 2
Compilation of High-Pressure Falling Sphere Experiments Which Used Multi-Anvil Devices
Exp. Applied log, U log; o
Reference approach® correction® P (GPa)© T (K)* (um s™) d (pm)© dID® 2z, (mm)© (Pa s)°
Carbonate(-rich)
Dobson et al. (1996) 2x R and W 2.5t05.5 803to 1773 2.8to 4.4 30 to 290 0.02 to 44 22
0.15¢ to —0.8
Ca-K-Mg-Al-Si-O or K-Si-O
Allwardt et al. (2007) 2x Trap W 37t055 1913t0  —03t0—05 70to 83 0.05 to 3.4f —0.4
2013 0.06 to —0.7
Suzuki (2019a) 1x w 1.3t07.4 1583 to NR NR NR 28 —0.6 to 0.8
2133
NaAlSi;Oq + H,0
Mori et al. (2000) 1x W+ A 3t07 2000 02to 1.1 <162  0.05t00.1" NR —0.004
to 0.7
Suzuki et al. (2002) 1x w 261053 1873 to 0.6 to 1.5" 100 to 140 0.18¢ Do 0.3t0 1.2
1973
Funakoshi et al. (2002) 1x w 21052 1973 1.1to 1.9"  100to 170¢ 0.08 to 0.1 2 0.4to0 1.2
Poe et al. (2006) 1x % 25 1823 to 07t015 <200 0.1f 35 12t02.1
1923
Dacitic + H,O
Tinker et al. (2004) 1x % 15t07.1 1730 to 0.1t025 9010300  0.05to 1.6 —0.2t0 1.9
1950 0.17"
Melilitic
Suzuki (2019b) 1x w 121056 1573 to NR 150¢ 0.1%f 28 —0.2t0 0.9
1948
NaAlSi,O, + CO,
LeBlanc and Secco (1995) 1x WE_ 2.4t02.9 1623 to FIG 700 to 740 0.3 to 0.4%" 3 to 5¢ 3.3t04.8
1723
Suzuki et al. (2011) 1x % 16t054 1623 to —02t02 NR NR 28 —0.05t02.4
2153
Suzuki (2018) 1x % 211035 1553 to NR NR NR 28 —09t01.2
1693
(Ca, Mg)(Mg, Fe)Si,04 = NaAlSi,Op
Reid et al. (2003) 1 and 2x WE, 35t 13.1 2000 to 27t3.7 100to 147 0.1¢ 234 -16
2470 to —0.3
Suzuki et al. (2005) 1x w 1.88t0 7.9 2003 to FIG 6510135 0.06 to 28 —0.6100.5
2173 0.14"
Edwards (2019) Trap WE, 107*t07.2 1514 to 0.6 to 3.1 77t0 166 0.04t00.2" 0.5t01.8" —1.31t0 1.5
2133
Xie et al. (2020) 1x WE, 481030 2203 to 3103.7 6510144 0.11t003% 08%t1 -20
3250 to —1.2
Basaltic
Sakamaki et al. (2013) 1x w 0.85 1850 to FIG 100 to 140 0.18%¢ 248 _0.8100.06
t0 6.51 2100
Peridotitic or (Mg, Fe),Si0,
Liebske et al. (2005) Trap w 2.8to 13 2043 to 3.1t03.9 105 to 174 0.04 to 23t03.4 -1.7
2523 0.12° to —0.9
Xie et al. (2020) 1x WE, 571029 2420 to 281036 59t0130 0.1t03% 08%t1 -1.7
3000 to —1.3
ASHLEY ET AL. 5 of 30
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Table 2
Continued
Exp. Applied log,,U log,on
Reference approach® correction® P (GPa)© T (K)¢ (um s d (pm)© dID¢ 2, (mm)* (Pa s)°
Xie et al. (2021) 1x WE_ 7 to 25 2173 to 3.1t03.3 59t 80 0.1t002% 0.6t00.8" 02t00.6
2773
Fe£NixS+C
Secco (1994) 1x? Float WE 3t05 1498 NR 200 to 0.07 to 52 1.5t0 1.7
1000 0.35¢
LeBlanc and Secco (1996) 1x WE,_ 2t05 1373 to NR 5009 0.25¢ 3.5¢ 0.09 to 1.7
1573
Dobson et al. (2000) 1 to 2x WE_ 0.5t05.5 1423 to 32t04.2 44 t0 500  0.06 to 0.3° 0.8¢ -1.7
1980 to 3.6° to —2.4
Urakawa et al. (2001) 1 to 3x WE,, 5t07 1333 to 331035 100 0.06" 0.6 to 2¢ -1.6
1373 to —1.8
Terasaki et al. (2001) Trap WE_ 1.5t0 6.9 1253 to 3.1to4.1 100 to 150 0.05 to 0.2to 1.2° 2.1
1923 0.15° to—1.4
Rutter, Secco, Liu, et al. (2002) 1x WE_ 1.6t05.5 1823 3.4 t0 3.6 400 to 0.3%t0 0.4° 2.5 —-2.6
530° to —2.3
Rutter, Secco, Uchida, 1x WE_ 2.3 t0 6.0 1823 FIG NR NR NR —-2.6
et al. (2002) to —1.8
Secco et al. (2002) 1x WE_ 1.5t04 1463 to FIG 250 to 500 0.2 t0 0.4¢ 2 to 4¢ —4to =2
1523
Terasaki et al. (2002) Trap WE_ 28to7 1965 to NR 100 to 150 NR NR -24
2173 to —1.6
Terasaki et al. (2004) 1x WE_ 32t09.7 788t01067  2.1to2.7 93 to 122 0.06 to 1°t0 2" —1t0—-02
0.09¢
Terasaki et al. (2006) 1x and Trap w 3to 16 1605 to 3.2t04.6 120 to 140 0.12 to NR -2.5
1843 0.14 to —2.1

4Experimental (Exp.) approach” describes the number of spheres typically used in the study and the capsule design. “Trap” indicates that spheres were released into the
melt using a phase more refractory than the target sample (Liebske et al., 2005; Terasaki et al., 2001, 2002, 2006). The more typical approach fills the sample capsule
entirely with one target phase. Studies tagged with “Nx and Trap,” where N is the number of spheres, indicate that both typical and trap approaches were used. “Float”
indicates that a sphere less dense than the melt was allowed to ascend for the measurement (Secco, 1994). °The “Applied Correction” describes the form of Stokes' Law
used to calculate the reported viscosities. Abbreviations R, W, and WE indicate the uncorrected or raw Stokes' Law equation, the corrected equation for wall effects only,
and the corrected equation for wall and end effects combined. Subscripts L and M indicate the end effect schemes by Ladenburg (1907) and Maude (1961), respectively.
The “A” refers to an additional correction for non-spherical grains (Mori et al., 2000) that is not discussed in the current study. “Abbreviations are P for pressure, 7 for
temperature, U for sphere velocity, d for sphere diameter, d/D for sphere-to-capsule diameter ratio, z;_ for the maximum possible falling distance, often referred to as H
or sample height in the literature, and # for viscosity. Other abbreviations are NR for not reported, FIG for value(s) shown in figure(s). 9Estimated by measuring scaled
figure(s), in combination with other reported values when available. Uncertainty may be significant if scale is inaccurate. “Recalculated from reported correction factors.
Estimated from explicitly reported dimensions of experimental geometry either in figure(s) or in text. #Value estimated from cited work and assumed to be the same.
"Numerically recalculated using least-square regression from other reported or estimated values.

_gd’Ap

T 18U, M

MR

By using Stokes' Law, the viscosity of a liquid may be constrained by measuring U, of a sphere with a known
diameter. However, measurement of U in a laboratory setting requires a finite chamber to contain the liquid
which deviates from the ideal scenario (Figure 1). Additional drag effects acting on the sphere are dependent on
the finite container and Equation 1 must be modified (Brizard et al., 2005). We label Equation 1 using the
subscript “R” to indicate the “raw” or uncorrected Stokes' Law for clarity.

2.2. Review of Correction Schemes

We find at least four different schemes to correct Stokes' Law have been most frequently adopted in prior high-
pressure falling sphere experiments (Tables 1-4; Table S1). Broadly, the schemes aim to correct for drag due to
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AND SPACE SCIENCES
Table 3
Compilation of High-Pressure Falling Sphere Experiments Which Used CS/IH-PV Devices

Applied

Reference Exp. Approach® correction® P (GPa)* T (K)* log,oU (ums™)°  d (um)® dID° 2y, (mm)°  log,yn (Pas)®
Rhyolitic = H,0

Schulze et al. (1996) 1to 2x W 0.3to 1.0 1073 to 1673 —21t00.2 190 to 344 0.05 to 0.09° 16 2.5t04.9
SiO, + NaAlSi;O4 + H,0

Holtz et al. (1999) 1x and 2x W 02t004 1253t01648 —131t0—02 210t0318 0.05t00.08° 15t0 18 28t04.0
Dacitic + H,O

Whittington et al. (2009) 1x? w 0.3 1373 to 1523 0.4 t0 0.9 194 0.03¢ 11to 17"  1.7t02.1
Andesitic = H,O

Vetere et al. (2006) 2 to 3x W 0.5 1323 to 1573 —0.5t0 1.3 95t0 500 0.01t00.1%¢ 11to 17 1to6

Vetere et al. (2008) 1 to 4x W 02to2 1323 to 1573 0.1to 1.4 94t0 880 0.01t00.07 11t017° 07t03.1

4Experimental (Exp.) approach” describes the number of spheres typically used in the study and the capsule design. “Trap” indicates that spheres were released into the
melt using a phase more refractory than the target sample (Liebske et al., 2005; Terasaki et al., 2001, 2002, 2006). The more typical approach fills the sample capsule
entirely with one target phase. Studies tagged with “Nx and Trap,” where N is the number of spheres, indicate that both typical and trap approaches were used. “Float”
indicates that a sphere less dense than the melt was allowed to ascend for the measurement (Secco, 1994). °The “Applied Correction” describes the form of Stokes' Law
used to calculate the reported viscosities. Abbreviations R, W, and WE indicate the uncorrected or raw Stokes' Law equation, the corrected equation for wall effects only,
and the corrected equation for wall and end effects combined. Subscripts L and M indicate the end effect schemes by Ladenburg (1907) and Maude (1961), respectively.
The “A” refers to an additional correction for non-spherical grains (Mori et al., 2000) that is not discussed in the current study. “Abbreviations are P for pressure, T for
temperature, U for sphere velocity, d for sphere diameter, d/D for sphere-to-capsule diameter ratio, z_ for the maximum possible falling distance, often referred to as H
or sample height in the literature, and 5 for viscosity. Other abbreviations are NR for not reported, FIG for value(s) shown in figure(s). dRecalculated from reported
correction factors. °Estimated from explicitly reported dimensions of experimental geometry either in figure(s) or in text. Value estimated from cited work and assumed
to be the same.

(a) the sample capsule walls, (b), inertia of the falling sphere, (c) the ends of the capsule, that is, its top and bottom,
or (d) some combination of schemes (a)—(c) (Figure 1). We consider each of the four schemes in detail to better
understand the influence of the corrections on the calculated viscosity from Stokes' Law.

2.2.1. Correction for the Wall Effect

Nearly every previous high-pressure study corrected 7, for drag acting on the sphere from the capsule walls, also
known as the wall effect (Tables 1-4; Table S1). The wall effect correction is given by

d a\’ a\’
=ne-|1=2.104[ =) +2.09( =) —0.95(=
- ,,R[ 0 (D)+ 09(D) 095(D)

where 7y, indicates the viscosity corrected to the wall effect (W), d is the sphere diameter and D is the inner
diameter of the capsule (Faxén, 1922). This scheme is also well known as the Faxén correction.

@)

2.2.2. Correction for Inertia

The Stokes' Law formalism with the wall correction scheme, that is, Equation 2, can be expanded to account for
drag due to inertia of the falling sphere in

3

d d\’ dy’

where the subscript WI indicates wall + inertia effect corrections, Re, is the Reynolds number given by
Re,, = psU_d/n and py is the sphere density (Brizard et al., 2005; Faxén, 1922). The C is a polynomial function of

Re,, given by C = f(Rj;g) (Table S2 in Supporting Information S1). We found no reported instance in high-

pressure research that used this form of Stokes' Law (Tables 1-4; Table S1). Instead, the Re, and hence inertia
terms were assumed or estimated to be negligibly small, which yields Equation 2 as Re, approaches zero.
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Table 4
Compilation of High-Pressure Falling Sphere Experiments Which Used Paris Edinburgh Devices
Exp. Applied log, U
Reference Approach® correction® P (GPa)* T (K)* (um s™)° d (pm)© diD ¢ 7y, (mm)°  log, 7 (Pa s)°
(Na, K)C1
Kono et al. (2013) Ix WEy 1.5 1273 to FIG 94 to 133 0.05 to 0.07 2 —2.8to —2.6
to 7.3 2073
Carbonate(-rich)
Kono et al. (2014) 1x and Trap WEy 0.9 1633 to 39to04.5 84 to 153 0.06 to 1.1 —2.21t0 =20
t0 6.2 2063 0.11¢ to 1.6
Stagno et al. (2018) 1x and Trap WEy 1.7 1473 to 4.1t04.3 38 to 135 0.03 to 2 —2.6to —2.1
to 4.6 1973 0.11°
Stagno, Kono, et al. (2020) 1x and Trap WE 24 1838 to 291t03.8 86t0 191 0.07t00.16° 2 —1.7t0 —1.1
t0 5.3 2428
Melilitic
Stagno, Stopponi, 1x and Trap WE 1to4.7 1538 to 1.8t03 85to 146 0.07to 0.12° 2 —1.0t0 0.3
et al. (2020) 2028
Mercurian basaltic-andesitic + S
Mouser et al. (2021) 1x WE 2.6 1873 to 1.1to 2.7 120 0.08 to 14t04° —02to01.0
t0 6.2 2273 to 220 0.15¢
Basaltic
Bonechi et al. (2022) 1x WE,, 0.7 1608 to 1.6 to 2.4 87 to 170 0.07 to 0.14 2 —-0.3t00.5
to 7.0 2273
Lunar mafic to ultramafic
Dygert et al. (2017) 1x WE,, 0.1 1573 to 2t02.7 100 0.05 to 0.2¢ 1.9¢ —0.7t0 0.2
to 4.4 1873 to 200
Rai et al. (2019) 1x WE_ 1.1 1830 to 1.4t023 531076 0.1to0 0.15" 1.5 -0.9
to 2.4 2090 to —0.06
(Ca, Mg)(Mg, Fe)Si,O4
Cochain et al. (2017) 1x WE, 1.0 1823 to FIG 108 0.1 to 0.2 1.88 —141t 1.0
to 7.6 2243 to 186
(Mg, Fe),SiO,
Spice et al. (2015) 1x WE, 1.3 1623 to 341039 108 0.09t0 0.15° 1f —1.5t0 —-1.3
t0 9.2 2123 to 185
Fe+Ni+S+C
Kono et al. (2015) 1x? WE,, 1.2 1523 to 38t04.4 82to 131 0.05t00.13" 2 —23to -2.1
to 6.4 2043
Zhu et al. (2022) 1x Float WEy 1.8 1973 FIG 250 0.25 2 —23t0o—14
t0 6.3

4Experimental (Exp.) approach” describes the number of spheres typically used in the study and the capsule design. “Trap” indicates that spheres were released into the
melt using a phase more refractory than the target sample (Liebske et al., 2005; Terasaki et al., 2001, 2002, 2006). The more typical approach fills the sample capsule
entirely with one target phase. Studies tagged with “Nx and Trap,” where N is the number of spheres, indicate that both typical and trap approaches were used. “Float”
indicates that a sphere less dense than the melt was allowed to ascend for the measurement (Secco, 1994). °The “Applied Correction” describes the form of Stokes' Law
used to calculate the reported viscosities. Abbreviations R, W, and WE indicate the uncorrected or raw Stokes' Law equation, the corrected equation for wall effects only,
and the corrected equation for wall and end effects combined. Subscripts L and M indicate the end effect schemes by Ladenburg (1907) and Maude (1961), respectively.
The “A” refers to an additional correction for non-spherical grains (Mori et al., 2000) that is not discussed in the current study. Abbreviations are P for pressure, T for
temperature, U for sphere velocity, d for sphere diameter, d/D for sphere-to-capsule diameter ratio, z_ for the maximum possible falling distance, often referred to as H
or sample height in the literature, and 7 for viscosity. Other abbreviations are NR for not reported, FIG for value(s) shown in figure(s). “Estimated by measuring scaled
figure(s), in combination with other reported values when available. Uncertainty may be significant if scale is inaccurate. “Recalculated from reported correction factors.
Estimated from explicitly reported dimensions of experimental geometry either in figure(s) or in text. #Value estimated from cited work and assumed to be the same.

ASHLEY ET AL.

8 of 30

3SUSO1T SUOILIOD AR 1D 3|edt|dde a3 Aq pausenoh ae sappie YO ‘esn Jo sajnt Joj AkiqiautjuQ 481N UO (SUO I IpUOD-pue-SwLIBY /WO A3 | 1M AReiq U uo//SdNy) SUORIPUOD pue SWiB | 3Y) 88S *[7202/50/20] Uo ARelqiautiuQ A8 |1AA ‘8oueld aueiyoo) Aq 6878209re202/620T OT/I0p/wod A3 | 1M Afiqiput|uosgndnBe//sdny wouj pepeojumoq ‘S ‘4202 ‘9SE669T2Z



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20237B028489

2.2.3. Correction for the End Effect

Roughly half of previous high-pressure work combined the wall correction with a correction for drag due to the
end(s) of the capsule (Tables 1-4; Table S1), known as the end effect. The end correction scheme alone is
given by

ng = =) +’7R' 9 @

where the subscript E indicates the end effect correction (Lorentz, 1907). In development of a falling sphere

oo

viscometer, z was described as the distance between the sphere and the bottom of the capsule (Brizard
et al., 2005).

Aside from DAC experiments (Audétat & Keppler, 2004), we note that Equation 4 is not the typical end
correction which has been used in high-pressure research (Tables 1-4; Table S1). Previous studies have used one
of two other variations on the end effect scheme. Many high-pressure articles refer to one scheme from a summary
on high temperature viscometry by Kingery (1959), who reported it after Bacon (1936). The scheme is given by

Ng, = R Q)
(1 +3.3-ﬁ)

where H is described as the total height of the capsule. We note that Ladenburg (1907) originally proposed the
scheme after considering drag acting on the sphere from the top and bottom of a vertical cylinder. For clarity, we
designate this variation with the subscript E; (Tables 1-4; Table S1).

Another version of the end effect scheme is given by Maude (1961) who evaluated the drag in context of two
falling spheres moving at different rates after Stimson and Jeffery (1926). More recent work in high-pressure
science (Kono et al., 2013) summarized the correction by

R (6)

”EM= 2
9.d 9.d
<1+§'z—z+<§'z—z) )

where we use the subscript E,, for clarity (Tables 1-4; Table S1). We note this variation of the end correction was
originally described as a power series expansion (Maude, 1961), but higher order terms have not been recently
included. We find ambiguity in the meaning of z in Equation 6. Despite the similarity of Equations 4 and 6, z in
Equation 6 has been described as the “sample height” (Kono et al., 2013), that is, H as in Equation 5. We will
evaluate the exact meaning of z using results from our own experiments in a later section.

2.2.4. Combining Correction Schemes

Combining the wall and end correction schemes yields

Cy
= -—_ 7
NMwe = Nr Cy @)

where Cy, designates the wall scheme, that is, [1 —2.104(d/D) + 2.09(d/D)® — 0.95(d/D)’], and C ' designates the
end correction term as in Equations 4-6 (Tables 1-4; Table S1). For example, C from Equation 4 would be
(1 + 9d/16z). If we consider drag due to inertia of the falling sphere, the combined schemes may be given by

Cwi
Nwie = MR Cy ®

where C,, indicates the wall and inertia correction schemes, that is, [1 — 3Re, /16 — d/DC + 2.09(d/D)® — 0.95(d/
D)?] as described in Equation 3.
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2.2.5. Other Correction Schemes

The four major schemes outlined above are not comprehensive to those used in high-pressure research. Correction
for the shape of non-spherical grains has also been applied when using diamonds instead of metallic spheres (Mori
et al., 2000) and for spheres which deformed during the experiments (Holtz et al., 1999). In the latter case, it is
likely that the spheres contained voids and collapsed during compression. Correction for the shape of the spheres
is not widespread based on our review (Tables 1-4; Table S1). We also note that the shape-correction and the four
schemes above have been applied in vertical cylinders, that is, the sphere falls along the longitudinal axis of the
cylinder. The vertical cylinder is the most frequently used geometry in both ambient- and high-pressure devices
for falling sphere viscometry (Brizard et al., 2005) (Tables 1-4; Table S1). However, horizontal cylinders have
been used in diamond-anvil-cells (DAC) to study fluids that are challenging to solidify at ambient pressures/
temperatures, that is, volatile-rich vaporous or supercritical fluids (Abramson, 2007, 2009; Abramson & West-
Foyle, 2008; Audétat & Keppler, 2004; King et al., 1992). The horizontal technique has also been applied in a
multi-anvil press to identify changes in rheology during melting (Pierru et al., 2022). In a horizontal cylinder, the
sphere falls perpendicular to the longitudinal axis and between two parallel walls, that is, the ends of the cylinder.
These walls would be the diamond culet faces in DAC experiments. The cylinder may also be tilted so that the
sphere rolls along one wall. The change in orientation of the cell requires different consideration of the drag
effects acting on the sphere (Audétat & Keppler, 2004). For brevity, we focus our review on the application of
Stokes' Law in a vertical cylinder when using fully spherical particles or markers.

2.2.6. Previous Application of the Corrections

The dominant correction schemes applied in high-pressure research are the wall and end corrections (Tables 1-4;
Table S1). The wall correction scheme (Equation 2) was first used at high-pressures in the seminal work by
Shaw (1963) (Figure S1 in Supporting Information S1). Subsequent high-pressure experiments followed his
method and applied the wall scheme well into recent years. In contrast, the combined wall and end correction
schemes were not used until the 1990's (Figure S1 in Supporting Information S1). We suspect that significant time
was required to disseminate the different correction schemes for Stokes' Law into high-pressure research. The
work by Shaw (1963) came four decades after earlier consideration of drag effects by the capsule walls
(Faxén, 1922). The combined wall and end correction schemes also came three decades after viscometry method
articles which included equations for 7, (Kingery, 1959; Maude, 1961). We notice that the use of the combined
correction schemes has gradually become more common in high-pressure research (Figure S1 in Supporting
Information S1). However, we have not found detailed discussion on whether the combined schemes are more
appropriate than the wall scheme for high-pressure research. In contrast, materials science at ambient pressures
has suggested that combining the schemes may not be necessary or suitable (Brizard et al., 2005).

We also find no obvious relationship between correction schemes and high-pressure devices. Piston cylinder
devices were used for the first high-pressure viscosity measurements and hence coincide with use of the wall
correction scheme (Table 1; Figure S1 in Supporting Information S1). The piston cylinders were gradually
replaced by multi-anvil devices starting in the 1990's. The first multi-anvil experiments applied the combined wall
and end correction schemes (Table 2). However, we also note that multi-anvil studies have used both the wall
scheme and the combined schemes equally (Figure S1 in Supporting Information S1). In more recent years, Paris
Edinburgh devices have become very common for high-pressure viscometry alongside multi-anvil devices. We
notice that the Paris Edinburgh studies have exclusively used the combined wall and end correction schemes
(Table 4). However, there is no obvious indication that this is advantageous for the device. We suspect this trend is
instead due to the increased use of the combined schemes in previous multi-anvil work (Figure S1 in Supporting
Information S1) and the first Paris-Edinburgh-based study which set the standard for subsequent work (Table 4).
Indeed, as each experimental device generally uses a cylindrical sample chamber, the same physical consider-
ations of a sinking sphere may be broadly applicable. Despite this, we are still lacking a critical evaluation of the
available correction schemes for any high-pressure experiment.

3. Methods: Multi-Anvil Experiments

To examine the influence of the correction schemes on the viscosity of a fluid, we conducted high-pressure
experiments using anhydrous aluminosilicate melt with an albite stoichiometry (NaAlSi;Og). Albitic melt is an
analog for aluminosilicate-rich magmas which are crucial in the production of continental crust. The viscosity of
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albitic melt at high pressures has been extensively studied (Bajgain & Mookherjee, 2020; Behrens &
Schulze, 2003; Brearley & Montana, 1989; Brearley et al., 1986; Dingwell, 1987, 1995; Funakoshi et al., 2002;
Holtz et al., 1999; Kushiro, 1978; Mori et al., 2000; Poe et al., 1997, 2006; Suzuki et al., 2002). These previous
studies consistently show that the viscosity of albitic melt decreases with compression to at least 4-5 GPa. The
decrease in viscosity at high pressures provides an advantage in promoting sinking of the sphere during our
experiments. Furthermore, we can directly compare our results to an already extensive database (Tables 1 and 2;
Table S1).

Our starting material was anhydrous albitic glass synthesized from fusing Na,CO;, AI(OH);, and SiO, reagent-
grade powders in a 1:2:6 M ratio at ambient pressure in a 2000 K furnace at the Laboratoire Magmas et Volcans
(LMV) at Blaise Pascal Clermont Ferrand II University, France. We crushed, powdered, and melted the glass
repeatedly at ambient pressure to homogenize the mixture and remove volatiles. We examined powder from the
glass for water contents using an Attenuated Total Reflectance module with a Hyperion-1000 Bruker Fourier
Transform Infrared (FTIR) microscope at Florida State University (FSU). The absence of FTIR modes in the
hydroxyl region (~3,000-4,000 cm™") confirms that the starting glass is anhydrous (Figure S2 in Supporting
Information S1).

Derivation of Stokes' Law assumes a perfect sphere sinks in a melt or fluid (Section 2.1). Non-spherical ge-
ometries may introduce additional drag effects which must be considered with the boundary effects (Mori
et al., 2000). To maintain a spherical form, the material for the spheres should be non-reactive and more refractive
than the sample. A strong density contrast also helps to promote sinking. Previous experiments on albitic melt
used platinum spheres as Pt is denser and relatively resistant to reaction with silicate melt (Funakoshi et al., 2002;
Suzuki et al., 2002). Yet the previous experiments targeted ~2000 K to surpass the albite melting curve and ensure
a fully molten state (Anovitz & Blencoe, 1999; Boyd & England, 1963; Gaudio et al., 2015; Shimada, 1972;
Tenner et al., 2007). We note this temperature approaches the melting curve of Pt below 4 GPa (Anzellini
et al., 2019; Belonoshko & Rosengren, 2012; Kavner & Jeanloz, 1998; Mitra et al., 1967) (Figure S3 in Sup-
porting Information S1). To ensure the sphere does not melt with the albitic glass, we also considered rhenium as
its melting curve is nearly 2000 K greater at any pressure than that for anhydrous albite (Burakovsky et al., 2018;
Yang et al., 2012).

To ensure a strong density contrast between the sphere and melt, we examined the densities of Pt (Zha et al., 2008)
and Re (Ono, 2022) at relevant pressure-temperature conditions for our experiments (Figure S4 in Supporting
Information S1). We compared the densities of the metals to that of albitic melt under the same conditions.
Previous studies on albitic melt viscosities (Funakoshi et al., 2002; Suzuki et al., 2002) estimated the density of
the melt using a third-order Birch Murnaghan (BM3) equation of state, given by:

=[] -G [ -de-ml() )

where P is pressure (GPa), T indicates a reference temperature, p is the density of the melt at high pressure (g
em™>), por and K are the zero-pressure melt density and bulk modulus (GPa) at T, respectively, and K’ is the
pressure derivative of K,;. We note that a Vinet-type equation of state can also describe the density of albitic melt
(Neilson et al., 2016). The BM3 equation of state does not include temperature dependence. Instead, the separate
Por> Kor» and K’y terms are estimated at each temperature relevant to the experiment. The po and K- of the melt
are estimated using volumetric data for oxide components of the melt (Lange, 1997; Lange & Carmichael, 1987;
Ochs & Lange, 1997) and ultrasonic measurements on sodic aluminosilicate melts (Kress et al., 1988), respec-
tively. Previous viscosity work tested a range of K’ from 4 to 8 as they did not have constraints on K’ for albitic
melt (Suzuki et al., 2002). More recently, first-principles molecular dynamics (FPMD) simulations explored the
elastic properties of albitic melt at high pressures and temperatures (Ashley et al., 2022; Bajgain & Moo-
kherjee, 2020; Kobsch & Caracas, 2020). These simulations constrain K7 along several isotherms and predict that
K’y increases at higher temperatures (Table S3 in Supporting Information S1). We tested the effect of K% on the p
of albitic melt by varying K’ between 4 and 8 (Suzuki et al., 2002) and extrapolating K’ predicted from FPMD
(Figure S4 in Supporting Information S1). At temperatures relevant for our experiments, that is, ~2000 K, we find
that the range in K’ produces increasing uncertainty in the melt density with increasing pressure. However, the

variation in the density due to K% is no more than ~0.2 g cm™ at 10 GPa (Figure S4 in Supporting
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Information S1). Previous work explored albitic melt viscosity to <7 GPa. Hence the choice in K’ should not
strongly affect the density contrast at conditions relevant for our experiments. We note that the K’ predicted from
FPMD is 5.0 £+ 0.4 at 2000 K, in good agreement within the assumed K7 range (Figure S4 in Supporting In-
formation S1). We hence used the trend in K’ predicted from FPMD to estimate the melt density more precisely
for our experiments.

At the pressure-temperature conditions explored in this study, Pt and Re are significantly denser than albitic melt
(Figure S4 in Supporting Information S1). Although Re is less dense than Pt, both metals are >17.8 g cm™
denser than the melt. Hence, either metal will display a strong negative buoyancy in the melt at high pressures
and temperatures. For our experimental study, we selected Re since it has higher melting temperatures. We
created Re microspheres of less than 0.5 mm in diameter by arc melting a small filament of the metal (<1 mm in
diameter).

We conducted the falling sphere experiments using the 1000-ton multi-anvil press frame with a T-25 Kawai-
type module at the GSECARS 13-ID-D beamline at the Advanced Photon Source (APS), Argonne National
Laboratory (Tinker et al., 2004; Wang et al., 2009). In the experimental hutch, the X-ray beam position is fixed.
The press frame is mounted on a motorized table with five degrees of freedom and a positioning accuracy
within 0.01 mm. Two modes are used in each experiment. A diffraction mode allows collection of energy
dispersive X-ray diffraction patterns on the pressure standard and the sample to determine its physical state. An
imaging mode allows collection of X-ray radiographic images. The diffraction mode collimates the incident and
diffracted X-ray beams to a cross-section 0.1 by 0.1 mm in area. The 26 angle is fixed at 6°. The intersection of
the incident and diffracted beams defines the diffraction volume with the longest dimension parallel to the
incident beam. The imaging mode is operated separately from the diffraction mode. Switching to imaging mode
removes the entrance slits and illuminates the sample using the entire X-ray beam. The absorption contrast
between the sphere and silicate melt is captured by converting the beam into visible light using a single-crystal
of Ce-doped yttrium-aluminum-garnet (YAG) phosphor on the downstream side of the press. The visible light
is reflected into a video camera through an optical lens to record a sequence of separate radiographic images.
The radiographic images are used to track the position of the falling spheres through time (Kanzaki
et al., 1987).

For each high-pressure experiment, we used 14/8 COMPRES multi-anvil assemblies (Leinenweber et al., 2012),
that is, spinel-doped MgO octahedral pressure media with a 14 mm edge length combined with 25.4 mm tungsten-
carbide anvils that have an 8 mm truncation edge length (TEL) (Figure S5 in Supporting Information S1). We
packed albitic glass powder into a graphite capsule and created a small indentation in the center of the powder. We
placed one Re microsphere into the indentation and covered the sphere with powder. We assured that enough
glass powder was packed between the sphere and capsule to prevent contact between the two. If the sphere and
capsule were to make contact, surface tension would prevent the sphere from falling. The inner height and
diameter of the graphite capsules before compression were 1.8 and 1.6 mm, respectively. We used spheres
<500 pm in diameter and varied the sphere sizes to examine the influence of drag on the settling of the spheres
(Table 5). We also varied the vertical position of the spheres to examine the influence of end effect drag on the
settling. We placed the graphite capsule into a sleeve of crushable alumina to shield it from the assembly furnace.
We used a stepped graphite heater to minimize thermal gradients in the sample capsule (Leinenweber et al., 2012).
We heated the assembly using resistive heating by a direct current power supply and monitored the temperature
using Type-C tungsten-rhenium thermocouples placed above the sample center (Figure S5 in Supporting In-
formation S1). Despite using a stepped heater, we note that the measured temperature at the thermocouples will be
a minimum value and will increase toward the center of the assembly. We estimated the temperature at the center
of the assembly using numerical modeling (Hernlund et al., 2006). Our analysis indicates that the temperature at
the center is ~50 K higher than recorded at the thermocouple junction. We determined the pressure by placing a
disc of compacted MgO and h-BN powders in a 3:1 weight ratio directly above sample capsule and by con-
straining the equation of state of the MgO pressure marker using X-ray diffraction (Tange et al., 2009). We
estimate the uncertainty in pressure to be +0.5-0.7 GPa. No corrections were made for the effect of pressure on
the thermocouples.

For each experiment, we compressed the assembly to aload of 100 tons without heating. Despite the same load, the
cell assembly pressures varied slightly between experiments (Table 5). This pressure difference is attributed to
small variations in each experiment cell assembly (Leinenweber et al., 2012). At the target load, we heated the
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Table 5

Summary of Experiments in This Study

Experiment number T2745 T2824

Input parameters
Pressure (GPa) 3.1+05 1.3+0.7
Measured Temperature (K) 2073 £ 6 1871 £ 4
Sphere density, pg (g cm™3)? 21.40 £ 0.05 21.44 £ 0.06
Melt density, p,, (g cm™3)? 2.59 £ 0.04 243 £ 0.07
Final capsule height, H (um)° 1020 = 50 1300 = 100
Final capsule diameter, D (um)° 1350 + 10 1130 + 60
Sphere diameter, d (pm)* 430+ 3 127 £ 1
Average z (pm)d 40 £ 10 90 £ 20
Minimum z (ym)* 21 65
Maximum z (um)* 53 132
Terminal velocity, U, (um s~ ") 40 2 5.43 + 0.09
d/D 0.319 £ 0.003 0.113 = 0.006
2z/d 0.19 £ 0.08 14 £04

Calculated viscosity (Pa s)
Uncorrected, 7, (Equation 1) 48+2 30.8 £0.8

18.870 = 0.790

23.556 = 0.662

Wall effect correction, 7y, (Equation 2)°
Wall + inertia corrections, 77, (Equation 3)° 18.889 + 0.791 23.561 + 0.662
74+ 1.7 17.8 + 1.8
2918 + 0.684 13.386 + 1.389
2.921 + 0.685 13.389 + 1.390

End effect correction, 7, (Equation 4)f
Wall + end corrections, 7y, (Equation 7)°

Wall, inertia + end corrections, 7y, (Equation 8)°

Note. Uncertainties are given as *1 standard deviation. “Reported sphere and melt densities are average values from the
Monte Carlo simulations which included randomly varied fitting parameters from equations of state (Section 3) and our
experiment temperature and pressure data. ®The final capsule heights and diameters were measured using back scatter
electron (BSE) photomicrographs after the experiments (Figure S6 in Supporting Information S1). The post-experiment
assemblies are assumed to largely preserve their geometries from the peak experiment conditions. “The sphere diameters
were measured using BSE photos before the experiments. No correction was made for compression of the sphere volumes.
9The z is the distance between the sphere and the bottom of the capsule, that is, the end of the fall. Accounting for drag due to
inertia of the falling sphere in our experiments results in <0.1% change in the mean viscosity compared to the wall term.
Significant figures are expanded to show difference in values. Note that the inertia effect increases with settling velocity and
decreasing melt viscosity (Figure 4). "Rounding the values following significant figures of the uncertainty, that is, 7 + 2 and
18 + 2 for T2745 and T2824, indicates greater uncertainties of ~29% and 11%. Maintaining more digits shows that the
uncertainties in the end correction alone rival that of the combined wall and end corrections, that is, ~24% and 10%,
respectively. See Figure 5 for visual comparison.

assembly incrementally below the melting curve of anhydrous albite (Figure S3 in Supporting Information S1). We
maintained each temperature step for 1-2 min to allow the assembly to thermally equilibrate and measure changes
in pressure. Before heating to fusion of the starting glass, we started to record a sequence of radiographic images
using an exposure time of 0.02-0.05 s. We then heated the assembly rapidly at several hundred degrees per minute
to temperatures above the albite melting curve to fully melt the glass and allow the spheres to fall. We attempted to
collect an energy dispersive X-ray spectrum from the pressure marker immediately following the fall of the sphere
(s). However, we were unable to collect a pattern with clearly resolvable peaks corresponding to the marker. The
degradation in the pattern is likely due to rapid recrystallization of MgO at the peak temperature. We estimated the
pressure at the peak temperature using the pressure-temperature trends from our experiments (Figure S3 in Sup-
porting Information S1) and previous work using similar assemblies (Edwards, 2019; Leinenweber et al., 2012).
We immediately quenched the experiment after scanning the pressure marker. We note the quenched products
show a glassy texture with no obvious signs of significant crystallization (Figure S6 in Supporting Information S1).
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4. Results

To measure the terminal velocity of the spheres as required by Stokes' Law (Equation 1), we used a MATLAB
code to track the spheres through time in the video images. The change in position of the spheres with each frame
yields the falling or sinking distance. We note that the spheres quickly developed linear falling-distance versus
time profiles as they began to sink. The distance-time profiles display sharp inflections as the spheres approach
the end of their falls, that is, the bottom of the capsules, during landing. After the spheres landed, the falling
distance stopped changing with time (Figure 2).

To identify the terminal velocities (U,,), we calculated the sphere settling velocities (U) from the changes in
position from starting locations over time. We find that the sphere velocities show three distinct trends during
each experiment. The first trend displays increasing velocities (Figure 2) which is characteristic of an acceleration
stage of the sphere (Figure 1). The second trend in each experiment shows a constant velocity versus the falling
distance or time. The plateau in stage two yields the terminal velocity of the spheres as the buoyancy force and
viscous drag force have balanced, that is, Stokes' Law is achieved (Figure 1). We note that these first two stages of
U correspond to the linear distance-time profiles (Figure 2). Yet the U, plateau is a fraction of the total linear
trend. This indicates that the linear trend alone may not adequately capture the terminal velocity required by
Stokes' Law. We also note that the U, from our experiments scale with the sphere sizes (Table 5). This is
consistent with an increasing sinking force, that is, negative buoyancy, with volume of the sphere (Section 2.1).
Finally, the third stage of the sphere fall shows a sharp decrease in U with distance (Figure 2). We note an in-
flection in this third stage which suggests the sphere may be slowing as it approaches the bottom of the capsule.

5. Discussion
5.1. The Roles of End Effect Drag and Thermal Gradients

We sought to compare the influence of the wall and end corrections on the estimated viscosity of our alumi-
nosilicate melts. Yet, there is the notable ambiguity in the application of the end correction scheme (Sec-
tion 2.2.3). The greatest ambiguity lies in the height to apply in the end correction, that is, the total height of the
container, H,, or the distance between the sphere and bottom of the capsule, z. The description of the latter, z,
suggests it varies as the sphere sinks. Hence we first sought to clarify the application of the end correction alone
before comparing it to other schemes.

To better understand how drag from the capsule end(s) affects Stokes' Law, we evaluated the settling velocities of
spheres in our experiments. We note in our experiments that the spheres slowed dramatically toward the ends of
their falls (Figure 2). The slowing may suggest that the drag increases as the sphere begins to land, that is, the end
effect varies with the distance between the sphere and bottom of capsule (Figure 1). Hence, Equations 4-8 may be
best described using the variable z term. Yet we note that some high-pressure work has also suggested that thermal
gradients in the chamber could slow the descent of the sphere by increasing the melt viscosity (Reid et al., 2003;
Rubie et al., 1993). For simplicity, we refer to this as the thermal gradient effect.

To distinguish the effects of drag and a thermal gradient acting on the sphere velocities, we consider a case in
which a 100 pm diameter Re sphere falls from top to bottom of the capsule in our typical assembly (Figure 3). We
modeled a thermal gradient along the axis of the capsule and targeted 1973 K at the center (Hernlund et al., 2006),
after our experiments. We predict less than 30 K variation from top to bottom of the capsule (Figure 3, inset). We
modeled the viscosity of an albitic melt at ambient pressure across this thermal profile (Giordano et al., 2008). We
predicted the velocities of the sphere at any point along the center axis using the uncorrected Stokes' Law, that is,
Equation 1. We note Equation 1 assumes that the sphere has attained terminal velocity, that is, the viscous and
gravitational forces are balanced (Figure 1). This assumption prevents us from examining the acceleration or
deceleration of the sphere before and after reaching terminal velocity, respectively. Hence, Equation 1 will allow
us to gauge the mechanism that slows the spheres, that is, end effect drag or increasing viscosity by thermal
gradients, after terminal velocity is achieved.

The predicted sphere velocities decrease slightly toward the top and bottom of the capsule where temperatures are
cooler (Figure 3). We note that this decrease due to temperature is small, that is, <7% of the maximum velocity.
As aresult, the predicted distance versus time profile is nearly linear toward the bottom of the capsule (Figure 3).
In contrast, our experiments display sharp, nonlinear increases in the settling time as the spheres land. This
translates to sharp decreases in the sphere velocity close to landing (Figure 2). Hence, thermal gradients in our
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Figure 2. (a) Sequential snapshots of falling rhenium spheres in experiments T2745 (top) and T2824 (bottom). Numbers give
the time for each snapshot. Scalebars indicate 100 pm and are color-coded by experiment. (b) Velocity profiles of the
spheres. Results for each experiment are plotted on separate vertical axes clarity. The results and corresponding axes are
color-coded as in (a). There are three recognized stages for a falling sphere which correspond to (1) acceleration at the
beginning of the fall, (2) constant velocity as the buoyancy and viscous drag forces balance, and (3) landing of the sphere
(Figure 1). A faded green background highlights stage 2 for clarity. The terminal velocities of the spheres are identified in
stage 2 by the plateau. The terminal velocities are calculated by linear regression of the falling distance versus time data and
are indicated by bold black lines. The value z gives the distance between the terminal velocity and the bottom of the capsule
and is shown by dashed arrows.

assembly may not be strong enough to account for the slowing of the spheres alone. Instead, additional drag from
the end of the capsule may be needed to slow the spheres.

Assuming end effect drag is independent of the sphere position, that is, z = H, we predict that the sphere ve-
locities will be ~3% lower across the entire capsule (Figure 3). We find that the constant drag effect does not
significantly alter the trends predicted by the thermal gradient. This suggests that a constant end effect is also not
sufficient to describe the slowing of the spheres observed in our experiments (Figure 2).

We find that the slowing of the spheres is well described by drag which varies with distance between the sphere
and bottom of capsule. Increasing end effect drag toward the bottom of the capsule strongly decreases the pre-
dicted sphere velocities (Figure 3). The result is a nonlinear distance versus time profile in which the settling times
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Figure 3. (a) Predicted terminal velocities (U_) of a 100 pm rhenium sphere falling in albitic melt versus falling distance. The
inset shows a thermal gradient predicted for the vertical axis of the sample chamber in our typical experiment assembly
(Hernlund et al., 2006). Melt viscosity is calculated at ambient pressure for a 1973 K isotherm and along the predicted
thermal gradient (Giordano et al., 2008). The solid lines show the terminal velocity of the sphere calculated using the
uncorrected Stokes' Law (Equation 1), dashed-dotted lines show the U, calculated when applying the end drag effect
(Equation 4) (Lorentz, 1907) and assuming z equals the total height of the container (H_), and the dashed lines show the
results from Equation 4 when using a variable z that decreases toward the bottom of the capsule. Thick, faded solid and
dashed lines illustrate the results from Equations 1 and 4, respectively, along the isotherm. Panel (b) shows the predicted
distance over time profiles from the calculated U trends. The inset is an expanded view. All lines are color-coded to the
temperature gradient shown in the panel (a) inset.

sharply increase as the sphere lands, in good agreement with our experiments (Figure 2). A thermal gradient helps
to further slow the sphere with the variable end effect drag. Though we note that comparison to velocities pre-
dicted along an isothermal profile shows that the contribution from the thermal gradient is minor for our assembly
(Figure 3). We therefore find that the slowing effect is likely dominated by increasing end drag during the fall of
the spheres in our experiments. This suggests some minimum height in the sample chamber is needed to ensure
the terminal velocity of the sphere is not overshadowed by end effect drag. The chamber height would be
dependent on the size of the sphere and experimental device.

5.2. Comparison of Wall and End Corrections

With a better understanding of the end effect, we can now examine the influence of the common correction
schemes on Stokes' Law. We calculated the viscosity of our experiments using the uncorrected Stokes' Law, wall
and end effect schemes separately and combined (Table 5; Figure 4). To note, we chose Equation 4 (Lor-
entz, 1907) to evaluate the magnitude of the end correction scheme and used a variable z distance. We measured
the z distance as the height at which the sphere achieved terminal velocity, U, above the end of its fall (Figure 2).
Notably, the graphite sample capsule could not be easily distinguished from the surrounding ceramics of our
multi-anvil assembly due to the relatively low X-ray absorption of these materials. This means that the bottom of
the capsule could not be observed directly during the experiment. In cases such as our experiments, the z distance
may be most easily identified by observing the sphere landing, that is, where the falling distance stopped changing
with time (Figure 2).

The effect of each correction scheme generally increases with d/D (Table 5; Figure 4). Experiment T2824 with d/
D ~ 0.1, shows nearly a 2-fold change between 7 and 7. In comparison, experiment T2745 shows a 16-fold
change in the calculated viscosity due to a larger d/D of 0.3 (Figure 4). The strongest correction effect is given by
combining the wall and end effect schemes (Figure 4). When considered separately, the wall and end effect
schemes have variable influence on the calculated viscosity. The wall effect correction directly increases with d/D
such that the difference between 7y, and 7 is greater for T2745 than T2824 (Table 5; Figure 4). The end effect
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Figure 4. Relationship between the melt viscosity (1) and the terminal velocity of the sphere (U_,) using Stokes' Law and its
various corrections (solid markers). Open circles show numerically calculated trends for Stokes' Law corrected for wall and
inertial effects. Thin colored lines show an empirical power law fit to the open circles to determine the viscosity of the
experiment. Thick vertical lines connect the upper and lower limits of viscosity. The d/D provides the ratio of the sphere to
capsule diameter. Experiments T2745 and T2824 are shown by purple and green symbols, respectively. The red symbols
show a test case in which d/D for T2745 is assumed to be 0.6. For reference, the inset shows the correction function for inertia
of the falling sphere. Open markers are taken from reported values (Brizard et al., 2005; Faxén, 1922) (Table S2 in
Supporting Information S1). The gray lines show an empirical third-order polynomial function to interpolate between values.

correction increases with decreasing distance between the sphere and bottom of the capsule (Figure 3). We may
gauge the magnitude of the end correction by the number of sphere-diameters for the sphere to fall, that is, 2z/
d (Tanner, 1963). Experiment T2745 shows an average 2z/d ~ 0.2 while experiment T2824 shows 2z/d ~ 1.4
(Table 5). In other words, the sphere in T2745 could only fall at terminal velocity one-fifth of its diameter before
landing. In contrast, the sphere in T2824 fell more than one diameter length before landing. Hence, the change
between 7 and n, for T2745 is nearly four-times greater than in T2824 (Figure 4).

We also recast the settling distance for each experiment as 2z/d to evaluate changes in the sphere velocities
(Figure S7 in Supporting Information S1). We note that experiment T2824 maintains terminal velocity for
roughly one diameter-length prior to landing. In contrast, the terminal velocity for T2745 is maintained for less
than a quarter of the diameter-length. This figure suggests that the terminal velocity we observe in Figure 2 for
T2745 is perhaps not robust. Furthermore, the terminal velocity of T2745 is achieved very close to the bottom of
the capsule before landing. This qualitatively suggests that the terminal velocity of T2745 may be more subject to
the end drag effects than T2824. The velocity versus 2z/d relationship highlights that in experiments such as
T2745, very careful consideration of the correction scheme may be needed.

5.3. A Method to Examine Inertia of the Sphere

We also consider the importance of drag due to the inertia of the falling sphere on the calculated melt viscosity.
The melt viscosity is relatively simple to be corrected analytically when the inertia term is not considered. The
inertia term is challenging to analytically or numerically solve because it is dependent on the Reynolds number,

Re,/4
d/D

that is, Re, = psU,.d/n, and a correction function of Re,, that is, f ( ) , both of which contain the terminal

velocity of the sphere (U,,) and the unknown viscosity of the melt () (Brizard et al., 2005; Faxén, 1922). We find
that the inertia correction may be readily applied in Stokes' Law when using a semi-graphical approach (Figure 4).
We generated a trend in sphere terminal velocities using an arbitrary range of viscosity values input into
Equation 3. We find that an empirical power law describes the artificial trends well, that is, Equation 3 can be well
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approximated by a power function. We solved the empirical expression analytically to determine the true vis-
cosity of the melt in each experiment.

We find that drag due to inertia of the falling sphere is negligibly small for our experiments. The graphical trends
including the inertia scheme overlap entirely with counterpart calculations that do not include this effect
(Figure 4). We calculate the Re,, for experiments T2745 and T2848 to be <10™>. We note, however, that the inertia
term increases with the d/D ratio (Figure 4 inset). Hence drag due to inertia may become more important for large
d/D in low viscosity—high sphere-falling-velocity experiments. Such conditions may be relevant for depoly-
merized silicate melts (Cochain et al., 2017; Spice et al., 2015; Xie et al., 2020, 2021), molten metals (Dobson
et al., 2000; LeBlanc & Secco, 1996; Rutter, Secco, Liu, et al., 2002; Rutter, Secco, Uchida, et al., 2002; Terasaki
et al., 2001, 2002; Urakawa et al., 2001; Zhu et al., 2022), or volatile-rich fluids (Abramson, 2007, 2009;
Abramson & West-Foyle, 2008; Audétat & Keppler, 2004; King et al., 1992).

5.4. Uncertainties in Schemes of Stokes' Law

The large spread in the calculated viscosities at even low d/D indicates poor agreement among the schemes used
to account for drag acting on Stokes' Law (Figure 4). However, we note that these calculations give mean values
which do not consider the uncertainties in the measurements. Considering the uncertainties may show statistical
overlap and thus agreement in the viscosities. Previous work estimated <20% error by analytical propagation for
the wall scheme in dacitic melt viscosities (Tinker et al., 2004). For combined wall and end corrections, <6% error
was estimated by Monte Carlo simulations for peridotitic melt viscosities (Xie et al., 2020, 2021). We find that the
wall correction in our experiments adjusts the viscosity by >24% at even small d/D ~ 0.11 (Table 5). This
difference in 7y, and 7 already exceeds the uncertainty from analytical error propagation. Hence, the uncertainty
in the calculated viscosities must be larger than previously considered if the correction schemes are to statistically
agree.

To better understand the uncertainties in our Stokes' Law calculations, we performed Monte Carlo simulations in
which we randomly varied the measured parameters (Figure 5). We generated 10° random points for each
parameter assuming normal distributions (Xie et al., 2020, 2021). We also randomly varied equation of state
parameters for Re (Ono, 2022) and albitic melts (Figure S3 in Supporting Information S1) in the Monte Carlo
simulations (Table 5). We note that the z distance decreases linearly while a sphere falls under terminal velocity
(Figure 2). Therefore, we also considered the uncertainty when values of z are uniformly distributed between the
minimum and maximum z (Figure S8 in Supporting Information S1).

Our Monte Carlo simulations suggest <4% error in the uncorrected Stokes' Law calculations, that is, 7, for our
experiments (Table 5; Figure 5). Applying the schemes for the wall and/or inertia effects, or 7y, and #y,;, does not
significantly increase the uncertainty of the calculated viscosities (Figure 5). We find that applying the end effect
correction alone, that is, 77, increases the uncertainty to 10% for T2824 and 24% for T2745, that is, 2z/d of 1.4 and
0.2, respectively. Combining the wall and end effect corrections, or 1y, and 7y, yields a comparable uncertainty
to the end effect correction alone (Table 5; Figure 5). This indicates that the uncertainty in the end effect
dominates the combined correction scheme, that is, Equations 7 and 8. Critically, we note that the uncertainty in
our calculations only rivals that predicted from error propagation, that is, 20%, when the drag effect schemes are
combined for a large d/D or small 2z/d.

Probability distributions predicted from our Monte Carlo simulations show that 7, 1y, and i are separated by
more than +£95% confidence (Figure 5). Only the 7y and 7 overlap at this degree of confidence for our ex-
periments. This indicates that correction schemes largely yield statistically distinct values of viscosity. However,
we note that the calculated # converges with decreasing d/D (Figure 5). At d/D ~ 0.1, we find that the 5y, and
may slightly overlap at £99% confidence. This indicates that d/D < 0.1 may yield better statistical agreement
among the various correction schemes for Stokes' Law.

We note that increasing d/D has a dramatic effect on the range in calculated viscosities. To gauge the full in-
fluence of a large d/D on n, we predicted 5 for an extreme d/D ~ 0.6 (Figures 4 and 5). This d/D is greater than
previously used by high-pressure experiments (Tables 1-4; Table S1). For this test case, we assume other
measured parameters after experiment T2745 (Table 5). We find that the large d/D predicts a range in possible 7
that extends nearly two orders of magnitude (Figure 4). The range in 7 is produced by decreasing 7y, and 7yyz. We
note that, despite the very large d/D, there appears to be good agreement between 7 and the test y, (Figure 5). As
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Figure 5. Calculated viscosities from Monte Carlo simulations. Panels (a)—(f) show results for experiment T2745. Blue histograms show results predicted from 10°
randomized parameters. Bold lines show probability distributions for the results. The R indicates the uncorrected viscosity while W, E, and I indicate the corrections for
drag effects due to walls, capsule end and inertia of the falling sphere, respectively. Panels (g)—(h) partial uncertainty analyses in which one parameter is randomly

varied 10* times. Colored histograms show results for each parameter and are normalized for clarity. Solid lines show bulk probability distributions as done in (a)—(f).
Panels (h) and (i) show results for experiments T2745 and T2824, respectively. The d/D are indicated in each panel. Panel (g) shows a test case in which d/D is assumed

to be 0.6 for T2745.

ng 1s directly influenced by 2z/d rather than d/D, it provides a cross-comparison for the exaggerated 7y,. However,
the increased d/D also separates 1, and 7y, such that they no longer overlap at +95 or 99% confidence. Hence,
experiments that rely on a large d/D also require very careful choice in the correction scheme for Stokes' Law.

In summary, the experiment results from T2824 show obvious improvement over those from T2745. When using
the wall correction alone, the dominant control on this improvement is the lowered d/D in T2824 (Table 5). When
using the end correction scheme, the increased 2z/d in T2824 also lowers the relative difference in calculated
values for 7, and 7. The common component to these parameters in each correction scheme is the sphere
diameter, d. We note some previous experiments relied on very small capsules to achieve extreme pressures
relevant to the lower mantle (Xie et al., 2020, 2021). To a first order, it may seem that the simplest method to
lowering corrections for Stokes' Law is to use the smallest spheres possible. However, we also note that visibility
of the sphere must be maintained in X-ray radiography which limits how small a sphere may be. Large corrections
may therefore be unavoidable in certain experiments. In such cases, careful examination or cross-comparisons of
the correction schemes may be necessary.

5.5. Controls on Uncertainties in Stokes' Law

The bulk uncertainty we predict from our Monte Carlo simulations for the combined wall and end effect schemes
is four times larger than predicted by previous Monte Carlo simulations (Xie et al., 2020, 2021). To note, the
previous work also used d/D < 0.3 as in our experiments (Table 2). We suspect the difference in our error
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estimations is due to consideration of the capsule diameter and variable z distance in our study as opposed to the
previous work. To better understand the sensitivity of Stokes' Law to the input parameters, we examined the effect
of each parameter by randomly varying one measurement 10* times while holding the other parameters constant
(Figure 5).

We find that the terminal velocity (U,,) and sphere diameter control the uncertainties for 7. By accounting for
drag due to the capsule walls, we find that the error in 5y, shows relatively equal contributions from uncertainties
ind, D and U,. The small error in 7, that is, <4%, is comparable to previous estimates for the combined wall and
end schemes, that is, error in 7y, is <6% (Xie et al., 2020, 2021). Hence the uncertainty in the capsule diameter
from our experiments is not responsible for the increase in error. Yet this small influence of D on the uncertainty
of the calculation is surprising given its key role in the wall correction scheme, that is, Equation 2. We hence
further tested the control of D on the uncertainty in viscosity by artificially increasing the uncertainty in D by 5%.
The increase in error of D results in a comparable change to the uncertainty in 7y,. We also find that D becomes the
dominant control on the uncertainty of the calculation as its uncertainty increases. Hence, high precision on the
sphere and capsule diameters will limit the control of d/D on the uncertainty of the calculated viscosity. This is a
critical point as the capsule diameter can dramatically change due to variable deformation with compression
depending on the sample and force load. For instance, sintered glass cores with low porosity may deform less than
compacted glass powders. Indeed, our own experiments using packed glass powder showed <30% decrease in the
capsule diameters during compression (Table 5). However, melting may also allow rapid deformation to occur
due to volume change from the glass to melt transition. Such an effect is independent of the form of the starting
glass. Ultimately, it is very important to measure the d/D before and after an experiment. Assuming little to no
change in the initial diameter of the capsule may not accurately capture the drag effects acting on the sphere.

To further identify the difference between our uncertainty calculations and previous work, we evaluated the
influence of the z distance on . We find that uncertainty in the z distance contributes nearly the total uncertainty
for nz and e in our experiments (Figure 5). The result is a four-fold increase in the total error of the calculation
(Table 5). We also note that if z follows a uniform distribution, that is, decreases linearly during the fall time, the
resulting distribution of 7 and 7y, becomes more strongly skewed (Figure S8 in Supporting Information S1).
Hence, the z parameter primarily accounts for the difference in our and previous work (Xie et al., 2020, 2021). We
conclude that z should be very carefully constrained when applying the end effect correction scheme.

Notably, previous work typically reported only container heights, that is, H, instead of variable z values. This
may be applicable to Equation 5 which considered the total height of the capsule container for the end effect drag
(Bacon, 1936; Kingery, 1959; Ladenburg, 1907). However, our work suggests that the end effect may be more
accurately captured by a variable z (Figure 3). Hence, we consider H - to be the maximum possible z for the end
correction scheme, that is, z; (Tables 1-4; Table S1). As aresult, our work explores the influence of the smallest z
values, and hence 2z/d, in high-pressure viscometry on the end effect correction schemes. To identify the lower
limit of z to minimize the influence of the end correction scheme on 7, we extend our analyses to the larger z;;
values from previous work. We sampled three scenarios which used different capsule heights and diameters with
different sphere sizes, that is, different d/D and 2z/d ratios (Figure 6). We conducted additional Monte Carlo
simulations using 10° randomized parameters of reported data and/or inferred geometries from these scenarios
(Tables 1-4; Table S1).

We find that the viscosity corrected for end effects (7; or 7z) becomes statistically indistinguishable from the
uncorrected viscosity (17z) when 2z/d increases above ten (Figure 6). The separation in calculated viscosities is
also dependent on the uncertainties in previous experimental parameters. For relatively small uncertainties in the
calculated viscosity, that is, ~3%, the separation in 7 or 1y, and 17z becomes obvious (Figure 6). We also note
that increasing 2z/d seems to weaken any skewing in the distribution of 7, that is, we observe normal distributions
of 57 regardless of the correction scheme. For the simulations, we assumed uniform distributions of z;_because
previous sphere landings were either not observed or reported. From our own experiment results, uniform dis-
tributions of z strongly skew the calculations of # (Figure S8 in Supporting Information S1). Clearly the control of
the end effect scheme on 5 weakens remarkably with increasing z values.

We also found that the density contrast (Ap) contributes negligibly to the uncertainties in any form of Stokes' Law
(Figure 5). Given the small control of Ap on the calculated viscosities, we sought to better understand if the
density contrast has any control on 7. We conducted additional Monte Carlo simulations using results and
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Figure 6. Monte Carlo results corresponding to experiment (a) S3170 from Xie et al. (2020), (b) the 8.5 kbar data from Kushiro (1978), and (c) AOQ3.22 from Schulze
etal. (1996). The uncorrected (R) Stokes' Law value is shown in gray histograms. The separate correction schemes for the wall (W) and end (E) effects are shown in blue
and pink histograms, respectively. The combined W and E corrections are shown in red. Thick solid lines outlining the histograms are probability distribution functions.
Reported values are shown by vertical lines which are color-coded based on the correction scheme used in the previous work. Faded vertical bands show the reported
uncertainties in previous work at 1 standard deviation. Note that z for these cases assumes the maximum total falling distance, that is, the container height or H..

parameters from previous work (Kushiro, 1978). As a control, we re-calculated the reported viscosity using the
density contrast predicted from equations of state for Pt and albitic melt (Section 3). We propagated the un-
certainty in Ap using the Monte Carlo approach with randomized parameters for the equations of state. We tested
the density contrast at 75%, 50%, and 25% of its original magnitude (Figure S9 in Supporting Information S1). We
find no obvious differences in the calculated viscosities regardless of the value in Ap, that is, the calculated
viscosities are statistically indistinguishable (Figure S9 in Supporting Information S1). This is somewhat sur-
prising as previous work has often argued for a large Ap to reduce its controls on the uncertainties in the viscosity
(e.g., Kushiro, 1978; Tinker et al., 2004). The negligible influence of Ap may be due to its low uncertainties
predicted by the Monte Carlo method, that is, the Monte Carlo simulations predict uncertainties in the sphere and
melt densities typically below 1% (e.g., Table 5). We reconducted our Monte Carlo simulations when assuming
10% uncertainty in both the sphere and melt densities. At these larger uncertainties, we find an obvious increase in
the uncertainty of viscosities at low Ap (Figure S9 in Supporting Information S1). The reference Ap, that is,
~19 g em™, yields +13% uncertainty in the calculated viscosities, which is consistent with previous estimates at
+15% (Kushiro, 1978). In contrast, Ap at 25% of the reference value yields +21% uncertainty in the calculated
viscosities (Figure S9 in Supporting Information S1). These results therefore suggest that a low Ap may achieve
statistically consistent results to a high Ap when the uncertainties in sphere and melt densities are low. We note
that a small Ap is not typical in high-pressure viscometry as dense, platinum-group metals are often used as
spheres (Section 3). Lower values of Ap may be achieved by using composite spheres of metal and oxides. For
instance, early viscometry on Fe-S melts relied on platinum spheres coated in alumina to prevent reaction between
the sphere and melt (Secco, 1994). Lower density contrasts in silicate melt studies might therefore also be
accomplished by using oxide spheres coated in metal. However, we note that it is technically challenging to
produce such spheres. A small Ap will also lower the sinking force acting on the sphere, which may not be
desirable. While our results indicate precision may not be lost with lowering Ap, careful consideration must still
be made for future work.

5.6. Choosing the Most Appropriate Scheme

Our calculations emphasize that the choice in correction scheme to Stokes' Law is not a trivial one. The correction
schemes produce statistically distinct values of 5 for d/D > 0.1 (Figure 5). To identify the most appropriate
scheme for high-pressure experiments, we compared our calculations to previous high-pressure work on albitic
melts (Figure 7). At 3.1 £ 0.5 GPa, that is, the same pressure as experiment T2745, previous work indicates ~5—
15 Pa s using only the wall correction scheme. The range is due to variations in temperature and pressure in the
experiments. We calculated 2.9-18.9 Pa s for #y, to ny, respectively, for T2745. The individual correction
schemes show good agreement with previous work (Figure 7). Yet we note that the range in 7 from the corrections
alone spans the same range as the previous measurements from 2.6 to 3.6 GPa. The effect worsens with increasing
d/D. Using our test case of d/D ~ 0.6, we predict 48 to 0.9 Pa s from 7 to #yy5. For comparison, the previous work
on albitic melt viscosity shows a general decrease from 16 to 0.3 Pa s between 2 and 7 GPa at ~ 2000 K. Hence,
the corrections using a large d/D could account for the entire pressure effect observed in albitic melt (Figure 7).
We note that 5y, at d/D ~ 0.6 is predicted to be 5.6 Pa s which agrees well with previous work at the same pressure,
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Figure 7. Viscosity (1) of albitic melts as a function of pressure and temperature. Results from this study are shown by solid
markers: down-triangles indicate the uncorrected Stokes' Law, circles indicate the # corrected by the wall scheme (W),
diamonds by the end scheme (E), and up-triangles by the combined wall and end schemes (WE). The red symbols indicate the
test case d/D of 0.6. Hollow symbols and crosses show results from previous experiments (Brearley & Montana, 1989;
Funakoshi et al., 2002; Kushiro, 1978; Mori et al., 2000; Suzuki et al., 2002). Error bars indicate +1 standard deviation of
uncertainty. From this work, propagated uncertainties at +1¢ are smaller than the marker size and are estimated from the
Monte Carlo simulations. Uncertainties for previous work are taken from reported values. The dashed blue line highlights the
linear trend constrained by previous work at <4.5 GPa. The horizontal, dashed gray and red lines highlight the range of
viscosities calculated for our results at ~3 GPa (experiment T2745).

that is, ~3 GPa. Also, 7 is independent of the test d/D and is 7 Pa s. Hence, the separate 7y, and n; may still
produce reasonable estimates of the melt viscosity despite the extreme or exaggerated d/D. The cross-comparison
of the separate correction schemes is also clearly useful for examining the possible viscosity. Notably, combining
the schemes for drag, that is, 7y, accounts for the largest change in 5 with increasing d/D. This suggests that
combining the schemes for drag due to the capsule walls and bottom could severely overcorrect the viscosity
(Brizard et al., 2005; Flude & Daborn, 1982; Sutterby, 1973).

If the drag schemes for wall and end effects should be considered separately, which of the two may be most
appropriate for high-pressure experiments? We note that 77, shows significantly greater uncertainty than z,,
(Figure 5). The probability distribution of 7 is also strongly controlled by whether z follows a normal or uniform
distribution (Figure S8 in Supporting Information S1). Our Monte Carlo simulations highlight that the uncertainty
in 575 1s dominated by the z distance (Figure 5). The uncertainty in 7z inversely scales with 2z/d in our experiments.
Hence, the end correction may be more precise when 2z/d is large, that is, the sphere is small and z is large. We
note that measuring z is most accurately done when both the terminal velocity and sphere landing can be observed
(Figures 2 and 3). Yet only a fraction of the cell assembly may be viewable using X-ray radiography due to the
absorption from the anvils and other components. If the sphere lands out of view, z may not be precisely
determined. We also note that previous theoretical and experimental work suggests that the end correction be-
comes ineffective when d/D < 0.125 and the total length of the fall is longer than a couple sphere diameters
(Sutterby, 1973). This may place an upper limit to 2z/d for which 7 is useful. Therefore, the end effect scheme
may be most applicable when the sphere reaches terminal velocity near the bottom of the cell (Brizard et al., 2005)
and the landing is viewable. For instance, our experiment T2745 shows excellent agreement between 7, and
previous work on albitic melts (Figure 7) despite the very small 2z/d at which the terminal velocity occurs (Figure
S7 in Supporting Information S1). However, these conditions will also increase the uncertainty in the end
correction scheme (Table 5; Figure 5).
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In lieu of the end effect scheme, the wall effect scheme may be the most broadly applicable for high-pressure
experiments. The diameters of the sphere and capsule can be measured before and after an experiment to pre-
cisely determine d/D. However, we note that the accuracy of the wall correction has been contested for silicate
melts. Ambient-pressure experiments on synthetic sodium aluminosilicate melt showed that 7y, calculated from
Stokes' Law was >10% lower than measured by rotational viscometry (Kahle et al., 2003). Regardless, no other
correction to account for drag from the capsule walls has been proposed. We also note that our calculated values
of n are smaller than 7y, (Table 5; Figure 4). Hence if 1y, underestimates the viscosity, 77, must as well. Given the
convenience and precision of #y, over n, the wall correction may still be the appropriate scheme for most ap-
plications of Stokes' Law at high pressure.

Considering that 77, may underestimate the viscosity of silicate melts, we evaluate the magnitude of the possible
inaccuracy. At £95% confidence, our experiments show <8% error at d/D < 0.3 (Table 5). Assuming 7y,
consistently overcorrects silicate melt viscosity regardless of intensive variable, the error in our results may
account for most of the inaccuracy, that is, >10% (Kahle et al., 2003). We also note that silicate melt viscosity
operates on a logarithmic scale with pressure and temperature. Considering the logarithmic values of melt vis-
cosity lowers the difference in 7 between Stokes' Law and rotational viscometry to <5% (Kahle et al., 2003).
Hence the inaccuracy may not be significant for constraining effects of pressure and temperature on silicate melt
viscosity.

To further reduce the inaccuracy of the measurements, we note that the error predicted by our Monte Carlo
simulations is overshadowed by the first-order correction for drag (Figure 5). Increasing d/D further exaggerates
the correction effect and may result in greater inaccuracies to 7y, (Kahle et al., 2003). Hence, the error predicted by
Monte Carlo simulations may not capture the realistic uncertainty in Stokes' Law viscometry on silicate melts.
Assuming the uncorrected Stokes' Law overestimates the melt viscosity, the true viscosity should lie somewhere
between 7% and nyy. To capture this #, we suggest considering the magnitude of the correction as a more realistic
uncertainty, thatis, 100 - (1 — ny/ngz). Lowering d/D will also help to reduce the necessary corrections for drag and
produce a more accurate measurement on 7 (Figures 4-7).

To further evaluate the correction schemes for Stokes' Law, we examined their influence on previous viscometry at
high-pressures (Tables 1-4; Table S1). To directly compare previous studies, we extracted, recalculated, or esti-
mated previous correction factors across the range of used d/D ratios (Figure 8). The correction factor (Cp) is equal
to the corrected viscosity over the raw viscosity, that is, 7/17g. The percent change in Cis given by 100 - (1 —5/175)
and can serve as a proxy for the total uncertainty in the measurements. We estimate C; using each scheme that
accounts for drag acting on Stokes' Law, that is, Equations 1-8.

We find two general trends in C, versus d/D (Figure 8). The effect of C,based on the end effect scheme alone
weakly increases with d/D and displays jagged forms that are largely independent of d/D. The increase in the
effect of Cyis attributed to a shrinking available falling distance as the sphere size increases, that is, decreasing 2z/
d. The large peaks highlight the strong effect of the total falling distance on C;. Small values of z dramatically
increase Cyregardless of sphere size. We find that Equation 4 (Lorentz, 1907) and Equation 5 (Bacon, 1936;
Kingery, 1959; Ladenburg, 1907) agree very well. We find that Equation 6 (Maude, 1961) consistently produces a
larger correction effect than Equations 4 and 5 (Figure 8). Since Equation 6 was formulated considering two
falling spheres, the larger effect of Cfrom Equation 6 is likely due to additional drag for a two-body system.
Equation 6 may not be appropriate if only one sphere is used in an experiment.

The wall correction produces a continuous increase in the change by Cand forms a baseline for the second trend
(Figure 8). Combining the end and wall schemes adds the jagged form of the end correction. The result is that the
combined schemes significantly increase the effect of C,. If the wall correction alone overcorrects the melt
viscosity (Kahle et al., 2003), these results highlight that the combined schemes for drag may even more so
overcorrect the viscosity. The overcorrection is likely worsened for cases where z is small and/or if the end
correction becomes unreliable with decreasing d/D (Sutterby, 1973).

5.7. The Influence of High-Pressure Devices on Stokes' Law

Molten and vaporous geofluids are expected to occur throughout Earth and other planetary bodies. Because these
geofluids are highly mobile compared to solid rock, the geofluids promote relatively rapid geologic processes
such as magmatism and volcanism. The viscosity of geofluids strongly influences the mobility of the geofluid and
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Figure 8. (a) Percent change in calculated viscosity by various correction terms for falling sphere viscometry at high-pressures. The % change by Cequals 100 - (1 — 5/
ng), where Cr = 5./ng or the ratio of corrected and uncorrected viscosities, respectively. The blue faded lines, black and red dashed lines are calculated using
Equations 4-6, respectively (Bacon, 1936; Kingery, 1959; Ladenburg, 1907; Lorentz, 1907; Maude, 1961). The purple faded line is calculated using Equation 2
(Faxén, 1922). The faded gray and purple areas highlight the end terms when isolated or combined with the wall term, respectively. For reference, thin solid lines indicate
where Cy= 1, that is, 0% change, and the possible lower d/D limit of the end correction (Sutterby, 1973). (b) Relationship of explored pressures and estimated d/D from
previous work color-coded by experimental device. For reference, the upper horizontal axis shows the percent change to the calculated viscosity using the wall effect term
(Faxén, 1922), that is, Cf = ny/ng.For panels (a) and (b), data is taken from the compilation in this study (Tables 1-4; Table S1).

hence their precise role(s) in planetary interiors. Critically, geofluids span an enormous range of chemistry from
volatile-rich fluids to molten silicates and metals. The geofluids also persist across an equally large range of
pressure and temperature conditions relevant to the crust, mantle, and core.

A wide variety of devices have been developed which can explore the viscosity of geofluids at conditions relevant
to the interior of planets (Table S1). These devices include cold-seal or internally heated pressure vessels (CS/IH-
PV), piston cylinder and multi-anvil presses, and Paris-Edinburgh devices. Notably, each device is carefully
designed to generate specific pressures and temperatures for regions of interest in the planetary interior, that is, the
crust, mantle, or core. The fine tuning of each device results in unique geometries which dictate the capsule size to
contain a geofluid. These unique geometries will impose specific drag effects on spheres in Stokes' Law
viscometry experiments. Hence, it is important to understand the uncertainties that are inherent for each high-
pressure device when targeting certain pressures and temperatures for the planet interior.

To gauge the influence of a device on the uncertainties in Stokes' Law, we considered the relationship between
explored pressures and d/D ratios for each high-pressure device (Figure 8). We considered the correction to
viscosity when accounting only for the wall effects. We note that the end correction scheme may yield greater
uncertainties especially when combined with the wall correction scheme. We also note that our evaluation
does not consider if inertia due to the sphere is significant for low-viscosity and high-settling-velocity
experiments.

We find that CS/IH-PV devices used some of the smallest d/D which led to the smallest uncertainties in the
calculated viscosities for previous high-pressure work (Figure 8). This makes the CS/IH-PV devices ideal for
limiting corrections to Stokes' Law. However, the CS/IH-PV are also limited to low pressures <2.5 GPa, that is,
lithospheric conditions. Viscometry has also been used in piston cylinders to explore similar pressures but with
larger d/D, that is, uncertainties up to 82%. We note that the largest d/D used by piston cylinders are from classic
works which pioneered modern falling sphere viscometry at high pressures (Kushiro, 1978; Kushiro et al., 1976;
Shaw, 1963). More recent work since the late 1980's has used smaller d/D in piston cylinders with uncertainties
<40% (Table 1). Although the pressure range is relatively low, an advantage to the piston cylinder is that it may be
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combined with a centrifuge to explore highly viscous geofluids at realistic temperatures for the crust and mantle
(Ardia et al., 2008).

Higher pressures relevant for the upper mantle, that is, >3 GPa, have been explored in Paris-Edinburgh devices in
the last decade or so. Paris-Edinburgh experiments frequently use d/D < 0.2 and hence also maintain <40%
uncertainties (Figure 8). Melt viscosities at even greater pressures relevant for the upper to lower mantle have
been explored in multi-anvil devices. We note that multi-anvil devices have relied on some of the smallest and
largest d/D in high-pressure experiments (Figure 8). The range in d/D is due to the size of a multi-anvil pressure
medium. The size of the medium depends on the face edge length and anvil truncation edge length to generate
pressure (Leinenweber et al., 2012). As a result, the d/D and uncertainty in multi-anvil experiments depends on
the target pressure. For instance, viscosities of ultramafic melts at very high pressures <30 GPa have been
explored at the expense of increasing corrections to Stokes' Law (Xie et al., 2020, 2021). Yet, multi-anvil devices
have also been used to explore low pressures similar to CS/IH-PV and piston cylinders, allowing lower d/D
(Figure 8).

An advantage to Paris-Edinburgh and multi-anvil presses is that they are often combined with real-time X-ray
radiography. The real-time videos allow accurate determination of terminal velocities which can significantly
lower the uncertainty in the calculated viscosity (Funakoshi et al., 2002; Kanzaki et al., 1987). However, we note
that the viewing windows for observing the falling sphere shrink significantly with increasing pressure in either
device. Paris-Edinburgh experiments also tend to have a short window due to the opposed anvil geometry. This
may limit the ability to observe the landing of the sphere and hence identify the z distance. There is therefore a
delicate balance between generating the target high pressures and ensuring visibility of the complete sphere fall
for the z parameter.

6. Conclusions

In summary, in this study we reviewed various correction schemes to Stokes' Law in measuring viscosity at high-
pressures. We evaluated the variations in the viscosity using high-pressure experiments on albitic melts and
Monte Carlo simulations. Our analysis indicates that the drag due to end of the capsule may best be explained by a
decreasing distance between the sphere and capsule bottom during settling of the sphere. The drag due to inertia of
the falling sphere is negligible in viscous melts in which the sphere sinks slowly. However, the drag due to inertia
also scales with the sphere-to-capsule diameter ratio (d/D), falling speed of the sphere, and decreasing viscosity of
the sample. Monte Carlo simulations indicate that schemes to account for drag acting on Stokes' Law predict
statistically distinct viscosities when d/D > 0.1. When the correction schemes for the effect of the wall and the end
of the falling path are combined, it has the largest effect on the calculated viscosity using Stokes' Law. We find
these two combined schemes may dramatically overcorrect the calculated viscosity with increasing d/D. The
correction scheme due to the end of the falling path alone strongly depends on the distance through which the
sphere has descended and associated uncertainties. The falling distance may be most accurately identified if the
sphere landing is observed during an experiment. The wall effect correction alone appears most convenient for
high-pressure experiments. However, wall correction may become inaccurate with increasing d/D (Kahle
et al., 2003). A small d/D is needed to minimize necessary corrections and hence inaccuracy. The primary choice
in the scheme to account for drag overshadows the experimental uncertainty in any one scheme. As a result, the
uncertainty may be more realistically captured by the change in viscosity due to the correction. Furthermore, the
choice in device to generate high pressures should consider the target pressures and temperatures as well as the
geometry of the device. The device geometry will place inherent limitations on the correction schemes to Stokes'
Law. Hence, balance is required between achieving the target conditions and minimizing uncertainties in the
falling sphere viscometry. Notably, we do not observe any obvious relationships between the fluid/melt com-
positions explored, or their viscosities, and the magnitude of corrections to determine their viscosities. This is
because the correction is dependent on the geometry of the high-pressures device used to explore the fluid/melt
behavior. As an effort to aid future work, we compiled the previous studies from our review into an Excel-based
file (Table S1). Future research may use this data to evaluate and refine efforts from previous experiments based
on our findings in this study.
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